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Zusammenfassung

Wahrend der letzten Eiszeit bedeckten groRe Eisschildeldawoerika, Gronland, Nordeuropa, Teile
Asiens und die Antarktis. Das Wachstum der Eisschilde begach dem letzten Interglazial vor etwa
125.000 Jahren. lhre groRte Ausdehnung erreichten dietiids zum Letzten Glazialen Maximum
(LGM) vor ca. 22.000 Jahren v. h. und durch ihr Gewicht drénksie die darunterliegende Erdober-
flache nach unten. Im Anschluss an das LGM verschwanden dielitide relativ schnell, aber die
deformierte Erde stellt sich immer noch aufgrund der zé@iaigigen viskoelastischen Eigenschaft des
Erdmantels auf ein neues isostatisches Gleichgewichtagse Ausgleichsbewegung wird heute noch
beobachtet. Dabei stellen u.a. alte Kistenlinien (Megiegsldaten) und die derzeitigen Krustenbewe-
gungen wichtige Beobachtungen dar.

Diese Arbeit bedient sich einer Vielzahl von Meeresspiggiein aus Nord- und Mitteleuropa und den
durch das skandinavische BIFROST-Projekt mittels GPS d&subten Krustengeschwindigkeiten. Die
Daten werden genutzt, um unterhalb dieses Gebietes dimafigksstruktur im Erdmantel mit Hilfe
eines realistischen Eismodells und verschiedener Resttamken, wie einer Inversionsmethode und
der Finite-Element-(FE)-Modellierung, zu untersuchenab& wird auf die folgenden Regionen und
Strukturen eingegangen: (i) der Erdaufbau unter Skaniinainsbesondere mit Augenmerk auf einen
niedrigviskosen Kanal im obersten Mantel, der in diversendffentlichungen diskutiert wird, (ii) das
post-glaziale Verhalten der Nordsee anhand neuer, ergtidtiveroffentlichter Meeresspiegeldaten,
und (iii) die dreidimensionale Struktur des Mantels, die aitnem Scherwellen-Tomographiemodell und
unterschiedlichen thermodynamischen Annahmen bereehurele. Des Weiteren wird eine Sensitivi-
tatsanalyse mit einem FE-Modell und dem BIFROST-Datendatzhgefiihrt, und die Wasserlast des
Hohenwarte-Stausees in Thiringen genutzt, um den Maffibelazu untersuchen. Dabei werden vorher
erzielte Ergebnisse in das FE-Modell einbezogen.

Die Ergebnisse der Inversionsmethoden deuten auf eingigueskose Schicht unter der Barentssee
hin. Sie befindet sich zwischen 120 und 200 km Tiefe und istlliMiskositéten von 18 - 10%° Pa s
gekennzeichnet. Unter Skandinavien kann eine solche Ziohé machgewiesen werden, wahrend fur
Nordwesteuropa keine zweifelsfreie Aussage dafiir odeegiamg moglich ist. Die Machtigkeit der
Lithosphare nimmt von etwa 60 - 70 km unterhalb von Nordwesiga und der Barentssee in Rich-
tung Skandinavien zu. Unter der Nordsee ist sie ca. 90 km tigaual Skandinavien 120 km. Zusatzlich
wird das relativ stabile Verhalten des London-Brabantesdilees, das sich am Rand des Gebietes mit
anhaltender Ausgleichsbewegung befindet, wéhrend und deacRiszeit bestatigt. Dagegen zeigt die
sudliche Nordsee von den Niederlanden bis nach Nordddatstieine deutliche Beeinflussung durch
die isostatische Ausgleichsbewegung.

Mit den FE-Modellierungen kdnnen Unterschiede von bis zuri/anzwischen den berechneten ver-
tikalen Krustenbewegungen der ein- und dreidimensionglegimodelle ermittelt werden. Die Horizon-
talkomponenten werden noch stérker beeinflusst: Mit dertebedreidimensionalen Erdmodell findet
man zusatzlich zu der bekannten divergenten Ausgleictedpang ein regionales Geschwindigkeitsfeld
von der norwegischen Kiste zum Baltischen Schild hin. Deink Sensitivitdtsanalyse zeigt sich, dass
dieses in der Ubergangszone zwischen 450 und 670 km Tiedteht Weitere spezielle Sensitivitatsa-



nalysen zum oberen Mantel mit dem realistischen Eismoeééden, dass die Vertikalgeschwindigkeiten
generell an Viskositatsvariationen zwischen 220 und 540 THefe gekoppelt sind, die Horizon-
talgeschwindigkeiten dagegen an die Ubergangszone. Diehdiie Wasserlast des Hohenwarte-
Stausees induzierten Deformationseffekte kdnnen auf iestantane elastische Krustendeformation
zurlckgefuihrt werden. Die Wasserlast des Stausees ist dameéring, um Aussagen Uber die Beschaf-
fenheit des Erdmantels in diesem Gebiet machen zu kénnen.

Die Ergebnisse dieser Arbeit zeigen, dass die beobachtetgléichsbewegung in Nord- und Mitteleu-
ropa keine Ruckschlisse auf die Viskositat im unteren Erdehauldsst. Fur eine genauere Bestim-
mung der dreidimensionalen Struktur der Erde in diesem ékddeidarf es weiterer Beobachtungsdaten
wie Meerespiegeldaten und Krustengeschwindigkeiter, aleh hochauflésender seismischer Profile.



Abstract

During the last ice age, large ice sheets covered North Armgrorthern Eurasia, Greenland and Antarc-
tica. The ice sheets expanded slowly between 125,000 ydawmnB the last glacial maximum around

22,000 years BP to their maximum size, and depressed the Bailth underneath. Subsequent to the
last glacial maximum, the ice sheets disappeared rapidiytlam solid Earth is readjusting towards a
new isostatic equilibrium. Due to the time-dependent \@d&stic behaviour of the Earth’s mantle this

process, called glacial isostatic adjustment (GIA), isatiservable today. Itis documented in numerous
observations, such as palaeo-shorelines and ongoin@krnigvements.

In this work, palaeo-shoreline data from Northern and Gaiiturope, as well as crustal velocities from
the BIFROST GPS campaign, are used to infer the viscositgtsire of the Earth’s mantle underneath
this area. The following regions or structures are invastig with the help of a realistic ice model and
different techniques such as a global inverse procedur&imiteé Element (FE) modelling: (i) the Earth’s
structure beneath Scandinavia, including the search fowaviscosity zone in the upper mantle, which
has been proposed in the literature, (ii) the post-glaahbbiour of the North Sea area with new, recently
published sea-level data, and (iii) the three-dimensid¢BBIl) structure of the mantle derived from a
seismic shear-wave tomography model and different theymadic considerations. Furthermore, a
sensitivity analysis of the BIFROST data to variations @& thantle viscosity is made, and in a regional
study the mantle structure in Thuringia, Germany, basedoomdr results, is investigated with a FE
model and the water load of the Hohenwarte reservoir.

The results from inverse procedures indicate a low-visgamdne underneath the Barents Sea, with
viscosities between 18- 10%° Pa s in a depth interval of 120 - 200 km. No such low-viscosityezis
found underneath Scandinavia, and there is no clear inoiicéir such a zone underneath northwestern
Europe. The thickness of the rheological lithosphere emes from 60 - 70 km underneath northwestern
Europe and the Barents Sea towards 90 km underneath the Beatarea and finally to values exceeding
120 km underneath Scandinavia. In addition, it is confirmteat the Belgian crust (London-Brabant
massif), which is in the periphery of the GIA area, was fagtgble during and after the last ice age and
insensitive to GIA. The southern North Sea region includheNetherlands and northwestern Germany,
however, has a strong GlA-induced signal.

The FE modellings reveal that between 3D and one-dimens&arth models the vertical crustal velo-
cities have differences of up to 7 mm/yr, and that horizoatastal velocities are affected even stronger.
The horizontal motions of the best 3D earth model indicategional velocity field with movements
away from the Norwegian coast towards the old Baltic Shieddsensitivity analysis shows that the
dramatic change in the horizontal flow pattern has its origithe deeper upper mantle, between 450
and 670 km depth. The detailed sensitivity analysis of theeupnantle with the realistic ice-sheet
model reveals that the present-day uplift velocity is mys#nsitive to viscosity variations in upper-
mantle layers between 220 and 540 km depth. For the presgritatizontal velocity, the sensitivity is
strongly influenced by lateral viscosity variations in themsition zone of the mantle. The FE modelling
concerning deformation effects caused by the water loaldeoHohenwarte reservoir, shows that effects
are mainly induced by instantaneous elastic deformatidni¢iwindicates the insensitivity of the water



iv

load of the reservoir to the time-dependent relaxation @adistic mantle model.

All methods and investigations confirm that the observed @i@cess in Northern and Central Europe
is not sensitive to the viscosity structure in the lower rf@nThe determination and understanding of
the Earth’s 3D structure needs more observational data, freological records to seismic profiles, for
a clearer view.
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1. Introduction

The Earth’s climate responds to long-term{1® 1 years) variations in the Earth’s orbital parameters,
commonly summarised in thililankovitch theory[e.g.|Hays et al., 1976; Berger, 1978], and these
variations result in warm and cold periods on that time scBleriods with a long-term decrease in the
surface temperature on the Earth and a drop by more thHa rE3ult in an expansion of the continental
ice sheets, polar ice sheets and mountain glaciers. Théder ghases with advancing ice sheets are
calledglacials Warmer phases with retreating ice sheets are telintedylacials The entire period is
commonly referred to ake age cycleand theice agecomprises several cycles. Today, we live in an
interglacial of an ice age.

Since the beginning of the Quaternary 2.59 million years HupEarth has experienced several cycles of
glaciation (cyclicity of about 120,000 years) with ice stsegdvancing and retreating in North America,
Northern Eurasia, Greenland and Antarctica. In Northermtaay, the cold periods were known as the
Elster glacial, the Saale glacial and the Weichsel glagdiaé last time the Earth was covered by large ice
sheets ca. 22,000 years ago, an era referred to dsatiéGlacial Maximunm{(LGM). The last remnants

of the Late Pleistocene ice sheets vanished around 6008 agar

Fig.[T1 shows the additional ice covering the Northern Hpdmere during the last glacial cycle. North
America experienced the largest ice-sheet growth with up4@0 m thickness during the LGM. The
Greenland Ice Sheet was around 500 m thicker than today (®)@hd in Fennoscandia the ice height
reached around 1700 m in the centre. Furthermore, smadleshieets covered the British Isles and the
Barents Sea. In contrast to the retreat shown in[Elg. 1.1t ofake ice masses of the Greenland Ice
Sheet and the Antarctic Ice Sheet on the Southern Hemispheessurvived until the interglacial period,
today representing the two major ice sheets. The formermiggosheets occupied30% of the land
area at the LGM, compared t010% today.

The spatial and temporal distribution of the ice sheets istrained by glacial moraines, glacigenic
sediments, and glacial striations. From field evidence stschnoraines and glacial erratics the extent
of the ice sheets at a certain time is reconstructed, andl#o@éabstriations show the direction of the
ice flow. Finally, the3'80 record and numerical models are needed to get the infasmatiout the
timing, the height and the flow of the ice sheets, which areessary for the construction of a time-
dependent and three-dimensional (3D) ice model. In thikwbe global ice moddRSESfor the Late
Pleistocene glacial history will be used, compiled by Kuaimbeck at thdResearchSchool of Earth
Sciences, Canberra, Australia.

During the LGM, 5.5% of the world’s water was bound in ice, ppased to 1.7% today [Williams etlal.,

1998]. The transfer of water from the oceans to the exparidingheets resulted in a global sea level fall
by an average of up to 130 mn_[Fairbanks, 1989; Fleminglet 888;.Yokovama et all, 2000]. Fig11.2

summarises the contributions of the major glaciated regtorthe total amount of the sea-level fall as
calculated with the ice model RSES. It can be seen that mare dhhalf of the transferred water was
bound in the ice sheet of North America, around one thirdéethlarged Antarctic Ice Sheet, and “only”
one seventh in the Fennoscandian region.
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Figure 1.1: The additional ice on the Northern Hemisphefewttimes during the last ice age.
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Figure 1.2: Estimated sea-level change induced by the ieetslof the last ice age, calculated with the global ice

model RSES [frorh Kaufmahh, 2d04].
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Figure 1.3: Sketch of the rebound principle [modified fronuKaann| 2004].

Due to the water-mass transfer between the ice sheets anddha, the Earth’'s crust and mantle were
deformed by the changing weight of the ice sheets on land la@dvater load in the oceans. This
process, termedlacial isostatic adjustmeniGlA), is sketched in Fig_T13: 125,000 years ago, during
the Last Interglacial, the Earth’s surface was free of &atulil ice and the crust and the mantle have
(almost) relaxed after the former glaciation. No deformmaiis observed. During the build-up of the ice
sheets until the LGM at 22,000 years BP, the surface was steguicby several hundreds of metres. The
enormous weight of this ice caused the crust to sink into thid fhantle. During the melting phase,
the surface rebounded due to the buoyancy of the displacestieaelative to the mantle, but not to its
initial state. This lag is due to the time-dependent visast& relaxation of the Earth’s mantle with its
fairly high viscosity. The GlA is still going on and thus olpgable today. It is documented by numerous
observations all around the world. In Fennoscandia anchwesdtern (NW) Europe, where the large
Weichselian Ice Sheet complex was located during the lastial cycle, the GIA process was early
recognised in numerous field observations [see Ekman| X604, review]. Here, the scientific record
of the crustal response is documented in various obsengsioch as (i) palaeo-strandlines (relative sea
levels, RSL), (ii) tide gauges, (iii) shoreline tiltingyv)ipresent-day crustal deformations monitored by
GPS observations, and (v) present-day changes in the gfald seen by satellite missions and field
campaigns. Together with the knowledge of the ice-sheegatesince the LGM, this large set of different
observations, both in space and time, provides a detailgdrpiof the past and ongoing deformation.
The database allows, amongst other things, to construdadatemodel of sea-level change induced by
the mass redistribution between ice sheets and the ocean.

From the five observation types mentioned above, the lasethrethods (tilt, GPS, gravity) comprise
short time periods in the decadal range, which is very shmrtpared to the relaxation time. With these
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Figure 1.4: Anatomy of sea-level records in distance to¢kesheet [modified from Kaufmarin, 2004].

methods the present-day GIA is observed. The tide gauged®ere available from some selected
stations since ca. 300 years, comprising a longer time gédhan the three other methods, but still
short compared to the relaxation time. The longest timeodéds covered by RSL data, where two main
parts contribute to: (i) the isostatic contribution refmgtfrom the deformation of the solid surface by
ice loading/unloading, (ii) the eustatic contribution doghe change in the sea level as a consequence
of mass conservation. Hence, the RSL curve at a particutatitm varies with distance to the former
ice sheet. Fig_Tl4 summarises these effects: In the cehthe ace sheet, the isostatic component is
largest and the uplift has taken place in two distinct stagé® initial uplift was rapid and took place
as the ice was being unloaded. Once the deglaciation waslemmiie uplift was slower and decreased
exponentially after that. The observational period statien the last ice is melted. At the margin of
the ice sheet the isostatic contribution is smaller thahéncientre and the eustatic contribution becomes
more important. Thus, until 10,000 years BP a sea-leveidalbserved to a point below the present-day
sea level. Then the eustatic contribution dominates wd#y. As the ice vanishes earlier at the margin,
the observational period also starts earlier. In the fad foelly the eustatic part contributes to the RSL,
which allows an observational period over the whole degtam. It is possible that the sea level rises
to points higher the sea level today (Holocene highstandk 1 the increasing water load, the surface
of the ocean basin and/or the continental shelf is depresgaith (5000 years BP). Today, typical uplift
rates in the centre of formerly glaciated areas are in therafi1l0 mm/yr [see Johansson et al., 2002]
and typical rates of sea-level rise are in the order of 1.5ynfeée Toppe, 1992, 1995].

Fennoscandia and NW Europe turned out to be key regions eStigations to GIA, due to a large

number of available observation data. Some examples felegehdata in these regions are presented
in Fig.[3. Angermanaelven is located in the centre of thené Fennoscandian Ice Sheet and thus
experiences a monotonic land uplift. The earliest data laavage of ca. 10,000 years BP, indicating
the time when this location became ice free. In contrast tgekmanaelven, Zeeland shows the typical
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Figure 1.5: Examples of sea-level data (red dots with eraos)in Europe showing the different types of RSL
curves.

eustatic sea-level curve. Here, the data record also beginsd 10,000 years BP. This is due to the
fact that the North Sea was above sea level during the lasigiee The first observation mark holds the
time when the first water left a trace in near distance to tlesqnt-day coastline and the sea level rose
steadily due to the melt-water impact. The last example fiteerlocation of Arnprior includes both the
isostatic and the eustatic component. Furthermore, théssd envelopes a long time period, starting at
17,000 years BP. The first part until 11,000 years BP includeauplift phase after the melting of the
British Isles Ice Sheet and the eustatic contribution. 2Afte,000 years BP, one can see again a short
dominating isostatic part for around 2000 years, which éaiged by a short readvance (Loch Lomond
readvance) of the British Ice Sheet. Then the eustatic panirthtes.

In addition to the RSL data set, the GPS observations frorBIRROST projectl[Johansson et al., 2002,
Fig.[1.8] are often used in investigations of the reboundenrféscandia. These 44 stations monitor the
ongoing crustal deformation of the Netherlands and theddnikingdom in the Southwest to Sweden
and Finland in the Northeast, and thus provide the pressantrdrtical and horizontal crustal motion in
that region. The data show a broad ellipsoidal uplift domgh@imajor axis oriented roughly southwest
to northeast. The maximum uplift rate of more than 10 mm/ytiserved in the Gulf of Bothnia. The
horizontal velocities are relatively low where the radiglift rates are largest, and they are directed
outward from this location on all sides, indicating a diveargmotion of the crust. These rates increase
with distance away from the uplift centre, and reach up to 2ynat sites far outside.
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Figure 1.6: GPS observation of the crustal velocities (@org: vertical; arrows: horizontal) in Fennoscandia at
BIFROST stations.

In this thesis both the RSL data [based on several studieswancdharised in_Lambeck. 1993a,b; Kauf-
mann and Wolfl_199€: Lambeck et al.. 1998a: Vink et|al.. 20f1&] the BIFROST results [Johansson
et al.,.2002] will be used.

1.1 Concept of the thesis

A number of factors, such as the ice-sheet geometry, thendoed, the lithospheric thickness and the
mantle viscosity affect the ongoing GIA. The most interggtiactor is the mantle viscosity, as the time
dependence of the GIA process is a characteristic of th@sityc Thus, compared to the other factors
only the mantle material produces significant GIA effectstentimescales of 0o 10 years.

In general, the viscosity is a measure of the resistance oidchatfl deform under shear stress. It describes
a fluid’'s internal resistance to flow and may be thought of aseasure of fluid friction. A typical
example to visualise “What is viscosity?” is the comparisbmvater and oil: water is so-called "thin",
having a lower viscosity, while oil is so-called "thick",\nag a higher viscosity.

The mantle viscosity was firstly introduced by Haskell [1PBba hydrodynamic theory of postglacial
rebound. He was able to determine a viscogity 10°! Pa s of the upper mantle beneath Fennoscandia.
In contrast, van Bemmelen and Berlage [1935] confined alltim#ilow to a 100 km thick asthenosphere
with a viscosity of = 1.3 x 10'° Pa s, which should be the reason for the glacial rebound. eflask
instead found that by thickening their 100 km thick asthghese four times, the viscosity would agree
with his onel[Ekman, 1991]. This example demonstrates ffieulty in determining the mantle viscosity
right from the start, and since then a large number of putitina are dedicated to the GIA and the
determination of the mantle viscosity, which will be extieal/ discussed in the following chapters.

The traditional theory of the GIA has been developed for adinensional (1D) earth model [Peliier,
1974 Farrell and Clark, 19i76; Milne and Mitrovica, 1998gv8ral techniques can be used for the calcu-
lation, such as forward modelling using an iterative pracedn the spectral domain for predefined earth
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Table 1.1: Summary of the numerical approaches used in log/fog chapters. The dimension of the investigated
Earth structure is listed together with the source of thdiagpoad and the number of the calculated models. The
ice model FBKSS is the Fennoscandian part of the global icéahRSES.

chapter| approach dimension| load model model numbers
B2 pseudo-spectral method 1D ice/water| RSES 1089

neighbourhood algorithn 1D ice/water| RSES 1500
] pseudo spectral method 1D ice/water| RSES 1089
a Finite-element method 3D ice FBKSS8 10
Finite-element method 3D ice FBKS8 153
Finite-element method 1D water reservoir 3

models [pseudo-spectral approach after Mitrovica et 8041 Milne and Mitrovical 1998], or inverse
inferences|[Tarantola and Valette, 1932; Mitrovica andi®el1991]. The results of these modellings
are compared to observational data such as the RSL data emdustal velocities mentioned above.
The numerical models of the GIA based on the ScandinaviaiNadEuropean observational data have
converged towards a radial (1D) viscosity structure, widtesities increasing by one to two orders of
magnitude with depth. However, the mantle viscosity caly varall three dimensions. Thus, in the
GIA investigations the Finite-element (FE) technique é@asingly used in the last years. This method
allows including lateral heterogeneities in the lithosphéhickness and in the mantle viscosity. Here,
the application envelopes mixed spectral-FE codes [Mefig00D| Zhong et al., 2003], a finite volume
formulation [Latvchev et all. 2006b], and the use of comna¢mrogram packages [WU. 2004; Spada et
al.,12006].

In this thesis, we search for a consistent 3D viscosity sirecf the Earth’s mantle beneath Fennoscan-
dia and NW Europe using both the forward and inverse modgitin1D earth models and the FE method
for 3D models. The forward and inverse techniques are usethey are fast and efficient. The 1D-
viscosity profiles found are used as input for the 3D invesitigs, which focus on different 3D viscosity
structures and the sensitivity of the observational datastwosity variations. Finally, the 3D modelling
is used for a special investigation regarding the regiarfalénce of a reservoir, again under the view of
the Earth structure beneath and additionally in view of dlnémce on the instrument's registration in an
observatory nearby. The 3D modellings are carried out vaghcommercial program packag8AQUS
[Hibhitt et all,|2005].

Tab.[T.1 summarises all the numerical approaches usedsithisis, and lists the number of the calcu-
lated models and the sources of the applied load in each dbllbe/ing chapters.

1.2 Outline of the thesis

This thesis consists of seven chapters. After this introdadive articles follow, with chapteld Pl 4 and

already published in peer-reviewed journals and writtemlyself as first author. Chaptier 3 is under
revision at the moment and here | am a co-author. At the bagjnof this chapter is stated for which

sections I'm responsible. Chaplér 5 is submitted to a pagewed journal.

ChaptefR discusses the topic of a weak asthenosphere eatieFFennoscandia and NW Europe. There-
fore the pseudo-spectral approach and the Neighbourhogatitim (NA) are used. Earth models with
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a special 1D structure are defined for the calculation. TtenNA randomly creates additional earth
models in a predefined range of lithospheric thickness anatlegiscosity. This allows us to explore
the hypothesis of a low-viscosity zone in the upper manthéchvhas been proposed in the literature. At
first, a simple (three-layer) radial earth model is cal@ddor the subregions Scandinavia, NW Europe,
and the Barents Sea, which best fits the sea-level data af thgins, then the global inverse procedure
based on the NA is employed to further refine the viscosityilerm the upper mantle under the view of
a possible asthenosphere. The global ice model RSES is aiggddict the GIA of these earth models
and the predictions are compared to the observed sea-lateffrdm these regions and the BIFROST
data. The results have been published in Steffen and Kaufj2805].

In chapteB, the pseudo-spectral approach is used agaifetdhe radial Earth structure underneath the
southern North Sea area. For this region, a comprehenssarvaiional database of Holocene RSL index
points from the NW European coast was recently compiled eBiimdesanstalt fir Geowissenschaften
und Rohstoffe (BGR). The data were collected from diffemnintries / regions and by different workers.

They were compared and reassessed by the BGR colleaguesmmmea time-depth scale. The database
revealed a non-linear, glacio- and / or hydro-isostaticsglénce component, which is negligible on the
Belgian coastal plain but increases significantly along\tiié German coast. It was also found, that the
subsidence is at least partly related to the post-glacitdpse of the so-called peripheral forebulge [see
Kiden et al.| 2002], which developed around the Fennoseanidie-load centre during the last glacial

maximum. Hence, special subsets of the new RSL data are cethfzathree-layer radial earth models

as it is done in chapté 2. The aim is to infer the structurehefEarth mantle underneath the southern
North Sea area, and conversely to predict RSL in regionsigfaitea where no observational data are
available. The results contribute to the investigation¥iok et all [2006, submitted in July].

However, the former investigations only focus on a 1D Eaithcsure. The investigations in chaplér 4
include the consideration of more complex earth models latgral heterogeneities in the mantle vis-
cosity. Here, a set of so-called flat 1D and 3D FE earth modéts wiscoelastic material properties is
developed to study the GIA response induced by the ice-laaEhRSES. The emphasis is on a compar-
ison of one 1D and three 3D viscosity models. The 1D viscanibgel is a laterally homogeneous model
based on the results of chagiér 2, the 3D viscosity modelsaaed on results of a shear-wave tomogra-
phy. For the 3D structure, different rheological referenoadels were used. One aim is to investigate
how the thermodynamic properties of the mantle affect thekdpaund radial viscosity profile and also
the inferred lateral viscosity variations. Another aimasstudy the different contribution of the lateral
viscosity variations in various layers in the upper mantid ¢at from the lower mantle. In addition
to the model comparison, a simple sensitivity analysis fiiei@nt upper-mantle layers is performed to
localise regions, which influence the rebound pattern. Thieedictions of RSL change and crustal
velocities are compared to observed sea-level data andlBER@ST project. The results of this chapter
are published in_Steffen etlal. [2006a].

The results of chapté&l 4 put forward the question of the sieitgiof the present-day crustal velocities in
Fennoscandia to radial and lateral viscosity changes ingper mantle._Wu [2006] has recently shown
such an analysis for the Laurentide Ice Sheet using an wsgthmetric earth model with a simple
symmetric ice model. His statistical approach is followedhaptefb, but, (i) aealisticice-load history

of the Fennoscandian ice sheet (RSES ice model) is apphedjiptheflat 3D FE model from chaptéi 4
is employed. The model is subdivided into blocks of variati, which results in a large number of
sensitivity kernels to interpret. Thus, a simple approacimiroduced to calculate the kernel of a block
by averaging the perturbed predictions of all surface nofiéisis block to one value for this block. The
main emphasis is to show how sensitive BIFROST stationsocaspdcial mantle layers and regions and
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to suggest locations for new GPS stations with higher deitgit The results of this chapter will be
published in_Steffen et Al. [2006b, submitted in October].

In the chapterBl4 arid 5 the load is caused by ice. Howevemaltsr can be applied as load, as it is done
in the first two chapters, where the sea-level equation id ase thus the mass imbalance of ice and
water is calculated. In chapf@r 6, the load of the Hohenwaservoir in Thuringia, Germany, is used for
the FE calculation. The calculated viscosity of chapterasisigned in a FE model to investigate (i) if the
reservoir load is large enough to deform the upper manttk(igrthe influence of lake-level fluctuations
on regional deformation changes, which could possibly beeoked with sensitive instruments in the
nearby Geodynamic Observatory Moxa. It is focused on dieont- elastic and long-term viscoelastic
deformations resulting in tilt and strain. The results @ thapter are publishedlin Steffen and Kaufmann
[20064.b].

Finally, chaptef]7 concludes this thesis with a discussidheresults.
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2. Glacial isostatic adjustment of Scandinavia and north-
western Europe and the radial viscosity structure of the
Earth’s mantle

Abstract?

During the last glacial maximum, large ice sheets coveregh@oavia, the
Barents Sea, and the Northern British Isles. Subsequehetiast glacial ma-
ximum, the ice sheets disappeared and the solid Earth stadpwards a new
isostatic equilibrium. The glacial isostatic adjustmerdgess is documented
in numerous observations, e. g. palaeo-shorelines cayénmlast deglacia-
tion phase, and ongoing crustal deformations monitored B$ &tations, €. g.
the BIFROST project. In this study, we use palaeo-shoralata from Scan-
dinavia, the Barents Sea, and northwestern Europe as wedldéed crustal
velocities from the BIFROST campaign to infer the radiakceisity structure
of the Earth’s mantle underneath Scandinavia and nortiewed&urope. A
global inverse procedure based on the Neighbourhood Algorallows us to
explore the hypothesis of a low-viscosity zone in the uppanthe, which has
been proposed in the literature. Our results indicate aviseesity zone un-
derneath the Barents Sea, with viscosities betweéh-100%° Pa s in a depth
interval of 160 - 200 km. No such low-viscosity zone is fountterneath
Scandinavia, and no clear indication for such a zone undérmrthwestern
Europe. The thickness of the rheological lithosphere emee from 60 - 70 km
underneath the northwestern Europe and the Barents Seedtowalues ex-
ceeding 120 km underneath Scandinavia.

agteffen and Kaufmann (2006). Glacial isostatic adjustroéBtandinavia and north-
western Europe and the radial viscosity structure of thenamantle, Geophys. J.
Int. 163/2, 801-812.

2.1 Introduction

During the Quaternary period, surface temperatures on dinih [Bave repeatedly dropped by more than
10°C. These palaeo-climatic variations have induced the drafitarge ice sheets over North America
and Europe. The interior of the Earth has responded to thiéi@add weight of these palaeo-ice sheets
by adjusting its shape: During the build-up of ice sheetsstivéace was depressed by several hundreds
of metres, during the melting phase the surface reboundgsl itttial state. The viscoelastic nature of
this process, termeglacial isostatic adjustmer(GIA), causes a time delay between the removal of the
last palaeo-ice sheets and the deformation of the solicaeurf

11
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In Scandinavia and northwestern (NW) Europe, where theslagichselian Ice Sheet complex was
located during the last glacial cycle, the GIA process wasggised early as being responsible for
numerous field observations [see Ekirian, 1991, for a revi€hgd.good geological record of the crustal
response in Scandinavia, documented in various obsengasoch as palaeo-shorelines (relative sea
levels, RSL), shoreline tilting, and the present-day @lustotion, together with a reasonable knowledge
of the ice-sheet retreat since thaest glacial maximum(LGM), allow to construct a detailed model of
sea-level change induced by the mass redistribution batigeesheets and the ocean.

In the past decade, numerical models of the GIA based on Beasi@h and NW European observational
data have converged towards a radial viscosity structuth,wscosities increasing by one to two orders
of magnitude with depth. The use of linear rheological lasrgtie Earth’s mantle has been shown to be
both an adequate and consistent description for defornsatio the time scale of #@o 10/ years. Some
representative examples for the interpretation of obsiena data for the Scandinavian and NW Euro-
pean regions will be discussed below.

Palaeo-shoreline data:Based on palaeo-shoreline data from the British Isles, leatalj1 993a,b] has
derived a simple radial viscosity profile, with viscositiasreasing from(4 - 5) x 10?° Pa s in the upper
mantle to 182 Pa s in the lower mantle._Lambeck et al. [1996] have extendednterpretation of the
British Isles data and concluded that the upper-mantleosigc can be refined further, with viscosities
ranging from 18° Pa s for the low-velocity zone beneath the lithosphere 3 P s in the transition
zone. In these studies, the lithospheric thickness bastfithie observations was around 70 km.

Using observational data from Northern Europe, Lambeck.€i1898a] found a similar best-fitting
viscosity structure, with lithospheric thickness valuesuad 70 - 80 km, an upper-mantle viscosity
around(3 - 4) x 10?° Pa s, and lower-mantle viscosity at least one order of magd@itarger.

Kaufmann and Lambeck [2002] improved mantle viscosityrafiees for this region through the appli-
cation of a formal inverse procedure to data sets of palhecenes, present-day sea level and crustal
response, and rotational data. The mantle viscosity psofidand are characterised by a two order of
magnitude variation with depth. Upper-mantle viscosityr@ases from X 10°° below the lithosphere

to around 18! Pa s towards the 660-km seismic discontinuity. The rebaetated observations cannot
distinguish between a sharp increase of viscosity betweengper and lower mantle, or a more gradual
variation. The viscosity in the lower mantle is generallyander of magnitude larger, with peak values
close to 183 Pa s in around 1000 km depth.

Relaxation-time spectra: If high-quality palaeo-shoreline data exist — as in Scaandan — spatially
continuous palaeo-shoreline profiles may be constructdcgartnverse relaxation-time spectrum (IRTS)
be derived. The IRTS is based on the assumption of a freeat@axof the surface after the deglaciation
event was completed. Using such a dataset, WieczerkowsHi [#999] inferred an average viscosity
of the upper mantle beneath central Scandinavia of B Pa s (between 95 and 515 km depth). The
permitted lithospheric thickness values range betweemnd0l20 km.| Fleming et all [2003] extended
this interpretation by allowing the lithosphere to be viestic, but they obtained similar viscosities
for the upper mantlel._Klemann and Walf [2005] added two newraine diagrams to the dataset and
obtained an upper-mantle viscosity 05&510°° Pa s and a — poorly resolved — lower-mantle viscosity of
2.4 x 107 Pas.

Present-day crustal motions: The ongoing improvement of space-geodetic observatioos as the
global positioning system (GPS) allows a fairly accurateasaeement of present-day crustal motions.
The BIFROST projectl[Johansson et al., 2002] has recordedhifee-dimensional crustal motion of
Scandinavia over a period of seven years. Based on thisetakdine et al. [2001l, 2004] have derived
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a radial viscosity profile with permitted lithospheric tkiless values between 90 and 170 km, upper-
mantle viscosities in the range (6 - 10 x 10?° Pa s, and lower-mantle viscosities in the range of
(0.5-5) x 10°° Pas.

Low-viscosity asthenospherein all of the examples quoted above, no particular attemst mvade to
resolve alow-viscosity asthenosphetaderneath the elastic lithosphere. While the simple thager
viscosity models [e.d. Lambedk. 1983¢.b: Lambeck et aB8a9Wieczerkowski et al.. 1999; Fleming
et al.,.2003] did not account for such a possibility, the maetailed viscosity profiles resulting from for-
mal inverse procedures [elg. Kaufmann and Lambeck, 200ehi al.) 2004] also found no evidence
for a low-viscosity asthenosphere. There are, howeverpgbeu of publications, which have modelled
the GIA of Scandinavia (mostly with flat geometries), and elthfavour a viscosity profile including
a low-viscosity asthenosphere. Early results ondsitnenosphere probleinclude a 100 km thick as-
thenosphere with.8 x 10*° Pa s [van Bemmelen and Berlage, 1935], a 200 km thick astpbeos
with 10?° Pa s [McConnell, 1968], a 75 km thick asthenosphere with#'° Pa s [Cathles, 1975], and
a 100 km thick asthenosphere witl21« 10'° Pa s|[Wolf) 1987]. Later on, Fieldskaar [1994, 1997] used
both present-day crustal motion data and palaeo-shordditeefrom the Scandinavian region to infer the
rheological layering of the Earth’s mantle, using a GIA mlodhe strongly advocated the presence of a
low-viscosity asthenosphere, at most 150 km thick and witlseosity around & 10'° Pa s.

Further evidence of a weak asthenospheric layer offshorgtédife Europe comes from seismic tomo-
graphical imaging [e.a._ Su and Dziewomnski. 11991: Li and Roowgcz,|1996| Romanowicz, 1998; Ek-
strom and Dziewonskl, 1998]. Here, the shear-wave velanitymalies underneath the Atlantic and
western Scandinavia indicate lower than average velscitieerneath the ocean, while central Scan-
dinavia is characterised by higher than average shear-waweities [Ekstrém and Dziewon5ski, 1998].
Relating the shear-wave velocity perturbations to dengitiations, which in turn are (at least partially)
related to temperature variations [e.g. lvins and Samn385%]l the seismic velocities down to 400 km
depth clearly reveal the cold, more viscous mantle matefidghe Baltic Shield, and a warmer, less
viscous region offshore the Scandinavian West Coast, igssirrelated to the Mid-Atlantic Ridge.

The effect of such a three-dimensional viscosity structurenodels of GIA has been discussed in the
literature [e.g. Kaufmann and Lambkck, 2000; Kaufmann and2802]. It has been shown that lateral
variations in lithospheric thickness and in asthenospheéscosity do influence model predictions of

palaeo-shorelines and crustal motions. However, Martaret Wolf [2005] have shown that a two-

dimensional earth model for Scandinavia with a central 2@0thkick lithosphere underneath the Gulf

of Bothnia and a peripheral 80 km thick lithosphere underlay a 100 km thick asthenosphere with
8 x 10 Pa s essentially results in the same IRTS for central Scavidiras a one-dimensional viscosity
profile with a 100 km thick lithosphere and no asthenosphédence, they found no strong evidence for
a weak asthenosphere.

In this paper we return to the question of a weak asthenosphterneath Scandinavia and NW Europe.
Therefore sea-level data from Scandinavia, the Barents t8ed\orth Sea, the British Isles and the
Atlantic and English Channel coasts were collected. Théallice model RSES (developed by Kurt
Lambeck from the Research School of Earth Sciences, Canbgustralia) was used to predict GIA
and then predictions are compared to the observed datah&aubregions Scandinavia, NW Europe,
and the Barents Sea, we determine the best simple (threB-kagcosity profile for each region, then a
global inverse procedure is employed to further refine teeosity profile in the upper mantle.
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2.2 Theory

The results presented in this paper are based on model twedidor a spherically symmetric, com-
pressible, Maxwell-viscoelastic earth model. The elastiiacture is derived from PREM [Dziewonski
and Andersor, 1981], and lithospheric thickness is a frearpater. Mantle viscosity is parameterised
in several sub-lithospheric layers with constant visgosithin each layer. The Earth’s core is assumed
to be inviscid, and incorporated as lower boundary cormalitio

We solve the sea-level equation [Farrell and Clark, 1976afmtating Earth given by

In Z1), 06 and¢ are co-latitude and eastern longitudiés time, W(6,¢,t) is the ocean load thickness,
G(6,4,t) andR(6,¢,t) are response functions of the geoidal and the radial sudsacements [for
details se¢ Kaufmann and Lambeck. 2002], &él. ¢.t) is the time-dependent ocean function [Munk
and MacDonald, 1960], equalling one over oceanic areas araledisewhere. The sea-level equation
can be rewritten as an integral equation, which we solvatitely. Once we have determined the ocean
load thicknes$V, we derive several quantities of interest, such as relateelevel change, present-day
surface motions, time-dependent perturbations of thatgtanal field, and rotational contributions from
the ice-ocean imbalance. We follow the pseudo-spectrabaph outlined in_ Mitrovica et al. [1994] and
Mitrovica and Milne [1998], using an iterative procedurdhe spectral domain, and a spherical harmonic
expansion truncated at degree 192. The calculated qesrdite then compared to observational data.

2.3 Ice and ocean models

The surface load comprises two contributions: The LatesRieene ice sheet thickne$$9,¢,t), and
the corresponding ocean load thickné&$0, ¢,t). Introducing the densities of ice and wat@randpyw,
we find the surface load density:

L(evq)vt) :pll(ev¢7t)+p\Nw(e7¢7t) (2.2)

For the Late Pleistocene glacial history, the ice model R&E$ed. RSES is a global ice model
comprising Late Pleistocene ice sheets over North AmeNocath Europe, Greenland, the British Isles,
and Antarctica. The extent and the melting history follond®eld CE-1 [Peltier and Andrews, 1976] for
the Laurentide Ice Sheet and Greenland, model FBKS8 [Lakneeal.,| 1998a] for the Scandinavian
and Barents Sea Ice Sheets, model BK4 [Lambeck, 1993b] éoBihish Ice Sheet, and model ANT3
[Nakada and Lambeck, 1988] for the Antarctic Ice Sheet. @dbnstructions are based on glaciological
and geomorphological evidence and thus reflect the appedgigxtent of the Late Pleistocene Ice Sheets
throughout the last glacial cycle. Of these ice sheets dmyScandinavian, Barents Sea and British Isles
ice sheets are high spatial and temporal resolution motatsate consistent with the majority of the
field evidence for ice-margin retreat and with the rebountd.déhe Antarctic and Laurentide ice sheets
are both of a coarser resolution, which, however, is of sgagnimportance for our regional study.
All ice sheet models have been converted from the radiocatintescale to the U/Th timescale, using
the CALIB-4 program|[Stuiver and Reimer, 1993; Stuiver t|8998]. The ice volume at the LGM
approximately 21,400 years BP corresponds to 124 m of éusts-level change, and the extent for four
different times is shown in Fig._2.1. We simulate the timgeledence of the ice sheets throughout the
Late Pleistocene glacial cycles by modelling the last twdeywith linear changes in ice load thickness
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Figure 2.1: Map of ice model RSES over Europe for four difféténe epochs. Contours are drawn every 500 m.

approximating the oxygen isotope data record [ChappellSivatkletan, 1986] and by assuming a time-
averaged ice load before that time. This parameterisatfaiheolast glacial cycles has been shown
to be sufficient to correctly predict changes in the Earth@vigational field and rotation, as well as
surface displacements_[Johnston and Lambeck, 1999]. Eodéhlaciation following the LGM, the
more detailed ice load thickness maps are used.

2.4 Observational data

For our analysis, we have chosen observed sea-level indickbom Scandinavia (569), the Barents
Sea (264), and NW Europe (487) sampling the near field of thizhsklian Ice Sheet fairly evenly
(Fig.[Z2). The Barents Sea data (circles) are based onadastedies and were summarised in Kaufmann
and Wolf [1995]. NW Europe data (squares) are taken from leakt)1993a/b]. The Scandinavian ob-
servations (triangles for central locations and inveris@gies for peripheral locations) are summarised in
Lambeck et dl.1[1998a]. The data are based on faunal assgestdad preservation status of sediments.
Radiocarbon dating was used and converted to U/Th-times.

The RSL data reflect the complicated three-dimensionabrespof the solid Earth to changes in the ice
and ocean load and thus are reliable constraints for maistesity models. The spatial and temporal
distribution of the RSL data can be seen in [Eigl 2.3: The Soamhn RSL data cover a broad range
from present-day sea level to more than 250 m height, whilelmiag back to around 15,000 years, with
isolated data even marking the LGM. The deformation prooéte solid Earth is therefore documented
over a wide spatio-temporal range. The NW Europe RSL datanah smaller in amplitude, reaching

only heights around 60 m. A significant part of the data is sefigd down to 50 m depth, documenting
a significant contribution from sea-level rise. The tempdistribution covers the last 18,000 years. The
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Figure 2.2: Map of Europe, with ice margins at last glaciakimam superimposed in blue. Locations for RSL

data are shown as symbols for Scandinavia (569 trianglasgtes for central, inverted triangles for peripheral
regions), the Barents Sea (264 circles), and the NW Eurdpédduares).
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Figure 2.3: Summary of RSL datasets. Dots are observatams,the uncertainties of the data. (a) Scandinavian
RSL data, (b) NW European RSL data, (c) Barents Sea RSL data.
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Barents Sea RSL data are restricted to land uplift, with @oges up to 120 m. However, the temporal
distribution is more limited, reaching 14,000 years bactirire.

In addition to the sea-level indicators we use the vertieddaities determined by the BIFROST project
[Johansson et al., 2002].

2.5 Results

In this section, we present model predictions of RSL chamgeswe compare the predictions to the
three subsets of RSL data from Scandinavia, NW Europe, amdé#nents Sea. The comparison of
model predictions and data is based on a least-squares, iahigiited as

with n the number of observations consideredthe observed RSL or BIFROST data,a;) the pre-
dicted RSL for a specific earth modej, andAo; the data uncertainties. We search for the minimum
value ofy within the parameter range, which gives us an earth magditting the observational dataset
best. If the model is complete and the observational urioéiga are normally distributed with known
standard deviations and uncorrelated, the expected besilfitl bex = 1. To bracket all earth models,
which fit the observational data equally well as the bestfjitearth modeh, within the observational
uncertainties, a confidence parameter is calculated:

W= \/%ii<pi(ab)A_oipi(aj)>2' (2.4)

For all confidence parametetis < 1, the predictionp;(a;) fits the data as well as the best-fitting model
pi (ap) within the lo-uncertainty.

2.5.1 Three-layer models

We start discussing our results with a parameter searchghrthe three-dimensional parameter space
lithospheric thicknessl|, upper-mantle viscosityym, lower-mantle viscosity) w for the three-layer
earth models. Elastic parameters are assigned from PREMWD®aski and Anderson, 1981], and the
parameter space of the free parameters is listed il TdbTBeltotal number of earth models calculated
is 1089.

Scandinavia: In Fig.[Z4a and b, the misfit values based on the Scandind&®&Indata are shown as
misfit maps of the parameter space. The best-fitting thngs-laarth model found has a fairly thick
lithosphere ofH; = 120 km, an upper-mantle viscosity gfym = 4 x 10?%° Pa s, and a lower-mantle
viscosity ofn v = 10%% Pa s. The misfit for this model jg= 2.71. While the upper-mantle viscosity
is well constrainedr{yy € [3,5] x 10?° Pa s), the predictions are largely insensitive to the Ijphesic
thickness over a large range of parameter valligs=([100,140 km), as it can be seen by the large
confidence regions in Fif.2.4a. Similarly, the RSL data f@eandinavia are not very sensitive to lower-
mantle viscosity, as the confidence region in Eigl 2.4b coeerange frommy € [3 x 10?2, 107%] Pa s.
The estimate of the upper-mantle viscosity found agrees mritvious studies, e.g. the inference from
Lambeck et z1.1[19982,b] afum = 4 x 10?° Pa s based on Scandinavian RSL data,rnthg = 5 x
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Figure 2.4: Misfit for ice model RSES, three-layer earth mhadd different data sets: (a) Misfit map for Scandina-
vian RSL data as a function of lithospheric thickness ancetyppantle viscosity for a fixed lower-mantle viscosity
of 1073 Pa s. (b) Misfit map for Scandinavian RSL data as a functiorpplu and lower-mantle viscosities for a
fixed lithospheric thickness of 120 km. (c) Misfit map for thE-BOST data as a function of lithospheric thickness
and upper-mantle viscosity for a fixed lower-mantle vistosf 10?2 Pa s. (d) Misfit map for the BIFROST data as
a function of upper and lower-mantle viscosities for a fix#tbispheric thickness of 120 km. (e) Misfit map for the
NW European RSL data as a function of lithospheric thickaessupper-mantle viscosity for a fixed lower-mantle
viscosity of 162 Pa s. (f) Misfit map for the NW European RSL data as a functianppler and lower-mantle vis-
cosities for a fixed lithospheric thickness of 60 km. (g) Misfiap for the Barents Sea RSL data as a function of
lithospheric thickness and upper-mantle viscosity for adilower-mantle viscosity of & 10?2 Pa s. (h) Misfit
map for the Barents Sea RSL data as a function of upper and-lmastle viscosities for a fixed lithospheric
thickness of 70 km. The best 3-layer earth model is markel sviliamond, the light and dark shadings indicate
the confidence regiot < land1l< W < 2, respectively.
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10%° Pa s estimate from Wieczerkowski et al. [1999] and Klemamh\&loli [2005] based on the IRTS of
Scandinavia, the value @fym € [5 x 10?°,10?Y] Pa s from Milne et al..[2004], based on the BIFROST
crustal motion data, and the results from Martinec and VZDE] in the range of4 - 6) x 10?°° Pa s
based on the IRTS including a lithospheric root. The estrf@tthe lithospheric thickness is at the upper
limit of previous estimates, but viewed in the light of thegler permitted range of lithospheric thickness
values, the best model is satisfactory. The low resolvinggsdor lower-mantle viscosity also agrees
well with the estimated depth resolution of the ScandinaRsL data, which according o _Mitrovica
[1996] is limited to the upper 1000 - 1400 km of the Earth’s tlean

We have subdivided the Scandinavian RSL dataset furtheiceritral locations close to the former ice
sheet centre (triangles in FIgPR.2), aoeripherallocations around the coastal areas (inverted triangles
in Fig.[Z2). With this subdivision we have tested for diffiet best lithospheric thickness estimates in
these different regions. As it can be seen in Tall. 2.1, the & from the central region prefer a thick
lithosphere i, = 160 km), while the peripheral RSL data result in a thinndwl#pherel; = 100 km).

The different lithospheric thickness estimates correléth the seismic observation of a thick cratonic
root underneath central Scandinavia [2.g. Panza et all; 8 cagnile, 1982; Goes and Govers, 2000].
The permitted ranges for the lithospheric thickness valbes [140, 160 km for the central andH; €
(80,120 km for the peripheral regions, indicate that the distinttad different lithospheric thickness
estimates is significant.

In Fig.[Z4c and d, the misfit values based on the data of e¢dfastal motion of Scandinavia (BIFROST
project) are shown. The best-fitting three-layer earth rhfmand has a lithospheric thickness idf =
120 km, and upper- and lower-mantle viscositieg|gfs = 7 x 10?°° Pa s andj.y = 1 x 10?2 Pa s,
respectively. The misfit for this model s = 4.59. The upper mantle is well constrainegyf
[6,9] x 10°° Pa s), while the lithosphere in Fig_R.4c can be predictetiimi tight range of parameter
values H; € [110,130 km). The lower mantle confidence region in Hig.]2.4d coversrae from
Nuv € [5 x 10°1,2 x 10?%] Pa s. These values agree well with the earlier results oféviiinal. 20011,
2004]. We have not subdivided the BIFROST data into centnal geripheral locations, as the are
practically no data along the periphery (Norwegian Coast).

NW Europe: In Fig.[Z4e and f, the misfit values based on the British Isied Central European
RSL data are shown. The best-fitting three-layer earth midehis data subset is characterised by a
lithospheric thickness dfl, = 60 km, and upper- and lower-mantle viscosities)gfs = 4 x 10°° and
nuw = 1072 Pa s, respectively. The misfit for this modekis- 1.81. All values agree well with the earlier
inference of the British Isles RSL data fram_Lambeck [19EBaWhile the large confidence range for
the lower-mantle viscosityn(m € [2 x 101,107 Pa s) again confirms the poor resolving power of the
NW European RSL data for larger mantle depths, the lithasplieickness is better constrained, with
permissible ranges limited tg; € [60,70] km.

Barents Sea:In Fig.[Z4g and h, the misfit values based on the Barents Saageahoreline data are
shown. The best-fitting three-layer earth model for thisadatbset is characterised by a lithospheric
thickness ofH; = 70 km, and upper- and lower-mantle viscositieq\gfy = 4 x 10%° andny = 2 x
10?2 Pa s, respectively. However, the misfit for this model is 3.96, which is significantly worse than
for the previous datasets for Scandinavia and the Britigs.IsThis might be a result of the less reliable
ice-sheet reconstruction over this region, or of an inadegaarth model. Again, lower-mantle viscosity
is almost unconstrained, while the range of permitted $iiteric thickness valuesk§ € [65,75] km.

Tab[Z1 summarises the results discussed above. Here;mppde viscosities for all regions are around
4 x 10%° Pa s, and cover a range betwagiy € [3 x 10°°,5 x 10°°) Pa s. Compared to the results of
Kaufmann & Amelung |[2000] with upper-mantle viscosities (@f - 5) x 10?° Pa s, we find a good
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Table 2.1: Three-layer earth models. Free parametersthositineric thickness|Hupper-mantle viscositjjum,
lower-mantle viscosity) m. Xinree IS the misfit for the best 3-layer earth model. Results forthinee-layer earth
models fitting the data within thectuncertainty range are shown for the different data sett thie best-fitting
earth model in brackets.

|'|I Num NLm Xthree

km 100°Pas 162Pas
Searchrange 60-160 0.1-40 0.1-10
Dataset RSES

Scandinavia 100-140 (120) 3-5(4) 3-10 (10) 2.71
central 140-160 (160) 3-5(4) 2-10 (10) 1.94
peripheral 80-120 (100) 5-10(7) 2-10(7) 2.60

NW Europe 60-70 (60) 3-6 (4) 0.2-10(1) 1.81

Barents Sea 65-75 (70) 3-6 (4) 0.7-10 (2) 3.96

BIFROST 110-130 (120) 6-9 (7) 0.5-2(1) 4.59

agreement. The lower-mantle viscosity is almost uncoimgda confirming the low resolving power
for lower-mantle viscosity of the Scandinavian RSL data [Mtrovica,| 1996, for more information].
The thickness of the lithosphere indicates a lithospherat (160 km thick) under the Archean crust
of Scandinavia, decreasing towards the Mid Ocean Ridgdeitlantic and Arctic Ocean. Here, the
lithosphere has a thickness of 60 km under the British Igtels7® km under the Barents Sea.

2.5.2 Multi-layer models

Next, we try to assess the potential of the datasets to rsobre structure in the Earth’'s mantle. Our
aim is to search for a possible low-viscosity zone in the amost mantle, as proposed, for example, by
Eieldskaar[1994, 1997] for the Scandinavian region. Tioeee we refine our radial viscosity structure
in the upper mantle as follows: We first assign a thicknes0d{r6 for the first layer, representing the
elastic lithosphere, which is in agreement with the redolitdhe NW European and Barents Sea RSL
data. The rest of the upper mantle is subdivided into fiverkaydth viscositiesnywmi,i = 1,5. The
thickness values of these layers drigjy1 = 60 km, Hymo = 40 km, Hymz = 40 km, Hyma = 230 km,
Huwms = 230 km. The lower mantle remains uniform, stretching from @60 km seismic discontinuity
to the core-mantle boundary, with a viscosity fixed to thetfiging result from the three-layer model
for each data set. This choice of refinement is guided by tleetlayer earth models, which have shown
the poor resolving power of the RSL data for lower-mantlacttire.

Simple forward search in the parameter space, as done ihré-layer earth model cases, is no longer
suitable for the proposed multi-layer earth models. In thstpmore detailed radial viscosity struc-
tures derived from GlA-related observations have beeropmdd by formal inverse procedures, such
as Tarantola-Valette inverse procedures [e. 0. Kaufmadn ambeck| 2002] or Bayesian inverse pro-
cedures [e. d. Forte and Mitrovida, 1996; Mitrovica and &099F7| Peltien, 1998; Milne etlal., 2004].
These methods are all based on a linearisation of the neaflinverse problem of mantle viscosity, and
thus depend on an a-priori viscosity profile as a startingehotdsually, such an a-priori profile was
based on a simpler three-layer earth model. However, thdtires inverse inference of the more de-
tailed viscosity profile, though having a more detailed Hepsolution, critically depends on the a priori
starting model [see Kaufmann and Lambeck, 2002, for a @et@ilvestigation of this dependence].
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In this paper, we have chosen a different approach, usingtsbsearch inverse procedure based on
the Neighbourhood Algorithm (NA). The Neighbourhood alton introduced by Sambridge [199Ca,b]
is a direct search method for non-linear inverse problemke NA method is applicable to a wide
range of inversion problems, particularly those with ratbemplex dependencies between data and
model. During the search stage of the NA method, a multidsioeal parameter space is sampled for
combinations of model parameters, which provide a satsfadit to the observed data. The search is
guided by randomised decisions similar to techniques wsagkeietic algorithms (GA) and simulated an-
nealing (SA), but the NA method needs only two control partanse A misfit between model prediction
and observation is calculated, and the search is driverrttatbe minimum misfit within the parameter
space. The NA method is based on the geometrical conceptrohdbcells. These Voronoi cells are
nearest-neighbour regions around each sampling pointVailmoi cells are used to guide the sampling.
Further details can be foundlin. Sambridge [1998, 2001].

The NA method is run in several steps:

1. We initialise the NA search for one RSL datagetvith an initial set ofng; = 1000 models, gene-
rated randomly within the 5D parameter space of upper-masgicosities. The search range for
all upper-mantle viscosity layers igv1 - Nuwms € [10'°,107?] Pa s. For each of thesg forward
models, the misfit functior.(2.3) is then calculated.

2. We then use the, = 10 best-fitting models of the initial ensemble, define Voiaw®lls around
each of then, samples, and places = 20 new models within these, cells (that isns/n, new
models in each cell).

3. For theng new models, the misfit function is evaluated, and the algariteturns to step 2. Steps 2
and 3 are repeated = 25 times, resulting in a total of;+ N x ns = 1500 model predictions for
each data set.

An example of the misfit reduction is shown in Fig.J2.5. Hete tisj = 1000 initial samples result
in a misfit aroundy ~ 8. Then, the NA method starts refining the regions of lowesffitniand misfit
values drop significantly over the nelXtiterations. The rough misfit curve indicates the resampdihg
then, = 10 best cells at a given iteration step, hence in betweentsisfght increase, but then the NA
method leaves this local minimum in misfit, and continuegdod the best global minimum within the
parameter range.

inverse_na2_scandinavia_rses2
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Figure 2.5: Misfitymuiti @s a function of the iteration counter.
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In Fig.[ZBa, the best-fitting multi-layer viscosity profilased on the Scandinavian RSL dataset is shown
as black line. Also shown as grey lines are all multi-layescesity profiles, which fit the RSL data
equally well within the b-uncertainty, based on the confidence paraméiel (2.4). tMalies have
dropped from an initial value Ofinree = 2.71 to a final value omuii = 2.51, an improvement of only

8 percent. Two points are obvious: Firstly, the relativeighhviscosity in the first layerfumi € [2 x
1071, 107?] Pa s) tries to rebuild the lower part of the elastic lithosphhich was found previously by
the three-layer model. Secondly, viscosities in the otbar fayers are only determined to within half
to one order of magnitude. For the second and third layempdissible asthenosphere, valid viscosities
arenumz € [1 x 1074 x 10?1 Pa s andyyms € [8 x 10'% 2 x 10?1 Pa s. Thus, no indication
for a low-viscosity asthenosphere is found. For the two lomast layers, permitted viscosities are
Numa € [5x 1012 x 10°9 Pa's andyjyms € [2 x 10711 x 10?2 Pa s. Hence, only the fourth layer,
below a depth of 200 km, is characterised by a viscosity atdi?® Pa s.

We also performed a NA inversion for the BIFROST uplift ddtaFig.[Z.8b, the best-fitting multi-layer
viscosity profile based on the BIFROST dataset is shown axk lilee. Here, the misfit is reduced by
12 percent fronXinree = 4.59 toXmuiti = 4.06. Both viscosities in the first and second layer are acbépta
to within one order of magnitudejym € [2 x 10'°,4 x 10°°) Pa s andiywmz € [2 x 10'9,2 x 10?% Pas.
Interestingly, the best-fitting viscosity profile from théFHROST data indicates a fairly low-viscosity of
2 x 10" Pa s in the region between 160 and 200 km depth. However, tatdepiscosities for this depth
range spread over a large rangeus € [1 x 10'%,1 x 10°?] Pa's. A similar feature has also been found
byIMilne et al. [2004] in their Bayesian inversion, and théhaus also claim that their thin low-viscosity
zone is also not resolvable by the BIFROST data. In the reinmimpper mantle, the viscosity profile is
not too different from the one found from the ScandinaviarL RiSta (Fig[Zba).

In Fig.[Z®c, the best-fitting multi-layer viscosity profilased on the NW European RSL dataset is
shown as black line. Misfit values have dropped from an inidue ofXihree = 1.81 to a final value of
Xmulti = 1.60, an improvement of around 12 percent. However, the ptdntiscosity profiles vary over

a large range throughout the entire upper mantle (seé_I@birdicating the poor resolving power of the
NW European RSL data for more structure in the upper mantla.further test, we have excluded most
of the submerged RSL data points from the NW European da@asé¢tey are dominated by the signal
of sea-level rise. However, searching the 5D-parametarespieupper-mantle viscosities for the reduced
dataset results in an almost identical set of viscosity lm®fis shown in Fig.2.6¢c. Thus we argue that
the small spatial amplitudes of the NW European RSL data esrsin Fig.[Z-Bb do not provide more
detailed information of the upper mantle viscosity struetu

In Fig.[ZBe, the best-fitting multi-layer viscosity profdlased on the Barents Sea RSL dataset is shown
as black line. Misfit values have dropped from an initial eadii Xihree = 3.96 to a final value ofmuii =

2.68, an improvement of more than 32 percent. Here, visceditdéween 120 and 200 km depth indicate
a low-viscosity asthenosphere, with viscosities)gfsz € [1 x 10'°1 x 10%°] Pa s andyms € [1 x
10,1 x 10%% Pa s. However, the inversion provides an alternative viscpsofile with a low viscosity

of num1 = 3 x 10'° Pa s directly beneath the 60 km thick lithosphere and a higgosity offjym, = 6 x

10?1 Pa s in the layer below. Thus, the location of the low-vistyossthenosphere is not well determined.
Below a depth of 200 km, viscosities are again similar to tifference based on the Scandiavian RSL
data.
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Figure 2.6: Best earth models from NA inversion for (a) thar@tnavian RSL data, (b) the BIFROST uplift data,
(c) the NW European RSL data, and (e) the Barents Sea RSL B&h.locations are marked by symbols and
shown in the map (d). Shown are the best 3-layer viscositfilpr@ashed line), the search range for all multi-
layer viscosity profiles (light grey area), all multi-layeiscosity profiles acceptable within thes-Lincertainty
range (dark grey lines), and the best multi-layer viscasitfile (solid line).

Table 2.2: Multi-layer earth models. Fixed parametersignespheric thicknesH; = 60 km) and lower-mantle
viscosity f1Lwm, fixed to best three-layer inference). Free parametersiangdper-mantle viscositiegvi,i = 1, 5.
Xmulti 1S the misfit for the best multi-layer earth model. Resultsthe multi-layer earth models fitting the data
within the lo-uncertainty range are shown for the different data sets, the best-fitting earth model in brackets.

Num1 Num2 Nuwm3s Numa4 Nuwms Xmulti

10°°Pas 18°Pas 18°Pas 18°Pas 18°Pas
Searchrange 0.1-100 0.1-100 0.1-100 0.1-100 0.1-100
Dataset RSES

Scandinavia  20-100 (60) 1-40 (3) 0.8-20 (3) 0.5-2(1) 204w 251
NW Europe  0.8-20 (6) 1-100 (3) 1-100 (80) 0.3-10 (1) 2-100j§101.60
Barents Sea  3-20 (7) 0.1-1(0.1) 0.1-1(0.1)  1-4(3) 10-100 (42.68
BIFROST 0.2-4 (1) 0.2-2(1) 0.1-100 (0.2) 1-10(4) 10-100)(9@1.06
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2.5.3 Comparison with sea-level observations

In Fig.[Z1, selected sea-level observations are visualgpared to predictions of the best multi-layer
model for the Barents Sea, the NW European and the Scandimesgiion, respectively. The red points
indicate observations, the blue line the predictions fer iblest Barents Sea region model, the green
line the predictions for the best model of the NW Europeaiioregnd the grey line the results for the
Scandinavian region with its best model. The best multetagrediction for the Barents Sea model
acceptably fit the observations of the three locations ofb&xa in the Barents Sea (blue circle, triangle
and square). On the other hand, differences up to 15 m caubd fietween predictions and observations
for the best multi-layer NW European region model, resgltfrom differences in the upper-mantle
structure. Differences of up to 40 m 11,000 years ago canurelféor the best multi-layer Scandinavian
region model, caused by a different mantle structure witindaation of a low-viscosity zone.

The observations of the two locations on the British Islagdg circle and triangle) are acceptably
fitted with the predictions of the best multi-layer NW Euraperegion model. For observations of the
location Aberystwyth an good agreement is obtained forwedther best region models, caused by its
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Figure 2.7: RSL observations (red dots with error bars)latsed locations on Europe compared with the predicted
sea-level results from the best multi-layer model of theeRts Sea (blue lines), the NW European (green lines)
and the Scandinavian region (grey lines). Symbols indittegdocations on the map.
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distance to the former ice sheet. Here the eustatic sebelesrge dominates the signal. In contrast, the
observations of the location Arnprior show greater diffees up to 60 m 17,000 years ago, a result of
the different viscosity estimates.

The best multi-layer Scandinavian region model acceptéitdythe observations of the two Swedish
locations (red triangle and square). The two other bestiflayker models cause differences up to 50 m
10,000 years ago (see Angermanaelven). Here, the best NUp&m model with no low-viscosity zone

fits better than the best Barents Sea model including a leaegity zone.

No difference between the best region models can be foundimparison of observations of the North
Sea location (red circle) with the results of the modelssThicaused by the distance of this location to
the former ice sheet, the eustatic sea-level change agairotothe signal.

In Fig.[Z.8, the radial component of the BIFROST GPS cataddsbon et al., 2002] are shown, together
with a model prediction for the best NA solution, based on\tlseosity profile shown in Figd—2.6b.
The predictions capture the uplift pattern well, both in #tode and in shape. In general, differences
between observations and predictions are below 1 mm/yh, thié two exceptions in Northern Finland
and between Denmark and South Sweden.

2.6 Discussion

In this paper we have used two sets of observational dattedeta GIA: On the one hand, palaeo-
shoreline data from Scandinavia, the Barents Sea, and N\WpEucovering the last deglaciation interval
(21,400 years BP to present), and indicating a viscoelastidjustment of the solid Earth after the
disappearance of the Late Pleistocene ice sheets. On #ehathd, crustal uplift data from Scandinavia
collected by the BIFROST project, indicating an ongoingowatd of central Scandinavia.

observation BIFROST prediction
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Figure 2.8: BIFROST uplift data (left) and model predictfoom the best NA model (right). The BIFROST GPS
stations are shown as circles. The difference betweenwdismrs and predictions is smaller than 1 mm/yr almost
everywhere.
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We have used both data sets in an attempt to determine tlad vistiosity variation in the Earth’s mantle.
In a first step, subregions of the shoreline data (Scandindirope, Barents Sea) are used to infer
optimum values for lithospheric thickness and bulk upped Bbwer-mantle viscosities. While lower-
mantle viscosity is poorly constrained ¢ > 10°? Pa s), values for bulk upper-mantle viscosities are
similar for all three subsets)(ju ~ 4 x 10?° Pa s). Differences arise for the thickness of the lithospher
with thicker values underneath Scandinavik ¢ 120 km), and thinner values underneath the British
Isles and the Barents Sdd, (~ 60 - 70 km). This lateral variability correlates with theakéning of the
crust and lithosphere from the North Atlantic Mid-Ocean d&dowards the Baltic Shield.

In a second step, we have refined the radial viscosity profilsthe Neighbourhood Algorithm, a global
inverse procedure developediby Sambridge [1999a,b]. Weftire subdivided the upper mantle into five
layers, in which viscosity can vary independently. Thisrapph allows us to search for a low-viscosity
asthenosphere, which has been proposed on the basis of RStamha Scandinavia. The results from the
NA inversion indicate a low-viscosity zone underneath tlaeddts Sea between 120 and 200 km depth,
which is characterised by viscosities around®-0L0?° Pa s. The lower part of the upper mantle in these
two regions becomes more viscous, with viscosities up 3 Pa s. However, underneath Scandinavia
and NW Europe no evidence for a low-viscosity zone was fouochfthe inversion of palaeo-shoreline
data. Interestingly, the NA inversion of the BIFROST uplifhta favours a thin low-viscosity layer
between 160 - 200 km depth, which is in agreement with anezariference by Milne et all [2004], but
which is actually not resolved by the data.
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Holocene relative sea-level change, isostatic subsiden
and the radial viscosity structure of the mantle of north-
western Europe (Belgium, the Netherlands, Germany,
southern North Sea)

Abstract?

A comprehensive observational database of Holocenewelsgia-level index
points from the NW European coast (Belgium, the Netherlandgh-western

Germany, southern North Sea) has been compiled in ordempa@ and re-
assess the data collected from the different countridsfiegand by different
workers on a common time-depth scale. Relative sea-lev@L)Rise varies

both in magnitude and form between these regions, revealitgmplex pat-

tern of differential crustal movement which cannot be sosdtributed to tec-

tonic activity. It clearly contains a non-linear, glaciaaddor hydro-isostatic
subsidence component, which is negligible on the Belgiaastd plain but

increases significantly to a value of ca. 7.5 m (since 8 cal.B&) along

the north-western German coast. The subsidence is at ifepatti related to
the post-glacial collapse of the so-called peripheraldolge which developed
around the Fennoscandian centre of ice loading during steglacial maxi-

mum. The RSL data have been compared to geodynamic eartisiodeder

to infer the radial viscosity structure of the Earth’s manthderneath NW Eu-
rope (lithosphere thickness, upper and lower mantle viggpand conversely
to predict RSL in regions where we have no observational @atg. in the

southern North Sea). A broad range of Earth parameters fBéhgian RSL

data, confirming the stable behaviour and insensitivityl&eigl isostatic ad-
justment (GIA) of the Belgian crust (London-Brabant mgssifring and after

the last ice age. In contrast, a narrow range of Earth pasmeefine the
southern North Sea region, reflecting the greater influeidgdla on these

deeper/older samples. Identification of the effects ofliscale factors such
as compaction or past changes in tidal range on the spatialeamporal va-

riations of sea-level index points based on model-data enisgns is possible
but is still complicated by the relatively large range oftkanodel parameters
fitting each RSL curve, emphasising the need for more obsenz data.

avink, Steffen, Reinhardt and Kaufmann (2006). Holocenatiet sea-level change,
isostatic subsidence and the radial viscosity structuté®imantle of north-western
Europe (Belgium, the Netherlands, Germany, southern N®el), Quat. Sci. Rev.,
under revision (Sectiofis3. 1[0 B.3 by Viok13.410 3.6.2 wften [3.6.B an@31 7 both).
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3.1 Introduction

The nature and magnitude of relative sea-level movemeat (ise or fall or a sequence of events invol-
ving both) in any particular coastal or estuarine area dimedast glacial maximum is determined mainly
by three regional-scale factors which interact with eadteot (i) the climatically-induced global / eu-
static increase in ocean water volume, (ii) tectonic sudxid or uplift, and (iii) glacio- and / or hydro-
isostatic adjustment of the lithosphere in reaction toiafhatand temporally changing ice, water and
sediment volumes. Local-scale processes such as pasteatdiis in the tidal regime / range, changing
relationships between the local water table and sea lendl/ ar adaptation in sample elevation due to
sediment consolidation can additionally influence thestegiion of relative sea-level changes in the se-
dimentary record [we refer 1o Shennan etlal., 2000a, forailddtaccount of these processes]. Focussing
on the three main controlling factors, it has often been sstgg that the sea-level changes which are
recorded in tectonically stable and formerly ice-free argach as north-western Europe should mainly
reflect global ocean volume and climate change. Howevergdhgarison of detailed, published com-
posite Holocene sea-level curves obtained mainly throbgltabalysis of basal and intercalated fen and
wood peats in estuaries and the coastal lowlands of BeldRenys and Baeteman. 1995], Zeeland [Ki-
den, 1995], the western Netherlands [van de Plassche, 19@2tentral Netherlands [van de Plassche
et al. [ 2005], north-western Germany [Behre, 2003] and tluthern North Sea [Jelgersma et al., 1979;
Ludwig et al.| 1979; Behre, 2003] reveals that the time-d@pisitions of the German and southern North
Sea data lie considerably lower than those of the Nethesland Belgium. The differences could in part
be due to the fact that calibration methods for convertimtjoearbon to calendar years have undergone
significant change since the acquisition of data began initieteen sixties, and so calibratéiC dates
over the decades and from different laboratories cannassecily be compared with each other. The
same applies to the depth reference, which varies betweeBdlgian TAW, the Dutch NAP and the
German NN ordnance datum. Thus, the first aim of this papertavastically reassess and compare
valid sea-level index points of all the above-mentionedlseal curves on a common time-depth scale
and with standardised vertical error margins so that kelagea-level rise in north-western Europe can
be directly compared and interpreted, and to approximaediimension and rate of tectonic and / or
isostatic subsidence of north-western Germany and thdeoutNorth Sea relative to the Netherlands
and Belgium after Kiden et al. [2002] for the interval betwea. 9 and 3 cal. kyr BP, which is the period
in which most of the basal peats were formed.

In response to the melting of the ice sheets, isostatic atiax of the Earth’s surface occurs at a rate
that is governed by the mechanical properties of the Eartharticular mantle viscosity and lithosphere
thickness. Sea-level indicators from the geological r@dndicate that large regional and even local
differences in isostatic rebound and relative sea-legel oiccurred, which are used as input in order to
successfully model sea-level change using a variety ohkartl ice parameters (i. e. incorporating ice
sheet reconstructions, Earth rheology, and glacio- andohigbstasy). Results of geophysical modelling
of Holocene glacio- and hydro-isostatic crustal movemémtthe Dutch North Sea sector and in the
Belgian-Netherlands coastal plain_[Kiden et al., 2002]velbat post-glacial isostatic lowering of the
crust has occurred in this area and that it increases significfrom the southwest to the northeast, al-
though only eight North Sea index points were used in theyaisalindeed, these regions are sufficiently
close to the Fennoscandian ice-sheet that they may bedtiffally affected by it, yet the glacio-isostatic
effects from other ice sheets such as the British ice shedte€assumed to be identical in both countries
because of the large distances and / or smaller volumes dfvodved. However, both Kiden et al.
[2002] anc_van de Plassche et al. [2005] state that new ufitéeta, preferably older than 8 cal. kyr BP,
should be collected in the northern part of the Netherlanasder to test model predictions of stronger
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isostatic subsidence. In this paper, we attempt to do smufittlisposing of more northern Netherlands
data but rather by extending the dataset to include many samples from the north-western German
and southern North Sea sectors in geophysical modellingsag Definitive models for isostatic subsi-
dence and the viscosity of the mantle beneath north-we&ermany do not yet exist, mainly due to the
fact that until recently, German sea-level observatiorsdh dvere scattered and relatively inaccessible
as they were chiefly published in local German journals. Thieemely detailed synthesis of reliable
German sea-level index points as published by Behre [2083ppened the door for comparisons with
sea-level data from neighbouring countries such as Belgindthe Netherlands, and will be used as the
main input for comparison and geophysical modelling in gaper.

3.2 Sea-level observational data: an overview

3.2.1 Nature and constraints of the applied sea-level obsetional data

The database of sea-level observational data used forttlilg Bcludes 144 basal peat dates (base, top
or whole layer; transgressive overlaps), 12 dates fromdatated peat beds (transgressive or regressive
overlaps), 8 tidal-flat / salt marsh dates (transgressiwrlaps), 20 dates based on sea-level related
sedimentary structures (e. g. dune soils; transgressiedaps) and 64 archaeological / historical dates
(settlement levels indicating transgressive or regregshases). Basal peats are especially important for
the determination of former local water and tide levels, forth the backbone of all sea-level curves
discussed here. They were formed during the early and mitioliecene, when the sandy, gently inclined
Pleistocene palaeosurface was gradually submerged byaitegtessive North Sea. The sea-level rise
raised the regional groundwater level, thus initiating deeelopment of basal peat in a narrow belt in
front of the tidal area. The growth of this peat ["basis pdalibwing lLange and Menke, 1967] did not
however last very long: the rising sea level quickly drowtleel peat and a lagoonal environment with
clayey deposition followed. The base of a basal / basis fam lager is generally assumed to represent
the local mean high water tide (MHW) in a tidally influenceaarsuch as along the coast of north-
western Germany. In contrast, it will approximate the ugjeit of local mean sea level (MSL) when,
for example, sand dunes and coastal barrier systems leatriotion of the tidal wave, as is the case in
broad coastal systems of the Netherlands. The positiorfsesktindex points thus tend to converge to
MSL, but may still lie well above this level. The uncertaimtytheir exact indicative meaning means that
these index points can only be considered as being limititnggreas MHW index points are exact. For
detailed information on the relationship between basal foegenation and water or tide levels, see van
de Plassche [1982]. Additional complications in the intlieameaning of peat layers may arise due to
(i) the floodbasin effect or tidal dampening [Zonneveld, dj9@hich causes a decrease in tidal amplitude
(and hence of the MHW) in an upstream direction in an estuaydal channel due to the frictional
dissipation of tidal energy in large intertidal storageibgss(ii) the estuary effect [Fairbridge, 1961],
which causes an increase in tidal amplitude due to confinewfetine tidal wave in a funnel-shaped
embayment, or (iii) the river gradient effect [Louwe Kooams, 1974], which refers to a gently sloping
groundwater surface in river areas and leads to a relatoease in MHW altitude in a longitudinal
upstream direction along the estuary. Groundwater-infleérpeat growth above contemporaneous sea
level may also occur in sheltered sand dunes (e. g. due texomater tables). Thus, the nature and
geographical location of each peat layer has to be analyaedully in order to determine its indicative
meaning before it can be used as a valid sea-level index.pidirttop of the basal / basis peat is assumed
to indicate the marine flooding contact / lowest limit of thghest local mean high water spring tide
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(MHW-MHWS) when continuous sedimentation to the followiagoonal / brackish water clays can be
assured and the presence of an erosional contact can beatelyplismissed. Dune soils and habitation
levels are likewise considered not to have formed below MHW&h index points may have been
influenced by compaction and care must be taken during th&rgretation. Intercalated peats are
found in open coastal areas in between marine clayey setlintba base indicating a regressive overlap
(MHW) and the top a transgressive overlap (MHW-MHWS). Thepths of formation are difficult
to determine as compaction effects may have been considetalt their indicative meaning for the
determination of sea-level stagnation or regressive hiass great importance.

The depths of the samples from the analysed regions wereredvto the German NN ordnance datum
(Normalnull) in order to allow comparison with each otheiN ¢ an approximate value for MSL. The
Dutch NAP ordnance datum (Nieuw Amsterdams Peil) is egeiiaio NN; the Belgian TAW (Tweede
Algemene Waterpassing) however lies 2.33 m below NAP / NNsamdple depths were thus adjusted
accordingly. Altitude accuracy of samples deriving fromddoreholes or open pits / outcrops was, save
several exceptions, generally good at£8.10 m; this value being comprised mainly of errors assediat
with levelling and sampling. For the North Sea samplestuald accuracy greatly decreased due to the
still problematic instrumental determination of exactevatepth from the ship, possible compression or
extension of core material during the vibrocoring processthe conversion of time-/tidally-dependent
water depth to depth below NN, which is based on comparisdh tidde gauge measurements which
often lie far away from the sample positions. For these sagspain accuracy of no less th&i.0 m had

to be assumed.

The compaction of peat and / or of silty and clayey layers tyihg the peat or a particular habitation
level is a problem which under certain circumstances caatigralter the depth of a sea-level index
point, rendering it useless for sea-level studies. Wheatherpaction occurs depends on several factors,
including initial water content of the material, its comftimm, age, and the thickness and nature of
the overburden. As these factors vary in their dimensioos)fsample to sample even within a small
local area, compaction is practically impossible to cdrfec and thus samples possibly influenced by
compaction have not been depth-corrected but are marked bhpward arrow in the sea-level curves
(i. e. when the thickness of the compaction-sensitive peclay layer below the sample exceeds 0.2 m).
Samples in which compaction effects were assumed to havddree (i. e.> 0.5 m) were not considered

in this study.

All original *C dates were calibrated to calendar years BP using the CALl4Bcdnversion routine
[Stuiver and Reimel, 1903; Stuiver et al., 1998, http:ilcguib.ac.uk/calib/]. Thed confidence interval
(68%) in the calendar age ranges was determined and usegl goistruction of sea-level curves. Pre-
1962 radiocarbon dates from Groningen, as derived from &®a[1954] and Jelgersima [1961] and used
in the Zeeland and western Netherlands curves, have notdoeatted for isotopic fractionation effects
(*3C correction). In the publication of van de Plassche [1982jprrection of -40 radiocarbon years has
been used, based on the assumed average composition ef¥dtesipeat. However, as highlighted by
Kiden |1995], isotopic fractionation effects not only degeon the nature of the dated material but also
on laboratory procedures, and so a correction was not dastiein this analysis but was considered as a
possible extension of the age range of the samples undedecaison in the respective sea-level curves
(Figs.[Z2 and313). Another problem in comparing radiooarpeat data is that'C dates can readily
be affected by sample contamination, which occurs due taxddra of small amounts of younger or
older plant material [e. g. roots or humid acids; Streif, Z]197Such dating problems can be avoided
somewhat by macroscopical analysis and dating of specifanimal components (e. g. leaf remains,
bud scales, seeds, pollen) rather than bulk peat analysisever, van de Plassche et al. [2005] did show
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that the age differences between three fractions (organi280 um, botanical macro-remains, roots) of
four basal peat samples from the central Netherlands wéatvedy small, and the ages of the macro-
remains tended to support the ages derived from bulk asadysin though the potentially rejuvenating
root fraction had not been removed. Root rejuvenation teesngd to have been compensated for by
one or more aging effects.

Perhaps the greatest problem in comparing sea-level datatfre different regions is that MHW- and
MSL-envelopes cannot be directly compared with one anpéseMHW is a function of the tidal range
of the studied area and varies greatly from region to regerg( present-day tidal range decreases
considerably in a north-easterly direction along the BeigiNetherlands coast, being ca. 3.8 m close to
the Belgian border but only 2.3 m at the mouth of the River Mearsd 1.4 m in Den Helder), whereas
the index points constraining the MSL-envelope generadfiect local and relatively arbitrary depths
of formation anywhere between MSL and MHW. In order to attempomparison of all the sea-level
curves with each other in spite of these differences, exrkenver limits of MSL were derived (i) from
the MHW data by subtracting the approximate present-ddgrdifice between coastal mean tide level
(MTL) and MHW (i. e. the tidal amplitude) at each sample posit(or a value slightly smaller where
the building of dikes has probably increased present-dig} tenge), and (ii) from the MSL data by
subtracting half of the present-day tidal amplitude foilogvthe method described in_Shennan et al.
[20004] for data from the east coast of England. The altimmi®iracy greatly decreases as errors in the
determination of indicative meaning and in the approxioratf tidal range have to be taken into account.
In the case of the MSL limiting data, the altitude error barsea-level index points can increase to as
much ast1.1 m. The resulting extreme lower limit of MSL values areskid mainly by the underlying
assumption that tidal ranges have not changed significduilyng the last 10 kyr, although there is no
direct evidence that this is the case. In fact, palaeotidalets for the southern North Sea indicate lower
tidal ranges during the early Holocene [Austin, 1991; Shanet al.| 2000b] and only minor changes
since 6 cal. kyr BP, consistent with the changing palacoggddes and coastline configurations at that
time. Nevertheless, Roep and Bieets [1988] did reconstrsigglatly higher tidal range along the western
coast of the Netherlands before ca. 5 cal. kyr BP. Anothdnlpro with the conversion to extreme lower
limit of MSL is that present-day coastal tidal ranges areta#s basis, thus neglecting the possibility of
tidal dampening due to the floodbasin effect or tidal amglifan due to the estuary effect for the more
sheltered, inland samples. In regions such as Belgium aethZ@ where tidal ranges are high, tidal
dampening can have a significant effect on the indicativeningaand thus the MSL-altitude of sea-level
index points. As such, we consider that the calculation tbexe lower limits of MSL using present-day
coastal tidal ranges is not faultless or precise, but repteshe most acceptable method for the direct
comparison and modelling of sea-level data from differegions until more information on past tidal
ranges becomes available.

3.2.2 The database

A list of the samples used in this paper, together with all idevant information concerning these
samples, is provided in Tab._A.1. Only those samples whictewensidered as valid sea-level index
points were selected from their original publications; g@aphic positions are shown in F[g.1B.1. For
better comparison and clarity, sample numbers / codes ifAdkand in the individual sea-level curves
(Figs.[3:2 {31) always refer to those provided by the ogbauthors.
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Figure 3.1: Locations of samples used for the determinaifddolocene relative sea-level rise in Belgium, the
Netherlands, north-western Germany and the southern [$edh More than one index point can derive from each
sample site where several samples were taken from the saméautcrop or where samples lie very close to each
other.

3.2.2.1 Belgium

Basal peat data deriving from the Belgian coastal plain leaen reassessed in terms of local and tide
levels inlDenys and Baeteman [1995] and were used as thefbasie Belgian dataset in this paper.
Many of the samples in the original dataset were found to leliable by the authors, and so only the
21 most reliable samples covering the time span from 9.5 tl.Zygr BP were selected here (Tah.JA.1;
Fig.[3:2). Generally the bases of peat layers were samped;were taken only when no visible signs
of erosion were found (e. g. through diatom analysis). Eemrelopes for local MHW and for the
upper limit of local MSL were drawn, depending on the indieaimeaning of the dated peat layers as
determined by the original authors. The area under coratidaris crossed by only one small river, the
lizer, and edaphic dryness during the early Holocene explahy the effects of local seepage and river
gradient effects on the altitude of peat formation were tbtmbe limited or even absent on the Belgian
coastal plain. However, several samples deriving from tps tof thicker peat layers (0.2 - 0.4 m)
may have experienced some compaction. The resulting MHWMBL-error bands encompassing the
Belgian sea-level data are relatively narrow (1 - 1.5 m) amti§sed (Fid_312).
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3.2.2.2 The Netherlands

3.2.2.2.1 Zeeland Sea-level index points (mostly bases of basal peats) dgrfvom Zeeland and the
adjacent estuarine flood plain of the River Schelde in nontBelgium have been obtained from Kiden
[1995] and the publications therein, and were used to p@durcerror envelope for the upper limit of
MSL for Zeeland covering the time period of approximately 4 ecal. kyr BP (Fig[Z3R). Compaction
effects were considered to be negligible, as the peat samgie generally thin (2 - 5 cm) and came from
the base of the basal peat which directly rests on the samist®iene subsoil. However, a number of the
sea-level index points listed by Kiden [1995] have to be mered unreliable due to early peat growth
in closed depressions independent of sea level, poor dmianad / or high local groundwater tables.
Thus, only the 25 more reliable sea-level index points, asriteed by the author in the original article,
have been selected for this study (TabJA.1; Eigl 3.2). Degpis critical selection, the MSL error band
of the Zeeland data remains relatively wide in comparisatiéoBelgian and other Dutch data, varying
from 1.5 to at least 2.5 m between 8 and 6 cal. kyr BP (Eid. 3&dlen [1995] in part attributes the
relatively high but variable positions of most of the Zeelandex points in comparison to the western
Netherlands MSL-envelope to the interaction between tlomqumnced local Pleistocene morphology
and topography, differential palaeo-groundwater levetstae variable influence of floodbasin and river
gradient effects on the altitude of peat growth. This coxiptedoes not allow a clear definition of the
indicative meaning of the basal peats, and this is reflectéitei broad MSL-envelope. However, samples
deriving directly from the Schelde palaeovalley exhibietatively low time-depth position and appear
to have been influenced far less by local and regional groatetveffects|[Kidern, 1995]. Thus, although
the Zeeland MSL-envelope is broad and its indicative mepoomplex, it does apparently constrain
values of lowest possible MSL for the area (e. g. samples A 1LQ7).

3.2.2.2.2 Western and northern Netherlands A relative (upper limit of) MSL curve for the western
and northern Netherlands, deriving mainly from basal peg,dwas presented and its characteristics
discussed in detail by van de Plassche [1982]. The curvengpasses the time interval from ca. 8
to 2 cal. kyr BP and was obtained from a comparative analyfs@dodata with the inclusion of new
data from the Rhine region. We have reanalysed the work offeaRlassche [1982] and the resulting
MHW and MSL curves used in this study are constrained by 4@biel sea-level index points from
mainly the Rhine-Meuse river dune and beach-plain arelag@dth 3 index points were retrieved from
West Vriesland, 3 from Velsen and 4 from offshore westernhiiéands (see Tab—A.1; Fig—8.1). In
the light of growing evidence that differential post-gkldisostatic crustal adjustment and / or tectonic
movement did occur in the Netherlands [Kiden etlal., 2002Zik al.,| 1998, respectively], we decided
not to actively integrate the 8 index points from the nonthiietherlands into the western Netherlands
MSL error band, although their positions have been superseg onto the western Netherlands curve
for comparative reasons (FIg.B.3). Unfortunately, the benof reliable northern Netherlands sea-level
index points is still too low to create a separate MSL curveHat region. The index points deriving from
the Rhine-Meuse River sand dunes (mainly bases of basa)@eat especially difficult to interpret in
terms of their indicative meaning in relation to rising se&el, as the chances of independent peat growth
due to higher local (ground)water tables caused by the gralient effect, seepage and / or hampered
drainage are relatively high in this former deltaic areacdntrast, compaction effects can be cancelled
out for most of these samples due to their imminent positicihié very base of the basal peats, directly
on the dune sands. Samples from the Rhine-Meuse beachapla@éared to be easier to quantify in terms
of MHW levels. Details of reliable as well as unreliable irdeints and all the problems involved in
the stringent selection of rational data are provided indelassche [1982].
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3.2.2.2.3 Central Netherlands Roeleveld and Gotjé [1993] reconstructed the mid-Holoocsater-
level rise in the area of Schokland (central Netherlands)gusvo suites of (near-)basal peat samples
from the slopes of two river dunes. The resulting MSL curves fiaund to consistently lie somewhat
below that of the western Netherlands, leading to slighfugion and consequently to the retrieval of
new data and a critical reassessment of the central Netidsrizurve by van de Plassche et al. [2005].
19 reliable basal peat sea-level index points resultingnftbat comparative analysis, and 2 from the
original western Netherlands curve [van de Plassche, 1983 used to form the central Netherlands
dataset of this study (Tdb./A.1). The data cover the timevatérom 7.5 to 3.5 cal. kyr BP and were used
to produce a relatively narrow(1 m) error envelope for the upper limit of MSL for the area (Bd).
Samples were taken near or from the base of peat layers arrgmaction effects are considered to be
negligible [van de Plassche ef al., 2005, did calculate gpemtion factor of 2 for samples deriving from
slightly above the surface of the dune sand, but this leadsdompaction correction of 0.07 m at the
most]. The effects of local (ground)water gradients on tinetbpment of peat in the area have not been
quantified, but may well have been small considering the gdigdow age-depth positions of the index
points compared to the western Netherlands curve.

3.2.2.3 North-western Germany

A detailed relative MHW curve for north-western Germany reaently been published by Behre [2003],
based on the collection and synthesis of all reliable seal-iedex points which had been collected
from the coastal regions of the German Bight throughout #st few decades. The samples derive
from a relatively large geographical area (see Eig. 3.X)uiting the Ems, Weser, Elbe and Eider river
mouths / estuaries and ranging from Emden in the southwesst (Eisia; Lower Saxony) to Fohr in
the northeast (Schleswig-Holstein). The curve is basechaxtensive dataset containing 112 sea-level
index points, of which 47 cover the time interval from ca. Qtaal. kyr BP, the rest being younger
(Tab.[A]; Fig[3B). Most of these younger dates derive fewohaeological, historical or hydrological
data; the older dates are based mainly on the analysis of dmadantercalated peats or tidal flat / salt
marsh systems. In contrast to many of the peat layers in Balgind the Netherlands which formed
in (river-influenced) dune / barrier systems and for whiah tblationship to MSL is often difficult to
reconstruct, the continuous past existence of an open et@sj the German Bight favours a more
precise definition of the indicative meaning of the basalércalated peats; generally in terms of MHW.
However, many of the samples derive from the tops of basdbmaal / or from intercalated peats, in
which compaction effects may have been considerable (de€AT#). Intercalated peats are especially
vulnerable to compaction of the peat as well as the interamgdilay, and a depth reduction exceeding
half a metre may be expected for a few index points of the dafas g. samples 29, 32, 42). As such,
intercalated peats can strictly speaking only be used dsngmdata, although they are important for
the indication of sea-level stagnation or regressive haBartly due to the compaction problem, the
MHW-envelope for north-western Germany is relatively widarying between 1.5 and 3 m from 9 to
3 cal. kyr BP (Fig(3B).

Contrary to the sea-level curves of Belgium and the Nethddathe German curve shows a fluctuating
sea-level rise and Behrke [2003] reconstructed seven signes phases after ca. 5 cal. kyr BP based
on both the age-depth positions and sedimentological arfthaological characteristics of the analysed
sections / samples (Fig—B.3). Similar stagnancies or ssgrs have been identified in studies from the
Netherlands and Belgium [e. lg._ Louwe Kooijmans, 1974; Radtk|1974] Ervynck et all, 1999], and

they support the notion of an oscillating eustatic sea Iewreh as that described for north-western Europe
by IM6rner [1984]. However, when the relatively wide MHW-@artband for north-western Germany
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as shown in Figi313 is considered, only two clear regress@m® still visible at approximately 3 and
1 cal. kyr BP. It is beyond the scope of this paper to deterroméescribe the possible causes, effects
and consequences of the differences in form between thgsamthturves. Insufficient sample density,
the infrequent application of "indicative" intercalateglgp and / or archaeological data in the Belgian and
Netherlands datasets, the large geographical regionsembby the German data rather than focussing
on local basins, and the world-wide differing scientificripns concerning the interaction between post-
glacial climate change and a smooth vs. fluctuating sed+tsacould be some of the main causes of
these observed differences.

3.2.2.4 The southern North Sea

The basal peats which are required to improve our still veagrhentary knowledge of the earliest
Holocene transgressional history of the North Sea Basie. (sea-level rise before ca. 8 cal. kyr BP)
formed relatively far offshore from the present-day caasthnd can thus only be obtained during time-
consuming and costly ship cruises. Furthermore, the clsaoicencountering basal peats offshore are
extremely small and the recovery method still follows altaad error principle, because (i) the basal
peats are generally extremely thin (ofterb cm) due to the rapid rate of relative sea-level rise which di
not encourage extensive peat growth at that time, and sodihept show up diagnostically on seismic
or echosound profiles, (i) large tidal channels have priybalnded the basal peat and the underlying
deposits in many places, and (iii) the sampling processeiattlyrhampered by the fact that the overlying
marine cover sands are generally very coarse, which at tiieemiomeans that fairly economical cores
can only be taken using a vibrocorer which has a maximum peieet depth of 6 m. Nevertheless,
several reliable index points have been obtained from théheon North Sea region during the last few
decades, and these are summarised in[Iab. A.1 and_Hg. 3MofTeese index points were used by
Behreé [2003] to constrain the older / lower part of his Gervlit\W curve (sample sites 1-4 and 6-11),
of which 5 derive from the early work of Ludwig etlal. [1979] fhe North Sea Basin (sites 172, 235,
A10). Infact, Ludwig et al.[[1979] and Streif etl2l. [1983]alonented and palynologically dated several
more basal peat layers deriving from the western rim of the phlaeovalley, and 4 of these have been
included in this analysis (sites 234, 240, 245, 280). Thélera with these basal peats is that (i) their
exact altitude could not be determined properly on boardtdwkeficient measuring instruments, mea-
ning that sample depth below NN could only be estimatedaftats using available bathymetric data
of the area, and (ii) unambiguous palynological dating watsaiways possible due to large quantities of
reworked components and / or bad preservation [Streil ¢€1@83]. Due to the present lack of other / bet-
ter data, these index points were considered for the MHWdegeh graph in Fig—314, but have not been
used as input in the modelling analyses. 6 sites from thelDNtarth Sea sector originally derive from
Jelgersmal [1961] arld Jelgersma etlal. [1979] and are susedari Kiden et al.[[2002]. Last but not
least, three new (bulk) basal peat data obtained by the B@&RgINorth Sea cruises in 2004/2005 [e. g.
Kudral et al., 2004] have been included.

As the available sea-level index points derive from a ggulycally extensive area in which significant
variations in isostatic and / or tectonic subsidence mayxpeaed, it is theoretically impossible to
compare the sample points directly with one another, andgnp draw a sea-level curve through these
points would be foolish. Even within a more restricted aneghsas Weil3e Bank / northern grounds (ca.
55°N; 6 — 7°E), age-depth values of the index points vary greatly ancethar band reaches a width
of 2.5 to 5 m (in part due to the large error bars involved in saeiag sample altitude). Compaction
effects can generally be ruled out as these thin peats kettliron the sandy Pleistocene palaeosurface.
Furthermore, the interpretation of the peat in terms ofdatiing MHW is favoured by the relatively open
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Figure 3.4: Age-depth distribution and local mean high w@#HW) error band of sea-level index points obtained
from basal peat data from the southern North Sea (data cechfiibm different sources; see Téh.JA.1). The
horizontal error bars represent the-talibrated age range of the conventional radiocarbontageyertical error
bars correspond to twice the total vertical error. Sampleghich some compaction may be expected are marked
by an upward arrow. The error envelope is purely theoretiodlmust be considered with caution, its significance
being limited by the fact that samples are scattered ovelarge a geographical area (see IEigl 3.1) and probably
experienced differential rates of post-glacial isostatic / or tectonic subsidence. Constraints on the possible
width of the error envelope were provided by dated none-smeafdrackish, tidally influenced and fully marine
sediments deriving from Ludwig etlal. [197B], Streif et 41983] and from unpublished new data of the BGR..

coastal setting of the fossil peat. Thus, the large diffeesrobserved must be attributed to inadequate
shipboard / bathymetrical depth measurements, age ovendarestimation due to reworking of older
material or selective root rejuvenation of peat, respebtjvor to sea-level independent peat growth in
local landscape depressions. In spite of these problemmeadsistencies, older (North Sea) sea-level
index data are extremely important for our understandingaoly post-glacial ice sheet dynamics and
the rates of initial sea-level rise, and they help to adjust fine-tune geophysical models which aim at
reconstructing past palaeogeographies and tidal ranggs $ennan et al., 2000b] as well as resolving
the viscosity structure of the Earth’s mantle [el_g. Lambeical. [ 1998a; Steffen and Kaufmann, 2005,
this study].
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3.3 Comparison of north-western European sea-level curveselative iso-
static subsidence

The reference MHW- and MSL-envelopes in the different nevéstern European areas (Figs] 3213 3.4)
are relatively well-constrained and we assume that theyoappate the general trend of sea-level rise
along their respective coast lines with a considerableesegf accuracy. Fi§._3.5 summarises the direct
relationships between the extreme lower limit of MSL-enpels of these regions. The conversion of
original MHW or upper limit of MSL to the extreme lower limif &1SL (hereafter simply called MSL)
introduces new vertical errors in altitude due to the undlegl uncertainties in the indicative meaning
and past tidal range, and so the error envelopes as depicteéid.[3.5 are somewhat wider than those
drawn from the raw data (Figs_B.2-13.4) only.

The MSL-envelope of north-western Germany lies signifigamelow those of the Netherlands and Bel-
gium between ca. 10 and 4 cal. kyr BP, the MSL-envelopes géneativerging progressively back in

time. This pattern of divergence becomes even clearer wyigatietical MSL curves are drawn through
the lowest / youngest index points (Fig.13.5 inset). The BaldISL-envelope shows the best fit with
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Figure 3.5: Relationships between the extreme lower lihM8L curves and error bands (calculated from the
raw MHW/MSL data: see sectidn 3.2.1) of Belgium, the Nethreds, Germany and the southern North Sea in
comparison with the eustatic sea-level curve of Flemind €i1898] and the north-western European sea-level
curve oflM6érneri[1984].
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the general trend of the northwest European sea-level afitrner [1984] and the composite eu-
static curve of Fleming et al. [1998], suggesting that teict@nd / or isostatic crustal movements have
only had a small to negligible effect on the altitude and pasiof the Belgian coastal plain during the
Holocene. This crustal stability of the Belgian coastalaags most likely associated with its geographi-
cal position on the margin of the Precambrian Brabant-Londassif/High. However, the Netherlands,
north-western Germany and the southern North Sea havdyctedosided relative to Belgium between
10 and 4 cal. kyr BP. This relative subsidence will have bemrsed either by ongoing regional / local
tectonic subsidence or by isostatic crustal movementspdeed a combination of both, and it is ex-
tremely difficult, if not impossible, to completely separdhe effects of these two processes. As a first
observation, the vertical difference between the thredesed curves from the Netherlands, which do
not converge or diverge greatly with time, could theordijche explained solely by differential local
tectonic movements, which are considered linear for the frame under consideration. The small al-
titude difference between the central and western Netm#sI&SL curves is consistently so small (ca.
200-300“C years) that van de Plassche €t al. [2005] even suggest @ effiect due to the presence
of older carbon in the extreme bases of the western Nethitylaasal peats rather than a geophysical
process to elucidate the difference. However, the diverger the Belgian, Dutch and German curves
clearly indicates that a non-linear glacio- and / or hydwmstatic component, most likely related to the
postglacial rebound of Fennoscandia and / or water and sedlilmading of the North Sea Basin, must
also be involved.

In a particularly illustrative study, Kiden etlal. [2002]agsthe difference in altitude between submerged
sea-level data from the last interglacial (Eemian) seatlbighstand in Belgium and the Netherlands as
a measure of the Late Quaternary long-term tectonic subséddeomponent between these regions, and
subtracted this approximate tectonic component from tfferdntial total crustal movement (i. e. the
altitudinal difference between the two MSL error bands) lides to obtain a slowly decaying isostatic
subsidence component of the western Netherlands relatiBelgium [Fig.[3; for methodical details
seel Kiden et all, 2002]. Of course, such tectonic subsidestess represent rough estimations only,
and are based on the assumptions that (i) the Eemian highseatiments in the different regions are
isochronous with an age of exactly 125 kyr, and (ii) sele@echian sea-level highstand data are repre-
sentative of the entire region, thus neglecting possitdaliscale tectonic differences. Both assumptions
could be problematic [e. . Schellmann and Radtke, |200djpadjh the error introduced over the time
scale under consideration remains relatively small. Adtdatraction of the maximal tectonic component,
the error bands of both areas are still discrete and onlyergevat ca. 3.5 cal. kyr BP (FIig—B.6B), leading
to the conclusion that the western Netherlands has undergamsiderable isostatic subsidence relative
to Belgium during the early and middle Holocene. Howeveg potential pitfall of the Kiden et al.
[2002] analysis is that both the Belgian and the western étiethds curves were considered to represent
MSL, although each sample point rather reflects the uppér diiMSL (i. e. any altitude between MSL
and MHW) in its local area. Taking the large present-dayeddfices in local tidal range into consi-
deration they can, strictly speaking, thus only be qualiéft compared with one other. The extreme
lower limit of MSL data exhibit significantly larger error tsadue to the limited indicative meaning of
the sea-level index points and the need to incorporate pthdefor possible MSL into the error band.
When these data are treated in the same manner, we find thgigberange of the western Netherlands
MSL band consistently plots within the lower range of thedsmh MSL band (Figi=317B), showing that
the isostatic subsidence of the western NetherlandsvelatiBelgium may have been a lot smaller than
that predicted by Kiden et al. [2002] in the theoretical &fiton in which, for example, Belgian index
points actually represent values close to MHW whereas Dotets represent values close to MSL. In
reality, it is clear that the extreme lower limit of MSL dat@grobably also biased by an overcorrection
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A. Total differential crustal movement

Cal. kyr BP

Relative altitude (m)

153 Tectonic subsidence rates based on Eemian sea-level highstand data:
Tectonic subsidence Belgium = 0.008 m/kyr (Mostaert and De Moor, 1989)
Minimal tectonic subsidence western Netherlands = 0.092 m/kyr (Zagwijn, 1983; Kooi et al., 1998)
Maximal tectonic subsidence western Netherlands = 0.172 m/kyr (Kooi et al., 1998)

B. Minimal isostatic component
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Figure 3.6: Differential crustal movements between Betgand the western Netherlands following the methods
of Kiden et al. [2002] but with the standardised data usedis paper. Note that the error bands for the upper
limits of local MSL (i. e. the raw data) are compared. (A) Taddferential crustal movement; (B) Minimal
isostatic component (i. e. the maximal long-term tectonicsgdence component has been subtracted from the
total differential movement).

resulting from the use of present-day large tidal ranges sarthe actual isostatic component is likely to
lie between the values indicated in Figsl]3.6B 3.7B.

Interestingly, the extreme lower limit of MSL error bandsB#lgium and north-western Germany show
no overlap until ca. 4.8 cal. kyr BP when they finally convergeen after subtraction of the maximal
tectonic component between the two areas (Eid. 3.7). Thanméhat even when the sea-level index
points from the Belgian coastal plain should represent Midig when the exceedingly large present-
day tidal range is used for correction to MSL (both situatidaeing highly unlikely), there is still no
overlap between the MSL error bands of the two areas from Sctd.&yr BP. Thus, contrary to the ge-
neral belief that the German North Sea coast has remainstigally stable during the Holocene [e. g.
Behre, 2003], these comparisons show that the north-we&erman coast has indisputably undergone
considerable isostatic subsidence during the last 10 gaBR. Assuming that the tectonic activity has
been adequately corrected for (i. e. neglecting the pdisgibif small-scale, local differential crustal
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A. Total differential crustal movement
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Figure 3.7: Differential crustal movements between Betgithe western Netherlands, north-western Germany
and several positions in the southern North Sea based onritrebands for the extreme lower limits of MSL.
(A) Total differential crustal movement; (B) Minimal is@éic components (i. e. the maximal long-term tectonic
subsidence components between the regions have beercsedbfram the total differential movements). Note that
conversion to extreme lower limit of MSL leads to significamérlap between the Belgian and western Netherlands
MSL error bands, whereas north-western Germany shows eetisisostatic subsidence component relative to
Belgium before 4.8 cal. kyr BP. The isostatic subsidencepmmants of the southern North Sea samples are based
on the subtraction of estimated Quaternary tectonic sebsirates only (see text), and should thus be interpreted
with caution.

movement within the studied areas themselves) and using 8Bkes which are drawn through the
lowest / youngest index points, we can tentatively providata of isostatic subsidence relative to Bel-
gium of ca. 7.5 m over the last 8 cal. kyr BP for north-westeerr@any and ca. 2.5 m over the same
time interval for the western Netherlands. These valuesgan be considered to approximate absolute
isostatic subsidence rates as the Belgian sea-level carapares well to the eustatic and north-western
European sea-level curves, so that the area has probabtynbieémally affected by isostatic crustal
adjustment processes.
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The heights of several sea-level index points from the santNorth Sea are also illustrated in relation to
the Belgian curve in Fig_3 7A. Unfortunately, the abserfd@adgian sea-level data before 9.4 cal. kyr BP
means that relationships with older North Sea samples tdimanalysed. Nevertheless, the sea-level
index points around 9 cal. kyr BP illustrate how variable ¢thestal movements in the North Sea may
have been: sample 07VC from Helgoland shows a total diffedeorustal movement of only 7.2 m
with respect to Belgium, sample D55 from the Dogger Bank, én@x, shows a difference of 11.85 m
and samples 235 and 172 from the Weil3e Bank and northerndgduaear the border with the Danish
North Sea sector) provide huge altitude differences of A 3and 17.15 m, respectively. We cannot
differentiate clearly between tectonic and isostatic congmts in this case, as most short-term tectonic
subsidence rates are unknown for the North Sea region. Vifhtre absence of other data, average Qua-
ternary sedimentation rates [Castbn, 1979] are taken ap@mxamate measure of long-term tectonic
subsidence, the hypothetical isostatic component of ttaé differential crustal movement in the North
Sea almost doubles from the approximate Dogger Bank — Helgol north-western German coast 7.5-
m-isobase to the locations of the WeiRe Bank and the nortiyenumnds (Fig[Z317B). We must however
bear in mind that these values are rough predictions onlynahased on suitably young tectonic subsi-
dence data, which may well deviate from those taken to reptdhe Quaternary as a whole [e. g. Kiden
etal.[2002, section=3.86.3 of this paper].

Despite the uncertainties involved we believe that thetimiahips described above provide additional
evidence for the original hypothesis|of Kiden et al. [20@@ich states that the amount of isostatic sub-
sidence decreases strongly in a south-westerly directimugih north-western Europe and with time.
The data do not contradict the idea of Holocene subsideneesotcalled peripheral glacial forebulge
around the Fennoscandian ice zone or zone of glacio-isosttound, which was previously recon-
structed from both model and observational data and is as$tonhave been centred in the North Sea
between Norway and Great Britain, extending through nartistern Netherlands and northern Germany
[Eieldskaar| 1994; L ambeck, 1995]. In fact, the postuladng increase in the relative isostatic sub-
sidence component around the Weil3e Bank and the northeamdganay indicate that this region lies
close to the centre of the bulge.

3.4 Geodynamic modelling

In addition to allowing visual comparisons between nortsin@erman sea-level index points and sea-
level data from the Netherlands and Belgium, the newly aegustandardised dataset of relative sea-
level rise in NW Europe as summarised in TabJA.1 can be ugegkefadynamic modelling of the Earth’s
internal structure. Precise model predictions of the Eastinucture beneath north-western Germany and
the southern North Sea area do not exist yet, mainly due tathéhat such sea-level data were relatively
inaccessible until now. Nevertheless, although even Wighpresent dataset only a few deep / old North
Sea and German coast sea-level index points exist, suctagatssential for improving the resolution
of the Earth’s structure modelling in general. As glaciastsitic adjustment (GIA), which we have
shown to definitely influence the areas under consideraisomainly controlled by the Earth’s mantle
and the thickness of the lithosphere, it is possible to itiyate and determine the regional radial Earth’s
structure with the help of an earth model, a global ice andwoanodel, and the observational data
mentioned above. The applied models and the calculatiohaddtave been extensively described in
Steffen and Kaufmann [2005]. Hence, the methodology is sarsed only briefly here and we refer to
the above-mentioned article for more detailed information
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3.4.1 Earth model

Model predictions are carried out using a spherically sytnimecompressible, Maxwell-viscoelastic
earth model. The elastic parameters derive from PREM [fRnetiry Reference Earth Model: Dziewon-
ski and Andersori,_1931], and lithospheric thickness is @ frarameter. The mantle viscosity is para-
meterised into several sub-lithospheric layers with camtstiscosity within each layer. The lower boun-
dary condition is the Earth’s core, which is assumed to biséi. In this paper, two sub-lithospheric
viscosity layers have been assigned to an upper and lowetenaith constant viscosity, respectively.
Thus, together with the free parameter lithospheric thésknthe sea-level predictions are calculated for
a three-layer earth model. Recently, modelling investigator GIA has changed from 1D and 2D in-
version methods [e. 0. Lambéck, 1993a.b; Lambecklet alg,1B898a,b;_Steffen and Kaufmamnn, 2005]
to 3D flat [e. g/ Wu and Johnsicn. 1998: Kaufmann and Wu. 1898aufmann et all. 2000; Kaufmann
and Wu, 2002; Kaufmann et lal., 2005; Wu, 2005; Steffen e2806a] and spherical Finite Element
models [e. gl Wul_2002: Zhona etlal.. 2003: Wu_and van der We32Wu et al.! 2005; Latychev
et al.,.2005a,b]. However, we have chosen the 1D inversighadéhere as it is simple, efficient and, in
comparison to former 1D investigations, the small distaret@veen the different regional datasets might
provide more precise information concerning the Earth’ssBDcture in NW Europe. The search range
has been set between 60 and 160 km for the lithospheric sk, from 109 to 4 x 10%* Pa s for the
upper-mantle viscositpum, and from 168 to 10?3 Pa s for the lower-mantle viscosity . The total
number of possible earth models which can explain our obtienal data is thus restricted to 1089.

Surface deformation is calculated by loading each eartheinwith predetermined ice loads. Using the

sea-level equation of Farrell and Clark [1976] for a rotgtitarth, which can be rewritten as an integral

equation which we solve iteratively, we then derive thetnedasea-level change. This is compared to the
observational data and the best-fit earth model is chosen.

3.4.2 Ice model

For the Late Pleistocene glacial ice load history, the dlatsamodel RSES (Research School of Earth
Sciences, Canberra) is used. RSES comprises Late Plaistamesheets over North America, Northern
Europe, Greenland, the British Isles, and Antarctica. Boemstructions are based on glaciological and
geomorphological evidence and thus reflect the approximetent of the Late Pleistocene ice sheets
throughout the last glacial cycle. The model has been ctevdrom the radiocarbon timescale to the
U/Th timescale, using the CALIB-4 conversion program [#tuiand Reimer, 1993; Stuiver ef al., 1998].
The ice volume at the Last Glacial Maximum (LGM), approxigtat21,400 years BP, corresponds to
124 m of eustatic sea-level change. The ice extent for fderdint epochs, starting at the LGM, can
be found in Fig[:3B. It shows the retreat of the large Weililisdce Sheet from a multi-dome complex
covering Scandinavia and the Barents Sea to land-baseshéss over Svalbard, Franz-Joseph-Land,
and Scandinavia. The ice disappeared in that model aroud@l \B€ars ago.

3.5 Observational data

The sea-level observational data presented in seEfidnriZTab.[A1 from NW Europe have been

grouped into three main regions for geophysical modelliaigwdations (Belgium, the Netherlands and
Germany), although two additional datasets including offishore data and including all locations were
used as well. Several of the index points have been used ia than one dataset, depending on their
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Figure 3.8: Map of ice model RSES over Europe for four difféténe epochs. Contours represent 500 m height
intervals.

locality. Thus, five datasets were arranged as follows|(tatmber of index points in brackets):

e Belgium (46), consisting of 21 Belgian and 25 Zeeland seatiedex points;

e The Netherlands (70), encompassing 61 Netherlands indexspthe 7 Dutch North Sea points
and the 2 points from the Dogger Bank;

e Germany (124), comprising the north-western German dataise 112 index points, 5 points
from Winschoten (Northern Netherlands) and 7 German NoethiSdex points;

e North Sea (22), including 7 German North Sea locations, TBhitorth Sea locations, 2 index
points from the Dogger Bank and 6 German Coast index point; a

e European coast (240), a dataset of all index points.

6 of the southern North Sea index points which were originabitained by_Streif et all [1983] have

been added to Tab."A.1 and Hig.J3.4, but have not been use@dphgsical modelling purposes due to
poor data quality (see sectibn-3.2]12.4 for more informatidie allocation of index points to particular
regional subsets was carried out in such a way that eachtsutrs@rises data points which lie within

a characteristic part of the “banana” shape of the Fenndgmatiorebulge as shown in Fig. 2 of Kiden
et al. [2002].

As compaction might have a significant influence on our modetligtions (especially in the north-
western German dataset where several of the index pointedeym intercalated peats), we decided to
produce an additional “test” dataset in which compactios een tentatively corrected for by simply
assuming 50% compaction of original peat beds [i. e. a cotigyafactor of 2 following van de Plassche
et al.,[2005]. Index points which have likely been affectgdcbmpaction are indicated in Tdb_A.1 in
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the last but one column and by arrows in Figs] 32} 3.4. Cotigracorrections were carried out for
12 index points for the Belgian dataset (26% of the total gatats), 4 index points from the Netherlands
(6%), 24 points from north-western Germany (19%), 2 pointsnfthe southern North Sea (9%), and
thus for a total of 40 index points from the entire Europeaastdataset (17%).

3.6 Results

In this section, predicted RSL changes are compared to bsetiof sea-level observational data in order
to determine the best-fit earth models for the differentaegiunder consideration. This comparison is
based on a least-squares misfit, defined as

wheren represents the number of observations considexede observed RSL dat@;(a;) the predicted
RSL for a specific earth modal;, andAo; the data uncertainty. The search for a minimum valug of
within the parameter range produces an earth magedhich fits the observational dataset best. In the
ideal situation that the model is complete and the obsematiuncertainties are normally distributed
with known standard deviations and uncorrelated, the @gpebest fit would beg = 1. To bracket
all earth models that fit the observational data equally waelthe best-fit earth model, within the
observational uncertainties, a confidence parameterdsiletéd as follows:

Y= \/%ii<Pi(ab)A—ini(aj)>2_ (3.2)

For all confidence parameteiis < 1, the predicted RSL for a specific earth moggh,;) fits the obser-
vational data as well as that of the best-fit earth mgxlel,) within the Io-uncertainty.

3.6.1 Model results without compaction corrections in the bservational dataset

When a parameter search of datasets without correctionofsilple compaction effects is carried out,
the following patterns become evident (HIg.13.9):

Belgium: In Fig.[39A and B, the d range based on the Belgian RSL dataset is shown in the paamet
space with a light-grey shading. The best-fit earth modelngle) has a lithospheric thicknessHf =

90 km, a fairly low upper-mantle viscosity ofum = 2 x 10° Pa s, and a lower-mantle viscosity of
Nuv = 1072 Pa s. The misfit for this model ig = 1.60. However, all three parameters are not well
constrained. Notably, the lithospheric thickness variesr mearly the total range of parameter values
(H, € [60,150 km). Taking only the & range into account, the upper-mantle viscosity seems toetie w
constrainedrfum < [1.5,2] x 10*° Pa s), but a closer look with the help of the ange (not shown)
shows a totally different second minimum aread x 10?° Pa s with ax < 2 region in the range of
Hi € [60,100 km andnym € [8 x 10°°,2 x 10?] Pa s. The best-fit model for the second minima is
H; =60 km,num = 2x 107 Pa s, andy_y = 2 x 10?2 Pa s withx = 1.68 (inverted triangle in Fig_3.9A
and B). The large confidence areas and the good fit of sevdigdetit earth models to the dataset are a
consequence of the spatial and temporal distribution oB#lgian RSL data (Fid._35), which compare
well with eustatic and NW-European sea level and thus apggrsimply trace our ocean model. This
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Figure 3.9: Best regional 3-layer earth models (marked wislgmbol) and the confidence regidHs< 1 for NW
Europe RSL datasets without compaction correction (shaaied with compaction correction (framed) and ice
model RSES. Belgium: light-grey shading and dashed lingeroW European regions: dark-grey shading and
dotted line; (A) RSL data as a function of lithospheric thieks and upper-mantle viscosity for a fixed lower-
mantle viscosity of 1€ Pa s for Belgium, of 1% Pa s for the Netherlands, of410°! Pa s for Germany, of
10?2 Pa s for the North Sea, and ok7L0?! Pa s for Europe. (B) RSL data as a function of upper and lonantia
viscosities for a fixed lithospheric thickness of 90 km foidddem, of 80 km for the Netherlands, of 70 km for
Germany, of 90 km for the North Sea, and of 90 km for Europe.

confirms the stable behaviour of the Belgian crust duringaftet the last ice age [Kiden etlal., 2002].
Hence, the data are not very sensitive to the Earth’s intstiacture and additionally too far away from
former ice sheets (British Isles and Scandinavia) to alldvetter determination of the Earth’s structure
beneath Belgium with this method.

The Netherlands: The best-fit earth model for this data-subset (star in[El§A&nd B) is characterised
by a lithospheric thickness ¢, = 80 km, and upper- and lower-mantle viscosities)gfy = 7 x 10?°
andn_ v = 10?2 Pas, respectively. The misfit for this modekis- 1.36. While the large confidence range
(Tab.[32) for the lower-mantle viscosity (v € [10?%,6 x 10°?] Pa s) again confirms the poor resolving
power of the NW European RSL data for larger mantle depttes lithospheric thickness as well as
the upper-mantle viscosity are better constrained thaB&wgium, with permissible ranges limited to
Hi € [60,100 km andnuy € [7 x 10?°,10%1] Pa s, respectively. No second minimum area was found.

Germany: The best-fit earth model for the German data-subset (dianmd®8A and B) is characterised
by a lithospheric thickness ¢, = 70 km, and upper- and lower-mantle viscosities)gfy = 7 x 10?°
andny = 4 x 107! Pa s, respectively. The misfit for this modekis- 1.75, which is slightly higher than
those for the previous datasets of Belgium and the Nethdslarhis might be a result of (i) the total num-
ber of index points (124 compared to 46 and 70, respectiv@iy)he spatial and temporal distribution of
the dataset, the index points deriving from a relativelgdageographical area, including several offshore
points, and covering a large time interval compared to ahbsets (see Figs. 8.1 dndl3.3), and / or (iii)
variable compaction effects, which are likely to be largethe intercalated peats of this subset. Again,
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Table 3.1: Three-layer earth models. Free parametersthositineric thickness|Hupper-mantle viscosit§jum,

and lower-mantle viscosityy . X is the misfit for the best 3-layer earth model. Results fortkinee-layer Earth
models fitting the NW European RSL data within the-dncertainty range are shown for different datasets, with
the best-fit earth models indicated between brackets. HgiuBe, the best-fit earth model of the second minima
is also shown (see sectibn316.1 for details.)

H Num NLm X
km 10°Pas 18% Pas
Search range 60-160 0.1-40 0.1-10
Dataset RSES
Belgium
no compaction 60-150(90) 0.15-0.2(0.2) 1-10(10) 1.60
2nd minima 60 20 2 1.68
with compaction 60-160(90) 0.1-0.2(0.2) 1-10(10) 1.42
2nd minima 60 20 2 1.54
Netherlands
no compaction 60 -100 (80) 7-10(7) 0.1-6(1) 1.36
with compaction 60-100(80) 7-10(7) 0.1-6(1) 1.30
Germany

no compaction 60-90(70) 6.5-10(7) 0.2-0.8(0.4) 1.75
with compaction 60-95(70) 6.5-10(7) 0.2-0.9(0.4) 1.60

North Sea
no compaction 75-95(90) 6.5-10(7) 0.2-15(0.7) 2.50
with compaction 75-100 (90) 4-10(7) 0.1-2(0.7) 2.31

Europe Coast
no compaction 60-110(90) 6.5-10(7) 0.2-15(0.7) 1.76
with compaction 60-110(90) 6.5-10(7) 0.2-15(0.7) 1.62

the lower-mantle viscosity is almost unconstrained (I[ah), 3vhile the range of permitted lithospheric
thickness values i8l, € [60,90] km and for upper-mantle viscositiesrigy € [6.5 x 10?°, 10?Y]. The
thickness of the lithosphere (70 km) is the lowest of all geadl datasets.

North Sea: The best-fit earth model (circle iIn-B.9A and B) has a lithosjatthickness oH; = 90 km, an
upper-mantle viscosity afym = 7 x 10?%° Pa s, and a lower-mantle viscositymfyy = 7 x 10?1 Pa s. The
misfit for this model i = 2.50, the highest misfit of all regions, which is not surprisaugsidering the
scattered locations of the relatively few index points iraaib which has undoubtedly been influenced by
variable crustal movements associated with both tectarddsostatic activity (see sectifn3.3). Never-
theless, focussing on thesXange (Tab—311), the lithospheric thickness and the upmtle viscosity
are well constrainedH| € [75,95 km, nuw € [6.5 x 10?°, 10?Y] Pa s). Hence, the North Sea RSL dataset
is more sensitive to the mantle structure than the other Rfasdts. Additionally, the index points are
(i) closer to the former ice sheets (British Isles and Sazenda), and (ii) derive from deeper parts / older
deposits than most of the indicators from the other datadéiss allows a better determination of the
Earth’s structure beneath the southern North Sea region.

European Coast: The best-fit earth model for all data (square_ia 3.9A and B)hiaracterised by a
lithospheric thickness aff = 90 km, and upper- and lower-mantle viscositieg)gfy = 7 x 10°° and
Num = 7 x 10?1 Pa s, respectively. The misfit for this modekis= 1.76, the same as that of the German
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RSL dataset. It is lower than that of the North Sea, althodghbiest-fit earth model is the same for
both regions. Thus, the North Sea index points dominateeteetion of the best-fit Earth model, but a
better misfit is achieved by using a large amount of coastal. dehe values for the entire region agree
well with an earlier inference of the reduced set of NW Eusspeoastal RSL data from Steffen and
Kaufmann [2005].

As summarised in Talh._3.1, upper-mantle viscosities foredions except Belgium are aroundx7
10°° Pa s, and cover a range betwegru € [6.5x 10°°,10x 10°°] Pa's. Compared to the results of Stef-
fen and Kaufmann [2005], who reported upper-mantle visiessof (3 — 6) x 10?° Pa s for this region,
our values are slightly higher, maybe due to the fact thah@)results of Steffen and Kaufmann [2005]
are based on data from the British Isles as well as from NW jiyrand (ii) the NW European data used
by these authors was revised and only a few selected forttidy $see sectiof 3.2). The lower-mantle
viscosity is almost unconstrained, confirming the low reisg power for lower-mantle viscosity of RSL
data with a small spatial distribution. Focussing only oa three main regions Belgium, the Nether-
lands and Germany, the thickness of the lithosphere isméted to be around 90 km under Belgium
(the London-Brabant massif region), and then decreasesrdsvthe southern North Sea to a thickness
of ca. 70 km. However, it is important to emphasise that theahge of possible lithosphere thicknesses
is larger {H, € [60,110 km, although similar trends in decreasing thickness mayoséufated (Tab31).

3.6.2 Model results with compaction corrections in the obggational dataset

In this section, our results from the parameter search afseé#s in which compaction has been taken into
account are discussed:

Belgium: The 1o range based on the Belgian RSL dataset with correction opection is shown in
Fig.[39A and B with a dotted line. The resulting best-fit Bartodel (triangle) is the same as for the
dataset without compaction and has a lithospheric thicknéld, = 90 km, an upper-mantle viscosity of
Num = 2 x 10*° Pa s, and a lower-mantle viscositymfy = 10?2 Pa s. The misfit for this model js=
1.42, an improvement of 11% compared to the model without catigta However, the & ranges for
the parameters are slightly larger (eHy.€ [60,160 km) than those for the dataset without compaction.
Taking the & range (not shown) into account, the second minimum areaagpears (Tal._3.1). The
best-fit model for the second minima (inverted triangle) ithwd, = 60 km,num = 2 x 10?* Pa s, and
Nuv = 2 x 10?2 Pa s, which is the same as that of the uncorrected Belgiasetatdthough the misfit
with x = 1.54 has improved by 8% (Tab_8.1). This improvement of the trisfia after correction for
compaction probably occurs due to an even better generatliitie ocean model. Despite the improved
misfit, the correction for compaction of between 20 and 35reseiected samples is obviously too small
to allow a clearer determination of a reliable earth modetfies region.

The Netherlands: The best-fit earth model (star I[i’B.9A and B) also remains dénees The misfit for
this model isx = 1.30, an improvement of 4%. This small improvement is probahlg to the fact that
only a small number of samples (4 out of 70 locations) weresoted for compaction. Surprisingly, the
maximumy-values around an upper-mantle viscosity of%ldre higher. Here, we think a slight influence
of the 4 compaction-corrected data points on model predtistof GIA is possible.

Germany: Fig.[39A and B, shows the same best-fit earth model (diamasdhat for the data subset
without compaction. The misfit for this modelys= 1.60, which is an improvement of 8.5% compared
to the dataset without compaction. This improvement is amaige with the one from Belgium (11%).

Again, a general decrease in the misfit of all models is oleskrwhich is due to the better fit with the

ocean model.
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North Sea: The best-fit earth model (circle in FIg_B.9A and B) is the sammehat without correction
for compaction in the RSL data. The misfit for this modekis- 2.31, a difference of 8%, which is
interesting as only 2 out of 22 index points have possiblynbaiéected by compaction at all. As a
general decrease in the misfit of all models is observed agaimssume that the improved misfit is due
to the better fit of these 2 locations with the ocean model.

European coast: The best-fit earth model (square in Hig.]3.9A and B) is charasgd by the same
lithospheric thickness, upper- and lower-mantle vis@asias the model without compaction in the RSL
dataset. The improvement in the misfit for this modeH1.62) is 8%.

Tab.[371 summarises the results for RSL data with compaciorections as discussed above. It can
be seen that the best-fit earth models are identical. Thas;ahsideration of compaction did not help
to better isolate specific earth models, despite the dezieade misfit. Hence, a general lithospheric
thickness of around 90 km and an upper-mantle viscosityafrad 7x 10?° Pa s is obtained. The lower-
mantle viscosity remains almost unconstrained, confirntiveglow resolving power for lower-mantle
viscosity of RSL data with a small spatial distribution.

3.6.3 Comparison between observational and modelled seavkl curves: some examples

The ice and earth models described in the previous sectamupe predicted RSL curves for NW Europe
which correlate very well with the sea-level observatiaetha (i. e. misfit values are low), thus implying
that the models are good enough to predict RSL change for ruityaay location within the analysed
region (e. g. in areas where we have no observational datapgsas we are constantly aware of the
assumptions and limitations on which they are based[Ei@ Summarises predicted RSL for 21 selected
locations across the region. For each location the bestgibnal Earth model was used to calculate the
RSL curve over the last 10 kyr. A clear distinction is madedgetn I RSL in the Belgian and Zeeland
areas (nrs. 1 - 5), which approach eustatic values, and ttitise remaining regions, which show a quasi-
continuous drop in relative altitude from the southwesthi northeast of the analysed area and reflect
the increasing net effect of post-glacial isostatic adpestt / subsidence towards the Fennoscandian
landmass. The relatively large predicted difference in R8tween the extreme locations of the German
dataset (Hatzum [nr. 12] and Fohr [nr. 20], summing up to axdprately 3 m at 10 cal. kyr BP) denotes
that the data of the German sea-level curvé_of Behre [2008¢rca geographic area too large to be
summarised into a single curve, and that more local sed-¢ewees are required in order to reinterpret
the nature and extent of the regressional phases WwhichlE2008] describes for the entire length of the
German North Sea coast.

In addition, comparisons between observational and medié!SL data within a local area allow the
identification of "outlier" sea-level index points, which turn can provide important information on
local effects such as tectonic subsidence / uplift, comaeind / or possible past changes in tidal range
[e. g.IShennan et al., 2000a]. In most cases, the analysedvabisnal index points lie on or slightly
below the predicted RSL curve for a particular region (Eid13, although some index points also plot
too high (e. g. the Winschoten samples, Eig.B.11E). Detengithe relative importance of each of the
above-mentioned local factors on these altitude disci@paris difficult, especially considering the fact
that they may have acted simultaneously. AdditionallyMfiL index points deriving from limiting raw
data (i. e. basal peats reflecting the upper limit of MSL nathan MHW) carry uncertainties in their
indicative meaning which can be substantial in areas whexgept tidal ranges are large. Nevertheless,
careful examination of the residuals @ifference between predicted and observed RSL values)aan h
to elucidate potentially important factors, and we wouka lio briefly discuss some examples, including
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Figure 3.10: Predicted smooth RSL curves based on regiessffth Earth models for 21 locations in NW Europe,
showing a quasi-continuous drop in RSL altitude from thetldeast to the northeast of the analysed area= 1
Berendrechtsluis; 2 Bouwlust; 3= Middelburg; 4= Dijk; 5 = Westende; 6= Hillegersberg; 7= Dutch North
Sea west; 8 Almere; 9= Den Helder; 10= Schokland; 1= Winschoten; 12= Hatzum; 13= oyster grounds
(Dutch North Sea); 14 Juist; 15= Wilhelmshaven; 16= Cuxhaven; 17Z= Wangerooge; 18 Tiebensee; 19-
Dogger Bank; 2G= Fohr; 21= WeilRe Bank.

the constraints involved, in the following section.

In areas such as the Central Netherlands where sample ctiompa@s not considered to be a problem,
tectonic activity has been low_[Kooi etlal., 1998] and tidahges were low enough (maximally 0.7 m)
to neutralise the uncertainties involved in calculating IM®m limiting data, sea-level index points
show an excellent fit to the predicted RSL curve (Eig.B.1H®wever, such a perfect relationship is an
exception rather than the general trend of the dataset. ¥aon@e, many of the Belgian and Zeeland
sea-level index points plot considerably below the begtdij curve of predicted RSL for the region, but
above the curve predicted by the second minimum (describsegatior3.6]1, which lies in thesZange
and most likely contains a small isostatic component (E[A& and B). The fact that two very different
earth models can show such a good fit with the same dataseathfepratic, and has most likely been
caused by the scatter in the Zeeland data as well as the goofltfie sea-level data to the general
ocean model. The uncertainties carried by the model relsaitper the further analysis of observational
data, the results being quite anomalous depending on tive ased. When focussing purely on the
relatively high position of the best-fitdlRSL curve, a change in past tidal range can be postulated.
Here, the negative discrepancy between observed and mddRBL values cannot be explained with
tectonic subsidence, as Eemian sea-level highstand setdime found relatively close to the surface in
Belgium [1 - 2 m below present-day MSL, implying a tectonibdsidence rate of only ca. 0.008 m/kyr
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Figure 3.11: Comparisons between observational and gesdRSL data for selected areas within NW Europe.
Predicted RSL curves are based on regional best-fit eartlelsiadd reflect the situation in one particular location
only (i. e. do not indicate small within-region variatioms RSL). Discrimination between the use of exact and
limiting data has been made. The relationship between tsergbd-model RSL difference and distance up the
Ems estuary (Emden/Hatzum) is shown in the inset of E.
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since then|_Mostaert and De Mbaor, 1989], and Kooi étlal. [1998imate a long-term (Quaternary)
tectonic subsidence rate of maximally 0.05 m/kyr for Zedla@ompaction of peat, when assumed to
have occurred at all (Tab—A.1), will only have dropped sagititude levels by 0.2 to 0.35 m at the
most. After correction for these two processes, severdiefdwer sea-level index points still remain at
a depth of around 1 m below the predicted curve, at least leet®eand 6 cal. kyr BP. By3 cal. kyr BP,
the index points have drawn near to the predicted curve. fféaisl could indicate that the sea-level
data have been overcorrected to MSL due to the use of prdagritigh coastal tidal amplitude (1.9 m
along the Belgian coastal plain; 1.7 m in Zeeland), sugggdtiat tidal amplitude was ca. 1 m lower
between 9 and 6 cal. kyr BP, and then increased to presentadizgs by 3 cal. kyr BP. Such a change in
tidal amplitude may have been associated with the conmeofithe North Sea to the English Channel
occurring at around 9 cal. kyr BP, and the subsequent swéhgé of coastline geometry in response
to rapid sea-level rise [e. 0._Shennan €t lal., 2000a; Be&tsvan der Spek, 2000, Fig.—3112 of this
paper]. However, when focussing on the second minimum R®eculiscrepancies between observed
and modelled data are positive between 10 and 7 kyr BP butinedeetween 7 and 5 kyr BP, which can
only be explained by ecological factors such as sea-ledggandent peat growth and variations in the
indicative meaning of the peats leading to an overestimaifdViSL, respectively. In reality, changes in
tidal range may well have acted simultaneously with thestofa. The area has simply been too little
affected by GIA to allow a clear discrimination between tve model RSL options.

The limiting data obtained from the Hillegersberg donk daf thestern Netherlands Rhine-Meuse area
also appear to reflect an overestimation to MSL (grey poieteéen 7 and 4 cal. kyr BP on Flg_3111D).
Sample compaction was not assumed to be a problem for thaese points, but variable tectonic activity
will have occurred within the structurally complex Rhindleg. Based on long-term Quaternary sub-
sidence rates [Kooi et al., 1998] and the height of Eemiarlesed highstand sediments in Amersfoort
which occur at~8 m below present-day MSL [Zagwijn, 1983], an average regitectonic subsidence
rate of 0.092 m/kyr can be tentatively assumed for the arthodgh greatly simplified, we suggest that
rates will not have greatly exceeded this value, as the ipdéxts deriving from exact data already lie
close to the predicted RSL curve (Hig._3.11D). After coiimtfor tectonics, the limiting index points of
Hillegersberg still lie below the predicted RSL curve, tleeiduals steadily decreasing from -1.34 m to
-0.23 m between 6.8 and 5.4 cal. kyr BP, respectively. Evereifissume that these index points were
formed at MSL rather than reflecting its upper limit, coregtresiduals remain negative and still de-
crease from -1 mto -0.1 m between 6.8 and 5.7 cal. kyr BP, c&gply. This suggests that peat formed
locally belowMSL at this donk during the given time interval, which is Higlunlikely in this humid,
river-influenced environment where problems associatéd péat growth above contemporaneous MSL
due to the river-gradient effect would be much more likelrivle Plassche, 1982]. As depth and age de-
termination for these index points are considered to belatedp unambiguous [van de Plassche, 1982]
and MSL levels are independent of past changes in tidal ramgg compaction of the older / deeper
samples can explain the observed negative residuals.dridae de Plassche [1982] states that “Whether
the data from the river dunes are entirely free of subsidenesto compaction is not absolutely certain.
'Donken’ may be underlain by a layer of sandy clay or loamnaadliprobability is the case for the 'donk’

of Hillegersberg (Grondmechanische Dienst Rotterdam)dweler, he assumed that by the time peat
growth commenced on the slope of the dune, consolidatioheo$andy clay / loam under the weight of
the dune would have proceeded to such an extent that the effeather loading would be negligible.
Our data, however, show that sediment compaction wasrspliacess at this donk at 6.8 cal. kyr BP, the
effects of compaction gradually decreasing towards 5.7kyalBP and then becoming negligible after
that time. Sea-level index points of the other donks incateal into the dataset seem to have been much
less affected by compaction.
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Trends shown by the German sea-level index points are soat@ahier to interpret, as the north-western
German coast has been less influenced by variable tectdiityaand all observational data were ob-
tained from exact MHW data. For example, a clearly lower fidat range is reflected by the sea-level
data of Emden/Hatzum (Fig.—3]11E), which derive from the River estuary (close to the Dutch bor-
der, see Fig—310) and where tidal ranges at present vamebat2.6 and 3 m. After correction for an
average tectonic subsidence rate of 0.053 m/kyr based oiaEes®a-level highstand sedimentary data
from the island of Juist_[Behre etlal., 1979], all observagicindex points still lie below the predicted
RSL curve by, on average, about 0.7 m. As compaction effeete wssumed to be negligible by the
original authors [see Behre, 2003], this discrepancy céy lommexplained by an overcorrection to MSL
using present-day tidal ranges. Furthermore, when thdualsi are plotted against distance up-estuary
following IShennan et all [2000a], we see that the discraéparincrease with increasing distance from
the coast (Fig.311E inset). Thus, it appears that tidalpdsmimg occurred up-estuary at least until
1 cal. kyr BP, with reconstructed tidal ranges varying from 4.6 - 2 m in the outer estuary to only
about 0.8 - 1 m in the inner estuary. Differences occurringvben samples of the same distance may
be due to differing bathymetries, local tectonics, comksilon or sea-level independent peat formation.
The effects of the latter process are nicely illustrated Hey limiting sea-level data from Winschoten
(northern Netherlands, close to Emden), which plot almasetre above predicted RSL even without
possible upward corrections for compaction and / or locztotrgics (Fig[3IIE). They have obviously
been formed in a groundwater-related setting above comempous MSL and are thus unsuitable for
sea-level studies of the region.

As mentioned in earlier sections, one of the disadvantafjitiseoGerman dataset is that many of the
older sea-level data derive from compaction-sensitivergalated peats which can, strictly speaking,
only deliver limiting information. We plotted the sea-lédata from the region around Wilhelmshaven,
where most of the intercalated peats of the dataset are mwate, in Figl.3JI1F. The exact data show
that the high present-day tidal ranges (3 - 3.7 m) which wsesldor the conversion to MSL are more
or less confirmed for the past 9 cal. kyr BP. However, indexfsoivhich may have been influenced by
(considerable) compaction due to intercalation tend to @hoboth sides of the predicted RSL curve,
implying the possibility of compaction effects of up to 2.5%etween 6 and 4.9 cal. kyr BP, but a form of
negative compaction of up to 1 m between 4.7 and 3.2 cal. kyBRocal uplift phenomena are highly
unlikely and undocumented for the region, these high olagiemval MSL values despite likely effects
of compaction may be a true reflection of the Calais IV traasgion and the succeeding regression 2
described by Behre [2003]; possible fluctuations of thisireahot being incorporated into RSL models.
However, the data do not allow further statements on thetsfief compaction on index point altitude at
this stage.

As a last example, we show that contrary to all other dataudé differences between southern North
Sea observational and predicted MSL often exceed 1 - 2 m, mahing a value of 10.17 m at the
Dogger Bank (Tal—3l2). Basal peat compaction was not asstoneave greatly affected the altitudes
of the observational data. Furthermore, with the excemifdhe German near-coastal index points, low
present-day tidal amplitudes of maximally 0.8 m were usechtoulate MSL from MHW at these sites.
Thus, in the unlikely case of an even lower past tidal amgédituhe altitude difference would actually not
undergo a substantial change. Indeed, residuals from Wilil@ven have also shown that tidal ranges in
that area probably remained relatively constant througti@iHolocene (Fid—3.11F). Negative residual
values greater than the range of the index point MSL errod laae therefore considered to significantly
reflect tectonic subsidence in the southern North Sea (agrshy the horizontal grey bars in Tdb.13.2).
Positive residuals imply tectonic uplift but more likelypresent peat formation above contemporaneous
sea level or an artefact in the model predictions due to thieicted use of only one best-fit Earth model
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Table 3.2: Rough predictions of Holocene tectonic and / argactional subsidence in the North Sea as determined
from MSL residuals. Negative residual values greater thamange of the observed MSL error band are considered
to significantly reflect subsidence and are indicated by teg bars in the table. Positive residuals imply tectonic
uplift but more likely represent peat formation above comteraneous sea level or a poor relationship to the
applied best-fit earth model. A comparison with average €uary sedimentation rates as a simplistic measure of
total Quaternary subsidence [deduced ftom Caston, 197@jestis an approximate 2 - 4 times higher subsidence
rate during the Holocene.

no. sample location age MSL obs error (+/-) MSL pred residual (obs-pred) implied tectonic uplift av. Quat. thickness  av. Quat. sed. rate

(cal. kyr BP)  (m NN) (m) (m NN) (m) (Holocene: m/kyr) (m) (from Caston, 1979) (m/kyr)
5 Dogger Bank 55 9060 -31.56 14 -30.45 -1.11 -0.12 800 0.4
1 Dogger Bank 9710 -46.7 14 -36.53 -10.17 -1.05 700 0.35
3 Weile Bank 235 9180 -38.98 14 -34.78 -4.2 -0.46 350 0.175
3 Weile Bank 235 9500 -39.08 14 -36.64 -2.44 -0.26 350 0.175
Gauss 1987/5 Weille Bank 10590 -48.84 14 -48.88 0.04 0 280 0.14
4 Northern grounds 172 9410 -38.28 1.4 -35.09 -3.19 -0.34 200 0.1
BSKVC-15  Northern grounds 9490 -34.15 14 -34.37 0.22 0.02 100 0.05
BSKVC-21 Northern grounds 9950 -37.36 14 -38.72 1.36 0.14 100 0.05
AU04-07-VC  Helgoland 9020 -25.23 14 -27.89 2.66 0.29 20 0.01
6 Wangerooge A10 8860 -25.93 0.45 -24.88 -1.05 -0.12 20 0.01
7 Wangerooge A10 8790 -236 05 -25.91 2.31 0.26 20 0.01
8 Wangerooge A10 8370 -23.16 0.5 -23.17 0.01 0 20 0.01
9 Scharhérn 56/67 8560 -25.9 0.5 -25.56 -0.34 -0.04 20 0.01
10 Scharhérn 58/67 8500 -25.84 0.5 -24.74 -1.1 -0.13 20 0.01
11 Neuwerk 60/67 8150 -22.81 0.5 -22.67 -0.14 -0.02 20 0.01
2 oyster grounds 9710 -43.2 14 -37.4 -5.8 -0.60 500 0.25
1 oyster grounds 11300 -46.7 14 -51.07 4.37 0.39 750 0.375
2 oyster grounds 10610 -47.7 14 -47.19 -0.51 -0.05 1000 0.5
5 west 9410 -26.7 1.4 -27.77 1.07 0.11 400 0.2
6 west 9520 -28.7 1.4 -28.51 -0.19 -0.02 300 0.15
7 west 9610 -33.7 1.4 -32.91 -0.79 -0.08 200 0.1
8 west 10210 -35.7 14 -34.37 -1.33 -0.13 150 0.075

for all North Sea sample locations. A comparison betweerraugh estimations of potential Holocene
tectonic subsidence rates and average Quaternary sediinamates [calculated from Caston, 1979] as
a simplistic measure of total Quaternary subsidence of thikhNSea Basin suggests an approximate
2 - 4 times higher subsidence rate during the Holocene (I&). Dne possible cause could be the
uncertainty in determining the base of the Quaternary amdhieoexact amount of time constrained by
Quaternary sediments in the North Sea [Caston,|1979]. Henvawother factor which certainly forms
part of the tectonic component, especially in regions wkieed_ate Pleistocene / Holocene sedimentary
layer is thick, is Holocene compaction of underlying Cernozediments (e.g. Tertiary marine shales)
in response to sediment loading [el.g. Kooi etlal., 1998]. &myncoastal parts of the Netherlands, this
factor contributes as much to the present total vertical tanvement as do the long-term factors together
[Kooi et al.,11998]. Such a form of short-term Holocene sdéste could thus explain at least one order
of magnitude when comparing subsidence rates at diffeneet $cales. Although we are aware of the
fact that one best-fit earth model for the southern North Ssaaversimplify matters, it is promising that
precisely this model is capable of reconciling both offghand coastal data in the total NW-European
dataset and thus we assume that these first tentative estiofathort-term tectonic and / or compactional
subsidence of the southern North Sea fall within the spetwtiacceptable values until more detailed
surveys are carried out.

3.7 Conclusions

The observational and geophysical reassessment of 24Bysgvpublished, valid Holocene sea-level
index points from the NW European coast reveals a complaenpaof differential crustal movement
between Belgium, the Netherlands and north-western Ggrmdmich cannot be solely attributed to
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tectonic activity. It clearly contains a non-linear, gtacand/or hydro-isostatic subsidence component,
which is negligible on the Belgian coastal plain but incesasignificantly towards the northeast in the
direction of the Fennoscandian land mass. North-westerm@&mwy, for example, has been subjected to
a total isostatic lowering of ca. 7.5 m between 8 and 4.8 gal BP, after which isostatic subsidence
processes can ho longer be unambiguously identified usingimple comparative approach. Neverthe-
less, our analyses show that neither the western Netherkseatlevel curve of van de Plassche [1982],
nor the German sea-level curve of Behre [2003] can be viewagtimally reflecting absolute sea-level
rise in north-western Europe (at least not during the earty middle Holocene). Our results confirm
former investigations of Kiden etlal. [2002] from the Belgibletherlands coastal plain and provide new
evidence from the German and southern North Sea sectorsdqraist-glacial collapse of the so-called
peripheral forebulge which developed around the Fenndsaarcentre of ice loading during the last
glacial maximum. However, sea-level index data extendigjmvards into the Danish sector and north-
westwards into the deeper parts of the North Sea are nowtlygequired in order to better constrain
the geographical extent and the temporal progression df/Jdarebulge collapse, respectively.

Geodynamic modelling of the Earth’s internal structuréngisa spherically symmetric, compressible,
Maxwell-viscoelastic earth model, a global ice (RSES) arebm model and the sea-level observational
data, reveals that a broad range of Earth parameters fit tiggaBdRSL data, the ranges then becoming
narrower towards the southern North Sea region. In facB#igian data appear to simply trace the ocean
model, confirming the stable behaviour of the Belgian crusing) and after the last ice age [Kiden et al.,
2002]. Hence, the data are not very sensitive to change® iBahth’s interior structure and additionally
too far away from former ice sheets (British Isles and Sasada) to allow a better determination of
the Earth’s structure beneath Belgium with this method. Toelels which show a best fit with the
remaining RSL data predict an average lithosphere thickoésa. 90 km along the NW-European
coast, although thicknesses decrease to values around 8er@ath the Netherlands and 70 km below
north-western Germany. Upper mantle viscosities for glaes except Belgium are well-constrained
at ca. 7x 10?° Pa's, and cover a range betwagny € [6.5 x 10°°,10x 10°°] Pa s. Lower mantle
viscosities are, however, almost unconstrained, configgntire low resolving power for lower mantle
viscosity of RSL data with a small spatial distribution. Theesults confirm earlier findings of Lambeck
et al. [1998a] and Steffen and Kaufmann [2005]. In the modadiigtions, a general misfit improvement
of at least 4% due to correction for compaction was observeihg around 8% for the whole dataset,
which is mainly due to a better fit with the ocean model. Usimg best-fit earth model for the NW
European coast and modern bathymetry, Holocene palae@gdigs which reflect the transgression
of the southern North Sea coastline can be reconstructgd[8Ei2). The most important events are
the opening of the English Channel from the soutll@ cal. kyr BP), the development of the Dogger
Bank as an island~9.5 cal. kyr BP), the connection between the English Chaanelthe transgressive
North Sea {9 cal. kyr BP), the drowning of Dogger Bank 7.5 cal. kyr BP) and the development of
a close-to-modern southern North Sea coastliné ¢al. kyr BP). The reconstructions compares well
with those of_Shennan etlal. [2000b] for the western North I8esed on data and model results from
eastern England, although our data suggest an approxintatekyr earlier drowning of the majority of
the Dutch and German sectors of the southern North Sea atozd. Iyr BP. It would be interesting to
combine both datasets and recalculate palaeogeograpHigsiie analyses.

The comparison between modelled and observational sehdata can provide important information
on local-scale processes such as temporal changes inditg (Belgian coast; Ems estuary), differen-
ces in the indicative meaning of limiting peat data in relatto MSL (Zeeland), sediment compaction
(Hillegersbergdonk), and/or tectonic subsidence (Nodgh)SHowever, additional observational data are
required in order to pin down more exact earth models with allemvariation in parameter range for
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Figure 3.12: Palaeogeographic reconstructions of théneoutNorth Sea. (A) 10.2 cal. kyr BP; (B) 8.9 cal. kyr BP;
(C) 6.8 cal. kyr BP; (D) 4.4 cal. kyr BP; (E) 2 cal. kyr BP; (F) 8lckyr BP. Elevation (m) is relative to MSL.
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each local area. Conversely, data-model comparisons &vikkfit greatly from the refinement of existing
global ice models and the definition of more focussed rediscale models. As such, there is still room
for analytical improvement for Quaternary field geologassvell as geophysical modellers, the progress
of each inevitably being linked to that of the other on a gave-take principle which will hopefully yield
fruitful results in the upcoming years.
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4. Three-dimensional finite-element modeling of the glacla
isostatic adjustment in Fennoscandia

Abstract?

During the last ice age cycles, large ice sheets have cowoeth America,
Northern Eurasia, Greenland and Antarctica. The Earthistcand mantle
has been depressed by the weight of these ice sheets byldavedaeds of
meters. At the end of the last ice-age cycle, the ice sheets Yanished
around 6000 years ago, and the Earth’s surface reboundedevdq due to
the time-dependent viscoelastic relaxation of the Earttésitle, the rebound,
also termed glacial isostatic adjustment (GIA), is stilsetvable today. In
Fennoscandia, a key region of GIA, numerous observationk as paleo-
strandlines, present-day crustal deformations monitbye@PS observations,
and present-day changes in the gravity field seen by satailgsions, provide
a detailed picture of the past and ongoing deformation.

We model the GIA process in Fennoscandia by means of the-&hdtaent
technique. We employ a three-dimensional viscosity stinecin the Earth’s
mantle derived from seismic shear-wave tomography modetswe use ther-
modynamic considerations to convert the shear-wave pations into vis-
cosity variations. We then compare the results based ortbe-tlimensional
Earth’s structure with a simpler earth model, where vidgodépends on the
vertical direction only. Our results indicate significantfefences between
three- and one-dimensional modeling:

The vertical crustal velocities reveal differences up tom/gr, and horizon-
tal crustal velocities are effected even stronger. Thecgtivergent motions
of the latter observed for one-dimensional earth modelitonger present
for three-dimensional viscosity models. Instead, a regjionlocity field with
movements away from the Norwegian coast towards the oldcBahield is
observed. In a sensitivity analysis we show that the dranchatinge in the ho-
rizontal flow pattern has its origin deeper in the upper neqtbtween 450 and
670 km depth. We also confirm that the observed GIA procesgméscan-
dia is not very sensitive to the viscosity structure in thedomantle. How-
ever, a comparison with BIFROST data reveals a best-fit agtstmple, one-
dimensional model, which requires a revision of our thrimeeshsional models
in a future analysis.

a Steffen, Kaufmann and Wu (2006a). Three-dimensional fieliéenent modeling of
the glacial isostatic adjustment in Fennoscandia, Eadhd®?l Sci. Lett.250, 358-
375.
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4.1 Introduction

During the ice ages, large ice sheets covered North Ame¥iadhern Eurasia, Greenland and Antarctica
repeatedly with a cyclicity of about 120,000 years. ThedsBlarth has been significantly deformed by
the changing weight of these ice sheets on land and the veat@iin the oceans, as mantle material can
flow on these timescales. While the last remnants of the LigtistBcene ice sheets vanished around
6000 years ago, the Earth’s surface is still readjustingnftioe last deglaciation event due to the time-
dependent viscoelastic relaxation of the Earth’s manttes process is called glacial isostatic adjustment
(GIA).

Records of the crustal motion through observations suchlasfshorelines (that indicate past sea-levels)
and global positioning system (GPS) measurements (thatpregent-day crustal velocities) provide
constraints to GIA modeling. In this paper, we focus on datéannoscandia since a large set of different
observations, both in space and time, are available.

The observations of the GIA process constrain the materigigsties of the Earth, especially the mantle
viscosity. As mantle viscosity can vary in all three dimensi, the observations are equally sensitive to
radial and lateral changes of this parameter. However réiutitional theory of GIA has been developed
for a one-dimensional (1D) earth model [Peltier, 1974; &aand Clark, 1976; Milne and Mitrovica,
1998], which greatly facilitates the computation. The imy@ment in computational power in the last
decades allows the consideration of more complex two- (2id)taree-dimensional (3D) earth models,
including lateral heterogeneities in lithospheric thieka and in mantle viscosity. Some representative
examples for 2D and 3D GIA predictions will be discussed Wwelo

The first investigations using 2D earth models were perfdrine|Sabadini_et al. [1986], Gasperini
and Sabadini [1989], Sabadini and Gasperini [1989], Gasiprand Sabadini [1990] arid Gasperini et al.
[1991]. These authors used axi-symmetric finite-eleme) (Rodels for a flat Earth and simple ice-load
models to analyze the effects of lateral viscosity variadiin the asthenosphere on model predictions.
As a result|_Sabadini etlal. [1986] showed that a lithosphbickness variation only weakly influences
the deformation near the center of the former ice sheet. mirast, the uplift near the edge of the ice
load is extremely sensitive to lateral variations in litbleric thickness and asthenospheric viscosity.
Gasperini and Sabadini [1989] found a strong influence ef#wiscosity variations in the upper mantle
on crustal deformations induced by the deglaciation. A canispn between radial and 2D viscosity
models indicated that purely radial viscosity variatiorsedi in previous studies could possibly lead
to a misinterpretation of GIA signals. _Gasperini and Samafdi9o90] showed for lateral variations in
viscosity that average viscosities in the upper and lowertlralepend on the magnitude and pattern of
the heterogeneities in each layer._Gasperini et al. [198dged on effects of a high-viscosity craton
below the lithosphere in Scandinavia. They concluded thecto the center of the former ice load,
the stiffer region could be responsible for a reduction a# tird in total vertical displacement and of
an increase of one fourth in vertical velocity, which couftéet the interpretation of relative sea-level
(RSL) changes along continental margins and gravity anesat the center and along the peripheral
regions.

Kaufmann et al.l[1997] picked up the 2D modeling and used aRMnBdel with simple axisymmetrical
ice-load histories and compared model predictions for tetirally homogeneous and heterogeneous
earth models. They found that lateral heterogeneities énlithosphere and asthenosphere, and also
variations in lithospheric thickness, significantly inffiwe the calculated land uplift and thus confirmed
former results of Sabadini etlal. [1986] end Gasperini arish8ii [1989]. In addition, they showed that

if the geological structure is known, a determination oétat heterogeneities in lithospheric thickness
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with a set of laterally homogeneous earth models is possible

Wu et al. [1998] utilized for the first time 2Bnd 3D FE flat-Earth models, both with simple and realis-
tic deglaciation histories to study the effects of lateretiehogeneities in earth rheology and density on
geodetic signatures of the GIA process. The authors demadedtwith a 2D model that the effect of
a low density continental root on geodetic data is genesatiall and that lateral variations in astheno-
spheric properties affect geodetic quantities more thimdhvariations in lithospheric thickness. Using
the 3D FE models, they confirmed these results. Furtherrttoag found that lateral viscosity variations
in the lower mantle have a larger effect on RSL data than bgésreities only in the upper mantle. Thus,
they advocated further studies especially for ice loadk siite comparable to the Laurentide Ice Sheet.

Using a spherical spectral-FE 2D earth model, Martinec arudf Y2005] showed that a model for
Fennoscandia with a central 200 km thick lithosphere uregimthe Gulf of Bothnia and a periphe-
ral 80 km thick lithosphere underlain by a 100 km thick lovsagsity asthenosphere essentially gives
the same response in the inverse relaxation time for thesevelaxation-time spectrum (IRTS) as a
1D viscosity profile with a 100 km thick lithosphere and ndhastosphere.

More realistic, fully 3D ice and earth models for Fennoséandere developed by Kaufmann et al.
[2000] and. Kaufmann and Wu [2002]. Kaufmann et al. [2000p abowed with these models that
lateral variations in lithospheric thickness and asthphesc viscosity do influence GIA predictions of
paleo-shorelines and crustal motions. The difference ih R@dictions between radially symmetric
models and models with a realistic 3D earth structure carsbarge as 10 - 20 m. Also the predicted
uplift rate and free-air gravity anomaly differ by 1 - 3 mmamd 2 - 4 mGal, respectively. For the first
time,|Kaufmann and Wu [2002] inverted synthetic RSL dataegated with a 3D earth model for the
Fennoscandian region, for the best 1D radial viscosity lerafind found that 1D earth models fail to
correctly predict the correct values for lithospheric kimess and asthenospheric viscosities.

Several papers based on such flat 3D FE models consideredretii@ns, e.q. the Barents Sea [Kauf-
mann and Wu,_1998a,b], Antarctida [Kaufmann_et|al.. 2008 laaurentia|lWu| 2005]. Kaufmann and
Wu [1998a] investigated lateral viscosity variations asra continental margin and their influence on
observable signatures of the GIA. They concluded thatpné¢ations from laterally homogeneous mo-
dels can be biased by effects arising from 3D viscosity fires in the Earth’s mantle. Kaufmann and
Wu [1998b] compared a laterally homogeneous and a latehaflgrogeneous earth model and found
a strong influence of lateral viscosity changes in the astmmere on uplift, present-day velocity and
present-day gravity anomaly observatiohs. Kaufmann|gP@05] calculated the GIA induced crustal
velocities and fault instability for a 1D and a 3D viscosityusture beneath Antarctica. The 3D earth
model includes a stiff cratonic root underlying East Anti@ac As a result, the cratonic root induces
a horizontal motion from East- to West Antarctica. The anataoot also influences the fault stability
offshore.l WLII[2005] investigated the effect of lateral &fidns in lithosphere thickness and mantle vis-
cosity on surface motions in Laurentia and found an influesrtdnorizontal motion as well as on the
uplift rate.

Wu [2002] extended the FE method to a 3D self-gravitatingesiphl earth model, which was coupled to
the sea-level equation [Wu and van derWal, 2003]. Completétoduced by Wul[2004], this method
is called Coupled-Laplace Finite-Element Methad. Wu and dar Well [2003] and Wu_et al._ [2005]
used this model approach and confirmed the results of flat 3Bé&dels. Their investigations found that
effects of lateral viscosity variations in the deeper n@atk large.

Zhong et al.[[2003] also developed a 3D spherical FE mod&lav8D viscosity structure, but without the
inclusion of the sea-level equation. In their paper, théaanst investigated the role of laterally varying



62 Chapter 4: Steffen, Kaufmann and Wu [2006a]

lithosphere thickness. They showed that the effects ofithespheric structure on the RSL change
depend on the locations of the observation sites and onzbeloads.

Latychev et al.[[2005b] developed a finite-volume (FV) fotation for 3D spherically symmetric, self-
gravitating and elastically compressible earth modelcWiioes not include self-gravity in the oceans.
This model has been benchmarked by comparing a suite ofgtieti based on a spherically symmetric
test model with results generated using the normal-modeoapp [e.gl Mitrovica et all, 1994]. The
first applications of their new FV method considered theotftd of lithospheric thickness variations
[Latychev et al.] 200%a] and of lateral viscosity variafidn the mantlel[Latychev et fal., 2005b] on
predictions of present-day 3D crustal velocities in Nortmékica. They found that lateral viscosity
variations have a more significant impact on horizontal siéiles than on radial velocities.

From the papers discussed above it is evident that a readBtivariation in mantle viscosity produces
significantly different model predictions than a simpler diantle-viscosity model.

One aim of this paper is to investigate how the thermodynamaperties of the mantle affect the back-
ground radial viscosity profile and also the inferred ldteiscosity variations. Another aim is to under-
stand the relative importance between the contributiorheflateral viscosity variations in the various
layers in the upper mantle and that from the lower mantle.f@aurs will be on the GIA response induced
by the melting of the Late Pleistocene Fennoscandian ieetstomplex, based on realistic 3D visco-
sity distributions in the Earth’s mantle. We employ a flat 3P fodel with compressible, viscoelastic
material properties. It has been shown earlier that for Giédjztions in the Scandinavian region the
flat-earth approach is adequate [e.g. Wolf, 1984; Amelumbvsali, |1994; Wu and Johnston, 1998]. The
GIA predictions of RSL change and crustal velocities ar@ tb@mpared to observed data of sea-level
indicators and the BIFROST project. Our main emphasis isygenison of a 1D and three 3D viscosity
models. The 1D viscosity model is laterally homogeneousehdtie 3D viscosity models are based
on results of shear-wave tomography. For the 3D structifferent rheological reference models were
used. In addition to the model comparison, we employ a seitgianalysis for different mantle layers
to localize regions, which influence the rebound pattern.

4.2 FE-model geometry

The GIA process in Fennoscandia is modeled using the FE mhethAochanging ice load is applied
to the surface of a flat, viscoelastic earth model which hagtatal dimensions of 130,000 km and
consists of 10 layers in the vertical direction, stretchfrgm the Earth’s surface to the core-mantle
boundary at 2886 km depth. The generated mesh of B0 x 10 hexahedra elements is divided into
a central and a peripheral frame (Hig.J4.1). The 3000 km watdral frame, located in the center of
the model, is meshed with 30 elements with a horizontal dsioenof 100 km. The 10 elements of the
63,500 km wide peripheral frame have variable side lengdtitseasing towards the edge. This huge
horizontal dimension of the peripheral frame, which is akbutimes the Earth’s radius is necessary,
because viscoelastic investigations with flat FE modelsirecan infinite horizontal extent, which can
be modeled either using infinite boundary elements or, oaiceh a surrounding frame with about 5
to 10 times the dimension of the area of interest. Both metfaiah in allowing the mantle material to
flow due to application of a surface load outside the areatefést. The first two vertical layers, with
thickness values of 15 and 55 km, simulate the elastic fthese. The depth layers 3 to 6 with a total
thickness of 600 km and the layers 7 to 10 with a total thickrefs2216 km represent the upper and
lower mantle, respectively. The thickness values are suimathin Tab[Zll. Rigid boundary conditions



4.2 FE-model geometry

63

63500

3000

63500

10

10(elements \

elements

center

30 x 30
elements

10
elements

peripheral frame \

>

- —-uf

63500

3000

\J

63500

Figure 4.1: Sketch of the FE model geometry. Numbers on tharne bottom indicate the dimension in km.

are applied to the bottom and the sides of the model.

Table 4.1: Model dimensions and parameterization.

layer thickness depth density Young's modulus Poisson’s

inm inkm in kg/nm? in GPa ratio
1 15 15 2653 75.3 0.278 | lithosphere
2 55 70 3361 170.4 0.279
3 176 246 3392 172.1 0.290
4 204 450 3597 213.4 0.300 upper
5 100 550 3854 267.5 0.297| mantle
6 120 670 3974 305.5 0.295
7 550 1220 4570 468.9 0.276
8 580 1800 4880 559.6 0.288 lower
9 520 2320 5156 641.5 0.296] mantle
10 566 2886 5429 725.9 0.307
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4.3 Ice load

The ice model for the Late Pleistocene glacial history indperis taken from the FBKS8 ice model of
Lambeck et £1.[1998a], and applied within the central frafitee ice 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 sHeetour different epochs is shown in
Fig.[Z2. The ice sheets are included in a high spatial angdemh resolution model that is consistent
with the majority of the field evidence for ice-margin retread with the GIA data. The ice volume
at the LGM approximately 22 000 years BP corresponds to 17 musefatic sea-level change. All
reconstructions subsequent to the LGM are based on glg@aloand geomorphological evidence and
thus reflect the approximate extent of the Late Pleistocemesheets throughout the last glacial cycle.
The time dependence of the load is applied as follows: A mawirtoad, corresponding to the LGM (at
22,000 years BP), is applied from 212,000 to 122,000 yeard Béh the load is instantly removed, and
the model is ice free during the penultimate interglacialldri2,000 years BP. Then the load increases
linearly, until it reaches its maximum extent at 22,000 geBP, followed by a detailed deglaciation
history until the present. This parameterization has béenvs to be sufficient to correctly predict
changes in surface displacements [Kaufmann let al.,| 2000fnkann and Wu, 2002]. In addition, we
have tested our model adding a complementary ocean loadeWowhe effect of the ocean load on our
present-day observables is one order of magnitude lesghbkace-load signal and thus, the ocean load
is not included in our load history.

4.4 Earth models

A layered, isotropic, compressible, Maxwell-viscoelastalf-space with a constant gravitational attrac-
tion of g = 9.82 m s 2 is used to model the glacially-induced perturbations ofgbkd Earth. We
solve the Boussinesq problem for a layered, viscoelastfespace using the commercial finite-element
packageABAQUS [Hibbitt et all,[2005], which has been modified to include-pness in order to allow
the deformed free surface to return to its initial equililoni via viscous flowl[Wu, 1992a,0, 2004]. Thus,
the equation that describes the conservation of momentgiags by:

O0-0—gd(pw) =0, 4.2)

whereo is the incremental stress tensgrthe density,g the gravitational acceleration, andis the
vertical displacement. The first term in equatiénl(4.1), dhvergence of stress, describes the surface
force deforming the Earth. The second term arises becaesartiisturbed Earth is assumed to be
in hydrostatic equilibrium, with the forces of self-gratibn balanced by the hydrostatic pre-stress.
This pre-stress is being “advected” along with the mateviaén the body deforms either elastically or
viscoelastically. Thus, the second term in equationl (epyesents the gradient of the “advected” pre-
stresspgw. The presence of this term is required in order to providebtimyancy force that is needed
to satisfy the boundary conditions in the fluid limit, and aitit this term, there would be no viscous
gravitational relaxation. The validity of the finite-elenienodel to predict glacial isostatic adjustment
has been shown previously [Wu and Johriston, |1998].

Earth models consist of a layered elastic lithosphere ovayared viscoelastic mantle. Density
shear modulugt and bulk moduluk are volume-averaged values derived from PREM [Dziewons#i a
Anderson| 1981] (see Tdb. .1 for PREM density and elastianpeters). The density is considered to
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Figure 4.2: Map of ice model FBKS8 over Fennoscandia for hffierent time epochs. Contours are drawn every
500 m. Red dots mark selected locations with sea-levelatdis.

be constant within an element. We compare two sets of earttelsi0lD and 3D model sets, which will
be discussed in the following sections.

4.4.1 1D viscosity profiles

Models U1L1 \%, where U1 refers to a 1D upper mantle, L1 refers to a 1D lowentlmand \k the
vertical viscosity model number, represent laterally hgemeous reference models. The viscosity)
varies in the vertical direction only. We define three diffar vertical viscosity profiles: The first pro-
file, U1L1 V1, is characterized by only two different visitgsvalues, an upper-mantle viscosity of
4 x 10%° Pa s and a lower-mantle viscosity 0f210?2 Pa s (Fig[Z13). This parameterization has been
derived from fitting GIA observations of the Scandinaviagioa and has been confirmed by several in-
dependent studi - Wi (@ i 001; Kaufmann
and Wu/ 2002

In the second profile, U1L1 V2, the radial viscosity has baefived from an Arrhenius-law:

n(z = noexp<lz(z)+((zz))v(z)> , (4.2)

Here, z is depth,ng is a scaling parameteE the activation energyp the pressurey the activation
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Figure 4.3: Radial viscosity profilegz) as a function of depth.

volume, R the gas constant, an@l the temperature. The parameters used are an activation en-
thalpy E + pV tabulated in_lvins and Sammis [1995](Fig.14.4b), and a teatpee profile derived from a
mantle convection model described.in Leitch and Yuen [1981#J.[4.4d). The second viscosity profile is
characterized by a relatively high viscosity in the uppestmoantle, a pronounced low-viscosity region
(~ 10%° Pa s) below the 660 km discontinuity, and a high viscosityvaebb®? Pa s in the lowermost
mantle (Fig[4RB).

The third profile, U1L1 V3, is based on the activation enexgd volume for olivine from Karato and
Wu [1993] for the upper mantle, and the activation enthatpyplerovskite from_Yamazaki and Karato
[2001] for the lower mantle (Fid—4.4b). The temperaturefifgdias been derived by solving the heat
conduction problem in the lithosphere and the D"-layer, amddiabatic gradient in the mantle, including
the two phase transitions (FIG-%.4d). It is characterizgd low viscosity & 10'° Pa s) directly beneath
the lithosphere, then generally increasing towards midtlealepth to values above 2#Pa s in 200 km
depth (Fig[ZB). At the two phase transitions, viscositppg by half an order of magnitude.

In both U1L1 V2 and U1L1 V3 the viscosity scaling parameigris chosen to satisfy the Haskell
constraint offj(z) = 10°* Pa s [Mitrovica/ 1996], which is a classic and enduring iefere of mantle
viscosity. Therefore, the viscosity profile between 100 kit 2400 km depth is shifted, until the volume-
averaged viscosity in that depth range is equal that value.

4.4.2 3D viscosity structures

We then define the 3D viscosity model as the product of visgeairiationAn(x,y, z) and the vertically-
dependent viscosity profilg(z):

n (Xa Y, Z) = n(z) x An (Xa Y, Z)a (43)
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with x andy the horizontal dimensions. The 3D viscosity variatitm(Xx, y, z) is derived from the shear-

wave velocity perturbations in the S20A tomographical m¢Bkstrom and Dziewonskl, 1998] by the
following scaling relationship [for details ske lvins anan®mis| 1995 Kaufmann etlal., 2005]:

1 dinp
T, QA2 ). (@.)

with a the thermal expansivity (see Fig. ¥.4a), atidvs the shear-wave velocity perturbations from
S20A. The density-to-velocity conversi

AN (x,y.2) = eXp<E<Z> + E<Z>V<z> 1

np
Ifvs?

is taken from_Karaio [1993] (Fig._4.4c). This equation
assumes that the lateral variations in seismic velocites $n seismic tomography are caused by lateral
temperature variation only.
Five different 3D viscosity structures are used in this pdpee Tad412):

U3L3_V1is based on the vertical viscosity profile ULL1_V1hits fixed values for the upper and lower

mantle. The thermal parameters needed for the 3D variafem&4.4) are a thermal expansivity and an
activation enthalpy tabulated lin_Ivins and Samris [1995).(E4a and b), and the temperature profile
from |Leitch and Yuen|[1989]. The resulting viscosity sturet binned into four depth intervals in the
upper and lower mantle, respectively, is shown in Eid. 4t most striking feature is the high-viscosity
region in the 70 - 250 km depth interval underneath the aag@it of Scandinavia. This high-viscosity
region correlates with the cold, stiff Baltic Shield, andults from the strong shear-wave perturbations

in the tomographical model. Towards the Mid-Atlantic ridgiscosities in that depth decrease by several
orders of magnitude. In the remaining upper mantle binsrdtiscosity variations are moderate, mostly
confined to a variation of one order of magnitude around theoddfile. These small lateral variations

continue into the lower mantle, only in the lowermost ma(2800 - 2850 km depth bin) they become
larger.

67
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Table 4.2: Used viscosity models for calculation and refees for input parameters. Abbreviations:#43vins
and Sammis [1995], L¥= |Leitch and Yuen|[1989], KW= [Karato and Wul[1993], YK= lYamazaki and Karato
[2001], SKW= this study, K= Karato [1998], Sch=ISchmeling et &l1[2003]

E+pv T a 3,‘;‘5’5
UILL V1| - -
1D | U1L1 V2 | IS LY
ULL1 V3| KW+YK SKW
U3L3 V1| IS LY [IS K
3D | U3L3 V2| IS LY |IS K
U3L3 V3 | KW+YK SKW | Sch K

In U3L3 V2, the thermal dependencies for the lateral visgasiriation (eq[4}) are the same as above,
only the 1D viscosity profile ULL1_V?2 is different. Hencegtpattern of the 3D viscosity structure is
very similar, with the high-viscosity region underneath lithosphere, and smaller variations through the
remaining mantle (Fid—416). However, the absolute vidgosilues differ: For example, between 250 -
450 km depth, model U3L3_V2 is about one order of magnitudeemeiscous than model U3L3 V1,
between 550 - 1200 km depth it is one order of magnitude lesous (see Fig. 4.5 ahd#.6).

U3L3_V3, however, is strikingly different (Fig._4.7). Thimodel is based on the 1D viscosity pro-
file ULL1 V3, while the thermal parameters for the 3D vadatare a thermal expansivity taken from
Schmeling et al.[[2003], which is pressure- and temperadepgendent. The temperature-dependence
has a pronounced effect, as it can be seen in[E1y. 4.4a: Impihermost mantley increases by a factor
of two, when compared to the previously used profile. Thevatitin enthalpy is based on the perovskite
model of Yamazakiand Karatd [2001]. It is around fifty peftcemaller than the estimate from Ivins and
Sammis|[1995] (Fig—4l4b). The temperature profile is basethe mantle adiabat (Fig—4.4d), which,

U3L3_V1
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/ ///// q N 2
2 205 S \
\ L 21
%
s </
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Figure 4.5: Viscosity structure U3L3_V1 for eight deptheintals. Contours show the logarithm of viscosity
log1on.
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however, is similar to the temperature inferred from the theagonvection model. As a result, the higher
thermal expansivity together with the lower activationhetpy reduce the effect of lateral viscosity va-
riations in the uppermost mantle, as it can be seen inE1fy. #h& cratonic root in the first depth bin is
much less pronounced now, and in the remaining upper matteal viscosity variations are less than
one order of magnitude. In the lowermost mantle below 120Glkpth, the lateral viscosity variations
become larger and are similar to the variations of the twerostructures.

Figure 4.6: Same as Hig.%.5, but for model U3L3 V2.

The remaining two viscosity structures used are modifioatiof model U3L3_V1: In U3L1 V1, lateral
viscosity variations are only taken into account in the uppantle, while in U1L3 V1, only the lower
mantle has a 3D viscosity structure.
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Figure 4.7: Same as Hig.%.5, but for model U3L3_V3.
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In sectioT4.513, we also consider lateral heterogeneouindL1l V1, which are similar to model
U3L1 V1, except that the lateral viscosity variations agtricted to layen =1, 2, 3 or 4 in the upper
mantle, respectively.

4.5 Results

In this section we discuss the modeling results of six diff¢learth models, the five models with 3D vis-
cosity structure mentioned above and the 1D model U1L1 \Alsasiple case for a comparison between
1D and 3D viscosity structures. The 1D models U1L1 V2 and UA3 are not used for calculation as
they only provide the base for the development of the 3D nsod8L3_V2 and U3L3_V3, respectively.
The model predictions of present-day motions (uplift andZomtal movement) for the Scandinavian
region are compared with results of the BIFROST projectdlgson et all, 2002] as well as predicted
sea-levels with observed data of sea-level indicators.

45.1 1D earth model

We start with the results arising from 1D model U1L1 V1.

Present-day motion.In Fig.[£38 the predictions of the remaining uplift (left)asll as of the horizontal
and vertical movement (right) are illustrated. The contandicate the vertical uplift rate and the arrows
the horizontal velocities. They show a positive uplift rateghe center of the former ice sheet of more
than 10 mm/yr with a residual of more than 80 m, which corregigao a~11 mGal gravity anomaly.
The zero contour of the vertical movement can be traced drd@® km away from the Norwegian
coast, through Denmark and Northeastern Germany, Poladd; B and Russia. Small subsidence with
magnitude much less than 2 mm/yr characterizes the regeymnd. Small horizontal movements are
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Figure 4.8: Predictions of residual uplift (left, contouasd of horizontal and vertical movement (right, contours
and arrows) for the 1D model U1L1 V1.
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established in the center and the outer regions of the mbdea. The largest horizontal movements
result around 5 mm/yr at the Norwegian coast. The presgntyd#ion indicates a divergent signature
from the center of the former ice sheet (NW Golf of Bothniayaods the outer regions.

Fig.[49 shows the observed vertical and horizontal motideeinnoscandia obtained from the BIFROST
campaigni[Johansson et al., 2002]. The observations arparechto the predicted motion for the 1D vis-
cosity model U1L1 V1. The center of the predicted uplifslisorthwest of the observed uplift center,
which is due to the ice sheet model. This is the reason forfardiice in the uplift rate of around
2 mm/yr for most of the BIFROST locations situated near thaeare Besides this, the maximum uplift
rate of more than 10 mm/yr can be reproduced with the 1D motet horizontal movement shows a
divergence from the center, but amplitudes of northweddFROST stations are larger than the calcu-
lated. Furthermore, the model indicates large movementsehyly 2 mm/yr to southeast in Southern
Sweden and Denmark, which is not observed with BIFROST data.

Sea-level change.n Fig.[Z4.10, predicted relative land uplift curves for thedels based on the vis-
cosity structure V1 are compared to the relative sea-lest (black dots) at nine selected locations of
Fennoscandia and northwestern Europe (see[Ely. 4.2). Ehlewd observations are corrected for a
spatially uniform eustatic sea-level change [see KaufnsmhWolf,11996, for correction details], and
are taken from a database compilec_by Tushingham and H&&i@2], chosen to cover the formerly ice
sheet area fairly evenly. They have been converted fromaitiecarbon timescale to the U/Th timescale,
using the CALIB-4 program_[Stuiver and Reimgr, 1993; Stuiweal.,.1998]. We are using these data
only to indicate the deviation between model predictioreganse matching of the observations within
their uncertainties by model predictions is achieved muetteb with a spherical earth model and a
realistic load model for the Late Pleistocene ice-ocearsthakance.

The trend of monotonic land uplift indicated at the locasiodelsinki, Oslo Fjord, Angermanland,
Varanger Fjord, And Fjord and Bjugn as well as the land swdgid at the locations of Praesto and
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Figure 4.9: BIFROST uplift and horizontal motion data (Jefbd model prediction from the 1D model U1L1_V1
(right). Contours indicate the vertical motion, the blacioas the horizontal motion derived from BIFROST and
white arrows the predicted horizontal motion in mm/yr.
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Figure 4.10: RSL observations (black dots with error barsgpéected locations on Fennoscandia compared to the
predicted sea-level results from the models U3L3_V1 (bies), U3L1_V1 (green lines), U1L3_V1 (red lines)
and U1L1 V1 (grey lines). Numbers indicate the locationBim[£.2.

Leeuwarden agree well with the model predictions of U1L1 (§tky line). Greater differences can be
found at Lista, where uplift instead of subsidence is pttedic The discrepancies between observations
and predictions are possibly a consequence of the coassehdise FE grid of the ice model, and in
minor parts due to the not perfectly corrected eustaticlesaal-change in the sea-level data. Never-
theless, the good fit in the trend of prediction and obseawma also due to the ice model, which was
constructed with the help of a 1D earth model to fit the sed [seelLambeck et al., 1998a, for more
information]. This earth model with a lithosphere thickae of 75+10 km, an upper-mantle viscosity
Num Of 3.6 x 1079 Pa s and a lower-mantle viscosity, of 0.8 x 10?2 Pa s is comparable to the used
one in this work H; = 70 km,nym =4 x 10?° Pasnm = 2 x 10°? Pa's). Hence, our model is able to
compute a consistent sea level for a flat earth model.

45.2 3D earth models

In this section, we investigate the effects of lateral \taies in mantle viscosity on predictions of present-
day velocities and RSL change.



4.5 Results 73

Present-day motion.In Fig.[411 the predictions of the horizontal (arrows) aedical velocities (con-
tours) at the BIFROST locations for the six models are pibttd comparison of the results for the
models U1L1 V1 (top left) and U1L3 V1 (middle left) shows aod agreement in land uplift. The
agreement at the highest peak is around 98% and is due towhedolving power of surface motion
to the lower-mantle viscosity structure. In contrast, thedels U3L3_V1 (top right) and U3L1 V1
(bottom left), which include lateral viscosity variatioirs the upper mantle, show smaller values for
the uplift rate. For both models, at most around 8 mm/yr aeglipted, a difference of 2 mm/yr when
compared to models U1L1 V1 and U1L3 V1. The horizontal ortiare strikingly different for mo-
dels U1L1 V1 and U3L3 V1 (and also for U3L1 V1). Both predie divergent movement from the
center, but in the northwest of the Scandinavian peninsularth-directed motion with values at most
around 1.2 mm/yr for a 3D upper mantle can be found, in contoethie west and northwest movements
of around 1.2 mm/yr determined with models U1L1 V1 and UNB, Including a 3D upper mantle,
the southern locations of Sweden are characterized by desnf@lound 0.8 mm/yr), more southward
directed horizontal motion. The predicted horizontal msi at locations in central Europe are directed
towards northwest with at most 0.4 mm/yr. In contrast, fordels with a homogeneous upper-mantle
viscosity structure a completely different movement isniduwhich is directed to the southwest with
values around 1.6 mm/yr.

The results obtained with background viscosity structfioewing method V2 and V3 strongly differ
from the V1 results. For model U3L3_ V2 (middle right), thdifipredicted is at most around 3 mm/yr,
less than athird of the observed maximum. The reduced vgidiftits from the stiffer upper mantle, which
is at least one order of magnitude greater than for the V1 m&oe horizontal motions velocities mostly
around 0.2 mm/yr are predicted, indicating a movement tontirtheast in contrast to the divergence
obtained with V1 models. In general, model U3L3_ V2 canngil@&x recent observed movements of
Fennoscandia.

For model U3L3_V3 (bottom right), predictions of more thamBh/yr for the uplift rate results, but the
center of the uplift is situated in the center of the ScandaraPeninsula, which is 200 km west from
the observed uplift center in the Golf of Bothnia. The préatichorizontal movements have a maximum
value of 0.7 mm/yr, which are higher than the ones predictedhfodel U3L3_V2, but still smaller
(by around two third) than for the models with viscosity stures following method V1. The horizontal
movement indicates a divergence near the uplift centerrasddel U3L3_V1, but southeastern locations
show small values directed towards southwest, induceddpgitren viscosity structure in the upper two
layers. Compared with the observations, the predictedbotal velocities as well as the vertical uplift
rate are too small.

Sea-level changeln Figs. [£ID anf4.12, a comparison between predictedesets|at nine selected
locations in Fennoscandia and Central Europe is made. Thpamison in Figi-Z.110 indicates on the one
hand a similar behavior for viscosity models with a latergpper-mantle viscosity variation (U3L3_V1,
blue lines; U3L1 V1, green) and on the other hand with a fixedufpper-mantle viscosity (U1L1 V1,
grey; U1L3 V1, red). The predictions for models U1L1 V1 antl.3 V1 differ at most around 8 m
at And Fjord about 16,000 years BP. Larger differenceshbatwibe two models with heterogeneous up-
per mantle can mostly be found before 6000 years BP, with dmax difference of 20 m at Bjugn.
Obviously, the two models with heterogeneous upper-maigtosities are characterized by greater dif-
ferences in their predictions than the two models with hoamegus upper-mantle structures, confirming
no strong influence of sea-level data by (1) a lateral lowanthe viscosity variation and (2) the lower
mantle itself. Large differences between results of modétls homogeneous and heterogeneous upper
mantle are also clearly seen, e. g. more than 120 m at Osld &t Angermanland. At Bjugn, the dif-
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Figure 4.11: Predictions of horizontal and vertical veliesi for different earth models. Contours indicate vettica
and arrows horizontal velocities (in mm/yr).
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Figure 4.12: RSL observations (black dots with error barsgpéected locations on Fennoscandia compared to the
predicted sea-level results from the models U3L3_V1 (redd), U3L3_V2 (green lines), U3L3_V3 (blue lines)
and U1L1 V1 (grey lines). Numbers indicate the locationBim[£.2.

ference is about 80 m, at Helsinki, Varanger Fjord, And Fjmnd Praesto, the differences are between
20 m and 30 m. At the locations of Lista and Leeuwarden, therdifices are between 8 m and 10 m.
Near the position of the former ice sheet, the models withdmgeneous upper-mantle viscosity structure
show larger land uplift values due to the weaker 1D viscositye average 3D viscosity is higher than
the 1D (see Fid_415) and therefore, the land uplift is muchlem Furthermore, at the location Lista
none of the models correctly predicts the sea-level obSensa As explained earlier, this is due to the
limitation of the FE grid in simulating the coast line. In sonary, the results of the models U1L1 V1
and U1L3 V1 with a homogeneous upper mantle better fit wighstra-level observations, which is due
to the fact that ice model FBKS8 was constructed based onablegbound earth model and the same
RSL data (see sectign 4.b.1, sea-level change).

In Fig. [£12 the predicted sea-level curves for the 1D modelL V1 (grey) and the 3D models
U3L3 V1 (red), U3L3 V2 (green) and U3L3 V3 (blue) are comsol The predictions of model
U3L3_V2 with high background viscosities in the upper martiffer significantly from the predic-

tions of other models for most of the sites. Compared to thariddel, differences up to more than
150 m at Angermanland are found. Comparing U1L1_V1 to the 2dehU3L3 V3 remarkable values
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of around 130 m are found there. The predictions of model U323are generally closer to that for
3D model U3L3_V1. The stiffer upper mantle of method V2 akoanly a small deformation by the
former ice sheets, resulting in values less than 200 m fat lgoiift in Angermanland 15,000 years BP.
For locations beyond the former ice sheet (Lista, Praesteulvarden) the trend is not traced.

Sea-level predictions of model U3L3_V3 mostly follow thegictions of the 1D model. At Oslo Fjord,
Helsinki, Varanger Fjord, Angermanland and Lista, theat#hces range between 20 m to 30 m. More
than 40 m are determined at Bjugn and And Fjord, less than 20Rreasto. A good agreement between
the predictions of the models U1L1 V1 and U3L3_V3 is estdidd at Leeuwarden with at most 3 m.
The good fit with the predictions of the 1D model is caused by emall variations in upper-mantle
viscosity for method V3 and the much less pronounced cratait in the first depth bin, which is more
in line with a homogeneous upper mantle structure.

4.5.3 Sensitivity of GIA predictions to upper-mantle viscaity structure

From the previous subsection, it is clear that GIA obseovatin Fennoscandia are not sensitive enough
to resolve the viscosity structure of the lower mantle. Gondther hand, the effect of lateral viscosity
variations in the upper mantle on relative sea levels ansigmteday velocities is strong, which confirms
earlier results of Gasperini and Sabadini [1989], Kaufmanal. [1997],| Kaufmann and Wu [1998b],
Kaufmann et £1..[2005], and Wu_[2005]. Thus, in this subsecive use the subdivision of the upper
mantle into the four depth bins depicted in Hig.4.5 to ingete the sensitivity of GIA predictions
depending on the lateral viscosity structure in these iddai depth bins.

In Fig.[4I3, model predictions of the vertical (contourejldorizontal (arrows) velocity are shown.
The top row depicts our already discussed 1D viscosity modéll V1 (top left) and the 3D viscosity
model U3L1_V1 (top right). The model response of the lattez bas been shown to be very similar to
U3L3_V1. In the middle and bottom rows, models, in which oahe of the four upper-mantle depth
bins has a 3D viscosity structure, are termedl3 V1, with n = 1,4 the depth-bin counter.

In model U31L1 V1 (middle left), the bin between 70 and 250dempth has a 3D viscosity structure. For
this model, the uplift velocities are reduced to a maximur ofm/yr, when compared to the 10 mm/yr
for the 1D model U1L1 V1. The reduction is related to thdetifippermost mantle. The general pattern
of horizontal velocity predictions for U31L1_V1 is similéw the patterns for the 1D model. However,
deviations can be found along the Norwegian coast in the, wdstre the 3D model results in lower
horizontal velocities. In general, however, the very higécosity of model U31L1 V1 in the region
of the Baltic Shield with viscosities up to 40Pa s produces a very thick-(200 km), almost elastic
lithosphere in the eastern parts of Fennoscandia, actingpbese.

For model U32L1_V1 (middle right), the depth bin between 2868 450 km has a 3D viscosity structure.
Here, the vertical velocities of up to 12 mm/yr are higherewltompared to the 1D model U1L1 V1.
Horizontal velocities in the East and Southeast of Fenmubaaare reduced as a result of the high
viscosity in the second bin of the 3D model U32L1 V1.

The vertical velocity predictions for 3D model U33L1_V1 {twm left) are almost similar to the ones
for 1D model U1L1 V1. However, when we compare the horiziomtdocities of this 3D model to the
1D model, we observe a slight reduction over Central Sweddere viscosities in the 3D model are
higher, and an increase in horizontal velocities over Nea$ih Finland, where viscosities are lower, when
compared to the 1D model.
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Figure 4.13: Predictions of horizontal and vertical vefiesi for Earth models with only one 3D layer and models
U1L1_V1and U3L1_V1. Contours indicate vertical and arrdwsizontal velocities (in mm/yr).
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Finally, a pronounced effect in both vertical and horizbnteelocities can be observed for
3D model U34L1_V1 (bottom right). The vertical velocitieeaeduced by 2 mm/yr due to the weaker
viscosity underneath Central Fennoscandia in the bin leetw80 and 670 km depth. Even more impres-
sive, the horizontal velocities show a strong asymmetrth wegligible velocities along the Caledonian
Mountains between Norway and Sweden, but large eastwaedtdd velocities for the Baltic Sea and
Finland. This eastward drift is a consequence of the visgdsgh underneath the Atlantic and the
viscosity low underneath the Baltic Shield in the transitaone of the mantle, when compared to the
1D model.

In summary, comparison of the tangential motion of the &theterogeneous models shows that the
lateral viscosity variations in the transition zone haverarg influence on the tangential motion of
model U3L1 V1.

4.6 Conclusions

We have developed a set of 1D and 3D FE flat-earth models wittpoessible, viscoelastic material
properties to study the GIA response induced by an ice-loadeinsimulating the last two cycles of
the Late-Pleistocene Fennoscandian ice sheet. The ragfiehdence of mantle viscosity is based on
either results of a formal inverse procedure of the GIA pssd&teffen and Kaufmanh, 2005], or on an
Arrhenius-law. For the 3D models, the lateral viscositystiire has been derived from seismic shear-
wave tomography. Model results have been compared to aigars of relative sea-level (RSL) changes
and crustal velocities (BIFROST data).

We have shown that a consideration of lateral viscositycire in the Earth’s upper mantle significantly
influences the crustal velocity predictions, with diffezen in uplift velocities up to 7 mm/yr. The ob-
served BIFROST crustal velocity data are best fit using a Iiheaodel, as for the different 3D earth
models deviations between observations and predictiamsliffar by 2 - 7 mm/yr. The presence of late-
ral viscosity variations in the upper mantle significantifluences the horizontal velocities, which is the
result of a strong horizontal flow component in the 3D eartldel® Again, horizontal velocities from
the 3D earth model prediction cannot explain the BIFROSE dadll, the prediction from the 1D earth
model scores better. However, we need to stress here thigetheodel used has been constructed with
a 1D viscoelastic earth model. Thus it is very likely that Hedter fit of the 1D model prediction is a
relict of the ice-model construction. Additionally, our 3arth models have to be revised, because it
is quite unsatisfactory that a less sophisticated 1D mduaks better results than a more sophisticated
3D model. For example, chemical variation could be included to fact that in our models the lateral
variations in seismic velocities seen in seismic tomogyague caused by lateral temperature variation
only. Using another tomography model is also an option.Heurhore, the ice model has to be changed,
especially in the central part.

Predictions of RSL curves show significant differences ketwmodels with homogeneous and hete-
rogeneous upper mantle of up to more than 150 m. The monokamic uplift indicated at locations
situated within the margins of the former ice sheet is repced well by all model predictions. The
land subsidence at locations beyond is well modeled (withexteption) by models with homogeneous
upper mantle. Models with 3D upper-mantle viscosity stitetcan only trace the land subsidence at
the location of Leeuwarden. Greater differences can bdlegiad for the location Lista, where for all
models uplift instead of subsidence is predicted. The dfamcies in the values between observations
and predictions are possibly a consequence of the coassehté®e FE grid of the ice model. A reason
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for the differences especially in the regions beyond theéarice sheet is mainly due to the not perfectly
corrected eustatic sea-level change in the sea-level data.

In general, only minor dependencies of the lower-mantleosiy structure to RSL and crustal mo-
tion data can be established, confirming the results_of Mitep [1996] and_Steffen and Kaufmann
[2005]. Special investigations to the background model Miwsa strong influence of a laterally varied
viscosity in the transition zone to the direction and valtihe horizontal velocities. The uplift is mainly
influenced by the viscosity structure beneath the lithosphe

The results demonstrate the complexity of the GIA procesktha search for a heterogeneous earth
model reproducing observed physical quantities such dacumotions and sea-level data.
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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

- RS
) g0 Bl
1 N0
O 3
42500 g

S ol ©
(]
/ 2= g
T »
y £t
' ool
760 O
; N— 436 (47 4
'\9,_/
2
- RS
B11-| B12 | B13joBH4 |
f —1A
B21 | B27} E\-Z%E'
- i LiAAT i
: 1 z
: 31 3 gm/ B35
Al 14 -
» 3 B () et 3
OV 3 7 ‘/(OQ\’
W FBaA1 [ BAGe B44 | /445
AN N g
! 5 - o
51 | B52 [B53 | B54 | B5S5
2 2

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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Figure 5.5: Sensitivity kernels of the present-day veiesiplotted as a function of the normalised Earth radius for
the intermediate model..



90 Chapter 5: Steffen, Wu and Kaufmann [2006b]

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.



5.3 Results 97

Present-day velocities

6 Norrkoping 4 Sundsvall 1 Kevo
0.88 092 096 1.00.88 0.92 096 1.000.88 0.92 0.96 1.00
1.0 {B13 ‘ ‘ B 1B13 ‘ ‘ B 1B13 ‘ ‘ L 1.0
— = WE horizontal velocity
C\EG 0.8 - NS horizontal velocity [ T B T - 0.8 (‘\5
= 06 41— uplift velocity | ] | ] - 0.6 I=
o 0.4 4 - - - 0.4 ©
£ £
o 0.2 - B A_IZ::I=|_V 0.2 ©
X X
0.0 R - 0.0
_02 T T T T T T _02
1.0 {B23 ‘ ‘ B 1B23 ‘ ‘ B 1B23 ‘ ‘ L 1.0
g 0.8 - L L L 0.8 g
E, 0.6 - - - - 0.6 E
o 0.4 1 - - - 04 ©
£ £
o 0.2 4 - - - 0.2 o©
¢ I TP
0.0 J::I=|:|— - - 0.0
_02 T T T T T T '02
1.0 {B33 ‘ ‘ 5 1B33 ‘ ‘ 5 1B33 ‘ ‘ L 1.0
g 0.8 - L L L 0.8 g
£ 0.6 - - - 0.6 £
o 0.4 A - - - 04 ©
c c
ac 0.2 - - - 02 &
X I:I I—I X
0.0 - - — 1 I 0.0
_02 T T T T T T '02
1.0 - B43 ‘ ‘ B 1B43 ‘ ‘ B 1B43 ‘ ‘ - 1.0
g 0.8 -] -] - 08 %
£ 0.6 1 -] -] - 0.6 E
o 0.4 A - - - 04 ©
c c
o 0.2 - - - 0.2 ©
N J_I_|—| v
0.0 - — ] | 0.0
-0-2 T T T T T T '0.2
1.0 {B53 ‘ ‘ B 1B53 ‘ ‘ B 1B53 ‘ ‘ L 1.0
g 0.8 1 - - - - - 088
E, 0.6 1 - - - 0.6 £
o 0.4 1 - - - 04 ©
c £
o 0.2 - - - 0.2 ©
X X
0.0 0.0
_02 T T T T T T '02

0.88 092 096 1.00.88 092 096 1.00.88 0.92 0.96 1.00
r'R r’R r'R

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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6. Numerical modelling of deformation changes induced
by lake-level fluctuations of the Hohenwarte reservoir,
Thuringia, Germany

Abstract?

The Hohenwarte reservoir in southeast Thuringia (Germ&nyg medium-
sized artificial reservoir, holding on average 180 Mill® of water. It was
constructed between 1936 - 43 and is operational since fhiee.water load
impounded induces stress and deformations of the undgrtyumst and upper
mantle.

The Geodynamic Observatory Moxa is located around 4 km todnih. The
observatory is equipped with seismometers and sensitivatid strainmeters,
accurate to the nrad and nstrain range.

We explore the deformation effects caused by the water [bdmdiohenwarte
reservoir, both on a short-term seasonal time scale andgatésm decadal
time scale. The seasonal effect, mainly induced by elasfarohation, results
in tilt and strain deformation in the grad and lustrain ranges, respectively.
Long-term decadal variations, however, are unlikely toigaicant, if a rea-
listic viscoelastic structure of the underlying upper ntaig used.

aSteffen and Kaufmann (2006a). Numerical modelling of defation changes in-
duced by lake-level fluctuations of the Hohenwarte reseridiuringia, Germany,
J. Geodyn. 41(4), 411 - 421; Steffen and Kaufmann (2006iudnce of the Hohen-
warte reservoir on tilt and strain observations at Moxa.l.Bdiinf. Mar. Terr. 142,
11399 - 11406.

6.1 Introduction

Artificial reservoirs hold back water behind a concrete athemn dam. They are important for flood

protection, for providing drinking water and for the gertema of electricity. Furthermore, many jobs can

be provided around a reservoir, especially in the tourissirtass. From a scientific view, the filling of

reservoirs with water induces a load on the Earth’s suridefrming the crust and mantle and producing
tilt and strain deformations. In addition, reservoir-iedd deformations due to accumulation of large
water masses behind a dam are potentially seismogenic [Rothe,l 1968 Simpsbn, 1976; Withers,

1977; Bell et al.L 1978; Li and Han, 1987].

The deformation of the Earth’s surface by reservoirs has baalied extensively in the literature. Some
examples are discussed below:

101
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Lambert et al.[[1986] observed an anomalous relative \artiplift of 4 cm and relative changes in
gravity of 14 ugal after the filling of La Grande-2 reservoir, Quebec, Cana@ihe gravity change is
thought to be the result of lateral transport of water in dfpgrmeability formerly undersaturated zone,
hydraulically coupled to the reservoir. The possible @astpansion of cracks and fractures in this zone
or unexpectedly high rates of regional tilting cause thenzalous uplift.

Kaufmann & Amelungl[2000] investigated the reservoir-ioeld deformation in vicinity of Lake Mead,
Nevada, USA, to constrain the rheological properties ottidinental crust and of the uppermost man-
tle. The reservoir has a total volume of 35.5%and encompasses an area of 635 kithe subsidence
pattern clearly showed relaxation of the underlying basgrdee to the water load of the lake.

Wang [2000] calculated the water load-induced surfacdoantlisplacements and level plane changes
in the front reservoir area of the Three-Gorges Reservtina; during the filling period and discussed
the height changes. The results are thought to bound the lwatkinduced responses. For the expected
water level of 175 m, a maximum depression of 48.3 mm was eleériv

A first stage of subsidence monitoring for Salto Caxias pateen in Brazil was summarised by Santos
et al. [2001]. Here, a monitoring network to determine thbssdence of the surrounding area to be
flooded was implemented before closing of the dam. By stape hétwork design, installation and first
field campaign is meant, so no results are derived yet.

Yan et al. [2004] reported that the Jiangya dam, China, aaddbk masses on both valley sides were
uplifted to various degrees during the filling of the res@rwaith a measured maximum uplift of 32.6
and 19.08 mm, respectively. To understand the uplift meshara 3D numerical analysis was carried
out. The authors concluded that the rise of an artesian head¢anfined hot aquifer as a result of the
reservoir inundation is the principal factor contributitogthe uplift.

The Hohenwarte reservoir in the southeast of Thuringiaes3ttdl largest reservoir in Germany with a
volume of 182 Mill. n¥, covering an area of 7.3 Kmin 4 km distance to the reservoir, the Geodynamic
Observatory Moxa is situated. The data of seismometers @mathrseters are successfully used for
studies of the Earth’s interior structure and propertieth\fie used types of instruments it is possible
to observe tilt changes in the range of 20ad and displacement changes of 18train. We explore the
possibility that registrations of the seismometers aralrgtneters are influenced by deformation changes
induced by lake-level fluctuations of the Hohenwarte resierW\Ve therefore use the Finite Element
(FE) method to calculate the deformations in vicinity of Hehenwarte reservoir.

6.2 Saale Kaskaden

In the southeast of Thuringia, the river Saale crosses thgifigian Slate Mountains between Blanken-
berg and Saalfeld (Fig.8.1). The drop in elevation on a len§80 km is about 170 m. Till the 1920’s the
Saale was running through small and deep valleys. Due tana#,sncised valley, the spring snowmelt
often resulted in floods. Three large flood catastrophesowveber 1890, February 1909 and January
1918, were the reason for planning several artificial dahes Saale Kaskaden (Fig—b.1). They should
catch the water of the Saale and its tributary Wisenta inraéveservoirs. The first reservoir was the
Wisenta reservoir, dammed by a 60 m long barrage and finishd®20. Later on, between 1933 to
1934 this barrage was replaced by a concrete dam. The twestagservoirs, the Bleiloch reservoir and
the Hohenwarte reservoir were built between 1926 to 1932bahdeen 1936 to 1943, respectively. In
37 years a new landscape along the Saale was formed. Alvoasewith their dimensions are sum-
marised in Tal_6l1.
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Figure 6.1: Overview of the Saale Kaskaden with the sevasrvess and the artificial dams (black bars) between
Blankenberg and Saalfeld.

The Hohenwarte reservoir is the 3rd largest reservoir im@eay. The lake encompasses an area of
7.3 kn?, and the total volume is 182 Mill. fa The dam was built between 1936 and 1943, and put into
operation in 1941. The balance reservoir is the 4.3 km loriElt reservoir in the west. The task of
the Hohenwarte reservoir is generation of electricity, dipootection and increasing the base flow of the
rivers Elbe and Saale in the summer months.

6.3 Geodynamic Observatory Moxa

The Geodynamic Observatory Moxa, a station of the GermarioRagSeismic Network (GRSN), is
located about 30 km south of Jena (Thuringia, Germany) didhger of the Thuringian Slate Mountains

Table 6.1: Reservoir dimensions of the Saale Kaskaden.

name construction volume length area concrete dam
iN10°m®  inkm inkm? I[m]xh][m]
Wisenta 1933 - 1934 1.04 2.4 0.28 148x 16
Bleiloch 1926 - 1932 215.00 28.0 9.20 205 x 65
Burgkhammer 1930 - 1932 5.64 6.5 0.84 122x22
Walsburg 1938 - 1939 2.54 5.0 0.50 118x16
Hohenwarte 1936 - 1943 182.00 27.0 7.30 412x75
Eichicht 1942 - 1945 5.21 4.3 0.71 215x20

Hohenwarte I 1956 - 1963 3.28 - 0.22 man-made basin
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(Fig.[&) and is maintained by the Institute of Geoscierdebe Friedrich—Schiller University Jena. It
is embedded on the east hill flank of the remote Silberleileywalhe seismometers and two quartz tube
strainmeters are installed in a gallery between 20 and 50ap thea hill. The covering with rock and
gravel is about 35 m. The strainmeters have a length of 26 mavie instrument installed in EW- and
NS—direction, respectively. The rock in the observatosads dominated by metapelite. The distance
from the observatory to the Hohenwarte reservoir is aboutn4 kor further information, a detailed
description of the observatory can be found.in Teupser [Ll8i8lJahr et al! [2001].

6.4 Model description

6.4.1 Geometry

We model the water impounded in the Hohenwarte reservoiuidace load on a flat, viscoelastic earth
by means of the FE method. We employ the modelling softwa&#®Qus [Hibbitt et al.,|2005].

The earth model is a cube with 100 km side length and condist8 @myers in vertical direction, simu-
lating the crust and the upper mantle. Looking on the suyfdmeegenerated mesh of 100 100 x 13
hexahedra elements is divided into a centre and a peripfrarak. The 20 knmx 20 km large centre,
between 40 and 60 km in each horizontal direction, is mesh#d80 x 80 elements with a horizontal
side length of 250 m. The remaining 10 element rows of the 4@viohke peripheral frame have a varia-
ble side length from short side lengths near the centre tp $iae lengths for the outer elements. With
25 m, the elements in the first layer have the smallest thiaskire vertical direction. The second layer
has a thickness of 225 m, layers 3 to 5 a thickness of 250 m. e thickness values for layers 6
to 13 are summarised in Tdh.J6.2. The material parametethdarrust and the upper mantle are taken
from PREM [Dziewonski and Anderson, 1981, Tabl 6.2]. Thetllep the Mohorovi€i¢ discontinuity at
the Hohenwarte reservoir location is, aiter Dézes & Zief2€01], around 221 km. To simplify the
geometry of the model, the transition between crust and rupaatle is set to 25 km. A linear, elastic

Table 6.2: Model dimensions and parameterisation.

layer thickness depth density Young's modulus Poisson’s
inm inkm in kg/m? in GPa ratio
1 25 0.025 2600 67.9 0.282
2 225 0.25 2600 67.9 0.282
3 250 0.5 2600 67.9 0.282
4 250 0.75 2600 67.9 0.282 crust
5 250 1 2600 67.9 0.282
6 1000 2 2600 67.9 0.282
7 8000 10 2600 67.9 0.282
8 15000 25 2913 111.6 0.263
9 15000 40 3380 173.3 0.280
10 15000 55 3378 172.8 0.280
11 15000 70 3377 172.3 0.280| upper mantle
12 15000 85 3375 169.5 0.283
13 15000 100 3373 165.9 0.287
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rheology is used for the crust and for model 1 also for the uppantle (Fig[&R). Thus, model 1 simu-
lates a purely elastic Earth. A viscoelastic rheology fer tipper mantle is used for two calculations: in
model 2, the viscosity for the upper mantle is set to B?° Pa s, and in model 3 to 1®Pa s between
25 and 40 km and & 10?° Pa s below. Thus, models 2 and 3 allow the relaxation of sinetse upper
mantle. The viscosity of & 10?° Pa s for the upper mantle in model 2 is taken as an average ef-upp
mantle viscosities beneath Europe resolved by differergsitigations in the last years [see Steffen and
Kaufmann 5, for a summary]. The viscosity of9@a s for the uppermost mantle in model 3 is to
be thought as an extreme example for the viscoelastic miogelhd is probably not consistent with the
actual viscosity below the Thuringian Slate Mountains. bheyancy force, which is necessary for a
viscoelastic investigation, is included after the apphoiatroduced b u@ﬂ.

6.4.2 Boundary conditions

The movement of the nodes in both models is constrained lasviol

(i) the nodes at the model bottom must not move in verticaation (no slip);

(ii) the nodes at the vertical model boundaries must not niroberizontal direction perpendicular to
the model sides (no slip).

These boundary conditions simulate the surrounding uniieatEarth. It is assumed that the deforma-
tion signal of pressure changes at the earth surface dedthydepth and over large horizontal distances.
To ensure that the boundary conditions as well as the magkehsive no effect on the modelling results,
we have carried out tests with different resolution, andhfbthe used grid as appropriate for the model.

2 3
0
25
10VPa s
40
5x100Pas 5x10¥Pas

km
100

Figure 6.2: Structure of the three earth models.
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6.4.3 Water load

The full water load of 182 Mill. M is applied uniformly over the shape of the reservoir (Ei&) 6ap-
proximated by 135 element surfaces (25250 m), which correspond to a reservoir area of 8.44.km
The load is generated by dividing the water volume of theruedeby this area multiplied with a water
density of 1000 kg/rhand a gravity of 9.81 mfs The full load of the Hohenwarte reservoir is 215,820 Pa
corresponding to a constant water column of 22 m. The Eithédervoir has a full load of 58,860 Pa, a
water column of 6 m.

Figure 6.3: Top view of the model centre (20 k20 km) with the shape of the reservoir (white) and the profiles
for the deformations. The location of the Geodynamic Oletery Moxa and the locations Basin and Gorge are
marked. Numbers indicate locations in km relative to théremrid of 2100< 100 km used.

The load initially increases linearly over 2 years, aftex ttam was closed. Then, pressure changes
simulating the seasons follow (Fig.b.4). The filling stat$% of water volume in the year 1941 and
ends after 2 years with a maximum water volume of 100%. In the¢ & months, the reservoir volume

is reduced to 70% (summer) and after another 6 months irentesgain to 100% (winter). This cycle is
repeated once. Thereafter the load is kept constant at 1lGketyear 2011. With this approximation,
we are able to study seasonal changes and we save comptitagon
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Figure 6.4: Lake volume as function of time.
6.5 Results

The deformation of the model by the time-dependent watet iwaalculated, and vertical deformations,
strains and tilts are shown along three profiles (Eid. 6.3)file 1 starts west of the Eichicht reservoir
and runs in EW-direction over the whole distance of the edritame. Profile 2 and 3 are directed
perpendicular to Profile 1 from north to south. The locatiérMoxa observatory is at 54.25 km on
Profile 3. The strain is obtained by calculating the diffeeiof the horizontal displacements between
two nodes and normalising this difference to the elememgthken The tilt is calculated as the angle
resulting from the node displacement in EW- and NS—diraatibative to the displacement of the next
node vertically below (vertical tilt). This definition wasacessfully used for FE modellings by Fischer
[2002], Kroner et &l.[[2005], arld_Steffen ef al. [2006c¢]. tid@ion three points (Fid.6.3) are selected to
compare the vertical deformation on top of the model betwiberocation in the greatest basin (Basin),
in the centre of the model (Gorge) and at Moxa observatoryx@)lo

6.5.1 Short-term seasonal variations

Tilt: Fig.[68 shows the tilt in the NS— and EW-component for thetiglanodel (model 1) at different
load times. To compare the results, the tilts at differemies of an annual cycle are taken when the
reservoir is filled-up (winter) and 70%-filled (summer). Ttile changes on each profile reflect the
location of the reservoir and which reservoir border is tamgo the profile. The NS—component in
Profile 1 shows for the southern border between 48 and 52 ki motthward and for the northern
between 52 and 54 km a tilt southward. The tilt in the EW-congmb in Profile 1 traces the meanders
of the old river valley. The tilts of Profile 2 are dominatedthg load of the dam basin between 49 and
50.5 km. In Profile 3 the tilt only shows eye-catching changben the reservoir is crossed at 50 km.
The amplitude on all profiles is affected by the load sum invibinity of each point and is in winter at
most 4.5urad eastward in the EW—component behind the dam. Betwedenénd summer significant
differences in the amplitude of the tilts are found, esgica the location of the reservoir. Here, the tilt
difference between winter and summer is at most 30% of théofadl in winter and therefore a result of
the elastic behaviour. Changes in the direction of the titreot observed.

The tilt changes of the viscoelastic models are not showhexs tare only small differences in the tilts
resulting from an elastic and a viscoelastic rheology. Kkangle, the difference at the Basin and Gorge
location is in the EW—component at most 0.2 nrad, in the NBwmment at most 1 nrad. At Moxa
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Figure 6.5: Tilt in the NS— component (left) and EW—compdr{gght) obtained for the elastic model at different
load times. Tilt northward and eastward positive.

location no difference is observed. The tilt differences imsignificant to the viscoelastic behaviour
of the upper mantle for short-time load changes as they aresttwall for visible effects in tiltmeter
registrations at Moxa. A comparison of the tilts in both cam@nts at Moxa location between different
upper-mantle viscosities in the first mantle layer of’lPa s (model 3) and 5 x ) Pa s (model 2)
indicates 0.4 nrad larger effects for model 3.

Strain: Fig.[66 shows the strain in the NS— and EW-component for ltstie model at different load
times, (1) when the reservoir is filled up (winter) and (2) 7#08éd (summer). The maximum ampli-
tude is found in winter along Profiles 1 and 3 with aroungsirain compression. The strain changes
reflect the location of the reservoir in compression. Pefleand 3 demonstrate this behaviour clearly
when the reservoir is crossed around 50 km. The extensiceradss in the EW—component of Profile
1 results between two meander valleys of the former rivdeyadnd is explained as compensation of
the compression induced by the load in each valley. The &mdgliis larger the more the valley distance
increases and the less load is applied in vicinity of thisipoAs for the tilts, between winter and sum-
mer significant differences in the amplitude of the strairesfaund. At the location of the reservoir, the
difference between winter and summer is at most 30% of théofadi in winter and again a result of the
elastic behaviour. No changes in the direction of the staaéndetected.
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Figure 6.6: Strain in the NS—component (left) and the EW-pomnent (right) obtained for the elastic model at
different load times. Extension positive.

Again the strains resulting from a viscoelastic rheology ot shown, as the differences are to small
to be seen. Existing, but small differences in the strainaéen an elastic and a viscoelastic rheology
are found for both components at the location of the BasinMaoxa. At both locations this difference
is at most 0.15 nstrain for both components when the reseis/dilled-up. For a 70%-filled reservoir
in summer this effect is nearly doubled. The strains are dsasehe tilts nearly independent of the
viscoelastic behaviour of the upper mantle and the pasttioceal At the location of Moxa observatory,
strain differences in the EW-component up to 0.2 nstraiwéeh model 2 and 3 are found. At the Basin
location 0.3 nstrain result.

Tilt and strain at Moxa: Fig. [&1 shows for the location of the Moxa observatory thieamd the
strain in the NS— and EW-component for the elastic model imawi(filled-up) and summer (70%—
filled). The maximum tilt in the EW—component is around 75dweestward and in the NS—component
around 160 nrad southward. The maximum strain results @EWW—component in compression around
10 nstrain and for the NS—component in extension around 28ins The figure shows clearly the dif-
ference of 30% between winter and summer, which is at mostd® in tilt and 6 nstrain in strain and
should be observable with the sensitive instruments at NleeeLKroner et all, 2005, for a description].
In the tilt and the tilt direction to the source of pressuréjaki is applied around 50 km, a tendency to
smaller effects is found. For the NS—component of the stralmich here results in extension, the curves
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Figure 6.7: Tilts and strains in both components obtaineth®elastic model at different load times at the location
of Moxa observatory (54.25 km). Tilt eastward, northwardifiee. Extension positive.

diverge, which is explained as compensation for the corsjmesat the location of the reservoir (see
Fig.[68). As there are no significant differences in theissrand no differences in the tilts between an
elastic and a viscoelastic rheology (see sections abdwe)urves for the viscoelastic models are not
included.

6.5.2 Long-term seasonal variations

Vertical deformation:Fig.[68 shows the vertical deformation on the surface fomaldels at the three
locations Basin, Gorge and Moxa for the load cycle. As exgabdhe greatest deformations are found
near the dam (Basin) and the smallest in distance to thevmset the location of the observatory
(Moxa). The curves reflect the location and the distance déardéiservoir. The dominating elastic part
(filled-up reservoir) at Moxa is about 0.85 mm, at the Gorgmation 3.2 mm, and at the Basin location
5.1 mm. There is a clear difference between the results otlagtic model 1 and the viscoelastic
model 3 after a long time period. The loading period of the étotarte reservoir is sufficient for long-
term deformation changes related to a viscosity df Ba s between 25 and 40 km depth, when a long
time is taken into account. After 70 years, the viscoelgséia is responsible for 0.25 mm of vertical
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Figure 6.8: Top: Lake volume as a function of time. Bottomrthal deformation over 70 years obtained for all
models at the three selected points Basin, Gorge and Moxa.

deformation. A comparison of the viscoelastic model 2 amddlastic model 1 shows nearly identical
results. At Moxa the difference is aboupbn after 4 years and about 1 after 70 years.

We have also investigated the effect of the Bleiloch reggersituated 10 km southeast of the observatory
(Fig.[&1). At the location of Moxa, an additional verticafdrmation of 0.17 mm is induced, which,
however, is spatially uniform at this location. Thus, thaséic deformation at Moxa will be around 20%
larger, when the Bleiloch reservoir is also consideredthmerte is no significant effect in tilt and strain at
the Moxa location. The remaining reservoirs have also nufsignt effect at the Moxa location, neither
in tilt, strain or vertical deformation.

Differences in the vertical deformation induced by shert¥t load changes are mainly caused by the
elastic crust. The viscoelastic part for viscoelastic m@&dis only around 6.2um, which corresponds
to 2.4% of the deformation difference of 0.25 mm in 6 month&g&tding model 2, the viscoelastic
part is in the range of 1 - Am. Therefore, the short-term load change of the Hohenwadervoir is
not sensitive enough to observable vertical deformaticluged by a upper mantle with a viscosity of
5 x 10%° Pa s or for the fictitious case of a upper mantle with a lowessty layer of 18° Pa s.
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Tilt and strain: The changes in the tilts and strains induced only by the eisstic relaxation are too
small to be observed in registrations at Moxa observatogteHthe viscoelastic part is for the strains
around 2% of the elastic part of at most 20 nstrain, which tobgervable in a time range of around 70
years. The tilts are not influenced.

6.6 Conclusions

Artificial reservoirs such as the Hohenwarte reservoir inrifigia, Germany, induce additional loads on
the Earth’s surface. The resulting effects in tilt and stidéformations can be observed with sensitive
instruments. In a distance of 4 km to the reservoir, wheré&thedynamic Observatory Moxa is located,
the influence of lake-level changes on the registrationgisfecant. It can be shown that the influence
of lake-level fluctuations up to 30% to tilt and strain regitibns at the observatory for all three different
models is larger than the resolution of the instruments.hatlocation of Moxa differences of at most
48 nrad for the tilts and 6 nstrain for the strains are esthbll. The vertical deformation is more affected
by load changes. For the viscoelastic case the viscoelgatids small compared to the elastic part and
only observable over a long time period. For short-time el fluctuations, the viscoelastic influence
is less than 3%. All changes induced by lake-level fluctustio the tilt, strain and vertical deformation
should be observable at the Geodynamic Observatory Moxapertient of the model structure.
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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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A. Appendix

Table A.1:-on the next 4 pages-Locations, ages, depths, nature and sources of reliableegelandex points
from the Belgian coastal plain, the south-western NethedgZeeland), the western and northern Netherlands,
the central Netherlands, north-western Germany and thiasouNorth Seal index numbers refer to those as
listed in the original publications (see referencéBP = before 1950 (historical / archaeological dates have bee

adapted accordingly} all depths have been converted to German NN using Dutch NAR=Belgian TAW =
NAP - 2.33m.)
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