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
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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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