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S U M M A R Y
A model of upper-mantle S-wave velocity and transverse anisotropy beneath northwestern
Europe is presented, based on regional surface wave observations. Group velocities for both
Love and Rayleigh surface waves are measured on waveform data from international and
regional data archives (including temporary deployments) and then inverted for group velocity
maps, using a method accounting for Fresnel zone sensitivity. The group velocity variations
are larger than in global reference maps, and we are able to resolve unprecedented details.
We then apply a linear inversion scheme to invert for local 1-D shear wave velocity profiles
which are consequently assembled to a 3-D model. By choosing conservative regularization
parameters in the 2-D inversion, we ensure the smoothness of the group velocity maps and
hence of the resulting 3-D shear wave speed model. To account for the different tectonic
regimes in the study region and investigate the sensitivity of the 1-D inversions to inaccuracies
in crustal parameters, we analyse inversions with different reference models of increasing
complexity (pure 1-D, 3-D crust/1-D mantle and pure 3-D). We find that all inverted models
are very consistent at depths below 70 km. At shallower depths, the constraints put by the
reference models, primarily Moho depth which we do not invert for, remain the main cause for
uncertainty in our inversion. The final 3-D model shows large variations in S-wave velocity of
up to ±12 per cent. We image an intriguing low-velocity anomaly in the depth range 70–150 km
that extends from the Iceland plume beneath the North Atlantic and in a more than 400 km wide
channel under Southern Scandinavia. Beneath Southern Norway, the negative perturbations
are around 10 per cent with respect to ak135, and a shallowing of the anomaly is indicated
which could be related to the sustained uplift of Southern Scandinavia in Neogene times.
Furthermore, our upper-mantle model reveals good alignment to ancient plate boundaries and
first-order crustal fronts around the triple junction of the Baltica-Avalonia–Laurentia collision
in the North Sea.

Key words: Surface waves and free oscillations; Seismic anisotropy; Seismic tomography;
Europe.

1 I N T RO D U C T I O N

Todays northwestern Europe formed at early Palaeozoic times from
the collision of three entities: Baltica, Avalonia and Laurentia
(Cocks & Torsvik 2005). Baltica, which had accreted to its final
geometry in late Proterozoic (around 1 Ga) docked to the Avalo-
nian plate in Ordovician–Silurian time (443 Ma) and shortly after
collided with the Laurentia plate, closing the Iapetus ocean in the
Caledonian orogeny. The sutures between these entities are only
partly observable today (Fig. 1). The Iapetus suture (ISZ) can be
traced in Ireland, mainland Great Britain and offshore into the North
Sea (e.g. England 1995; Landes et al. 2006; Tomlinson et al. 2006),
but the track is lost northeastwards due to the overprinting of the
North Atlantic opening some 400 Ma later. The suture between

Avalonia and Baltica starts off in the west in the North Sea as the
Thor Zone (ThS), joining beneath Denmark with the Sorgenfrei-
Tornquist Zone (STZ) to form the Tornquist-Teisseyre Zone which
is an integral part of the Trans-European-Suture-Zone (TESZ) be-
tween Baltica and Variscan Europe (e.g. Winchester 2002).

Apart from the ocean–continent transition, a major topographic
feature of Northern Europe is the high topography along the west
coast of Scandinavia (Fig. 2) that follows the trend of the Cale-
donian orogeny west of the Caledonian Thrust Front (CTF). The
former Caledonian mountain range collapsed in the second half of
the Palaeozoic (380 Ma) and can therefore not explain this high to-
pography. The region underwent then several phases of rifting and
uplift including a major phase of uplift in Triassic–Jurassic times
(220 Ma) (e.g. Smelror et al. 2007). Further extensional phases led
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Figure 1. Schematic tectonic overview. Thick black dashed lines indi-
cate identified suture zones of Avalonia, namely Iapetus suture (ISZ) to
Laurentia and the Trans-European-Suture-Zone (TESZ) and Thor Suture
(ThS) to Baltica. Alternative boundaries (thinner dash–dot lines) include
the Dowsing-South Hewett Fault Zone (DSHZ) and the Sorgenfrei-Tornquist
Zone (STZ). The grey dotted line marks todays continental margin (CM,
following 500 m bathymetry) and grey dashed lines internal deformation
fronts within the Baltica plate related to Archean-Svecofennian (ASF)
(∼2 Ga), Svecofennian–Sveconorwegian (SNF) (∼1 Ga) and Caledonian
(CTF) (∼450–500 Ma) orogenies.

to differential uplift, among them doming of the North Sea, gen-
erating topographic contrasts and eventually leading to continental
breakup in Early Eocene (52 Ma), in connection with the opening
of the mid-Atlantic. Major uplift phases in Palaeogene (Northern
Norway) and Neogene (Southern Norway) led to todays topogra-
phy of western Scandinavia. The mechanisms for these latest uplift
phases are not completely understood and several models are under
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Figure 2. Overview of stations (left-hand side) and events (right-hand side) used in this study. The station network code is as follows: 0—EIFEL network,
1—GSN/GEOFON permanent stations, 2—SVEKALAPKO network, 3—CENMOVE network, 4—TOR network, 5—HOTSPOT network, 6—NORSAR
archive, 7—NORSAR arrays in Hamar and Spitzbergen.

debate. A mantle source supporting the uplift at least in Southern
Norway is conceivable due to the long wavelength of the topography
in this region, and an asthenospheric diapirism model was proposed
by Rohrman & van der Beek (1996) to explain Neogene uplift
around the Northeast Atlantic margin. Ebbing & Olesen (2005)
used gravimetric anomalies and geoid heights to analyse different
scenarios for isostatic compensation of the Northern and Southern
Scandes by low-density material, combined with different degrees
of lithospheric flexure rigidities. They concluded that the two moun-
tain ranges may arise from two different mechanisms, the Northern
Scandes being possibly sustained by low density at rather shallow
crustal depth and the Southern Scandes being possibly related to
deeper mantle structures. But they also concluded that the lack of
appropriate knowledge on the crust and upper-mantle structure in
the region is a major problem to constrain geodynamical models to
explain the uplift.

Previous seismological images of the upper mantle for the re-
gion from global tomography (e.g. Bijwaard et al. 1998) or regional
tomography (e.g. Pilidou et al. 2005) have imaged low velocities
beneath the Atlantic and under Southern Scandinavia. However,
these features were either too coarse to reveal geometric details or
too close to the resolution limit to allow for serious interpretation.
On a smaller scale, the coverage of high-resolution seismic models
for the upper mantle beneath Northern Europe is sparse. There are a
number of regional tomographic studies for regions bordering Scan-
dinavia, for example, Iceland plume domain, Central Europe or the
Arctic region. In Scandinavia itself, such regional models are avail-
able only for smaller regions like the Tornquist-Teisseyre Transi-
tion Zone in Denmark/Southern Sweden (TOR project, e.g. Shomali
et al. 2002), Finland (SVEKALAPKO, e.g. Sandoval et al. 2004)
and very recently for a profile through Sweden (Eken et al. 2007).

One of the more recent studies on upper-mantle structure beneath
Norway is the work by Bannister et al. (1991) who analysed arrival
times of Pn and Sn waves and found relatively low P- and S-wave
velocities in the upper mantle underneath the regions of maximum
topography in Southern Norway. Low velocities in the shallow upper
mantle beneath Southern Norway have also been mapped earlier
by Husebye et al. (1986) in a P-wave tomography of Southern
Scandinavia. While the large-scale studies struggle with a limited
resolution in the region, the regional body wave studies from the
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late 1980s were limited to land areas and the Skagerrak region
and also had their limits in vertical resolution. These observations,
although some 15–20 yr old are, however, still widely used for
tectonic interpretations of the uplift history of the Northeast Atlantic
margin.

Over the last decades, new seismic stations were permanently or
temporarily installed in and around this region, allowing for new
tomographic studies with enhanced resolution. We present here
a regional tomographic analysis of group velocity data for this
region.

2 DATA A C Q U I S I T I O N A N D
P RO C E S S I N G

Following the same strategy as Levshin et al. (2007) in their study
on the greater Barents Sea region to the north of our study area,
we collected broad-band data from the early 1970s until 2005 from
stations in Northern Europe. None of the data from Levshin et al.
were used in this study, but we retrieved surface wave observations
from the same data archives.

We extracted event parameters for earthquakes along the mid-
Atlantic ridge south of Iceland to the Azores triple junction, from
the entire Mediterranean region and eastward into Iran. The limiting
box for the event selection process was set to 40◦W–70◦E/30◦–
85◦N, in which we employed three searches:

(1) From the NEIC catalogue, the initial 3512 events with mag-
nitude ≥5 in the period 1997 until 2005 May were reduced to 199
events by clustering the events in bins of 2◦ × 2◦ degree, only
keeping the strongest event in each bin.

(2) From NORSAR’s regional event catalogue for the period
1992–2003, we extracted all events in the region within a distance
of 2000 km from the NORSAR network and magnitudes above 4.

(3) 35 selected events in the time period 1978–2005 within re-
gional distances (especially from Scandinavia, around the north,
Baltic and Norwegian Sea) were added manually.

After cleansing the list from eventually duplicate entries, we ended
up with 359 events to process (Fig. 2).

Based on this event list, we harvested the GSN and GEOFON
data centres for available data in the region. In addition, we also
included data from temporary deployments in Iceland (HOTSPOT
experiment), Scandinavia (CENMOVE, TOR and SVEKALAPKO
experiments) as well as data from the EIFEL PLUME Experiment in
Central Europe. Similar to the data search described in Levshin et al.
(2007), we also included data from regional station and network
operators not directly accessible via internet request and which
were kindly made accessible through NORSAR data centre.

The waveform data were deconvolved from the instrument re-
sponse and group velocities for Love and Rayleigh waves, mea-
sured in the period range 10–200 s using the frequency–time anal-
ysis (FTAN) software (Ritzwoller & Levshin 1998). The manual
measurements were processed similarly as described in Section 2
of Levshin et al. (2007), including outlier rejection, implementa-
tion of EHB catalogue (Engdahl et al. 1998) for source parameters
and event clustering (detailed in Ritzwoller & Levshin 1998). From
the clustering analysis, we estimate the uncertainty of our measure-
ments between 0.2–0.3 km s−1. Correction for source group delays
could not be applied since focal mechanisms are not available for
many of our analysed events. According to Levshin et al. (1999), we
can, however, safely ignore these corrections since we are dealing
mostly with shallow events and small to intermediate periods.

Given our station/event distribution, we achieve a fairly homo-
geneous coverage of large parts of Central and Northern Europe
(Fig. 3). The ray path density maps, calculated in a 1◦ × 1◦ degree
grid reveal that the actual highest path density is in Central Europe
and a corridor extending northwestwards towards Iceland.

Due to the intermediate size of the majority of the analysed
events, the histogram of number of observations per period shows
a maximum at around 25–30 s, with the majority of data between
16 and 80 s (Fig. 4).

We also present azimuthal coverage maps in Fig. 3 which are
calculated at each gridpoint as squared sums of azimuthal path

density χ = (
∑

fi )2

∑
f 2
i

. fi is the number of Gaussian paths in the

ith azimuthal bin (similar to the description by Barmin et al. 2001)
and we applied 18◦ bins, hence χ will vary between 1 (poorest
coverage) and 10 (optimal coverage). We will discuss these maps in
the context of resolution in the following section.

3 2 - D I N V E R S I O N O F G RO U P
V E L O C I T I E S

To invert our group velocity observations for 2-D group velocity
maps, we followed the procedure described by Barmin et al. (2001)
and Ritzwoller et al. (2002) which includes a geometrical Fresnel
zone approximation to account for sensitivity of surface waves off
the great circle path. We inverted both Love and Rayleigh wave
group velocities for a set of periods between 16 and 150 s on a
1◦ × 1◦ degree grid. As reference maps for the inversion, we used
global 2-D group velocity maps, kindly provided by A. Levshin from
Colorado University in Boulder. After testing and thoroughly
inspecting inversions for different parameter combinations (see
Barmin et al. 2001, for details) and the respective trade-off curves
(Fig. 4), we chose to apply a rather conservative set of damping
parameters. In a later step, we will use the resulting group velocity
maps as input data for localized depth inversions; to ensure smooth-
ness in the final shear wave velocity model, a rather smooth model
with larger residuals is therefore preferable to a model with too
strong perturbations.

Figs 5 and 6 present maps of Rayleigh (Fig. 5) and Love (Fig. 6)
wave group velocities at selected periods, together with the refer-
ence background model and the estimated resolution (calculated as
described in Barmin et al. 2001). As Rayleigh and Love wave group
velocity maps are obtained independently, it is interesting to notice
that they are, in general, very consistent with each other. For exam-
ple, Love wave group velocities at 25 s and Rayleigh wave group
velocity at 18 s, which have maximum sensitivity at about the same
depth, show very similar lateral variations. The two maps at the
same period (18 s), on the other hand, nicely illustrate the differing
depth sensitivity of both wave types. Notice also the similarities be-
tween the Love wave velocity map at 70 s period and the Rayleigh
wave velocity map at 40 s period. The group velocity maps reveal,
in general, a large number of details as compared to the reference
model (Figs 5 and 6). They show an increase in geometrical details
as well as stronger contrasts. Note the large scales of ±20 per cent
for 18 s periods and ±15 per cent at 80 s, which are, however, not
unusual for group velocity maps at regional scale (e.g. Villaseñor
et al. 2001; Huang et al. 2003; Yanovskaya & Kozhevnikov 2003;
Feng et al. 2004). The first-order features of relative velocity vari-
ations are preserved from the reference model and to a large extent
emphasized, for example, the low velocities beneath Iceland or the
general east–west contrast of oceanic and continental regimes.
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Figure 3. Data coverage, path density and azimuthal coverage at periods 25 and 80 s for Rayleigh and Love waves. Left-hand column shows the ray paths
(blue) from source (red) to receiver (green). Centre column shows the path density and right-hand column the azimuthal coverage for Rayleigh and Love waves
at the respective periods.

The most pronounced contrasts are at shorter periods, between
the high velocities along the mid-Atlantic ridge and the low veloci-
ties covering large parts of the Norwegian Sea and North Sea where
large sedimentary covers are well documented from hydrocarbon
exploration. At longer periods (80 s Rayleigh), the southern limit
of the (faster) East European Craton becomes significantly sharper
with contrasting (negative) anomalies imaged to the west. We also
observe a significant geometrical change of this contrast as com-
pared to the reference, especially in the central part of our study
region.

3.1 Resolution

The path density (Fig. 3) is such that the best resolution is obtained
over large parts of Central Europe and southwestern Scandinavia.
The North Atlantic west and north of the British Isles is resolved
with an estimated lateral resolution length of about 250 km at 40 s
periods and about 320 km at 80 s for Rayleigh waves. Due to the
reduced number of observations for Love waves, especially at longer

periods, the resolution is a bit weaker for Love waves west of the
British Isles but otherwise similar to the resolution of Rayleigh
waves.

From the path density maps, a directional maximum of path
density between Iceland and Central Europe crossing the North Sea
is indicated. This results from the large number of observations
from the temporary HOTSPOT deployment, with many subparallel
paths from earthquakes in the central and eastern Mediterranean,
combined with the sparseness of data in the rest of the mid-Atlantic.
The reduced azimuthal coverage in a northwest direction across the
North Sea, due to an overweight of paths in a given direction, nicely
illustrates this (e.g. Rayleigh and Love azimuthal coverage at 25 s
in Fig. 3).

To ensure that this data distribution does not introduce biases in
the tomographic maps, we ran an inversion of a subset of our data,
excluding all recordings from the HOTSPOT deployment as well as
all data from the NORSAR array in Southern Norway. The path and
azimuthal coverage of this reduced data set is presented in Fig. 7.
At, for example, Rayleigh 25 s, the total number of observations
is reduced by more than 30 per cent whereas at longer periods the
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Figure 4. (Top) Number of measurements as a function of period for
Rayleigh (solid) and Love (dashed) waves. (Bottom) Trade-off plot of tested
parameter combinations for 2-D inversion of Rayleigh waves at 25 s (cir-
cles) and 80 s (triangles). The large, grey-filled circle and triangle marks the
chosen set of parameters for Rayleigh waves at 25 and 80 s, respectively.

reduction in amount of data is less important (about 15 per cent
reduction at Rayleigh 80 s). While the path density especially in
the North Atlantic decreases, we observe, on the contrary, a better
azimuthal coverage in the North Sea and the North Atlantic and only
minor deviations from the azimuthal coverage of the full data set
elsewhere. The group velocity maps resulting from the inversion
of the data subset differ also only slightly from the ones derived
from the full data set. Minor changes are observed in amplitudes
but almost no changes in geometries. We conclude that using the
full data set does not introduce a directional bias in the model, and
that this is in particular true between Iceland and Central Europe.

Further resolution constraints are presented in Fig. 8 which shows
synthetic reconstruction tests with different synthetic input models.
We created synthetic, spaced checkerboard structures with alternat-
ing ±5 per cent perturbation in group velocity, with lateral exten-
sions of 6◦ × 3◦ (top row) and 10◦ × 5◦ (middle row). As a third
test (bottom row), we stripped the inversion result from the 80 s
Rayleigh inversion to a ±5 per cent model where all amplitudes
larger than +5 per cent were set to +5 per cent, all amplitudes
lower than −5 per cent were set to −5 per cent and the remaining
amplitudes were set to 0 per cent perturbation. By tracing
Gaussian rays through these models, we generate synthetic data with
the same source–receiver distributions as in the real data and invert
them consequently without (left-hand column) and with (right-hand
column) added random Gaussian noise with a standard deviation of

σ = 0.05 km s−1. The same set of regularization parameters as for
the real data inversion was applied in these tests.

While the no-noise inversion nicely reflect the influence of the
data coverage, with almost perfect reconstruction on mainland
Europe and slight smearing in the North Atlantic (25 s Rayleigh,
top left-hand side), addition of noise to the data degrades the re-
sults. The general patterns are still recoverable, but we observe
minor changes and shifts in geometry and amplitudes of the origi-
nal anomalies. The artefacts, related to the lack of resolution show,
however, significantly smaller amplitudes in our reconstruction tests
than the structural anomalies, even with added noise. We thus con-
clude that the major structural features in the model, that is, the ones
with sufficiently large amplitudes, prevail the artefacts that result
from data uncertainties.

4 D E P T H I N V E R S I O N F O R S H E A R
WAV E S P E E D

For the inversion of the group velocity maps for 3-D shear wave ve-
locity structure, we employ a different approach than Levshin et al.
(2007), namely a linear inversion scheme following the method de-
scribed by Maupin & Cara (1992) which we adapt here for inversion
of group velocities.

The group velocity data were locally inverted in terms of con-
tinuous variations with depth of the elastic parameters, using the
method for linear inversion of Tarantola & Valette (1982). Group,
phase velocities and partial derivatives in different initial models (as
detailed below) were calculated using the software of Saito (1988),
and the partial derivatives of the group velocities with respect to
elastic parameters were obtained by simple numerical differentia-
tion of the classical phase velocity partial derivatives (Rodi et al.
1975). Since we are inverting for continuous depth variations, the
smoothness of the model variations with depth has to be controlled
explicitly by assuming some a priori correlation between the vari-
ations of a parameter at different depths. This control is achieved
by a non-diagonal a priori covariance matrix. The inversion is then
dependent on this a priori information and not on the discretization
of the model with depth. We used Gaussian a priori correlation
functions (as in Lévêque et al. 1991) with a correlation length of
20 km in all layers. The correlation was suppressed between points
lying in different layers, for example, between crustal and mantle
points, and normalized close to interfaces to compensate for the
decrease in total integral value caused by the decoupling across the
layer interface. This procedure was thoroughly checked on synthetic
examples and proved to stabilize the inversion especially at shallow
sub-Moho levels.

We inverted for variations in the two parameters best resolved
by surface waves: the S-wave velocity VSV and the parameter
ξ = (VSH /VSV )2 = N

L (in the common Love notation of elas-
tic parameters in transverse isotropic media, e.g. Saito 1988). For
both parameters, we assign an a priori standard deviation of 0.2
(in km s−1 in VSV and unitless in ξ ). We neglect the contribution of
changes in VP and density to surface wave group velocities.

In the period range we used, group velocities are almost not
sensitive to mantle P-wave velocities (Fig. 9). Rayleigh waves at
longer periods are sensitive to mean crustal VP and at shorter
periods to upper crustal VP . Taking into account that the refer-
ence crustal models we apply give better constraints on P-wave
velocities than we would ever achieve from inversion of Rayleigh
wave observations, we decided to perturb VP neither directly nor
through coupling to VS during the inversion. We also refrained from
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Figure 5. 2-D group velocity maps for Rayleigh waves at periods 18, 40 and 80 s (columns). Top row shows inversion result, middle row reference model and
bottom row the resolution estimate.

inverting for density. Partial derivatives of group velocities with re-
spect to density are overall larger than those with respect to VP

(Fig. 9) but have a more oscillatory behaviour which makes depth
inversion of Love and Rayleigh wave velocities with respect to
density unstable (Cara et al. 1984). Since the scaling factor be-
tween relative density and S-wave velocity anomalies in the mantle
is uncertain and may be as low as 0.05 (Deschamps et al. 2001),
we expect that coupling of density and S-wave velocity variations
would not affect our S-wave model significantly.

In awareness of the trade-off between velocity and interface depth
on group velocity partial derivatives, we also choose not to invert
for interface depths. Instead we evaluate the impact of the initial
model, particularly crustal thickness and structure on the inverted
one by testing several initials models of increasing complexity.

4.1 Initial models

Covering a region that extends from the mid-Atlantic ridge in the
west to old cratonic provinces in the east, the assumption of a pure 1-
D reference profile like PREM (Dziewonski & Anderson 1981) for
the entire region will certainly be insufficient. We apply it nonethe-
less to evaluate the impact of a crust that differs significantly from

reality at a vast number of points in our study region. To account
for 3-D crustal variations, we set up a model consisting of a 3-D
crust and a 1-D mantle profile. Taking the crustal parameters from
CRUST2.0 (Bassin et al. 2000), we merge the P- and S-wave ve-
locity from sub-Moho (as of CRUST2.0) with ak135 (Kennett et al.
1995) at 120 km depth through spline interpolation. In addition, we
removed the 1 promille discontinuity in ak135 at 220 km depth.
The resulting reference model of P- and S-wave velocities will be
referred to as CR2AK.

Very recently, a compilation of regional crustal models in Eu-
rope has been published (EUCRUST07, Tesauro et al. 2008) which
includes much more detailed crustal geometries. A comparison of
Moho depths (which will turn out to be the most important con-
straint for our inversion) from a smoothed version of EUCRUST07
(on a 0.5◦ × 0.5◦ grid) and CRUST2.0 (Fig. 10) reveals that there
are partly differences of more than 15 km between the two models,
especially in the North Atlantic. We hence construct another ref-
erence model on the basis of EUCRUST07. Since the latter only
contains VP in the crystalline crust, we assign standard values of
VP = 3.6 km s−1 and VS = 2.4 km s−1 to sediments, convert VP to
VS in the crystalline crust as VP = 1.75 × VS and apply ak135 (P-
and S-wave velocity) directly at sub-Moho depth. We refer to this
reference as EUCAK.
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Figure 6. Similar as Fig. 5 but for Love waves at periods 18, 25 and 70 s.

Figure 7. Data coverage, path density and azimuthal coverage for subset of data that excludes recordings from the HOTSPOT network on Iceland and from
NORSAR array in Southern Norway. See caption in Fig. 3.
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Figure 8. Synthetic reconstruction tests. Left- and right-hand columns show
inversions of synthetic data without and with added random Gaussian noise
(σ = 0.05 km s−1). Spaced checkerboards with 6◦ × 3◦ boxes for 25 s
Rayleigh waves (top row) and 10◦ × 5◦ boxes for 80 s Rayleigh waves
(middle row) as well as a synthetic structure test for Rayleigh waves at
80 s (bottom row) are presented. Solid and dashed lines mark positive and
negative 5 per cent perturbation contours of input models, respectively.

As a last approach, we applied a fully 3-D model of shear wave
velocity as a reference for our inversion. We chose the global model
derived by N. Shapiro on a 2◦ × 2◦ degree grid with a Monte-Carlo
inversion (Shapiro & Ritzwoller 2002). This model will be referred
to as CUB20 in the following.

4.2 Isotropic inversion

We performed first a joint inversion of the Love and Rayleigh wave
group velocities with respect to isotropic S-wave velocity. Fig. 11
shows the misfit of the data before (left-hand panel) and after linear,
isotropic inversion (centre panel) at two periods (30 and 80 s) for
both Rayleigh and Love waves (with EUCAK as the reference). The
rms reduction in the entire study region after isotropic inversion is
well above 55 per cent for a large range of periods.

Comparing the remaining misfit for Rayleigh and Love waves
after isotropic inversion, we observe a clear difference in the aver-
age misfit. Whereas the final residuals for Rayleigh waves remain
mostly negative, the Love wave residuals are in general positive,
especially at longer periods. This is an indication that the inversion
is unable to explain simultaneously Love and Rayleigh wave data
with an isotropic model. This Love–Rayleigh discrepancy is com-
monly explained by the presence of transverse isotropy, where the
SV waves which form the Rayleigh waves have a different velocity
than the SH waves that form the Love waves (see Maupin & Park
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Figure 9. Partial derivatives of Love and Rayleigh group velocities at 20 s
(centre) and 80 s (right-hand side) period calculated in reference model
EUCAK (see Section 4.1) at 60◦N/10◦E (left-hand side).
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Figure 10. Difference in Moho depth between EUCRUST07 (Tesauro et al.
2008) (smoothed on a 0.5◦ × 0.5◦ grid) and CRUST2.0 (Bassin et al. 2000).

2007, for a recent review). To take this observation into account, we
also invert for the anisotropy parameter ξ . The ultimately remaining
misfits after anisotropic inversion are shown in the right-hand pan-
els of Fig. 11 and yield that the misfit is reduced approximately to
half of the misfit after isotropic inversion. The total rms reduction
in the entire study region is close to 80 per cent at shorter periods
and well above 60 per cent at longer periods.

4.3 Anisotropic inversion and effect of crustal structure

In the present study, we do not analyse the azimuthal variation of
Love and Rayleigh group velocity but their average with respect
to azimuth. The data are therefore only sensitive to the azimuthal
average of the anisotropic parameters. The Love and Rayleigh wave
2-D group velocity maps were inverted simultaneously for the two
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Figure 11. Initial and final data misfit maps before and after linear, isotropic and anisotropic inversion at 30 s (left-hand panel) and 80 s (right-hand panel)
period. Top row shows Rayleigh wave misfit before (left-hand side), after isotropic (centre) and after anisotropic (right-hand side) inversion, bottom row
similarly for Love waves.
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(right-hand side). Each plot shows the reference profile (dashed) and the inversion result (solid) for four different reference models: PREM (red), CR2AK
(blue), CUB20 (green) and EUCAK (orange).

transverse isotropic parameters which are best resolved by az-
imuthally averaged surface wave velocities: VSV , the azimuthally
averaged velocity of horizontally propagating SV waves, and the
anisotropic parameter ξ = (VSH/VSV )2 measuring the difference
between the azimuthally averaged velocity of horizontally propa-
gating SH and SV waves.

We perform linear inversions on the respective reference model
grids (1◦ × 1◦ degree grid with PREM and EUCAK and 2◦ × 2◦ de-
gree grid with CR2AK and CUB20) in the frame 45◦– 70◦N/20◦W–
30◦E and find very consistent results for depths greater than 70 km
in all resulting models (each based on a different reference). A

comparison of the results is given in Fig. 12 which displays all
four reference (dashed lines) and resulting (solid lines) profiles
at three different locations, in Southern Norway (left-hand side,
60.5◦N/9.5◦E), the North Sea (middle, 58.5◦N/3.5◦E) and Southern
Finland (right-hand side, 62.5◦N/25.5◦E).

Although the crustal models, in particular Moho depths vary
between the respective reference models locally by more than
15 km (e.g. Southern Finland, PREM Moho at 35 km, CUB20
Moho at 51.2 km), the inversion results at mantle depths beneath
around 70 km are consistent, irrespective of the reference model.
At shallower depths however, the accuracy of the crust shows its
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importance. In the North Sea example (Fig. 12 middle), CRUST2.0,
EUCAK and CUB20 Moho depths are very similar (31.2, 30.2 and
32.3 km, respectively) and consequently is the velocity distribu-
tion at sub-Moho depths. Although PREM Moho depth differs only
slightly from the other models at this location, the resulting velocity
beneath Moho is significantly higher than in the other cases (at
45 km the PREM-derived model is 7 per cent faster than the
EUCAK-derived, whereas the CUB20- and CR2AK-derived are
around 3 and 1 per cent slower, respectively). In Southern Finland,
on the contrary, the profiles are more consistent at shallow man-
tle depths, although the Moho depth of EUCAK (58.8 km) differs
quite significantly from the other local models (50.0 and 51.2 km
in CR2AK and CUB20, respectively), and even more from PREM.

Comparing the inversion results within the crust, no consistencies
between the respective reference models can be observed. Although
the internal layering is in some cases very similar, for example, in the
North Sea, the resulting velocities show large differences between
the respective models. We interpret this as compensational effects
to fit the data into an untrue crust framed by fixed interfaces.

Although Fig. 12 compares inversion results after anisotropic
inversion, we observe very similar relative variations in VS upon
isotropic inversion. We interpret that as an indication the relative
differences observed here between the models are not a result of a
trade-off between VSV and ξ in the inversion. The crustal structure
has, of course, also an influence on the results of the inversion in ξ .
We observe variations in

√
ξ of ±0.05 in the mantle when changing

the crustal model which means that we have, in general, a robust
information on the sign of

√
ξ − 1 but that its amplitude should be

interpreted with caution.
The influence of the crustal model on group velocities is appar-

ently a more non-linear phenomenon than its influence on phase
velocities, and the tests discussed above show the complexity of
the trade-off between crustal and sub-Moho structures. They also
quantify the limitations of our tomographic sub-Moho models in
the absence of better constraints on crustal structure.

From these observations, it becomes clear that our discussion
has to focus on mantle depths. Inclusion of sub-Moho features
is reasonable as the trends persist, but care has to be taken on
the absolute values for depths shallower than ∼70 km. Since the
resulting models of shear wave speed at mantle depths are consistent
irrespective of the reference model, we will, in the following, present
and discuss the model derived from reference model EUCAK in
more detail.

4.4 Three-dimensional model

The VSV velocity model reveals unprecedented details of regional
structures including some intriguing aspects. Fig. 13 shows four
depth maps of the VSV model in direct comparison with the global
3-D model of isotropic shear wave speed CUB2.0, at corresponding
depths (Shapiro & Ritzwoller 2002) to illustrate the improvement.

Taking into account that the southeastern and southwestern cor-
ners of the maps are the areas with the least resolution, we find that
our new model to a large extent preserves the large-scale features
of the east–west transition through tectonic domains, especially at
the largest depths. Extended regions of low velocities are clearly
related to the mid-Atlantic ridge system and the Iceland plume do-
main whereas the eastern parts of the models are dominated by
high-velocity anomalies related to the East European Craton. It has
to be noted though that this high-velocity anomaly has a signifi-
cantly different geometry in southwestern Scandinavia compared to
the CUB2.0 model.

Figure 13. VSV model based on EUCAK reference at 70, 115, 170 and
220 km depth (left-hand column) and the 3-D model CUB20 (Shapiro
& Ritzwoller 2002) at corresponding depths (right-hand column) for
comparison.

Superimposed on the first-order east–west gradient, we can now
resolve bands of rather large positive and negative anomalies in a
northwest–southeast trend. This is especially well-marked at 115 km
depth. Of particular interest is the southeast directed low-velocity
anomaly stretching from Iceland and the Norwegian Sea to south-
western Scandinavia. It can be clearly traced from 90 to 140 km
depth but might be even shallower.

Fig. 14 presents map views of the resulting VSV model (left-
hand side) and the distribution of

√
ξ − 1 (right-hand side, given

in percent) at three depths complementary to those presented in
Fig. 13. The anisotropy appears also rather strong, with amplitudes
reaching at least 10 per cent.

In general, the patterns of anisotropy reveal geometries that are
not related to first-order tectonic features. The values of

√
ξ − 1

are dominantly positive at shallow depth, in accordance with many
other studies of the same kind and in particular in accordance with
values in PREM (Dziewonski & Anderson 1981). At shallow depths,
anisotropy appears to be highest in the oceanic domains to the
west. Negative variations are observed in the Gulf of Bothnia in the
vicinity of the region where the maximum rate of uplift related to
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Figure 14. Preferred VSV model based on EUCAK reference at 50, 90
and 140 km depth (left-hand column) and transverse anisotropy (

√
ξ − 1)

(right-hand column). The presentation of the VSV model is complementary
to Fig. 13.

postglacial rebound is observed (Johansson et al. 2002). At 90 km
depth, the amplitude of the anisotropy is slightly reduced, with
several regions of negative anomalies, especially under the northern
British Isles. Maps of VSH can be obtained by combination of the
VSV and

√
ξ − 1 maps. In some locations, like in the North Sea

or in Ireland, the anomalies in VSH are amplified (compared to VSV

and with respect to the reference), whereas they are attenuated in
other regions, in particular in Southern Norway. The anisotropy at
140 km depth is not as well constrained as the VSV model due to the
shallower sensitivity of Love compared to Rayleigh waves and we
will hence refrain from going into the details of the anisotropy map
at that depth.

5 D I S C U S S I O N

The amplitudes of the heterogeneities in our model, both in VSV

and in anisotropy are in excess of ±10 per cent. Although this level
of heterogeneity is commonly considered to be high for a mantle
model, similar levels of heterogeneities have been found in compa-
rable regional studies (e.g. Lévêque et al. 1998 for the Indian Ocean,
Debayle & Kennett 2000 for Australia, Marone et al. 2004a,b for the
Mediterranean region or Feng et al. 2004, 2007 for South America).
We have made a series of tests, as detailed in the previous section, to
ensure that the location and amplitude level of the heterogeneities
is not a result of underdamping in the inversion. The main uncer-
tainty comes from the biases which can be introduced in the upper
part of the mantle due to inaccuracies in crustal structure, primarily

Figure 15. Top: Map view at 115 km depth through the VSV model based on
EUCAK. Dark red lines indicate locations of cross-sections A–A′ and B–B′.
Annotated grey lines show schematically the continental margin and major
crustal boundaries after Winchester (2002). Annotations as in Fig. 1. Light
grey crosses mark points of nominal resolution. Bottom: Cross-sections
A–A′ and B–B′.

Moho depth. This non-linear effect, that is, dependence of veloci-
ties and interface depth is in other studies often tackled by search
algorithms like Monte-Carlo (e.g. Shapiro & Ritzwoller 2002) or
neighbourhood algorithm (e.g. Yao et al. 2008). Since our focus
is on upper-mantle structure rather than resolving crustal features,
we chose to apply well-constrained regional crustal models derived
mostly from active seismics, to stabilize the inversion at depth. Our
tests show that large variations of crustal structure affect the models
significantly at shallow mantle depths, but that the results in VSV

at 70 km depth and below are stable. We will therefore focus our
discussion of the VSV model on depths beneath 70 km and refer
in this mainly to Fig. 15, but also to Figs 13 and 14. We will first
compare our model to published results and then discuss the trends
in the model in light of the tectonic history of the area.

Comparing our model with the P-wave tomography model by
Bijwaard et al. (1998) and the S-wave model by Marquering &
Snieder (1996) based on S and Rayleigh waves (regional plots of
these models are also presented in Goes et al. 2000), we find a bet-
ter correlation to the P-wave model (at 100 km depth) than to the
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S-wave model. The P-wave tomography clearly images the continu-
ous low-velocity regime between Iceland and Southern Scandinavia,
slightly deeper than in our model but also with less vertical con-
fidence in the uppermost mantle (as in Plate 5 of Bijwaard et al.
1998). This feature is confirmed by the recent P-wave model by
Amaru (2007) who employ a larger data set than Bijwaard et al.
(1998).

On the contrary, the S-wave model by Marquering & Snieder
(1996) is dominated by low velocities beneath the North Sea and
North–Central Europe; however, the relative variations beneath the
North Sea and the British Isles are consistent with our model. Be-
neath the British Isles, both models are slower as compared to the
North Sea and also north and east of the Isles. In fact, even the
high-velocity pattern imaged in our model west of Ireland, which is
definitely at the margin of our well-resolved model area, is consis-
tent with the model by Marquering & Snieder (1996) and also the
surface wave-derived VSV model by Pilidou et al. (2004, 2005).

The latter model (Pilidou et al. 2004, 2005) correlates in the
entire study region well with our results. Both the extension of
low velocities from Iceland beneath the Norwegian Sea and the
high velocities around the British Isles are consistently imaged. But
also other anomalies, for example, the low velocities contrasting
the fast East European Platform at ∼45◦N/20◦E and 100–150 km
depth are in agreement. The major inconsistency between our and
Pilidou et al.’s model is the low-velocity channel reaching from
Iceland and the Norwegian Sea beneath southwestern Scandinavia,
the most intriguing element of our model. Although low velocities
are indicated in Pilidou et al.’s model at 150 km and deeper be-
neath large parts of the North Sea including Southern Norway and
Denmark, no connection to the Iceland–mid-Atlantic low-velocity
regime is seen there. We attribute that to their correlation length
of 400 km, which corresponds to about the minimum width of the
channel we image.

In our model, this feature is well above the resolution limit and
thus stable. Section A–A′ in Fig. 15 shows the continuous structure
in a cross-section from Iceland across southwestern Scandinavia and
into the East European Platform. The negative perturbation beneath
Norway is continuously around −10 per cent relative to ak135
between 70 and 115 km depth, and the anomaly in the ‘channel’
is continuously below −6 per cent between 80 and 130 km depth.
From our resolution analysis, we would expect significantly smaller
amplitudes if this pattern was an artefact from lateral smearing. The
indicated shallowing of the anomaly, from 70 km upward, beneath
Southern Norway remains an open issue, without further constraints
on crustal parameters.

The extension of the North Atlantic low-velocity regime below
Southern Norway is intriguing as it coincides with the location of
the southern dome of the Scandes mountain range. This region
has been submitted to significant uplift during Neogene and has
a present maximum elevation of 2469 m. Different scenarios have
been proposed but the origin of the uplift is still unknown (Clift
et al. 1998; Japsen & Chalmers 2000; Lundin & Dore 2002). It
seems clear, however, that some mantle processes must be at play.
From analysis of gravity data, Ebbing & Olesen (2005) infer that
a modified diapirism model linking to the Iceland plume could
explain the observed uplift in Southern Norway. Our tomographic
3-D structure would be in support of such a scenario.

The extension of this low-velocity region beneath Southern Swe-
den is, however, somewhat contradictory to the general observation
of an increase in lithospheric thickness northeast of the STZ. Both
surface and body wave studies (Cotte & Pedersen 2002; Shomali
et al. 2006, respectively) show a contrast in S-wave velocity of

the opposite sign than in our model. We will not argue that our
model can compete in terms of lateral resolution with these results,
but the drop in VSV perturbation at around 1800 km along section
A–A′ in our model might be an indication to a change in upper-
mantle structure along the profile. It coincides approximately with
the Svecofennian (early Proterozoic)—Sveconorwegian (middle-
late Proterozoic) boundary (SNF, e.g. Windley 1992). With respect
to the synthetic tests presented earlier, we also have to consider the
possibility that our imaged geometries are slightly perturbed due to
uncertainties in the data. This discrepancy will thus require close
attention in further studies.

Further north, the Scandes range has a second centre of high
topography. Ebbing & Olesen (2005) noted differences between
the lithospheric properties of the southern and northern mountain
ranges from analysis of gravity data. They suggest that uplift origi-
nated mainly as a rift-shoulder in the north and does not require, as
in the south, the involvement of deep mantle processes. Again, our
model would support their suggestions in terms of present upper-
mantle structure as we do not image any significant negative mantle
anomaly in the north.

Remarkably, the eastern bound of the low-velocity region in the
Norwegian Sea aligns nicely with the continental margin offshore
Central Norway. The same alignment of lithospheric geometries
with the continental margin can be observed west of Ireland whereas
the respective geometries are somewhat perpendicular to each other
north of the British Isles.

There is no clear imprint in our model of the ISZ, the boundary
between Laurentia and Avalonia across the British Isles. This cor-
relates with findings by Arrowsmith et al. (2005) and Landes et al.
(2007) who could not observe a mantle signature of the suture be-
neath Britain and Ireland, respectively. The low-velocity maximum
imaged at 90 and 115 km depth beneath northwestern Britain and
the Irish Sea is in good agreement with the model by Arrowsmith
et al. (2005).

The North Sea appears as a region of high velocities, bordered
to the southwest by the Dowsing-South Hewett Fault Zone (DSHZ)
and to the northeast by the STZ. Winchester (2002) distinguishes
‘Far Eastern Avalonia’, covering most of the North Sea northeast of
the DSHZ from the main Avalonia plate. We image a transition that
would support his hypothesis that these two units of the Avalonian
plate are two different lithospheric blocks.

The TESZ is imaged as a sharp contrast in Eastern Europe, but
the geometry of the craton is strongly perturbed as compared to a
global reference model (Fig. 13). Especially the transition across
the STZ in Southern Scandinavia is apparently inconsistent with
the results from the TOR project as discussed earlier.

Pegrum (1984) noted the possiblity for the STZ (as the northwest-
ernmost element of the TESZ) to extend into the Norwegian North
Sea, and possibly even further northwest until the Scottish shelf.
We can note that this line, which aligns with the Iceland-Faroer
volcanic ridge, also aligns with the southern bound of our observed
low-velocity channel in the upper mantle.

In Finland, the large-scale transition from the Proterozoic Sve-
cofennian to the Archean Kola-Karelian orogen (ASF) is nicely
imaged in our model between 115 and 170 km depth, in accordance
with the surface wave study of SVEKALAPKO data by Bruneton
et al. (2004).

The continuation of our model to the north is also very consistent
with the Barents Sea model by Levshin et al. (2007) as both image
at around 100–150 km depth—the transition from low velocities
associated with the close by mid-Atlantic ridge system to higher
values in the continental region.
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Given the sensitivity of Love waves in the frequency range of
our data, we restrict our discussion in terms of anisotropy to 50
and 90 km depths. The strongest anomalies at 90 km depth in
Central Europe correlate nicely with similar anomalies found by
Marone et al. (2004b). At 50 km depth, positive and large values
of anisotropy cover almost the entire Northeast Atlantic, eventually
extending underneath the continent in Southern and Central Norway.
Positive

√
ξ − 1 values are common in oceanic regions at that

depth (e.g. Nishimura & Forsyth 1989). Two negative anomalies are
located below Ireland (90 km depth) and the northern part of the
Bothnian Bay (50 km depth).

The classical interpretation of the ξ parameter in the mantle is in
terms of orientation of olivine crystals by mantle deformation. In
this context, negative values of

√
ξ − 1 are associated with verti-

cal extension, whereas positive values are associated with horizon-
tal extension. Purely horizontally oriented olivine yields values of√

ξ − 1 of about 0.11 (see e.g. Pedersen et al. 2006). Considering
the uncertainty of about 0.05, our maximum values of anisotropy
are not incompatible with an interpretation in terms of orientation
of olivine but are at the limit of what can be expected. Although
the interpretation in terms of olivine orientation is well accepted
at large scale, large values of

√
ξ − 1 at smaller (regional) scale

as found in this and several similar studies in other regions, may
originate partly from other yet unknown features.

Without pushing the interpretation of the anisotropy found in
this study too far, we note that the negative anomaly around the
Bothnian Bay may be seen in the context of the maximum rate of
uplift related to postglacial rebound in the same region (Johansson
et al. 2002). This might indicate that the rebound is associated not
only with deep asthenospheric flow but also with a deformation
of the above lying lithosphere. A mean positive value of about
5 per cent has been found in the lithosphere beneath Finland
(Pedersen et al. 2006), a region where we image a transition from
negative values in the north to positive values in the south.

Along the low-velocity anomaly imaged in VSV that extends from
Iceland to Southern Norway, we would expect a positive anomaly
in anisotropy if the heterogeneity were associated with simple hori-
zontal flow. Apparently, we do not observe any such simple pattern
of anisotropy and must hence expect that the origin of this structure
is of more complex nature.

6 C O N C LU S I O N S

We collected regional surface wave observations from international
and regional data archives to measure group velocities for both Love
and Rayleigh surface waves. Inversion for 2-D maps of group veloc-
ity variations was followed by linear inversion for 1-D, transverse
isotropic shear wave velocity profiles. These profiles were then as-
sembled to a 3-D model of shear wave velocity and anisotropy in
the upper mantle beneath Northern Europe.

Our model is, in general, in good agreement with previous stud-
ies but also resolves a number of new features. It highlights a low-
velocity channel that connects a low-velocity regime beneath large
parts of the North Atlantic to a distinct zone of low velocities in the
upper mantle beneath southwestern Scandinavia.The anomaly ex-
tends vertically to around 150 km depth beneath Southern Norway.
Further constraints on crustal geometries and the geometry of this
feature beneath Southern Norway are expected from ongoing data
collection, both active and passive.

The presented model allows to trace ancient plate boundaries
at lithospheric depths and clearly identifies regions where major

crustal trends are opposing upper-mantle geometries as, for exam-
ple, across the continental margin between the British Isles and
Central Norway.

A discussion on the nature of all observed features in our mantle
model in a petrological and plate-tectonic context, also the impact
of our results on uplift models along the Northeast Atlantic margin,
is beyond the scope of this paper, but our new detailed model of the
upper mantle beneath Northern Europe may help to improve our
understanding of the evolution of topography in this region.
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