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We present a new digital crustal model for Moho depth and crustal structure in Europe, Greenland, Iceland,
Svalbard, European Arctic shelf, and the North Atlantic Ocean (72W–62E, 30N–84N). Our compilation is based
on digitization of original seismic profiles and Receiver Functions from ca. 650 publications which provides a
dense regional data coverage. Exclusion of non-seismic data allows application of the database to potential
field modeling. EUNAseis model includes Vp velocity and thickness of five crustal layers, including the sedimen-
tary cover, and Pn velocity. For each parameter we discuss uncertainties associated with theoretical limitations,
regional data quality, and interpolation.
By analyzing regional trends in crustal structure and links to tectonic evolution illustrated by a new tectonicmap,
we conclude that: (1) Each tectonic setting shows significant variation in depth to Moho and crustal structure,
essentially controlled by the age of latest tectono-thermal processes; (2) Published global averages of crustal pa-
rameters are outside of observed ranges for any tectonic setting in Europe; (3) Variation of Vp with depth in the
sedimentary cover does not follow commonly accepted trends; (4) The thickness ratio between upper-middle
(Vp b 6.8 km/s) and lower (Vp N 6.8 km/s) crystalline crust is indicative of crustal origin: oceanic, transitional,
platform, or extended crust; (5) Continental rifting generally thins the upper-middle crust significantly without
changing Vp. Lower crust experiences less thinning, also without changing Vp, suggesting a complex interplay of
magmatic underplating, gabbro-eclogite phase transition and delamination; (6) Crustal structure of the Barents
Sea shelf differs from rifted continental crust; and (7) Most of the North Atlantic Ocean north of 55°N has anom-
alously shallow bathymetry and anomalously thick oceanic crust. A belt of exceptionally thick crust (ca. 30 km)
of probable oceanic origin on both sides of southern Greenland includes the Greenland–Iceland–Faeroe Ridge in
the east and a similar “Baffin Ridge” feature in the west.

© 2013 The Authors. Published by Elsevier B.V. All rights reserved.
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1. Introduction

The crust in most parts of continental Europe has been studied in de-
tail, primarily during the past half a century. Details of the development
of crustal studies may be found in Prodehl et al. (2013–this volume).
The first controlled source seismological experiment was carried out
near Dublin in the mid 19th century by Mallet (1852), who determined
the velocity of granites in the upper crust. The refraction seismic method
came into use following Mintrop's developments in the 1920s and the
first observations of normal-incidence reflections from the Moho were
published by Beloussov et al. (1962), Kosminskaya and Riznichenko
(1964), Liebscher (1964), Dohr and Fuchs (1967), Meissner (1967) and
Clowes et al. (1968). During the late 20th century, several large scale seis-
mic experiments provided the dense data coverage of the structure of the
European crust, e.g. a series of EGT sub-projects, BABEL, POLONAISE and
the Celebration'2000/Alps2000projects, aswell as the extensive activities
by various national seismic programs (e.g. DEKORP, ECORP, and BIRPS).

The results have earlier been summarized as maps of the depth to
Moho for specific areas of Europe (e.g. Behm et al., 2007; Beloussov
et al., 1991; Burollet, 1986; Dezes et al., 2004; Garkalenko, 1970;
Neprochnov et al., 1970; Pavlenkova, 1996; Sollogub, 1970; Thybo,
1997; Volvovski, 1973; Volvovsky and Volvovsky, 1975), and for the
whole of western Europe (Artemieva and Meissner, 2012; Grad et al.,
2009; Meissner et al., 1987a,b; Tesauro et al., 2008; Ziegler and Dezes,
2006). Two of them (Grad et al., 2009; Tesauro et al., 2008) additionally
cover substantial areas outside of western Europe (Fig. 1) and are avail-
able in digital form,whichmakes them auseful tool formany geophysical
studies. Themodels differ by the spatial coverage and include significantly
different information on the crustal structure (Table 1): Grad et al. (2009)
published a map of depth to the Moho in the European plate, whereas
EuCRUST-07model (Tesauro et al., 2008) includes information on the in-
ternal structure of the crust. Methodologically, both models are based on
an extensive selection of original interpretations of seismic profiles, pub-
lished maps and also use gravity data, tectonic regionalization, and inter-
polation to fill-in gaps between incorporated compilations. For example,
gravity models, tectonic considerations and interpolations, such as often
used in the crustal models of Russian geophysical organizations GEON
(1979-1994), are inherited in the crustal model by Grad et al. (2009),
where the Russian compilations (Erinchek and Milstein, 2006;
Kostyuchenko, 1999) form an integral part.



Fig. 1. Coverage of the European continent and the adjacent areas by continent-scalemodels ofMohodepth (Grad et al., 2009; Ziegler andDezes, 2006) and crustal structure (Tesauro et al.,
2008; Molinari and Morelli, 2011; present study).
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In contrast, another recent crustal model for the European plate
(Molinari and Morelli, 2011) builds not on original crustal models as
constrained by seismic and gravity interpretations, but incorporates
eight previous global and regional compilations. To resolve problems
arising from inconsistency of regional compilations by different authors,
they introduce a data weighting factor, which is proportional to the
number of crust-specifying parameters in original models. Thus, the
European part of global crustal model CRUST2.0 (Bassin et al., 2000),
which is partially constrained by geological similarity rather than by
geophysical data, got the highest weight since it includes the largest
number of parameters (18 as compared, for example, to 1 parameter
(Moho depth) in three high resolution regional seismic models for the
Iberian Peninsula (Díaz and Gallart, 2009), the Italian Peninsula
(Agostinetti and Amato, 2009), and southern Norway (Stratford et al.,
2009) and to 7 parameters in the EuCRUST-07 model (Tesauro et al.,
2008)). The approach may be questioned since there is no reason why
the number of parameters in a database and the accuracy of constraints
of each parameter should be correlated. We further address this prob-
lem in Section 6.1.4 where we show that there is a significant difference
between CRUST2.0 (Bassin et al., 2000) and regional seismic models for
large parts of the study region.

Here we adopt an alternative approach to use only original seismic
results from the region (reflection and refraction profiles, Receiver
Function (RF) interpretations, and some tomographymodels in regions
where noother seismic data are available, see Table 1 for details) as con-
straints for ourmodel of the crustal structure (Electronic Supplements 1
and 2). Thereby, we ensure that our results can be used as independent
constraints for interpretations of potentialfield (e.g. gravity) data, in ad-
dition to being valuable for understanding the implications fromvarious
tectonic and geological events in the region for crustal structure and
evolution. The EUNAseis model also includes a broader range of crustal
parameters than any existing regional model (Table 1) and extends
further westwards (Fig. 1). In the east, the new crustal model links
to a recently released new crustal model SibCrust for Siberia
(Cherepanova et al., 2013–this volume); both models are constrained
by the same methodology and thus can be easily merged.

We present a new, consistent regional digital model of the crust and
uppermost mantle structure, based on original seismic interpretations.
The results are summarized in a series of maps of lateral variation in
crustal and sedimentary cover thicknesses, average Vp seismic velocity
variations in the crust and in the sub-Moho mantle (Pn). We next use
our new model EUNAseis to review the crustal structure in an area
which extends from the Atlantic coast of North America in the west to
the Urals in the east and encompasses Europe, Greenland, and Iceland.
We focus on on-shore areas, but the adjacent parts of the North Atlantic
Ocean are included into the discussion to constrain a continuous
regional model. We correlate regional variations in crustal thickness
and velocity heterogeneity with regional tectonics and plate tectonic
processes since the Archean. Five cross-sections further illustrate
heterogeneity of the regional crustal structure.

2. Tectonic evolution: an overview

2.1. Preamble

The topography and bathymetry of the study region (72W–62E,
30N–84N) (Fig. 2) show several characteristic aspects. Within the on-
shore part of the region, the Precambrianpart of the European continent
(the East European craton (EEC) which outcrops in the Baltic and
Ukrainian shields) is flat with topography commonly less than 300 m,
whereas Precambrian Greenland shows stronger topographic variation
with heights of 2000 m and the central parts below sea level. Isostasy



Table 1
Summary of continent-scale crustal models for Europe.

Continent-scale crustal models Ziegler and Dezes (2006) Tesauro et al. (2008) (EuCRUST-07) Grad et al. (2009) Molinari and Morelli (2011) (EPcrust) Present model (EUNAseis)

Area 34°N–61°N, 20°W–25°E 35°N–71°N, 25°W–35°E 28°N–88°N, 40°W–70°E 20°N–90°N, 40°W–70°E 30°N–84°N, 70°W–62°E

Methodology
Seismic models No specific information Compilation based on ca. 15

previous regional compilations for
various crustal parameters,
complemented by 134 papers on
the crustal structure and 44 papers
on Moho depth

Compilation based on 39 previous regional
compilations, complemented by 112 papers
on Moho depth (in total more than 250
datasets from individual seismic profiles)

Compilation based on 8 previous global
and regional compilations, complemented
by RF models and 4 global and regional
compilations for Moho depth

Compilation “from scratch” based on ca.
650 papers on the seismic crustal structure
and additionally ca. 200 RF models for
Moho depth

Discretization of
seismic model

No information No information on compilation
strategy, compilation includes
digitized contour maps

No information, compilation includes
digitized contour maps

Weighted merging and averaging of
all datasets (weight depends on the
number of crustal parameters in
incorporated models)

Along seismic profiles digitized with less
than 50 km spacing

Potential field data No information, might
be included

Included through use of previous
regional compilations

Explicitly included Included through use of previous
regional compilations

Excluded

Geological data No information, might
be included

Included, no specific information
on the details

Included through use of previous
regional compilations

Included through use of previous compilations
(e.g. CRUST2.0)

Bathymetry used to assign only Moho
depth on deep-water side along parts of
the shelf–ocean transition without
seismic data

Model parameterization
Moho depth Yes Yes Yes Yes Yes
Sedimentary cover n/a Thickness; depth to the basement n/a Thickness based on weighted averaging

of compiled models; average Vp in layer
is determined from regional dependence
on sediment thickness; Vs and density
are derived from Vp using a Nafe–Drake
regression

Thickness, depth to the basement,
average Vp in the sedimentary layer
extracted from seismic models
without other assumptions

Crustal layers within the
crystalline crust

n/a 2 layers (upper crust and lower crust) n/a 2 layers (upper crust and lower crust) 4 layers (upper, middle, lower, and
high-Vp lower) crust

Parameters for crustal layers n/a Thickness; Vp n/a Thickness; average Vp in layer
(Both thickness and Vp are based on
weighted averaging of compiled models);
Vs and density derived from Vp using a
Nafe–Drake regression

Thickness; Vp (Both parameters
derived from seismic models)

Average crustal Vp in
crystalline crust

n/a Vp calculated as weighted average n/a n/a Vp calculated as weighted average
and through travel times

Average crustal Vp
(incl. sediments)

n/a n/a n/a n/a Vp calculated as weighted average
and through travel times

Upper mantle Pn velocity n/a n/a n/a Yes Yes
Availability in digital form n/a Yes [T] Yes [G] Yes [M] Yes [A]

Web-sites with electronic versions of databases:

[T] GRL web-site and http://onlinelibrary.wiley.com/doi/10.1029/2007GL032244/suppinfo
[G] http://www.seismo.helsinki.fi/mohomap/
[M] http://www.bo.ingv.it/~molinari/EPcrust_solar/download.html
[A] www.lithosphere.info.
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Fig. 2. (a) Topography and bathymetry of Europe, Greenland, and the North Atlantic Ocean based on ETOPO1data (NOAA, 2011). Dotted line— Trans-European Suture Zone (TESZ),which
separates the Precambrian East European craton fromPhanerozoic Europe. Abbreviations: AM—Armoricanmassif, BM—Bohemianmassif, GIR—Greenland–Iceland Ridge, IFR— Iceland–
Faeroe Ridge, JM — the Jan Mayen microcontinent, KR — Kolbeinsey Ridge, L — the Lofoten block, MAR — Mid-Atlantic Ridge, MC — Massif Central, NGB — North German basin, RM —

Rhenishmassif, RR— Reykjanes Ridge. Topography of Greenland is shown for bedrock, i.e. without ice (ice thickness increases inland and reaches ca. 3.8 km in the center). (b). Anomalous
bathymetry of the North Atlantic Ocean based on ETOPO1 data (NOAA, 2011) for bathymetry and ages of the oceanic crust based on a global compilation (Müller, 2002). For the North-
Central Atlantic ocean the best-fit square-root-of-age dependence (as predicted by the cooling half-space model) is estimated for the ocean floor younger than 80 Ma. Most of the ocean
floor in the North-Central Atlantic ocean south of the Charlie–Gibbs fracture zone follows the square-root-of-age prediction of the cooling half-space model (gray shading). With few
exceptions, all of the North Atlantic ocean north of the Charlie–Gibbs fracture zone is anomalous. Off-shore regions without magnetic anomalies (continental shelves), as well as the
Mediterranean Sea are shown in white. Black lines — major fracture zones.
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may explain the negative bedrock topography in central Greenland by
balancing the load of the ice cap, as the thickest ice sheet (close to
4000 m thick) is observed at the deepest depression of the bedrock
topography (Bamber et al., 2001).
All topography in western-central Europe is young and shows high
elevations in Cenozoic orogens with the highest peaks in the Caucasus,
Alps, and orogenic belts around the Mediterranean Sea. Notably, Pre-
cambrian areas, Paleozoic orogens and Mesozoic volcanics close to the
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Fig. 3. Tectonic map of Europe, Greenland, and the North Atlantic Ocean (compilation based on various sources). The color codes for the Phanerozoic continents and oceans are adjusted to facilitate comparison. For the continents, the map shows
tectono-thermal (not juvenile) ages of the crust (updated from different sources andmodified after Artemieva et al., 2006). Ages of the oceanic crust are based on a global compilation of Müller (2002). Suspected oceanic crust in thewestern Black
Sea and the southern Caspian Sea is marked by question marks (Beloussov et al., 1988; Zonenshain and Le Pichon, 1986). Red lines— proposed tracks of Iceland hotspot (numbers — ages in My): solid line— for fixed hotspot (Lawver and Muller,
1994) and dashed line — for moving hotspots in a corrected paleomagnetic frame (Torsvik et al., 2008).
Off-shore regions without magnetic anomalies (the shelves with bathymetry typically shallower than 400 m) are shaded gray. Inferred terranes of the Barents Sea shelf (Pre-Neoproterozoic Svalbard massif and White Sea, Neoproterozoic Timan-
Varanger Fold belt, Caledonian West Barents Sea, and Early Mesozoic Novaya Zemlya Fold belt) are after Drachev et al. (2010).
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Fig. 4. Sketch showing the correspondence between the stillwidely-used Russian Protero-
zoic stratigraphic scheme (Semikhatov, 1991) and the International Time Scale (Gradstein
et al., 2012). Bottom axis shows time intervals for major Paleozoic–Proterozoic orogenies
discussed in the text.
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Greenland and Norwegian coasts of the North Atlantic have high eleva-
tion as well (up to ca. 3700 m) despite the fact that the Caledonian
orogen may once have been eroded to sea level (Japsen and Chalmers,
2000). The cause of the present-day high topography on both sides of
the North Atlantic Ocean is the subject of debate (e.g. Anell et al., 2009
and references therein).

Much of the water covered parts of the region are of continental
origin with wide continental shelves along the coasts of Norway and
Greenland and in the Barents Sea, and shallow water seas around the
British Isles, the North Sea and the Baltic Sea (Fig. 2a). The bathymetry
of the North Atlantic Ocean shows characteristic deepening away from
the spreading ridges. However, much of the North Atlantic Ocean is
anomalous (Fig. 2b) with shallow waters most notable in the Iceland–
Faeroe and Greenland–Iceland Ridges, and also at the presumed conti-
nental slivers such as at the East Greenland Ridge, the Jan Mayen
microcontinent and the Rockall plateau (Døssing et al., 2008;
Gernigon et al., 2009; Klingelhofer et al., 2005). A similar shallow
water “ridge” crosses the Baffin Bay (hereafter referred to as the Baffin
Ridge). New oceanic crust is interpreted to be present in the western
Mediterranean (e.g. Müller, 2002). The nature of the crust in the eastern
Mediterranean (the Levant basin south of Cyprus) is still debated, and in
our new tectonic map (Fig. 3) we adopt the results which favor its oce-
anic origin (e.g. Ben-Avrahamet al., 2002; Khais and Tsokas, 1999). New
oceanic crust may also be present in the western Black Sea and the
southern Caspian Sea (both the Black and the Caspian seas include
two independent basins). The ridge which separated the northern
(shallow) and the southern (deep) basins of the Caspian Sea and
served as a part of the ancient Silk Route became submerged recently,
after the 1895 Krasnovodsk earthquake (M = 7.9) (Ivanovsky, 1896;
Kondorskaya and Shebalin, 1977).

The Europe–North Atlantic–Greenland region comprises a unique
mosaic of crustal terranes covering ca. 4 Ga of continental and ca.
170 Ma of oceanic crustal history. Its evolution has been influenced by
a long series of tectonic events, starting from formation of the early
crust in Greenland and in the East European Craton in the Archean,
followed by Proterozoic terrane accretion, orogenesis and subduction,
and subsequent Phanerozoic continent–continent collision at the
edges of the cratons and at plate boundaries, subduction, rifting, volca-
nism, and basin formation, aswell as formation of new crust at theMid-
Atlantic Ridge and in Iceland. Naturally the latest evolution is known in
most detail.We refer to themap in Fig. 3 for tectono-thermal ages of the
upper part of the lithosphere (note that tectono-thermal ages refer to
the time of the last major tectonic event, whereas the geological ages
refer to the time of crustal formation by differentiation from the man-
tle). In discussion of the Precambrian tectonics of the East European
Platform, we follow the still widely-used Russian Proterozoic strati-
graphic scheme (Semikhatov, 1991), since all regional geotectonic stud-
ies are based on it. The correspondence between this scheme and the
International Time Scale is given in Fig. 4.

2.2. Precambrian basement

The oldest crust in the Europe–North Atlantic–Greenland region is
located in the northern and eastern continental parts which include
Greenland and the East European craton (in the following termed
“Norden”). It is mainly of Precambrian age and is primarily made of
crust from the two palaeocontinents: Baltica (most of present day Baltic
Shield together with parts of the EEC) and Laurentia (much of North
America and Greenland), which have been accreted several times, at
least as parts of the Neoarchean Kenorland, Neoproterozoic Rodinia,
Palaeozoic–Mesozoic Pangea supercontinents, and the Laurasia super-
continent after the break-up of Pangaea in the late Mesozoic. Addition-
ally, three large subcratons separated by Riphean rifts (sutures?) are
recognized within the East European Craton: Baltica to the north of
the Central Russia rift system, Sarmatia (including the Ukrainian shield
and the Voronezh massif) to the west of the Pachelma rift, and Volgo–
Uralia in the eastern part of the East European Craton, north of the
Peri-Caspian depression (Fig. 3).

Rocks from the shield areas have been substantially dated due to the
easy access, whereas in most of the East European Craton basement
sampling for dating is complicated by Phanerozoic sedimentary
sequences (up to 15–25 km in thickness on the continental shelves
and around the North Sea area), as well as by the ice cover of Greenland.
In Greenland only samples of the crust in the vicinity of the coast have
been dated due to the presence of the ice cap. The oldest known, well-
preserved crustal fragments, ca. 3.8 Ga old, are found in the Itsaq Gneiss
Complex of southernWest Greenland (Nutman et al., 1993). The crust is
believed to bemainly of Archean to Palaeoproterozoic age, and Archean
rocks have been dated at both the eastern and western coasts of south-
ern Greenland (Kalsbeek, 1993).

The Ukrainian Shield is made of Archean granulite gneisses and
greenstone belts and Paleoproterozoic crustal blocks (Fig. 3) which are
traced in the Archean–Paleoproterozoic Voronezh massif separated
from the Ukrainian shield by the Paleozoic Dnieper–Donets paleorift.
Basement outcrops in the Ukrainian Shield (the Sarmatia subcraton)
have Paleoarchean age (ca. 3.6–3.0 Ga) (Stepanyuk et al., 1998). Similar
ages were reported also in the southernmost part of the Karelian Prov-
ince of the Baltic Shield (the Vodlozero terrane south of the Ladoga
Lake), although the age of the oldest crust of the Baltic shield proper
(in the Kola–Karelian province) is significantly younger, ca. 3.1–2.5 Ga
(e.g. Gaal and Gorbatschev, 1987). A similar age (3.1–2.8 Ga) is found
in the Lewisian Gneiss Complex in northern Scotland; these rocks have
later been metamorphosed and deformed in a major tectonothermal
event at 2.7–2.5 Ga (Macdonald and Fettes, 2006).

The basement of the East European Platform is buried under 3–6 km
cover of Riphean–Mesozoic sediments (Bronguleev et al., 1975;Nalivkin,
1976). As a result, its age is not well known, but data from thousands of
deep boreholes indicate mostly Palaeoproterozoic ages (2.1–1.8 Ga), al-
though Paleoarchean crustmay be present. The oldest basement rocks of
the East European Craton have been sampled in the deep boreholes in
the Volga–Uralia subcraton, where Hf and Nd isotope dating of zircons
indicate a Paleo- to Eoarchean protolith with model ages up to 3.8 Ga

image of Fig.�4


104 I.M. Artemieva, H. Thybo / Tectonophysics 609 (2013) 97–153
(Bogdanova et al., 2010). Basement samples from deep boreholes in the
Middle Volga granulite–gneiss domain indicate ages of 3.3–2.9 Ga (and
perhaps also 3.7–3.3 Ga), although they were subject to later large-
scale amphibolite-facies metamorphism at 2.8–2.6 Ga which could
have reset the isotope systems (U–Pb and Sr–Nd dating, Bibikova et al.,
2008). About eight large greenstone belts are recognized in the (mostly
granulite gneissic) basement of the East European Craton (Lobach-
Zhuchenko, 1988). They form a sublongitudinal belt which extends
from the Black Sea coast to the Kola Peninsula with ages ranging from
ca. 3.2–3.0 Ga in the south to ca. 2.7–2.5 Ga in the north. The Archean–
Proterozoic basement of Fennoscandia probably extends into the Barents
Sea area,where (a part of?) the Svalbard archipelago in the north-west is
of Proterozoic (and locally, Archean) age (Harland, 1997).

A series of terranes were accreted to the Archean provinces of the
Baltic Shield during the Svecofennian orogeny in the late Proterozoic
(2.0–1.8 Ga) (Gaal and Gorbatschev, 1987). Subsequently, the
Sveconorwegian (coevalwith theGrenvillian) orogeny (1.1–0.9 Ga) de-
formed the southern part of the Baltic Shield during the assembly of
Rodinia. Sets of dipping reflections from themantle are imaged laterally
over distances of up to 100 kmat 40–110 kmdepths by high-resolution
seismic reflection experiments in the Bothnian Gulf and Bay, in onshore
Sweden, in the southern Baltic Sea, and in the Skagerrak Strait. These re-
flections are interpreted as relics of paleosubduction associatedwith the
Svecofennian and Sveconorwegian orogenies (Abramovitz et al., 1997;
BABEL WG, 1990, 1993a,b; Dahl-Jensen et al., 1987; Lassen and Thybo,
2004; Lie et al., 1990).

The Riphean (1.35–1.05 Ga) tectonics of the East European Craton is
marked by emplacement of rapakivi granites in its north-western part
and subsequent subsidence of the Baltic Sea (Gaal and Gorbatschev,
1987). The Riphean is also marked by the formation of a craton-scale
rift system across the East European (Russian) Platform (Fig. 3) which
is well expressed in the thickness of the sedimentary cover and in the
structure of the basement (Artemieva, 2007; Kostyuchenko et al.,
1999). This rift systemmay have developed in thepaleosutures between
three autonomous crustal megablocks/subcratons (Baltica in the north,
Sarmatia in the south-west, and Volga–Uralia in the south-east) which
were assembled into the East European Craton (Gorbatschev and
Bogdanova, 1993).

Devonian rifting in the southern parts of the Russian platform (with
peakmagmatism at ca. 350 Ma) led to the formation of the ca. 1000 km
long Pripyat–Dnieper–Donets rift. The rift continues further eastwards
to the Peri-Caspian depression. The central part of the depression was
probably formed by Riphean rifting, followed by Devonian rifting that
may have led to the formation of the oceanic or magmatic crust at the
intersection of two rift systems (the Riphean Pachelma rift and the
Devonian Sarpa and Central paleorifts), which are both characterized
by positive gravity anomalies (Zonenshain and Le Pichon, 1986).

2.3. Palaeozoic orogens

The last collision between Baltica and Laurentia took place during
the Caledonian orogeny (500–400 Ma, Caledonia is the Latin name of
Scotland) along the present western margin of the Baltic Shield and
the eastern margin of Greenland. Further to the south, a micro-
continent or a series of accreted terranes (Avalonia) collided at a triple
junction with Baltica and Laurentia in the North Sea area (Lassen et al.,
2001; Lyngsie and Thybo, 2007; MONA LISA Working Group, 1997a,b).

The major geologic and tectonic boundary in Europe is the Trans-
European Suture Zone (TESZ), which separates the East European
Craton from the Caledonides and Variscides of western Europe and
marks the western margin of the craton. The accretion of a series of
terranes during the Caledonian (500–400 Ma) and the Variscan
(Hercynian, 430–300 Ma) orogenies took place in a ca. 3000 km long
and a 700–1000 km wide belt along the cratonic margin (Pharaoh,
1999; Sengör, 1990; Thybo et al., 1999, 2002; Ziegler, 1986, and refer-
ences therein; Winchester and the PACE Network Team, 2002). The
oldest of the accreted terranes are the Neoproterozoic–Paleopaleozoic
Massif Central and the Bohemian, Brabant, Armorican, Iberian and the
Ardennes massifs (Bosse et al., 2005; Dallmeyer and Tucker, 1993;
Dewey, 1982; Grauert et al., 1973; Guerrot, 1989; Tichomirowa et al.,
2005). Detrital zircons from some of these terranes even indicate
Archean to Mesoproterozoic ages (e.g. Fernandez-Suarez et al., 2002;
Gutierrez-Alonso et al., 2005).

Subduction, orogeny, and crustal shortening affected the accreted
terranes of the Hercynian belt by deformation and metamorphism dur-
ing the Variscan closure of paleo-oceans (Dubuisson et al., 1989; Matte,
1986; Ziegler, 1986). During the late stages of the Variscan orogeny, in-
tensive melting of thickened continental crust (anatexis) created wide-
spread granite intrusions in the crust. Following orogenesis and crustal
shortening, late Palaeozoic large-scale normal faulting and crustal ex-
tension followed, which led to thinning, perhaps analogous to themod-
ern Basin and Range province (Artemieva and Meissner, 2012; Menard
and Molnar, 1988). Significant tectonic activity took place along the
northern segment of the TESZ in the late Palaeozoic–Mesozoic, as ob-
served from faults and rifts with associated magmatism in a system of
rifts which included the Oslo rift and the Central Graben in the North
Sea (Olsen, 1995; Thybo, 1997).

The geographic boundary between Europe and Asia is the Ural
mountain belt, which marks the eastern margin of the East European
Craton. The Uralides orogen is partly exposed in the Ural mountain
belt, the Novaya Zemlya archipelago, and the Taimyr peninsular in the
Polar East Siberia; a substantial part of the orogen is buried under the
sedimentary cover of the West Siberian basin. The Uralides is the only
Palaeozoic orogen which has remained intact with preserved litho-
spheric structure since the Palaeozoic, being trapped within stable
continental interior since its formation. Its Precambrian nucleus is ex-
posed locally in the Northern Urals (1.7 Ga), Central Urals (2.9–2.0 Ga,
SHRIMP U–Pb zircon dating, rocks from the Taratash block), and
Southern Urals (1.63 Ma) (Puchkov, 2010 and references therein).

Accretion of microcontinents, island arcs, volcanic complexes and fold
belts to the passive (and later, in Silurian–early Devonian, active) margin
of the East European Craton during its collision with the Siberian–
Kazakhstan plate gave birth to the Uralides orogen at 450–385 Ma
(main phase) (Zonenshain et al., 1990). The early-middle Paleozoic tec-
tonic evolution of the Urals included: continental and oceanic rifting at
ca. 500 Ma, a passive continental margin stage at ca. 450–320 Ma, and
the development of several Silurian–Devonian subduction systems (in-
cluding east-dipping subductionof theBaltica plate),whichhavedifferent
timing indifferent parts of theUralides orogen. Twomajor island arc com-
plexes (although there are several others known) include the Tagil arc in
the Middle Urals (60–64N) formed at ca. 460–400 Ma (there is some
indication for later subduction reversal when the Alapaevsk island arc
and active continental margin were formed in the Middle Urals,
Kashubin et al., 2006) and the Magnitogorsk arc in the Southern Urals
(50–58N) formed at ca. 400–360 Ma with its likely continuation in the
Mugodjary Ridge to the south (Fig. 2a).

Late Paleozoicwasmarked by active compressional tectonics as indi-
cated by collision-related granitic plutons. The Uralides fold belt was
formed at the final stages of the plate collision (320–250 Ma), when
the oceanic plate between the European and the Siberian–Kazakhstan
plates subducted eastwards (Hamilton, 1970; Sengör et al., 1993). The
orogeny ceased by ca. 260–250 Ma in the SouthernUrals, but it still con-
tinued in the Middle Urals. The Triassic uplift of the orogen, coeval with
scattered basaltic trap magmatism (250–230 Ma), is attributed to a
mantle plume since no Triassic deformation is documented (Puchkov,
1997). In the Middle Jurassic to Miocene (ca. 170–20 Ma), the Uralides
underwent a platform stage of evolution with sedimentation in the
West Uralian and East Uralian zones (similar zones, the Fore-Uralian
and the Trans-Uralian, are recognized in the Polar Urals). The present
day topography came into existence in the Tertiary–Quaternary (Lider,
1976). The past 5 Ma are marked by a new, on-going orogenic activity
which is responsible for the present topography of the Urals (Lider,
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1976; Puchkov, 2010). This topography is as enigmatic as the origin
of high topography in the Norwegian and Greenland coastal ranges
(e.g. Anell et al., 2009).

2.4. Meso-Cenozoic tectonics

The convergence of the European and African plates began at ca.
120 Ma and has led to plate collision, subduction (at 65 Ma), and re-
gional uplift (after 25 Ma) in south-western Europe (Castellarin and
Cantelli, 2000; Schmid et al., 1996). The Alpine deformation extends
from the Pyrenees to the Zagros mountains and includes the fold belts
of the Alps, the Caucasus, the Apennines, and other mountain ranges
around the Mediterranean Sea (see reviews by Blundell et al., 1992;
Cavazza et al., 2004; Coward et al., 1987; Pfiffner et al., 1997). This defor-
mation zone is still active as a result of the collision of the European and
African lithosphere plates which still continues with a convergence rate
of ca. 9 mm/y. The formation of the Carpathians and the Pannonian
Basin may be significantly controlled by the continuous lithosphere
deformation in the Alpine zone (Cloetingh et al., 2004).

The collision of Europe and Africa has affected the tectonic evolution
of the Variscides, as expressed by tectono-magmatic events in the
Central European Rift system that extends from the North Sea to the
Atlas mountains in northern Africa and includes the Rhine graben, the
Rhenish Massif, and the Massif Central in France. Tectonic models that
explain geophysical, petrological, and tectonic observations along the
Central European Rift system include plume-related active rifting, pas-
sive rifting associated with Europe–Africa collisional events, back-arc
rifting, slab pull from the Alpine subduction zone, and asthenospheric
flow from the Mediterranean (for reviews see Artemieva et al., 2006;
Merle and Michon, 2001; Prodehl et al., 1995; Ziegler, 1992).

The Mediterranean Sea is underlain by oceanic crust in many parts,
consisting of young oceanic crust in the western to central areas,
Fig. 5.Major seismic profiles in Europe, Greenland and adjacent regions, which reachMoho. Col
many profiles multiple interpretations exist; in such cases themore recent ormore reliable mod
showmostly profiles within the shelf areas. For regions, where only few seismic profiles exist, w
able. See Table 2 for details.
whereas the oceanic crust in the eastern parts may originate from the
Tethys Ocean (e.g. Müller, 2002). Northward subduction has taken
place in the eastern Mediterranean since the Cretaceous and has
resulted in continental collision leading to the Taurus and Caucasian
ranges (Okay and Tüysüz, 1999; Papanikolaou et al., 2004; Stampfli
and Borel, 2004). Results from seismic tomography indicate that the
subducting slab beneath the Aegean region may extend as deep as
1500 km over a horizontal distance of 2400 km (Bijwaard et al.,
1998). The dextral North Anatolian Fault Zone became active during
the Miocene (Burchfiel et al., 2000; Nikishin et al., 2001; Yilmaz et al.,
2000). The late Miocene initiation of the sinistral Levant (Dead Sea)
transform fault (Mart et al., 2005) decoupled the Arabian indenter
from the African plate, including the continental Sinai–Levant and the
oceanic (?) East-Mediterranean domains.

Whereas there is general consensus that the western part of the
Mediterranean Sea is of oceanic origin, the origin of the crust below
the Alboran Sea is still under discussion. It has been speculated if there
has been northward subduction below the Iberian peninsula since the
late Cretaceous as indicated by high pressure metamorphic rocks
(Faccenna et al., 2001; Zeck, 1999). Simultaneously, the Pyrenean
collision began with northward subduction of continental Iberian litho-
sphere beneath Europe and southward subduction of the oceanic Bay of
Biscay beneath Iberia (e.g. Dezes et al., 2004).

2.5. Oceans

Opening of the southern Atlantic ocean began at 170 Ma and at
80 Ma reached the latitude of southern Greenlandwhere initial spread-
ing took place along the western margin of Greenland forming the Lab-
rador Sea and Baffin Bay basins (Müller et al., 2008). The Caledonian
margins of Greenland and Baltica were rifted apart during opening of
the North Atlantic Ocean which began at about 65 Ma. At ca. 55 Ma
ors refer to the yearwhen crustal models, used in this study, were published. Note that for
els were used. Not all of the on-shore seismic profiles are shown; for off-shore regions we
e show the locations of seismic stations for which Receiver Function (RF)models are avail-
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Table 2
Summary of some of the seismic profiles. Due to the enormous number of publications used in the compilation of the crustal structure andMoho depth in the study area (see Fig. 5 for data
coverage), this table lists (a) only the key profiles and (b) only the key references.

Location Project name Data type Maximal
depth

Vp

accuracy
Key references

Greenland, W. North Atlantic
Greenland–Senja Fracture Zones Refraction, CDP 40 km 2% Engen et al. (2008), Døssing et al. (2008)
Central E. Greenland Refraction 50 km 2% Voss and Jokat (2007), Schmidt-Aursch

and Jokat (2005a,b)
E. Greenland margin SIGMA Refraction, CDP 50 km 2% Holbrook et al. (2001)
Southern E Greenland margin ICE Refraction, CDP 50 km 2% Dahl-Jensen et al. (1998)
Greenland GLATIS RF 50 km 4% Dahl-Jensen et al. (2003), Kumar et al. (2007)
N & central Greenland RF 50 km 4% Dahl-Jensen et al. (2012)
Central E interior Greenland TopoGreenland Refraction 50 km 2% Shulgin et al. (2012), Thybo and Shulgin (in prep.)
W Greenland Refraction 40 km 3% Gohl and Smithson (1993)
W Greenland margin Refraction 50 km 3% Chian and Louden (1992, 1994)
N. American Margin Refraction 40 km 3% Chian and Louden (1992), Lizarralde

and Holbrook (1997)
Labrador Sea Refraction 40 km 3% Chian et al. (1995a,b)
Canadian Margin Refraction 40 km 3% Reid and Keen (1990)
Baffin Bay Refraction 40 km 3% Reid and Jackson (1997)
Baffin Bay, Davies strait AWI Refraction 40 km 3% Skaarup et al. (2006), Suckro et al. (2012),

Funck et al. (2012)

Iceland, Central North Atlantic
Iceland Refraction; RF 50 km 2% Gebrande et al. (1980), Palmason (1986),

Darbyshire et al. (2000), Du et al. (2002),
Foulger and Anderson (2005)
Tilmann and Dahm (2008)

Faeroe–Iceland–Greenland Ridge FIRE Refraction, CDP 40 km 2% FIRE WG (1996), Ljones et al. (2004), Parkin
and White (2008), Staples et al. (1997)

Faeroe islands FLARE Refraction 40 km 3% Richardson et al. (1998)
Mid-Atlantic Ridge Refraction 20 km 4% Canales et al. (2000)
Gakkel Ridge Refraction 20 km 4% Jokat and Schmidt-Aursch (2007)
Knippovich Ridge Refraction 20 km 4% Ljones et al. (2004), Kandilarov et al. (2008)
North Atlantic transects Refraction 30 km 3% Mjelde et al. (2008c)
Kolbeinsey Ridge Refraction 30 km 3% Kodaira et al. (1997)
Reykjanes Ridge Refraction 15 km 3% Angenheister et al. (1980), Weir et al. (2001)
Jan Mayen Refraction 25 km 3% Kodaira et al. (1998), Raum et al. (2006),

Breivik et al. (2012)

E. North Atlantic
Lofoten Refraction 40 km 2% Mjelde et al. (1992), Kodaira et al. (1995),

Tsikalas et al. (2005)
Norwegian Shelf Refraction, CDP 40 km 2–4% Planke et al. (1991), Grevemeyer et al. (1997),

Gomez et al. (2004), Raum et al. (2006),
Mjelde et al. (2008a,b)

Voring area Refraction 40 km 2% Mjelde et al. (1998, 2001, 2005), Raum et al.
(2002), Breivik et al. (2011)

S Norwegian Shelf Refraction 40 km 3% Eldholm and Grue (1994)
Faeroe islands iSIMM Refraction and reflection 40 km 2% White et al. (2008)
Edoras Bank Refraction 30 km 3% Barton and White (1997)
Goban Spur Refraction 30 km 2% Bullock and Minshull (2005)

Barents Sea and Svalbard
Spitzbergen Refraction 40 km 3% Baturin et al. (1994), Breivik et al. (2003, 2005),

Czuba et al. (2005), Czuba (2007), Czuba et al.
(2008, 2011), Minakov et al. (2012)

Barents Sea, Spitzbergen PETROBAR-07 Refraction/reflection 50 km 2% Clark et al. (2013)
West Barents Sea Refraction and reflection 40 km 2% Mjelde et al. (2002), Breivik et al. (2005),

Ritzmann et al. (2007)
Hovgard Ridge Refraction 40 km 3% Ritzmann et al. (2004)
West Barents Sea Compilation 40 km Variable Faleide et al. (2008)
East Barents, Kara Seas 1-AR (1440 km)

2-AR (935 km)
3-AR (2400 km)
4-AR (1370 km)

Refraction/reflection
(DSS/CDP)

50 km 2% Ivanova et al. (2011), Roslov et al. (2009)

Novaya Zemlya 3-AR (2400 km)
2-AR (935 km)

Refraction/reflection 50 km 2% Ivanova et al. (2006), Ivanova et al. (2011)

Scandinavia
Baltic Shield, Sweden FENNOLORA Refraction/DSS 260 km 2% Stangl (1990), Guggisberg et al. (1991),

Perchuс and Thybo (1996)
Central Finland BALTIC Refraction/DSS 80 km 2% Luosto et al. (1990), Azbel et al. (1993b)
Central Finland SVEKA Refraction/DSS 65 km 2% Grad and Luosto (1987)
Kola–Karelia Pechenga–Kostomuksha Refraction data 45 km 2% Luosto et al. (1990), Sharov et al. (1990)
Kola–Karelia Pechenga–Umbozero–Rybachiy Refraction data 45 km 2% Sharov et al. (1990), Azbel et al. (1993a)
Kola-Karelia Kalevala-White Sea Refraction data 45 km 2% Sharov et al. (2010)
Finnish Kola–Karelia FIRE Refraction data 80 km 2% Kukkonen and Lahtinen (2006)
Finland SVEKALAPKO RF 50 km 4% Kozlovskaya et al. (2008), Olsson et al. (2007)
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Table 2 (continued)

Location Project name Data type Maximal
depth

Vp

accuracy
Key references

Scandinavia
Lapland Granulite Belt POLAR Refraction/DSS 80 km 2% Behrens et al. (1989), Luosto et al. (1989),

Walter and Flueh (1993)
Lapland–Kola POLAR, HUKKA, FIRE-4 Reflection/refraction 2% Janik et al. (2009)
Baltic Sea BABEL, Profiles A and B Reflection/refraction 80 km 2% BABEL Working Group (1993a), Abramovitz

(1997), Meissner et al. (2002)
Bothnian Gulf BABEL, Profiles 1–7 Reflection/refraction 61 km

55 km
56 km

2%
2%
2%

BABEL Working Group (1993b),
Ohlander et al. (1993). Korja et al. (2001)

S. Baltic shield Oslo–Helsinki–Leningrad Refraction data 200 km 2% Ryaboy (1990)
Norway, Lofoten Reflection/gravity 40 km Tsikalas et al. (2005)
Norway–Sweden Blue Norma Refraction 50 km 4% Avedik et al. (1984)
Norway Blue Road Refraction 50 km 4% Hirschlebar et al. (1975)
Oslo Graben Refraction 40 km 4% Tryti and Sellevoll (1977)
S Norway Refraction 40 km

40 km
5%
2%

Sellevoll and Warrick (1971),
Stratford et al. (2009)

Norway RF 50 km 4% Ottemoller and Midzi (2003),
Svenningsen et al. (2007),
Frassetto and Thybo, 2013

Scandinavia Compilation 60 km Var. Korsman et al. (1999)
S.Scandinavia Compilation 50 km Var. Kinck et al. (1993)

East European platform
Baltic States Sovetsk–Riga–Kohtla Jarve Refraction/DSS 80 km 4% Ankudinov et al. (1991)
Kola–Polar Urals Murmansk–Kyzyl Refraction data 60 km 4% Kostyuchenko et al. (2004)
EEP, Kola to the Black Sea 1-EB (3700 km long NS

profile)
CDP 80 km 4% Mints et al. (2007)

Mezen–Timan–Pechora basins 3-AR (2400 km long profile,
NW–SE)

Refraction/reflection 50 km 2% Lobkovsky et al. (1996), Ivanova et al. (2011)

Mezen–Timan–Pechora Basins DSS 40 km 4% Kostyuchenko and Romanyuk (1997),
Ismail-Zadeh et al. (1997)

EEP, Precambrian Rifts Seismic/gravity 50 km 5% Kostyuchenko et al. (1999)
NE EEP QUARTZ, KRATON, and other PNE 500 km 4% Egorkin (1991)
NE EEP QUARTZ PNE, Refraction/

DSS
500 km 4% Mechie et al. (1993), Ryberg et al. (1996),

Morozova et al. (2000)
NE EEP KRATON PNE, Refraction 500 km 4% Nielsen et al. (1999), Nielsen and Thybo (2006)
EEP Reflection/refraction

data for many profiles
50 km Var. Volvovsky and Volvovsky (1975), Zverev and

Kosminskaya (1980), Beloussov et al. (1991),
Egorkin (1999)

EEP GEON and VSEGEI data Compilations based on
reflection/refraction,
borehole & potential
field data, tectonic
similarity

60 km 4% Kostyuchenko (1999), Erinchek and Milstein
(2006), Kostyuchenko et al. (2004)

Volga–Uralia Tatseis-2003 Reflection 60 km 5% Trofimov (2006)
EEC, SW–NE Kineshma–Kupiansk (EEGT) Reflection/refraction

data
450 km 2% Yurov (1980)

EEC, SW–NE E–W profile DSS-based composite
profile

50–80 km Variable Pavlenkova and Yegorkin (1983)

EEC, Lithuania to Ukraine EUROBRIDGE Refraction/DSS 55 km 2% EUROBRIDGE Seismic Working Group (1999,
2000, 2001), Thybo et al. (2003)

Ukraine and Ukrainian Shield Reflection/refraction 60 km 5% Sollogub (1980), Ilchenko (1990), Burianov
et al. (1985), Grad and Tripolsky (1995)

Dnieper–Donets rift DOBRE Reflection/refraction 70 km 2% DOBREfraction'99 Working Group (2003),
Lyngsie et al. (2007)

Dnieper–Donets rift Reflection/refraction 50 km 5% Chekunov et al. (1992, 1993), Ilchenko (1996),
Stovba et al. (1995)

DonBas foldbelt Reflection/refraction 60 km 5% Lobkovsky et al. (1996), Maystrenko et al.
(2003)

Pripyat Trough Reflection/refraction 60 km 5% Juhlin et al. (1996b);Thybo et al. (2003)
SW EEC Refraction 60 km 2% Grad et al. (2006a,b)
S EEC (Karpinsky swell) Reflection, CDP 70 km 2% Brodsky and Voronin (1994)
Southern Urals URSEIS Reflection, CDP 70 km 2% Carbonell et al. (1996, 2000), Puchkov (1997),

Steer et al. (1998a,b), Brown et al. (1998),
Suleimanov (2006)

Southern Urals R114, R115 Reflection 70 km 2% Brown et al. (1998), Steer et al. (1995)
Middle Urals ESRU Reflection 75 km 2% Juhlin et al. (1996a), Druzhinin et al. (1997),

Brown et al. (1998), Knapp et al. (1998),
Kashubin et al. (2006)

Middle Urals R17, UWARS Reflection 70 km 2% Druzhinin et al. (1990), Juhlin et al. (1996a),
Thouvenot et al. (1995)

Caspian sea, Peri-Caspian basin DSS/refraction/
compilation

40 km 5% Neprochnov et al. (1975), Beloussov et al.
(1988), Artemjev and Kaban (1994),
Leonov and Volozh (2004)

Caucasus–Caspian–Turanian plate DSS/compilation 50 km Variable Kunin et al. (1992)
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Table 2 (continued)

Location Project name Data type Maximal
depth

Vp

accuracy
Key references

North Sea Region
SW Baltic Shield Eugeno-S Refraction/DSS 130 km 2% EUGENO-S Working Group (1988), Gregersen

(1991), Thybo (1990, 2001), Thybo and
Schonharting (1991)

SW Baltic Shield MOBIL Search CDP/refraction 100 km 4% Lie et al. (1990), Lie and Andersson (1998)
SW Baltic Shield EUGENO-S, BABEL CDP/refraction 40 km 2% Thybo et al. (1998), Thybo (2000)
North Sea MONA LISA CDP/refraction 100 km 2% MONA LISA Working Group (1997a,b),

Abramovitz et al. (1998, 2000),
Nielsen et al. (2000)

Danish Basin ESTRID Refraction 40 km 2% Sandrin and Thybo (2008a,b),
Sandrin et al. (2008)

N. Europe BASIN'96 Reflection, Refraction 50 km 2% Bleibinhaus et al. (1999), Bayer et al. (2002)
Central Graben Refraction 40 km 3% Barton and Wood (1984)
E North Sea Refraction 40 km 3% Sellevol (1973), Christie (1982)
E North Sea SWABS Refraction 40 km 3% McCaughey et al. (2000)
S North Sea Reflection 40 km 4% Rijkers et al. (1993), Rijkers and Duin (1994)
Netherlands Reflection 40 km 4% Duin et al. (1995, 2006)

British Isles
Scotland–Shetland NASP-D Refraction 40 km 4% Smith and Bott (1975)
Scotland MAVIS Refraction 40 km 3% Dentith and Hall (1989)
W of Scotland PUMA Refraction 40 km 3% Powell and Sinha (1987)
Around Scotland Refraction 40 km 3% White et al. (1982), Jones et al. (1984)
England–Scotland LISPB, LISB IV Refraction 100 km 3% Bamford et al. (1976), Barton (1992),

Maguire et al. (2011)
SW of England Refraction 40 km 4% Holder and Bott (1971)
Rockall Rockall Refraction 30 km 4% Roberts and Ginzburg (1984)
Rockall RAPIDS Refraction 30 km 3% O'Reilly et al. (1995, 1996)
Rockall AMP, BANS Refraction 30 km 3% Klingelhofer et al. (2005)
British Isles BIRPS Reflection 40 km – Snyder and Hobbs (1999)
Ireland VARNET Refraction 50 km 2% Abramovitz et al. (1999), Masson et al. (1999),

Landes et al. (2003)
Porcupine Ridge Refraction 40 km 5% Whitmarsh et al. (1974)
Porcupine Sea Refraction 40 km 3% Makris et al. (1988)
Hatton bank, Porcupine Refraction 40 km 2% Morgan et al. (1989), Vogt et al. (1998),

England andHobbs (1997), O'Reilly et al. (2006)
British Isles Compilation 40 km Variable Chadwick and Pharaoh (1998)
British Isles Compilation 40 km Variable Kelly et al. (2007)

Central Europe
N. German Caledonides EUGENO-S Refraction 100 km 5% EUGENO-S WG (1988), Gregersen (1991),

Grad et al. (1991), Perchuс
and Thybo (1996), Yoon et al. (2009)

Baltic Shield to Italy EGT Refraction 40 km 2% Blundell et al. (1992), Ye et al. (1995)
Variscan Europe EUGEMI Refraction 40 km 2% Aichroth (1990), Aichroth et al. (1992)
Poland, across TESZ POLONAISE'97

Profile 1
Refraction/DSS ~45 km 2% Guterch et al. (1999), Jensen et al. (1999), 2002)

Profile 2 ~45 km 2% Janik et al. (2002)
Profile 3 57 km 2% Sroda et al. (1999)
Profile 4 ~45 km 2% Grad et al. (2003)
Profile 5 ~45 km 2% Grad et al. (2005)
Profile TESZ ~45 km 2% Wilde-Piorko et al. (2002)

TTZ in Poland TTZ Refraction/DSS 50 km 2% Grad et al. (1999), Janik et al. (2005)
CELEBRATION 2000 Reflection/refraction

data
Guterch et al. (2003), Malinowski et al. (2005),
Hrubcova et al. (2005), Ruzek et al. (2006),
Sroda et al. (2002, 2006)

Belgium RF 50 km 4% Zhang and Langston (1995)
Belgium Broad-band reflection

data
40 km 6% Sichien et al. (2012)

Variscides Germany,
Poland and France

DEKORP
ECORS

Refraction, CDP 50 km variable Matte and Hirn (1988), Meissner and Bortfeld
(1990), Zeis et al. (1990), Brun et al. (1992),
Prodehl et al. (1992), Zeyen et al. (1997), Jensen
et al. (2002)

N Germany ZIPE Refraction 40 km 2% Rabbel et al. (1995)
Rhine Graben ECORS-DEKORP Refraction

CDP
40 km 2% Gajewski et al. (1987), Fuchs et al.

(1987), Brun et al. (1992)
Central Europe Compilation 60 km Var. Dezes et al. (2004)
Brittany Refraction 40 km 3% Bitri et al. (1997)
Brittany Coast Refraction 30 km 2% Grandjean et al. (2001)
Massif Central Refraction 40 km 4% Sapin and Prodehl (1973)
Massif Central Refraction 40 km 3% Zeyen et al. (1997)
Romania Refraction 40 km 3% Hauser et al. (2007)
Bohemian Massif - RF 50 km 4% Geissler et al., (2012)
Romania CDP/refraction 40 km 3% Mucuta et al. (2006)
Hungary PGT-1 Reflection data 70 km 2% Posgay et al. (1995)
Pannonian Basin Refraction 40 km 3% Weber (2002)
Carpathians, Vrancea VRANCEA Refraction, CDP 40 km 2% Hauser et al. (2001, 2007), Knapp et al. (2005)
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Table 2 (continued)

Location Project name Data type Maximal
depth

Vp

accuracy
Key references

Central Europe
Vrancea RF 60 km 4% Ivan (2011)
Carpathians, Pannonian Basin, EEP CELEBRATION'2000 Refraction 50 km 2% Grad et al. (2006a,b), Janik et al. (2011)
Carpathians, Pannonian Basin, EEP PANCAKE Refraction 60 km 2% Starostenko et al. (2013)

Alpine Region
Pyrenees ECORS Reflection, Refraction 50 km 2–3% ECORS Pyrenees Team (1988), Gallart et al.

(1985), Souriau et al. (2008)
E Alps Refraction 50 km 4% Scarascia and Cassinis (1997)
Austria
E Alps

Alps 2000, 2002 Refraction 60 km 2% Bruckl et al. (2003, 2007), Behm et al. (2007)

Austria Transalps Reflection
Refraction

60 km 2% Bleibinhaus and Gebrande (2006),
Luschen et al. (2004, 2006), Millahn et al. (2006),
TRANSALPWorking Group, 2002

E Alps Compilation 60 km 2–4% Cassinis (2006)
Swiss Alps EUGEMI Refraction 60 km 3% Ye et al. (1995)
W.Alps NRP 20 Reflection, Refraction 60 km 2% Pfiffner et al. (1997), Schmid et al. (1996)
SW Alps Integrated study 50 km 3% Lardeaux et al. (2006)
SW Alps Wide-angle refl. 50 km 4% Thouvenot et al. (2007)
French Alps Broad band 60 km 5% Bertrand and Deschamps (2000)
N Appenines RF 50 km 5% Mele and Sandvol (2003), Agostinetti et al.

(2008)
C Appenines RF 50 km 5% Mele et al. (2006), di Bona et al. (2008)
Dinarides, Croatia RF 60 km 4% Stipcevic et al. (2011)

Iberia
Bay of Biscay Refraction 30 km 3% Ginzburg et al. (1985)
Bay of Biscay Refraction 30 km 2% Lefort and Agarwal (2000)
Bay of Biscay MARCONI Reflection and refraction 30 km 4% Fernandez-Viejo et al. (1998),

Ferrer et al. (2008)
Bay of Biscay Norgasis Refraction 30 km 2% Thinon et al. (2003)
Iberian Peninsula ILIHA Refraction 100 km 2–3% ILIHA DSS Group (1993), Díaz et al. (1996)
Iberian Peninsula Compilation Var. Var. Díaz and Gallart (2009)
Iberia Refraction, compilation 40 km Var Banda (1988)
NW Iberia RF 100 km 4% Díaz et al. (2009, 2012)
NW Spain Refraction 40 km 4% Tellez and Cordoba (1996)
Cantabria ECSIN CDP/refraction 40 km 3% Pulgar et al. (1996), Alvarez-Marron et al.

(1996), Pedreira et al. (2003)
C Spain Refraction 40 km 4% Surinach and Vegas (1988)
Betic Codillera Refraction 50 km 4% Medialdea et al. (1986)
Betic Codillera Reflection 50 km 4% Garcia-Duenas et al. (1992)
Betic Codillera Refraction 50 km 4% Banda et al. (1993)
Betic Codillera Refraction, integrated 50 km 3% Carbonell et al. (1998)
SW Iberia IBERSEIS Refraction 40 km 2% Flecha et al. (2006), Schmelzbach et al. (2008)
Ibrian Margin Refraction 30 km 4% Whitmarsh et al. (1990)
Abyssal plain Refraction 30 km 4% Minshull et al. (1998), Chian et al. (1999)
Gulf of Cadiz Refraction 30 km 3% Gonzalez-Fernandez et al. (2001)
N. Morocco RF 50 km 4% de Lis Mancilla et al. (2012)

Mediterranean Region
Moroccan Margin Reflection 30 km 4% Maillard et al. (2006)
Moroccan Margin RF 40 km de Lis Mancilla et al. (2012)
Atlas Mountains Refraction 40 km 3–5% Wigger et al. (1992), Mickus and Jallouli (1999)
Alboran Sea Tomography 30 km 5% Calvert et al. (2000)
Calabrian Sea Refraction 30 km 4% Cernobori et al. (1996)
Ligurian Sea Refraction 30 km 4% Ginzburg et al. (1986), Makris et al. (1999)
Corsica–Sardinia Refraction 30 km 2–4% Egger et al. (1988), Sartori et al. (2004)
Tyrrhenian Sea Refraction 30 km 3% Duschenes et al. (1986), Contrucci et al. (2005)
NWMed. Basin Refraction 30 km 3% Mauffret et al. (1995)
Italy Refraction, Reflection – Scrocca et al. (2004), Scarascia et al. (1994)
Italy RF Mele et al. (2006), Agostinetti and Amato

(2009), Miller and Agostinetti (2012)
Gulf of Corinth CDP/refraction 30 km 3% Clement et al. (2004), Zelt et al. (2005)
Gulf of Saronikis Refraction 30 km 3% Drakatos et al. (2005)
Ionian islands CDP/refraction 30 km 3–4% Hirn et al. (1996)
Ionian margin Refraction 30 km 3% Nicolich et al. (2000)
Ionian sea Refraction 30 km 5% Makris et al. (1986)
Aegean sea Surface waves 40 km 10% Karagianni et al. (2002)
Aegean plate RF 40 km 15% Zhu et al. (2006), Sodoudi et al. (2013)
E Mediterranean RF 40 km 10% Marone et al. (2003)
E Mediterranean Refraction 40 km 5% Makris et al. (1983)
Hellenic subduction zone Refraction and reflection 40 km 3% Clement et al. (2000), Bohnhoff et al. (2001)
Hellenic subduction zone RF 40 km 5% Li et al. (2003)
Hellenic subduction zone Regional tomography 50 km 5–10% Marone et al. (2003)
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Black Sea, Caucasus, Middle East
Black Sea Basins Refraction/Gravity 40 km 5% Starostenko et al. (2004)
Black Sea Basins Tomography 40 km 5–8% Sayil and Osmansahin (2000)
Black Sea DSS/refraction 40 km 5% Neprochnov et al. (1970, 1975),

Beloussov et al. (1988)
E. Black Sea Reflection 20 km 3% Minshull et al. (2005), Afanasenkov et al. (2007)
Caucasus DSS 50 km ? Yegorkin and Matushkin (1970)
Caucasus Compilation 50 km Var. Krasnopevtseva (1984), Artemjev et al. (1985)
South Caspian RF 40 km 5% Mangino and Priestley (1998)
Turkey RF 40 km 5% Zor et al. (2003), Angus et al. (2006)
Turkey Tomography 40 km 5–8% Gok et al. (2007)
Tuz Golu Basin, Turkey Refraction 40 km 4% Gurbuz and Evans (1991)
Iraq RF 40 km 5% Gök et al. (2008)
Iran Refraction 40 km ? Giese et al. (1984)
Zagros, Iran Zagros01; Zagros03 RF 40 km 5% Doloei and Roberts (2003), Taghizadeh-

Farahmand et al. (2010), Paul et al. (2010),
Vergés et al. (2011)

Dead Sea region Refraction 40 km 2–5% Ginzburg et al. (1981), Mechie et al. (2005)
Dead Sea region RF 40 km 5% Mohsen et al. (2005)
Levant Basin Refraction 40 km 4% Ben-Avraham et al. (2002), Netzeband et al.

(2006)

Abbreviations: CDP = CommonDepth Point; RF = Receiver Function;DSS = DeepSeismic Sounding; PNE = Peaceful Nuclear Explosions; Var. = variable; TESZ = Trans-European Su-
ture Zone; TTZ = Teisseyre–Tornquist Zone.
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themid-ocean ridge jumped to the easternmargin of Greenland. Later, a
westward jump of the spreading axis took place at ca. 30 Ma when the
North Atlantic opening reached the Jan Mayen microcontinent (Mosar
et al., 2002); the latter separated from East Greenland and other conti-
nental fragments, such as the East Greenland Ridge, rifted from the
European side (Døssing et al., 2008; Figs. 2, 3). The Fram Strait between
the North Atlantic and the Arctic Ocean may finally have opened in the
Miocene between 20 and 10 Ma as indicated by plate reconstructions
(Engen et al., 2008).

Long lasting extension that led to the formation of the northern
Atlantic ocean may have formed the economically important Central-
Viking Graben system in the North Sea as well as the verywide continen-
tal shelves along the Greenland and European margins. Along the coasts
on both sides of the North Atlantic ocean, structures of the Caledonian
orogeny are identified onshore in up-to 200 kmwide zones and probably
extend off-shore into the 100–600 km wide continental shelves (Olesen
et al., 2002). In particular, the Barents Sea shelf north of the European con-
tinent experienced strong stretching throughout the time from the Cale-
donian orogeny until break-up, as evidenced by the many rift-like
basins in the region (Faleide et al., 2008). However, the basement in the
Barents Sea is much older than Caledonian and the continental crust of
the shelf is believed to consist of Palaeoproterozoic cratonic and
Palaeozoic accreted crust, covered by a several kilometers thick
carbonate and siliciclastic sequence of Neoproterozoic, Palaeozoic and
Mesozoic–Cenozoic ages (Fig. 3). Possible outlines of the boundaries be-
tween these crustal domains and their tectonic relationships are highly
controversial due to thick sedimentary cover of the Arctic shelf
(Drachev et al., 2010 and references therein). Similarly thewestern conti-
nental shelf of Norway has been extending since the late Palaeozoic or
early Mesozoic, with resulting deep hydrocarbon containing basins; for
a review we refer to Mjelde et al. (2003) and Faleide et al. (2008).

Break-up of the North Atlantic Oceanwas accompanied by intensive
magmatism and volcanism which led to the formation of the North
Atlantic Igneous Province (NAIP) which has been estimated to cover
an area of 1.3 × 106 km2 and totaling a volume of 6.6 × 106 km3

(Eldholm and Grue, 1994). It is mainly observed in eastern Greenland
as much of the magmatic material of the NAIP is today concealed
under water and covered by sediments and as underplated material at
the margins of the North Atlantic (Eldholm et al., 2002; Faleide et al.,
2008; Saunders et al., 1997). It has a spectacular expression in central
eastern Greenland, where the volcanic rocks are found up to high eleva-
tion, including the highest mountain in Greenland, Gunnbjørn Fjeld
with its peak at 3707 m above sea level. A large area of 65,000 km2 is
covered by volcanic sequences around Gunnbjørn Fjeld and it is be-
lieved that the sequence may be up to 7 km thick (Brooks, 2011). The
eruptions apparently took place close to sea level, whichwould indicate
substantial uplift of eastern Greenland after the break-up. The excep-
tionally extensive volcanism in eastern Greenland could have been
caused by the proposed mantle plume, which may now be situated
below Iceland (Lawver and Muller, 1994; Waight and Baker, 2012).
The Arctic shelf of the Barents Sea hosts one more igneous province,
flood basalts of Franz Josef Land and Eastern Svalbard, which erupted
at ca. 125–100 Ma probably as a result of a plume-related magmatic
event (Amundsen et al., 1998).

Iceland is situated at the intersection of two major tectonic struc-
tures: the oceanic spreading zone of the North Atlantic Ocean, diverging
at a rate of 2 cm/y, and the Greenland–Iceland–Faeroe Ridge of shallow
bathymetry, transversing the North Atlantic at ca. 65N (Sigmundsson
and Schmundsson, 2008; Fig. 2a). Young (b16 Ma, Björnsson et al.,
2005) onshore crust in the study area is found in Iceland, where the
spreading ridge has migrated eastwards with spreading on two parallel
ridges during the last 17 Ma, or perhaps even 26 Ma (Foulger and
Anderson, 2005). Due to a distinct depleted component it is possible
that recycled oceanic crust forms part of the Icelandic basalts in the
axial rift zone of Iceland (Chauvel and Hemond, 2002). Alternatively,
an iron-enriched component derived either from a chiefly eclogitic
source (Foulger et al., 2005) or from an ancient OIB seamount structure
(McKenzie et al., 2004) may explain the depleted component.
Fragments of Caledonian or older continental lithosphere may also be
present (Korenaga andKelemen, 2000). Amajor positive geoid anomaly
(+60 m) has its maximum at Iceland. Together with positive free air
gravity values and elevated surface topography (attaining surface eleva-
tions of up to 1000 m) this may indicate significant dynamic support
from the mantle of the bathymetry and topography in a wide zone
around Iceland.

3. Seismic data coverage and existing models of the European crust

3.1. The European continent

A dense network of seismic profiles exists over most of Europe, in-
cluding the continental margins and shelves, whereas the seismic data
coverage is sparse in the rest of the study area, including the oceans,
Greenland and Iceland (Fig. 5). Intensive acquisition of crustal seismic
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data in continental Europe took place in the 1980s and continued in the
1990s, with a very intensive program in central-eastern Europe
at around the turn of the century (POLONAISE, Celebration'2000,
Alps'2000 and Alps'2002) and dense profiling in the Barents Sea during
the past decade. Different techniques (refraction, normal-incidence and
wide-angle reflection, P- and S-wave Receiver Functions (RF), as well as
some application of surface waves) are being used. Due to the large
number of important publications on the structure of the European
crust we will abstain from providing a review of them, but instead
refer to the reviews by Blundell et al. (1992), Artemieva et al. (2006)
and Prodehl et al. (2013–this volume).

The European continent is unique by being covered by a dense net-
work of seismic profiles acquired overmore than 40 years by numerous
research teams fromdifferent countries. The long time span also implies
high variability in the quality of the seismic data and models, resulting
in significant discrepancies in crustal models published by different re-
search groups for the same regions or even along the same profiles.
Given progress in seismic instrumentation and data processing, time
of data acquisition and interpretation provides a rough assessment of
model quality (Fig. 5). However, it is worth noting that some recent
controlled-source seismic experiments, such as in southern Norway
(e.g. Stratford et al., 2009), have confirmed findings of the early seismic
studies in the region (e.g. Sellevoll and Warrick, 1971), clearly indicat-
ing that many crustal models of the 1970s and 1980s provide adequate
and highly reliable models of the crustal structure.

In general, station density, and thereby resolution, has increased
with time. The interpretation techniques have also improved substan-
tiallywith time. A significant advancement in the ability tomodelwave-
forms and amplitudes arose by the introduction of the reflectivity
method (Fuchs and Muller, 1971). Detailed modeling of traveltimes
and amplitudes was enabled by the introduction of ray-tracing
algorithms (e.g. Cerveny et al., 1982), and algorithms that enable assess-
ment of parameter uncertainties (Zelt and Smith, 1992). Due to these
advances, there are sometimes significant differences between old and
recent models along the same seismic profiles, although old results
are also often reliable, in particular concerning crustal thickness. There-
fore our compilation of crustal structure and Moho depth is based pri-
marily on results derived since 1980, supplemented by earlier results
where needed in order to fill in voids. This is, particularly, the case for
the southern parts of the East European Craton, the Caucasus, and the
areas around and within the Black and the Caspian seas, although a
somewhat similar situation exists for France. Besides, there are some
large areas which are poorly covered by seismic data on the crustal
structure and the Moho depth; they include most of the Dinarides and
the Balkans, Turkey, Italy (onlyMoho depth is constrained by RFs), Cen-
tral Russia, parts of western Europe, the Baltic States, and Belarus
(Fig. 5). The situation is now changing with new seismic surveys (in-
cluding RF studies) providing data on the crustal structure of the Medi-
terranean and of the Tethys mountain belt (e.g. Gok et al., 2007;
Hatzfeld et al., 2003; Saunders et al., 1998; Sodoudi et al., 2013; Zhu
et al., 2006; Zor et al., 2003).

3.2. Greenland, Iceland, and off-shore regions

The coverage by crustal seismic profiles in the North Atlantic Ocean
is coarse and still almost no seismic data are available for the northern-
central Atlantic ocean south of Iceland. Most seismic data in the North
Atlantic Ocean have been acquired in oceanic regions with anomalous
bathymetry (compare Figs. 2b and 5) and thus with anomalous crustal
structure (along the Greenland–Iceland and Iceland–Faeroe Ridge,
around the Jan Mayen microcontinent, at the Kolbeinsey Ridge, at the
Azores, and at the margins).

The margins of the British Isles and Norway, including the Arctic
shelf are covered by an exceptionally dense network of recent seismic
profiles (Table 2). The number of seismic surveys along the Greenland
margins, as well as in the Labrador Sea, the Davies Strait and the Baffin
Bay (largely acquired by AWI) is also growing fast, and at the time of the
publication the results of interpretations are available only for some of
them (in some cases, only as preliminary models). New seismic data
has been acquired recently by AWI across the continent–ocean transi-
tion at the Arctic shelf; however the results are not yet available
(Fig. 5). Some crustal seismic profiles have been acquired at the south-
ern margins of east and west Greenland (Fig. 5).

Only one crustal seismic refraction profile has been acquired in
central onshore Greenland in the summer of 2011 as part of
the TopoGreenland project (Shulgin et al., 2012; Thybo and Shulgin,
preparation) and has been included into the present compilation. Oth-
erwise the onshore crustal seismic information is from the GLATIS
broad band seismological experiment (Dahl-Jensen et al., 2003; Kumar
et al., 2007), which has provided estimates of the crustal thickness at
about 20 locations by Receiver Function (RF) analysis. The number of
stations used for RF studies has been expanded recently by new obser-
vations from the northern part of Greenland (Dahl-Jensen et al., 2012)
and these preliminary results are also included into the present compi-
lation.Most of the seismic stationswere deployed close to the coast, but
some locations are within the central part of the ice cover (Fig. 5). At
three stations, two published models of crustal thickness based on RF
analysis differ by up-to 11 km, with the S-wave RF results of Kumar
et al. (2007) showing systematically smaller values for all but one sta-
tion than the P-wave RF results by Dahl-Jensen et al. (2003). The recent
refraction seismic profile shows that thedeeper values are probably cor-
rect in the center of Greenland, and similar indication is found from
comparison to a profile from Scoresbysund Fjord (Schmidt-Aursch and
Jokat, 2005a). In the present model we therefore adopted the larger
values of crustal thickness from the RF (see also the discussion in
Section 6).

The structure of the crust in Iceland has been intensively studied
by numerous controlled-source seismic surveys since the 70s–80s
(Table 2) complemented by a more recent RF study of the crustal thick-
ness (Darbyshire et al., 2000; Du et al., 2002). Although the velocity
structure of the Icelandic crust iswell established, the total crustal thick-
ness gives rise to a strong controversy despite being based on the same
or very similar seismic data; different petrologic interpretations are
possible for the nature of a high-velocity layer at around the crust–
mantle transition, which may be considered as gabbroic “lower crust”
(e.g. Menke and Levin, 1994) or an anomalous peridotite mantle
(Schmeling, 1985) (see Section 8.3.4 for further discussion). Clearly,
the interpreted depth to Moho depends on the choice of petrologic in-
terpretation. We favor the former interpretation as more consistent
with seismic and heat flow data and our compilation includes Moho
depths according to the “thick crust model”. A similar controversy
about the Moho nature has been discussed recently for passive margins
(Mjelde et al., 2012). For these regions, we adopt depth to Moho as
interpreted in the original publications.

4. New regional crustal model EUNAseis: methodology

4.1. Sampling procedure

4.1.1. Seismic profiles
Here we extend a crustal model of the East European craton

(Artemieva, 2007) to cover the whole study region (including the
European shelves and margins, Greenland, Iceland, and the adjacent
parts of the North Atlantic Ocean and of Asia Minor). The crustal
model EUNAseis of the Europe–North Atlantic–Greenland region
presented here is based solely on first order seismic observations of
the crustal structure (Fig. 5, Table 2). Overall exclusion of gravity data
from our crustal compilation, in contrast to other recent crustal models
for the European plate (Table 1), makes it a valuable tool for potential
data modeling.

The new crustal database is based primarily on seismic refraction/
wide-angle reflection profiles (Fig. 5). Additionally, seismic normal-
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incidence profiles and Receiver Function interpretations have been used
in areas that are sparsely sampled by seismic refraction profiles (cf.
Table 2). For the Turanian plate where all seismic data are old (Fig. 5),
we have included interpolated data for the Moho depth and thickness
of sediments (Artemjev and Kaban, 1994) based on a large number of
regional Soviet seismic profiles (Godin, 1969; Kunin et al., 1973;
Ryaboy, 1966).

Most of the available seismic profiles were digitized to obtain a
dense coverage of the study area (for complete reference list to all seis-
mic data included in the database see Electronic Supplement 1). Given
the immense amount of seismic models available for the region, we
do not implement any kind of quality assessment, as we do in the com-
panion study for Siberia (Cherepanova et al., 2013–this volume). In
cases, where multiple interpretations are available for the same seismic
data, only one (usuallymost recent) interpretation has been included in
the database. Similar approach is used in those rare cases where several
seismic surveys have been acquired basically along the same line. In
case of alternative seismic models (e.g. for Iceland, see Section 3.2), in-
dependent information (such as gravity-based models) is used, where
possible, to choose between them.

Model completeness (see Cherepanova et al., 2013–this volume, for
details) varies substantially regarding information on the crustal struc-
ture provided by different seismic studies. While recent interpretations
provide detailed information on the structure of all crustal layers, many
old profiles could reliably resolve only the major velocity contrasts, i.e.
at the top of the basement and at Moho. We do not include information
onmodel completeness in Fig. 5; but an indirect indicator is provided by
the time of interpretation.

4.1.1.1. Refraction/wide-angle reflection profiles. The sampling interval for
the initial digitization of the refraction profiles was based on the vari-
ability (wavelength of the Moho depth or velocity changes) of the pro-
file in concern. This means that the sampling interval is large (ca. 30–
50 km) where the Moho depth and internal crustal velocity structure
remain constant, and very dense (down to 5 km lateral distance)
where abrupt changes occur either in the Moho depth or in velocity.
This strategy ensures that the individual profiles are adequately sam-
pled for the subsequent interpolation onto a regular grid.

The Vp-velocity structure of the crust is based solely on the refrac-
tion profiles (Vs-velocities are available only for very few profiles and
are not included in the compilation). The database includes information
on individual crustal layers; each layer is specified by Vp-velocity
and thickness; additionally the upper mantle Pn velocity (N7.8 km/s)
is included (lateral, vertical, and amplitude resolution of different pa-
rameters is discussed in Sections 5.1, 6.1, and 7.1). For continental
crust, the following traditional subdivision has been adopted:

(i) sedimentary cover with Vp b 5.6–5.8 km/s (see Section 5.1 for
details);

(ii) upper crust typically with Vp b 6.4 km/s;
(iii) middle crust typically with 6.4 b Vp b 6.8 km/s;
(iv) lower crust typically with 6.8 b Vp b 7.2 km/s;
(v) high-velocity lower crustal layer with Vp N 7.2 km/s.

Importantly, along many refraction/wide-angle reflection profiles,
seismic velocities reported for various crustal layers between first-
order reflectors fall outside the above listed Vp ranges (the reason the
word “typically” is used above). As such, these “typical” boundary veloc-
ities are used as “guidelines” to separate the crustal layers only where
the published models do not include clear first-order reflections to de-
fine the startigraphy and do not include information of the boundaries
between the crustal layers.

Similar strategy was adopted for oceanic and transitional crust,
i.e. our subdivision of the crust into individual layers follows published
original interpretations. For the sake of model simplicity and consis-
tency, parameters (Vp and thickness) specifying layers in oceanic and
transitional crust from top to bottom are put into the same categories
(columns) as for layers of the continental crust, from top to bottom,
even though Vp velocity and composition of these layers in the crust
of different origin are essentially different.

4.1.1.2. Normal-incidence reflection profiles. Seismic normal-incidence
profiles have been interpreted for depth to Moho along selected pro-
files, where no refraction profiles are available. The base of reflectivity
from the crust mostly coincides with the wide-angle reflection defined
Moho, which may also coincide with a coherent, continuous normal-
incidence reflection, as demonstrated in many profiles from various
tectonic settings (e.g. Abramovitz and Thybo, 2000; BABEL Working
Group, 1993a; Mooney and Brocher, 1987).

We applied these principles for digitizing depth to Moho along
the selected normal-incidence reflection profiles. However, we have
avoided interpretation where gaps appear in the coverage of an other-
wise well resolved Moho reflection or reflectivity interval, thus effec-
tively introducing a long-wavelength smoothing where there is no
evidence for short-wavelength changes. Such gaps may be caused by
intrusion of mafic magma into the crust, representing effectively a
magmatic underplated layer (e.g. Thybo and Artemieva, 2013). Short-
wavelength variations in the Moho depth have been included into the
database when there is clear evidence in the normal-incidence reflec-
tion seismic data for such abrupt change.

4.1.2. Receiver Functions

4.1.2.1. Authored interpretations. Receiver Function (RF) estimates of the
Moho depth have been introduced into the database (at ca. 1000 loca-
tions in total at the time of the publication), particularly in regions
where the coverage by seismic refraction/wide-angle reflection profiles
is sparse. This information is crucial mostly for Greenland, Italy and Asia
Minor (Fig. 5), but it is also important for mapping short-wavelength
variations in the Moho depth in many other regions. In some regions
(e.g. central Greenland), there is a significant discrepancy between the
results reported by different interpretations. In such cases, we use inde-
pendent constraints such as from seismic refraction profiles to choose
between the alternative models (see Section 3.2).

RF estimates are included as point data, assuming that the seismic
conversion point is below the seismic station. This approach is not
fully correct as the conversion points are offset from the station, but
given that most published Receiver Function interpretations only
provide one stacked value at each station, without considering
back-azimuth variation, this is the best possible approach. Given the
relatively steeply traveling P-waves after conversion, the uncertainty
introduced by this approach is negligible, considering the lateral scale
we are interested in. No velocity information has been included from
RF interpretations.

4.1.2.2. Automated RF estimates. In addition to traditional, “manual” RF
interpretations, we have included automated Receiver Function surveys
which, within our study area, are available through the IRIS website for
243 stations (Electronic Supplement 2). These estimates provide
valuable, although probably not always well-constrained, information
on the Moho depth in numerous “white spots” (Fig. 5).

Following the approach of Zhu and Kanamori (2000), the IRIS web-
site shows theHk space for each station for determining simultaneously
the parameters that best explain the observed Moho conversions: the
Moho depth (H) and average crustal Vp/Vs ratio (k). We use this infor-
mation to check manually the Hk solutions for all stations with com-
plexity of the Hk-pattern greater than 0.5. For many of these stations,
the automatic solution gives extreme Vp/Vs ratio (b1.65 or N1.9). As a
result, 70 stations are not included in the database, and for 19 stations
automatic Moho estimates are replaced by alternative manually picked
Hk pairs. The following strategy has been adopted.



Fig. 6.Uncertainty associatedwith interpolation. (a) Difference between depth toMoho based onkriging and “nearest neighbor”methods. In both cases interpolation radius is 3°. (b) Stan-
dard deviation of interpolation for the depth toMoho, interpolation radius is 3°. The same interpolation parameters are used to produce Fig. 10. In regions with very dense data coverage
the uncertainty of interpolation is 1–2 km. Total uncertainty for the Moho depth sums up from the uncertainty of seismic models (1–2 km for good profiles and 2–4 km for RF), an un-
knownuncertainty due to discrepancies betweenmodels produced by different authors, and the uncertainty added by data interpolation. The total uncertainty can hardly be assessed and
in some cases it can reach ca. 5 km or more, particularly in regions with sparse seismic data coverage where interpolation alone produces uncertainty of up to 8 km.
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Fig. 7. Thickness of sediments (a) and depth to the basement from sea level (b), constrainedwith interpolation radius 3°. Themajor difference between themaps is for deep-water parts of
the Atlantic ocean. Isolines are shown with a 2 km spacing. Gray shading— regions with less than 1 km of sediments. White shading— regions with no data or excluded from the study.
Off-shore regions are constrained by a 5′ NGDC global compilation (Divins, 2008) updated and corrected by recent seismic data, in particular, for the continental shelves of Greenland/
Newfoundland (see Table 2 for details) and the Barents Sea (Drachev et al., 2010). For the continental part, the sedimentary thickness is constrained by seismic data complemented by
data from EXXON (1985) based on high-resolution regional seismic surveys and drilling. Both maps are constrained with a 3° × 3° interpolation. Although the interpolation method
has been chosen to preserve the magnitudes, many details may be missing, in particular due to averaging in regions with a highly variable thickness of sediments.
Thickness of sediments in the Arabian plate is after Konert et al. (2001) and in the Turanian plate after Babadzhanov and Kunin (1991).
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Fig. 8. Standarddeviation of interpolation for thickness of sediments (a). Themap is constrainedwith the same interpolation parameters as used to produce Fig. 7. Thickness of sediments is
constrained better than depth to Moho due to a large amount of borehole data and shallow exploration studies. (b) Average Vp velocity in the sedimentary cover. Themap is constrained
with a 1° × 1° interpolation, given strong variability in the parameter. Given incomplete information on the structure of the sedimentary cover in our database (see caption to Fig. 7), this
map illustartes only general trends.
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• Stationswith less than 10 earthquakes are excluded, except for stations
located in “white spots” where seismic data are lacking (e.g. station
GFA in Tunisia with only 2 processed events);
• Out of 54 stationswith complexity N0.75, 33 are excluded either due to
multiple choice for the solution or unrealistic Hk pairs. The remaining
stations are kept either because they are located in areas with no
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Fig. 9.AverageVpvelocity (a) anddensity (b) in the sedimentary layer of the European region as a function of layer thickness. Vp is basedon seismic data for the entire region included into
the crustal database. Color code indicates depth to Moho. Solid line shows the best polynomial fit to data based on data by Laske and Masters (1997) and used by Molinari and Morelli
(2011) to constrain Vp structure of the sedimentary layer in Europe. The regression fit reflects mostly the effect of compaction, and apparently does not account for lateral variations
in composition and metamorphic state (e.g. from complex burial history) of the sedimentary cover. (b) General trends of density variation with depth in somemajor sedimentary basins
of the ex-USSR (Avchan andOserskaya, 1985; Oserskaya and Podoba, 1967) clearly demonstrate that, depending on regional tectonics, there are significant differences in density structure
of different basins.
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other seismic data, or the estimated Moho depth is in agreement with
other existing seismic models in the vicinity of these stations;

• Stations for which the automated RF solution contradicts regional seis-
micmodels (e.g. stationMELI in NorthernMoroccowith aMoho depth
of 51 km in the automatic solution vs 23–29 km in regional studies)
are excluded;

• In case of duplicate data (manual and automated) for the same station
(e.g. Summit station SUMG inGreenland), we keep the values based on
manual interpretations.

As a result, Moho depth estimates are added for 173 stations (Elec-
tronic Supplement 2). This permitted us to close “white spots” (i.e. re-
gions with otherwise no seismic data on the crustal structure) such as
in the Central Russia (the Moscow region), parts of France and
Germany, the Apennines, the Balkans, easternMediterranean, northern
Africa, and the Azores (Fig. 5).

4.2. Interpolation and map presentation

4.2.1. Interpolation strategy
The database (EUNAseis crustal model) is constrained by point data

along seismic profiles and (for RFs) at seismic stations, and is available
as interpolation on a regular grid. Given the uneven data coverage,
very dense in some parts and very sparse in other parts of the region,
our choice of interpolation radius is governed by the following
considerations:

(i) to provide a continuous coverage of the entire region, avoiding
“white spots”; this would allow for an easy application of the data-
base in various regional studieswhere crustal correction is needed;

(ii) to preserve amplitudes and variation of all of the parameters (Vp
and thickness) for individual crustal layers, depth to Moho, and
Pn velocity; this would additionally allow for regional analysis of
links between crustal structure and tectonic setting.

To address consideration (i), parts of theMediterranean Sea with no
seismic data and with bathymetry greater than 2 km (the suspected
oceanic crust (Fig. 3)) are assigned 8 kmthickness of the crust (the East-
ern Mediterranean Sea and the deep-water basins south of the
Hellenic subduction zone in the Western Mediterranean Sea). This
value is to some degree arbitrary since, with few exceptions, no seismic
profiles cross these deep-water basins. A seismic refraction profile
across the 2.5–3.5 km deep basin of the Tyrrhenian Sea shows a total
crustal thickness of 6–8 km (Duschenes et al., 1986) and thus by analo-
gy a crustal thickness of 8 km is assumed for other deep-water parts of
the Mediterranean Sea.

We prefer to leave most of the southern part of the North Atlantic
Ocean blank, given that in much of the area the bathymetry does not
follow predictions for “normal oceans” (Fig. 2b) and the oceanic crust
may be anomalous. Particularly, for the Azores, Moho depth estimated
by automated RFs is ca. 20 km (Electronic Supplement 2).

4.2.2. Implementation and uncertainty analysis
Consideration (i) dictates the choice of interpolation radius. In

continental Europe, the largest gap between seismic models (in the
Moscow region) can be almost closed by a 3° interpolation distance;
similar gap exists in the northern part of the Atlantic ocean. Given the
scarcity of seismic data in Greenland, we decided to leave this region
with white spots.

To address consideration (ii), several interpolation methods and
strategies have been tested to determine the method and the parame-
terswhich allow for preservation of amplitudes and shapes of all param-
eters in the database (Fig. 6a). For control, the difference between
seismically determined and interpolated values has been routinely ana-
lyzed for all model parameters. The “nearest neighbor” interpolation
method has shown to be the best in preservation the shapes and the
amplitudes, particularly in regionswith large lateral gradients in crustal
properties.

We quantify the uncertainty associated with interpolation (also
see Sections 5.1 and 7.1); its value depends on the density of seismic
data coverage and is comparable to the resolution of the seismic
methods for most of the study area. We use a cross-validation proce-
dure for kriging interpolation based on data-constrained variograms
(Fig. 6b). Since data cross-validation cannot be directly used for the
“nearest neighbor” interpolation method, the parameters of both
interpolation procedures have been adjusted to achieve very close
similarity between the methods and between the observations and
the seismic models (Fig. 6a). The largest uncertainties are in regions
with sparse seismic data coverage where interpolation uncertainty is
up to 8 km for thickness (depth).

In relation to consideration (ii) we also consider how to prevent
uncontrolled interpolation “leakage” to regions without seismic data.

image of Fig.�9
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Given the dense data coverage inmost of the European continent, no ar-
tificial effort is made for this area. However, we “damp” interpolation
“leakage” across the ocean–continent transition in regionswithout seis-
mic data by artificially assigning 8 km thick crust in a narrow corridor
on the oceanic side of the transition from the shelf to deep water. This
includes four tectonic regions: western North Atlantics around New-
foundland, the Arctic part of the North Atlantics, the southern coasts
of the Black Sea and the Mediterranean Sea.

In summary, the following interpolation strategy is adopted for the
production of maps illustrating the new EUNAseis crustal database. All
maps illustrating crustal structure in the European–North Atlantic re-
gion are produced by the “nearest neighbor” interpolation method
with a 3° search radius and are sampled on a 0.5° × 0.5° grid. Short
wavelength sampling allows for preservation of small scale variations
in the crustal structure, and only very limited regions in the study area
have adequate coverage by seismic models (Fig. 5) to justify coarser
sampling. We emphasize that neither a 3° search radius nor a 0.5° sam-
pling grid correspond to the true resolution of the EUNAseis crustal
model which is controlled by the seismic data coverage (Fig. 5).

Finally, high-frequency “noise” unsupported by seismic data (such
as “bull's-eye” anomalies produced by interpolation) has been removed
by low-pass filtering. Random comparison of gridded data with seismic
models shows preservation of the seismic information during the inter-
polation procedure. However, as with any interpolation, small-scale
anomalies are significantly smeared in amplitude and size, similar to
smearing of tall but laterally small mountain peaks on topographic
maps.

5. Sedimentary cover

5.1. Preamble

Thickness of the sedimentary cover and the depth to the basement
are illustrated in Fig. 7; clearly the major difference between the two
maps is for deep oceans. Note that for Greenland we do not include ice
into the sedimentary cover; information on inland ice thickness can be
found at the NOAA web-site and is shown by Artemieva and Thybo
(2008). For normal oceans (i.e. oceans where the bathymetry follows
the square-root-of-age dependence) (Schroeder, 1984), the sedimentary
thickness is based on a 5′ NGDC global compilation (Divins, 2008).
For the continental part and the continental shelves, the sedimentary
thickness is constrained by seismic data (Electronic Supplement 1),
complemented by data from the EXXONmap (1985); the latter incorpo-
rates results from high-resolution regional seismic surveys and drilling.
Given that a large amount of recent (post-EXXON map) borehole
data and high-resolution regional seismic data has been acquired for
commercial purposes and is not publically available, our model for the
sedimentary cover can be missing many details. Sedimentary thickness
in the Barents Sea is adopted largely from Drachev et al. (2010) with
some modifications in accordance with available seismic profiles (Elec-
tronic Supplement 1), when in conflict. The seismic Vp velocity structure
of the sedimentary layer is discussed in Section 5.7.

Seismic definition of the top of the crystalline crust is not unique.
Given typical composition of sediments, in western Europe it is usually
defined as the depth where the seismic velocity reaches 5.4–5.6 km/s,
whereas in most of the East European Platform covered by a thick se-
quence of high-velocity carbonates and metasediments the top of the
basement is usually associated with Vp ~ 5.8 km/s (Beloussov et al.,
1991), while in the southern parts of the East European Platform (e.g.
the Donbas coal region) it may correspond to the depth where the Vp
velocity even reaches 6.0–6.2 km/s (Kostyuchenko et al., 2004). These
differences in the boundary velocity at the sediment–basement transi-
tion are adopted in the present study when no direct information on
the depth to the basement is reported in original publications.

Given a significant amount of commercial seismic andborehole data,
thickness of the sedimentary cover is well constrained in many regions,
in particular in regions with oil and gas deposits. There are, however,
large regions (e.g. deep-water Mediterranean Sea) where no seismic
or borehole data are available. As a result, the uncertainty of the maps
(Fig. 7a, b) is rather non-uniform. Additional uncertainty arises from
the interpolation of the available data. Its value depends on the density
of data coverage and is ca. 1.5 km for most on-shore areas and ca. 2 km
for off-shore areas (Fig. 8a), given that the density of available data is
uneven formost of the region. Note that these values do not incorporate
the true uncertainty in the thickness of sediments as estimated by
geophysical methods. While for most of the area interpolation uncer-
tainty for the Moho depth is comparable to the resolution power of
seismic methods, the interpolation uncertainty for the thickness of sed-
iments is significant and in some cases may reach 30–50% of the true
value.

5.2. Key patterns

Major observations that follow from the maps of the depth to the
basement (Fig. 7a) and thickness of the sedimentary cover (Fig. 7b)
are the following (further details are provided in Sections 5.3–5.7):

• The sedimentary cover is less than 1 km thick in the shield areas
which are of Archean–Mesoproterozoic age.

• Sedimentary basins formed on the Variscan crust are relatively shal-
low (2–3 km deep) and similar in thickness to much of the platform
cover in Proterozoic Europe.

• Deep basins, withmore than 10 km sediment, are found in large parts
of the European region. Most of them are located on Precambrian
crust and the deepest (with ca. 20 km of sediment) formed in the
Paleozoic. Main depocentres are observed in the southern part of the
East European Platform (including the Caspian Sea region), along
the craton margins (including the Polish–German Caledonides),
and in the Paleozoic rifts (including the Peri-Caspian basin and the
Dnieper–Donets rift). Thick sequences of sediments are in the fore-
land basins (such as the Aquitaine and Po basins), on the continental
shelves (most notable in the eastern Barents Sea), in the intra-
mountain depressions (e.g. the Kura basin in the TransCaucasus),
and in the Black Sea.

• The sedimentary cover is less than 1 km thick inmany of the collisional
orogens andmountain ranges (the Alps, the Apennines, the Caledonian
ranges of Norway, Greenland and North America, the Urals). However,
a thick (8–10 km) layer of sediments is reported for the Zagros moun-
tains to the west of the Main Zagros Fault (Vergés et al., 2011).

• The young ocean floor of the North Atlantic ocean lacks sediments,
except for the anomalous crust around Iceland and the Jan Mayen
microcontinent.

• The Vp velocity structure of the sedimentary layer is highly heteroge-
neous with short wavelength variations (Fig. 8b).

• As a rule, average Vp velocities in sedimentary layer are better
correlated with the tectonic age rather than with basin depth
(Fig. 9a). No correlation is observed between average Vp in the sedi-
mentary sequence and Moho depth. Significant differences in Vp
structure of the sedimentary successions occur in different basins
even at local scale (cf. Section 5.7).

5.3. Cratonic crust

The shield areas of the East European Craton (the Baltic Shield, the
Ukrainian Shield and the Voronezh massif) and Greenland are almost
void of sedimentary cover. In most of the East European Platform the
thickness of the sedimentary cover is between 2 and 7 km, showing a
general eastward increase from ca. 2–3 km in the central part of the
platform to 5–7 km in the graben structures at the western margin of
the Urals. Deposition of a thick sequence of sediments along the Ural
mountainsmay have been caused by a dynamic downflexure of the cra-
tonic lithosphere in response to the Urals orogeny with a west-dipping
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subduction (Mitrovica et al., 1996). The southern parts of the platform
continue to subside during the latest 200 Ma (Nalivkin, 1976) as a
result of a dynamic flexure associated with the collision of the Arabian
(Turkish) plate and the Scythian plate and the Africa–Eurasia collision.
Alternatively, or additionally, the post-Devonian subsidence of the cra-
tonic lithosphere may have a compositional origin caused by metaso-
matic enrichment of depleted cratonic lithosphere mantle by Fe-rich
heavy basaltic melts caused by the Devonian magmatism (Artemieva,
2003), as suggested by the spatial correlation between the areas of
Meso-Cenozoic subsidence and areaswith a compositionally dense lith-
ospheric mantle as constrained by lithospheric buoyancy and by Vp/Vs
ratio in global and regional seismic tomography models (Artemieva
et al., 2006).

5.4. Rifted cratonic crust

The East European Craton is cut into three parts by two trans-cratonic
Riphean rift systems: the SW–NE stretching Central Russia rift system
which from west to east includes the Orsha, Valday, and Soligalich rifts
and a roughly perpendicular rift system which separates Sarmatia from
Volga–Uralia and includes the Don–Medveditsa rift at the edge of
the Peri-Caspian depression and the Pachelma–Saratov trough (rift) bor-
dering the Voronezh massif in the east; at the northern end the rift
turns westwards forming the Moscow branch with the rift junction
roughly beneath Moscow (Fig. 3). These Riphean rifts mark the suture
zones along which three Archean–Paleoproterozoic subcratons were
amalgamated in the Proterozoic (Gorbatschev and Bogdanova, 1993).
A number of seismic surveys have been acquired across them
(e.g. Kostyuchenko et al., 2004). The results show that the rifts are well
expressed in the structure of the sedimentary cover, with sedimentary
sequences there 1–3 km thicker (e.g. 4–5 km in the Pachelma rift)
than in the adjacent areas of the East European Platform (where sedi-
mentary cover is ca. 1.5–2 km thick).

Palaeozoic (Devonian) rifting in the southern parts of the East
European Craton created the Dnieper–Donets rift and rifted the Peri-
Caspian basin (Leonov and Volozh, 2004). The sedimentary successions
of the Dnieper–Donets Rift are 4–5 km thick in the north-western part
(chiefly chalk and mergels, with salt in the lowermost horizons),
10–12 km in the south-eastern part, and up-to 20–24 km thick locally
in the central part of the rift. In the Donbas coal region in the south-
central part of the rift, the sedimentary successions which include
thick coal deposits with high seismic velocity (5.6–5.8 km/s) are more
than 10 km, and in places 20 km, thick (DOBREfraction'99 Working
Group, 2003; Maystrenko et al., 2003).

The very deep Peri-Caspian depression apparently formed on Pre-
cambrian basement in the southern part of the Volga–Uralia subcraton.
The oldest sediments reached by deep drilling are from the Middle
Ordovician. The central, post-rift basin of the Peri-Caspian depression
is filled with 16–20 km (locally 22–26 km) of sediments as indicated
by results from interpretations of seismic refraction and wide-angle
seismic reflection data (Bush and Kaz'min, 2008; Effimoff, 2002;
Segalovich et al., 2007; Volozh et al., 1996). The thickness of sediments
in the peripheral parts of the Peri-Caspian depression is ca. 7–10 km.
The northward extension of the belt of thick sedimentary cover fills
the Urals Foredeep.

5.5. Phanerozoic crust

The main geologic–tectonic border in Europe (TESZ) is marked by a
chain of basins with at least 5 km of sedimentary rocks. Although in
places (e.g. the Polish Trough and the Danish and the North German
Basins) they reach up to 20–25 km in thickness, commonly sedimentary
thickness in the Danish–Norwegian Basin is 5 to 10 km (Grad et al.,
2003; Jensen et al., 1999; Lassen and Thybo, 2012; Thybo, 1997). How-
ever, in most of central (Variscan) Europe, including the Paris basin,
the sedimentary cover is generally only ca. 2–3 km thick. Similarly,
in large parts of the Pannonian basin the thickness of sediments is
2–3 km, increasing to ca. 5 km (locally more) in the Great Hungarian
Plain and the Transylvanian basins (Horvath et al., 2006).

Notable exceptions are the deep foreland basins such as the
asymmetric Aquitaine basin (withmore than 11 km of sediments accu-
mulated in the southern part along the northern edge of the Pyrenees),
the Ebro basin in north-eastern Iberia, and the Po basin in northern Italy
with at least 6 km of Pliocene sediments lying above 3–4 km thick
Mesozoic carbonate sequence (Haan and Arnott, 1991). In the Caucasus,
the foredeeps and inter-mountainous basins are more than 8 km deep,
with the deepest succession (ca. 16 km) accumulated in the Kura basin
(Trans Caucasus).

5.6. Off-shore regions

Deep sedimentary basins continuewestwards from the German and
Danish Basins into the North Sea, where very deep (locally reaching
20 km, e.g. in the Skagerrak graben where sedimentation could have
begun already in the late Proterozoic) small-size pre-Permian basins
are present (Lassen and Thybo, 2012). Typically, the thickness of sedi-
ments in the North Sea is the largest in the Central graben (locally up
to ca. 10 km) with ca. 3 km (locally up to 5–6 km) in the North and
South Viking grabens, and thinning to 1–3 km towards the coasts.

The continental shelf of the Barents Sea area formed on Archean–
Proterozoic basement. Main subsidence occurred during the Mesozoic
in the eastern Barents Sea where the South and North Basins have sed-
imentary thicknesses around 20 km (Engen et al., 2008; Ritzmann et al.,
2007). In the western Barents Sea, continuous subsidence took place in
small basins since Middle Carboniferous rifting. Presently these basins
contain up to 10–12 km of sediments (for overview see Ritzmann
et al., 2007; Drachev et al., 2010).

In the North Atlantic ocean, the thickness of sediments increases to-
wards the coasts, but is close to zero in the young oceanic crust. Anom-
alous oceanic crust around Iceland has locally 2–4 km of sediments,
similar to the coastal areas around Greenland and the Baffin Bay.

In the Black Sea, the thickness of sediments is larger than 16 km in
the Western Black Sea depression, and 8–11 km in its Eastern depres-
sion (Beloussov et al., 1988; Minshull et al., 2005). The thickness of
the sedimentary successions in the basement depression of the South
Caspian Sea is 22–24 km decreasing to ca. 16 km in the North Caspian
Sea and to 10–12 km in the Central Caspian block.

The amount of seismic data on sedimentary thickness in the Medi-
terranean Sea remains very limited. A number of seismic profiles have
been recorded during the VALSIS experiment along the eastern Iberian
margin (e.g. Maillard and Mauffret, 2011). They document a strong
short-scale variability in thickness of sediments which ranges from ca.
2–3 km in the Valencia Basin and the Alicante shelf to ca. 1 km or less
in the Ibiza channel. Thick Meso-Cenozoic sequences (ca. 6 km) are
reported for the Adriatic Sea, reaching ca. 10 km in its oil-bearing north-
ern part (Mattavelli et al., 1991). Gravitymodeling along aNSprofile be-
tween southern Italy and Africa suggests the presence of a ca. 8 km of
sediments beneath the Sirte basin which decrease in thickness to ca.
5 km beneath the deep-water part of the Ionian Sea (Cowie and
Kusznir, 2012). In the eastern Mediterranean (the Levant continental
margin) seismic refraction data indicates the presence of 10–14 km
thick sedimentary sequence (Ben-Avraham et al., 2002); no seismic
data have been found by the authors for the deep-water basins of the
Mediterranean Sea.

5.7. Average Vp in sedimentary layer

The samplingdensity in the sedimentary basins is lower for seismicVp
velocity than for the thickness of the sedimentary succession because
most seismic data, targeting basins, is based on the normal-incidence seis-
mic reflection method, which does not provide reliable information on
seismic velocity. We include all available data on the thickness of the
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sedimentary successions from seismic reflection and refraction investiga-
tions, and complement it by information from other sources (see
Section 5.1), whereas for the seismic velocity of the sedimentary succes-
sions we only rely on the results from seismic refraction investigations
and acoustic logging in boreholes,where available. Due to incompleteness
of information on the seismic velocity structure of the sedimentary layer,
we do not distinguish soft and hard sediments, but instead incorporate
average P-wave velocity (Vp) in the sedimentary layer (calculated as av-
erage weighted by thickness) in cases where details on Vp structure in
sedimentary successions are provided in original seismic models.

This approach leads to a map of average seismic Vp in the sedimen-
tary basins which shows large short-wavelength variation (Fig. 8b) and
clearly indicates that seismic velocity and thickness of sedimentary ba-
sins do not correlate with each other (Fig. 9a). Overall there is a large
scatter between average seismic Vp velocity in the sedimentary strata
and total thickness of the sedimentary successions. The same plot also
shows a large scatter in the cross-plot between thickness of the sedi-
mentary succession and Moho depth. Some extremely deep basins
(with thicknesses of about 20 km or more), such as the Peri-Caspian
Basin and the Eastern Barents Sea, have very high average velocity (up
to 4.5–5 km/s), whereas other deep basins with more local extent
(e.g. the Polish Trough and the North Sea) have relatively low Vp veloc-
ity. In shallow basins, the average velocity covers the entire range from
about 2 to 5.8 km/s, and is probably mainly controlled by basin age and
burial history of the basin fill as indicated by some regional studies (e.g.
Japsen, 1998; Nielsen et al., 2011). Although deep basins are generally
characterized by high seismic velocity, there is substantial scatter even
for 10 km deep basins and the range of average velocity narrows out
only to the deepest (N10 km) basins.

A direct relation between average seismic velocity and thickness of
sedimentary basins has been suggested by Molinari and Morelli
(2011) based on a correlation study of a global digital database of sedi-
ment thickness (Laske and Masters, 1997), even though the latter is in
part constrained by geological similarity rather than by geophysical
data. Although these authors find that there is substantial scatter in
the actual point distributions, they use the empirical relation between
Vp and thickness to estimate the former from the latter (Molinari and
Morelli, 2011). The shape of their relation between average Vp and
thickness of sedimentary basin suggests that sediment compaction is
the major control of density (and Vp) increase with depth. However,
our results demonstrate that such simple correlation does not exist
and factors other than compaction play important role in controlling
Vp and density structure of sedimentary basins.

Our database, constrained by direct observations of seismic velocity
and basin depth, shows that any direct relation between the average Vp
and thickness of sedimentary basin is unlikely (cf. Fig. 9a). It is evident
that a general, direct relation between the two parameters cannot
exist, considering the huge differences in depositional history between
old (Proterozoic to Paleozoic) platform covers with high average veloc-
ity and young basins (many of Mesozoic and Cenozoic age) with low
average velocity in sediments. In general, most areas show some corre-
lation between basin age and average sediment velocity, instead of
correlation between basin depth and velocity. Clearly, the burial history
(including composition and metamorphic state of the sediments and
sedimentary rocks) also influences the actual average sediment
velocity. Thismay be amajor reason that the old platform covers in gen-
eral have extremely high velocity, caused by long term metamorphosis
and possible deep burial since deposition. These considerations explain
the large differences between the map of average sediment velocity
based on the assumption of a direct relation between thickness and ve-
locity (Molinari andMorelli, 2011) andourmap (Fig. 9a),which is based
on actual seismic Vp measurements in the various sedimentary basins
and platform covers. For example, in sediments of the Baltic Shield,
the Vp velocity is ca. 2 km/s according to Molinari and Morelli (2011)
and 5.4–5.7 km/s according to seismic models (e.g. Guggisberg et al.,
1991). Generalized plots for the relation between Vp and sediment
thickness based on regional geological data confirm that, although the
overall relation between density (and Vp) in sedimentary layer is simi-
lar to the one adopted by Molinari and Morelli (2011), there are signif-
icant differences between different basins of Eurasia (Fig. 9b).

6. Crystalline crust

6.1. Preamble

The following section discusses the structure of the crust in the
Europe–Greenland–North Atlantic region. It includes the depth to
Moho (Figs. 10a, 11) compared to other available crustal models
(Fig. 12), the thickness of crystalline crust (Fig. 10b), the interior struc-
ture of the crystalline crust as defined by Vp seismic velocities
(Figs. 13–16), including thicknesses of the individual crustal layers
and their average Vp velocities, as well as average Vp velocities in the
crystalline crust and in the entire crust (Fig. 17). We further compare
the regional crustal model with other available global and regional
models for the structure of the crust in the Europe–Greenland–North
Atlantic region (Fig. 18). Pn-velocities at the top of the mantle are
discussed in the next section (Fig. 19). Five crustal-scale cross-sections
are chosen to illustrate major tectonic structures in the region (Fig. 20).

The summary of the crustal structure in Europe, Greenland, Iceland,
the North Atlantic and adjacent regions focuses on controversies in the
existing interpretations, rather than on providing a comprehensive
description of the model of the crust. Details of specific areas and the
European continent can be found in a series of reviews and crustal com-
pilations (e.g. Artemieva and Meissner, 2012; Artemieva et al., 2006;
Blundell et al., 1992; Burollet, 1986; Dezes et al., 2004; Foulger et al.,
2005; Grad et al., 2009; Jensen et al., 2002; Kelly et al., 2007;
Meissner, 1986; Meissner et al., 1987b; Pavlenkova, 1996; Prodehl
et al., 1995; Ritzmann et al., 2007; Tesauro et al., 2008; Thybo, 1997;
Ziegler and Dezes, 2006). Prior to discussion of specific details on the
structure of the crystalline crust in Europe–Greenland–North Atlantic
region, we list the key patterns for each of the crustal characteristics
and provide some comments related to the resolution and uncertainties
of the crustal model and its visual presentation. This is followed by a
brief discussion (with the key references) of the crustal structure for
major tectonic provinces in the region (Section 8).

6.2. Depth to Moho and thickness of crystalline crust

6.2.1. Uncertainties in crustal thickness
It is hardly possible to provide a realistic estimate of the uncertainty

for the depth to Moho (Fig. 10a) and thickness of the crystalline crust
(Fig. 10b). While the uncertainty for the Moho depth as calculated in
regional crustal models is 1–2 km for good quality seismic profiles and
2–4 km for the RF models, the overall uncertainty for the entire region
cannot be estimated due to a significant controversy between crustal
models produced by different authors. As it is discussed for Greenland
and Iceland (Sections 3.2, 8.1 and 8.3), one of the problems arises in in-
terpretations of the nature of the high-velocity (N7.2 km/s) layer at the
depth where the base of the crust may be expected (e.g. Mjelde et al.,
2012). Depending on petrological interpretation of this layer (high-
velocity (partially eclogitized) lower crust, low-velocity (partially
molten) upper mantle, or a crust–mantle mixture), the difference in
the calculated Moho depth may reach ca. 10 km (Thybo and
Artemieva, 2013–this volume). In some regionswith a complex tectonic
evolution, double Moho can exist (e.g. caused by two subduction sys-
tems as under the Alps). In such cases the choice of the shallow, Adriatic
(Tesauro et al., 2008) or the deeper, European Moho as the base of the
crust is subjective, and here the deeper of two Mohos is incorporated
into the EUNAseis database.

Additional uncertainty which arises from the interpolation is
addressed in detail in Section 4.2 (also see Fig. 6). To compensate for un-
even data coverage in the study area, for visualization purpose the



Fig. 10. Depth to Moho from sea level (a) and thickness of the crystalline crust (b). Moho depth is constrained by seismic data (see Fig. 5 for data coverage and Table 2 for some details);
thickness of sediments is constrained as specified in Fig. 7. Both maps are constrained with a 3° interpolation radius chosen to preserve the magnitudes; however, in regions with highly
variable crustal and sedimentary thicknessesmany details can bemissing due to interpolation averaging. (c, d) Depth toMoho based on the same seismic data but constrainedwith a 0.5°
and 1° interpolation radius. Assumed values along the western North Atlantics and Arctics, used in a 3° interpolation to “damp” interpolation “leakage” across the ocean–continent tran-
sition in regions with no seismic data, are removed (see Section 4.2 for details).
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Fig. 10 (continued).
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Moho depth is interpolated within a 3° radius which allow for a contin-
uousmapping in all regions except for Greenland. Although the interpo-
lation method has been chosen to preserve the magnitude of the Moho
depth variations, the resultingmaps (Fig. 10ab) do not include all small-
scale details present in our crustal database and shown in regional
crustal maps, such as for central-western Europe in the area defined
by 16W–24E and 35N–61N (Dezes et al., 2004) or in the area 25W–

35E, 35N–71N covered by the crustal model EuCRUST-07 (Tesauro



Fig. 11. Statistical properties of the European continental crust (on-shore and shelves) for
different tectonic settings and as function of crustal tectono-thermal age. (a) Thickness of
the crust (including sediments) and its crystalline part; (b) Thickness of four crustal layers
(high-velocity lower crust is included as a part of the lower crust); (c) Average Vp velocity
(calculated by weighted averaging of layer thickness) in the crust (including sediments)
and in its crystalline part; also shown is Pn velocity at the top of the mantle. Vertical
lines — standard deviation of the parameters. Tectonic settings follow the categories in
Table 3, that also provides futher details.
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et al., 2008). Note that the true resolution of our crustal model as
constrained by seismic data is finer than 3° × 3°, as is illustrated by
Fig. 10cwhere interpolation radius of 0.5° is used. Thismap also demon-
strates that the claimed uniform lateral resolution of 15′ ×15′ in the
EuCRUST-07 model (Tesauro et al., 2008) or 0.5° × 0.5° in the EPcrust
model (Molinari and Morelli, 2011) is not supported by the existing
seismic data coverage for a significant part of the area, unless gaps in
seismic data coverage are filled by gravity constraints, tectonic consid-
erations, and interpolation.

Although our database for the off-shore regions is significantly more
extensive than other published compilations, a particular problemwith
seismic data coverage exists in the North Atlantic Ocean (Fig. 5). This
problem is discussed in Section 4.2. While anomalous regions (where
bathymetry is not proportional to the square root of age, Fig. 2b) of
the North Atlantic Ocean north of 50N are well covered by seismic
data (Fig. 5), the region south of Iceland largely lacks seismic studies.
In contrast to the EuCRUST-07 and EPcrust models (Molinari and
Morelli, 2011; Tesauro et al., 2008), where the parts of the North Atlan-
tic ocean not covered by seismic models are assignedMoho depth from
the global CRUST2.0 model (Bassin et al., 2000), we decided to leave
these regions blank, given that substantial parts of the region may
have anomalous crustal structure.

6.2.2. Key patterns for Moho depth
Major observations that follow from the map of the depth to Moho

(Fig. 10a) are the following:

• The Precambrian crust of the cratons (including the Archean–
Paleoproterozoic crust) has highly variable thickness. Depth to
Moho varies from less than 40 km in rifted parts of the East
European Craton to ca. 60 km at the Archean–Paleoproterozoic suture
in the Baltic shield.

• Thick crustal roots (50–60 km) are typical for Archean–
Paleoproterozoic terranes and are documented for the Karelian prov-
ince of the Baltic Shield and the Volga–Uralia subcraton. In both cases,
thick crustal roots are apparently associatedwith ancient sutures (col-
lisional zones).

• The craton to noncraton transition across the TESZ is marked by a
sharp (ca. 10 km) decrease in theMoho depth over a short lateral dis-
tance of less than 100 km.

• Young (Phanerozoic) crust has as variable thickness as the ancient
crust. Its thickness ranges over more than 20 km, from ca. 30 km in
the Variscides to more than 50 km in the young orogens of the Alpine
belt. Note that due to their small lateral dimensions, areas with
thick crust in these orogens and with thin crust in some deep basins
(e.g. grabens of theNorth Sea) cannot be resolved by the presented in-
terpolated maps, although the variation is preserved in the compiled
EUNAseis database.

• The shelves appear to have a rather uniform depth to Moho of ca. 32–
36 km in the Arctic shelf and ca. 20–24 km along the margins of
Greenland, western Norway and the British Isles.

• The shelf to ocean transition is narrow and commonly occurs within a
50 km wide zone.

• The Greenland–Iceland and the Iceland–Faeroe Ridges have anoma-
lous crustal thickness. Early interpretations favored an oceanic affinity.
The belt of anomalous crust may continue at about the same latitude
to the west of Greenland across the Baffin Bay (termed here as the
“Baffin Ridge”).

• Anomalously thin crust in some parts of the Mediterranean, western
Black Sea and southern Caspian Sea, where seismic data exist, may
be indicative of oceanic origin.

6.2.3. Key patterns of the thickness of the crystalline crust
Additional conclusions can be derived from themap of the thickness

of crystalline crust (Fig. 10b):

• The thickness of crystalline crust shows greater variations than depth
toMoho. In particular, variations in thickness of crystalline crust in the
East European Craton span from ca. 60 km in the Baltic Shield to less
than 15 km in the deepest parts of the Peri-Caspian depression.

• Several tectonic structures of the Europeanplate have a very thin crys-
talline crust. They include deep basins in the North Sea rift system
(10 km thick or less), western Black Sea (less than 15 km), southern
Caspian Sea, and probably the eastern basin of the Black Sea where
ca. 7 km thick basement has been reported recently (Minshull et al.,
2005); although the latter result remains controversial and it may
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Fig. 12. Differences in depth to Moho between the new regional model EUNAseis and three other crustal models: a global model CRUST 2.0 (Bassin et al., 2000) and two regional models
(Grad et al., 2009; Tesauro et al., 2008). In each case, the newmodel is sampled on the same grid as the onewith which it is compared. For comparison with CRUST1.0model (Laske et al.,
2013) see Electronic Supplement 2.
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Fig. 13. Thickness of the upper part of the crust (5.6 b Vp b 6.8 km/s) (a) and its average in situ Vp seismic velocity measured in seismic surveys (b). Both maps are constrained with a
3° × 3° interpolation method chosen to preserve the magnitudes (see Fig. 5 for data coverage).

124 I.M. Artemieva, H. Thybo / Tectonophysics 609 (2013) 97–153
be uncertain if the basement is of oceanic origin.
• Lack of regional correlation between variations in thicknesses of the
sedimentary cover and crystalline crust and a greater variability of
the latter indicates that some of the deep processes related to crustal
formation and modification are not fully reflected in the structure of
the sedimentary cover, and that isostatic compensation may not be
achieved at Moho in some of the tectonic regions.

• Below the sedimentary cover, the crustal structure of the shelves is
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Fig. 14. Thickness of the lower part of the crust (6.8 b Vp b 7.6 km/s) (top) and its average in situ Vp seismic velocity measured in seismic surveys (bottom). Both maps are constrained
with a 3° × 3° interpolation method chosen to preserve the magnitudes (see Fig. 5 for data coverage). The color scale for the layer thickness is the same as in Fig. 13.
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very heterogeneous. Large variations in thickness of the crystalline
crust (from less than 15 km to more than 30 km in the Barents Sea)
suggest that the Arctic basins may not be isostatically compensated,
probably due to a strong lithosphere.
We have carried out a statistical analysis of the data on crustal
properties in our database for the continental crust of the European con-
tinent (on-shore regions and shelves) (Table 3 and Fig. 11). Other regions
were excluded because of insufficient data coverage for a meaningful
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Fig. 15. Seismic properties of the crust showing thicknesses of the upper (a) and lower (b) parts of the crust plotted versus average in situ Vp seismic velocities in these layers. Red arrows
show the “rifting trend”.

126 I.M. Artemieva, H. Thybo / Tectonophysics 609 (2013) 97–153
analysis. By the crustal age, the data were analyzed for six age
intervals: Archean, Palaeoproterozoic, Mesoproterozoic, Neoproterozoic,
Mesozoic–Palaeozoic, and Cenozoic. Crustal tectono-thermal age data
on 1° × 1° bins are adopted from the TC1 model (Artemieva, 2006). Ce-
nozoic regions were further subdivided by topography into two groups:
lower than 500 m (platforms and basins) and above 500 m (orogens
and highlands). We also included the shelves, without specifying their
crustal age. The analysis shows systematic, although statistically weak,
variations in crustal structure with age. On average, Archean–
Palaeoproterozoic crust has similar thickness of ca. 42–44 km, whereas
crust younger than 1.7 Ga is only 35–38 km thick and shows no correla-
tion with age (Fig. 11a). The correlation between the thickness of the
crystalline crust (which does not include sedimentary sequences) and
the crustal age is more pronounced, if young orogens are excluded from
the analysis. Statistically, the thickness of the crystalline crust changes
from ca. 41 km in the Archean and Paleoproterozoic terranes to ca. 33–
35 km in the Meso- and Neoproterozoic terranes, and to ca. 30 km in
Meso-Cenozoic crust, given that sedimentary cover is often found above
thinned crust andmost of the thick sedimentary covers is found in Phan-
erozoic regions. Thick crustal roots in young orogens have thickened
crust as expected, although given their relatively small lateral extent
the statistical analysis based on a 1° × 1° grid also includes the adjacent
regions (in some cases, foredeep basins with large sedimentary
sequences).

6.2.4. Comparison with other crustal models
We present a comparison of our new regional crustal model

EUNAseis with other, digitally available, crustal models for the region.
These include CRUST 2.0 (Bassin et al., 2000), EuCRUST-07 (Tesauro
et al., 2008), and Moho depth in the European plate (Grad et al., 2009)
(Fig. 12). To make the comparison adequate, our database is resampled
to the same grids as the other crustal models with an interpolation
method chosen to preserve the amplitudes. Omitting discussion of par-
ticular details, the major observations from the comparison are the
following.

We expect that the depth toMoho is one of the best resolved param-
eters in seismic surveys. However, the amplitude of differences be-
tween our model and other crustal models used for the comparison
is astonishing large, up to +/−20 km for Moho depth (Fig. 12a, b).
The major differences observed in all maps are for the well-
constrained belt of anomalous crust between the Faeroe Islands
and Greenland (ca. 8–10 km difference) and for the Mediterranean
region (15–20 km difference in deep water basins with oceanic
crust). However, given the scarcity of seismic data in the latter region
and the assumptions behind our model for these basins (see
Section 4.2.1), the large difference between the crustal models for
parts of the Mediterranean may be insignificant. It is clear that new
marine seismic data acquisition is needed there.

Our comparison shows that the CRUST2.0model (Bassin et al., 2000)
has the largest deviation from regional seismic models on Moho depth
for significant parts of the region (Fig. 12a). CRUST2.0 has significantly
different values for Moho depth for the Alps, the Pyrenees, the region
with the thick crust in Central Finland, the North Sea, and the
Carpathian–Pannonian region. It underestimates the depth to Moho in
most of the East European craton and the Barents Sea shelf by ca.
5 km. In contrast, the crustal thickness along the rifted margins of the
North Atlantic ocean is significantly (by 10–15 km) overestimated.
Fig. 5 shows that a large amount of newhigh-resolution seismic data be-
came available for the region of study since thatmodel was constrained,
particularly along the North Atlantic margins, while for regions without
seismic coverage the CRUST 2.0model has been constrained by tectonic
similarity.

On the whole, comparison between our model and CRUST 2.0 in
areas with dense coverage by high-quality data (Fig. 12a) shows that
global models constrained by statistical tectonic similarity are reason-
able as a low-resolution tectonic generalization, but are erroneous at
high-resolution and the approach obviously fails in those large areas
where the crust has anomalous structure, like the Greenland–Iceland–
Faeroe and Baffin Ridges, deep basins, margins, and cratons with thick
crustal roots. The significant discrepancy between the CRUST2.0
model and the seismic structure of the crust reduces the value of
regional crustal models which put high weight to the CRUST2.0 values
(e.g. Molinari and Morelli, 2011).

There is a significant difference between our model and the regional
EuCRUST-07 model (Tesauro et al., 2008). Except for the western
Mediterranean (discussed above), themajor differences are for thewest-
ern Alps, the Pyrenees, the Aegean, southern Italy, Morocco, the region
with the thick crust in the Baltic States, the North Sea, and the
Greenland–Iceland–Faeroe Ridge (Fig. 12b). The discrepancy for the
Alps arises from the fact that while EuCRUST-07 considers the depth to
the shallow Adriatic plate as depth to Moho, our database adopts the
deeper Moho which corresponds to the subducting European plate. For
other regions the origin of the differences is less clear, and we attribute
them to the fact that for the on-shore part the EuCRUST-07 model is
constrained not only by seismic but also by potential field data. For
some tectonic provinces, the differences arise due to incomplete infor-
mation on the crustal structure included in the EuCRUST-07 model. Par-
ticularly, for the Aegean, Italy and Morocco, the RF constraints on Moho
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Fig. 16. Relative thicknesses of the upper and lower parts of the crust (a) and ratio of average in situ Vp seismic velocities in the upper and lower parts of the crust (b).
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depth became available only recently (Agostinetti and Amato, 2009; de
Lis Mancilla et al., 2012; Miller and Agostinetti, 2012; Sodoudi et al.,
2013). Similarly, at the time EuCRUST-07 was constructed, seismic
data did not exist for significant parts of off-shore regions (compare
with Fig. 5). Since most of the North-Atlantic Ocean has anomalous
crust, neither assumptions on typical 7–8 km thick oceanic crust,
nor constraints by tectonic similarity (EuCRUST-07 model incorpo-
rates data from CRUST2.0 for oceans with no seismic data, but clearly
for these regions CRUST2.0 also is constrained not by seismic data),
nor simple extension of the crustal structure by interpolation (e.g.
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Fig. 17. Average in situ Vp seismic velocity in the crystalline crust (a, c) and in the entire crust (b, d) together with the maps showing the difference between the two applied averaging
methods (e, f) (see Fig. 5 for data coverage). Average Vpmay be calculated as the averageweighted by layer thickness (a, b). This approach directly reflects physical properties of the crust
and Vpmay be converted to density as is routinely done in gravity studies. Another way to average Vp is byweighingwith the travel time required for a seismicwave to pass through each
layer (c, d). This calculated average Vp can be used in tomography to introduce crustal correction. The difference between the two approaches is important in areaswith thick sedimentary
cover. All maps are constrained with a 3° × 3° interpolation method chosen to preserve the magnitudes. White areas in (a–d)— regions without seismic data. Compare with Fig. 10.
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Fig. 17 (continued).
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to fill-in gaps between different compilations that are included into
the EuCRUST-07 model) can provide correct constraints on the
anomalous oceanic crustal structure.
For the continental part of Europe, there is a close correspondence
between our model and the regional model for the depth to Moho by
Grad et al. (2009) (Fig. 12c). The major differences are for Greenland
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where new seismic models are becoming available only now (Shulgin
et al., 2012), for the deep water basins of the Mediterranean (note
that for the Tyrrhenian Sea our model is based on seismic refraction
data, Table 2), for the North Sea which is well covered by seismic
profiles (Fig. 5), for the Greenland–Iceland–Faeroe Ridge (covered by
several refraction profiles), for the Southern Caspian, and for the west-
ern basin of the Black Sea. For the latter two regions only old Soviet pro-
files exist (plus few RFs for the Southern Caspian (Mangino and
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Priestley, 1998)), and new seismic data are needed for high-resolution
crustal models.

6.3. Internal structure of the crystalline crust

6.3.1. Preamble
We illustrate the internal structural and compositional heterogeneity

of the crystalline crust by showing thicknesses and Vp seismic velocities
in two crustal layers (Figs. 13–14). The upper crustal layer is specified by
5.6 b Vp b 6.8 km/s, whereas the lower crustal layer has Vp velocity
above 6.8 km/s. Our presentation does not follow a traditional approach
in which 3–4 layers are recognized within typical continental (cratonic)
crust, although this approach has been implemented in the EUNAseis
database compilation (see Section 4.1.1). In the definition adopted
here, the upper part of the crust (UPC) includes both “upper” (felsic,
with typical 5.6 b Vp b 6.4 km/s) and “middle” (with an intermediate
composition and typical 6.4 b Vp b 6.8 km/s) crustal layers, whereas
the lower part of the crust (LPC) includes “lower” (mafic) crust with
typical 6.8 b Vp b 7.2 km/s and a high-velocity lower crustal layer with
Vp N 7.2 km/s.

The reason for such a simplified presentation of the internal crustal
structure is the occurrence of significant ambiguity in the recognition
of the crustal layers, in particular for seismic profiles with no refraction
data. Old interpretations (particularly abundant for the southern parts
of the former USSR, Fig. 5) have a large uncertainty in determining
both seismic velocities within crustal layers and their thicknesses. In
some cases, a significant discrepancy exists between crustal models
based on the same data but interpreted by different groups, and in
many other cases interpretations of the upper andmiddle crustal layers
remain controversial, oftenmaking it essentially arbitrary as towhere to
put the boundary between them. To add to the complication, reduced
velocity layers are often reported for mid-crustal depths, thus allowing
to include both the reduced velocity layer and the layer above it into the
upper crust, or alternatively to include them both into themiddle crust.
The situation with the lower and high-velocity lowermost crust is sim-
ilar, in addition to the fact that many studies do not separate these two
layers but show a gradual increase in seismic velocities with depth.
However, even with our simplified two-layer crustal model specifica-
tion, it is often unclear where the boundary between the upper and
the lower portions of the crust should be placed.

Our conservative estimate is that the uncertainty in the thickness of
each of the two layers can locally be as large as ca. ±5 km. Yet it is highly
variable, and depends on data coverage and quality of the original data
and seismic model. The uncertainty in average Vp in each of the two
layers is ca. ±0.1 km/s but can be locally even higher. Similar to all
other maps presented here, the maps in Figs. 13–14 are constrained
with a 3° × 3° interpolation method chosen to preserve the magnitudes.
The additional uncertainty due to interpolation is insignificant as com-
pared to the uncertainty (and ambiguity) in the subdivision of the crust
into the top and bottom portions. Note that for the south-eastern parts
of Europe, Asia Minor, the Mediterranean, and significant portions of
the North Atlantic ocean, the data coverage is too coarse for the analysis
to be meaningful, and these regions should be considered with caution.

6.3.2. Upper part of the crust (UPC)

6.3.2.1. Variations in thickness of UPC. In the subdivision adopted here,
the upper part of the crust (5.6 b Vp b 6.8 km/s) includes the upper,
felsic, crust and the middle crust with intermediate composition
(Fig. 13). The major regional patterns include:

• In on-shore regions, theUPC is thicker than 20 kmalmost everywhere
with notable exceptions in southern Europe (however, note that the
15–20 km thick UPC in the Dinarides and Balkans is not well
constrained by seismic data and may result from interpolation,
compare with Fig. 5 for data coverage).
• In much of the craton UPC is ca. 30 km thick. Regions with thick UPC
are directly correlated with thick cratonic roots such as observed in
the Archean–Paleoproterozoic Karelia and Volga–Uralia. Given that a
very similar correlation is observed both in Paleozoic and young
orogens (Urals, Alps, Pyrenees), one can speculate that thick UPC in
Archean–Paleoproterozoic blocks may result from Precambrian
orogenic events.

• Compared to “undisturbed” cratonic crust, cratonic regions with ex-
tended crust have thinned UPC (Fig. 15a). This pattern is observed in
the Riphean Central Russia rift of the East European platform and is
particularly pronounced in the Peri-Caspian and the Timan–Pechora
basins. In the Peri-Caspian basin the UPC is thinned to ca. 8–10 km
(and the upper, granitic, layer is almost absent), whichmakes grounds
for speculations on a semi-oceanic origin (e.g. Zonenshain and Le
Pichon, 1986). In the Central Russia rift system, crustal extension ap-
parently led to thinning of the UPC at the cost of thinning of the rhe-
ologically weak middle crustal layer (Artemieva, 2007).

• In agreement with the previous conclusion, thicknesses of UPC and
sediments are strongly anticorrelated in the Barents Sea shelf, the
North Sea and some other deep basins such as the North and South
Caspian Sea basins and the Western Black Sea basin.

• Deepwater oceanic regions and theMediterranean Sea have thin UPC,
usually less than 10 km. A similar pattern is observed in the deepparts
of the North Atlantic Ocean.

• Surprisingly, the Greenland–Iceland–Faeroe Ridge and the Baffin
Ridge have a thickened UPC as compared to adjacent oceanic regions.
The difference amounts to 8–10 km and thus is well resolved by the
available seismic data. The presence of a thick low-velocity upper
crustal portion speaks against an oceanic origin of the crust in these
ridges.

• In contrast, the thickness of UPC in other shallow parts of the North
Atlantic ocean (the Kolbeinsey Ridge and the Jan Mayen block) is simi-
lar to normal oceanic crust. No seismic data is available south of
Iceland for the region with anomalous bathymetry along the Reykjanes
Ridge.

6.3.2.2. Variations in average Vp of UPC. Before discussing the patterns
in regional variations of average Vp seismic velocity in the upper part
of the crust, one comment is worth mentioning. Average Vp presented
in Fig. 13b is based on seismic surveys and thus refers to in situ condi-
tions. There is, however, a significant difference in temperature regime
of the crust in the region and therefore regional variations in average Vp
reflect both compositional and thermal heterogeneity. The effect of
thermal heterogeneity can be significant and, in general, should be re-
moved to address properly compositional and structural heterogeneity
of the crystalline crust (Artemieva and Meissner, 2012). In the present
discussion, we do not separate compositional and thermal effects,
since it is outside the scope of this paper.

1) Themost striking feature in Fig. 13b is a lowVpanomaly (ca. 6.2 km/s)
which extends roughly south–north along the zeromeridian. It is well
constrained by seismic data from the Armorican massif through
England and the North Sea into the North Atlantic ocean up to the
Voring basin. The origin of the anomaly is unclear, although it may
be related to the Central European rift system.

2) There is a strong correlation between the thickness of UPC and its
average Vp, which has different patterns for different tectonic struc-
tures (see also Figs. 14, 15a).

a) In regions with thick UPC:
– low Vp (6.0–6.3 km/s) in UPC is observed in the West

European Variscides and young orogens,
– intermediate Vp (ca. 6.4 km/s) is observed in the Caledonides

(note that the transition from the Polish–German Caledonides
to Variscides is marked by a change in Vp),

– high Vp (6.3–6.5 km/s, locally N6.6 km/s) in UPC is observed
in the cratons, where a significant part of the high velocities
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Fig. 19. Pn seismic velocity at the top of themantle (a), standard deviation of interpolation (b, see comments to Fig. 6), and (c) difference between the new regionalmodel and Pn velocity
in the global model CRUST 2.0 (Bassin et al., 2000).

Fig. 18.Differences between the new regionalmodel and two other models (Bassin et al., 2000; Tesauro et al., 2008) in average Vp velocity in the crystalline crust (a, c) and in average Vp
velocity in the whole crust (basement and sediments) (b).
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results from low crustal temperatures; similar observation
holds for the Urals;

– the southern parts of the East European Craton have thinner
UPC and lower average Vp (6.2–6.3 km/s) than the other cra-
tonic area; similar pattern exists for the rifted north-eastern
part of the craton;

– thickened UPC in the Greenland–Iceland–Faeroe Ridge and
the Baffin Ridge has high (6.4–6.5 km/s) average Vp velocities
in UPC.

b) In regions with thin (10–15 km) and very thin (b5 km) UPC:

– rifted parts of the craton have average Vp similar to the
craton (6.3–6.4 km/s);

– low Vp (b6.3 km/s) in UPC is observed in southern Europe;
– Western Black Sea has high Vp; similar pattern is observed

in the South Caspian basin. However, average Vp in UPC of
the Eastern Black Sea is low (6.2–6.3 km/s) and suggests
different nature of the crust in the two Black Sea basins.

Based on the correlation between the thickness of UPC and its
average Vp in different tectonic settings (Fig. 15a), we speculate that
rifting of the cratonic crust results in a significant (10–5 km) reduction
in the thickness of the upper part of the crust (UPC) without notable
change in its average Vp. Such type of crustal modification can be
achieved through ductile flow of rheologically weak crustal layers
heated during rifting, without any significant additions of magmatic
material into UPC.

6.3.3. Lower part of the crust (LPC)

6.3.3.1. Variations in thickness of LPC. In the subdivision adopted here, the
lower part of the crust (6.8 b Vp b 7.6 km/s) includes the lower, mafic
crust and the bottom part of the crust (where present) with very high
Vp velocities (Fig. 14). One may, however, speculate if the existing
data guarantees that a possible high-velocity layer at the base of the
crust has been detected in all, and particularly, in old regional seismic
models. It is well known that detection of high velocity layers at the
base of the crust requires high-density, high-quality data, otherwise
the lower crustal rocks may form a classic “hidden layer”. With this
note in mind, the following trends may be recognized in the seismic
data for the region.

• Thickness of LPC never exceeds 20–25 km (except for two localized
areas in the Baltic Shield and the Urals where LPC is ca. 25 km thick,
Figs. 14a, 15b).

• The thickest LPC (15–25 km) is documented for the cratonic
regions, with the largest thickness typical for the shield areas
(Karelia province of the Baltic Shield, the Voronezh massif, and
inner Greenland). Some parts of the Uralides (e.g. the Middle
Urals) also have a thick LPC.

• Tectonically young provinces are all missing LPC, except for the
Greenland–Iceland–Faeroe Ridge and the Baffin Ridge, where LPC
may reach ca. 10 km.

• Paleozoic orogens of Europe have different thickness of LPC:
whereas it is basically absent in the Variscides, its thickness is ca.
8–15 km in the Caledonides and ca. 10–25 km in the Uralides.

• LPC is significantly thinned in the Peri-Caspian basin, although the
thin-LPC anomaly appears to be shifted to the eastern part of the
basin, to the location of the Central rift (compare with Fig. 3).
Thin LPC is in line with a mechanism for the Peri-Caspian basin
subsidence due to destruction of the lower crust by asthenospheric
upwelling (Artyushkov and Baer, 1986). However, thin LPC seems
to contradict a hypothesis of basin subsidence due to phase change
of gabbro to eclogites (the latter have a chemistry of the continen-
tal crust but are denser than the mantle) in a thick lower crustal
layer (Artyushkov, 1992). However, Vp seismic velocities in
eclogites are nearly the same as mantle velocities and thus crustal
eclogites may occur beneath the seismically defined Moho (Mjelde
et al., 2012).
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6.3.3.2. Variations in average Vp of LPC. Similar to UPC, average Vp in LPC
is presented at in situ conditions and its variation reflects both compo-
sitional and thermal heterogeneity. As Fig. 14b indicates,

• the fastest (7.1–7.2 km/s) LPC is observed in the shield areas, partly
due to low crustal temperatures and partly due to the presence of
the high-Vp lowermost crust;

• the platform parts of the craton have slower LPC than shields (6.9–
7.0 km/s) since the high-Vp lowermost crust is absent there; there
is, however, some Vp increase in the platform parts which have un-
dergone extension and rifting;

• young orogens have slow LPC (6.9–7.0 km/s);
• Paleozoic orogens have significantly different velocity structure of
LPC, with slow LPC (6.8–7.0 km/s) in the Variscides and Caledonides,
but faster LPC in the Uralides. Fast thick LPC in the Urals may be the
remnant of Paleozoic ocean–continent collisional events during
which high-velocity island arcs were trapped within the orogen;

• despite the difference in the crustal temperatures between Phanero-
zoic Europe and the craton, the difference in average Vp in LPC of
the two provinces may reflect differences in LPC composition: since
in Phanerozoic Europe Moho is 15–25 km shallower than in the cra-
ton, temperatures at the LPC depths both in Phanerozoic and in Pre-
cambrian Europe can be similar, ca. 500 °C (Artemieva et al., 2006);

• in the Greenland–Iceland–Faeroe Ridge and the Baffin Ridge average
Vp in the LPC is ca. 6.9–7.0 km/s; a high-velocity anomaly is docu-
mented in the Greenland basin, whereas shelves on the European
side have generally lower Vp;

• except for few locations, there is no data on the crustal velocity struc-
ture in theMediterranean; the anomalies shown in Fig. 14b are the re-
sult of interpolation of data from the adjacent regions andmay not be
true.

Similar to the analysis for UPC, we examine correlation between the
thickness of LPC (lower part of the crust) and its average Vp in different
tectonic settings (Fig. 15b).We conclude that rifting of the cratonic crust
reduces thickness of LPC by 5–10 km and, as for UPC, without notable
change in its average Vp. This result is unexpected, given that intrusion
of mantle-derivedmelts into rifted crust should increase its average Vp.
A possible explanation would include delamination of heavy, intruded
portions of the lower crust, producing crustal structure similar to the
Variscan (Artemieva and Meissner, 2012).

6.3.4. Thickness ratio of UPC to LPC
The relative contribution of UPC and LPC (see Section 6.2.1 for defi-

nitions) to the thickness of the crystalline crust (Fig. 16a) is constrained
by interpolated data (Figs. 13a and 14a) and thus has the same uncer-
tainties. Since thicknesses of both UPC and LPC show a strong correla-
tion with tectonic setting, their ratio is a good indicator of crustal
tectonic evolution. Oceanic crust, where the upper layer 2 is 1.5–2 km
thick and the lower layer 3 is ca. 5 km thick, has the smallest UPC/
(UPC + LPC) thickness ratio of ca. 0.25. Highly extended continental
crust where the lower crust has been delaminated and is nearlymissing
(the case of the European Variscides and the Basin and Range Province
in western USA) is the other end-member with a ratio close to 1
(Fig. 16a). In stable platforms (e.g. most of the East European platform),
the felsic-to-intermediate crust makes 60–70% of the basement thick-
ness. Platform regionswhichhave undergone recent tectonic reworking
have thinnedUPC; in these regions thicknesses of both crustal layers are
nearly equal. Where the ratio becomes less than 0.4, the presence of
semi-oceanic crust may be expected as in the Western Black Sea basin.
We conclude that the ratio of the UPC thickness to the thickness of the
crystalline crust is a critical indicator of crustal tectonic evolution.

Tectonic interpretation of the ratio of average Vp velocity in the
upper and lower parts of the basement is less straightforward
(Fig. 16b). To some extent, it is less affected by lateral temperature het-
erogeneity in the crust than average Vp velocities in individual crustal
layers and thus is more sensitive to compositional variations in the
crust. The transition from the cratonic to Phanerozoic crust is marked
by a decrease in the Vp-ratio values, probably due to the general
absence of a fast lower crustal layer in tectonically young structures. In-
creased Vp-ratio values, probably associated with mafic intrusions in
the lower crust, are typical for the Riphean rifts within the East
European Platform, the European Caledonides, and the belt of anoma-
lous crust which extends from the Faeroe Islands to Iceland and East
Greenland and continues at the western coast of Greenland across the
Labrador Sea. Strong high Vp-ratio anomalies can also be recognized
in the Western Black Sea basin and beneath the Caspian Sea–Turanian
plate. Note that seismic data available for the latter are old and may
be less reliable.

6.3.5. Average crustal velocities
Based on our new compilation of seismic data we estimate average,

in-situ seismic Vp velocity for the Europe–North Atlantic region
(Fig. 17). Except for the southern part of the region and old interpreta-
tions, the crustal velocity structure is well constrained for most of the
region. Similar to themaps in Figs. 13b and 14b, we estimate the uncer-
tainty of average Vp in the crystalline crust as ca.±0.1 km/s, although it
can be higher locally. For the entire crust the velocity uncertainty is
highly variable and can be significantly higher in regionswhere the sed-
imentary cover (in particular, its thickness) is poorly constrained. Fur-
ther details related to the sedimentary cover can be found in Section 5.

We present two sets of maps:

• average Vp velocity in the crystalline crust (Fig. 17a, c) since these
maps reflect crustal compositional and structural heterogeneity;

• Vp velocity averaged for the entire crust, including the sedimentary
cover (Fig. 17b, d), since it is this information that is needed for intro-
ducing crustal corrections to seismic tomographymodels, aswell as to
gravity and geodynamic models.

We perform two different types of Vp averaging. The first approach
is based on simple arithmetic averaging of Vp weighted by thickness of
individual crustal layers (Fig. 17a, b). Such simple type of analysis is
alike the procedure employed in gravity studies (where direct
velocity–density conversion is commonly applied) and is often used in
crustal analysis (e.g. Tesauro et al., 2008). The other approach is based
on seismic wave travel times and calculates average crustal Vp by
weighted averaging of travel time in different crustal layers (Fig. 17c,
d). It this type of average crustal VP which should be used to calculate
crustal corrections to seismic tomography models. The difference be-
tween the two averaging approaches may reach ±0.5 km/s when sed-
imentary layer is included (Fig. 17e, f). Our discussion of the general
patterns is based on the simple averaging method (Fig. 17a, b).

As for the maps in Figs. 13b and 14b, average Vp in the crystalline
crust (Fig. 17a) reflects both structural (compositional) and thermal
heterogeneity of the crust. Average Vp in the crust (Fig. 16b) includes
additionally heterogeneity of the sedimentary cover. This map shows
a clear correlationwith Fig. 7 andwe refer to the discussion of sediment
thickness in Section 5. Estimates show that mean crustal temperature
varies by up to 400 °C within Europe (Artemieva, 2006). Such strong
variation leads to a strong lateral variability of average basement veloc-
ities. However, recalculation of average values of in-situ (asmeasured in
the field) Vp seismic velocities to room P–T conditions does not qualita-
tively modify the overall pattern of variations in Vp velocity but instead
sharpens the anomaly pattern (Artemieva and Meissner, 2012).

Our brief discussion of the average basement velocities will focus on
large-scale anomalies, while huge deviations exist at small scale in all
tectonic provinces. Key observations are the following:

• In on-shore regions, the pattern of average basement Vp velocities
closely follows the patterns of (i) average Vp in the UPC (Fig. 13b)
and (ii) thickness of the LPC (Fig. 14a). The contribution of the former
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Table 3
Statistical properties of the European crust (on-shore and shelves).

Age Any 0–50 Ma 0–50 Ma 50–550 Ma 560–1000 Ma 1.1–1.6 Ga 1.7–2.5 Ga N2.5 Ga

Tectonic setting Shelvesa Cenozoic
platforms,
basins, rifts

Cenozoic
orogens and
highlands

Mesozoic–Paleozoic
platforms, basins,
rifts

Neoproterozoic
platforms, rifts
and shields

Mesoproterozoic
platforms and
shields

Paleoproterozoic
platforms and
shields

Archean
platforms
and shields

Topography (bathymetry) (km) −0.23 ± 0.09 0.18 ± 0.16 1.20 ± 0.56 0.23 ± 0.32 0.12 ± 0.26 0.24 ± 0.28 0.28 ± 0.34 0.22 ± 0.22
Crustal thickness (km) 30.0 ± 7.1 34.6 ± 5.1 40.1 ± 7.7 36.5 ± 6.5 36.0 ± 7.8 37.9 ± 6.1 43.5 ± 6.4 42.9 ± 6.5
Thickness of crystalline crust (km) 25.4 ± 7.5 30.0 ± 7.5 36.3 ± 8.0 32.5 ± 7.5 32.9 ± 6.7 34.9 ± 7.5 41.6 ± 7.1 40.9 ± 7.8
Thickness of sediments (km) 5.1 ± 3.8 5.1 ± 3.8 4.8 ± 4.5 4.0 ± 4.1 5.3 ± 3.3 2.5 ± 2.5 2.4 ± 3.0 1.3 ± 2.5
Thickness of upper crust (km) 9.5 ± 6.0 15.4 ± 7.8 19.9 ± 11.0 13.8 ± 7.1 16.5 ± 8.2 13.5 ± 6.9 13.2 ± 6.3 12.7 ± 5.3
Thickness of middle crust (km) 7.8 ± 6.2 6.4 ± 5.7 7.2 ± 6.7 9.2 ± 7.3 7.6 ± 7.5 9.8 ± 8.2 13.5 ± 8.8 13.1 ± 9.4
Thickness of lower crust (km) 8.0 ± 6.4 6.5 ± 7.6 3.0 ± 6.5 8.6 ± 6.6 8.6 ± 8.2 12.6 ± 7.9 14.7 ± 7.2 15.1 ± 7.9
Average Vp in crust (incl. seds) (km/s) 6.22 ± 0.41 6.20 ± 0.21 6.21 ± 0.22 6.29 ± 0.27 6.22 ± 0.26 6.42 ± 0.25 6.52 ± 0.20 6.59 ± 0.15
Average Vp in crystalline crust (km/s) 6.56 ± 0.18 6.45 ± 0.21 6.36 ± 0.22 6.49 ± 0.18 6.52 ± 0.18 6.58 ± 0.16 6.63 ± 0.13 6.65 ± 0.11
Pn velocity (km/s) 8.06 ± 0.13 8.04 ± 0.22 7.98 ± 0.22 8.10 ± 0.13 8.03 ± 0.18 8.10 ± 0.14 8.15 ± 0.17 8.14 ± 0.12
Moho temperatureb (°C) – 818 ± 140 – 658 ± 146 616 ± 68 545 ± 92 556 ± 90 484 ± 86

Tectono-thermal ages are based on the TC1 model constrained on a 1° × 1° grid (Artemieva, 2006). Crustal parameters are based on point values derived from seismic models and
interpolated onto a 1° × 1° grid to bring them to the same grid as the TC1 model.

a Shelves, platforms, and orogens are defined as regions with bathymetry/topography of −400 m to 0 m, 0 m to +500 m, and above 500 m, correspondingly.
b Data for Moho temperature — from Artemieva (2007).
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is important given that, except for the oceanic crust, the UPC typically
is thicker than the LPC (Fig. 16a).

• The transition from cratonic to Phanerozoic Europe is marked by a
sharp difference in average basement Vp velocity; a significant part
of this variation may be caused by differences in the crustal tempera-
tures across the TESZ.

• The cratonic crust has relatively uniform values of average basement
Vp velocities, 6.5–6.7 km/s. Within the East European craton the
highest average basement velocities are very high (6.6–6.8 km/s) in
the Archean blocks with thick lower crust (the Karelian Province of
the Baltic Shield, the Ukrainian Shield and the Voronezh Massif, and
some blocks of the Volgo–Uralia).

• The Riphean rifts of the East European craton show intermediate (ca.
6.5 km/s) basement velocities because the middle crustal layer is al-
most absent and the upper “granitic” crustal layer is substantially
thickened (Artemieva, 2007). In contrast, the Peri-Caspian Basin, the
Southern Caspian Sea and the Western Black Sea basin have higher
basement velocities, which may be associated with large amounts of
mafic intrusions and a nearly absent felsic crustal layer.

• The Phanerozoic crust of western Europe has average basement Vp
velocities of 6.2–6.4 km/s, including the Variscan structures, the
British–Irish Caledonides, Cenozoic orogens, and the Central European
Rift system (including the Rhine graben and the North Sea rift system).
Low average basement velocities (6.2–6.4 km/s) in most parts of
Variscan Europe (Abramovitz et al., 1999; Aichroth et al., 1992) may
be explained by post-Variscan delamination of the lower crust. In con-
trast, recent seismic data indicate slightly higher average Vp velocity
(6.5 km/s) beneath the Norwegian Caledonides which also lack a
high-velocity lower crust (Stratford and Thybo, 2011b). TheMassif Cen-
tral has extremely low average crustal seismic velocity, at least in part
due to high crustal temperatures.

• Off-shore regions (including the crust of the North Atlantic ocean and
the Barents Sea shelf) have highly variable average crustal velocities.
High basement velocities in the Voring Plateau at the Norwegian shelf
may be associated with mafic intrusions in the lower crust (Faleide
et al., 2008;Mjelde et al., 2009); similar highbasement velocities are ob-
served in the Danish–North German area and may also be caused by
Palaeozoic mafic intrusions (Thybo et al., 2006). In general, oceanic
crust has very high velocity (N6.8 km/s), despite the high temperatures
expected for young oceanic floor.
Fig. 20. Five profiles (threemeridianal (a–c) and two longitudinal (d, e), coordinates in boxes d
tectonic structures of Europe, Greenland, and the North Atlantics.
• In the Greenland–Iceland–Faeroe and Baffin Ridges average crustal ve-
locities are high, perhaps reflecting oceanic origin. This observation
may contradict expectations at Iceland, where one would expect high
crustal temperatures and low Vp due to the presence of the Iceland
plume.

Statistical analysis of average crustal Vp shows an overall correlation
between average Vp in the crystalline crust and crustal age (Fig. 11c):
older crust has higher Vp due to the presense of thick middle and
lower crustal layers (Fig. 11b). This trend exists for all on-shore crust,
from Archean to Cenozoic. When the sedimentary layer is included,
the trend is observed only for the Precambrian crust, although average
crustal Vp for crust of any age younger than 1 Ga is very similar: age-
dependent variation in average Vp in the crystalline crust is smeared
by a significant heterogeneity of the sedimentary layer both in thickness
and in Vp (Sections 5.2 and 5.7).

6.3.6. Comparison with other crustal models
Similar to theMoho depth, we present a comparison of average base-

ment Vp velocities and average Vp velocities in the entire crust
constrained by our new regional crustal model EUNAseis with the same
parameters derived from other crustal models for the region (Fig. 18).
Only two models available digitally include information on the inner
structure of the crust: CRUST 2.0 (Bassin et al., 2000) and EuCRUST-07
(Tesauro et al., 2008). We do not include the EPcrust model (Molinari
and Morelli, 2011) into the comparison since it is based on a completely
different methodology (Table 1). In EuCRUST-07, average Vp in the crys-
talline crust, calculated by simpleweighted averaging, Section 6.2.1, is in-
cluded as part of database. For the sake of comparison, we calculated
average Vp for CRUST 2.0 using the same averaging method. To make
the comparison adequate, our database has been resampled to the
same grid as the other crustal models. We do not discuss the Mediterra-
nean region because it is poorly constrained in the models.

For the crystalline crust, average Vp in CRUST2.0 is systematically
0.1–0.2 km/s higher in most regions with continental crust (except for
the Adriatic region), and systematically lower in anomalous oceanic
crust around Iceland (by ca. 0.4 km/s) and along the Urals (by 0.1–
0.2 km/s) (Fig. 18a). When including sedimentary strata (Fig. 18b),
the difference is huge, particularly for deep basins (the Polish Trough
along the TESZ, the Barents Sea shelf, the North Sea, the Baffin Bay).
enote profile locations) showing variations in crustal structure and Pn velocity in different
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We attribute these differences to incorrect velocity structure of the sed-
imentary cover in CRUST2.0 (cf. Fig. 9a).

Differences of+0.2/−0.1 km/s for Vp in the crystalline crust occur in
most of continental Europe between our model and EuCRUST-07
(Fig. 18c), particularly in the Pannonian Basin, the Polish Trough, and
the northern Baltic Shield. Much of off-shore crust has significantly
lower average Vp in EuCRUST-07 than in our mdoel: up to +0.6 km/s
in the belt of anomalous crust between the Faeroe Islands andGreenland
and up to +0.5 km/s in western Barents Sea; whereas average Vp is
higher in EuCRUST-07 than in our model in the Black Sea (−0.3–
0.5 km/s), in the North Sea (−0.2 km/s), and off-shore Norway (up to
+0.4 km/s). The origin of these discrepancies is unclear and may be re-
lated to a 2-layer crustal parameterization implemented in the EuCRUST-
07model (Table 1), which results in significant distortions of average Vp.

7. Pn velocities

7.1. Preamble

Regional variations in Pn velocities at the top of the mantle are
presented in a map (Fig. 19) and are included in the statistical analysis
(Fig. 11) and in the five profiles in Fig. 20. The presented Pn velocities
are as measured in-situ in seismic experiments. Hence they reflect var-
iation at the top of the mantle regarding:

– temperature (from ca. 400 °C in the cratonic regions to ca. 1000 °C
and more in tectonically active parts of the continents and oceans,
Artemieva (2006));

– pressure (for a depth range from ca. 10 km in oceans to ca. 60 km in
young collisional orogens and in some parts of the craton);

– composition and, in particular, metamorphic state;
– fluid content (in particular, in oceans and subduction zones);
– anisotropy (mainly frozen-in in the lithosphere).

The coverage of the region by seismic refraction profiles is generally
too coarse to allow for interpretation of anisotropy, and it is assumed
here that the Pn velocity distribution is isotropic to first order. Only a
few experiments provide sufficient coverage by crossing profiles to
allow inference to be made regarding the degree of anisotropy. Al-
though the results of these experiments are generally consistent with
an isotropic Pn velocity distribution, regional earthquake seismological
studies often indicate substantial upper mantle seismic velocity anisot-
ropy (Babuska et al., 2002; Plomerova et al., 2002, 2008).

High-density coverage by seismic profiles may resolve Pn velocity
amplitude with the uncertainty of ±0.1 km/s, although locally it may
reach ±0.2 km/s. Weak amplitude of the Pn phase reported in several
studies may add to the uncertainty. Additional uncertainty is associated
with data interpolation (Fig. 19b). Although the interpolation procedure
has been chosen to preserve the amplitudes of Pn velocity variations in
published seismic models, the uncertainty is ca. ±0.1–0.2 km/s due to
uneven data coverage (Fig. 19b). Most problematic is the Volga–Uralia
craton and the Mediterranean Sea region where the reported Pn values
are sparse and, in some places, controversial, and Pn velocity is the least
constrained parameter in our compilation.

7.2. General patterns

The compilation generalized in Fig. 19a provides basis for some first
order observations:

• Cratonic areas are characterized by very high Pn velocities (8.1–
8.3 km/s) (also seen in Fig. 11c). This may not be surprising, consider-
ing the low temperature and thick crust of these areas. Note that the
highest Pn velocities (8.3–8.5 km/s) are, in general, poorly constrained.

• The Barents Sea shelf has Pn velocities similar to the East European cra-
ton (see also Fig. 11c). High uppermantle velocities question the role of
active mantle processes in lithosphere modification in the region.
However, the crust of the shelf is ca. 10 km thinner than in most of
the craton, and therefore similar Pn velocities in the shelf and in the
craton indicate either temperature differences at Moho or differences
in composition of the uppermost mantle (pressure effect is negligible).

• Some parts of the craton are characterized by relatively low Pn veloci-
ties (8.0–8.1 km/s), similar to Phanerozoic Europe. These parts gener-
ally include areas that have been modified by Neoproterozoic to
Palaeozoic rifting during the formation of the aulacogens of the EEC.
A low-Pn anomaly in the Arkhangelsk region is not well constrained.

• Young continental areas are characterized by Pn velocities of ~8.0 km/s
(also seen in Fig. 11c). Given the much thinner Variscan crust than in
the cratonic part of Europe, these velocities indicate significantly
higher lithospheric temperature in western Europe than in the
EEC. The Armorican and Iberian massifs have a slightly higher (ca.
8.1 km/s) Pn velocity. Surprisingly, the Pannonian Basin appears to
be characterized by “normal" Pn velocity.

• Very low Pn velocity (b7.9 km/s) characterizes tectonically active
areas around the Mediterranean Sea and the rifted part of the North
Sea. Very low Pn velocity is also observed around Iceland and below
some parts of the North Atlantic Ocean.

Comparison of our new crustal model with the global CRUST2.0
model (Fig. 19c) indicates significant difference in Pn velocities in off-
shore regions, where most of the seismic models have been developed
after CRUST2.0 was released. Note that most of these regions have
anomalous crust. This result suggests that “guess” by tectonic similarity,
as implemented in the CRUST2.0 model (Bassin et al., 2000) for regions
without seismic coverage, does not work for Pn velocity (Fig. 19c). This
conclusion is also supported by our analysis of seismic data for Siberia
(Cherepanova et al., 2013–this volume).

8. Regional trends

This section discusses the relation between our new crustal seismic
model EUNAseis and tectonic setting with focus on the depth to Moho
illustrated by five crustal cross-sections (Fig. 20). It complements the
discussion in Section 6 based on the various parameters. Given the di-
versity of tectonic evolution of the region and its highly heterogeneous
crustal structure, the amount of available seismic data and the inevitable
discrepancies between individualmodel interpretations, it is impossible
to discuss in detail all data and all structures.We thus acknowledge that
our discussion is limited to selected tectonic settings and selected
publications.

8.1. Precambrian crust

8.1.1. Greenland
Most seismic data from Greenland has been acquired at the rim of

the ice sheet, in the fjords and in the surrounding offshore parts. Only
one active source seismological investigation has been completed in
the interior parts of Greenland in summer 2011 (Thybo and Shulgin,
in preparation). This 320 km long profile in the east-central part of
Greenland extends EW from about the 2000 m altitude contour close
to Scoresbysund Fjord across the top of the ice sheet (Fig. 5). The prelim-
inary model included into our data base shows a gradual increase in
crustal thickness from 40 km in the eastern part to around 48 km
below the central part of Greenland (Fig. 20d).

The only other existing seismic interpretations of crustal thickness in
interior Greenland are based on Receiver Function analysis. There is a
significant discrepancy between the P- and S-wave estimates for the
same data collected during the GLATIS seismic experiment. While
S-wave Receiver Functions show crustal thickness in interior Greenland
between 39 and 42 km (Kumar et al., 2007), P-wave Receiver Functions
based on the same data provide values of 42–49 km (Dahl-Jensen et al.,
2003). However, it is possible that the S-wave Receiver Functions do not
detect a lower crustal layerwith very high velocity, and that such a layer
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mistakenly has been assigned to the upper mantle (cf. the discussion by
Artemieva and Thybo, 2008).

The thickest crust in Greenland is apparently associated with the
non-reworked Archean block although the resolution is very low due
to the very sparse sampling. Close to the coast the crust is generally
30–38 km thick, although a local maximum of 45–48 km is determined
at a station in southern West Greenland. Further, very thin crust (24–
32 km thick)was determined at three stations in central East Greenland
within the Caledonian orogen and at the edge of the onshore exposure
of the North Atlantic Igneous Province. This is in the area with the
highest (generally 1.5–2.0 km; up to 3.7 km) bedrock elevation in
Greenland. The very thin crust may be caused by extreme stretching
during continental break-up and formation of the North Atlantic
Ocean, and it leaves the high topography enigmatic. However, it is
known that velocity determination by the Receiver Functions method
is uncertain, not least where small velocity contrasts are involved.
Thus, one cannot rule out the possibility that in this extended area a
high-velocity crust has been interpreted as mantle, since the transition
between the lower crust and the uppermost mantle may be character-
ized by very small velocity contrast, e.g. due to substantial underplating.

Off-shore seismic refraction profiles determine crustal thicknesses of
ca. 40–45 km both in southern West Greenland (Chian and Louden,
1992) and southern East Greenland (Dahl-Jensen et al., 1998) within
less than 50 km distance from the coastline. The latter off-shore seismic
profile includes a lower crustal layer with very high seismic velocity
(7.4–7.6 km/s) below ca. 30 km depth. The location of the profile
along the North Atlantic coast indicates that this high-velocity layer
may be caused by magmatic underplating (Dahl-Jensen et al., 1998),
and the same 10–15 km thick high-velocity layer may extend into the
onshore parts (Voss and Jokat, 2007). Nevertheless, Receiver Function
estimates in southern East Greenland made at less than 50 km distance
from the profile yield a 34 km crustal thickness. Considering the very
high velocity of the lower crustal layer, it is likely that the strongest seis-
mic converter observed in RF may be the transition from the middle to
the lower crustwhich then,mistakenly,may be interpreted as theMoho
at the base of the high-velocity layer.

A similar situation exists in central Greenland,where the new refrac-
tion seismic profile identifies very high seismic velocity within 200 km
from the Summit station, in the areawhere the interpretations of crustal
thickness by P- and S-wave Receiver Functions (at the same location)
differ by about 11 km. The P-wave Receiver Function estimate is close
to the crustal thickness determined by well constrained seismic refrac-
tion interpretation.We therefore choose the larger value in this location
and elsewhere in the entire study area where the two RF estimates
differ.
8.1.2. East European craton

8.1.2.1. Baltic Shield. The deepest Moho (60–65 km) in continental
Europe has been interpreted in south-central Finland (Fig. 20d),
where crustal thickness in excess of 55 km is documented for the area
around the paleo-collision zone (suture) between the Archean and
Palaeoproterozoic terranes (Tiira et al., 2006). Away from the suture,
the crust in the Archean Karelian province is 37–45 km thick, whereas
in the Archean Kola province it is 42–44 km in the northern part and
decreases to 36–38 km further south towards the rift systems of the
White Sea and the Mezen basin, where it is thinned to 30–35 km
(Kostyuchenko andRomanyuk, 1997). In theArchean–Paleoproterozoic
Lapland region, the crustal thickness is 42–46 km (Kukkonen and
Lahtinen, 2006) (Fig. 20b).

Relatively thick crust (45–50 km) extends across the Baltic Sea from
central Finland to eastern Sweden as shown by data from the Bothnian
Gulf of the Baltic Sea collected by the international collaborative BABEL
deep seismic project in 1990 (BABELWorkingGroup, 1993b; Korja et al.,
2001; Ohlander et al., 1993). The crust in the Bothnian Bay is part of a
Mesoproterozoic rift system, it is 45–47 km thick and is largely com-
posed of Mesoproterozoic rapakivi granites (Korja et al., 2001).

Typically, Svecofennian crust is 42–50 km thick and shows very
large thickness variationwith local anomalies up to 60–65 km in central
Finland. In the southern Svecofennian province crustal thickness is 40–
45 km and smaller (down to 36–38 km) around intrusions of rapakivi
granites at the Baltic coast (BABEL Working Group, 1993a). Old refrac-
tion seismic data suggest that crustal thickness in the Sveconorwegian
province is variable between 32 and 42 km (EUGENO-S Working
Group, 1988; Thybo, 2001). Similar values are found for the crustal
thickness of the Gothian province and its accreted terranes, whereas
thick crust is observed around local Neoproterozoic suture zones
(Abramovitz et al., 1997).

Only one seismic profile (Sovetsk–Riga–Kohtla Jarve) has been
recorded in 1984 in the Baltic States. In the absence of any other seismic
data, it provides some information on the crustal structure in the region,
but its quality is speculative. The results of the only available interpreta-
tion (Ankudinov et al., 1991) indicate a crustal thickness of ca. 40 km at
the western border of Latvia, increasing to 55–60 km in Proterozoic
granulite belts of Latvia and Estonia and decreasing to ca. 50 km to-
wards the Baltic Sea coast. Since almost no other seismic data are avail-
able for this entire region (Fig. 5), we have included this profile in our
compilation, and it is these data that cause a significant difference in
the depth toMoho in our compilation and other existing crustal models
(Fig. 12). The only crossing seismic profile is at the western end of the
Sovetsk–Riga–Kohtla Jarve profile and shows similar depth to Moho,
40–45 km (EUROBRIDGE, 1999).

8.1.2.2. Sarmatia and Volga–Uralia. The crust of the Archean to Protero-
zoic East European Craton is, in general, thicker (N45 km) than in
many other Precambrian cratons, but similar in thickness to the Siberian
craton (Cherepanova et al., 2013–this volume). Very thick crust is ob-
served in the East European (Russian) Platform outside the areas that
have been affected by Riphean and Palaeozoic rifting (Fig. 20c). In par-
ticular, a recent seismic reflection survey in Tatarstan (north of the
Peri-Caspian basin) reveals a complex structure of the Archean base-
ment with evidence for local crustal roots extending down to ca.
60 km depth and apparently related to paleocollisional events
(Trofimov, 2006). Similar to the crustal root in Central Finland, the
thick crustal root in the Volga–Uralia subcraton could have been formed
by Precambrian collisional tectonics.

The crustal structure across the western East European Platform,
from the Baltic Sea into the Ukrainian Shield, is well known by interpre-
tations of seismic refraction/wide-angle reflection data from the recent
EUROBRIDGE surveys (EUROBRIDGE WG, 1999, 2001). Along the
EUROBRIDGE'95 profile, the depth to Moho increases southwards
from ca. 45 km in the Baltic Basin to 50–55 km in the Proterozoic
Belarus Granulite Belt, and slightly decreases further south (to ca.
50 km) beneath the Osnitsk–Mikashevichi Igneous Belt formed by An-
dean-type, ca. 2.0 Ga old granodioritic–granitic batholiths. Most of the
Belarus High has high Vp velocities (8.3–8.35 km/s) at the top of the
mantle, with unusually high (8.6 km/s) Pn velocity in the southern
part of the Osnitsk–Mikashevichi Igneous Belt (due to the small size of
this area these high Pn velocities are not resolved in the Pn map
shown in Fig. 19a). Seismic models for other tectonic structures in
Belarus are essentially absent (Garetskii et al., 1990) (Fig. 5).

The EUROBRIDGE'97 profile further south crosses the Pripyat trough
(formed at the transition from terranes of Belarus to the Ukrainian
shield) and two northern blocks of the Ukrainian shield: the
Paleoproterozoic Volyn and the Archean Podolian blocks (Thybo et al.,
2003). New seismic interpretations for the region indicate that crustal
thickness is generally 45–50 km. The Pripyat trough filled with 3–
4 km of young sediments has a similar crustal thickness and is different
from the adjacent regions only by lower Pn velocity (8.1 km/s). Seismic
velocities at the top of themantle are 8.35 km/s in the crustal terranes of
Belarus and in the north-central parts of the Ukrainian Shield, and
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8.2 km/s in the Archean Azov block near the Black Sea coast. The crustal
structure of the anorthosite–rapakivi Korosten pluton (1.80–1.75 Ga) of
the Volyn block is similar to a typical craton, with some local deepening
of theMoho (by ca. 5 km)and the presence of an intrusive body ofmafic
composition in the upper crust. Seismic models indicate strong hetero-
geneity in the crustal structure of the Ukrainian shield (Grad and
Tripolsky, 1995; Ilchenko, 1990; Sollogub et al., 1980). The depth to
Moho is as little as 37–40 km in the southernmost Azov block formed
by Archean granulite gneiss complex (Lyngsie et al., 2007), ca. 50 km
beneath the Archean Near Dnieper block in the southern part of the
shield, and 42 km in the Paleoproterozoic Kirovograd block in the cen-
tral part of the Shield. Although no obvious correlation between the
age of the crust and the depth to Moho can be recognized within the
Ukrainian shield, alkaline–ultrabasic formations are mainly found in
blocks with thick (ca. 50 km) crust, while gabbro-syenite complexes
aremore common in blockswith thin (ca. 40 km) crust. The average ve-
locity in the crystalline crust in the Ukrainian Shield is very high
(N6.8 km/s), similar to the Karelian Province of the Baltic Shield
(Figs. 17a, 20e).

8.1.3. Rifted cratonic crust
Available seismic data on the deep crustal structure are sparse in

central Russia, although a dense network of shallow seismic surveys
covers the area. Several profiles that image the whole crust were ac-
quired across the Riphean rifts in the East European Platform in the cen-
tral part of the platform and in theMezen Province (Kostyuchenko et al.,
1999). In the Mezen rift province, crustal thickness reduces to
30–32 km in the axial part of the rifts as compared to 35–37 km thick
crust at the flanks. The Central Russia rift (the Belozersk–Semenov pro-
file in the north-eastern part of theMoscowbasin, Fig. 20b) has a crustal
thickness of 40–42 km along the rift axis, whereas the surrounding
crust is ca. 42 km beneath the northern flank and 45–47 km beneath
the southern flank according to results obtained along the one seismic
DSS profile in this area. Further south, the crust is 45 km thick beneath
the Riphean Ryazan–Saratov graben.

The seismic Redkino–Pestovo DSS profile across the 40–50 kmwide
and 130 km long Valday rift at the north-western edge of the Moscow
Basin reveals an unusual crustal structure of this rift. Unlike some of
the other aulacogens (Riphean rifts) in the East European Platform,
the Valday rift shows no crustal thinning, with an essentially constant
crustal thickness (40–43 km) and velocity structure along the profile.
There is no high-velocity layer in the lower crust, typical for other
Riphean rifts of the East European Platform, and the mantle seismic
velocities are high (Vp = 8.2–8.3 km/s; Vs = 4.8–4.85 km/s).

Another Riphean, the 50–100 km wide, Pachelma rift which sepa-
rates Sarmatia and Volga–Uralia, is clearly outlined by gravity andmag-
netic anomalies. Crustal thickness is ca. 47–48 km outside the rift and
43 km in the axial zone according to data along twoDSS seismic profiles
in the northern part. The regional ‘GRANIT’ transectwas recorded across
themiddle portion of the Pachelma rift in the early 1990s but, so far, no
results have been published from this seismic survey.

The largest rift in Europe, theDevonian, 2000 km long, up to 170 km
wide, and 22 km deep Dnieper–Donets Rift between the Ukrainian
Shield and the Voronezh Massif (Fig. 20e) has been studied by numer-
ous reflection and refraction seismic profiles starting from 1960s (e.g.
Chekunov et al., 1992; Ilchenko, 1996; Stovba et al., 1996). Fewer crust-
al-scale seismic studies are available for its southeastern extension, the
Donbas Foldbelt (Ilchenko, 1996; Lobkovsky et al., 1996) and for its
northern extension, the Pripyat trough (Grad et al., 2006a,b; Juhlin
et al., 1996b; Thybo et al., 2003). A recent high-quality, high-resolution
international reflection/refraction seismic survey across the northern
part of the Donbas Foldbelt at its transition to the Dnieper–Donets rift
(further to the north) shows a constant thickness of the crust at ca.
40 km along the ca. 250 km long part of the profile which goes from
the Azov block of the Ukrainian shield in SW to the south-western
edge of the Voronezh massif in NE (DOBREfraction'99 WG, 2003;
Lyngsie et al., 2007; Maystrenko et al., 2003). Older deep seismic data
indicate some thinning of the crust to ca. 38 km under the rift axis in
the Dnieper segment further to the northwest, whereas the Moho is at
around a depth of 40 km in the Donets segment of the basin. Beneath
the Karpinsky Swell (which is the SW extension of the Donbas to the
north of the Greater Caucasus towards the Peri-Caspian Basin) the
crust is 42–48 km thick (Saintot et al., 2006).

The inner structure of the crust is strongly heterogeneous along the
strike of the rift system (Chekunov et al., 1992). A more than 10 km
thick high-velocity (N6.9 km/s) lower crustal body has been identified
beneath the rift basin itself (DOBREfraction'99 WG, 2003). This crustal
feature earlier gave rise to interpretations of a possible “double Moho”
(Pavlenkova, 1995). The structure of the sediments is highly variable
and increases from ca. 4 km in the Pripyat trough to 20–24 km in the
Donbas and in the central part of the Dnieper–Donets Rift, which im-
plies that the crystalline crust is only about 20 km thick in the Donbas
Foldbelt and the Dnieper–Donets Rift.

In the Peri-Caspian Basin the Moho depth is 32–36 km in the center
and 40–42 kmat the basinmargins (Fig. 20e). The sediment thickness is
anomalous, reaching 20 km (locally 26 km) in the central part and de-
creasing to 10–12 kmat the flanks. As a result, the thickness of the crys-
talline crust does not exceed 14–16 km in the central part of the
depression. Most of the available seismic data for the region are very
old; they suggest that felsic crust may be thinned to almost zero in the
central part of the Peri-Caspian basin. These data have been used to
argue that the crystalline crust may be of oceanic origin or derived
from a major magmatic event (Artyushkov and Morner, 1998;
Zonenshain and Le Pichon, 1986).

8.2. TESZ

Since the beginning of the 90s, intensive studies have been carried
out for the crustal structure of the Trans-European Suture Zone (TESZ)
between the Paleo-Mesoproterozoic basement in the east and the
Variscan–Caledonian crustal terranes in the west. A series of, often in-
ternational, collaborative projects have acquired seismic reflection and
refraction data that provides a very detailed insight into the crustal
structure of this region. The largest projects are the EUGENO-S, BABEL,
MONA LISA, DEKORP-BASIN '96, POLONAISE, CELEBRATION'2000, and
the ESTRID seismic experiments (e.g. BABEL Working Group, 1993a;
EUGENO-S Working Group, 1988; Grad et al., 2003; Guterch et al.,
1999; Krawczyk et al., 2002; Malinowski et al., 2005; Meissner et al.,
2002; MONA LISA Working Group, 1997a,b; Thybo et al., 2006;
Starostenko et al., 2013).

The data provide information, at high lateral resolution, on the abrupt
transition from the 43–45 km thick cratonic crust of the Precambrian
East European Platform to the 28–32 km thick Variscan–Caledonian
crust (Fig. 10a). Notably, the very variable Moho topography within
TESZ has up-to 10 km undulations with wavelengths of less than
50 km in the deep basins (Jensen et al., 2002; Thybo, 1997). Crustal
thickness of up to 50 km has been observed as a “crustal root” or a
‘Moho trough’ along the TESZ in southern Sweden, Denmark, Baltic Sea,
Poland and Slovakia based on seismic data (BABEL Working Group,
1993a; Giese and Pavlenkova, 1988; Guterch et al., 1986; Thybo, 1990,
2001) and gravity modeling (Yegorova and Starostenko, 1999)
(Fig. 20e). The lowermost part of the crustal root has very high seismic
velocity, which may be explained by the presence of gabbro-eclogite or
basalt–eclogite metamorphic sequences in the transition from lower
crust to upper mantle (e.g. Abramovitz and Thybo, 2000).

In the Baltic Shield and into the Baltic Sea, overthickened crust is also
observed at the southern extension of the Sorgenfrei–Tornquist Zone,
which is a geologic inversion zone within the basin area between
Denmark and Sweden. The thickened crust has been interpreted as the
result of a “subversion” process, i.e. as a lower crustal root that formed
as the deep expression of the tectonic inversion due to compression in
the lower crust while the upper crust popped up (BABEL Working
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Group, 1993a). In the northern part of this overthickened zone it is likely
that crustal intrusions may be related to the root (Thybo, 2001).

Mantle velocities (up to 8.2 km/s) at 35 km depth and a mantle re-
flector at about 50–55 km depth have been identified by reinterpreta-
tion of DSS seismic profiles across the TESZ in Poland. This “double
Moho” has been interpreted as a ‘crust–mantle’ layer in the depth inter-
val 35–55 km (Guterch et al., 1994). However, such a double-Moho is
not required by new data with higher resolution and a lowermost
crust with slightly elevated velocity around 7.2 km/s may alternatively
explain the data (Janik et al., 2002), and new data has demonstrated
that several mantle reflectors exist in the Phanerozic side of TESZ
(Grad et al., 2002).

8.3. Phanerozoic Europe

8.3.1. Caledonides and Variscides
The Caledonian parts of southern Norway have recently been cov-

ered by three crustal refraction seismic profiles during the Magnus
Rex project (Stratford et al., 2009; Stratford and Thybo, 2011a,b). The
results from this project have largely confirmed old interpretations of
the Moho depth in the region, although they also provide significant
new details on the crustal structure and add new coverage to the
Moho map. The results show that the crustal thicknesses is 36–40 km
in the interior of southern Norway, gradually thinning to 30 km or
less towards the coast, with substantial, short-wavelength thickening
into the Precambrian Baltic Shield proper (Fig. 20a, d), which was not
substantially influenced by the Caledonian orogeny (Stratford and
Thybo, 2011a). Unexpectedly, beneath the Oslo Rift the crustal thick-
ness is only slightly (by 2 km) shallower than in the surrounding
areas (Stratford and Thybo, 2011b). Old refraction data (Fig. 5; e.g.
Kinck et al., 1993) suggest that the crust is highly heterogeneous in
the Caledonides with its thickness ranging from 33 to 43 km. The new
data demonstrates that it is mainly the upper crust that is highly hetero-
geneous, and that the heterogeneity may be ascribed to deformation
structures in the nappe system within the Caledonides (Stratford and
Thybo, 2011a).

Beneath the mountains in southern Norway, the Magnus Rex data
indicate that the deepest Moho is offset from the highest topography
(Stratford and Thybo, 2011a). In contrast, Receiver Function interpreta-
tion along two profiles in southern Norway indicates slightly deeper
Moho than the coincident refraction data (Svenningsen et al., 2007).
Based on the apparent correlation of thicker crustwith high topography,
these authors suggest the presence of the crustal root beneath the high-
land plateau. We, however, consider the crust beneath the southern
dome of the Norwegian mountains as the “normal” and ascribe lateral
variations in crustal thickness to crustal thinning at the Oslo rift and at
the passive continental margin, which is also in agreement with
newer Receiver Function results (Frassetto and Thybo, 2013). The new
refraction seismic data indicate that crustal isostatic compensation
may explain up to 2/3 of the topography; thus other mechanisms
must be involved in maintaining the high elevation of southern
Norway (Stratford et al., 2009; Maupin et al., 2013).

The crust of British–Irish–Danish–German–Polish Caledonides has
been studied in great detail in large-scale seismic experiments, such as
BIRPS in UK, VARNET-96 in Ireland, DEKORP-BASIN'96 in Germany,
MONA LISA and BABEL in Denmark and Germany, POLONAISE'97 and
CELEBRATION 2000 in Poland and east-central Europe and the recent
ESTRID project in Denmark. The crust in the Danish–German–Polish
Caledonides is 28–34 km thickwith a regionalmaximumof 36 kmasso-
ciatedwith the Ringkobing–Fyn High (in the Danish Tornquist Fan area)
and a regional minimum of 24 km in northern Germany (Thybo, 1997,
2001). The Precambrian crust has been significantly thinned (to ca.
25–30 km) in between thicker, more stable blocks during Palaeozoic–
Mesozoic rifting and basin formation in the Tornquist Fan area of the
North Sea basin (the northern branch of the TESZ that includes the
Danish–Norwegian Basin). The thinning has led to significant
magmatism probably along transverse faults which today is evidenced
by observations of more than 20 km thick mafic batholiths in the area
(Sandrin and Thybo, 2008a,b; Sandrin et al., 2008; Thybo, 1997; Thybo
et al., 2006). The Caledonian deformed areas have thin crust (26–
30 km thick) in the North Sea (Abramovitz and Thybo, 1998, 2000).
Crustal thickness is ca. 30–32 km, locally up to 35 km, in the Caledonian
regions of the British Isles and Ireland (Chadwick and Pharaoh, 1998;
Kelly et al., 2007), comparable to the results of RF interpretation of a
crustal thickness of ca. 30–37 km in the Caledonian mountains of East
Greenland. Generally, the crust that has experienced the Caledonian
deformation is slightly thicker (30–36 km) than the Variscan crust
(28–32 km).

The crustal structure of the Variscides (Fig. 20e) has been studied in-
tensively by acquisition of numerous seismic normal incidence and
wide-angle reflection profiles, including those in France (ECORS; e.g.
Bitri et al., 2001; Bois, 1990; Bois et al., 1989; Brun et al., 1992), Spain
(IBERSEIS, ILIHA, NARS; e.g. Carbonell et al., 1998; Flecha et al., 2006;
ILIHA DSS Group, 1993; Paulssen et al., 1999; Pulgar et al., 1996), in
Germany (DEKORP; e.g. Brun et al., 1992; Meissner et al., 1987a) and
across the entire western Europe (EGT; Blundell et al., 1992). Strikingly,
the Variscan crust has a sharp subhorizontal Moho across individual su-
tures of the orogeny and a seismically laminated lower crust (Meissner,
1986). Post-orogenic delamination of the lithosphere (including the
lower crust) may explain the presence of the thin crust (ca. 28–
32 km) and flat Moho (Aichroth et al., 1992), similar to the modern
Basin and Range province (Artemieva and Meissner, 2012; Menard
and Molnar, 1988; Mengel and Kern, 1992). Metamorphic transforma-
tion of granulite facies lower crustal rocks into eclogite facies rocks pro-
vides additional explanation of the specific features of theVariscan crust
and the Caledonian deformed crust in the North Sea area (Abramovitz
and Thybo, 2000; Mengel and Kern, 1992).

The North German Basin, filled with sedimentary sequences in ex-
cess of 10 km thickness (Fig. 20a), was formed as a result of extensive
faulting and magmatism which initiated a quick subsidence at ca.
300 Ma followed by formation of Meso-Cenozoic sub-basINS (Ziegler
and Dezes, 2006). Seismic data indicate a flat and shallow (possibly
new) Moho at a depth of 30–32 km, with massive high-velocity mafic
intrusions present in the lower part of the crust (Bayer et al., 1995,
1999; Rabbel et al., 1995; Thybo, 1990, 2001). Since no crustal thinning
exists in the North German Basin as compared to the adjacent Variscan
terranes, it has been proposed that the basin developed by lithospheric
buckling due to compressional stresses from the Alpine collision and
ridge push from the North Atlantic spreading ridge (Marotta et al.,
2001, 2002).

8.3.2. Uralides
The Uralides orogen has a strongly heterogeneous crustal structure

which reflects its complex tectonic evolution (see Section 2.3 for
details). Six major tectonic units oriented parallel to the axis of the
mountain belt are traditionally recognized within the Uralides orogen
from surface geology, potential field data, and seismic modeling. They
include two major sectors: paleo-continental in the west, largely
formed by deformation of the margin of the East European craton, and
paleo-oceanic in the east, although the latter includes not only a large
number of Paleozoic oceanic and island arc complexes but some
preserved Precambrian basement blocks. The paleo-continental sector
includes, from west to east, (i) the Urals Foredeep (a molasse basin),
(ii) the West Uralian Zone (a part of the foreland fold-and-thrust belt
filled with Palaeozoic sediments), and (iii) the Central Uralian Zone
(uplifted Precambrian nucleus). The paleo-oceanic sector includes,
fromwest to east, three accreted complexes: (i) the Tagil–Magnitogorsk
volcanic arc complex, (ii) the East Uralian Zone (arc sediments and
metamorphic complexes), and (iii) the Trans-Uralian Zone mostly bur-
ied beneath the West Siberian sediments (Kashubin et al., 2006;
Puchkov, 2010). According to seismic interpretations along the ESRU
profile (Friberg et al., 2001; Juhlin et al., 1996a) and the pattern of
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magnetic anomalies (Hamilton, 1970), the crust of the Uralides may
extend far eastwards below the thick sedimentary successions of the
West Siberian Basin, perhaps even to the center of the basin.

The recent international seismic studies of the Uralmountains, ESRU
(theMiddle Urals) andURSEIS (the SouthernUrals), have provided sub-
stantial new information on the crustal structure of the orogen, which
complements earlier seismic results (Druzhinin et al., 1990; Ryzhiy
et al., 1992). Several Russian seismic datasets were jointly interpreted
by international teams within EUROPROBE co-operation (Brown et al.
(1998, 2002); Carbonell et al. (1996, 2000) for the Southern Urals,
Juhlin et al. (1996a) for the northern Middle Urals, and Steer et al.
(1995) for the southern Middle Urals).

The ESRU survey consisted of several reflection seismic profiles,
ESRU93/95/96/98, ca. 440 km long in total. For example, the survey of
1995 included two profiles, one oriented roughly east–west and the
other north–south, with the crossing near the SG-4 deep borehole.
According to seismic models of the ESRU surveys, complemented by
UWARS and R17 profiles and a segment of the GRANIT profile (Juhlin
et al., 1996a; Rybalka and Kashubin, 1992; Thouvenot et al., 1995), the
crustal thickness across the Urals changes from west to east from ca.
45 km in the Urals Foredeep to 45–50 km in the West Uralian Zone,
and is generally 50 km from the Central to the East Uralian Zone,
reaching up-to 60–65 km in the central part (the Tagil island arc com-
plex) (Druzhinin et al., 1990, 1997; Friberg et al., 2001; Juhlin et al.,
1998, 2007; Knapp et al., 1998). A similar thick crustal root may be
also preserved in the Polar Urals. Gently west-dipping reflections are
common in the middle and lower crust along the ESRU profile
(Kashubin et al., 2006). Further east, the Moho depth in the Trans-
Uralian Zone is ca. 45–40 km shallowing to the east.

A different structure of the crust is revealed by the ca. 400 km long
URSEIS combined reflection and refraction profile and a number of
short regional profiles in the Southern Urals, ca. 500 km south of the
ESRU surveys (Brown et al., 1998; Carbonell et al., 1996, 2000; Steer
et al., 1995, 1998a,b; Suleimanov, 2006). Here, from west to east across
the Urals, the crustal thickness changes from ca. 38–40 km in the Urals
Foredeep to ca. 45 km in theWest Uralian Zone. SomeMoho deepening
(up to 50–55 km) is interpreted towards the Main Uralian Fault (MUF)
(Fig. 20e). The crustal root beneath the Magnitogorsk island arc com-
plex to the east of the MUF may extend down ca. 55 km, but generally
the crust is ca. 50 km thick from theMUF to the East Uralian Zone. Sim-
ilar to the ESRU profile, the Moho depth shallows towards the West Si-
berian basin and is 38–40 km in the Trans-Uralian Zone.

Seismic data for Novaya Zemlya, the northward extension of the
Uralides into the Polar region, is limited (Fig. 5). Two regional profiles
across the orogen, AR-2 and AR-3, were acquired in 1995–2006 by
‘Sevmorgeo’ within the framework of the Russian Federal survey
(Ivanova et al., 2006, 2011). According to these models, the Moho
depth is ca. 40–42 km on both profiles, but the depth to the top of the
lower crust (the “Conrad” discontinuity) is at ca. 28–30 km depth in
the northern profile and at ca. 25 km in the southern profile.
8.3.3. Alpine fold belt
Meso-Cenozoic tectono-magmatic activity primarily associatedwith

the Europe–Africa plate collision significantly reworked much of the
Variscan crust. This reworking affected the Central EuropeanRift system
and the tectonic structures of the Cenozoic collisional orogens and
associated subduction zones.

The Central European Rift system which extends from the Central
Graben in the North Sea to the Mediterranean has shallowMoho, gener-
ally 28–30 km deep with a local minimum of ca. 25 km in the Central
Graben of the North Sea (Fig. 10a). Similar thickness is reported for the
Rhine graben andMassif Central, althoughwith somevariations in crustal
thickness and structure along strike of the Rhine Graben (Brun et al.,
1992). These regions have 2–3 km of sediments, with a significant accu-
mulation of sedimentary deposits in foredeepbasins of theAlpine orogen.
DeepMoho, tomore than 45 kmdepth in the eastern Alps and up-to
50–55 km in the western and central Alps is well documented (e.g.
Blundell et al., 1992 and references therein; Kissling, 1994; Ye et al.,
1995) (Fig. 20a). In the eastern Alps, the new seismic investigations,
TRANSALP and ALPS2002, provide detailed images of the crustal struc-
ture and the surprisingly complicated topography of the seismic Moho
(Behm et al., 2007; Bleibinhaus and Gebrande, 2006; Gebrande et al.,
2006; Luschen et al., 2006; Millahn et al., 2006). Together with the
distribution of crustal velocity, the Moho geometry indicates that the
subduction polarity in the Alps is everywhere southward (Bruckl et al.,
2007, 2010), contrary to earlier interpretation of a change in polarity be-
tween the eastern and western Alps based on indications from mantle
tomography (Lippitsch et al., 2003).

The seismic coverage of the structure and crustal thickness of other
Cenozoic orogens in Europe is less than in the Alps. The Pyrenees appear
to have a maximal Moho depth of 45–50 km (Díaz and Gallart, 2009;
Pedreira et al., 2003) and the eastern Carpathians may have similar
Moho depth, in the area close to the Pannonian Basin where the crust
is only 25 km thick (Hauser et al., 2001; Horvath et al., 2006; Janik
et al., 2011). There is basically no seismic data for other orogens of the
southern Europe (e.g. the Balkanides and the Dinarides) (Fig. 5).

Models of the crustal structure and thickness of the Caucasus orogen
have mainly appeared in national publications of the countries in the
Caucasus region, Russia and Ukraine. Several crustal-scale seismic pro-
files, acquired largely in the valleys, form the basis for a number
of regional compilations (Artemjev et al., 1985; Chekunov, 1994;
Krasnopevtseva, 1984). Since the quality of these seismic models is
unclear, the crustal thickness in the Caucasus is strongly debated. The
crust may be more than 60 km thick below the Greater Caucasus, ca.
40 km thick below the Kura basin and the northern foreland basin. Sub-
duction beneath the Caucasus has not yet been demonstrated by seismic
data (mainly because there is no high-resolution regional tomography
and the global- and continent-scale tomographic models have very low
resolution in the region). Nevertheless northward subduction is indicated
by a strong positive free air anomaly parallel to theMain Caucasus Ridge.

8.3.4. Iceland
There is much debate about the crustal thickness in Iceland. There is

general consensus that the crust in Iceland is of oceanic type with a Vp
velocity of 6.5–7.0 km/s in the “oceanic layer 3” that extends down to
depths of 10–20 km (e.g. Foulger et al., 2005; White et al., 1996). The
debate focuses on the petrologic nature of layer 4 and the arguments
on both sides of the debate are based on the same or similar seismic
data. In layer 4, that may extend down to 60 kmdepth, Vp gradually in-
creases to 7.0–7.6 km/s (Angenheister et al., 1980). The “thin crust”
model (Palmason, 1971) explains layer 4 as anomalous peridotite man-
tle with ca. 2% of melt (Schmeling, 1985), whereas the “thick crust”
model (e.g. Menke and Levin, 1994) interprets the same layer as
gabbroic “lower crust” with lenses of melt. Note that in both models
of the Icelandic crust partial melts are interpreted to exist below
10–20 km depth (Riedel and Ebbing, 2008 and references therein).

An electrical conductor is interpreted at less than 15 km depth
below the active rift zones and deeper than 25 km depth in Tertiary
areas of Iceland (Bjornsson, 2008). These observations may support
the thin-crust model, but 20–40 km deep seismic reflectors may also
be interpreted as the Moho (Bjarnason et al., 1993; Gebrande et al.,
1980), in accordance with the thick-crust model. The density of layer
4 is probably 3030–3150 kg/m3which is in the range between densities
for oceanic crust (2970 kg/m3) and uppermostmantle (3300 kg/m3), so
gravity cannot be used to discriminate between the two models
(Darbyshire et al., 2000; Fedorova et al., 2005; Kaban et al., 2002).

The choice between the thin- and thick-crust models has important
tectonic implications (Schmeling and Marquart, 2008). In case of the
thin-crust model, the onshore spreading rift axis is located directly
above the thinnest crust in Icelandwith thickness comparable to the off-
shore rift axes on both sides of Iceland (Stefansson et al., 2008). Further
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the temperatures must be very high and layer 4 should contain a high
percentage of melts which, however, cannot be confirmed by the seis-
mic studies. In case of the thick-crustmodel, uppermostmantle temper-
atures must be low to maintain a 20 km-thick gabbroic layer 4 below
the gabbro solidus (Menke and Levin, 1994), in accordance with results
of measurements of low regional off-shore heat flow (Stein and Stein,
2003), but in disagreementwith on-shore estimations of high tempera-
tures and shallow maximal hypocentre depths of local earthquakes
(Bjarnason et al., 1994). The EUNAseis model includes Moho depths
according to the “thick crust model” (Figs. 10a, 20d) as more consistent
with other data.

8.4. Off-shore regions

8.4.1. Continental shelves
Continental shelves are often thinned off-shore continuations of on-

shore crustal structure. The North Atlantic coastal regions have further
been affected by oceanic break-up after significant rifting episodes, in
particular in the North Sea area (Olsen, 1995 and references therein).
The extensional period preceding break-up in the North Atlantic may
have lasted about 200 My. Therefore the crust below the North Atlantic
shelves are generally thinner than below e.g. the Arctic shelves where
the crust may be 30–40 km thick in the Barents Sea and around
Svalbard (Clark et al., 2013).

The Barents Sea has continental and subcontinental crustwith a typ-
ical thickness of ca. 32–39 km and with a generally deeper Moho in the
eastern basin (Figs. 10a, 20b, c). The transition from (sub)continental to
oceanic crust is very sharp, within a ca. 50 kmwide zone (Faleide et al.,
2008). The Barents Sea area includes a series of very deep sedimentary
basins, in particular in the eastern part where thickness of sediments lo-
cally reaches 20 km (Drachev et al., 2010) (Fig. 7a). Given a large thick-
ness of the sedimentary cover, the crystalline crust is relatively thin,
locally reducing in thickness to less than 20 km (Fig. 10b) (Ivanova
et al., 2006). Although the origin of the basins is debated, there is little
doubt that the area was subject to substantial stretching since the late
Palaeozoic (Faleide et al., 2008), as reflected by substantial crustal thin-
ning below individual rift basins (Figs. 7, 10). The basins below the Ba-
rents Sea may have been significantly influenced by mantle processes,
lithospheric buckling and metamorphic processes (Artyushkov, 2005).
However, a significant high-velocity anomaly in the upper mantle of
the eastern basin of the Barents Sea may indicate that this intracratonic
basin developed not by extension but by other processes (Fig. 19a). Sim-
ilar to the Peri-Caspian Basin, the subsidence of the Barents Sea could
have been associated with a local formation of mafic (semi-oceanic)
crust (Zonenshain et al., 1990) and/or with magmatic underplating of
the crust by high-density material (e.g. Artyushkov, 1993). Likewise
the development of several rift basins along the western continental
shelf of Norway may have been associated with substantial magmatic
addition to the lower crust, in particular where thinning has been
extreme, such as at the Vøring graben (Mjelde et al. 2009).

8.4.2. Oceanic crust of the North Atlantic ocean
An important characteristic of the northern North Atlantic ocean is

that most of the area has anomalous crustal structure and anomalous
bathymetry (Fig. 2b) which generally does not follow the expected
square-root of age dependence (Stein and Stein, 1992): the sea bottom
usually is observed at shallower depth than predicted by themodel. The
number of seismic observations in those parts of the North Atlantic
Ocean where the bathymetry is normal (i.e. follows the square-root of
age dependence) is limited, as most marine seismic experiments were
made in areas with anomalous bathymetry. Where seismic data are
available, the thickness of the “normal” oceanic crust is 7–10 kmand in-
dicates normal melting conditions at the mid-oceanic ridge.

Generally, substantial underplating developed in association with
stretching, rifting and break-up at the North Atlantic margins. The
underplate was intensively studied in the late 80s in a series of seismic
experiments, including OBS seismic and two-ship expanding spread ex-
periments. These experiments indicate that the underplating caused
massive uniform bodies of magmatic rocks added to the lower crust
below seaward dipping volcanic reflectors near the surface (e.g.
Fowler et al., 1989; White et al., 1987). The seaward dipping reflectors
are interpreted as volcanic flows associated with break-up which
were tilted during the subsequent cooling. They are well resolved in a
series of seismic reflection sections, whereas the resolution of the
lower crustal underplated material is low. Subsequent acquisition of
high-resolution refraction and reflection seismic data has, on the con-
trary, imaged layered sequences of magmatic additions to the lower
crust instead of homogenous large magmatic bodies (White et al.,
2008), similar to recent observation of layered sequences of magmatic
addition to the lower crust at active rift zones (Thybo et al., 2000;
Thybo and Nielsen, 2009).

A remarkable anomaly in the crustal structure is observed along the
Faroe–Iceland–Greenland Ridge where anomalously thick, 30–35 km,
crust (Fig. 20d) is interpreted to be of oceanic origin (Bott and
Gunnarsson, 1980; Holbrook et al., 2001; Staples et al., 1997) and ba-
thymetry does not follow the “square root of age” law (Fig. 2b). There
is strong debate on the origin of the thick crust which is usually linked
to the effect of unusually high temperatures below Iceland (Mihalffy
et al., 2008; Parkin andWhite, 2008). According to one of the hypothe-
ses, thick crustmarks the plume track. However, the symmetry requires
that this plume has been semi-stationary with respect to the boundary
between the American and European plates for the last ca. 55 My
(Lundin and Dore, 2005). Another explanation suggests the presence
of a major melting anomaly with persistent volcanism centered at ca.
65N at the Mid-Atlantic Ridge and associated with small-scale convec-
tion at the divergent plate boundary (Boutilier and Keen, 1999; Parkin
and White, 2008). There is little doubt that the mantle temperatures
around Iceland are substantially higher than in the surrounding parts
of the North Atlantic ocean, and it is challenging to find an alternative
(to a mantle plume) explanation for the cause of excess magmatism
during most of the time since the spreading began or a mechanism
that has fed magma from Iceland to the distal portion of the ocean
(e.g. Holbrook et al., 2001). Importantly, our study indicates the pres-
ence of a similar crustal anomaly on the western side of Greenland,
the “Baffin Ridge” with thick crust across the Baffin Bay (Fig. 10). One
may speculate if this structure might have similar origin or even repre-
sent a westward continuation of the Faeroe–Iceland–Greenland Ridge.

9. Conclusions

This study presents a new compilation EUNAseis of the available seis-
mic data on the structure of the crust in an area which encompasses
Europe, the North Atlantic Ocean, Iceland, and Greenland. This data has
been used to review and analyze the seismic structure of the crust, in-
cluding depth to the basement, crustal thickness, average Vp basement
velocities, and Pn velocity in the uppermost mantle. The present compi-
lation is based solely on seismic information and thus provides a tool for
potential datamodeling. Compared to earliermodels of crustal structure,
the present compilation also demonstrates a significant improvement in
the coverage and spatial resolution, which has led to the identification of
amuchmore heterogeneous crustal structure than previously presented.

The analysis of the crustal structure based on the new database
EUNAseis and illustrated in this paper indicates the following:

i) The depth to Moho is highly variable throughout the region:
• Moho is 40–60 km deep in the Precambrian crust of the cra-
tons. For central Greenland, where the bedrock surface is
below sea level, the existing, limited seismic data indicate
crustal thickness values typical for the cratonic regions. Thick
crustal roots (50–60 km) in some Archean–Paleoproterozoic
terranes may represent ancient sutures (subduction zones);
thinned cratonic crust (30–38 km) is typical for intracratonic



144 I.M. Artemieva, H. Thybo / Tectonophysics 609 (2013) 97–153
rifts and aulacogens.
• The craton to noncraton transition across the TESZ is marked
by a sharp (ca. 10 km) decrease in the Moho depth over a
short lateral distance of less than 100 km width.

• Young (Phanerozoic) crust has variable thickness similar to an-
cient crust, ranging from ca. 30 km in theVariscides (where the
lower lithosphere including the lower crust may have been
delaminated) to more than 50 km in the young orogens of
the Alpine fold belt.

• The shelves appear to have a rather uniform depth toMoho: ca.
32–39 km in the Arctic shelf and ca. 20–24 km in the North At-
lantic Ocean. The shelf to ocean transition is very narrow and
commonly occurs within a 50 km wide zone.

• The Iceland–Faeroe, the Greenland–Iceland, and the Baffin Bay
Ridges have anomalous crustal thickness (25–30 km), inter-
preted as being of oceanic origin.

ii) The thickness of the crystalline crust shows greater variations
than depth to Moho:
• In the East European Craton it spans from ca. 60 km in the Bal-
tic Shield to less than 20 km in the Peri-Caspian depression and
the Dnieper–Donets rift. Anomalously thin crystalline crust of
the Peri-Caspian depression, the South Caspian Sea, the west-
ern Black Sea (less than 15 km), and probably the eastern
basin of the Black Sea (7 km), might have transitional, or
even oceanic, origin which is also supported by the absence
of an upper granitic layer in some of these regions. A very
thin crystalline crust (10 km thick or less) is observed also lo-
cally in the North Sea rift system.

• An overall lack of correlation between variations in thicknesses
of the sedimentary cover and crystalline crust in much of the
region indicates that some deep processes are not fully
reflected in the sedimentary cover, and that isostatic compen-
sation may not be achieved at Moho in some tectonic areas.

• The crustal structure of the shelves is very heterogeneous with
variations in thickness of crystalline crust from less than 15 km
to more than 30 km; this also may imply that the Arctic
basinsmay not be isostatically compensated by the crust, prob-
ably due to the presence of a mechanically strong cratonic
lithosphere.

iii) The Vp velocity structure is highly variable both in the sedimen-
tary layer and in the crystalline crust:
• In the sedimentary layer, average Vp shows a mosaic pattern,
with no correlation between this parameter and basin depth.
Weak correlation between average Vp and crustal age is signif-
icantly smeared by variations in composition andmetamorphic
state of the sediments, related to the burial history.

• In the crystalline crust, the highest average basement Vp veloc-
ities (6.5–6.8 km/s) are typical of the cratons with the highest
values in the Archean blocks with thick lower crust. Intermedi-
ate (ca. 6.5 km/s) basement velocities in the Riphean rifts of
the East European Craton may be due to a near absence of the
middle crustal layer and a substantial thickening of the upper
crustal layer.

• The transition from cratonic to Phanerozoic Europe is marked
by a sharp difference in average basement Vp velocity reducing
to 6.2–6.4 km/s in most Phanerozoic structures of western
Europe; this variation is partially causedbydifferences in crust-
al temperatures across the TESZ.

• High basement Vp in the Peri-Caspian Basin, the Southern
Caspian Sea and thewestern Black Sea basinmay be associated
with large amounts of mafic intrusions and a nearly absent
felsic crustal layer. Off-shore regions have highly variable
average crustal Vp with high basement velocities in the Voring
Plateau which may also be associated with mafic intrusions in
the lower crust.

iv) Strong variation in in-situ Pn velocity in the uppermost mantle
reflects variations in regional geotherms, depth toMoho, seismic
anisotropy, metamorphic state, and fluid regime.

• Cratonic areas are generally characterized by very high Pn
velocities (N8.2 km/s) with some reduction in the Riphean
and Paleozoic rifts. Relatively high Pn velocities are also ob-
served in the Barents Sea shelf.

• Phanerozoic continental areas are characterized by Pn veloci-
ties of ~8.0 km/s; very low Pn velocity (b7.9 km/s) character-
izes tectonically active areas around the Mediterranean Sea
and the rifted part of the North Sea.

• Very low Pn velocity is observed around Iceland and some
parts of the Atlantic Ocean, but data aremostly available for re-
gions with anomalous bathymetry.

Based on our study, we further draw some general conclusions:
1. For each tectonic setting, there are significant variations in crustal
thickness between structures of different tectono-thermal ages. The
global averages (Christensen and Mooney, 1995) do not correspond
to the crustal structure of any particular European collisional orogen,
extensional and plume-related structure. The crust of cratonic areas
in Europe also differs from the global averages: it is generally
5–10 km thicker and has higher average basement velocity.

2. The relative thickness of the upper-middle (Vp b 6.8 km/s) and
lower (Vp N 6.8 km/s) parts of the crystalline crustmay be indicative
for the tectonic origin of an area. The ratio (UPC/UPC + LPC) in-
creases from b0.4 in the oceanic crust to ca. 0.6–0.7 in the cratonic
crust. Extended continental crust where the lower crust has been
delaminated has an extreme ratio of N0.8.

3. Rifting, in general, leadsmainly to thinning of the upper-middle crust
(by ca. 15 km) without change in the Vp in this crustal layer. The
lower crust is also thinned during rifting but to a lesser extent (by
5–10 km). The latter conclusion is unexpected as magmatic addition
to the crust mainly happens to the lower crust (Thybo and Nielsen,
2009). Since no general increase in the lower crustal Vp is observed
in rifted regions, the gabbro-eclogite phase transition may play an
important role and lead to lower crustal delamination, effectively re-
ducing average crustal Vp.

4. On continental shelves, thicknesses of the upper-middle (Vp b

6.8 km/s) and lower (Vp N 6.8 km/s) parts of the crystalline crust
and average Vp velocities in these crustal layers differ from the
values typical for rifted continental crust, indicating an importance
of other processes in shelf evolution.

5. Most of the North Atlantic Ocean north of 55N does not follow the
predictions of the cooling half-space model for bathymetric change
with ocean age. The exceptionally thick crust of probable oceanic
origin underlies the Greenland–Iceland–Faeroe Ridge; a similar
“Baffin Ridge” feature is observed in the Baffin Bay and may be its
continuation.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.tecto.2013.08.004.
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