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SUMMARY

We present a new 3D geophysical model for the Barents Sea that highlights the basement
properties and crustal setting. The model results from the modelling of gravity and magnetic
field anomalies and is based on a large number of seismic and petrophysical data. The set
up consists of a water layer, sedimentary units that incorporate density variations associated
with depth and time of deposition (Cretaceous—Cenozoic, Triassic—Jurassic, Late Palacozoic
and deeply buried sediments), upper and lower basement and an upper mantle. The upper
crust is considered as the major source of the magnetic anomalies and has been divided into
a number of units characterized by constant densities and magnetization, which show a good
correlation with the main structural elements of the Barents Sea. The Southwest Barents Sea
crust is an aggregation of allochthonous Caledonian terranes and autochthonous Archaean and
Palaeoproterozoic complexes. We interpret the different crustal blocks in terms of distinctive
lower, middle, upper and uppermost allochthonous terranes that can be linked with the major
nappes onshore. The largest part of the North Barents Sea is distinguished from the rest of
the shelf by its low-magnetic properties and its large crustal thickness. These differences are
compatible with a geodynamic scenario in which an independent crustal block (Barentsia, not
corresponding entirely to the island of Svalbard) was located between Baltica and Laurentia
and became attached to the shelf during the Caledonian orogeny. To the east, the basement
underlying the large mega-sag East Barents Basin, is an assemblage of Precambrian rocks
deformed during the Timanian and Uralian orogenies. The basement is characterized by an
alternation of high-magnetic and low-magnetic units that mimic the arcuate shape of Novaya
Zemlya. In the Southeast Barents Sea, the crustal units are linked to the onshore geology of
the Timan—Pechora region and are mostly the result of Timanian orogenesis.

Gl Geodynamics and tectonics

Key words: Gravity anomalies and Earth structure; Magnetic anomalies: modelling and
interpretation; Crustal structure; Arctic region.
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1 INTRODUCTION

The Barents Sea represents a large part of the Arctic region and ex-
tends between the Norwegian—Greenland Sea, the Arctic Ocean
margin, Novaya Zemlya and the Norwegian—Russian mainland
(Fig. 1). The geodynamic evolution and crustal setting of the Barents
Sea have been in focus for the last few decades due to its petroleum
potential (e.g. Johansen et al. 1992; Gautier et al. 2009; Henriksen
et al. 2011). Several new regional models have been proposed in
recent years (e.g. Ritzmann et al. 2007; Barrere et al. 2011) dis-
cussing the complexity of the area and emphasizing the need for
further integrated studies.

The Barents Sea is characterized by structural styles, which differ
between the west and the east (Johansen et al. 1992; Henriksen et al.
2011). The depth-to-top basement in the Barents Sea has previously

been estimated in a number of studies (Skilbrei 1991; Johansen
et al. 1992; Gramberg et al. 2001; Ritzmann et al. 2007; Barrére
et al. 2009) that locally point out differences in the order of 8 km
(Marello et al. 2010). The large differences can be explained (1) by
the difficulties involved in estimating the top of the deeply buried
basement using seismic and gravity data and (2) by the definition of
the top basement itself. In the deepest basins, sediments are strongly
affected by compaction and their densities can approach those of
the underlying basement rocks. This results in a decrease of both
the acoustic impedance contrast and the signal-to-noise ratio. Fur-
thermore, the presence of salt (e.g. Nordkapp Basin, Svalis Dome)
and shallow magmatic intrusions in the basins (e.g. East Svalbard
or in Triassic strata in the East Barents Basin) locally complicate
the estimation of the depth-to-top basement. The second difficulty
is directly related to the concept of top basement. Depending on

©The Authors 2013. Published by Oxford University Press on behalf of The Royal Astronomical Society. 557
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Complex; TKFZ, Trollfjorden—Komagelva Fault Zone.

the target of the study area and methods used, the definition and
location of the basement surface can be different.

Besides the precise location of top basement surface, location
other aspects remain uncertain. The mechanisms involved in basin
formation are unknown in many places (e.g. East Barents Basin,
Palaeozoic basin locations). The nature of basement also plays an
important role in basin initiation and a better understanding of its
crustal composition will help us to understand the evolution of the
Barents Sea shelf.

As direct offshore sampling and logging of the basement are lim-
ited, crustal properties must consequently be studied using indirect
geophysical methods. The distributions of densities, susceptibility
and seismic velocities allow us to distingush individual areas that
can have specific geological histories. In this study, we present a
3D forward model for the entire Barents Sea region, in which we
define densities and magnetization for the crust. The model de-
fines the major geometries and allows for a division of the Barents
Sea basement into regions with homogeneous properties related to

distinctive rock types and geological evolution. The relationship be-
tween the nature of the basement blocks, the crustal thickness and
basins are discussed in order to provide a better understanding of
the evolution of the Barents Sea.

2 THE BARENTS SEA REGION:
BASEMENT EVOLUTION

The Barents Sea continental shelf formed by the aggregation of
different crustal terranes that evolved during three major orogenic
events: Timanian, Caledonian and Uralian. Subsequently, a large
number of rifting episodes took place, which led to the complex
intracratonic setting that we see today.

The latest Neoproterozoic to Early Cambrian Timanian event
involved the Southeast Barents Sea region; the Timan—Pechora
Basin, southern Novaya Zemlya and areas offshore in the Barents
Shelf (Fig. 1). However, its full extent and significance offshore is
still poorly constrained (Olovyanishnikov et al. 2000; Roberts &
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Siedlecka 2002; Pease & Scott 2009). The Timanian orogenic de-
formation and metamorphism telescoped and accreted Neoprotero-
zoic magmato-sedimentary assemblages against the northeastern
margin of Baltica, generating NW-SE trending, SW-vergent folds
and a NE-dipping pervasive cleavage (Roberts & Olovyanishnikov
2004). In this work, the term Timanian basement terranes include
the Precambrian sedimentary successions, the volcano—sedimentary
and igneous rock units, island arcs and other ocean-floor magmatic
rocks involved in the Timanian orogeny.

The western Barents Sea has been strongly influenced by the
Caledonian orogeny, which began in the Early Ordovician and cul-
minated with the collision of Laurentia and Baltica in Mid Silurian
to Early Devonian time (Roberts 2003; Gee et al. 2008). The Cale-
donian influence is recorded in northwesten part of the West Barents
Sea by N-S structural trends and in the southwest by NE-SW struc-
tures (Dengo & Ressland 1992; Gudlaugsson et al. 1998; Faleide
et al. 2008), although this last trend is actually now disputed in the
light of new aeromagnetic data (Gernigon et al. 2008; Gernigon &
Bronner 2012). On the Norwegian mainland, the basement is an as-
semblage of two different types of terrane: the autochthonous rocks
ofthe Fennoscandian Shield (Palaeoproterozoic and Archaean crys-
talline complexes) and the Caledonian allochthons, which represent
the remnants of a Baltoscandian rifted margin system including shelf
successions, oceanic and arc units and exotic rocks with Laurentian
affinities (Roberts 2003). The allochthons are subdivided into four
major groups: lower, middle, upper and uppermost (Roberts & Gee
1985; Siedlecka et al. 2004; Gee 2005; Nystuen et al. 2008). The
Caledonian basement in Finnmark, northernmost Norway extends
into the Barents Sea shelf but its nature and geometry beneath the
younger sedimentary cover are still not clear (e.g. Ziegler 1988;
Doré 1991; Gudlaugsson et al. 1998; Ritzmann & Faleide 2007;
Faleide et al. 2008; Gee et al. 2008; Gernigon et al. 2008; Barrére
et al. 2009, 2011).

On the Svalbard archipelago, three crustal blocks can be dis-
tinguished. Most authors agree that Svalbard formed the margin
of Laurentia in Precambrian and Early Palacozoic times. During
the development of the Caledonides in Silurian time the three do-
mains were united with the rest of the shelf (Cocks & Fortey 1982;
Torsvik et al. 1996, Hartz & Torsvik 2002; Gee & Teben’kov 2004,
Gee et al. 2006). Different hypotheses for Caledonian terrane as-
sembly on Svalbard have been suggested and the actual extent of
the Caledonide terranes towards the east is controversial (Harland
1985; Harland et al. 1997; Gee & Teben’kov 2004; Cocks & Torsvik
2011). The eastern Svalbard terranes have been also interpreted as
an old microcrustal block lying between Laurentia and Baltica and
later involved in the Caledonian collision (Gudlaugsson et al. 1998).
Here, we use the term Caledonian basement to comprise all the pre-
Carboniferous rocks on Svalbard that form the autochthon and the
allochthons involved in the orogeny.

A third orogenic event involving the East Barents Sea—the
Uralian event—started in the Early Carboniferous with eastward
subduction of the Uralian Ocean beneath the Siberian craton
(Churkin et al. 1981). The subsequent continental collision be-
tween Laurussia (Baltica and Laurentia) and Siberia in the Early
Permian produced overthrusting towards the west (Otto & Bailey
1995) and generated the Ural mountain chain. The predominantly
west-vergent fold-and-thrust belt on Novaya Zemlya is considered to
be the northern extension of the Urals (Otto & Bailey 1995; Puchkov
2002). However, this interpretation is debated due to the large west-
ward offset from the general trend of the orogeny (e.g. Scott et al.
2010; Pease 2011). The largest structures in the East Barents Sea
reflect the arc-shaped geometry of the island and are attributed to
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the Uralian deformation (Korago et al. 2004). The Uralian basement
terrane in our study includes the pre-Carboniferous rocks that were
formed at the Uralian margin and the rocks with oceanic affinities
that were deformed during the Late Palaeozoic and Early Mesozoic
orogeny.

These three collisional events combined to establish the structural
framework that controlled the subsequent Palacozoic and Mesozoic
evolution of the Barents Sea (Doré¢ 1991; Johansen ef al. 1992;
Puchkov 2002). The Late Palacozoic and Mesozoic tectonic his-
tory was dominated by several rifting episodes that culminated
with the opening of the Norwegian—Greenland Sea (Gabrielsen
et al. 1990; Johansen et al. 1992, 1994; Faleide et al. 1993;
Smelror et al. 2009). In the Early Cretaceous, a significant mag-
matic event occurred in the northeast of Svalbard (Grogan et al.
1998), the intrusions are part of the so-called Arctic Large Igneous
Province linking Greenland, Svalbard, Franz Josef Land and adja-
cent shelf areas (Maher 2001). In addition, numerous Early Creta-
ceous sills affected the Triassic sediments in the East Barents Basin
(Ivanova et al. 2011). An additional complexity was provided by
the Cenozoic uplift. This event resulted in the emergence of the
Svalbard Platform and initiation of erosional processes (Dimakis
et al. 1998).

The present day Barents Sea is divided into three major structural
areas: (1) The West Barents Sea, which is dominated by a complex
system of grabens or half-grabens, (2) an extensive platform region
which extends towards the eastern and northern parts of the shelf
and (3) a large sag basin which occupies the greater East Barents
Basin (Fig. 1).

3 DATA

Acquisition of magnetic data in the arctic started already with the
early explorers like Nansen (e.g. Smelror 2011). We use gravity and
magnetic data, which have been collected over the past 50 yr in many
parts of the Barents Sea (e.g. Skilbrei 1991, 1995; Olesen et al. 2010;
Werner et al. 2011). In addition, with the available petrophysical
and seismic data, these data sets can be used to describe the crustal
structure of the Barents Sea in a consistent way. In the following
paragraphs, we describe the individual data sets, which we used for
the potential field modelling and interpretation.

3.1 Bathymetry and topography

We use the data of the International Bathymetric Chart of the Arctic
Ocean (IBCAO; Jakobsson et al. (2008). The model has been com-
piled using information from contour, grid, point and track data,
and has a resolution of 2 x 2 km. The Barents Sea is not character-
ized by large depth variations and the sea depth ranges from —40
to —380 m (Fig. 2).

3.2 Gravity data

Gravity data for the area are available from different sources. Here,
we use the Arctic Gravity Project (ArcGP) data set (http://earth-info.
nga.mil/GandG/wgs84/agp/). The compilation provides free air
anomalies. We calculated the complete Bouguer anomaly (Fig. 3a)
applying standard corrections (e.g. Blakely 1996). The water depth
is replaced with bedrock of a constant density of 2200 kgm™ and
the onshore topography with a density of 2670 kg m=. The standard
deviation of the ArcGP is around +5 mGal in the West Barents Sea
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Figure 2. Topography/bathymetry from IBCAO (Jakobsson ez al. 2008) and location of seismic profiles. Triangles indicate the catalogue included in Barents50
(Ritzmann et al. 2007); the thick black lines are regional transects that have been the base for regional models (Marello ez al. 2010); the thin black lines indicate
additional seismic models used in this study (see Table 1 for a complete overview and references).

and Southeast Barents Sea, and around +8 mGal in the Northeast
Barents Sea (Forsberg ef al. 2007).

3.3 Magnetic data

The magnetic data (Fig. 3b) are based on a compilation integrating
released Russian and Norwegian aeromagnetic survey data (Smelror
et al. 2009; Olesen et al. 2010; Werner et al. 2011). The mean least
square errors of the aeromagnetic surveys are in the order of 11—
14nT (Werner et al. 2011).

3.4 Seismic profiles

The seismic data used in this work include both reflection and
refraction data, and the horizon interpretation is mostly based
on previous publications summarized in Table 1 and shown in
Fig. 2. The Southwest Barents Sea is the area with the best cov-
erage of deep seismic profiles. The northwestern boundary of the

shelf is covered by data that define most of the sedimentary suc-
cessions and locally provide information about the seismic top
basement. There are a few seismic profiles in the eastern Bar-
ents Sea, but the interpretation of the crustal architecture is still
controversial. For example, the studies by Ivanova et al. (2006,
2011) and Roslov ef al. (2009) show quite different interpretations
along the same seismic transect. Reflectors in the deep crust have
been interpreted independently as a shallow Moho (Roslov et al.
2009) or as a lens of high-velocity lower crust (Ivanova et al.
2006, 2011).

3.5 Regional models

Besides seismic data, a large number of earlier compilations were
used to gain insights into the deep crustal geometries and to provide
geological and geophysical input during the modelling. Moreover,
various horizons have been compiled and used to constrain the
geometry of the model. The data are summarized in Tables 2 and 3.
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Figure 3. (a) Bouguer anomaly. Reduction density is 2200 kgm™ offshore and 2670 kg m™ onshore. (b) Magnetic anomaly. (c) Modelled gravity anomaly.
(d) Modelled magnetic anomaly. Black lines in (c), (d) show the locations of the sections defining the geometry of the 3D model.

A regional seismic velocity distribution for the Barents Sea has
been adopted from the Barents50 model, a crustal model based on
seismic refraction and seismic reflection profiles in the Barents Sea.
The lateral resolution has been estimated at 50 km, and in addition to
the velocities the seismic model defines the geometries of three sed-
imentary and two crustal layers (Ritzmann ef al. 2007). The crustal
model also provides more refined velocity information along the
regional seismic profiles with its 25 km sampling distance (Fig. 2).

Depths to the base Cretaceous and top Permian surfaces were
provided by Statoil. The base Cretaceous data set covers most of the
Barents Sea, while the top Permian covers part of the central Barents
Sea and the Southwest Barents Sea. Pre-existing top basement mod-
els are available for the western Barents Sea (Skilbrei 1991; Barrére

et al. 2011), the eastern Barents Sea (Gramberg et al. 2001) and
for the entire Barents Sea (Johansen et al. 1992; Ritzmann et al.
2007). The accuracy of the models differs from region to region
(Table 3).

For the depth to Moho, we considered two recent compilations:
the Barents50 model (Ritzmann ef al. 2007) and the compilation
for the Moho depths of the European Plate (Grad et al. 2009). The
latter is partly based on Barents50, but extends towards the Baltic
Shield and the oceanic domain. The lateral resolution of the new
compilation is around 10 x 10 km and the depth uncertainties in the
study region are estimated at +3 km along the edge of the shelf and
in the Southwest Barents Sea, and at around 4 km in the remaining
regions.
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3.6 Petrophysical indirect estimations

While densities can be indirectly calculated by conversion
of seismic velocities to densities, magnetic parameters can-

L. Marello, J. Ebbing and L. Gernigon

Table 1. 2D seismic constrains data. The location of the profiles is displayed in Fig. 2.

Seismic lines

Characteristics

References

NH9702-224
PETROBARO7
MN89-202

IKU-A; IKU-B; IKU-

C; IKU-D; IKU-E;

IKU-F; IKU-G; IKU-H

PI; P2; P10
P4; PS; P6; P7
G1-G2; G2-G3
OBS-98
AWI-97260
AWI-99400
AWI-99300
SVL12
E-SVL99
E-SVLO08

Bas06 seismic lines

FENNOLORA

SEbaltica
3-AR

SMG9
$8-501 (DSS-82)

079110

TimanR-FJLxyz
SBB-PB

E-BS 95
2-AR
4-AR

1-AR.xyz

85447, 088306
NP-1

NP-2

NP-3

NP-4

NP-5
BSWS2009
Linell-EBB
Linel5PS

West Barents Sea
Ocean Bottom Seismometer (OBS)
OBS
Reflection seismic data (until the top Permian)

Multichannel seismic reflection profiles down
to the Moho. Locally combined with OBS.

OBS

OBS

Combined geological profile
OBS

Seismic refraction data
Seismic refraction data
Seismic refraction data

Deep seismic experiments

Long-range seismic refraction profile

East Barents Sea
Deep seismic sounding (DSS)
Refraction deep seismic and reflection-

common-depth point seismic
Seismic refraction and reflection data.

Deep seismic sounding (DSS)

Reflection-seismic data (until the top Permian)
Seismic constraint in depth (until the top
Ordovician-Silurian)

Regional seismic profile

Refraction deep seismic and reflection-
common-depth point seismic

Refraction deep seismic and reflection-
common-depth point seismic

Onshore and offshore wide-angle
reflection/reflaction data. Three components
OBS and MCS reflection study. (Refraction
deep seismic and reflection-common-depth
point seismic)

Seismic constraint in depth (until top Permian)

Seismic constraint in depth (until top
basement)

Mjelde et al. 2002
Clark et al. 2009
Marello et al. 2010

Gudlaugsson et al. 1987; Faleide et al.
1993; Gudlaugsson & Faleide 1994;
Sanner 1995; Breivik et al. 1998; Breivik
et al. 2003; Ritzmann & Faleide 2007;
Barrere et al. 2009.

Breivik et al. 2005

Breivik ef al. 2002

Sigmond & Roberts 2007

Ljones et al. 2004

Ritzmann et al. 2002; Faleide et al. 2008
Ritzmann et al. 2004; Faleide et al. 2008
Ritzmann & Jokat 2003

Geissler 2001; Faleide et al. 2008
Hoegden 1999

Minakov ef al. 2012b

Gernigon et al. 2008, 2011

Guggisberg et al. 1991

Kostyuchenko et al. 2006
Ivanova et al. 2011

Gubaidulin et al. 1993;
Neprochnov ez al. 2000

Tulina et al. 1988; Morozova et al.
2000; Neprochnov et al. 2000

Marello ef al. 2010

Johansen et al. 1992;
Ostisty & Fedorovsky 1993

Johansen et al. 1992; Otto & Bailey
1995

Tvanova et al. 2006, 2011

Ivanova et al. 2011

Sakoulina et al. 1999;
Verba & Sakoulina 2001; Ivanova et al. 2006, 2011

Shipilov & Vernokovsky 2010
Minakov et al. 2012a

Ritzmann & Faleide 2009
Stephenson et al. 2006

not be estimated from other geophysical data. Only a lim-

ited number of studies have presented interpretations of the

magnetic field and estimates of magnetic properties (See
Table 2).
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Table 3. Regional layer constraints.

Grid horizons Resolution References
Bathymetry (IBCAO) 2 km Jakobsson et al. 2008
Base Cretaceous 0.5 km Statoil

Top Permian 2 km Statoil

Top basement all Barents Sea (Barents50) 50 km Ritzmann et al. 2007
Top basement all Barents Sea ? Johansen et al. 1992
Top basement West Barents Sea 5km Skjlbrei et al. 1991
Top basement West Barents Sea >10 km Barrere et al 2011
Top basement East Barents Sea ? Gramberg et al. 2010
Moho (Barents50) 50 km Ritzmann et al. 2007
Moho 10 km Grad et al. 2009
Moho W-Barents Sea >10 km Barrere et al. 2011
Barents 1D 25 km on profiles  Ritzmann et al. 2007
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Figure 4. Summary of velocity—density relations. Their application is limited to a certain type of rock as follows: Ludwig ez al. 1970 for sedimentary and
crystalline rocks; Larsen et al. 1994 for shale rocks; Gardner et al. 1984 for sedimentary rocks; Carlson & Herrick 1990 for oceanic crust; Godfrey et al. 1997
for basalts, diabase and gabbros; Christensen & Mooney 1995 for crystalline rocks and Birch 1961 for diabase, gabbro and eclogite rocks.

Initial density estimates are made from conversion of velocities
from seismic refraction and reflection studies to densities using
empirical relations as presented in Fig. 4. Depending on the rela-
tionship used and the type of basement rock, very different densities
can be estimated for the same velocity.

Table 2 provides a summary of seismic velocities, densities and
magnetic parameters used in previous studies. In Fig. 5, we or-
ganize the density and seismic velocity values according to their
lithology and geographic location. For sedimentary layers the vari-
ations are relatively large, which reflects the gradual increase from
top to bottom within each layer. Such an increase is mostly ex-
plained by increased sediment compaction with depth (e.g. Athy
1930). In the basement the density range is more limited, and
regional differences can be observed. Crust densities versus ve-
locities are plotted in Fig. 5b and a general increase of den-
sities occurs with an increase of velocities, but no simple lin-

ear or exponential relationship can be established. To find a sta-
tistically meaningful relationship more sample points would be
needed.

3.7 Petrophysical samples

Petrophysical data from samples or boreholes are sparse for the Bar-
ents Sea. Samples of the sedimentary layers are available from well
data (e.g. Tsikalas 1992; Dibner 1998), which confirm the density
increase with burial depth. Only a few measurements of the oftf-
shore basement density exist (Dibner 1998; Slagstad e al. 2008),
while for onshore Norway a large database has been established
from abundant rock samples (e.g. Olesen ef al. 2010). A distinction
between some of the Caledonian nappes can be made between rocks
of the higher density Upper Allochthon (28002850 kg m=) and the
lower density lower, middle and uppermost allochthonous terranes

¥202 Iudy 61 uo1senb Ag 061 G€9/26G/2/€6 L/e191e/[6/wod dno-ojwepeoe//:sdpy wolj papeojumoq



Basement in the Barents Sea 565
a) 2 b)
© )
= g o|®
Py . X X 8000
a0 % 0§ 8 0 i 3
® s g X
§ 3 3 iR X 2
© = = o
o (o} = 7000 S
st0f 6 £ i 5 2
§ -% § L] = X © ®
=] s & g 16000 2
g|20000 § x g 2 Ik s 8
2 2 B g o 3 =
= 5 % e 3 i £ o
Slor0] £ o (X 8 5 o 3 g 5000 €
= E 2
2 ) M g S o & o 2 =
fon O
o] o] 5 - a = :
al M %I % & g 6000 6500 7000 7500
25004 . <« ° 3 4000
o g Vp (m/s)
<
X &
%
2300 1@ g 3000 X SW-Barents Sea
§ 3 O SE-Svalbard
x <4 W-Svalbard
2100 (4] 2000 * E-Barents Sea
C ' C T ‘ C ' @ All Barents Sea
Rock type

Figure 5. Densities and velocities from previous models (see Table 2). (a) Each symbol corresponds to an average value estimated from the available literature.
The data are classified by regions and by rock type. The white boxes represent the density range; the grey the seismic velocities range. (b) The upper crust and

lower crust densities are plotted versus velocities.

(26502750 kg m ™). Densities of the autochthonous terrane are es-
tablished to be around 2700-2800 kg m™.

A few susceptibility and remanence measurements of the base-
ment are available for the western Barents Sea (Am 1975; Olesen
et al. 1990, 2010; Skilbrei 1991; Slagstad et al. 2008) and for Franz
Josef Land (Dibner 1998).

From onshore data, one can establish average magnetic proper-
ties for the Caledonian terrane and extend the results to the offshore
domain. The autochthonous Archaean and Palaeoproterozoic com-
plexes have extremely high magnetic properties (>0.01 SI), whereas
the Lower Allochthon is non-magnetic (<0.0003 SI), the Middle
Allochthon is poorly magnetic (0.001-0.003 SI) and the Upper and
Uppermost allochthons are moderately magnetic (0.001-0.01 SI;
Olesen ef al. 2010). Magnetic properties for sediments in the oft-
shore domain have been reported only for the West Barents Sea
(Dibner 1998; Olesen et al. 2010) and are up to two orders of mag-
nitude lower than those of the magmatic and metamorphic rocks
forming the basement. Magnetic measurements for Uralian and Ti-
manian basement rocks are not available. For these regions, we
adopt average susceptibilities that consider the estimated values
for the western Barents Sea and the general petrophysical data for
basement rocks (Hunt et al. 1995; Clark 1997).

Remanent magnetization has been measured for the crystalline
bedrock of Norway (Slagstad et al. 2008; Olesen et al. 2010) and
the direction of the natural remanent magnetization was, in general,
found to be parallel to the direction of the present-day Earth’s field.
The Q-values (Konigsberger ratio of remanent to induced mag-
netization) are generally low (in the order of 0.5), but mafic and
ultramafic rocks commonly show high Q-values. On Franz Josef
Land (Fig. 1), the few measurements of remanent magnetization
that have been published (Dibner 1998) show high remanent mag-
netization for igneous rocks, dykes and associated basaltic sheets

and sills. The observed vector direction of remanence in basalts and
dolerite coincides with the present-day magnetic field direction.

4 THE MODELLING PROCESS

An integrated forward modelling process is adopted in this study.
Gravity and magnetic fields are modelled simultaneously, and are
constrained by seismic profiles and petrophysical data. Modelling
has been carried out using the IGMAS (Interactive Gravity and Mag-
netic Application System) modelling package (G6tze & Lahmeyer
1988; Schmidt & Gotze 1998, 1999). IGMAS uses polyhedrons
with triangulated surfaces as an approximation for the complex 3D
geology. A constant density, susceptibility and remanent magnetiza-
tion are ascribed to each polyhedron. The geometry is defined along
parallel vertical sections with a separation of 25 km in the study
area (Figs 3c and d). IGMAS triangulates the geometry between
the sections and calculates the potential field effect of the model at
a designated station location. Afterwards, the model is adjusted by
matching the modelled field effect to the observed data by trial and
error.

In order to use absolute densities, a reference model was con-
structed to represent the density of the lithosphere. The refer-
ence model was defined by three layers: the upper crust (from
0 to —15km: 2670kgm™), the lower crust (from —15 to —32
km: 2850 kgm~) and the upper mantle (from —32 to —300 km:
3270 kg m ). This reference model reflects the average structure of
the regional Barents50 model (Ritzmann et al. 2007).

For the calculation of the magnetic field, we defined a geomag-
netic reference field based on the Definitive Geomagnetic Reference
Field (DGRF). Over the Barents Sea, the magnetic field is varying
in total intensity (53 500-57 000 nT), declination (5°-35°) and in-
clination (79°-85°). For the model, we considered a regional mean

dny wouy papeojumoq

$20z udy 61 uo 1senb Aq 051 5£9/2GG/2/€6 L /eonte/1(6/woo dno*



566 L. Marello, J. Ebbing and L. Gernigon

value of total intensity of 55 000 nT, with a declination of 18.5°
and inclination of 81°. The use of a variable magnetic reference
field affects the regional characteristics of the calculated fields only
to a minor degree. Magnetic anomalies reduced to the pole, often,
are used to avoid the complex calculation of the anomalies using
the non-vertical Earth magnetic field. We estimated differences be-
tween calculated anomalies using a mean value of the reference
field in one case and continuous magnetic anomalies reduced to the
pole in another case, and discrepancies were around ~2 nT. This
error is very small as compared with the uncertainties of the final
model.

4.1 Initial model set up

The initial model consists of three different sedimentary layers,
two crustal layers and the mantle. The first calculated field from
the initial model was quite different from the observed field. To
improve the fit, we first refined the geometry in order to constrain
the structure of the crust as well as the existing data would allow,
and then we interactively adjusted the model.

4.2 Sedimentary cover

The upper boundary of the model, bathymetry, was taken from
Jakobsson et al. (2008) (Fig. 2) and the geology on the seabed is
based on the geological map in Sigmond & Roberts (2007). The
continent—ocean transition zone (COT) was delineated from the
analysis of the magnetic anomaly pattern.

The geometrical and sedimentary setup considers the major seis-
mic horizons (Table 3) and has been refined in a second phase along
the available 2D seismic lines (Table 1 and Fig. 2). The density
distribution in the sedimentary basins can be related to compaction,
grain composition, time of deposition and metamorphic grade (e.g.
a change from greenschist to amphibolite facies). In our model we
study the influence of two dominant parameters, age and burial
depth, as described below.

Two major reflectors can be traced regionally in the Barents Sea,
the base Cretaceous and the top Permian. These boundaries corre-
spond to a clear velocity contrast and density change. Accordingly,
we define sedimentary units with constant densities corresponding
to (1) the Cretaceous—Cenozoic, (2) the Jurassic—Triassic and (3)
the Late Palacozoic successions. In addition, a deep sedimentary
body has been introduced in the model in the East Barents Basin
at depths below approximately 10—12 km, where burial metamor-
phism is considered to have significantly altered the physical rock
properties. Therefore, the use of the constant Palacozoic sediment
density was not logical here. For the same reason, the Cenozoic—
Cretaceous sedimentary package of the West Barents Sea has been
divided into an upper and a lower unit in the deepest sedimen-
tary basin (Bjerneya Basin, Tromse Basin, Servestsnaget Basin).
Fig. 6a shows the gravity contribution of the sedimentary layers
so defined. The densities for each sedimentary unit are given in
Table 4.

Fig. 6b displays the gravity effect of a sedimentary cover with
densities defined according to burial depth. In this alternative model,
the densities changes due to compaction, sediments at the same
depth have the same density. In the uppermost 4 km the sediment
density increases with depth as observed in borehole data (Tsikalas
1992). For the sediments between 4 and 6 km, the increase of
densities with depth has been extrapolated, and for the deepest
sediments a constant value of 2690 kgm ™ has been applied. This

compaction model with exponential increase of density with depths
is strongly simplified for the Barents Sea, as uplift and erosion have
affected the sedimentary basins. A lateral increase of density is
expected and is related to the amount of erosion.

Both setups produce a gravity effect that is strongly influenced
by the total thickness of the sedimentary successions. However,
the gravity effect of the first model (Fig. 6a) is more sensitive to
the internal discontinuities associated with the principal seismic
reflectors. Large negative anomalies occur over the deep Jurassic
basins (e.g. Tromse Basin, Servestsnaget Basin, Ottar Basin and
Nordkapp Basin), and over the East Barents Basin, while larger
positive anomalies are located on structural highs (e.g. Stappen and
Loppa Highs). The second model produces smaller anomalies that
are, in general, less sensitive to the sedimentary thickness (Fig. 6¢).
Below 6 km depth, the density of the sedimentary layers is almost
identical to the underlying basement, producing almost no contrast
and no significant gravity effect. This can be clearly seen in the
gravity difference between the two approaches (Fig. 6¢). The largest
difference is associated with the deepest basins (e.g. East Barents
Basin, Nordkapp Basin).

Consequently, we performed some sensitivity tests to estimate
the impact that different density distributions in the sediments could
produce on crustal geometries. In these tests the gravity differences
obtained by the two approaches (Fig. 6¢) were considered as gravity
residuals to be explained by crustal thickness variations. We esti-
mate that differences of 20 mGal, (Fig. 6¢) affect the modelling in
terms of crustal thickness by around 5 km.

4.3 The crustal model

The modelling of the crust was the main focus of this work, and
in particular we aimed at defining the crustal geometry and its
properties.

Top basement and Moho were defined following the pre-existing
regional models (Table 3) and later refined by incorporating 2D
seismic profiles (Table 1 and Fig. 2). The distinction between upper
and lower crust was introduced depending on the reflectivity and
velocities from the seismic profiles (Table 1 and Fig. 2). The crossing
points of the original profiles show some disagreements due to the
accuracies of the different techniques and modelling approaches
used. At those points the definition of the geometry was guided
by the potential field residuals and designed in such a way to be
coherent with the neighbouring setting.

The Barents Sea shelf'is characterized by a relatively small range
of gravity anomalies £40 mGal (with the exception of the Loppa and
Stappen highs) that show a good correlation with the distribution of
basins in the West Barents Sea (Figs 1 and 2a). However, in the East
Barents Sea, where the large sag basin is located there is no cor-
relation with the observed negative gravity anomaly. This situation
could imply either that no density contrast exists between the lower
part of the sedimentary package and the basement, or that the low
densities in the basin are isostatically compensated by high densities
in the crust (e.g. shallow Moho or high-density lower crust). This
ambiguity in interpreting the density distributions could be partly
solved by the use of magnetic field. Sedimentary compaction does
not alter the magnetization significantly and, consequently, the sed-
iment/basement magnetic contrast remains a detectable magnetic
boundary.

For that reason, our initial subdivision of the crust into different
basement units has been based on a first interpretation of the mag-
netic anomalies (Marello et al. 2010). The magnetic anomalies of

¥202 Iudy 61 uo1senb Ag 061 G€9/26G/2/€6 L/e191e/[6/wod dno-ojwepeoe//:sdpy wolj papeojumoq



Basement in the Barents Sea 567

O

[e]

s

2

o

Q

Q.

@

o

=

o

3

D -

60 -42 -24 -5 9 20 35 50 -60 -42 -24 -5 9 20 35 50 =3
I e MGal BT T ammmy) mGal 2

67

oCl

mGal 18 42 10 -8 -7 -5 -4 2 1 Topbasement depth
(km)

60 42 24 -5 9 20 35 50
BT T O]

Figure 6. Gravity contribution of the sediments: (a) calculated using densities that increase with age of the sedimentary cover. Constant densities are used
for sediments with the same age (yellow = Cretaceous—Cenozoic, purple = Jurassic—Triassic and light brown = Late Palacozoic); (b) calculated using
depth-dependent densities. Constant densities are used for sediments at the same depth. (c) Differences between the gravity effect of the sediments calculated
in the two set ups. (d) Top basement model with the outline of the upper crustal blocks. See text for details.
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Table 4. Petrophysical model results.

Model unit Density kg m™ Susceptibility (SI) Q ratio (SI)
Cenozoic—Cretaceous sediments (upper and lower) 2350-2450 0 0.3-0.4
Jurassic—Triassic 2500 0 0.3
Palacozoic 2650 0 0.3
Deep sediments 2730 0 0.3
Oceanic Crust 2850 0.006 2.5
Continent—oceanic transition crust 2750-2800 0.01-0.003 0.5
Upper crust (28 blocks) 2715-2840 0.029-0.00004 0.3-1.5
Lower crust (3 blocks) 2940-3000 0.007-0.00006 0.4
Lower crustal body 3050 0 0
Upper mantle 3280 0.003 0

Rift anomaly mantle 3220 0 0




568 L. Marello, J. Ebbing and L. Gernigon

the Barents Sea, besides being sensitive to the top basement geom-
etry and sedimentary/basement contrast, are influenced mainly by
the magnetic properties of the upper crystalline crust (Marello ef al.
2010).

The magnetic field modelling was focused on fitting general
trends to the magnetic signature, and neglecting high-frequency
anomalies generated by intrasedimentary sources (e.g. sill in-
trusions). For each magnetic domain defined by Marello et al.
(2010) a density value has been attributed, taking into consider-
ation existing seismic velocity and density models (see Table 2 and
Figs 4 and 5).

The final organization of the basement blocks derives from the
results of tested and modified model set ups and simultaneously re-
ducing the gravity and magnetic residuals. To this end, we managed
to create a simple crustal organization that was compatible with
all the geophysical constraints. The lateral boundaries of the dif-
ferent domains were considered to have a large degree of freedom,
whereas the top basement and Moho were modified only where no
constraints existed.

A lower crustal body has been defined (Fig. 8b) based on
seismic results beneath the East Barents Basin (Ivanova et al.
2006, 2011) in order to evaluate the different theories re-
garding the deep crustal setting of the East Barents Sea (see
section 5.3).

4.4 Regional long-wavelength gravity model: upper
mantle density variations

The long-wavelength gravity anomalies are mostly attributed to
the crustal thickness and the density distribution in the uppermost
mantle. The regional gravity anomalies highlight a strong regional
E—W trend attributed to the continental break up and spreading of the
North Atlantic Ocean. If a homogeneous upper mantle is assumed,
the calculated gravity field is much larger on the oceanic side than
the observed gravity anomalies. A range of different approaches has
been used to explain that misfit (e.g. O’Reilly ez al. 1998; Breivik
et al. 1999; Kimbell ef al. 2004, 2010; Ritzmann & Faleide 2009).

We address this issue here by means of an oceanic mantle body
that approximates the mantle change from a continental to an
oceanic domain. Its upper part accounts for the density decrease
related to lateral temperature variation (Breivik et al. 1999; Kimbell
et al. 2004), while its lower part reflects a negative velocity anomaly
observed on seismic tomography (Levshin et al. 2007). The densi-
ties of the oceanic mantle are chosen based on petrophysical models
(e.g. Bonatti & Michael 1989). Remaining long-wavelength gravity
residuals over the shelf are accredited mostly to the Moho geometry
and have been addressed by adjusting this surface within the range
of the uncertainties provided by the seismic model (Fig. 10d).

5 MODELLING RESULTS

The densities and magnetic properties of the final model are sum-
marized in Table 4. To reduce the ambiguity in potential field mod-
elling, the integration of a large number of data that constrain the
geometry or physical model parameters is of fundamental impor-
tance. The model presented was defined progressively with a careful
iterative stepwise modelling procedure. We mostly rely on the accu-
racy of the constraints and on the geological meaning of the model
to avoid an overfitting of the observed anomalies. The largest un-
certainty in the model remains in the northern part of the shelf. The
basement blocks defined between Svalbard and Franz Josef Land are
quite large. Refinements to these blocks are limited due to a lack of
geophysical constraints and the difficulty in determining precisely
the shallow sources (sills and dykes) responsible for high-frequency
anomalies.

The sedimentary cover is defined by units with constant densities
and almost non-magnetic properties, and with a geometry, which is
based on the identified major seismic reflectors. Each sedimentary
unit is characterized by sediments of similar age (Table 4). On the
continental shelf, upper and lower crusts have been distinguished.
The spatial extension of the upper crustal units and their physical
properties are presented in Fig. 7. The densities clearly differentiate
the West Barents Sea (dominated by lower densities) from the East
Barents Sea (dominated by higher densities). The magnetic property

[ ] <2730 kg/m3
[ 2730-2770 kg/m3

Figure 7. Upper crustal properties: (a) density distribution; (b) magnetic susceptibilities (upper number) and Q-ratio (Konigsberger ratio) (lower number).
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Figure 8. Crustal model: (a) upper—lower crust boundary; (b) Moho depth. The white line shows the outline of the lower crustal body.
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distribution in the upper crust allows us to differentiate three major
areas: (a) a higher magnetic basement in the Southwest Barents Sea;
(b) a non-magnetic crust in the northwestern part of the shelf and
(c) an alternation of magnetic and non-magnetic blocks under the
East Barents Sea Basin. Towards the margin, a transitional crustal
block and the oceanic crust are defined from the bottom of the
sedimentary cover to the Moho (Fig. 8).

The lower crust is divided into three blocks. The densities are
slightly lower for the two western blocks (2940 kgm ) than for
the eastern lower crust (3000 kg m~). The magnetic properties are
close to zero for the East and Northwest Barents Sea areas, while
the Southwest Barents Sea has a magnetic lower crust (with a sus-
ceptibility of around 0.005 SI).

The final calculated gravity field (Fig. 3c) has a correlation co-
efficient of 0.88 with the observed field (Fig. 3a) and a standard
deviation of £11.5 mGal. This is higher than the accuracy of the
gravity compilations (Forsberg et al. 2007), but if we consider only
the wavelengths within the resolution of our model, the fit is reason-
ably good. Local structures (e.g. salt diapirs in the Nordkapp Basin;
sill intrusions to the east of Svalbard) cannot be addressed properly
with the set up of our regional model. The largest gravity differ-
ences between calculated and observed fields are located onshore
Svalbard and Novaya Zemlya, and these may be attributed to local
near-surface density variations or they could represent an effect of
permanent ice cover not incorporated in the model. The ice cover
can locally have an effect in the order of 30 mGal, with a maximum
of 45 mGal over the islands of Svalbard and Novaya Zemlya (e.g.
Ebbing et al. 2007). The calculated magnetic field of our model
explains, with a reasonable fit, the observed regional anomalies
(Figs 3b and d). The long-wavelength anomalies are modelled as-
suming a basement origin; short-wavelength anomalies associated
with intrabasement magnetic sources would require a detailed mod-
elling of local structures which is too complex to incorporate in the
current regional model. The four largest magnetic anomalies located
over the Loppa High, the Stappen High and the double anomaly over
the central part of the Barents Sea are all well reproduced by the
model. In the northwestern part of the Barents Sea, high-frequency
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magnetic anomalies are observed and are most likely related to
intrasedimentary magmatic intrusions (Grogan ef al. 1998). These
particular anomalies make it difficult to distinguish between local
and regional magnetic anomalies and thus complicate the modelling
and interpretation in this region.

The final 3D model set up is displayed in Figs 6c¢, 7, 8 and 11.
The model defines densities and magnetic properties for the crust
and upper mantle, as well as key crustal horizons for the region,
that is, the crust-mantle boundary (Moho), top of the lower crust,
top basement and the major boundaries of sedimentary successions
(Figs 6d and 7). Thickness maps have been calculated from the
model and are shown in Fig. 9.

5.1 Depth-to-top basement

The boundary between sediments and basement in our model coin-
cides with a seismic velocity jump recorded along 2D lines and a
density contrast from +50 to +200kgm™ (depending on the age
of the sedimentary strata and the basement type). The top basement
from density modelling and seismic interpretations almost coin-
cides with the uppermost limit of the magnetic sources, suggesting
a surface close to the real crystalline basement.

The top basement map (Fig. 6d) reflects the structural setting of
the entire continental shelf. The Southwest Barents Sea is domi-
nated by large variations in the top basement geometry. Two major
structural highs, the Loppa High and Stappen High, are recognized
where the basement rises to a depth of 2-3 km and crops out on
Bjerngya. Depths to basement reach almost 12 km beneath the
Harstad—Tromsg Basin, Servestsnaget Basin, Nordkapp Basin and
Serkapp Basin and in the southern part of Sentralbanken High.
In the Northwest Barents Sea, the basement is relatively flat and
shows maximum depths of ca. 8 km. In proximity to the Svalbard
archipelago, the basement is quite shallow cropping out locally
(northeast of Svalbard and west of the Kongsfjorden—Hansbreen
Fault Zone (KHZF in Fig. 1, Harland et al. 1997; Gee & Teben’kov
2004)).
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Figure 9. Basement thickness maps. (a) Upper-crystalline crustal thickness map with the outline of the upper crustal blocks; (b) total crystalline crustal

thickness map (from top basement to Moho).

In the eastern Barents Sea, the basement geometry follows a
unique and large regional structure; the East Barents Basin with a
maximum depth reaching more than 18 km.

5.2 Boundary between upper and lower crust

The boundary between upper and lower crust (Fig. 8a) coincides
with a jump in seismic velocities, a density contrast of +150 to
+220kgm™, and a decrease in the magnetic properties in our
model.

The geometry of this boundary is fairly flat with depths in the
range 22-28 km. The top of the lower crust is locally relatively
deep, for example, in proximity to the Loppa High, below the Kola—
Kanin Monocline, to the southeast of Svalbard, and beneath Novaya
Zemlya and the Pechora Basin, whereas it is shallower in the western
and northern parts of the shelf.

5.3 Lower crustal body

A lower crustal body has been inferred to exist beneath the Barents
Sea Basin in order to validate the seismic interpretations that pro-
posed either a lens of "mantle mixture’ in the lower crust (Ivanova
et al. 2006, 2011) or an uplift of the mantle under the basin (Roslov
et al. 2009). Fig. 8b displays the location of the body. The den-
sity of this body (3050 kgm™) is similar to that of the lower crust
(3000kgm™), and its thickness is in the order of 1.5 km up to a
maximum of 2.5 km. These characteristics make the existence of
the proposed body doubtful and almost insignificant in terms of
gravity modelling, as such a small density contrast is below the
resolution of the model and within the range of uncertainties of
seismic interpretation.

5.4 Crust-mantle boundary (Moho)

The modelled Moho depth (Fig. 8b) reaches a maximum beneath the
Fennoscandian mainland (4045 km) and southern Novaya Zemlya
(45 km). The Moho is relatively shallow in the western Barents Sea

where it rises to a minimum depth of 12 km, reflecting the transition
from the continental shelf to the oceanic domain. Despite this large
variation, the depths to Moho over the Barents Sea shelf are fairly
uniform. In the Southwest Barents Sea, the depths are around 30—
33 km with a local deepening below the Loppa High down to 35
km. In the northwestern areas and in the East Barents Sea, the
crust-mantle boundary is located at 33—37 km depth. Beneath the
mega-basin of the East Barents Sea, our model suggests a 2-3 km
shallowing of the mantle.

5.5 Basement thickness (upper crustal thickness and total
crystalline thickness)

Two different thickness maps have been calculated from the model.
The first represents the thickness of the upper crust, which gives
the strongest contribution to the magnetic anomalies (Fig. 9a). The
second map represents the crystalline crustal thickness from top
basement to Moho (Fig. 9b). The mean crystalline crustal thickness
in the shelf is around 25 km with areas thinner than 20 km below
the East Barents Basin, the Nordkapp and Serkapp basins, and with
areas thicker than 28 km beneath the Kong Karl Platform, Stap-
pen High, Loppa High, Gardarbanken High, Sentralbanken High,
Fedynisky High and the Central Barents High.

5.6 Top basement and Moho geometries compared
with previous models

The model results presented here are compared with previous top
basement and Moho depth compilations in Figs 10 and 11. Our
modelled Moho depth is in quite good agreement with the Moho
depth model of Grad ef al. (2009); most of the differences are
within £2 km, and thus smaller than the uncertainties estimated
for the Grad compilation (Fig. 10c). Larger differences are found
in the Moho depth beneath the Vestbakken volcanic province, the
Servestsnaget Basin and northern Bjerngya, here our crust-mantle
boundary is more than 8 km shallower (Figs 10c, 11b and c). Our
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Figure 10. Top basement and Moho geometry results compared with existing models: (a) differences between our top basement (Fig. 7a) and Barents50 top
basement (Ritzmann et al. 2007). (b) Differences between our top basement (Fig. 7a) and the Skilbrei (1990) basement for the West Barents Sea and Johansen
et al. (1992) basement for the East Barents Sea. (c) Moho differences between our model results (Fig. 8b) and the Moho map of Grad ez al. (2009). The contours

show the uncertainty in the Moho map of Grad et al. 2009, in km.

new estimates are constrained by new geoplysical results (Clark
et al. 2009; Marello et al. 2010), not included in the compilation
by Grad et al. (2009).The top basement in the West Barents Sea is
slightly shallower compared with previous models (Figs 10a and b
and 11a and b), while in the East Barents Sea it is found to be about
4 km deeper (Figs 10a andb and 11b and c).

Some of the discrepancies may simply be a matter of basement
definition and interpretation. The basement concept is not unique
and depends on the target of the study and on the methodology.
Three definitions of the top basement are commonly used: geolog-
ical, magnetic and acoustic basement (e.g. Neuendorf et al. 2005;
Sheriff 2006). Goussev & Pierce (2010) have emphasized the im-

portance of clarifying the top basement definition properly in order
to avoid misinterpretations and miscorrelations. It is important to
note that the magnetic basement does not necessarily coincide with
the real geological basement (e.g. if the basement is not magnetic).
Also, the acoustic basement, which is commonly used as an upper
constraint for the magnetic basement interpretation, can be struc-
turally close to or coincident with the magnetic basement, or it can
be much shallower (e.g. in the case of metasediments producing a
velocity jump but not necessarily an increase in magnetization). If
there is little velocity contrast between the lowermost sediments and
basement, then the seismic basement itself is unlikely to be clearly
defined and does not coincide with the magnetic basement.
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Timanian basement
Meso-Neoproterozoic successions

D Palaeoproterozoic (Archaean ?) - crystalline microcrustal blocks, island arc and
ocean floor rocks, volcanic-sedimentary assemblage with magmatism

Caledonian basement
Lower Allochthon - Neoproterozoic to Silurian succession formed along the
Baltican margin

m Middle Allochthon - Baltican outer margin, high-grade complexes, dolerite-
intruded Neoproterozoic sandstones and PreCambrian crystalline nappes

m Upper Allochthon - lapetus-derived terranes, island-arc and back-arc basin
assemblages, ophiolites
m Uppermost Allochthon - Laurentian margin schists, marbles, volcanic roks
and granite
Uralian basement
Pre-Urals domain - may contain rocks derived from the Uralian Ocean or Late
Devonian basalts and pillow lavas
@ Ural domain - Neoproterozoic and Early Palaeozoic sedimentary complex involved
in Uralian deformation

Other information

: Sedimentary cover P/{,j Waakiasezena
:” : “:“ Oceanic crust and igneous rocks _» ¥ Main basement boundaries
@ Crystalline crustal thickness >26 km Suture as infered by Breivik et al. (2002)

°@ Magnetic/non-magnetic basement  _a_ Gudlaugsson et al. (1987) interpretation

Figure 11. Basement interpretation map for the Barents Sea Region. The map shows the basement units defined in the 3D model organized into four major
domains: pre-Carboniferous, Timanian, Caledonian and Uralian basement. The legend explains the different colours and patterns of the interpretation map
and profiles (Fig. 11). Blocks with striped patterns represent the coexistence of two domains (e.g. Timanian basement reworked by Uralian Orogeny) or two
different possible interpretations. The crystalline crustal thickness >26 km and the main basement boundary are also displayed. The four profiles are displayed
in Fig. 11 and summarize the modelled basement properties and the finale interpretation.
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In our model, we consider a basement, which approximates the real
geological basement but, even so, ambiguity in this definition re-
mains. The Riphean metasedimentary succession (Ectasian, Stenian
and Tonian time in the International Commission on Stratigraphy),
for example, has been seismically differentiated from the underly-
ing crystalline upper crust and has been considered as part of the
sedimentary package by Ivanova et al. (2006). In our model, we in-
clude the Meso-Neoproterozoic rocks as part of the basement, since
they have been involved in the Timanian orogenic event and consid-
ered to be part of the Timanian basement terrane. Similarly, in the
western Barents Sea, the pre-Devonian metasedimentary rocks that
have been involved in Caledonian deformation are considered to be
part of the Caledonian basement terrane. In general for the West
Barents Sea, all pre-Carboniferous rocks have often been regarded
as ‘basement’ rocks (Harland ef al. 1997). On the other hand, in
the East Barents Sea the Late Palaecozoic and Mesozoic sedimen-
tary successions that may have been involved in Uralian orogenesis
have not been included in what we define as the Ural basement
terrane.

6 DISCUSSION

Our modelling approach allows us to identify basement units distin-
guished by densities and magnetic properties, and correlated with
crustal geometries (top basement, Moho depth, crystalline crustal
thickness), to propose a first-order geological interpretation of the
Barents Sea crust, summarized in Figs 11 and 12.

The basement units have been organized into four major domains;
pre-Carboniferous, Timanian, Caledonian and Uralian basement.

Pre-Carboniferous basement has been traced and divided
into three major units. One corresponds to the Archaean—
Palaeoproterozoic complexes exposed in the Fennoscandian Shield,
a second unit forms isolated, high-magnetic, thick crustal blocks
recognized beneath the Loppa High and Stappen High and a third
unit constitutes the non-magnetic, thick crustal block that forms the
Svalbard Platform.

The distinct magnetic properties of the low-magnetic Lower Al-
lochthon, from the other, moderately magnetic Caledonian nappes
and the high-magnetic Archaean—Palaeoproterozoic (Olesen et al.
2010; Barrere et al. 2011) allow us to interpret the basement in
terms of Caledonian units. A prolongation of the different Cale-
donian nappes exposed in Finnmark into the southwestern Barents
Sea has been proposed by several workers (Am 1975; Olesen et al.
1990; Skilbrei 1995; Siedlecka & Roberts 1995; Barreére et al. 2011;
Gernigon & Bronner 2012) and is reviewed here.

The Timanian terranes are distinguished by two units that repre-
sent a prolongation of the onshore geology: a high-magnetic domain
which represents the aggregation of mafic and crystalline crustal
blocks (island arcs, volcano—sedimentary assemblages and mag-
matic rocks), and a non-magnetic domain which characterizes the
thick Meso-Neoproterozoic sedimentary successions (Fig. 12). The
Timanian terranes are known to occur in the Southeast (Korago
et al. 2004; Olovyanishnikov et al. 2000) and probably also in the
Northeast Barents Sea.

The Uralian basement terrane is also subdivided into two
units (Fig. 12). One corresponds to the continuation of the pre-
Uralian domain (Kostyuchenko ef al. 2006) that shows high-
magnetic anomalies and may contain rocks of oceanic affinity.
The other is composed of an agglomeration of non-magnetic units
mostly comprising deformed Neoproterozoic and Early Palaeozoic
complexes.

Basement in the Barents Sea 573

6.1 From the Archaean—Palaeoproterozoic fennoscandian
shield to timanian

The Southeast Barents Sea is distinguished from the rest of the Bar-
ents Sea shelf by having higher density in the upper crust (Fig. 7a).
The basement surface beneath Kola Peninsula and the Timan Ridge
dips steeply towards the South Barents Basin and the Pechora Basin
(Figs 1 and 6d). Moho depths vary from around 42 km in the on-
shore areas to 32 km under the South Barents Basin (Fig. 8b). In
a previous study, Marello et al. (2010) supported the idea that the
upper crust in the Southeast Barents Sea is most likely composed
of Timanian complexes. Our crustal units are NW-SE oriented, like
the Precambrian structures (Roberts & Siedlecka 2002), and have
been interpreted as the prolongation of the onshore Pechora Basin
Timanian terranes (Figs 1 and 8). The profile in Fig. 11a summa-
rizes our model results and interpretation of the crustal geology in
the Southeast Barents Sea.

The southwesternmost unit corresponds with the Archaean—
Palaeoproterozoic crystalline basement which underlies large parts
of the Fennoscandian Shield (Figs 11a and 12). It is characterized by
medium—low densities, very high susceptibilities and an extremely
thick continental crust. Such parameters have previously been as-
sociated with high-grade metamorphic rocks, including granulites
(Barrere et al. 2010).

From the coast the basement changes to a low-magnetic and
low-density domain (Fig. 11a). In this region, a thick Meso-
Neoproterozoic mainly sedimentary succession (13 km in the Kola—
Kanin Monocline) has been distinguished above the Archaean—
Palaeoproterozoic basement (Verba & Sakoulina 2001; Ivanova
et al. 2006). This sedimentary cover has been included in our model
as part of the upper crust, a setup which resulted in a decrease of
densities and magnetic properties of our crustal block. The unit cor-
responds to the offshore prolongation of the Meso-Neoproterozoic
successions exposed in the Kanin and Rybachi—Sredni Peninsu-
las, which were deformed during the Timanian orogeny (Olovyan-
ishnikov et al. 2000; Gee et al. 2006; Kostyuchenko et al.
2006).

Moving towards the South Barents Basin, the basement becomes
highly magnetic and shows higher densities. This has been also
interpreted as Timanian terranes consisting of deformed and trans-
ported island arc and ocean—floor magmatic assemblages with mafic
to intermediate magmatism corresponding to a prolongation of the
onshore Pechora Zone (Gee et al. 2006; Fig. 12) Alternatively, it
could represents an agglomeration of small microcontinental blocks
and slivers (Getsen 1991) intruded by magmatic plutons of variable
character and chemistry, and metamorphosed in amphibolite fa-
cies corresponding to the onshore Khoreyver Domain (Beliakov &
Stepanenko 1991; Kostyuchenko et al. 2006).

Beneath the central part of the South Barents Basin we see a
dense and low-magnetic crust (Fig 11a). The low-magnetic proper-
ties are proposed to be the result of the Timanian terranes accretion
reflecting a non-magnetic Meso-Neoproterozoic succession lying
above magnetic crystalline metamorphic or magmatic rocks similar
to those of the western units (Figs 11a and 12). This scenario is
similar to the one found in northwestern Kola Peninsula, where the
gravity and magnetic signal of the crystalline basement is blurred
by the Meso-Neoproterozoic sedimentary cover which was partly
overthrust during the Timanian orogeny. Compared to the weakly
deformed Riphean rocks found in the Fedynskiy High area (Ivanova
et al. 2006), we think that under the South Barents Basin, the
Riphean (Meso-Neoproterozoic) succession was first strongly de-
formed during the Timanian orogeny and later buried under a thick
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Figure 12. Four profiles displaying the model results and the final interpretation: (a) Southeast Barents Sea; (b) Southwest Barents Sea; (c) the Central west
and Central east Barents Sea; and (d) the North Barents Sea (see Fig. 11 for locations). The two upper panels show respectively the gravity and magnetic field,
calculated and observed. In the three lower panels, the gravity model with the geographical locations (see Fig. 1 for geographical locations) is displayed. The
numbers in the model indicate the densities in kg m . The underlying panel shows the magnetic model; the two numbers in the crust indicate the susceptibility
(SI) and the QO (Konigsberger) ratio. The names on top of the 2D crossing seismic line are plotted (for locations see also Fig. 2). The lowest panel shows the
interpretation of the model (for the legend, see Fig. 11). In Fig. 11a, the legend for the additional information is displayed for all the four transects. The top
basement models are: top basement A (Barents50, Ritzmann ez al. 2007); top basement B (Skilbrei 1991 for the West Barents Sea, Johansen ef al. 1992 for the
East Barents Sea); top basement C (Gramberg et al. 2001); top basement D (Barrére ez al. 2010). The Moho plotted is from Grad et al. (2009). The sediment
boundaries were provided by Statoil (see Table 3).
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sedimentary cover (more than 15 km). This led to a metamorphism
of the older Precambrian successions resulting in a significant in-
crease of densities.

Farther east, the eastern flank of the South Barents Basin has
a medium-high magnetic and medium-high dense crust (Figs 11a
and 12) and is interpreted to be the continuation of the pre-Urals
Domain defined by Kostyuchenko et al. (2006). It consists of a
Precambrian crust that contains rocks of oceanic affinity. Alterna-
tively this unit could be interpreted as the extension of the Bol-
shezemel block as has been already described by Kuznetsov (2007)
including volcano—sedimentary rocks, felsic volcanics and intru-
sions of two-mica granites and gabbros. Most of the south is-
land of Novaya Zemlya differs from the central and northern parts

(Fig. 12). The Timanian orogeny is known to have affected this
southern area (Pease & Scott 2009), as proposed from the anal-
ysis of outcopping Precambrian rocks (Korago er al. 2004) and
from a study of the magnetic trends (Marello et al. 2010). The
Late Permian—Triassic Uralian deformation reactivated the pre-
existing Timanian terranes. The telescoped thrusted terranes could
partly explain the thickening of the crust (Fig. 11a) and the for-
mation of a wedge composed of Neoproterozoic and Late Palaeo-
zoic metasedimentary units (Korago et al. 2004; Stoupakova et al.
2011) corresponding to low-magnetic units. This wedge of sedimen-
tary assemblages overthrusts older high-magnetic basement (maybe
Archaean—Palaeoproterozoic) similar to the crystalline basement
below the Timan—Pechora Basin region (Figs 11a and 12).
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6.2 Southwest Barents Sea: from Caledonian
to Timanian

The Southwest Barents Sea has medium- to high-magnetic upper
basement units (Fig. 7) that correlate with the main structural el-
ements (Gabrielsen ef al. 1990) on top of a magnetic lower crust
(Fig. 11b). In the West Barents Sea, the transition from the oceanic
to the continental domain is characterized by a basinal province that
originated during Late Mesozoic extension, which runs more or less
parallel to the Senja Fracture Zone (SJZ in Fig. 1). In our model, the
margin is defined by a basement block that extends under part of the
Harstad and Servestsnaget Basins and ends at the Vestbakken vol-
canic province (Figs 1 and 12) and is characterized by an extremely
thinned, stretched crust (Fig. 11b). This unit has been interpreted as

transitional crust of intermediate character between continental and
oceanic crust.

The transect cuts two crustal blocks characterized by extremely
high-magnetic crust, and by a crustal thickness thicker than the av-
erage shelf thickness and shallower top basement (Fig. 11b). These
units correspond with the Loppa High and the Stappen High, and are
interpreted as micro-blocks of a different basement type compared
to their surroundings (Figs 11b and 12). The Loppa High basement
is penetrated by wells and results reveal the presence of amphibolites
with a significantly high magnetization, which are possibly related
either to the Seiland Igneous Province or to nappes in the Upper-
most Allochthon (Slagstad et al. 2008). More recent information
stems from seismic models that record anomalous high velocities
in the mantle below the Loppa High, similar to the upper mantle
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velocities estimated for the Varanger Peninsula (Clark ef al. 2009).
This observation leads us to interpret the main crust of the Loppa
High at being composed of high-grade metamorphic rocks, possi-
bly granulites, similar to parts of the Archaecan—Palaeoproterozoic
basement in the Fennoscandian Shield, and with a thin cover of al-
lochthonous terranes (Upper or Uppermost Allochthon) (Figs 11b
and 12). Similarly, the Stappen High is believed to be composed
of comparable high-grade metamorphic rocks but its relationship
to the Archaean—Palacoproterozoic basement is doubtful. The crys-
talline crust of the Stappen High could be a basement block with
Laurentian affinities (Breivik et al. 2005), or an independent micro-
crustal block initially located between Laurentia and Baltica and
subsequently involved in the Caledonian orogeny. Alternatively,
Olesen et al. (2010) from interpretation of the magnetic anoma-
lies associated the two units as the northward continuation of the
TIB (Transscandinavian Igneous Belt).

Located between the two magnetic basement blocks, a thin crustal
unit extends below the Bjernegya Basin, Tromsg Basin and Ham-
merfest Basin. In the deepest part of the Bjorneya Basin (which has
a 12-km thick sedimentary succession) the upper crust gets thinner
and a high-density and magnetic lower crust and Moho are rising
up in this area (Fig. 11b). Our crustal geometry is in agreement
with new refraction data (Clark et al. 2009) and could be an ex-
ample of exhumation of a lower crust that developed during the
Late Mesozoic thinning phase of the western Barents Sea, as al-
ready proposed by Barrére et al. (2009). More local studies (Clark
et al. 2009; Barrere et al. 2011) also presented a different scenario,
proposing the existence of a high-density lower crustal body under
the Bjerneya Basin and part of the Loppa High. The quite high
susceptibility of the crust could be explained by the presence of
magnetic gneisses comparable to the ones mapped and sampled on-
shore Norway (Olesen et al. 1990, 2010; Barrere et al. 2011), and
with the medium-grade complexes, dolerite-intruded Neoprotero-
zoic sandstones and Precambrian crystalline nappes that form most
of the Middle Allochthon. An alternative explanation could involve
ophiolites, island arc and backarc basin assemblages that occur in
the Upper Allochthon in many parts of Norway (e.g. Furnes et al.
1985; Gee et al. 2008; Figs 11b and 12).

Moving southeast of the Loppa High, a crustal block extends from
the southern part of the Nordkapp Basin, below the Ottar Basin and
part of the Bjarmeland Platform (Figs 11 and 12). Previous studies
recognize a lateral deflection of the Caledonian structures at this
location (Gernigon et al. 2007; Barrére et al. 2009; Gernigon &
Bronner 2012). This corresponds to medium- to high-grade meta-
morphic Caledonian rocks that are part of the Middle and Upper
Allochthons lying on top of the crystalline crust. The crust beneath
is interpreted to be similar to the Archaean—Palacoproterozoic crust
forming the Fennoscandian Shield or the Loppa High (Figs 11b
and 12).

Beneath the Nordkapp Basin, another basement unit has been
defined (Fig. 11b). It extends from the coastal zone of northern Nor-
way mostly parallel to the Troms—Finnmark Fault Complex (TFFC)
and the Mésgy Fault Complex (MFC) to the Bjarmeland Platform
(Figs 1 and 12). Similar to the western unit the petrophysical prop-
erties suggest that the crust could correspond to the extension of
the basement unit defined by Barrére ef al. (2011) and interpreted
as Caledonian terrane including the Lower and Middle allochthons
(dominated by lower densities and magnetic properties) overlying
the older Archaean—Palaeoproterozoic crust (Figs 11b and 12). Far-
ther to the southeast, the transect leaves the Caledonian domain and
crosses into the Timanian basement units described in the previous
section.

6.3 Transition between north and south Barents Sea

The central-west Barents Sea represents a transitional region from
the southern high-magnetic crust dominated by structural base-
ment highs and lows to the northern platform area characterized by
non-magnetic crust (Figs 7 and 12). The transition between these
northern and southern areas of the Barents Sea is summarized in
Fig. 11c.

From the western margin, the transect passes across a basement
block that extends northeast of the Stappen High including a large
part of Bjerneya and the northeasten areas of the Barents Sea
(Figs 11c and 13). Pre-Ordovician dolomites, sandstones, shales
and limestones exposed in the south of Bjerneya are interpreted
as basement with a northeastern Greenland affinity (Smith 2000).
Our model suggests a top basement geometry that links the Stappen
High with Bjerneya (Fig. 6d). This observation, combined with the
petrophysical parameters applied in the model (lower densities and
lower magnetic properties compared to the Stappen High), leads to
the interpretation that Bjerneya is made up of two different base-
ment types: a crystalline crust related to the Stappen High crustal
block, and a cover of Caledonian nappes. During the Caledonian
collision Late Neoproterozoic to Ordovician terranes with Lauren-
tian affinities (Holtedahl 1920; Dallmann & Krasil’§Cikov 1996;
Smith & Rasmussen 2008) were thrusted above the deeper Pre-
cambrian crustal block, generating the complex that is exposed on
Bjerneya today. We correlate this Caledonian thrust cover with the
Uppermost Allochthon unit of mainland Norway (Figs 11c and 12).

Farther east, the transect crosses a basement unit that ex-
tends northward beneath the Serkapp Basin and Edgeoya Platform
(Fig. 12). The crustal geometry (Figs 6d, 8 and 9) and petrophysical
values applied suggest a transition from a crustal type composed of
magnetic terranes, similar to those found in the Southwest Barents
Sea, to a thick and non-magnetic crystalline crust as exposed in
the Svalbard region (Fig. 12). Seismic records indicate an increase
in P-velocity and Vp/V ratio in the crust northeastwards from the
margin north of Bjerneya, suggesting an increase in density and a
more mafic rock composition (Breivik et al. 2003, 2005). This mafic
composition and density increase could be explained as a transition
from the Uppermost Allochthon, comprising shelf and slope-rise
successions (Roberts 2007; Gee et al. 2008), to the diverse Iapetus
Ocean terranes of the Upper Allochthon (Figs 11c and 12).

Under the Gardarbanken High (Figs 1 and 11c), the basement
becomes non-magnetic and is thickening, correlating with a shal-
lowing of the basement and a slight deepening of the Moho. Here,
Breivik et al. (2002) proposed an interpretation involving a deep,
eclogitized, crustal root associated with an inferred old Caledonian
suture (see Fig. 12). We interpret the crust in the north of Gardar-
banken to be composed of low-magnetic rocks that have affinities
with the Svalbard block. On the other hand, the basement in the
south is interpreted to be mostly composed of terranes linked with
the Baltican platform and margin, which are now part of the Lower
Allochthon (Figs 11c and 12).

A sag basin with a sediment record that spans from the late
Palaeozoic to the Mesozoic is present in the East Barents Sea. The
lithology of the basement beneath the sedimentary succession is
difficult to interpret due to the sparsity of data that reach the crust.
The geometry of our modelled crustal unit reflects the arc-shaped
geometry of the Novaya Zemlya Fold Belt observed farther to the
east and may be related similarly to Novaya Zemlya with pre-Uralian
structures (e.g. Scott et al. 2010).

The western flank of the basin is underlain by a high-magnetic
basement. Two prominent magnetic units (susceptibility >0.2 SI)
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are distinguished from the rest of the crust and produce the two
central Barents Sea magnetic anomalies (Fig. 3b). Both structures
are corresponding with shallow Archaean—Palaeoproterozic base-
ment but are not imaged as a different type of crust on cross-
ing seismic-reflection data (1-AR profile, Ivanova et al. 2006).
Our model suggests distinct properties for these two units com-
pared with the surrounding crust (Figs 7 and 11c). The shallow
Archaean—Palaeoproterozoic basement could imply a thinning or
total removal of the Neoproterozoic non-magnetic cover, which is
included in the basement layer defined in our model. This results in
crustal units with a higher average magnetization entirely made up
of granulite rocks. Another possible explanation is a relationship
with mafic magmatic bodies, which could be part of older Tima-
nian terranes observed beneath the Pechora Zone (Dovzhikova et al.
2004).

The eastern basement unit crossed by the transect still forms the
western flank of the basin (Figs 11c and 12). We explain this unit as
a complex of island arc, ocean-floor magmatic rock or volcano—
sedimentary assemblage with mafic to intermediate magmatism
considered to be the prolongation of the Pechora Zone described
by Gee et al. (2006). This interpretation is based on the idea that
the Timanian range extends farther north mimicking the arcuate
shape of Novaya Zemlya. An alternative interpretation is that the
crust is of oceanic origin. Aplonov et al. (1996) have argued that in
the Devonian, during a pre-Uralian rifting phase, oceanic crust was
generated and formed a precursor basin to the East Barents Basin.
The higher densities are explained by sedimentary compaction and
the gabbroic and basaltic rock compositions of the proposed oceanic
domain.

Farther east buried under the East Barents Basin, an almost non-
magnetic and low-density unit has been defined (Figs 11c and 12).
Its petrophysical properties are explained by an aggregation of Pre-
cambrian terranes most likely related to Neoproterozoic sedimen-
tary successions that may be affected by Timanian and later by
Uralian deformation. We suggest that the Uralian deformation ends
in the proximity to this crustal block (Figs 11c and 12).

West of Novaya Zemlya, the crustal geometry is variable but
thinning is recognized towards the centre of the basin (Figs 6c, 8
and 11c). The crust forming the eastern flank of the South and North
Barents Basins is steep compared to the western flank of the basin.
This geometry is an indication of the multiphase evolution of the
basin that evolved at one stage as a foreland basin (e.g. Gramberg
1988; Ziegler 1989; Petrov et al. 2008). The intermediate magnetic
properties and low densities characterizing this crust lead us to
propose this unit as being part of the pre-Uralian domain as defined
by Kostyuchenko et al. (2006). It may represent a crust that is
Precambrian and may contain rocks of oceanic affinity obducted
during the Uralian orogeny or accreted towards Baltica during the
Timanian (Fig. 12).

The eastern unit encountered along the profile (Fig. 11c¢) is the
analogue to the one described in the transect Fig. 11a in the south
Novaya Zemlya region, with the difference that no Timanian defor-
mation has been proposed for this area (Korago et al. 2004).

6.4 Northern Barents Sea: from Svalbard to the North
Barents Basin

The transect displayed in Fig. 11d shows the setting of the north-
ern Barents Sea. The Northwest Barents Sea is mainly a plat-
form area where Mesozoic tectonism produced smaller structures
(Grogan et al. 1998) compared to the Southwest Barents Sea. One
of the reasons for differentiating the Northwest from the South-
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west Barents Sea is the different evolution of the margin north
of the Stappen High compared to the south (Faleide et al. 2008).
Moreover, the inherited Caledonian structures (Ziegler 1988; Doré
1991) and pre-Caledonian geology identified here play an important
role.

The transect (Fig. 11d) shows a crustal unit in the west that ex-
tends along the Hornsund Fault Zone (HFZ) and Serkapp Fault
Zone (SKZ) (Fig. 1), and corresponds with a complex sheared and
rifted margin (Faleide ez al. 2008). In the northwest of Spitsber-
gen the continental crust thins rapidly towards the Svalbard margin
(Fig. 11c¢). In the same way as for the southern margin (Fig. 11b),
the unit has been interpreted as crust with an intermediate character
between continental and oceanic crust. This might have been pro-
duced by the interaction of the continental crust with the mantle
during extension and break up (Fig. 12).

The western unit (Figs 11c and 12) includes the western part
of Svalbard with exposed basement comprising an amalgamation
of different terranes (Late Mesoproterozoic, Early Neoproterozoic)
that differs from the rest of Svalbard. The onshore unit has an
affinity with the Pearya terrane of northernmost Ellesmere Island in
northern Canada and with Laurentia (Harland et al. 1997; Trettin
1998; Gee & Teben’kov 2004).

The eastern and central Svalbard unit differs from the west for
two main reasons: (1) the low-magnetic crust (Fig. 11d) and (2)
the crustal geometry characterized by a shallow basement and thick
crust (Figs 6d, 9a and 11d). An explanation for the low-magnetic
crust is not easy to deduce. Pseudo-gravity transformation, which
enhances the effect of large and deeper structures, indicates low-
magnetic properties for the region (Marello et al. 2010). In Nor-
daustlandet (Northeast Svalbard), there are Neoproterozoic vol-
canic rocks, granites and migmatites, which thus make it diffi-
cult to explain such a low-magnetic crust. The different polarity
of paleomagnetic field directions and the remanence of magmatic
intrusions may be an explanation, but the modelling of remanent
magnetization was not sufficient to explain the magnetic anomaly.
Moreover, the presence of large Early Cretaceous intrusions east of
Svalbard (Grogan et al. 1998) correlates with the high-frequency
magnetic pattern observed in the area. The presence of this young
and shallow magmatism affects the magnetic signal and precludes
the analysis of deeper and larger basement magnetic sources. The
distribution of these intrusions has been interpreted to relate to an
old basement weakness zone of Caledonian origin (Barrére ef al.
2010). Besides these modelling difficulties, our results provide an
indication of the existence of a thick crustal block characterized
by very different and distinct magnetic properties. This may sug-
gest a different origin for the central and eastern Svalbard block
and could be related to the—concept of a Barentsia micro-crustal
block (Figs 11c and 12) as earlier suggested by Gudlaugsson ef al.
(1998), but intended here as an independent fragment which does
not correspond to the archipelago of Svalbard as it presently ex-
ists. The transition from the Svalbard block to the North Barents
Basin is marked by a low-density and poorly magnetic basement
unit (Figs 11c and 12). This unit extends from southwest of Franz
Josef Land and links the proposed Svalbard Craton (Barentsia) with
the North Barents Basin. The basement consists of Neoproterozoic
rocks similar to those found in the Franz Josef Land (Dibner 1998).
Its thickness diminishes towards the North Barents Basin and this
geometry could be the result of the initial rifting (probably Late
Devonian) that caused the crustal thinning and the formation of the
early North Barents Basin.

Farther east, the profile displays the North Barents Basin,
which is dominated by a basement that represents the
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continuation of the domains described in the previous section
(Figs 11c and 12).

6.5 Caledonian—Timanian extension and interaction

The offshore extension of the Caledonian and the location of one
“branch-suture zone’ or ’bifurcate-suture zone’ separating Baltica
and Laurentia terranes has been matter of extensive discussion (e.g.
Harland & Gayer 1972; Siedlecka 1975; Gudlaugsson et al. 1987,
1998; Ziegler 1988; Doré 1991; Johansen et al. 1994; Nikishin
et al. 1996; Fichler et al. 1997, Breivik et al. 2002; Gee et al. 2006;
Ritzmann et al. 2007; Barrére et al. 2011; Pease 2011; Gernigon &
Bronner 2012). While we support the idea of the existence of two
Caledonian branches (Siedlecka 1975; Gudlaugsson et al. 1998),
we propose a different location than in previous studies.

One branch corresponds to the site of the Laurentia—Baltica col-
lision and extends northwards from northern Norway, passing to the
west of the Loppa High and also probably west of the Stappen High,
and continuing to the east of the southwestern Svalbard terrane as
defined by Gee et al. (2008). This location mostly coincides with
the extension of the here interpreted Upper Allochthon terranes
(Fig. 12).

A second Caledonian branch occupies the Northwest Barents
Sea. We support the idea that a microcrustal block (Barentsia), in-
cluding the actual central eastern Svalbard and Svalbard platform,
was involved in the Caledonian orogeny (e.g. Pettersson ez al. 2009
and references therein) and that the boundary between Baltica and
Barentsia has to be in the central part of the Barents Sea. Barrére
et al. (2009) proposed the existence of a more competent terrane
to the north of Baltica to justify the contrasting tectonic setting be-
tween the northern and the southern Barents Sea and to create their
proposed elbow-shape in the offshore extension of the Caledonian
thrusts. We validate the existence of this competent block, suggest-
ing it to be a thick crustal body distinct from the other crustal units,
which we relate with Barentsia.

Ocean bottom seismic data denote the existence of a SE-dipping,
inferred Caledonian suture extending beneath a ‘deep crustal root’
located in proximity to the Gardarbanken and Sentralbanken highs
and Olga Basin (Fig. 12, Breivik et al. 2002). We agree with the
possible location of the suture between Barentsia and Baltica in this
area and extend this boundary north-northeastwards to the western
part of Franz Josef Land.

The orientation of this inferred suture can be discussed. The
profiles displayed in Fig. 11d show boundaries between the Svalbard
crustal block and the eastern units which dip at depth toward the
northwest. We can assume that these reflect the orientation and dip
of the major thrusts and a link to the westward-dipping reflectivity
interpreted as an eastward overthrust by Gudlaugsson et al. (1987)
(Fig. 12). On the contrary, in proximity to the Gardarbanken High
(Fig. 11c) the crustal boundaries dip towards the southeast and
simulate the major thrust geometry interpreted as a suture by Breivik
et al. (2002).

The observed increase in thickness of the crystalline basement,
which coincides with the Fedynskiy and Central Barents highs
(Figs 10b, 11b and 12) could support the idea that the Fedynskiy
and Central Barents highs are microcontinental blocks (Aplonov
et al. 1996). A proper understanding of their existence and for-
mation is important since these two blocks are located roughly
at the Caledonian and Timanian deformation fronts. On Varanger
Peninsula, the Caledonian structures are dying out eastwards and,
conversely, the Timanian structures gradually decrease westwards
(Roberts & Olovyanishnikov 2004; Herrevold ef al. 2009). That sit-

uation could be extended offshore where the Caledonian nappes that
swing around the Loppa High (Barrere ef al. 2009, 2011; Gernigon
& Bronner 2012) are separated by the Fedynskiy and Central Bar-
ents Highs from the Timanian terranes which swing in the opposite
sense in an arc shape that mimics the geometry of Novaya Zemlya.
The observation made by Scott ef al. 2010 to explain the bended
shape of Novaya Zemlya, furnish an argument to support our in-
terpretation that the arcuate shape of the basement units under the
eastern Barents Sea is a geometry that reflects the Timanian accre-
tion of different crustal units and is not related to a Permo—Triassic,
Uralian event.

7 CONCLUSIONS

We have developed a new model for the Barents Sea that in-
tegrates potential field modelling with pre-existing models. Our
modelling refines the crustal architecture and provides density and
magnetic distributions for the entire region. The final result im-
proves our understanding of the Barents Sea geology in space and
time.

Three major regions are distinguished in our model; (1) the South-
west Barents Sea, (2) the Northwest Barents Sea and (3) the eastern
Barents Sea. Large differences between these areas are recognized
in terms of top basement geometry, crustal thickness and crustal
properties, which reflect their different tectonic histories.

Comparative observations of our crustal setting and properties re-
sults with previous models, allow us to propose a new interpretation
for the basement beneath the Barents Sea.

(1) The Southwest Barents Sea crust is of high-magnetic char-
acter and is composed of Precambrian basement mostly cov-
ered by Caledonian terranes. The Caledonian units occurring
along the Baltica—Laurentia margin correspond to aggregation se-
ries of nappes characterized by medium-magnetic (except for the
Lower Allochthon which is non-magnetic) overlying older base-
ment terranes (Fennoscandian Shield, Loppa High and Stappen
High).

(2) The Caledonian basement in the Northwest Barents Sea com-
prises terranes formed at the margin between the Svalbard Craton
(Barentsia) and Laurentia, and is dominated by medium-low densi-
ties and a non-magnetic basement. The central Barents Sea in prox-
imity to the Sentralbanken High is distinguished from the Southwest
Barents Sea by its low-magnetic properties. It is composed of crustal
terranes developed between the platform margin of Baltica and the
Barentsia margin, which were thrust together during the Caledonian
event. The existence of a second branch of Caledonian basement in
this area is supported by our model.

(3) The basement beneath the North Barents Basin is dominated
on its western flank by high-magnetic and high-density crust inter-
preted as Precambrian basement, which may have been affected by
Timanian deformation. The central part of the basin is underlain by a
non-magnetic and less dense crust, including Meso-Neoproterozoic
or younger successions lying close to the Uralian front. The steeper
eastern flank with higher magnetic and less dense crust is consid-
ered to have oceanic or magmatic affinities and to have been strongly
affected by the Uralian deformation.

(4) The crust of the Southeast Barents Sea represents an ex-
tension of the Timan—Pechora basement domains. This region is
characterized by a high-density basement and by an alternation of
high-magnetic and non-magnetic blocks. The non-magnetic crust
is considered to represent the Meso-Neoproterozoic successions on
top of older, magnetic, crystalline crust.
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