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S U M M A R Y
The crustal architecture of the Barents Sea is still enigmatic due to complex evolution during
the Timanian and Caledonian orogeny events, further complicated by several rifting episodes.
In this study we present the new results on the crustal structure of the Caledonian–Timanian
transition zone in the western Barents. We extend the work of Aarseth et al. (2017), by
utilizing the seismic tomography approach to model Vp, Vs and Vp/Vs ratio, combined with
the reprocessed seismic reflection line, and further complemented with gravity modelling.
Based on our models we document in 3-D the position of the Caledonian nappes in the
western Barents Sea. We find that the Caledonian domain is characterized by high crustal
reflectivity, caused by strong deformation and/or emplacement of mafic intrusions within
the crystalline crust. The Timanian domain shows semi-transparent crust with little internal
reflectivity, suggesting less deformation. We find, that the eastern branch of the earlier proposed
Caledonian suture, cannot be associated with the Caledonian event, but can rather be a relict
from the Timanian terrane assemblance, marking one of the crustal microblocks. This crustal
block may have an E–W striking southern boundary, along which the Caledonian nappes were
offset. A high-velocity/density crustal body, adjacent to the Caledonian–Timanian contact
zone, is interpreted as a zone of metamorphosed rocks based on the comparison with global
compilations. The orientation of this body correlates with regional gravity maxima zone. Two
scenarios for the origin of the body are proposed: mafic emplacement during the Timanian
assembly, or massive mafic intrusions associated with the Devonian extension.
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1 I N T RO D U C T I O N

The crustal architecture of the NW Barents Sea, NE Atlantic, is still
not fully understood. The region is located in a tectonically com-
plex area. The major part of the Eastern Barents Sea is underlain by
Timanian basement (Ediacaran age), while the western Barents Sea
is located on Caledonian basement, associated with the Caledonian
orogeny in the Late Silurian–Early Devonian. The spatial westward
extent of the Timanian domain is still an open question, which we
will return to in the discussion. In 2014, a NW–SE striking wide-
angle OBS profile was obtained in the western Barents Sea (Aarseth
et al. 2017), crossing the proposed transition from the Caledonian
to Timanian domains (Fig. 1). In this study, we extend the analysis
of the seismic data of Aarseth et al. (2017) using the P and S waves
tomographic approach, combined with gravity modelling and repro-
cessing of the collocated reflection data IKU-H (Gudlaugsson et al.
1987; Ritzmann & Faleide 2007). The modelling of the wide-angle
seismic data (Aarseth et al. 2017) utilized only part of the available
Vp data (and not performing any S modelling) and followed the for-
ward modelling approach. Their final model also showed significant

discrepancy with the results of Ritzmann & Faleide (2007). The in-
terpretation of the IKU-H reflection line (Ritzmann & Faleide 2007)
are based on the time-to-depth conversion of the line drawing in-
terpretation (rather than the actual depth migration of the reflection
data). So the main motivation of the present study is to utilize all
possible data from both data sets, processed in a combined and com-
parable way for joint interpretation. The main scope of this study
is to clarify our understanding on the broad-scale crustal domain
architecture in the NW Barents Sea and its evolution.

2 R E G I O NA L G E O L O G Y A N D
T E C T O N I C S

The evolution of the Greater Barents Sea was mainly controlled
by three orogenic episodes surrounding the region: Timanian (Edi-
acaran: late Neoprotorozoic—early Cambrian: 560–540 Ma), Cale-
donian (late Silurian—Early Devonian: 430–400 Ma), Uralian (Late
Carboniferous—Early Permian: 310–280 Ma; and younger oro-
genic activity on Novaya Zemlya and Taimyr: Late Triassic—Early
Jurassic, Gee & Pease 2004; Gee et al. 2006; Ritzmann & Faleide
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2156 A. Shulgin et al.

Figure 1. Hypsometric map of the Greater Barents Sea. The left insert map shows major wide-angle profiles discussed in this work. The location of the modelled
profile is shown by dark blue line. Red triangle marks the OBS-227, shown on Fig. 2. Other wide-angle profiles discussed in the paper (Breivik et al. 2002, 2003,
2005; Shulgin et al. 2018) are shown by green lines. Thick cyan line shows the extent of the collocated reflection profile (IKU-H). Note the MCS line does not
cover the eastern part of the wide-angle profile, due to then unsettled status of the dispute area. The right insert map shows the major tectonic provinces forming
the basement of the Barents Sea (modified after Faleide et al. 2018). Major structural lows (blue) and highs (red) are marked (modified after Shulgin et al.
2018; Klitzke et al. 2019). The proposed eastward extent of the Caledonian basement domain is shown by purple lines (after Gernigon & Brönner 2012). Major
Timanian trends are shown with light blue, EEC rifts are marked by magenta shading, extent of Devonian volcanics—brown areas (after Bogdanov & Hain
1996). The locations of the wide-angle profiles discussed in the paper are shown. Yellow diamond marks the location on the Lomonosov Ridge discussed in
Knudsen et al. (2017). (AH)—Admiralty High; (BB)—Bjørnøya Basin; (GH)—Gardarbanken High; (HFB)—Hammerfest Basin; (LH)—Lopa High; (MAF)—
Middle Allochthon Front; (NB)—Nordkapp Basin; (OB)—Olga Basin; (Ori B.)—Ori Basin; (PFZ)—pre-Pechora Fault Zone; (SB)—Sørvestsnaget Basin;
(SD)—Sørkapp Depression; (SEH)—Sentralbanken High; (SH)—Storbanken High; (SKT)—South Kara Trough; (STH)—Stappen High; (TD)—Tiddlybanken
Basin; (TKFZ)—Trollfjorden-Komagelva Fault Zone (TO) –Timan Orogen; (TB)—Tromsø Basin.

2007, 2009; Knudsen et al. 2017, Faleide et al. 2018, Fig. 1). The
Timanides, formed as a fold-and-trust belt along the NE margin
of Baltica in late Neoproterozoic–early Cambrian (Gee et al. 2006;
Kostyuchenko et al. 2006). The Trollfjorden-Komagelva Fault Zone
(TKFZ, Fig. 1) marks the extent of the Timanian crustal domain
along the Baltic craton, stretching from the Urals to the Varanger
Peninsula in northern Norway. The Timanian basement may extend
even further to the west, however it is masked by the overprint of

the Caledonian orogeny, as identified from the regional geology
and aeromagnetic data (Gernigon & Brönner 2012; Gernigon et al.
2014, 2018). The structural trends associated with the Timanides are
well described onshore having a NW–SE striking direction, similar
to TKFZ. The offshore continuation of these structural trends can
be identified from the seismic reflection and potential field data,
suggesting they continue all the way to the western Barents Sea,
reaching the Tiddlybanken and Olga basins (Gernigon et al. 2018;
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Shulgin et al. 2018; Klitzke et al. 2019; Hassaan et al. 2020). How-
ever, the actual western extent of the Timanian basement is still
enigmatic (Roberts & Siedlecka 2002; Pease & Scott 2009).

The closure of the Iapetus Ocean in early Silurian (ca. 440 Ma),
followed by the collision of the Laurentia and Baltica, resulted in
the Caledonian orogeny, which culminated in the late Silurian to
early Devonian. It affected mostly the western Barents Sea (Roberts
2003; Gee et al. 2006; Ritzmann & Faleide 2007; Gernigon &
Brönner 2012). Based on recent interpretations of the magnetic
and seismic data (Barrere et al. 1999, 2011; Gernigon & Brönner
2012; Gernigon et al. 2014, 2018) the offshore NE continuation of
the Caledonian allochthon front turns NNW across the Nordkapp
Basin (Fig. 1). The Caledonian deformation zone narrows around
Bjørnøya, where it seems to line up with the Caledonian structures
on Svalbard (Manby & Lyberis 1992; Worsley 2008). However, po-
tential field data suggest widening of this zone northwards, between
Svalbard and Franz Josef Land (Marello et al. 2013).

There is a long-standing debate on the geometry and eastward
extent of the Caledonian crustal domain in the northern Barents
Sea; whether it is represented as an individual suture or with an
additional branch further east (stippled purple line on Fig. 1), origi-
nating just south of Gardarbanken High and running towards Franz
Josef Land (Faleide et al. 1984; Doré et al. 1997; Gudlaugsson
et al. 1998; Breivik et al. 2002, 2003, 2005; Gee et al. 2006; Ritz-
mann & Faleide 2007, 2009; Worsley 2008; Barrère et al. 2011;
Marello et al. 2013; Gernigon et al. 2014; Aarseth et al. 2017; Kl-
itzke et al. 2019). The dated basement sample ages change from
east Svalbard to Franz Josef Land (Gee & Pease 2004; Pease 2011).
Together with samples from the Lomonosov Ridge (Knudsen et al.
2017) they provide evidence that the Caledonian domain bound-
ary is located somewhere between Svalbard and Franz Josef Land.
The suggestion for the additional branch of the Caledonian suture,
located eastwards, comes from the interpretations of the crustal ve-
locity structure and gravity modelling (Breivik et al. 2002, 2003,
2005; Ritzmann & Faleide 2007; Marello et al. 2013; Aarseth et al.
2017). However, a recent seismic study in the Olga Basin (Klitzke
et al. 2019), suggests that this suture is unlikely to exist, since it
crosscuts the E–W trending Olga Basin and its associated positive
gravity anomaly reflecting a continuous basement structure at depth.
Or at least it was not active since the formation of the Olga Basin.

The later evolution of the Greater Barents Sea was mainly in-
fluenced by several rifting episodes. The late Devonian–early Car-
boniferous rifting in the Pechora Basin and eastern Barents Sea
(Stoupakova et al. 2011) affected a major part of the eastern Barents
shelf, and may also have reactivated the inherited crustal structures
in the western Barents and on Svalbard. It may also have triggered
mafic intrusions on the Varanger Peninsula and below the Fedynsky
High (Shulgin et al. 2018). The Late Palaeozoic–Mesozoic rifting,
associated with opening of the North Atlantic (Faleide et al. 1993;
Johansen et al. 1994), dominated the evolution of the westernmost
Barents shelf. In addition, Early Cretaceous magmatism associated
with the High Arctic Large Igneous Province (LIP) influenced the
NW part of the Barents Sea, by emplacement of dykes and sills
(Corfu et al. 2013; Polteau et al. 2016; Minakov et al. 2018).

The Uralian orogeny (Early Carboniferous–Early Permian)
associated with the closure of the Uralian Ocean (Churkin et al.
1981), is documented by Palaeozoic folding and thrusting with
associated magmatism in the Polar Urals and on Taimyr (Faleide
et al. 2018; and references therein). The later (Late Triassic–Early
Jurassic) up-thrusting of Novaya Zemlya also partially affected
Taimyr. These events mostly affected the eastern Barents Sea,
which is reflected by the structural geometries of the East Barents

Basin. However, the main subsidence of the East Barents Basin
was in late Permian–early Triassic times, thus post-dating the
main Uralian event and pre-dating the younger Novaya Zemlya
up-thrusting (Faleide et al. 2018).

Final continental breakup and onset of sea floor spreading in
the NE Atlantic and the Arctic Eurasia Basin occurred around
the Palaeocene–Eocene transition (Faleide et al. 2008; Minakov
et al. 2012). A major shear system along the western Barents Sea–
Svalbard margin linked the two spreading systems. The late Ceno-
zoic uneven uplift of the entire Barents shelf triggered strong ero-
sion, removing 1000–3000 m of sedimentary strata (Dimakis et al.
1998; Anell et al. 2009; Henriksen et al. 2011).

3 DATA A N D M O D E L L I N G

The study is based on the wide-angle OBS data acquired in 2014.
The data was acquired along a ca. 660-km-long NW–SE striking
profile in the western Barents Sea. 38 OBS records are available,
complimented by the onboard gravity, magnetic and sub-bottom
profiler data. In addition, deep seismic reflection data acquired in
1985 [IKU-H line; (Gudlaugsson et al. 1987)], collocated with the
OBS profile is used (Fig. 1). The technical details on the data ac-
quisition and pre-processing of the 2014 data set are described in
Aarseth et al. (2017). This study is based on the joint interpretation
of the results of the seismic tomography (both Vp and Vs), depth
migrated MCS data and gravity modelling.

3.1 Seismic tomography (Vp, Vs, Vp/Vs ratio)

The seismic modelling of the OBS data was performed using
the joint refraction/reflection traveltime tomography code Tomo2D
(Korenaga et al. 2000). The modelling was done independently for
Vp and Vs models. The refracted and reflected traveltimes were
manually picked for all major seismic phases. P phases were picked
from hydrophone and vertical OBS component and S phases from
horizontal components. The final data set for the Vp modelling con-
sists of ca. 40 000 refracted traveltime picks (including Pg and Pn
phases) and ca. 64 000 reflected traveltime picks from eight crustal
interfaces (these include 3 intrasedimentary interfaces, top of the
crystalline basement, 3 mid-crustal boundaries and the Moho reflec-
tion). Pick uncertainties were assigned to each pick, depending on
the data quality (ranging from 25 ms for near offset refractions, to
90 ms for the weak secondary reflections). Example of the seismic
section is shown in Fig. 2. For the Vs modelling the data set consists
of ca. 15 400 refracted traveltime picks and 7500 Moho reflection
picks. Reflections from other interfaces were difficult to identify, so
they were omitted from modelling.

For the seismic modelling we took as a starting point the previ-
ous study of Aarseth et al. (2017). We used their reported forward
modelled Vp velocity model as a starting model for the tomography
inversion. For the shallow sedimentary layers we used the velocity
information obtained from the velocity analysis of the collocated
MCS line (see Section 3.3 for details). During the tomographic in-
version we used the joint top-to-bottom and Monte Carlo modelling
approach (for details see Shulgin et al. 2018). We inverted for the
velocity and the geometry of the reflector for each layer, starting
from the shallowest and then keeping it fixed, while modelling for
deeper layers. For each layer the Monte Carlo modelling approach
was used, building 20 semi-random starting conditions for the indi-
vidual inversion. The modelling was done on a 2-D irregular grid,
having a constant 500 m horizontal spacing, and vertically varying
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Figure 2. Example of seismic data section from OBS 227. Top panel: plotted with a reduction velocity of 8 km s–1 (to emphasize P phases). Bottom panel: same
data plotted with a reduction velocity of 4 km s–1 (to emphasize S phases). P phases: Pg—crustal refraction, Pn—mantle refraction, PsedP—mid-sediments
reflection, Pic1P and Pic2P—mid-crustal reflections, PmP—Moho reflection. S phases: Sg—crustal refraction, SmS—Moho reflection. For more data examples
please see Aarseth et al. (2017).
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Figure 3. Tomography modelling results. Left-hand column shows the final velocity models and the best-fitting geometry of the reflectors in the crust.
Right-hand column shows the errors of velocity modelling (background colour) and the uncertainties in the reflectors geometries (shaded areas). Top row:
Vp modelling. Middle row: Vs modelling (only the Moho geometry is modelled with S waves; other interfaces are from Vp modelling—shown for reference).
Bottom row: Vp/Vs ratio, based on the results of Vp and Vs models.

grid spacing ranging from 50 m at the surface and linearly increasing
to 250 m at 50 km depth.

The starting velocity model (adapted from Aarseth et al. (2017))
was randomly 2-D perturbed with a ±10 per cent anomaly. Sim-
ilarly, for each reflector the geometry at each node was randomly
perturbed within ±15 per cent depth range. In addition, traveltime
picks for each run were individually perturbed within the corre-
sponding pick uncertainty. Combination of the perturbed starting
velocity model, initial geometry of the reflector and modified travel-
times formed the basis for 20 tomographic inversions for each layer.
A Monte Carlo statistical approach was used to estimate average
resulting model/interface geometry and the modelling errors. The
same approach was applied for both Vp and Vs modelling. The re-
sulting final tomography models and the geometry of the interfaces
are shown in Fig. 3.

The comparison of the tomography model with the forward model
(Aarseth et al. 2017) shows in general similar features of the crustal
structure, especially if compared in the depth domain. However,
when the models are converted to the two-way-time (TWT) domain
(Fig. 4), where the small variations in the velocities are empha-
sized, variations in Moho depth of ca. 1 s are observed. In fact,
the observed misfit of the Moho position between the OBS forward
model and the reflection data, triggered this study to apply different
techniques and to reprocess both OBS and MCS data in order to
investigate the observed mismatch.

3.2 Gravity modelling

Forward gravity modelling was performed to check the consistency
of the final tomography models to the observed gravity anomaly
data. We used shipborne gravity observations acquired along the
profile during the OBS seismic experiment. For details on the gravity
data acquisition and pre-processing, see Aarseth et al. (2017).

The gravity modelling was performed using the Oasis Montaj
GM-SYS software. The geometry of the model was adopted from

the results of the tomography modelling. The main goal of the grav-
ity modelling was to check whether the densities converted from the
velocities from the calculated tomography model fit the observed
gravity field. For the initial gravity model the Vp velocities were con-
verted to densities using empirical relationships for sediments and
crystalline crust (Carlson & Herrick 1990; Christensen & Mooney
1995). The density of the lithospheric mantle and asthenosphere
were kept fixed during modelling, with the corresponding values of
3340 and 3200 kg m–3, respectively. During the modelling the ge-
ometry of the crustal interfaces was fixed, and we only varied local
density values to obtain the best fit. In general, the crustal model
derived from the seismic data, shows excellent fit in the gravity
modelling, except at a few locations (Fig. 4). The gravity model re-
quires the presence of a small high-density (ca. 2830 kg m–3) body
at the location of the ‘Mjølnir’ impact crater (Dypvik et al. 1996;
Tsikalas et al. 2010), which is identified from the collocated MCS
line, but too small to be confidently resolved by the wide-angle seis-
mic data. The crust below the Nordkapp Basin (ca. 600 km profile
distance) appears to be heavier and has shallower Moho, compared
to the tomography predictions. This can be due to the presence of
large salt diapirs close to the surface, as well as being located on
the edge of the profile, resulting in limited number of seismic rays
sampling the deep crustal structure below the basin.

3.3 MCS reprocessing

The seismic reflection line (IKU-H) collocated with the wide-angle
profile was acquired in 1985. The interpretation of this data (Gud-
laugsson et al. 1987; Ritzmann & Faleide 2007) revealed complex
structuring of the basement along the line, with high reflectivity of
the crust in the western (Caledonian) part, and almost non-reflective
crust in the eastern (Timanian) domain. The locations of two su-
tures separating the crustal domains were proposed. However, due
to limited length of the seismic streamer (3000 m) and the lack
of deep-sampling seismic refraction profiles in the area, the veloc-
ity structure of the crystalline crust remained somewhat uncertain.
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Figure 4. Gravity modelling results. Top panel: the observed (shipborne) and the calculated gravity anomalies along the profile. Bottom panel: density model,
based on the results of seismic tomography. The shallow high-density anomaly (460 km) corresponds to the Mjølnir impact structure.

Furthermore, the original study of the IKU-H line (Ritzmann &
Faleide 2007) is based on the depth conversion of the time-domain
line drawing interpretation, but not the actual depth migration of the
seismic data. The depth migration of the reflection data is dependent
on the knowledge of the 2-D velocity distribution with depth, so the
interpretation of the deep section was in question, also triggered by
a comparison with the wide-angle forward model (Fig. 5).

We have reprocessed the original reflection data of 1985 utilizing
the velocity model obtained in the tomography modelling using the
RadexPro software. The processing was done using a conventional
processing workflow, which included: geometry correction, source
deconvolution, bandpass filtering, amplitude correction, multiple
attenuation, stacking, and finally post-stack depth migration. For
the velocity information, we have performed conventional velocity
analysis of the reflection data for the shallow sedimentary strata (ca.
down to 3 s) as it provides better resolution in the shallow portion
of the model, compared to the wide-angle data. We further used this
information in constraining the starting tomography models. For the
deeper sections of the model the 2-D velocity field was taken from
the Vp tomography model, constraining the seismic velocity for the
entire model domain to the best possible resolution. The resulting
PSDM seismic image is shown on Fig. 6. The use of the velocity
distribution from the tomography model for the depth migration of
the reflection data, allows for confident comparison of both results
for joint interpretation in the depth domain.

4 R E S U LT S A N D D I S C U S S I O N

Fig. 7 summarizes the results of this study, including models of
the Vp, Vs, Vp/Vs ratio, and density along the profile. These are
compared to the reprocessed depth migrated MCS image along a
major portion of the wide-angle profile.

The major differences in the present crustal model compared to
the results of Aarseth et al. (2017) are related to the velocity values
in the lower crust in the NW part of the profile (Fig. 4) as well as the
geometry of the crustal root in the middle of the profile. The shallow
(Carboniferous and younger sediments) portion of the profiles does
not show significant changes. However, the updated/reprocessed
tomography model provides more detailed image of lateral velocity
variations. For the deeper crust, tomography model shows that the
‘Caledonian’ NW lower crust has velocities reaching 6.7 km s–1,
contrary to higher values of 6.9–7.0 km s–1 in Aarseth et al. (2017).
The shape of the crustal root recovered from the tomography model
also fits better with the collocated MCS results. As the MCS data
have been reprocessed and depth migrated using the tomography
velocity model—the results from tomography and MCS are directly
comparable, which was a challenge previously. In their study of
the IKU-H line, Ritzmann & Faleide (2007) utilized time-to-depth
conversion of the line drawing interpretation, using only few 1-D
velocity profiles along the transect.

In the following, we will describe and discuss the results ad-
dressing key features and questions related to the deep crustal-scale
structure and evolution.

4.1 Reflectivity patterns

The analysis of the MCS data shows the principally different reflec-
tivity patterns along the profile (Figs 6 and 7). The high reflectivity
zone in the NW portion of the profile corresponds to the middle
and lower crust on the Caledonian side, while there is basically no
internal crystalline crustal reflectivity in the eastern part (within the
Timanian basement). At the proposed location of the Caledonian
termination zone (Fig. 8), we observe high crustal reflectivity, form-
ing semi-horizontal and westward-dipping patterns, terminating at
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Figure 5. Comparison of the velocity structure along the profile. Top panel: forward model (Aarseth et al. 2017), bottom panel: tomography model (this study).
Note, both models are converted from depth to two-way-traveltime and compared with the interpretation of the collocated reflection line (IKU-H) (Gudlaugsson
et al. 1987; Ritzmann & Faleide 2007). Difference in the models are caused by using different modelling techniques and the number of traveltimes used in the
modelling (ca. 5500 in forward modelling versus ca. 104 000 in the tomography).

Moho, with an abrupt decrease of reflectivity across the transition
zone.

The observed reflectivity patterns resemble similar observations
on the profile running across the Iapetus suture preceding the Cale-
donian orogeny west of Ireland (Klemperer 1989). Similarly to our
profile, the predominantly subhorizontal or slightly dipping reflec-
tivity patterns are observed in the middle-lower crust. The remnants
of the suture are marked by a series of prominent lower crustal re-
flectors that are truncated at the Moho (on the Caledonian side), with
significant decrease of crustal reflectivity on the other side of the
suture zone. The crustal root that presumably was formed during the
orogeny has been eliminated by post-orogenic extension and lower
crustal ductile flow (Klemperer 1989). Mooney & Meissner (1992)
inferred that the observed reflectivity is multigenetic in origin and
is due to processes associated with both lithospheric collision and
later extension.

The lack of crustal reflectivity in the eastern portion of the pro-
file (in the Timanian domain) can be characteristic of relatively
undeformed crust. The increase of lower crustal reflectivity in the
western part can be caused by the emplacement of small amounts
of fluids in microcracks and pores (Hyndman & Shearer 1989), or
by emplacement of mafic sills, as there is apparent correlation be-
tween crustal reflectivity and high susceptibility magnetic blocks
(Juhojuntti et al. 2001).

4.2 Moho geometry and crustal structure

Seismic tomography and gravity modelling reveal a complex Moho
along the transect (Fig. 7). The NW portion of the profile shows
an eastward dipping Moho from ca. 23 to 30 km over a distance
of 100 km. The shallowing of the Moho to the west is expected,
as the profile reaches the continent–ocean transition zone. Similar

Moho depth estimates were obtained on the neighbouring profile
(Breivik et al. 2003, 2005). The ca. 150-km-long crustal segment
below Stappen High and Sørkapp Basin (this study) shows a semi-
flat Moho with small undulations, however the thickness of the
crystalline crust changes from 22 to 17 km. This can represent the
Caledonian nappes, cross-cut at low angle, and be similar to the
interpreted structure of Profile 3 by Breivik et al. (2003, 2005).

The significant Moho deepening around Gardarbanken High is
modelled by the tomography, gravity and is also visible in the reflec-
tion data. The dimensions of the crustal keel is ca. 70 km in width
with the Moho depth increasing from 30 to about 37 km in the
central part. The crustal root spatially correlates with the modelled
zone of increased crustal Vp and densities. Similar observations
have been previously reported for the nearby area around Loppa
High (Clark et al. 2013). Furthermore, the modelled Vp/Vs ratio
shows a well pronounced mid-crustal region of decreased values in
the same location. The origin of this body will be discussed below.

The crustal structure below the Bjarmeland Platform (450–
550 km profile distance) is rather homogeneous, with no signifi-
cant lateral variations in the velocities or geometries of the crustal
interfaces. The observed crustal structure is similar to the other pro-
files in the area located on the Timanian basement in the platform
settings (Ivanova et al. 2011; Shulgin et al. 2018). This suggests
that the observed structure can be characteristic for the relatively
undeformed Timanian basement.

The SE part of the profile crosses the Nordkapp Basin, character-
ized by >10 km of sedimentary rocks and salt diapirs, which makes
seismic modelling of the deep structures below it challenging. The
tomography results show a semi flat Moho at a depth of 32–34 km,
with an uncertainty of ±1–1.5 km. The crystalline crustal velocity
structure is not showing any significant lateral variations. How-
ever, the gravity modelling requires increased densities in the mid-
dle/lower crust and a Moho shallowing of 4–5 km. The discrepancy
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Figure 6. Post-stack depth migration of the reflection line IKU-H. on the bottom panel: blue lines show the simple line drawing interpretation of the seismic
section. The lateral extent of the line is shown on Figs 1 and 4.
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Figure 7. Summary of the modelling results. The panels (top to bottom): Vp model, Vs model, Vp/Vs ratio, density. The overlay on each plot is the simplified
line drawing of the PSDM image of the reprocessed IKU-H data, emphasizing the reflectivity patterns.

between the seismic and gravity modelling is presumably caused by
uncertainties in the seismic modelling due to the presence of large
salt bodies close to the surface. We assume that the results from
the gravity modelling are reliable, as the same basin shows simi-
lar crustal signature further southwest (Clark et al. 2013). Similar
features have been reported for other rift related basins worldwide:
Moho shallowing and mafic intrusions in the lower crust, resulting
in increased densities (Thybo & Artemieva 2013).

4.3 Caledonian thrusts—suture zone?

We have looked on the 3-D crustal structure around the Sørkapp
Basin and Gardarbanken High based on the seismic models of the
OBS profiles in the area [Profiles 1–3 (Breivik et al. 2005), and this

study]. The idea was to constrain the Caledonian nappes surface
(Breivik et al. 2005) onto our profile—effectively making it in a
3-D geometry. The lateral velocity changes and the undulations of
the Moho and mid-crustal interfaces, as well as the crustal reflec-
tivity patterns were taken into account. The proposed Caledonian–
Timanian major thrust from Profile 3 of Breivik et al. (2005) was
taken as a reference.

A plane surface was fitted to cross-cut 4 OBS profiles to delineate
the possible western Caledonian suture branch in 3-D (Fig. 8). The
projection of this cutting plane on the current profile is shown in
Fig. 8. The cutting plane extends from the top of the interpreted
location of the high-velocity/density body, and reaches the top of
the crystalline basement under the Gardarbanken High. We should
note that the proposed plane should be considered as a broad zone
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Figure 8. Top panel: 3-D view on the crustal cross-sections along the BarPz-P2 and Profile 3. The top plane shows the bathymetry. Blue cutting plane is the
proposed Caledonian thrust in the area constrained by the 3-D analysis of the adjacent seismic profiles 1–3 (Breivik et al. 2005). The grey cylinder represents
the high velocity/density body and its striking direction as identified from the profiles 4–7 (Breivik et al. 2002) and the BarPz-P2 profile. Bottom panel:
schematic interpretation of the crustal architecture along the profile.

of the Caledonian—Timanian contact, rather than an actual fault
plane. The wide-angle data, unfortunately, do not provide sufficient
resolution to pinpoint the precise location, width and geometry of
the suture, but rather provides the transition zone between these two
crustal domains.

The projection of this plane on top of the regional map of crys-
talline basement (Klitzke et al. 2015) is shown by the blue line on
Fig. 9. In the area where the plane is constrained by the seismic data
there is a striking spatial correlation with the regional magnetic data
(Gernigon & Brönner 2012), which indicate the eastward extent of
the Caledonian terrane. The rocks forming the Caledonian nappes
in the area are more magnetic compared to the Timanian crust, so
when a certain thickness of the Caledonian nappes is reached, the
aeromagnetic data reveals these lineaments (Gernigon & Brönner
2012).

Based on the Moho geometry and the lateral crustal variations
of the velocities and Vp/Vs ratio we speculate that the proposed
other suture (S3) by Ritzmann & Faleide (2007) (ca. 410 km profile
distance) for the IKU-H reflection line can correspond to the same
feature discussed above. The dashed blue line in Fig. 9 may be
the extent of the Caledonian domain in the central Barents, with
a step-like transition, rather than a gentle rotation as suggested by
magnetic data (Gernigon & Brönner 2012). This follows the idea
of Klitzke et al. (2019) suggesting that there is a pre-Caledonian
rigid crustal block below the present day Sørkapp and Olga basins,
which acted as a local barrier during the Caledonian orogeny, thus
affecting the configuration of the Iapetus Ocean closure.

Alternatively, following the proposed ideas for a second branch
of the ‘Caledonian’ suture, (Gudlaugson et al. 1998; Breivik et al.
2002, 2003, 2005; Aarseth et al. 2017) the Moho deepening (at

ca. 410 km profile distance) would correspond to a suture dipping
towards SE and bounding the high-velocity/density body from the
east. However, this suture must be pre-Caledonian, and be part of
the Timanian terrane assemblage (Klitzke et al. 2019) and not been
active since then, as it cuts the E–W oriented Olga Basin, where no
N–S trending structures are observed.

4.4 High velocity/density body

An anomalous high-velocity/density crustal body identified from
the tomography and gravity model is located in the middle part of
the profile below the Gardabanken High. We address the origin of
this anomalous body, as its density is significantly higher, compared
to the adjacent upper crust. The decrease of the Vp/Vs ratio also
characterizes the middle crust in this region, while both Vp and
Vs are increased compared to adjacent areas (by 0.2 and 0.3 km s–1,
respectfully). The region is ca. 100–150 km wide and is affecting the
upper, middle, and lower crust. The deep crustal root with the Moho
deepening of 7–10 km is most likely associated with this anomalous
body. The high densities identified at the bottom of this root, may
suggest that the anomalous body extends from the top basement
to the Moho. Based on the analysis of the possible Caledonian–
Timanian contact zone location, it seems that the anomalous body
is bounded by the proposed contact zone from the west and from
the top (Fig. 8).

Comparison of the modelled properties of this anomalous body
(Vp, Vs, density and Vp/Vs ratio) with the published data on different
crystalline crustal rocks (Holbrook et al. 1992; Rudnick & Fountain
1995) is shown in Fig. 10. We have separated rock types into two
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Figure 9. (a) Tectonic domains in the Western Barents Sea and major findings of this study. The locations of the wide-angle profiles are shown by black lines.
The grey shading—major basins in the area. The Caledonian lineaments associated with magnetic basement highs (after Gernigon & Brönner 2012; Gernigon
et al. 2014, 2018) are marked with purple lines. Shown ages refer to the age of the basement. Blue line (inferred Caledonian Trust) is the projection of the plane
from Fig. 8 on the top of basement. The system of major rifts is modified after Faleide et al. (2008); rifts, graben, and half-grabens around eastern termination
of the Nordkapp Basin are after Hassaan et al. (2020). The identified high-velocity/density crustal bodies (violet shading) correspond to the possible magmatic
intrusions in the rifted basins. The anomalous lower crustal bodies are after Clark et al. (2013) and Shulgin et al. (2018). Red stippled box shows the extend
of figure B. (b) Free-air gravity anomaly map ("DTU 2010"). The approximate extend of major basins is shown by shading. (BB)—Bjørnøya Basin; (GH)—
Gardarbanken High; (HB)—Hammerfest Basin; (MAF)—Middle Allochthon Front; (NB)—Nordkapp Basin; (NEB)—Northeast Barents Basin; (Ori B.)—Ori
Basin; (SB)—Sørvestsnaget Basin; (SD)—Sørkapp Depression; (SEH)—Sentralbanken High; (SEB)—Southeast Barents Basin; (TD)—Tiddlybanken Basin;
(TKFZ)—Trollfjorden-Komagelva Fault Zone; (TB)—Tromsø Basin.

groups, representative for the upper-middle and lower crust. For the
mid-crustal level the modelled properties of the anomalous body
(Vp: 6.4–6.5 km s–1; Vs: 3.7–3.8 km s–1; density: 2830 kg m–3) fall
within the range of values typical for greenschists. For the lower
crust level (Vp: 6.5–6.8 km s–1; Vs: 3.6–3.8 km s–1; density: 2870–
3000 kg m–3) it corresponds to mafic granulites.

The modelled properties of the anomalous body correspond to
low-pressure low-moderate temperature metamorphic rocks, com-
monly associated with orogenesis. Based on this, two scenarios of
the origin of this body arise. It may have originated from the mafic
emplacement during the Neoproterozoic Timanian accretion, along
the boundaries of a trapped crustal fragment, similar to the Olga
crustal block (Klitzke et al. 2019); which was later metamorphosed
during the main phase of the Caledonian orogeny. The observation,
that the body is bounded from the top and from the west by the
proposed extent of the Caledonian thrusts, supports this hypothesis
(Fig. 8). In addition, such hypothesis can explain the reasoning for
the ‘eastern arm’ of the Caledonian suture, discussed by Gudlaugs-
son et al. (1987), Breivik et al. (2002) and Marello et al. (2013). It
is possible that what those authors interpreted as a suture, may be
a linear westward dipping belt following the micro blocks bound-
aries of Timanian accretion, which were metamorphosed during the
Caledonian, and thus exhibiting anomalous acoustic properties.

An alternative scenario is based on the comparison with similar
identified high-velocity/density bodies on the OBS profiles to the
east (Breivik et al. 2002), implying that the crustal body identified

on our profile can be linked to the southern anomalous body on
the Breivik et al. (2002) profiles. If these bodies form a linear
system striking in the W–E direction, this does not fit the Caledonian
trend(s). The recent studies of the Olga Basin and surrounding area
(Klitzke et al. 2019) suggested that the identified anomalous crustal
bodies reported by Breivik et al. (2002) spatially coincide with the
Olga Basin and a half-graben basin south of it. Klitzke et al. (2019)
interpreted these bodies as magmatic intrusions during the rifting
episode, which originally started in mid Devonian in the Pechora
Basin and may have reached the central-northern Barents Sea by
late Devonian–early Carboniferous, reactivating inherited Timanian
weaknesses zones. This also coincides with the extensional collapse
of the Caledonides, responsible for basin formation in the western
Barents, and rifting on Svalbard (Gernigon et al. 2014; Klitzke et al.
2019). If the anomalous body identified on our profile is of the same
origin (based on spatial correlations), this would imply that it also
originated in late Devonian–Early Carboniferous along the existing
pre-Caledonian structural weakness zone. This interpretation fits
the geometrical considerations of the Palaeozoic rift systems in the
western Barents Sea (Fig. 9). The W–E weakness zone associated
with the Timanian accretion of the crustal fragments links to the
NNE–SSW Palaeozoic rift system in the Caledonian domain in the
central Barents Sea (Faleide et al. 2008). Thus, Carboniferous rifting
along the inherited weakness zone converged to the present day
location of the mafic intrusion, where the rifting direction changed.
The change in the rifting direction can also be observed around the
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Figure 10. Comparison of the geophysical properties (Vp, Vs, density) of the major crustal rocks, based on Holbrook et al. (1992) and Rudnic & Fountain
(1995). Panels (a) and (b) distribution of crustal rock properties in the Vp–Vs space for mid-crustal and lower crustal rocks, respectively. The colour-coding
represents the densities of these rocks (also shown with numbers for the corresponding box). Grey stippled lines show isolines of constant Vp/Vs ration (VR)
and constant Poisson ratio (σ ). Panels (c) and (d) same data plotted in the Vp-density space. Colours and values correspond to the Vs values. Magenta ellipses
denote modelled values of the high velocity/density body at mid and lower crustal levels, respectively.

SE part of the profile, where the NW–SE faults of the Timanian
trend predates the NE–SW faults of the Nordkapp Basin (Hassaan
et al. 2020).

4.5 Emplacement of sills

Emplaced sills have been observed in two locations along the pro-
file: within the sedimentary fill of the Sørkapp Basin (Aarseth
et al. 2017), and an intracrustal sill complex below the Bjarmeland
Platform. The sills in the Sørkapp Basin are emplaced within the

sedimentary fill, which provides some stratigraphic age constraints
(maximum age, as sills can be younger than the strata they are found
in). The formation of the High Arctic LIP and the associated mag-
matism, including dyke swarms, occurred in the Early Cretaceous
(Corfu et al. 2013; Polteau et al. 2016; Minakov et al. 2018). It
is likely that the formation of the sills is directly associated with
the LIP magmatism, either along faults generated during the rift-
ing episode, or via reactivated Caledonian thrust faults. In addition,
development of dykes feeding the sill complex below the Sørkapp
Basin (Minakov et al. 2018) can also contribute to the increased
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seismic reflectivity of the lower crust in this crustal domain. As an
alternative, due to limited seismic resolution, the zones of increased
velocities (up to 6.1 km s–1 within the sediments) could correspond
to the thick carbonate platform developed in Upper Permian.

The intracrustal high-velocity layer (inferred from the refracted
phases, implying a minimal thickness of ca. 200 m) identified below
the Bjarmeland Platform (∼450 km profile distance) is interpreted
as another sill complex. As it is not located within the sedimentary
succession, the age constraints and its origin are very speculative.
Spatially it correlates to the eastern extent of the Caledonian nappes,
identified from the magnetic data (Gernigon et al. 2014, 2018). It
also correlates with our proposed offset along the ‘Olga’ crustal
block, corresponding to the Moho step, below the sill location. In
both scenarios, the generation of sills seems to link to the edge of
the Caledonian nappes, possibly fed via a weakness zone associated
with the Caledonian thrusts. The age of the sill is unknown, but
presumably corresponds to one of the known magmatic episodes: it
may have formed in Late Devonian–early Carboniferous, associated
with the magmatism developed during Pechora basin rifting, which
propagated all the way to the central Barents Sea, analogues to the
magmatism below Fedynsky High (Shulgin et al. 2018); or it can
be associated with Early Cretaceous formation of the High Arctic
LIP (Buchan & Ernst 2006), if it reached this area.

4.6 Basement origin between Timanian and Caledonian?

The area between Svalbard and Franz Josef Land, so called Bar-
entsia (Gudlaugsson et al. 1987; Breivik et al. 2005) is still not
fully understood due to lack of deep-sampling models (Fig. 9).
However, the most recent studies of the reflection seismic data in
the Olga and Sørkapp basins (Klitzke et al. 2019) suggest that
this crustal domain should predate the Caledonian orogeny. This
means that the proposed second Caledonian branch (Breivik et al.
2002, 2005), if it exists, is not Caledonian, but rather formed during
the Neoproterozoic accretion of the Timanian terrane from crustal
fragments. Most likely this western edge of the Timanian crust was
assembled in the late Precambrian to Cambrian, prior to the clo-
sure of the Iapetus Ocean and initial stages of the Laurentia–Baltica
collision. Such a fragment around the Gardarbanken High, carry-
ing present-day Sørkapp and Olga basins, was proposed by Klitzke
et al. (2019) and fits our interpretation. The presence of similar
crustal fragments north of the Olga Basin is not clear. The area east
of Svalbard is likely underlain by Caledonian basement, extending
eastwards from Nordaustlandet (NE Svalbard) where Caledonian
deformation is documented, and apparently can be extrapolated to
the Lomonosov Ridge, based on the magnetic lineations (Knudsen
et al. 2017). However, the presence of a parallel suture zone to the
east, close to Franz Josef Land, has been suggested by Marello et al.
(2013) based on gravity and magnetic data. This suggests the pres-
ence of another accreted pre-Caledonian crustal fragment between
Svalbard and Franz Josef Land.

5 S U M M A RY: D O M A I N S A N D
T E C T O N I C E V O LU T I O N

We present an extended interpretation of the BarPz P2 wide-angle
seismic profile, originally reported by Aarseth et al. (2017). The
new results are based on tomographic modelling of Vp, Vs, Vp/Vs
ratio, a reprocessed depth migrated collocated seismic reflection
profile, and complimented by gravity modelling.

The major findings are:

(1) We document in 3-D the position of the Caledonian nappes
in the western Barents Sea, which fits the proposed extent from
regional aeromagnetic data.

(2) The Caledonian domain is characterized by high crustal re-
flectivity, caused by strong deformation and/or emplacement of
mafic intrusions within the crystalline crust. The Timanian domain
shows semi-transparent crust with little internal reflectivity, sug-
gesting less deformation.

(3) The crustal domain in-between two proposed arms of the
Caledonian suture represents pre-Caledonian crustal fragments ac-
creted to the Timanian terrane, most likely in early Cambrian. This
crustal block may have an E–W striking southern boundary, along
which the Caledonian nappes were offset.

(4) A high-velocity/density crustal body, adjacent to the
Caledonian–Timanian contact zone, is interpreted as a zone of dis-
tinct metamorphosed rocks different from the surrounding crust,
based on the comparison with global compilations.

(5) Two scenarios for the origin of the body are proposed. First,
mafic emplacement during the Timanian assembly, which was meta-
morphosed during the Caledonian orogeny, spatially correlated with
the regional gravity maxima zone. Alternatively, massive mafic in-
trusions associated with Devonian rifting, which reactivated the
inherited structures in both Timanian and Caledonian domains.

(6) Emplacement of mafic material in Late Devonian–Early Car-
boniferous into the crust under the Nordkapp Basin is speculatively
inferred from the gravity modelling.
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Supplementary data are available at GJI online.

Figure S1. Results of the tomographic modelling (top: Vp; bottom:
Vp/Vs/ratio) converted from depth to two-way-traveltime. The over-
lay is the early line drawing interpretation of collocated reflection
line IKU-H (Gudlaugsson et al. 1987; Ritzmann & Faleide 2007).
The interpretation is in a good agreement with the tomography
model, however the central part of the profile, where the transition
from the Timanian to Caledonian domain is proposed, lacks details
in the reflection data.
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