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Abstract

The continuation of the Caledonides into the Barents Sea has long been a subject of discussion,
and two major orientations of the Caledonian deformation fronts have been suggested: NNW-
SSE striking and NE-SW striking, respectively. A regional NW-SE oriented ocean bottom
seismic profile across the western Barents Sea was acquired in 2014. In this paper we map the
crust and upper mantle structure along this profile in order to discriminate between different
interpretations of Caledonian structural trends and orientation of rift basins in the western Barents
Sea. Modeling of P-wave travel times has been done using a ray-tracing method, and combined
with gravity modeling. The results show high P-wave velocities (4 km/s) close to the seafloor, as
well as localized sub-horizontal high velocity zones (6.0 km/s and 6.9 km/s) at shallow depths
which are interpreted as magmatic sills. Refractions from the top of the crystalline basement
together with reflections from the Moho give basement velocities from 6.0 km/s at the top to 6.7
km/s at the base of the crust. P-wave travel time modeling of the OBS profile indicate an
eastwards increase in velocities from 6.4 km/s to 6.7 km/s at the base of the crystalline crust and
the western part of the profile is characterized by a higher seismic reflectivity than the eastern
part. This change in seismic character is consistent with observations from vintage reflection
seismic data and is interpreted as a Caledonian suture extending through the Barents Sea,
separating Barentsia and Baltica. Local deepening of Moho (from 27 km to 33 km depth) creates
“root structures” that can be linked to the Caledonian compressional deformation or a suture zone
imprinted in the lower crust. Our model supports a separate NE-SW Caledonian trend extending
into the central Barents Sea, branching off from the northerly trending Svalbard Caledonides,
implying the existence of Barentsia as an independent microcontinent between Laurentia and

Baltica.



1. Introduction

The Barents Sea is located in the northwestern corner of the Eurasian continent (Fig. 1) where the
assembly of the crystalline basement is related to the mid-Palaeozoic Caledonian orogeny (e.g.
Roberts and Gee, 1985). Early post-Caledonian extension created Devonian basins on Svalbard,
but it is unknown how this phase affected the offshore areas. Late Palaeozoic rifting in the
Barents Sea formed basins that accumulated large amounts of evaporite deposits, whereas
Mesozoic rifting events formed major Cretaceous basins followed by Cenozoic breakup and
opening of the Northeast Atlantic (Roberts and Gee, 1985; Gabrielsen et al., 1990; Faleide at al.,
2008; Gee et al., 2008; Smelror et al., 2009). It has long been recognized that Caledonian and
older basement structures have influenced subsequent basin development and structural
configuration in the Barents Sea (Harland and Gayer, 1972; Gabrielsen, 1984; Doré, 1991;
Ritzmann and Faleide, 2007, Fig. 2). Due to petroleum exploration in the southwestern Barents
Sea the structures of the main Mesozoic grabens, highs and platforms are fairly well known (e.g.
Gabrielsen et al., 1990; Faleide et al., 1993; Breivik et al., 1998; Smelror et al., 2009; Henriksen
et al., 2011a). The deep structure of the Late Palaeozoic basins and their relationship to the
Caledonian orogeny still remains unclear in most of the western Barents Sea due to sparse
distribution of wide-angle seismic data and poor resolution of multi-channel seismic (MCS)
reflection data below the Permian sequence (Breivik et al., 2005). Ziegler (1988) proposed that
the Scandinavian Caledonides extend northwestward linking up with the N-S trending
Caledonides of Svalbard. Later interpretations involve two branches of the Caledonides, one
through the eastern Barents Sea, and one through Spitsbergen (Gudlaugsson et al., 1998; Breivik
et al., 2005; Henriksen et al., 2011a). Others consider only the eastern branch through the Barents

Sea to be the suture (Doreé, 1991; Harland et al., 1997; Gee et al., 2006, Fig. 2).



Further, it has been proposed that the Late Palaeozoic rifting in the southwestern Barents Sea
developed in a north-easterly direction, following the inherited Caledonian structural grain, with
a fan shaped distribution of rift basins and intra-basinal highs with orientations ranging from
north-easterly in the main rift zone to northerly at the present continental margin in the west (e.g.
Gudlaugsson et al., 1998; Breivik et al., 2005; Ritzmann and Faleide, 2007). However, based on
new high quality aeromagnetic data covering the southwestern Barents Sea, Gernigon and
Bronner (2012) and Gernigon et al. (2014) suggest that the sub-Permian basins and underlying
basement grain have a dominantly NNW-SSE orientation and that Caledonian extensional
collapse and subsequent rift evolution follow this trend. Contrary to previous interpretations the
magnetic data do not recognize a NE-SW inherited Caledonian structural trend through the

Barents Sea.

In areas where the deeper parts of the crust are difficult to image by conventional multi-channel
seismic reflection data, wide-angle seismic experiments provide valuable information (e.g.
Breivik et al., 2002). In 2014, three ocean bottom seismometer (OBS) profiles were acquired in
the western Barents Sea (Minakov et al. (2014), Figs.1, 2), crossing the proposed trends of
Caledonian structures and Late Palaeozoic rifts. The P-wave velocity- and gravity model along
OBS Profile 2 are presented in this paper. The profile is 650 km long and has a NW-SE
orientation, crossing the western Barents Sea from the Stappen High area north of Bjgrngya to
the Nordkapp Basin. The primary objective of this paper is to investigate how pre-existing
structures inherited from the Caledonian orogeny and subsequent Devonian extensional collapse

in the western Barents Sea influenced subsequent Palaeozoic rift evolution.



2. Geological setting

Four major orogenic events have influenced the geology of the Barents Sea area: the Timanian
(Ediacaran), Caledonian (Mid Silurian — Early Devonian) (Fig. 2), Uralian (Early Carboniferous
— Late Permian/Triassic) and Eurekan orogens (Early Cenozoic). During the Timanian orogeny
terranes accreted against the present-day northeastern margin of Baltica. The Timanian structural
trend generally has a NW-SE orientation and extends into the South Barents Basin
(Olovyanishnikov et al., 1997; Roberts and Siedlecka, 2002), but how far north and west these
trends extend is uncertain. NW trending Timanian structures are exposed on the Varanger

Peninsula in northernmost Norway (e.g. Roberts and Olovyanishnikov, 2004).

The Caledonian orogeny started in the Early Ordovician and culminated with the collision of
Laurentia and Baltica in mid Silurian to Early Devonian time with the closure of the lapetus
Ocean (e.g. Gee et al., 2008). The Svalbard Archipelago comprises at least three crustal blocks
and different hypotheses have been proposed for the Caledonian terrain assembly (Harland et al.,
1997; Gee and Teben’kov, 2004; Cocks and Torsvik, 2011). The western terrains have
Laurentian affinities (e.g. Harland et al., 1997), but the eastern part of Svalbard has been
interpreted as an independent microcontinent between Laurentia and Baltica (Gudlaugsson et al.,
1998; Torsvik et al., 2001; Breivik et al., 2002). The Uralian orogeny affected mostly the Eastern
Barents Sea region during the collision between Laurussia (Laurentia and Baltica) and Siberia,
with the closure of the Uralian Ocean (Churkin et al., 1981). Early Eocene compression formed
the western Spitsbergen fold-and-thrust belt (e.g. Leever et al., 2011) during the Eurekan

orogeny.



The complex structural framework of the Barents Shelf basement is a result of these collisional
events. The Caledonian orogeny was followed by extensional collapse and Devonian graben
formation. Post-orogenic sediments were deposited during the late Silurian-Devonian and
compressively deformed in the Late Devonian tectonic phase referred to as the Svalbardian or
Ellesmerian Event (Gee et al., 2008; Bergh et al., 2011; Blinova et al., 2013). Devonian rocks
have mainly been preserved in north-south trending graben structures in Spitsbergen.
Carboniferous rifting resulted in formation of several basins (e.g. Nordkapp Basin, Bjgrngya
Basin, Tromsg Basin, Tiddlybanken Basin, Fig. 1) that collected large volumes of evaporites
during the Late Carboniferous and Early Permian (Faleide et al., 1984; Gudlaugsson et al., 1998).
Regional subsidence was established by the Early Permian and continued into the Triassic with
deposition of clastic marine sediments. Rifting in the Middle Jurassic to Early Cretaceous created
deep sedimentary basins and was followed by Early Cenozoic margin formation, opening of the
Norwegian — Greenland Sea and the onset of seafloor spreading (Faleide et al., 1993). Early
Cretaceous magmatism has affected areas northeast (e.g. Minakov et al., 2012) and south of
Svalbard (Grogan et al., 2000; Breivik et al. 2005; Polteau et al., 2016) forming parts of the High

Arctic Large Igneous Province (HALIP).

From mid-Miocene time to the present, the western Barents Sea has been regionally uplifted and
eroded (Dengo and Rgssland, 1992; Dimakis et al., 1998; Ohm et al., 2008; Henriksen et al.,
2011b). Between 1500 m and 3200 m of the sedimentary sequence have been removed in our
study area, leaving Triassic rocks close to the seafloor across the Bjarmeland Platform
(Gudlaugsson et al., 1987) and only minor occurrences of Cretaceous sequences e.g. in the
Nordkapp Basin (Faleide et al., 1984). The present western Barents Sea is dominated by a

complex system of grabens and half-grabens, while the eastern Barents Sea consists of a single,



much larger N-S trending sag basin. This structural difference implies that the eastern and the
western Barents Sea are underlain by different basement domains and structural grains, and there
could also be variations in tectono-magmatic and metamorphic processes from west to east (e.g.

Gac et al., 2012).

3. Data and methods

3.1. Data acquisition

OBS data were acquired using the research vessel Hakon Mosby during the summer of 2014 by
the University of Bergen (UoB) in cooperation with the University of Oslo (UoO) and
GEOMAR. These comprise two regional profiles in the western Barents Sea and a shorter profile
in Storfjorden south of Svalbard. Gravity-, magnetic-, and bathymetry data were recorded
continuously along the profiles using a LaCoste-Romberg shipboard gravity meter, a marine
proton magnetometer and an echo sounder, respectively. Additionally, single-channel streamer
data were acquired during seismic shooting. Four equal-sized air-guns with a total volume of
78.66 1 (4800 in®) were fired every 200 m (approx. 80 s) along each profile. The data were
recorded by digital GEOMAR Ocean Bottom Seismometers recording both P-wave (vertical
geophone and hydrophone) and S-waves (two orthogonal horizontal geophones). Navigation is
based on the Differential Global Positioning System (DGPS). Profile 2 was shot in two segments
where the instruments were redeployed from one segment to the other, each containing 20 OBSs
deployed at a typical distance of 15-20 km, with 3 OBSs overlapping between the segments. Each
segment gave a seismic record 394.6 km (NE) and 395.4 km (SE) long, respectively. With an

overlap of 128.7 km the total length of the profile is 661.3 km.



3.2. Data processing

Preprocessing of the seismic data was done at GEOMAR, including cutting raw data into traces
of 60 s, adjusting for instrumental clock drift, tieing to navigation, trace normalization and
conversion to SEG-Y format. The OBS positions were then corrected for physical instrument
drift. Further processing was done at UiB/UiO, including band pass filtering (4-16 Hz), spiking
deconvolution (to compress the wavelet and suppress ringing) and automatic gain control (1 s
window) to boost the far-offset signals. A reduction velocity of 8 km/s was applied in order to
compress the time scale and obtain nearly horizontal refractions from the upper mantle.
Processing of gravity data was done at UiO and included correction of relative gravity meters
readings using measurements at reference points in Tromsg and Longyearbyen, subtraction of
normal gravity field computed for the WGS84 model, and E6tvos correction. The instrument drift
was checked by gravity measurements in the port in Tromsg before departure and upon arrival
using marine- and land gravimeters, and the drift was within ImGal. A Butterworth low-pass
filter with cutoff wavelength of 5 km and the order of eight was applied to the gravity data.
Comparison of the obtained free-air gravity anomaly with a regional dataset (ArcGP grid,
Kenyon et al., 2008) shows a good match, however our measurements have a significantly better

resolution.

3.3. Travel time modeling using Rayinvr

In order to map the crustal and upper mantle structure along the profile, a P-wave velocity model
has been created using travel times recorded on the OBS hydrophone and vertical geophone

components. The modeling was done using Rayinvr, a ray-tracing forward/inversion software



developed by Zelt and Smith (1992). It allows an iterative approach based on trial and error until
a reasonable fit between interpreted and calculated travel time curves is achieved. Following the
forward modeling, inversion is performed layer by layer separately on velocity- and depth nodes.
The inversion is useful for finding solutions in areas with complex geology and to derive

resolution statistics.

Velocity models based exclusively on travel times recorded on widely spaced OBSs are non-
unique and dependent on ray coverage, but additional constraints can be obtained from including
other types of data. Information from MCS data and gravity data has thus been included to
supplement the velocity model. The OBS profile is shot along an existing MCS profile, IKU-H
(Fig. 1), and published interpretations of this line from Gudlaugsson et al. (1987) and Ritzmann
and Faleide (2007) (Fig. 12) was used in the initial model building. Water depths were taken
from the echo sounder data and the water layer was given a velocity of 1.48 km/s, a typical
velocity for arctic seas (Grad et al., 2011). The geometry and velocity of the water layer was
fixed during the modeling. A top-down strategy was used, starting with arrivals from the
sedimentary section. The Rayinvr code allows for ray tracing of refracted-, reflected- and head
waves. The goal is to obtain a velocity model that minimizes the travel time residuals (difference
between picked and calculated arrivals) and where rays can be traced for as many picks as
possible (Zelt and Forsyth, 1994). Arrivals on each of the individual OBS records are interpreted
and used in the modeling. Data and model examples are show in Figs. 3-7, OBS 229, 226, 224,
214 and 212 are chosen because these records generally have a good data quality and illustrates
the main features of the velocity model. Phase names used in the figures are listed in Table 1.
During the interpretation each pick is given an uncertainty in time, often assigned to + one typical

cycle width of the phase (Breivik et al., 2003), and the goodness of fit can be estimated using a



chi-squared (x%) criterion (e.g. Zelt and Forsyth, 1994). Typical uncertainties for the best arrivals
are estimated to £50 ms. Most Moho arrivals are given an uncertainty of £90 ms if they are
strong and clear, larger if they are weak. During the modeling an effort was made to obtain a y?
value of 1, which means that the travel time residual is equal to the pick uncertainty. A lower y°
value indicates overfitting (travel time residuals are less that the uncertainty of the picks), while a

value larger than 1 imply that the residuals are higher that the pick uncertainty.

4. Results

4.1. P-wave travel time modeling

The final P-wave velocity model is divided into thirteen layers (Fig. 8). Some layers have similar
velocities, but different velocity gradient. The quality of the data is generally good, however OBS
201, 221, 232 and 236 did not provide any useful data. The hydrophone component gave the best
data for most of the stations, but on seven stations the vertical geophone component provided
better data. The water layer (layer 1) is modeled with a constant velocity of 1.48 km/s and the
water depth varies between 40 and 400 m along the profile. The youngest sedimentary rocks
(layer 2), identified from MCS data tied to nearby wells, are Cretaceous in age (e.g. Faleide et al.,
1984). Layer 2 has an average velocity of about 3.5 km/s and is thickest (1500 m) in the
southeastern part of the profile within the Nordkapp Basin, and pinches out towards the
northwest. In the NW end of the profile the velocities are higher, around 4.0 km/s just below the
seafloor (layer 3). Based in interpretations of IKU-H (Gudlaugsson et al., 1987) the age of this

sequence is expected to be Triassic.
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A high-velocity layer is observed at a depth of 2 km on OBS 223-227 (layer 4). A velocity of 6
km/s gives a good fit between observed and calculated travel time however, shallow high
velocities made it difficult to trace rays in the sedimentary section beneath layer 4. The velocity
was therefore reduced from 6.0 km/s to 5.7-5.8 km/s, which gives a poorer fit but more rays in
the deeper layers. Layer 4 is approximately 200 m thick and 80 km long. Early Cretaceous
magmatism has previously been reported in the area (Grogan et al., 2000; Breivik et al., 2002,
2003; Polteau et al., 2016) and the shallow high velocity layer is interpreted as a magmatic sill.
Refractions from layer 6 require quite high velocities (5.8-5.9 km/s) Modeling of OBS 223 and
224 (Fig. 5) indicate velocity inversions in the sedimentary section and a low velocity layer (layer
5) had to be introduced beneath the sill in order to model refractions in layer 6. Layer 6 has

lateral velocity variations that may represent change in lithology.

OBS 202, 203 and 204 are located in the Nordkapp Basin where salt diapirs (layer 7) rise to the
seabed. At OBS 203 and 204 high-velocity arrivals are observed close to the seabed. MCS data
(Grimstad, 2016) were used to constrain the geometry of the salt and the sedimentary layering in
the Nordkapp Basin, and two strong reflections were interpreted as near Base Cretaceous
Unconformity (BCU) and near Top Permian, respectively. The modeling is very sensitive to
geometry, and the steep flanks of the salt make it difficult to trace rays through it. No refractions
have been modelled in the salt; however several Moho reflections pass through it e.g. on OBS
212 (Fig. 7). Based on these arrivals the salt diapirs were modeled with a velocity of 5.0 km/s.
Due to complex geometry and limited data quality no rays where traced at all for OBS 202 and
203. Velocity measurements from the sedimentary section just above top basement (layer 8)
show a velocity of 5.8 — 5.9 km/s. A low contrast in seismic impedance between the sedimentary

section and top of the crystalline basement results in weak or absent arrivals from this interface,
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making the interpretation uncertain. Some good basement refractions (Py) have been recorded,
mainly on OBS 214, 215, 218, 220, 226 and 227, constraining the velocity at top basement in the
middle of the profile to 6.2 km/s. OBS 226 (Fig. 4) shows one of the strongest top basement
arrivals as a refraction for larger offsets and a reflection for shorter offsets. OBS 226 also has
some strong reflections from within the crystalline crust. Top basement is shallowest in the
central parts of the model (7-8 km) and deepens to about 10 km beneath the Sgrkapp Basin in the
NW, and 12 km Nordkapp Basin in the SE (Fig.8). Primarily based on the move-out of Moho
reflections a velocity of 6.4-6.5 km/s has been modeled at base of the crust in the western part of
the profile, while it increases to 6.7 km/s and 6.6 km/s in central and eastern parts, respectively.
Many intra crustal reflections, sometimes of high amplitude, were identified. These events seem
to originate from two levels, and the basement has therefore been divided into three layers (layer
9, 11 and 12). Several reflective events did not fit this layering and floating reflectors were
therefore introduced. Layer 10 is a high velocity (6.9 km/s) layer at a depth of about 11 km. It has
a limited extent and can only be seen on OBS 214 (Fig. 6). It may be interpreted as an intra-

crustal sill intrusion.

OBS 229 offers a lot of information at offsets up to 190 km (Fig. 3). Clear refractions give
velocities of 5.8-5.9 km/s in the sedimentary sequence (layer 6). The record shows a very strong
Moho reflection and the move-out of this event is used to constrain the average velocity in the
crust. A weak refraction from the upper mantle (P,) is also recorded. Below the Moho there are
some relatively strong reflections (PeP) that seems to originate from within the top 10-15 km of
the mantle. This upper mantle reflectivity seem to dip to the west-northwest, however they are

not constrained by reversed observations and could have other origins.

12



Between 260 km and 300 km in the model (Fig. 8) Moho deepens by 6 km (from 27 km to 33
km) over a distance of 40 km. This is recorded particularly well on OBS 224 (Fig. 5), where the
PwmP phase is recorded at about 6 s (reduced travel time) on the left side and about 7 s (reduced
travel time) on the right side. Around 310 km (model distance) the Moho shallows to 28 km
creating a “root structure” in the lower crust. This feature has been recorded consistently on
neighboring OBSs. Another increase in Moho depth is observed on OBS 214 (Fig. 6) at 400 km
along the profile. OBS 212 (Fig. 7) shows strong Moho reflections and a weak P, phase, but there
is limited information from within the crystalline crust. Some intra crustal reflections do appear
when filtering away the highest frequencies. Refractions from the upper mantle (layer 13)
recorded on OBS 211, 212, 214, 218, 220 and 223 fit well with a velocity of 8.0 km/s in the

upper mantle.

4.2. Velocity model assessment

An assessment of the velocity model is done in order to evaluate how well the different parts of
the model are constrained. The normalized x*and RMS travel time residuals for the modeled
phases are presented in Table 2, and ray hits for the final velocity model are shown in Fig. 9a.
Most of the phases have a x* value close to 1. Generally, ray coverage is best in the central parts
of the profile, and the model is best constrained between 100 km and 530 km. Ray coverage is
limited at both ends of the profile making these areas poorly resolved. Sedimentary layers 2, 3
and 6 is well covered with refracted waves and the velocity here are fairly well constrained. The
shallow sill intrusion (layer 4) is not covered by many rays, but clear head waves have been

modeled from this layer on OBS 229 and OBS 227-223. Clear refractions in the NW constrain

13



the velocity at the top of layer 8, but the velocity structure is not well resolved in the SE part of

the model.

The inversion tool in Rayinvr is used to obtain a resolution matrix in order to estimate how well
the individual velocity nodes are constrained (Fig. 9b). Velocity nodes were inverted layer by
layer (node spacing 15-50 km), while keeping the geometry fixed, using only refracted arrivals.
Values range from 0 to 1, with values from 0.5 and up indicating a fairly well resolved parameter
(Zelt and Smith, 1992). The depth node resolution was estimated for Moho (node spacing 10-30
km), while keeping the velocity fixed using both reflections and refractions. Larger circles around

the depth nodes in Fig. 9b indicate better resolution.

The top of the crystalline crust is best constrained in the central parts of the model. In the NW
end of the profile no top basement refractions have been recorded and the interpretation is based
on reflections only. No direct velocity control was obtained from within the lower crust (layer 11
and 12); however the move-out of clear Moho reflections, recorded on almost all stations, gives
the average velocity in the crust throughout the model, with the apparent velocity at maximum
offset (50-200 km) approaching the velocity in the lowermost crust. Moho is constrained by both
reflected and refracted arrivals. However, the poor control on velocity structure in the lower crust
makes the Moho depth somewhat uncertain, particularly in the southern 100 km of the model. Fig
9b indicates a poor depth node resolution in the crustal root area. The ray hit is limited due to the
complex geometry, however clear PmP arrivals from OBS 226-223 and OBS 218 have been
modelled here, suggesting that this feature is real. Some refractions from the upper mantle have

been modeled, but the velocity structure here is not well constrained.
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4.3. Gravity modeling

The ray-coverage (Fig.9a) is controlled by the acquisition geometry and P-wave velocities.
Gravity data have a different sampling and have the potential to add information to the model. A
two-dimensional gravity model was made along the profile using the Oasis montaj GM-SYS
Profile Modeling software. The gravity profile used in the modeling was recorded together with
the OBS data and the observed gravity anomalies vary between -56 and 56 mGal. The strong
positive gravity anomaly observed at the NW end of the profile is associated with the continent-
ocean transition (COT) located a few km west of our profile, and has also been modelled by
Breivik et al. (2003). There is also a positive gravity anomaly over the Gardarbanken High and a
negative gravity anomaly due to the salt diapirs in the Nordkapp Basin. The velocity model was
converted to a gravity model keeping the geometry of the layers. The average velocity in each
layer was used to estimate initial density from an empirical velocity-density relationship (Ludwig
et al., 1970; Barton, 1986). The model was extended 30 000 km in each direction to avoid edge
effects. The results of the gravity modeling are presented in Fig. 10. The sedimentary section has
been divided into three layers with densities of 2400 kg/m?, 2620 kg/m® and 2740 kg/m®.
Additionally, the zone of increased velocities (part of layer 6, Fig.8) above Gardarbanken High
were modeled with a density of 2700 kg/m?®. Consistent with the velocity model, the crystalline
crust have been divided into an upper, middle and lower layer and given densities based on the
average velocity in each block, with values ranging from 2800 kg/m? to 2910 kg/m®. These
values are comparable to other models in the area, e.g. Marello et al. (2010) who used densities
from 2710-2780 kg/m*and 2940 kg/m? for the upper and lower crust, respectively, and Klitzke et
al. (2016) who used 2660-2800 kg/m® and 2977-3025 kg/m® for the upper and lower crust,

respectively. The lateral increase in velocity eastwards is modelled as increased densities,
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dividing the crust into blocks. The data from Ludwig et al. (1970) show a considerable scatter in
the velocity-density relationship, and a variation of £200 kg/m? is possible. During the modeling,
the initial densities were not adjusted more than +30 kg/m®. The lithosphere-asthenosphere
boundary (LAB) is based surface wave tomography for the Barents Sea (Levshin et al., 2007) as
applied by Klitzke et al. (2016). In accordance with the recent model of Klitzke et al. (2016),
densities of 3330 and 3180 kg/m*® have been used for the upper mantle lithosphere and

asthenosphere, respectively.

Dividing the crust into even more block or adjusting the initial densities more gave a slightly
better fit with the observed gravity field. However, in order to keep the model as simple as
possible and without too many modifications, an error of 5.416 mGal is considered an acceptable
fit between the observed and calculated gravity field. An attempt was also made to adjust the
LAB, while keeping the crust homogenous, but this resulted in a very unrealistic topography of
the LAB. The source of the anomaly above Gardarbanken High can lie in the sedimentary section
or the crystalline crust (or both). The observed gravity can also be reproduced by introducing a

block of increased density (3370 kg/m®) in the upper mantle.

5. Discussion

5.1. Crustal structure
Velocities just below the seafloor vary from 3.4 km/s in the southeast to 4.0 km/s in the
northwest. High velocities in the shallow sedimentary section are attributed to Late Cenozoic
uplift and erosion (Eidvin et al., 1993; Dimakis et al., 1998; Grogan et al., 1999; Ohm et al.,
2008; Henriksen et al., 2011b). Erosion has removed up to 3200 m from the sedimentary section

in the northwestern end of the profile and about 1600 m in the southeastern end (e.g. Dimakis et
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al., 1998; Henriksen et al., 2011b). Increased velocities in the northwest end of the profile
correlate with increased net erosion in the Stappen High area. The deepest basement can be found
under the Serkapp- and Nordkapp Basins (Fig. 8) where the depths reach 10 and 12 km,
respectively. The Sgrkapp Basin is defined at Permian and Triassic levels (Gabrielsen et al.,
1990; Grogan et al., 1999) (Fig.1). The main basin subsidence occurred in the Triassic, but
reflection seismic data indicate that Palaeozoic carbonates is underlain by an older basin, possibly
of Early Carboniferous and/or Devonian age (Gabrielsen et al., 1990). Gudlaugsson and Faleide
(1994) and Breivik et al. (2003, 2005) identified a deep basin a few km northeast of our profile
with basement depths reaching 14 km, coinciding with the Sgrkapp Basin. This basin was
constrained to the west and north, but not to the east and south. The basin modeled here could be
the southwest continuation of that basin, were the southeastern flank is constrained by top
basement refractions and the northwestern flank by top basement reflections on OBS 234 and
IKU-H. The basin coincides well with the model of Klitzke at el. (2016), who also modeled
basement depth around 10 km in this area. The Sgrkapp Basin is often drawn as a slightly N-S
elongated basin on structural maps (e.g. Gabrielsen et al., 1990; Faleide et al., 1993) however,
Anell et al. (2014) suggested a NE-SW to E-W trend. Comparing our model with three older
OBS profiles modeled by Breivik et al. (2002, 2005) (Figures 1 and 11) we favor a NE-SW trend
of the Sgrkapp Basin, in accordance with previous interpretations of rift basins in southwestern
Barents Sea (e.g. Gudlaugsson et al., 1998; Faleide et al., 2008). The outline of the Sgrkapp Basin
is drawn on Fig. 11. Its northwestern and southeastern boundary is fairly well constrained by

OBS data, whereas the continuation to the east and southwest is uncertain.

The modeled profile is shot along the deep seismic line IKU-H, and layer boundaries from the

time-converted velocity model are overlain on interpretations of IKU-H in Fig. 12. There is a
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good fit between the OBS data and the MCS data in the sedimentary section (at 1.9 s) in the NW
end of the profile, but the two datasets seem to have picked up slightly different reflections across
the Bjarmeland Platform. Top of the crystalline crust is difficult to interpret from MCS data,
especially in the eastern part. In the NW end the top of the chaotic reflective zone around 3 s
could be interpreted as top of the crystalline crust, but from the OBS data it is interpreted to lie
deeper under the Sgrkapp Basin. Assuming the P-wave velocity model from the OBS data is
correct, the top of the chaotic reflective package could be interpreted as meta- sedimentary rocks

overlying crystalline crust.

The Moho topography between 260 km and 340 km in the model is interpreted as a Caledonian
“root structure”. Similar structures associated with high velocities in the upper mantle (8.5 km/s)
have been modeled in the Sentralbanken High region (Breivik et al., 2002) where high velocities
and densities in the upper mantle were interpreted as eclogitized oceanic crust associated with a
proto-Caledonian subduction zone, with the crustal root as a remnant of the continental collision.
A crustal root structure has also been observed along the deep seismic line IKU-D (Fig. 1) south
of Svalbard, and interpreted to be a proto-Caledonian subduction zone dipping to the west
(Gudlaugsson and Faleide, 1994; Breivik et al., 2005). Farther southeast along the profile, around
400 km, another prominent increase in Moho depth has been modeled. This structure is most
likely related to the boundary between two different basement domains (Figs. 12 and 13), but
how it is linked to structures shallower in the crust is uncertain. There is generally a good
correspondence in Moho depth between OBS data and IKU-H. In the western part of IKU-H the
basement is very reflective down to about 10 s and the base of this reflective zone is interpreted
as Moho. In the velocity model Moho is located 0.5-1.0 s shallower, but many floating reflectors

have been modeled in the upper mantle, suggesting that the base of the reflective zone on IKU-H
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does not represent Moho, but rather a reflective zone in the upper mantle. Another explanation
for the misfit could be that OBS data generally measure more horizontal and therefore higher
velocities, resulting in a shallower Moho interpretation. Additionally, some of the dipping
reflections on IKU-H could be diffractions (the line is not migrated, but a dip filter have been
applied to remove some of the diffractions). On OBS 229 a weak arrival with an apparent P-wave
velocity of 7.1 km/s has been modelled as a Pn phase. A good fit between observed and modelled
travel times can be achieved by introducing as a high-velocity (7.1 km/s) layer in the lower crust.
However, such a layer disrupts several strong PmP arrivals on OBS 223-229. Lacking support
from other OBSs, it was considered more important to fit the strong PmP-arrivals, and a high-

velocity layer in the lower crust was not included in the model.

5.2. Tectonic domains and comparison with nearby seismic profiles

The modeled profile crosses three older OBS profiles and velocities and densities at the cross
points are listed in Table 3. In cross point 1 (profile 3e from Breivik et al. (2003) and OBS 236,
Fig. 1), the depth to crystalline crust is 8 km in both profiles. Cross point 2 and 3 is located in the
central parts of the model (at OBS 224 and 229, respectively) and at the southern ends of Profile
1 and 2 from Breivik et al. (2005). The difference in modelled depth to crystalline crust is quite
large at the cross points, between 3-4 km. However, the southern ends of Profile 1 and 2 is poorly
constrained by seismic data and the basement depths are uncertain, and the interpretation from
our study is therefore preferred. Breivik et al. (2003) has modeled a deeper Moho (29 km)
compared to this study (26 km). A northwestward shallowing of the Moho was introduced in
cross point 1 based on the positive gravity anomaly at the NW end and the COB located a few km

west of the profile. This shallowing of Moho was also modelled by Breivik et al. (2003). Cross
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point 1 is at the northwestern edge of the model and is poorly constrained by seismic data, and no
thermal effects of the adjacent young oceanic lithosphere were incorporated, so the old model

should be the most reliable in this area.

The velocity model in Fig. 8 shows significantly lower basement velocities in the western (6.05-
6.5 km/s) than the eastern part (6.2-6.7 km/s). This eastwards increase in velocity was also
modelled by Breivik et al. (2003) farther north and could to be related to a possible suture
between Laurentia in the west and Barentsia in the east (Figs. 11 and 13). Based on the velocity
structure in the crystalline crust and the geometry of the upper mantle reflectivity (Fig. 8) our
model supports the interpretation of Breivik et al. (2003) with a westward dipping suture between
Laurentia and Barentsia. However, we propose that the Laurentia-Barentia suture is located about
50 km farther west than the suture proposed by Breivik et al. (2003), cutting top basement close
to the location of OBS 228 (Fig. 11, 13). Primarily based on potential field data this suture has
been traced northwards in Storfjorden and along the Billefjorden Fault Zone. This is supported by
Agard et al (2005) who documents a Caledonian subduction in western Spitsbergen and
Krysinski et al. (2013) who modeled OBS profiles across Spitsbergen and Storfjorden (Fig. 11)
and interpreted variations in crustal thickness, velocities and densities to represent the main
Caledonian suture between Laurentia and Barentsia. The suture may also be traced further south,
between the Bjgrngya Basin and the Loppa High (Clark et al., 2013, Fig. 11). No lateral velocity
change can be observed across the Barentsia-Baltica suture from the modeled OBS data.
However, the change in reflective character across this boundary, observed both from the OBS
data (Fig. 9a) and vintage MCS data (Fig. 12), suggest that these two blocks consist of materials
with different physical properties. An eastward decrease in reflectivity has also been observed

further north along IKU-D, and has been proposed to represent a Caledonian suture zone
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separating Barentsia from Baltica (Gudlaugsson and Faleide, 1994). This interpretation is

supported by modeled OBS data along the same line (profile 3e, Fig. 1) (Breivik et al., 2003).

5.3. Tectonic model

Generally N-striking Caledonian basement with Laurentian affinities is exposed in the Svalbard
Archipelago (Harland et al., 1997) and most of Svalbard’s Caledonian terranes are considered to
be the direct northerly continuation of the Caledonides of eastern Greenland (e.g. Higgins and
Leslie, 2000). Caledonian migmatization is found as far east as Kvitgya (Gee 2004) (Fig. 2),
about 100 km east of Nordaustlandet, suggesting that a substantial part of the Barents Shelf is
underlain by Caledonian basement and that Caledonian suture(s) must be located even farther to
the east. Deep drilling on Franz Josef Land reached turbidites of Vendian age with folding
proposed to be Caledonian (Dibner, 1998). Farther northeast, on Severnaya Zemlya, folding and
thrusting of Devonian Old Red Sandstone has been related to late Caledonian deformation
(Lorenz et al., 2007). No Caledonian deformation has been recorded in the island of Novaya
Zemlya. A Caledonian suture through the Barents Sea between Kvitgya and western Franz Josef
Land has been favored (Gee et al., 2006; Barrere et al., 2011). The Caledonian deformation front

has been inferred to trend northeastwards between Franz Josef Land and Novaya Zemlya (Fig. 2).

Based on the orientation of basins and highs on the Barents Sea shelf (e.g. Nordkapp Basin,
Hammerfest Basin, Loppa High, and Sentralbanken High) it has been proposed that the
Caledonian suture follows this northeasterly trend in the Barents Sea (Doré, 1991; Gudlaugsson
et al., 1998). Gudlaugsson et al. (1998) and Breivik et al. (2002) suggested that the Caledonian

orogeny consists of two branches north of Norway, one along western Spitsbergen and one
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northeast through the Barents Sea. Torsvik et al. (2001) proposed that Svalbard acted as an
independent crustal block in the early Palaeozoic, and probably collided with NE Greenland in
Late Ordovician times, and subsequently colliding with Baltica during the Mid-Late Silurian. The
model of Breivik et al. (2002) is in accordance with this interpretation, with the microcontinent
“Barentsia” (not corresponding entirely to the islands of Svalbard) between Laurentia and
Baltica. This scenario has also been supported by magnetic data (Marello et al., 2013), as
Barentsia is distinguished from the rest of the Barents Sea shelf by its low-magnetic properties
and large crustal thickness. Marello et al. (2013) agreed with the proposed location of the
Barentsia-Baltica suture (Breivik et al., 2002) and extended it further north- northeastwards to the
western Franz Josef Land. Breivik et al. (2002) proposed a Caledonian suture located under and
following the trend of the Sentralbanken High, and interpreted the thickest parts of the crust to be
created by a subduction zone dipping to the southeast, terminating in continent-continent
collision. The central parts of the modeled profile lie in the southwestward continuation of the
proposed suture trend, and a suture dipping to the southeast fits well with the observed change in
reflective character and the deepening of Moho around 400 km (Fig. 12).The polarity of the
suture can be discussed. A zone of westward dipping reflectivity in the lower crust along IKU-H
has been interpreted by Gudlaugsson et al. (1987) as overthrusting eastwards. However, this zone
is located so far to the west that is might be associated with the Svalbard Caledonides. Also the
image along IKU-H is blurred by a lot of diffraction hyperbolas dipping in both directions, and it is very
difficult to distinguish dip directions of faults or sutures from diffractions. Based on potential field data
Marello et al. (2013) supports the possible location of the inferred suture but suggested a dip

towards the northeast.
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6. Summary and conclusions

We present a P-wave velocity model across the Arctic Caledonian basement province based on
modeling of travel times recorded on 32 ocean bottom seismometer stations along a ~660 km
long profile in the western Barents Sea. The geometry of the shallow sedimentary section is
constrained by seismic reflection profiles. P-wave velocities in the sedimentary unit are generally
higher in the northwestern part of the profile (4.2 — 5.2 km/s) than in the eastern (3.2 — 4.5 km/s),
attributed to increased erosion towards Svalbard and the continental margin. Two zones of
anomalously high velocities in the upper crust (6.0 km/s and 6.9 km/s) have been interpreted as
magmatic sills, probably emplaced during the Early Cretaceous. Depth to basement is constrained
to 7 km in the middle of the profile, increasing to 10 km and 12 km beneath the Sgrkapp Basin
and Nordkapp Basin, respectively. Combining the profile modeled here with previously
published velocity models along nearby OBS profiles, we favor a NE-SW trend of the Sgrkapp
Basin. Local deepening of Moho (from 27 km to 33 km depth) creates “root structures” that can
be linked to the Caledonian compressional deformation or a suture zone imprinted in the crust. A
sharp increase in velocities in the crystalline basement (from 6.0-6.4 km/s in the northwest to 6.1-
6.6 km/s in the southeast) has been interpreted in terms of two distinct tectonic terranes:
Laurentia and Barentsia. We further infer a westward subduction of Barentsia beneath Laurentia
based on the pattern of seismic velocities and geometry of mid-crustal reflectors. The eastwards
decrease in reflectivity observed along a vintage multichannel seismic line (IKU-H) is supported
by the new OBS data, and interpreted to represent the suture between Barentsia and Baltica. Our
model supports the existence of a separate NE-SW trending Caledonian branch extending into the
Barents Sea, linking up with the northerly trending Svalbard Caledonides, with Barentsia as an

independent microcontinent between Laurentia and Baltica.
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Fig.1: Location the modeled profile 2 with OBS locations marked by yellow dots. Profiles 1 and 3 are also shown.
Bathymetry is taken from Jakobsson et al. (2012) fault positions from Faleide et al. (1993), outline of basin and highs
from Gabrielsen et al. (1990). COB: continent-ocean boundary from Breivik et al. (1999) BB: Bjerngya Basin, HB:
Harstad Basin, HfB: Hammerfest Basin, HFZ: Hornsund Fault Zone, KFC: Knglegga Fault Complex, LH: Loppa
High, NB: Nordkapp Basin, NH: Norsel High, OB: Ottar Basin, SB: Sgrvestsnaget Basin, SH: Stappen High, TB:
Tromsg Basin, TiB: Tiddlybanken Basin, TKFZ: Trollfjorden-Komagelva Fault Zone, VVP: Vestbakken Volcanic

Province.
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Fig. 2: Caledonide model of Gudlaugsson et al. (1998) compared with different interpretations of Caledonian
structural trends. Black: OBS profiles modeled by Breivik et al. (2002, 2003 and 2005) and proposed Caledonian
suture zones (Breivik et al., 2005). Orange: Proposed Caledonian suture (Gee at al., 2006). Yellow: Proposed
Caledonian deformation front (Gee at al., 2006). Red: Proposed Caledonian deformation front (Henriksen et al.,
2011). Blue: Prolongation of Caledonian thrusts (Barrére et al., 2009; Gernigon and Brénner, 2012; Gernigon et al.,
2014). Green: OBS profiles 1 and 2 from this study. In the original figure Timanian was referred to as Baikalian.
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Fig.3. A: Seismic data from OBS 229, profile 2, hydrophone component (BP-filter (4-16 Hz), spiking decon. and
AGC applied). Phase codes are listed in Table 1. B: Ray-paths through velocity layer model for OBS 229. C:
Interpreted (vertical bars) and calculated travel-time curves.
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Fig.4. A: Seismic data from OBS 226, profile 2, hydrophone component (BP-filter (4-16 Hz), spiking decon. and

AGC applied). Phase codes are listed in Table 1. B: Ray-paths through velocity layer model for OBS 226. C:
Interpreted (vertical bars) and calculated travel-time curves.



Offset (km) SE
g §

o
1

P.P.

©
1

10 —

Profile 2, OBS 224

T
0 100 200 300 400
Offset (km)

Fig.5. A: Seismic data from OBS 224, profile 2, hydrophone component (BP-filter (4-16 Hz), spiking decon. and
AGC applied). Phase codes are listed in Table 1. B: Ray-paths through velocity layer model for OBS 224. C:
Interpreted (vertical bars) and calculated travel-time curves.
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Fig.6. A: Seismic data from OBS 214, profile 2, hydrophone component (BP-filter (4-16 Hz), spiking decon. and
AGC applied). Phase codes are listed in Table 1. B: Ray-paths through velocity layer model for OBS 214. C:
Interpreted (vertical bars) and calculated travel-time curves.
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Fig.7 A: Seismic data from OBS 212, profile 2, hydrophone component (BP-filter (4-16 Hz), spiking decon. and
AGC applied). Phase codes are listed in Table 1. B: Ray-paths through velocity layer model for OBS 212 C:
Interpreted (vertical bars) and calculated travel-time curves.
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Fig. 8: P-wave velocity model of profile 2 with layers numbered 1-13. Velocities from 6.0 to 6.6 km/s are contoured
and annotated. Grey areas are not covered by ray-paths and are unconstrained. The location of crossing profiles is
indicated by red triangles.

37



Depth (km)

Depth (km)

1 Layer 8

|0BS Profile 2 X :

Stappen Sorkapp Gardarbanken Bjarmeland Nordkapp
High i Platform Basin

NW.

Layer 9

Layer 11

Layer 12

32 resolution:

0 25 50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 650

Distance (km)
Stappen Sarkapp Gardarbanken Bjarmeland Nordkaf
High i Hi Platform Basy, PP
O 2, DN, 0,5,V DD A O » a
NW PN a2 2 A aF B a2 49'$E

Depth node %

344 © 025 -
364 () 0.50 B
381 No75 \ B
409 L0 OBS Profile 2 -

I ) | 1 1 I I 1 [ i 1 1 [ I I I | i I 1 [ I 1 I 1 I
0 25 50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 650
Distance (km)

Ray hits

70

80

90

=4
w

o o o o
< Y o & >
Velocity Resolution

o
<3

Fig. 9 A: Gridded ray coverage of the velocity model. The binning is 2.5 km horizontally and 0.25 km with depth. B:

Resolution parameters of the velocity model. The velocity node resolution is shown by the color scale while the

Moho depth resolution is given by the size of the circles, the larger the better constrained.
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Fig. 10: Gravity model along Profile 2. Numbers on figure are densities in kg/m®. Sediments are shown in yellow and
basement blocks in green.
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Fig.11: Location of the modeled profile with OBS locations shown as yellow dots. The shaded gray area indicates
the location of the proposed Caledonian suture zones. The map is based on a Caledonide model of Gudlaugsson et al.
(1998), OBS profiles (in pink) modeled by Breivik et al. (2002, 2003, 2005), Clark et al. (2013) and Krysinski et al.
(2013). The edges of the gray area is where the suture zone cuts top basement and Moho. The sgrkapp Basin is

outlined in green.
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Fig.12: Velocity model from OBS data compared to linedrawing of the MCS line IKU-H. Coloured and stippled
lines are from the OBS data, floating reflectors are indicated in blue. The proposed Caledonian suture from Figs. 12
and 13 separates the reflective basement in the west from the more transperant basement in the east. Modified from
Gudlaugsson et al. (1987) and Ritzmann and Faleide (2007).
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Table 1: List of abbreviations used for seismic events

_—Floating reflectors

Relative movements
/ at time of collision

Phase Code
P-wave refraction from sedimentary section 1 Psed1
P-wave refraction from sedimentary section 2 Psed2
P-wave refraction from sedimentary section 3 Psed3
P-wave refraction at igneous sills Psin
P-wave refraction top basement Pq
P-wave reflection top basement PcP
P-wave reflection from within crystalline crust 1 PcP1
P-wave reflection from within crystalline crust 2 PcP-
P-wave refraction from top mantle Pn
P-wave reflection from Moho PmP
P-wave reflection from floating reflectors PeP
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Table 2: Velocity model statistics for major refracted and reflected phases. PcP; and PP, ere
reflections from upper and lower crustal layers. Total values include reflections that have not

been listed .
Phase Number of picks Trms (MS) Normalized Chi-Squared
Psed1 337 111 1.988
Psed2 656 72 1.332
Pseds 1173 62 0.878
Pesii 63 87 1.565
Py 343 94 1.165
PcP 62 112 1.425
PP 181 65 0.597
PP 214 83 0.770
Pn 343 9 1.165
PuwP 1613 128 1.598
Total 5470 97 1.231

Table 3: Profile 2 compared with three crossing seismic profiles. Velocities and densities
listed are at the top and bottom of the given unit. The location of crossing profiles is shown

on Figs. 1, 8 and 11.

Crosspoint 1

Crosspoint 2

Crosspoint 3

Laurentia Barentsia Barentsia/Baltica
P3e OBS 236 P1 OBS 229 P2 OBS 224
Sedimentary unit: Vp (km/s) 4.0-6.0 4.0-6.0 4.0-6.0 4.0-6.0 4.0-6.0 4.0-6.0
Sedimentary unit: & (g/cm3) 2.46-2.69 2.40-2.75 2.40-2.75 2.40-2.75 2.40-2.75 2.40-2.75
Crystalline crust: Vp (km/s) 6.2-6.4 6.05-6.4 6.2-6.6 6.1-6.5 6.2-6.6 6.2-6.6
Crystalline crust: d (g/cm3) 2.798 2.78-2.87 2.797 2.82-92 2.818 2.82-92
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