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Preface to the thesis

This dissertation for the degree of philosophiae doctor (PhD) has been submitted to
the Department of Earth Science at the University of Bergen. The project was
supported by the Research Council of Norway FRINATEK program through BarPZ
project 234153.

The candidate enrolled in the PhD program at the Department of Earth Science at the
University of Bergen and the work presented in this thesis was carried out in the
Geodynamics Group between January 2015 and December 2017. The research was
supervised by Professor Rolf Mjelde (University of Bergen) and co-supervised by
Associate Professor Asbjorn Johan Breivik (University of Oslo), Professor Jan Inge

Faleide (University of Oslo) and Professor Ritske Huismans (University of Bergen).

Guide for Readers

The thesis follows an article-based format and is presented in three main parts. First,
an introduction addressing the aims of the study, background, data and methods is
provided. The main part of the thesis contains the result of the research presented as
scientific paper that are published or submitted to peer-reviewed scientific journals.
The last part is a synthesis of the study providing a brief summary and a discussion of
the main result, implications, conclusions and perspectives for further work.

References cited in the introduction and synthesis is given at the end of this thesis.
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Abstract

The aim of this project is to map the deep crustal structure of the western Barents Sea
in order to increase the understanding of how pre-existing structures related to the
Caledonian orogeny and subsequent extensional collapse influenced Palaeozoic rift
evolution. Modeling of ocean bottom seismometer data, combined with gravity and
magnetic data have been utilized to generate large-scale models along three refraction
seismic profiles acquired in 2014. The profiles cross the western Barents Sea with
total length of more than 1450 km and include records from a total of 82 receivers.
This thesis contains three papers that provide new constraints on the basement and

basin configurations in the western Barents Sea.

Paper 1 discusses the nature of different basement domains and the eastern limit of
the Caledonian suture. The paper presents a P-wave velocity and gravity model along
a 650 km long transect. Lateral velocity changes in the crystalline crust are
interpreted to represent the Caledonian suture between Laurentia and Barentsia.
Additionally, a change in seismic reflectivity indicates a Caledonian suture through
the Barents Sea, separating Baltica and Barentsia. Local deepening of Moho creates
“root structures” that can be linked to Caledonian compressional deformation or a
suture zone. Our model supports the existence of a separate NE-SW Caledonian trend
into the central Barents Sea, branching off the N-S trending Svalbard Caledonides,
implying the existence of Barentsia as an independent microcontinent between

Laurentia and Baltica.

Paper 2 investigates Caledonian trends along a profile further south and provides new
constraints of the proposed suture zones. Lateral velocity variations in the crystalline
crust are interpreted as a transition from Caledonian basement in the west to
Timanian basement in the east. Magnetic anomalies correlate well with high
velocities and densities in the lower crust beneath Loppa High, suggesting that upper-

crustal basement structures may not have significantly affected the magnetic anomaly
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pattern, and may therefore not necessarily constrain the early post-Caledonian basin

formation.

Paper 3 discusses the recent (2008-2016) earthquake sequence in Storfjorden south of
Svalbard and its possible link to an old zone of weakness within Barentsia. A double
magnetic anomaly is observed in the westernmost part of the model, coinciding with
the location of a possible high-velocity body modeled in the lower crust. The positive
magnetic anomalies are located in the proximity of the Storfjorden earthquake
sequence, indicating that compositional and rheological variations in the crust could
be related to the seismic activity. The distribution of earthquakes and fault plane
solutions suggest the existence of a complex NE-SW oriented fault zone through
Storfjorden, and we propose that this zone is linked to the heterogeneous crust in the
western part of the model and that it represents old zones of weakness in the
crystalline crust, possibly of Caledonian age. Regional and local stresses are most
likely related to both thermal and post-glacial uplift that combined with the pre-

existing zones of weakness in the crust could explain the recent seismic activity.

The research presented here provides new constraints on the crustal structure of the
western Barents Sea and insights to large scale processes responsible for the post-

Caledonian evolution of the Arctic region.
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1. Introduction

1.1 From orogeny to rifting: the plate tectonic cycle

The formation of large orogens and subsequent rifting of continental crust is a
fundamental aspect in plate tectonics and forms part of the Wilson cycle. The
periodicity of ocean formation and closure was summarized by Wilson (1972) and
can be described in six steps (Fig. 1). The cycle begins with (1) continental
extension, rifting and graben formation leading to continental break-up and
formation of oceanic crust along a spreading center. This is followed by (2)
development of a classic ocean basin with passive continental margins at both sides
and a mid-oceanic ridge at the center. This is the present situation in the Barents Sea
with the western margin forming a passive continental margin bordering the Atlantic
Ocean, and will eventually be followed by (3) subduction of an oceanic plate
underneath a continental plate. The precursor of the Atlantic Ocean, the Iapetus
Ocean, was subducted beneath Baltica, leading to (4) closure of the ocean basin (e.g.
the former Iapetus Ocean). The Caledonian orogeny culminated in (5) continental
collision between Laurentia and Baltica in Silurian-Devonian times. Following the
(6) orogenic collapse of the Caledonides, the cycle starts over again. The continental
crust underlying the Barents Sea region has been affected by several orogenic events
that leave its marks in the form of structural zones of weakness within the crystalline
crust. The subsequent rifting and basin formation in the western Barents Sea is
inferred to be influenced by structures inherited from the Caledonian orogeny. In the
Barents Sea, these structures are covered by younger sedimentary rocks and the early
post-Caledonian evolution is not well understood and forms the main topic of this

thesis.
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1: Continental extension and rifting

Structures inheritet
the Caledonian O

ian orogeny:
Itica collision

Crustal root

4: Closure of the lapetus Ocean

Figure 1: Schematic illustration of the Wilson cycle (Wilson, 1972) with examples from the Barents

Sea. See text for further explanation.
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1.2 Study area and geological framework

This thesis provides a study of the crustal structure of the western Barents Sea,
located in the northwestern corner of the Eurasian plate (Fig. 2). The Barents Sea
borders the Norwegian-Greenland Sea in the west, Svalbard and Franz Josef Land in
the north, Novaya Zemlya in the east and to the coast of Norway and Russia in the

south and is one of the largest continental shelf areas on Earth.

The western Barents Sea has been affected by several orogenic events and rifting
episodes. The Timanide Orogen (Precambrian-Cambrian) extends from the southern
Polar Urals to the Varanger Peninsula in northern Norway, where it is truncated by
later Caledonian deformation (Pease et al., 2014). The Caledonian Orogeny (Silurian-
Devonian) culminated in the collision between Laurentia and Baltica following the
closure of the Tapetus Ocean (e.g. Roberts and Gee, 1985; Gee et al., 2006; Gasser,
2014). The westernmost part of the Barents Sea in underlain by Caledonian basement,
but the eastern limit of Caledonian deformation and the location of the Caledonian
suture is heavily debated (e.g. Gudlaugsson et al., 1998; Breivik et al., 2005; Gee et
al., 2006; Barrere et al., 2009; Henriksen et al., 2011a; Gernigon and Bronner, 2012;
Gernigon et al., 2014) and will be discussed in section 1.3 and in the synthesis.
Caledonian rocks are presently exposed mainly in the British Isles, Scandinavia,
Greenland and Svalbard. On the Barents Shelf, Caledonian rocks are covered by a
thick succession of late Palaeozoic to Cenozoic sediments and the structure of the
crystalline crust related to the Caledonian orogeny can only be revealed from
geophysical methods or borehole data. The Scandinavian Caledonides strike NE-SW
in northern Norway, while the Svalbard Caledonides strike mainly N-S. Various

interpretations exist to link these two trends and will be discussed in this thesis.
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Figure 2 (previous page): Bathymetry of the Barents Sea (from Jakobsson et al., 2012) and target
areas of this PhD project. 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). Age of rift
basins from Faleide et al. (2010): red: Late Palaeozoic, green: Late Jurassic — Early Cretaceous,
yellow: Late Cretaceous — Palaeocene. BB: Bjornoya Basin, BFZ: Billefjorden Fault Zone, FJL:
Franz Josef Land, FSB. Fingerdjupet Sub Basin, GH: Gardarbanken High, HfB: Hammerfest Basin,
HFC: Hornsund Fault Complex, K: Kvitoya, LH: Loppa High, MB: Maud Basin, NB: Nordkapp
Basin, NGS: Norwegian Greenland Sea, OB: Ottar Basin, SB: Sorkapp Basin, SvB: Sorvestsnaget
Basin, SH: Stappen High, SP: Svalbard Platform, TB: Tromso Basin, VP: Varanger Peninsula, VVP:

Vestbakken Volcanic Province.

The development of the western Barents Sea following the collapse of the Caledonian
Orogeny (Fig. 3) have been dominated by episodic rifting from Paleozoic to
Cenozoic times (e.g. Doré, 1991; Faleide et al., 1993). Early post-Caledonian rifting
created Devonian basins on Spitsbergen, but whether Devonian basin formation also
occurred is the Barents Sea is uncertain. Carboniferous rifting formed basins in the
western Barents Sea (e.g. Nordkapp and Ottar basins) that accumulated large volumes
of evaporites (Breivik et al., 1995). Late Jurassic to Early Cretaceous rifting resulted
in deep and narrow basins (e.g. Bjerngya and Tromse basins) close to the present-day

continent-ocean-boundary (Faleide et al., 1993; Breivik et al., 1998; Fig. 2).

The Ellesmerian Orogeny extends from Ellesmerian fold belt of North Greenland and
Ellesmere Island in northern Canada to northwestern Svalbard, where it is known as
the Svalbardian event. This orogenic event is associated with east-west compression
in the earliest Carboniferous (Piepjohn et al., 2000). Svalbard and the northern
Barents Sea were not affected by the Late Jurassic — Early Cretaceous rifting that
formed the deep basins of the southwestern Barents Sea (Faleide et al., 1993).
However, the region experienced widespread Early Cretaceous magmatism related to
the High Arctic Large Igneous Province (e.g. Minakov et al., 2012, 2017). Magmatic
intrusions are widespread across Svalbard and Franz Josef Land and the emplacement

of these were probably controlled by Palacozoic rift structures that were reactivated
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in the Early Cretaceous (Minakov et al., 2012). The Palacogene Eurekan/Spitsbergen
fold belt is related to plate boundary geometry and change of spreading directions in
the early Cenozoic (Piepjohn et al., 2016), when the northward movement of
Greenland resulted in compressional deformation on Ellesmere Island and
transpressional deformation on Spitsbergen (Leever et al., 2011). The Eurekan fold
belt is linked to Spitsbergen via northern Greenland (Petersen et al., 2016). The
western Barents Sea and Svalbard experienced strong uplift and erosion both during
Early Cretaceous (Drachev and Saunders, 2006; Worsley, 2008) and through several
Pliocene/Pleistocene post-glacial phases (Dimakis et al., 1998; Henriksen et al.,

2011b).

It has long been recognized that inherited basement structures from the Caledonian
Orogeny and older events have a tectonic influence on the structural configuration of
rifts and the development of the continental margin and sedimentary basins in the
southwestern Barents Sea (e.g. Harland and Gayer, 1972; Gabrielsen, 1984; Dor¢,
1991; Ritzmann and Faleide, 2007). However, the deep structure of the Late
Palaeozoic basins and their relation to the Caledonian orogeny remains unresolved in
most of the western Barents Sea due to sparse distribution of wide-angle seismic data
and poor resolution of multi-channel seismic reflection data below the Permian
sequence. A good understanding of both the basin and basement configuration is
crucial for understanding the complex relationships between inherited structures and

subsequent rifting and basin evolution.
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Figure 3: Geodynamic evolution of the North Atlantic and Arctic regions. Figures A-D illustrates the
Caledonian orogeny and early post-Caledonian rifting that represents the main research question in

this thesis. Modified from Smelror et al., 2009.
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1.3 Research questions

The present day large-scale structure of the Barents Shelf can roughly be divided into
two major geological provinces: the eastern Barents Sea and the western Barents Sea.
From geophysical data the configuration of the top crystalline crust in the Barents Sea
reveals structural highs and lows of different wavelength from west to east, implying
that the regions are underlain by different basement domains (e.g. Ritzmann and
Faleide, 2007; Marello et al., 2013; Klitzke et al., 2016; Faleide et al., 2017; Fig. 4).
The geology of the western Barents Sea is to a large extent controlled by the
Caledonian Orogeny, post-Caledonian rifting and continental break-up (e.g. Talwani
and Eldholm, 1977; Gabrielsen et al., 1984; Gee et al., 2006; Faleide et al., 2008).
However, the eastern limit of the Caledonian suture and deformation front is not well
resolved (e.g. Gudlaugsson et al., 1998; Breivik et al., 2005; Gee et al., 2006; Barrére
et al., 2009; Henriksen et al., 2011a). In order to increase the understanding of the
early post-Caledonian evolution of the region, the primary objective of this thesis is

to:

1. Locate the main Caledonian suture and deformation front in the western

Barents Sea.

A separate NE-SW Caledonian suture extending into the central Barents Sea,
branching off from the northerly trending Svalbard Caledonides have been suggested
(e.g. Gudlaugsson et al., 1998; Breivik et al., 2002). This implies the existence of
Barentsia as an independent microcontinent between Laurentia and Baltica, however
the limits of the Barentsia microcontinent is not well constrained and the present

study aims to:

2. Locate the postulated Baltica-Barentsia suture and constrain the southern

boundary of the Barentsia microcontinent.

The crystalline crust beneath the southwestern Barents Sea is believed to represent

the northward continuation of the Caledonides in northern Norway (Breivik et al.,
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1998, 2005; Ritzmann and Faleide, 2007; Marello et al., 2013). A series of NE-SW
trending nappes have been mapped in the onshore fold and thrust belt, a trend that
also dominates the crustal configuration in the southwestern Barents Sea (Faleide et
al., 1993; Breivik et al., 1998; Ritzmann and Faleide, 2007). However, this
configuration has recently been challenged by high-resolution magnetic data,
suggesting that Caledonian structures turn from a NE-SW orientation in northern
Norway to NNW-SSE or NW-SW across the Nordkapp Basin and Bjarmeland
Platform, and continues northwards to Svalbard (Gernigon and Bronner, 2012;

Gernigon et al., 2014, Fig. 2). Therefore, this study further aims to:
3. Determine the trend of early post-Caledonian rift basins.

An earthquake sequence was initiated by the My, = 6.1 Storfjorden, Svalbard event on
21 February 2008. The earthquake distribution and fault plane solutions suggest that
the seismic activity is primarily related to NE-SW striking faults; in contrast to the
major N-S oriented faults mapped onshore Svalbard. NE-SW striking faults in

Storfjorden have not been identified by seismic data and we aim to:

4. Map the crustal structure across the Storfjorden earthquake sequence in order
to identify structures associated with the recent seismic activity and its

possible link to Caledonian trends.
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Figure 4: Basement domains in the western Barents Sea. White areas are unconstrained. Modified

from Faleide et al., 2017.
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1.4 Data and methods

A regional ocean bottom seismometer (OBS) survey was conducted in the western
Barents Sea during July-August 2014 using the R/V Hakon Mosby as part of the
PETROMAKS project (Minakov et al., 2014). OBS stations were deployed with a
spacing distance of 15-20 km along two regional profiles (Profile 1 and 2, Figs. 2, 4),
across the western Barents Sea, and along a shorter profile (Profile 3, Figs. 2, 4) in
Storfjorden south of Svalbard. Air-gun shots were fired every 200 meters using four

equal-sized air guns with a total volume of 78.66 liters.

Profile 1 and 2 were acquired along existing multichannel seismic lines. Gravity-,
magnetic-, and bathymetry data were recorded continuously along all profiles using a
LaCoste and Romberg shipboard gravity meter, a marine proton magnetometer and
an echo-sounder, respectively. The dataset from 2014 forms the foundation for this

thesis and has been used to study the crustal structure of the western Barents Sea.

The main advantage of wide-angle seismic surveys, such as OBS surveys, is the
ability to map deep sedimentary and crustal structures through layers of volcanic,
intrusive or carbonate rocks (e.g. Mjelde et al., 1992, 1996). The high acoustic
impedance of such layers makes imaging beneath them difficult by use of the
conventional multichannel reflection technique. Another advantage of placing the
receivers on the ocean floor is the possibility to record S-waves. This can be done
using horizontally mounted geophones, in addition to the vertical geophones used for
P-wave analysis. Multichannel reflection seismic (MSC) data has better resolution
than wide-angle seismic data in the upper (sedimentary) part of the records. Where
available, MCS data was used in the initial model building to constrain the shallow

part of the models.

The recorded OBS data have been modeled using the forward and inverse ray-tracing
method described by Zelt and Smith (1992). Calculation of travel-times is done by

integrating the inverse of the velocity along ray paths. Snell’s law is applied at layer
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boundaries and the 2-D ray-tracing equations are solved numerically, assuming an
isotropic medium. The velocity model may be updated manually (forward modeling)
or by inversion. The inverse problem is solved using a damped least squares
approach. The model is parameterized by linear interpolation between velocity nodes
at the top and bottom of each layer, and between adjacent velocity nodes laterally in a

layer.

Velocity models based on travel-times recorded on widely spaced OBS stations are
non-unique and integrating data from different sources results in more robust models.
To achieve this, gravity- (paper 1, 2 and 3) and magnetic data (Paper 2 and 3) have
been combined with the seismic models. Modeling of potential field data was done

using Geosoft Oasis montaj software (Geosoft Inc. 2008).

1.5 Contributions at scientific meetings

Aarseth, 1., Mjelde, R., Breivik, A. J., Minakov, A., Huismans, R. S., Faleide, J. L., 2016.
Barents Sea Paleozoic basement and basin configurations: Crustal structure from
deep seismic and potential field data (Poster) In: EGU General Assembly, 17-22
April, 2016, Vienna, Austria.

Shulgin, A., Aarseth, 1., Faleide, J. L., Mjelde, R., Huismans, R., 2016. The Western Barents
Sea: where is the Caledonian Deformation Front? (Poster) In: EGU General
Assembly, 17-22 April, 2016, Vienna, Austria.

Aarseth, L., Mjelde, R., Breivik, A. J., Minakov, A., Huismans, R. S., Faleide, J. L., 2016.
Barents Sea Paleozoic basement and basin configurations: Crustal structure from
deep seismic and potential field data (Poster) In: Seismix 2016, International
Seismix Symposium, 15-20 May, 2016, Aviemore, Scotland.

Aarseth, 1., Mjelde, R., Breivik, A. J., Minakov, A., Huismans, R. S., Faleide, J.1., 2016.
Barents Sea Paleozoic basement and basin configurations: Crustal structure from
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The continuation of the Caledonides into the Barents Sea has long been a subject of discussion, and two major ori-
entations of the Caledonian deformation fronts have been suggested: NNW-SSE striking and NE-SW striking. 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 dif-
ferent interpretations of Caledonian structural trends and orientation of rift basins in the western Barents Sea.
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high velocity zones (6.0 km/s and 6.9 km/s) at shallow depths which are interpreted as magmatic sills. Refrac-
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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 in-
dicate 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 Cal-
edonian 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 defor-
mation 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.
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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 struc-

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 re-
lated 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 accumulat-
ed 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 et al., 2008; Gee et al., 2008; Smelror et al., 2009).
It has long been recognized that Caledonian and older basement struc-
tures have influenced subsequent basin development and structural

* Corresponding author.
E-mail address: iselin.aarseth@uib.no (I. Aarseth).

http://dx.doi.org/10.1016/j.tecto.2017.04.022
0040-1951/© 2017 Elsevier B.V. All rights reserved.

tures 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 struc-
ture of the Late Palaeozoic basins and their relationship to the Caledo-
nian orogeny still remains unclear in most of the western Barents Sea
due to sparse distribution of wide-angle seismic data and poor resolu-
tion of multi-channel seismic (MCS) reflection data below the Permian
sequence (Breivik et al., 2005). Ziegler (1988) proposed that the Scandi-
navian 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 (Doré, 1991; Harland et al.,
1997; Gee et al., 2006, Fig. 2).
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Fig. 1. Location the modeled Profile 2 with OBS locations marked by yellow dots. Profiles 1 and 3 from the 2014 survey 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: Bjerneya 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: Servestsnaget Basin,
SH: Stappen High, TB: Tromsg Basin, TiB: Tiddlybanken Basin, TKFZ: Trollfjorden-Komagelva Fault Zone, VVP: Vestbakken Volcanic Province.

Further, it has been proposed that the Late Palaeozoic rifting in the
southwestern Barents Sea developed in a north-easterly direction, fol-
lowing the inherited Caledonian structural grain, with a fan shaped dis-
tribution 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 col-
lapse and subsequent rift evolution follow this trend. Contrary to previ-
ous 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 present-
ed 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
Bjerneya to the Nordkapp Basin. The primary objective of this paper is
to investigate how pre-existing structures inherited from the Caledo-
nian 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 Ba-
rents 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 orienta-
tion 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
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Fig. 2. Caledonide model from 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 et al., 2006). Yellow: Proposed Caledonian deformation front (Gee et al.,
2006). Red: Proposed Caledonian deformation front (Henriksen et al., 2011a). 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.

exposed on the Varanger Peninsula in northernmost Norway (e.g.
Roberts and Olovyanishnikov, 2004).

The Caledonian orogeny started in the Early Ordovician and culmi-
nated 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 re-
gion 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 com-
pressively 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,
Bjerngya 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 subsi-
dence was established by the Early Permian and continued into the Tri-
assic 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 Norwe-
gian-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 Ressland, 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 occur-
rences 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 con-
sists of a single, much larger N—S trending sag basin. This structural dif-
ference 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 Hikon Mosby dur-
ing the summer of 2014 by the University of Bergen (UiB) in coopera-
tion with the University of Oslo (UiO) 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 stream-
er data were acquired during seismic shooting. Four equal-sized air-
guns with a total volume of 78.66 L (4800 in.>) were fired every
200 m (approx. 80 s) along each profile. The data were recorded by dig-
ital GEOMAR Ocean Bottom Seismometers recording both P-wave (ver-
tical 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
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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 filter-
ing (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 refrac-
tions 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, sub-
traction of normal gravity field computed for the WGS84 model, and
E6tvos correction. The instrument drift was checked by gravity mea-
surements in the port in Tromsg before departure and upon arrival
using marine- and land gravimeters, and the drift was within 1 mGal.
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 obtain-
ed 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 re-
corded on the OBS hydrophone and vertical geophone components. The
modeling was done using Rayinvr, a ray-tracing forward/inversion soft-
ware developed by Zelt and Smith (1992). It allows an iterative ap-
proach 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 solu-
tions in areas with complex geology and to derive resolution statistics.

Velocity models based exclusively on travel times recorded on wide-
ly spaced OBSs are non-unique and dependent on ray coverage, but ad-
ditional 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 veloc-
ity 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 sedimen-
tary 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 450 ms. Most Moho arrivals are given an uncertainty of 4-90 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 gradi-
ent. 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 ver-
tical 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 sedimen-
tary 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 veloc-
ity 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.

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 cal-
culated 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 allowed more rays to be traced in the deeper layers. Layer 4 is ap-
proximately 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) in-
dicate 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 ar-
rivals 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, re-
spectively. 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 modeled 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 inter-
face, making the interpretation uncertain. Some good basement refrac-
tions (Pg) 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 Serkapp
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layer model for OBS 229. C: Interpreted (vertical bars) and calculated travel-time curves.

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 ampli-
tude, 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 kmy/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 se-
quence (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
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the crust. A weak refraction from the upper mantle (P,) is also recorded.
Below the Moho there are some relatively strong reflections (PgP) that
seems to originate from within the top 10-15 km of the mantle. This
upper mantle reflectivity appears to dip to the west-northwest, howev-
er they are not constrained by reversed observations and could have
other origins.

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 Py,P 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. An-
other increase in Moho depth is observed on OBS 214 (Fig. 6) at
400 km along the profile. OBS 212 (Fig. 7) shows strong Moho reflec-
tions and a weak P,, phase, but there is limited information from within
the crystalline crust. Some intra crustal reflections do appear when fil-
tering 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.
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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 normal-
ized y2and RMS travel time residuals for the modeled phases are pre-
sented in Table 2, and ray hits for the final velocity model are shown in
Fig. 9a. Most of the phases have a y? value close to 1. Generally, ray cov-
erage 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 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 using only refracted arrivals (node spacing 15-50 km), while
keeping the geometry fixed. Values range from 0 to 1, with values
from 0.5 and up indicating a fairly well resolved parameter (Zelt
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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, re-
corded 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 modeled
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.

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



1. Aarseth et al. / Tectonophysics 718 (2017) 9-24 17

NW Offset (km) o
A
B
1 — A il
el  \— 11111 i)
. st
\
C o P P
7 P“da - : PseFd’zms
z 4
g i :
. " Saasnas o :
o MMP '
® profile 2, OBS 212
a00 400 500 600

Offset (km)

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.

the potential to add information to the model. A two-dimensional grav-
ity 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 modeled by Breivik et al. (2003). There is also a pos-
itive gravity anomaly over the Gardarbanken High and a negative grav-
ity 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 direc-
tion to avoid edge effects. The results of the gravity modeling are pre-
sented 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>. Addi-
tionally, the zone of increased velocities (part of layer 6, Fig. 8) above
Gardarbanken High were modeled with a density of 2700 kg/m?. Con-
sistent 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 to 2780 kg/m> and 2940 kg/m? for the upper and lower crust, re-
spectively, and Klitzke et al. (2016) who used 2660-2800 kg/m> and
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Table 1

List of abbreviations used for seismic events.
Phase Code
P-wave refraction from sedimentary section 1 Psedt
P-wave refraction from sedimentary section 2 Psedz
P-wave refraction from sedimentary section 3 Pseds
P-wave refraction at igneous sills Pin

P-wave refraction top basement Py

P-wave reflection top basement PcP
P-wave reflection from within crystalline crust 1 PsPy
P-wave reflection from within crystalline crust 2 PcP;

P-wave refraction from top mantle Py
P-wave reflection from Moho
P-wave reflection from floating reflectors

2977-3025 kg/m? for the upper and lower crust, respectively. The later-
al increase in velocity eastwards is modeled as increased densities, di-
viding the crust into blocks. The data from Ludwig et al. (1970) show
a considerable scatter in the velocity-density relationship, and a varia-
tion of 4200 kg/m? is possible. During the modeling, the initial densi-
ties 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 den-
sities 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
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Table 2

Velocity model statistics for major refracted and reflected phases. PcP; and PP, are reflec-
tions from upper and lower crustal layers. Total values include reflections that have not
been listed.

Phase Number of picks Trvs (MS) Normalized chi-squared
Psedr 337 111 1.988
Peed2 656 72 1332
Peeds 1173 62 0.878
Pan 63 87 1.565
Py 343 94 1.165
PP 62 112 1.425
PcPy 181 65 0.597
PcPy 214 83 0.770
Py 343 94 1.165
PumP 1613 128 1.598
Total 5470 97 1.231

acceptable fit between the observed and calculated gravity field. An at-
tempt was also made to adjust the LAB, while keeping the crust homog-
enous, but this resulted in a very unrealistic topography of the LAB. The
source of the anomaly above Gardarbanken High can lie in the sedimen-
tary 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
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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. Gray areas are not covered by ray-paths and are

unconstrained. The location of crossing profiles is indicated by red triangles.
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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 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 Ba-
sins (Fig. 8) where the depths reach 10 km and 12 km, respectively.
The Serkapp 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) identi-
fied a deep basin a few km northeast of our profile with basement
depths reaching 14 km, coinciding with the Serkapp 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 re-
fractions and the northwestern flank by top basement reflections on
OBS 234 and IKU-H. The basin coincides well with the model of
Klitzke et al. (2016), who also modeled basement depth around
10 km in this area. The Serkapp Basin is often drawn as a slightly N—S
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Fig. 10. Gravity model along Profile 2. Numbers on figure are densities in kg/m>. Sedimentary rocks are shown in yellow and basement blocks in green.

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) (Figs. 1 and 11) we favor a NE-SW trend of

the Serkapp 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 Serkapp Basin is drawn on Fig.
11. Its northwestern and southeastern boundary is fairly well
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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) and 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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(Modified from Gudlaugsson et al. (1987) and Ritzmann and Faleide (2007).)

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 good fit be-
tween 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 Plat-
form. 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 cha-
otic reflective zone around 3 s could be interpreted as top of the crys-
talline crust, but from the OBS data it is interpreted to lie deeper
under the Serkapp Basin. Assuming the P-wave velocity model
from the OBS data is correct, the top of the chaotic reflective package

& FFE

P FOPOET PP PESESIE

could be interpreted as meta-sedimentary rocks overlying crystal-
line crust.

The Moho topography between 260 km and 340 km in the model is
interpreted as a Caledonian “root structure”. Similar structures associat-
ed 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-Cal-
edonian 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.
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Fig. 13. Tectonic model of the modeled OBS profile.



22 1. Aarseth et al. / Tectonophysics 718 (2017) 9-24

This structure is most likely related to the boundary between two differ-
ent basement domains (Figs. 12 and 13), but how it is linked to struc-
tures 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 ve-
locity model Moho is located 0.5-1.0 s shallower, but many floating re-
flectors have been modeled in the upper mantle, suggesting that the
base of the reflective zone on IKU-H does not represent Moho, but rath-
er 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 interpreta-
tion. Additionally, some of the dipping reflections on IKU-H could be dif-
fractions (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 ap-
parent P-wave velocity of 7.1 km/s has been modeled as a Pn phase. A
good fit between observed and modeled 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 im-
portant 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 modeled depth to crystalline crust is quite large at
the cross points, between 3 and 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 pro-
file. This shallowing of Moho was also modeled by Breivik et al. (2003).
Cross 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 ve-
locities 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 modeled 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 sup-
ports 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

Table 3

suture proposed by Breivik et al. (2003), cutting top basement close to
the location of OBS 228 (Figs. 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 Spitsber-
gen and Krysinski et al. (2013) who modeled OBS profiles across Spits-
bergen and Storfjorden (Fig. 11) and interpreted variations in crustal
thickness, velocities and densities to represent the main Caledonian su-
ture between Laurentia and Barentsia. The suture may also be traced
further south, between the Bjerngya 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 prop-
erties. An eastward decrease in reflectivity has also been observed
further north along IKU-D, and has been proposed to represent a Cale-
donian suture zone 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 north-
erly continuation of the Caledonides of eastern Greenland (e.g. Higgins
and Leslie, 2000). Caledonian migmatization is found as far east as
Kvitaya (Gee, 2004) (Fig. 2), about 100 km east of Nordaustlandet, sug-
gesting that a substantial part of the Barents Shelf is underlain by Cale-
donian 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 de-
formation (Lorenz et al., 2007). No Caledonian deformation has been re-
corded in the island of Novaya Zemlya. A Caledonian suture through the
Barents Sea between Kvitgya and western Franz Josef Land has been fa-
vored (Gee et al., 2006; Barrére et al., 2011). The Caledonian deforma-
tion 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 north-
easterly 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 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)

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 0BS 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: 6 (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: 6 (g/cm3) 2.798 2.78-2.87 2.797 2.82-92 2.818 2.82-92
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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 lo-
cation 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 ob-
served 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) sup-
ports the possible location of the inferred suture but suggested a dip
towards the northeast.

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 an ~660 km long profile in
the western Barents Sea. The geometry of the shallow sedimentary sec-
tion 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 Serkapp 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 Serkapp Basin.
Local deepening of Moho (from 27 km to 33 km depth) creates “root
structures” that can be linked to the Caledonian compressional defor-
mation or a suture zone imprinted in the crust. A sharp increase in ve-
locities 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 fur-
ther infer a westward subduction of Barentsia beneath Laurentia based
on the pattern of seismic velocities and geometry of mid-crustal reflec-
tors. 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 Caledo-
nian branch extending into the Barents Sea, linking up with the norther-
ly trending Svalbard Caledonides, with Barentsia as an independent
microcontinent between Laurentia and Baltica.
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3. Synthesis

This thesis focuses on the crustal structure of the western Barents Sea and how
structural inheritance from the Caledonian orogeny has influenced the subsequent
basin formation. Our research provides an increased understanding of the large-scale
processes responsible for the evolution of the region. In the following sections we
synthesize and discuss the main findings of the present study, and assess their

implications for understanding Caledonian trends in the western Barents Sea.

3.1 Synthesis of main findings and key implications

Our main findings along the modeled profiles are indicated in Fig. 5 and are
summarized in eight points: (1) The Laurentia-Baltica suture interpreted on profile 1
coincides with an area of highly stretched and thinned continental crust and follows
the major fault systems west of Loppa High, consistent with the findings of Clark et
al. (2013). (2) The observed magnetic anomalies along profile 1 correlates with an
area of high velocities and densities modeled in the lower crust beneath and east of
Loppa High. These observations support the location of the Caledonian deformation
front as interpreted from magnetic anomalies (Gernigon and Bronner, 2012; Gernigon
et al., 2014, Fig. 6). (3) The proposed location of the N-S trending Caledonian suture
on profile 2 is based on lateral variations in the crystalline crust where a westward
dipping suture separates lower velocities in Laurentia (6.0-6.4 km/s) from higher
velocities in Barentsia (6.2-6.7 km/s). This is consistent with velocities modeled by
Breivik et al. (2003) along OBS profile 3¢ (Fig. 7). (4) A rapid drop in Moho depth
(from 27 km to 33 km depth) in central parts of profile 1 creates a crustal root. A
similar root structure has been modeled beneath the Olga Basin region (Breivik et al.,
2002; Fig. 7 and interpreted as a proto-Caledonian subduction zone dipping to the
southeast with the crustal root representing a remnant of continental collision
between Baltica and Barentsia. In this scenario Barentsia acts as an independent

microcontinent between Laurentia and Baltica. (5) A change in reflective character is
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observed across the proposed Baltica-Barentsia suture, both from the modeled OBS
data and from vintage MCS data. This indicates crustal units with different physical
properties, expressed as a change from a reflective crystalline crust within Barentsia
to a more transparent crust in Baltica. The idea of Barentsia as a microcontinent has
also been supported by magnetic modeling (Marello et al., 2013) as the block is
characterized by low magnetic properties compared to its surroundings. (6) Early
Cretaceous magmatism related to the High Arctic Large Igneous province have been
mapped both south (Polteau et al., 2016) and east of Svalbard (Minakov et al., 2012;
2017) and the sill intrusion modeled along profile 2 could be related to this event. (7)
The lower crustal body (LCB) interpreted in the western part of profile 3 is proposed
to be related to the western LCB modeled by Krysinski et al. (2013) beneath Sarkapp.
The double magnetic anomaly observed in the westernmost part of the model is most
likely related to a Proterozoic granitic gneiss terrain onshore Svalbard. (8) The
seismic activity in Storfjorden is interpreted to occur along NE-SW oriented strike
slip faults (e.g. Pirli et al., 2013; Ottemoller et al., 2014) and is located in the
proximity of the magnetic anomalies. We propose that these NE-SW oriented faults
represent an old zone of weakness in the crystalline crust with compositional and
rheological variations, that combined with thermal and post-glacial uplift could

explain the recent seismic activity.
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Figure 5: Schematic illustration of the main findings along the modeled profiles. Gray areas indicate

the location of the proposed Caledonian suture zones.
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3.1.1 Caledonian suture and deformation front

The westernmost part of the Barents Sea is underlain by Caledonian basement rocks,
but the eastern limit of the Caledonian suture and deformation front is not well
constrained (e.g. Gudlaugsson et al., 1998; Breivik et al., 2005; Gee et al., 2006;
Barrere et al., 2009: Henriksen et al., 2011a; Gasser, 2014).

Caledonian rocks have been found on Kviteya (easternmost Svalbard, Fig. 2) but are
absent on Franz Josef Land (Dibner, 1998; Pease et al., 2001). NW-SE striking
Timanian basement is exposed on the Varanger Peninsula in northern Norway and
offshore geophysical studies indicate that Timanian basement rock extends from the
eastern and into the central Barents Sea (Ritzmann and Faleide, 2009; Marello et al.,
2010, 2013; Gernigon and Bronner, 2012). Evidence favoring Timanian basement has
been identified in a deep drill-hole on Alexandra Island in westernmost Franz Josef
Land (Dibner, 1998; Pease et al., 2001). These findings led Gee et al. (2006) to the
conclusion that a Caledonian suture must lie between Kviteya and Franz Josef Land

and that the Caledonian deformation front lies east of Franz Josef Land.

An N-S oriented suture through Svalbard is suggested from deep seismic and
potential field data (Gudlaugsson et al., 1987, 1998; Breivik et al., 2003; 2005,
Ritzmann and Faleide, 2007; Krysinski et al., 2013). The location of this suture is
supported by the lateral velocity variations modeled along profile 2 (Figs. 5, 6),
indicating a transition from low to high velocities across the suture (research

question 1).



118

200 22 24 26 28 300 32 34
Oceanic crust EI Timanian / Zone of
(Eocene-present) < weakness

. Baltic shield  °

.Caledonian
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al. (2017).
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Additionally, a NE-SW trending Caledonian branch between Svalbard and Franz
Josef Land has been suggested (Gudlaugsson et al., 1998; Breivik et al., 2002,
Marello et al., 2010, 2013). In this scenario, Barentsia (parts of Svalbard and adjacent
parts of the Barents Sea) acts as a microcontinent between Laurentia and Baltica. The
change in reflective character and the crustal root modeled along profile 2 supports
the location of the Baltica-Barentsia suture as suggested by previous studies and
adds further constraints of where this branch meets the N-S oriented suture (research
question 2, Fig. 6). The southern boundary of the Barentsia microcontinent is not well
constrained from previous studies, and the main objective for acquiring profile 1 was
to provide these constraints. However, no evidence of a Baltica-Barentsia suture
could be identified from along profile 1 and if the suture exists it is located north of
profile I (research question 2). The main findings from the modeling along profile 1
(paper 2) is that the high velocities and densities in the lower crust beneath and east
of Loppa High correlates with the positive magnetic anomalies in the area. This
indicates that the upper basement structures may not have significantly affected the
magnetic anomaly pattern. The western part of profile 1 is characterized by higher
velocities and densities as well as a positive magnetic anomaly, compared to the
eastern part, indicating two different basement domains. The transition between these
two domains correlates well with the position of the Caledonian deformation front
proposed from magnetic data (Gernigon and Bronner, 2012; Fig. 6, research question

1.

3.1.2 Early post-Caledonian basin formation

Early post-Caledonian graben formation resulted in N-S oriented Devonian basins on
Spitsbergen, Svalbard (e.g. Manby and Lyberis, 1992), but Devonian basins in the
Barents Sea are poorly resolved. Any Devonian (meta) sedimentary rocks in the
Barents Sea are expected to have velocities and densities approaching those of

crystalline rocks, and are therefore difficult to map by use of seismic data. Based on
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magnetic data, it has been suggested that the first phase of post-Caledonian orogenic
collapse and subsequent rifting had a predominantly NNW-SSE trend compared to
the later NE-SW trend seen in the Carboniferous rift phase, and that this was
determined by the original Caledonian structural grain (Gernigon and Bronner, 2012;
Gernigon et al. 2014). The “Scott Hansen Complex” is proposed to be a NNW-SSE
oriented Devonian basin in the southwestern Barents Sea (Gernigon and Bronner,
2012). However, the rifting initiated in the Carboniferous is the oldest that has been
constrained by reflection seismic data, creating NE-striking, evaporite-filled basins,

such as Nordkapp and Ottar Basins (Breivik et al., 1995; Gudlaugsson et al., 1998).

Profile 1 and profile 2 crosses the Ottar and Serkapp basins, respectively, but their
outline is not well constrained by the OBS data. However, a spatially distinct
negative gravity anomaly is observed across the Ottar Basin, probably due to the
presence of salt (Breivik et al., 1995). Nearby seismic profiles are needed to discuss
the orientation of the basins, and comparing our model with the findings of Clark et
al. (2013) and Breivik et al. (2003) we support a NE-SW orientation of the
Carboniferous rift basins, as proposed by earlier studies (Breivik et al., 1995;
Gudlaugsson et al. 1998; Breivik et al., 2005, research question 3). Additionally, the
Nordkapp Basin can be observed from gravity data as having a clear NE-SW

orientation.

A Devonian basin trend oriented NNW-SSE as proposed by Gernigon and Bronner
(2012) is unresolved by our data and the pattern of the earliest post-Caledonian
collapse and extension remains elusive (research question 3). The NE-SW
Carboniferous rift structures in the southwestern Barents Sea (Nordkapp and Ottar
basins) are oriented almost perpendicular to the NNW-SSE trend of the magnetic

anomalies.
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3.1.3 The Storfjorden earthquake sequence

The Storfjorden earthquake sequence was initiated by an My, = 6.1 event on 21
February 2008 and lasted until 2016. The distribution of earthquakes and faults plane
solutions (Pirli et al., 2013; Ottemoller et al., 2014) indicate that the main M, = 6.1
event and the majority of the subsequent earthquakes are related to rupture along NE-
SW oriented strike-slip faults in Storfjorden. However, the major faults systems
mapped onshore Svalbard, such as the Billefjorden Fault Zone and the Lomfjorden
Faults Zone, have a predominantly N-S orientation (e.g. Harland et al., 1974; Balum
and Braathen, 2012). These fault systems are believed to continue southwards, but
their extension into Storfjorden is not well resolved (e.g. Skilbrei, 1992; Breivik et

al., 2005).

NE-SW oriented faults in Storfjorden that could be associated with the seismic
activity have not been properly mapped. OBS profile 3 crosses the main cluster of the
earthquake sequence. The continuation of a Cenozoic shear south of Serkapp
proposed by Bergh and Grogan (2003) fits well with the earthquake locations and
fault plate solutions, but the northeastward extension of this zone lies beyond the area

of ray coverage in the OBS data and remains uncertain.

A double magnetic anomaly observed in the westernmost part of profile 3 has been
modeled as two magnetic blocks within the crystalline crust. Our model indicates a
heterogeneous crust in the western part, which is located close to the earthquake
sequence. We suggest that the crust here has compositional and rheological
variations that represent an old NE-SW oriented zone of weakness, possibly of
Caledonian age. This zone of weakness, combined with the N-S oriented Caledonian
suture and thermal and post-glacial uplift, may explain the recent seismic activity in

Storfjorden (research question 4).
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3.2 Concluding remarks

The aim of this study has been to increase the understanding of Caledonian structures

in the southwestern Barents Sea, and how these have affected the subsequent tectonic

evolution in the area. This has been achieved by travel-time modeling of two regional

(~650 km) ocean bottom seismometer profiles across the southwestern Barents Sea,

in addition to a shorter (~170 km) profile across Storfjorden. The seismic models are

combined with gravity and magnetic models.

Our models supports the existence of a separate NE-SW Caledonian trend into
the central Barents Sea, branching off the N-S trending Svalbard Caledonides,
implying the existence of Barentsia as an independent microcontinent between
Laurentia and Baltica.

Lateral velocity and density variations in the crystalline crust beneath and east
of Loppa High are interpreted as a transition from Caledonian basement in the
west to Timanian basement in the east.

Magnetic anomalies correlate well with high velocities and densities in the
lower crust beneath Loppa High, suggesting that upper-crustal basement
structures may not have significantly affected the magnetic anomaly pattern,
and may therefore not necessarily constrain the early post-Caledonian basin
formation.

Our models support a NE-SW orientation of Carboniferous rift basins.

The earliest post-Caledonian (Devonian) collapse and subsequent extension
remains poorly resolved in the seismic data and requires better documentation.
Compositional and rheological variations in the crystalline crust beneath
Storfjorden are interpreted to represent an old zone of weakness, possibly of
Caledonian age. This zone of weakness, combined with the N-S oriented
Caledonian suture and the present-day uplift of the region, could explain the

recent seismic activity in Storfjorden.
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3.3 Future perspectives

3.3.1 S-wave modeling and land station data

Only P-waves have been modeled as part of this thesis. S-wave travel-time modeling
has the potential to provide additional information on lithology and mineralogical
composition of the crust, in addition to seismic anisotropy, and should be done in the
future to increase the understanding of the composition and structure of the
crystalline crust and upper mantle. The standard modeling approach is to keep the
boundaries in the existing P-wave model constant, and only vary the Vp/Vs ratios and

the converting boundaries until a satisfactory match is achieved (Mjelde et al., 2002).

A relationship between V,/V ratios and lithology have been established from
laboratory experiments and cases studies (e.g. Neidell, 1985; Tatham, 1985; Tatham
and McCormac, 1991; Christensen, 1996). Most rock forming minerals have V/V
ratios from 1.7 to 1.9, while quartz has a value of 1.48 (Birch, 1961), which makes
the V,/Vratio particularly sensitive to the content of quartz. The V,/V; ratio can
therefore be used to distinguish between felsic (quartz rich) and mafic (quartz poor)
crystalline rocks. OBS data have proven to be useful in lithological prediction both at
the Lofoten (Mjelde and Sellevoll, 1993; Mjelde et al., 1993, 1996) and Vering
Margin (Digranes et al., 1996, 1998; Mjelde et al., 2003).

S-waves are also known to be sensitive to micro-cracks aligned by the present day
stress field (Crampin, 1990). In such an anisotropic medium an S-wave will split into
two waves, one polarized along the cracks, and one polarized perpendicular to the
cracks propagating with a slower velocity (Mjelde et al., 2003), and can thus be used

to investigate the anisotropy of rocks.

In addition to S-waves, recording from two permanent seismic stations are available.

The seismic stations on Hornsund and Hopen lie in the northwestward and
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southeastward continuation of profile 3, respectively, and the model can be extended
to include these data. The land stations recordings will most likely provide important
information about the structure of the lower crust and Moho geometry along profile 3
in Storfjorden. However, the recordings from Hornsund are arranged in an array and
including these data in the model involves an extensive amount of work and is
beyond the scope of this thesis. Records from the land seismic stations are expected
to provide wide-angle reflections from Moho and far-offset refractions from the
upper mantle. These arrivals can be used in amplitude modeling to better constrain

the velocity contrast across Moho and the velocity gradient in the upper mantle.

3.3.2 Seismic tomography and full waveform inversion

First-arrival travel-time tomography (e.g. Korenaga et al., 2000) is a method
commonly used for wide-angle seismic data. It has not been applied in this thesis, but
using several different modeling methods could increase the robustness of the models
and should be considered. The main advantage of this method is that the modeler
does not need to assign picked travel-times to certain layers, resulting in a more
objective model. On the other hand, first-arrival models do not include all the
information recorded by the ocean bottom seismometers (e.g. Minshull,
2009).Travel-time residuals between picked and calculated first arrivals combined
with the partial derivatives of travel-times with respect to the model parameters are
used to solve the inverse problem. This is done using a least squares method. The
Rayinvr model can be used as input for tomographic inversion, and after using an
iterative inversion approach the resulting seismic tomography model will be damped

and smoothed.

Full waveform inversion (FWI) makes use of all information recorded in seismic
data, including travel-times, amplitudes, multiples and diffractions. The FWI method

often provides sharper and higher resolution images than conventional travel-time



125

tomography (e.g. Tarantola, 1984). It requires large computer resources and has
therefore been considered to be of limited practical use. However, recent
development of faster computers, more efficient inversion methods (e.g. Pratt, 1999;
Jakobsen and Ursin, 2015) and an increasing demand for more detailed imaging have
made FWI more popular. Full waveform inversion requires a good starting model,
often obtained from travel-time modeling, and the velocity models from this study
could be used as input to FWI to obtain more detailed information about the

subsurface.

3.3.3 2D and 3D forward and thermal isostatic modeling

2D and 3D forward and thermal isostatic modeling of multi-stage rifting can be used
to examine the role of pre-existing structural inheritance, crustal strength and
thickness variation. Numerical modeling studies (e.g. Huismans and Beaumont, 2011;
Allken et al., 2012, 2013) demonstrate that pre-existing weaknesses favorably
oriented tend to be reactivated, whereas structures at a highly oblique angle tend to be
ignored. Moderately oblique inherited structures are expected to result in oblique
reactivation. However, the present quantitative understanding of the role of oblique
inheritance and factors controlling oblique reactivation and subsequent extensional
basin formation is limited. A 2D and 3D forward and thermal isostatic modeling
study is planned for the western Barents Sea. This study will investigate the role of
pre-existing structural weaknesses with varying obliquity and crustal strength on the
formation of rift basins. Such an integrated approach is important in improving the
understanding of large-scale processes responsible for multi-stage Palacozoic basin

formation in the western Barents Sea.
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3.3.4 New OBS surveys

A more densely spaced grid of ocean bottom seismometer data is needed to further
constrain the Caledonian suture and deformation front in the Barents Sea. Fig. 7
shows existing OBS profiles in the western Barents Sea and proposed locations for
new OBS profiles. The northern profile can be used to constrain northeastern
extension of the proposed Baltica-Barentsia suture through the central Barents Sea.
The southern profile should be acquired across the Ottar Basin and/or the Scott
Hansen Complex in the southwestern Barents Sea, in order to increase the
understanding of how the Caledonian nappes and deformation front have influenced
earliest post-Caledonian basin formation. All existing OBS profiles could be
combined to produce an updated map of top basement and Moho and sum up the
present knowledge. This could be used to identify remaining gaps in the
understanding of the post-Caledonian evolution of the western Barents Sea.
Additionally, 3D gravity and magnetic modeling based on the existing (and new)

OBS profiles should be done.
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Figure 7: Location of existing OBS profiles (numbered 1-17), profile 1-3 from the 2014 dataset (this
study) and suggested locations of new OBS profiles (in red). See Fig. 2 for abbreviations.
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