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S U M M A R Y
We present a crustal-scale seismic profile in the Barents Sea based on new data. Wide-angle
seismic data were recorded along a 600 km long profile at 38 ocean bottom seismometer and
52 onshore station locations. The modelling uses the joint refraction/reflection tomography
approach where co-located multichannel seismic reflection data constrain the sedimentary
structure. Further, forward gravity modelling is based on the seismic model. We also calculate
net regional erosion based on the calculated shallow velocity structure.

Our model reveals a complex crustal structure of the Baltic Shield to Barents shelf transition
zone, as well as strong structural variability on the shelf itself. We document large volumes of
pre-Carboniferous sedimentary strata in the transition zone which reach a total thickness of
10 km. A high-velocity crustal domain found below the Varanger Peninsula likely represents
an independent crustal block. Large lower crustal bodies with very high velocity and density
below the Varanger Peninsula and the Fedynsky High are interpreted as underplated material
that may have fed mafic dykes in the Devonian. We speculate that these lower crustal bodies
are linked to the Devonian rifting processes in the East European Craton, or belonging to the
integral part of the Timanides, as observed onshore in the Pechora Basin.
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1 I N T RO D U C T I O N

The investigated region coincides with the area separating the Bar-
ents shelf into its western and eastern parts with significantly dif-
ferent basin architecture and evolution. Earlier studies of the deep
crustal structure have been reported on the Norwegian side (Breivik
et al. 2003, 2005; Ritzmann & Faleide 2007; Clark et al. 2013;
Gernigon et al. 2014), as well as on the Russian side (Sakoulina
et al. 2000; Roslov et al. 2009; Ivanova et al. 2011). Regional 3-D
lithospheric models covering the wider Barents–Kara Sea area have
also been constructed (Ritzmann et al. 2007; Hauser et al. 2011; Kl-
itzke et al. 2015). The former disputed area between Norwegian and
Russian territories has not been studied before, making it difficult
to combine existing structural models. Furthermore, the new border
line is approximately co-located with the major structural change
on the Barents shelf associated with the Caledonian orogeny, com-
plicating the construction of a unified model. The eastern Barents
Sea has mainly old Timanian basement overlain by massive sedi-
mentary cover reaching 20 km thickness, while the western Barents
Sea developed on top of younger Caledonian basement with much

thinner sedimentary deposits. Recently, several multichannel seis-
mic (MCS) acquisition campaigns have been initiated in Norwegian
waters prior to industrial licensing and subsequent drilling projects.
However, deep seismic profiles are required for understanding of the
regional crustal structure. Here we present the results from the first
wide-angle seismic profile located within this zone. The seismic
profile is located at the transition from the western to eastern parts
of the Barents shelf. The interpretation of the crustal structure in
this transition may enhance our understanding of complex tectonic
evolution of the Greater Barents Sea and link national models on
two sides of the border.

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

The Barents Sea is a part of the Arctic region, comprising areas of
different geological evolution caused by several large-scale tectonic
adjustments. The interaction of the Baltica, Laurentian and Siberian
plates, together with smaller continental blocks, is the basis for the
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formation of the current Barents shelf crust (Marello et al. 2013).
At present, the overall crustal basement configuration is not well
understood. As the area attracts interest due to its petroleum po-
tential, the sedimentary structure has been intensively studied over
the last decades. However, the knowledge on the crustal structure is
still sparse and scattered due to the existence of a limited number of
deep seismic profiles. The current tectonostratigraphic/geodynamic
models for the Barents Sea (e.g. Ritzmann & Faleide 2009; Henrik-
sen et al. 2011a; Gernigon et al. 2014; Gac et al. 2016) as well as
more recent regional crustal models (Artemieva et al. 2006; Ritz-
mann et al. 2007; Barrere et al. 2011, Marello et al. 2013; Klitzke
et al. 2015) show the complex structural configuration and the need
to expand the number of deep crustal observations to improve the
models.

The southern part of the study area (Fig. 1) is located on the
Baltic cratonic basement of Meso-Neo Archean age to the south of
the transition to the continental shelf. The continental shelf of the
Barents Sea is located on an assemblage of terranes, which originate
from three major orogenic events in the area: Timanian, Caledonian
and Uralian (Fig. 1).

The tectonic history reflected in the present geological settings
show a prominent change from east to west. The western Barents
Sea is underlain by the Caledonian basement, while the eastern
Barents Sea has Timanian basement. The transition area of ca.
100 km wide between them is identified from the aeromagnetic
data (Fig. 1; Gernigon & Brönner 2012). Offshore, the study area
is located to the eastern side of the transition area, suggesting that
the underlying basement is of Timanian age. The Timanian orogeny
influenced mostly the southeastern corner of the East Barents Sea,
including the areas of the present Timan-Pechora Basin. Timan
orogeny developed as fold-and-thrust belt along the northeastern
margin of Baltica, during the late Neoprotorozoic—early Cambrian
(Kostyuchenko et al. 2006; Gee et al. 2008). The general structural
trends of the Timanian orogeny show NW-SE orientation, also in
northeast Norway. It is commonly accepted that the southern part
of the Barents Sea was also affected, but the NW offshore extent of
the Timanian trend is still enigmatic (Olovyanishnikov et al. 2000;
Roberts & Siedlecka 2002; Pease & Scott 2009). The Trollfjorden-
Komagelva Fault Zone is assumed to mark the southern extent of
the Timanian terranes in northernmost Norway.

The crustal architecture to the west of the study area is mostly
characterized by the strong overprint of the Caledonian event.
The Caledonian orogeny caused by the collision of Laurentia and
Baltica, which began in the early Ordovician and culminated in
the mid Silurian to early Devonian, mostly influenced the west-
ern Barents Sea (Roberts 2003; Ritzmann & Faleide 2007; Gee
et al. 2008; Gernigon & Brönner 2012). The major structural trends
associated with the Caledonian orogeny are in the N-S to NE-SW
direction (Gudlaugsson et al. 1998; Breivik et al. 2005; Faleide et al.
2008). However, the offshore orientation of the Caledonian struc-
tures has been questioned, based on recently collected aeromagnetic
data (Gernigon & Brönner 2012). The NE-SW trend, especially in
the southwest Barents Sea, appears to reflect later overprint by the
Carboniferous rift structures (Faleide et al. 2018).

On the Norwegian mainland the basement is an assemblage of
two terrane types: the autochthonous rocks of the Baltic Shield
(Meso-Neo Archean crystalline complexes) and the Caledonian al-
lochthons, which represent the remnants of a Baltoscandian rifted
margin system including shelf successions, oceanic and arc units
and exotic rocks with Laurentian affinities (Roberts 2003). In north-
ernmost Norway the Caledonian basement extends into the Barents

shelf, but its geometry, orientation and extent are still largely un-
defined due to the presence of relatively thick layers of younger
sedimentary rocks (Ritzmann & Faleide 2007; Faleide et al. 2008;
Gee et al. 2008; Barrere et al. 2011). As Caledonian terranes are
found on Svalbard (Gee et al. 2006), the structural features associ-
ated with the Caledonian Deformation Front are located out in the
Barents Sea (Fig. 1), but its location is still not fully constrained.

The onshore part in the southern end of the profile (Fig. 1), located
on the Baltic craton, has experienced little change at least since the
Neo-Archean. The northwestern part of the craton was involved in
the Caledonian orogeny, bounded by distinct onshore faults on the
western edge of the transition area. To the east, the craton continues
on the Kola Peninsula, without any major changes.

The offshore evolution shows a more complex history. The east-
ern part of the Barents shelf has a crust of Timanian age covered by
a very thick sedimentary cover, overlying relatively strong and thick
lithosphere (Klitzke et al. 2015; Gac et al. 2016; Faleide et al. 2018).
This is contrary to the west, where the basement is Caledonian over-
lain by a thinner sedimentary cover (with thick Devonian strata) on
a weak and somewhat thin lithosphere. The eastern Barents Sea is
characterized by a large regional size sag basin, while in the west-
ern Barents Sea a platform with numerous rift basins is present.
Several rifting episodes associated with the opening of the North
Atlantic (Faleide et al. 1993; Johansen et al. 1994) dominated the
evolution of the western Barents Sea in Late Palaeozoic—Mesozoic
times. In addition, several magmatic events associated with the High
Arctic Large Igneous Province and producing intrusive dykes and
sills, occurred in Early Cretaceous (Maher 2001; Corfu et al. 2013;
Polteau et al. 2016). Such magmatic bodies have been identified
from seismic data in the eastern Barents Sea (Ivanova et al. 2011;
Polteau et al. 2016; Minakov et al. 2017) and offshore Svalbard
(Grogan et al. 1998; Minakov at al. 2012a). The western Barents
shelf is bounded by the present day continental margin (Faleide
et al. 2008).

The youngest major orogenic event influencing the evolution of
the larger Barents Sea area (mostly the eastern part) is the Uralian.
The beginning of the event in Early Carboniferous is associated with
onset of subduction of the Uralian Ocean under the Siberian craton
(Churkin et al. 1981). The later collision in Early Permian of the
Siberia, Baltica and Laurentia plates is manifested by generation of
the Ural mountain chain (Otto & Bailey 1995). The fold-and-thrust
belt on Novaya Zelmya may be considered a structural continuation
of the Ural Mountains (Puchkov 2002), in spite of its large geomet-
rical offset from the general direction of the Urals (Pease 2011).
The geometry of the island is reflected in the major structures of
the eastern Barents Sea, and is associated with the Uralian defor-
mation. The final upthrusting of Novaya Zemlya occurred in the
Late Triassic—Early Jurassic times (Faleide et al. 2018), which is
younger than the Polar Urals.

The late Cenozoic uplift affected the entire Barents shelf un-
evenly (Anell et al. 2009; Henriksen et al. 2011b; Minakov et al.
2012b), and initiated strong erosion, which further complicated the
structural architecture of the greater Barents Sea shelf.

3 E X P E R I M E N T S E T U P A N D DATA

The experiment was carried out in July–August 2012. The profile is
located close to and along the border between Russia and Norway
on the Norwegian side (Fig. 2). The data obtained from the onshore
and offshore surveys were merged into one database used for the
modelling.
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Figure 1. Bathymetric map of the greater Barents Sea, based on the IBCAO data. The major structural highs (red) and lows (blue) are outlined, the contour lines
(stippled black) indicate depth to acoustic basement (modified after Klitzke et al. 2015): AH—Admiralty High; BB—Bjørnøya Basin; GH—Gardabanken High;
HFB—Hammerfest Basin; LH—Lopa High; NB—Nordkapp Basin; OB—Olga Basin; SB—Sørvestsnaget Basin; SKT—South Kara Trough; SHB—Stappen
High; TD—Tiddlybanken Basin; TO—Timan Orogen; TB—Troms�Basin. The proposed eastern extent of the Caledonian Domain (purple line) is based on
the geological data and the analysis of the magnetic data offshore (Gernigon & Brönner 2012). Major onshore faults are shown by thin black lines. Locations
of discussed seismic profiles—thick black lines. Star marks the location of the reference drillsite ‘Ludlovskaya’. The insert map shows the distribution of the
basement domains (modified after Faleide et al. 2018). Black dashed box shows the extent of Fig. 2.

3.1 Marine survey

The marine part of the experiment was carried out aboard the Nor-
wegian R/V ‘Håkon Mosby’. It included deployment of 20 ocean
bottom seismometers (OBS; Bialas & Flueh 1999) for recording
of wide-angle seismic data along the profile (Fig. 2). Data acqui-
sition was carried out on two independent subprofiles. On the first
subprofile, 20 OBSs were deployed (OBS numbers: 1–20) from the
Varanger Fjord northwards towards the Tiddlybanken Basin. For the
northern subprofile, 18 OBSs were deployed (OBS numbers: 21–
38), from the Tiddlybanken Basin to the northern end of the profile

around the Nordkapp Basin (Fig. 2). Two instruments (19 and 20)
stayed on the sea bottom during the entire experiment, and recorded
air-gun shots from both profiles. This was done to ensure sufficient
overlap of the refracted rays along the two subprofiles. All deployed
OBSs worked correctly, except at location OBS-6, where no data
could be retrieved from the instrument. The resulting composite
marine profile is 515 km long with an average distance between
OBSs of 13.5 km.

All OBSs were instrumented with a hydrophone and a three-
component seismometer. In general, the signal-to-noise ratio is best
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Figure 2. Study area. The left panel shows the combined topography/bathymetry map in the south-central Barents Sea. The right panel is a simplified
tectono/geological map, modified after Gabrielsen et al. (1990); the land geology is after USGS Arctic Geology Map. The location of the profile and ocean
bottom/land seismometers are marked on both panels. TKFZ—Trollfjorden-Komagelva Fault Zone.

on the hydrophone records, but the recordings on the vertical seis-
mometer were also used when possible.

The seismic source included 4 Bolt air guns with a total volume
of 4800 inch3, being fired at 135–138 bar. The shooting interval was
200 m, GPS controlled. For each marine subprofile the shooting was
extended about 70 km beyond the last OBS position, thus providing
a total data overlap between the profiles of about 100 km. At the
northern end of the profile shooting was terminated at the maritime
border. Parts of the southern subprofile were shot twice due to
technical problems.

Processing of the OBS data (see Supporting Information Fig.
S1 for the main processing flow) included localization of the OBS
on the ocean floor using the direct arriving water-wave to correct
for possible drift during instrument descend. Time-gated predictive
deconvolution was applied to remove the air bubble reverberations
and thereby improving the signal-to-noise ratio. Finally, a time and
offset variant Butterworth filter, where the band-pass changes from
0.8–7.5–65–86 Hz at near offsets towards lower frequencies (0.8–
4.5–20–30 Hz) at far offset and late record times, was applied to cor-
rect for frequency changes caused by signal attenuation. Bandpass
changes are discrete in four windows, which are linearly ramped
over 1 s traveltime.

3.2 Onshore survey

In order to resolve the crustal structure below the Varanger Penin-
sula and the Archean part of the craton, the marine profile was
extended onshore toward the south. Along the continuation of the

marine part, 52 seismic land stations were deployed (Fig. 2) with an
average spacing of 1 km, resulting in a 70 km inland extension of the
profile. The land stations were equipped with a single-channel ver-
tical geophone and deployed along available roads. The instruments
were deployed in 0.5–1 m deep pits, at least 10 m from the road
(where possible). The stations recorded the air-gun shots from the
southern marine subprofile. Due to logistical difficulties the shots
from the northern line were not recorded. The processing of the land
data was mostly limited to band-pass filtering and gain corrections.
The overall data quality ranges from excellent to poor, due to the
noise problems at some locations (heavy traffic, quarry in the prox-
imity). Out of 52 deployed stations 35 recorded data with reasonable
signal-to-noise level and these were used for the modelling.

3.3 Data examples

Example seismic sections are shown in Fig. 3. For the major part
of the instruments clear first arriving phases (Pg and Pn) are ob-
served for offsets reaching 200–210 km from the stations. Reflection
phases are identified in the records, including reflections from the
basement, middle and lower crust, and Moho (PmP), as well as
multiple reflections from these interfaces. As information from the
co-located MCS line is available, the reflections within the sedimen-
tary units recorded by the OBSs are beyond scope for this study.
For the shallow portion of the model, the data from the MCS line
is used to constrain the sedimentary sequences for the modelling of
the crustal structure.
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Figure 3. Examples of the seismic data sections from OBS and land stations (see Fig. 2 for locations). The coloured lines show the predicted traveltimes
computed from the final Vp tomography model. Red—refracted first arrivals (Pg and Pn). Black—reflection from the base Carboniferous sedimentary strata.
Blue—reflection from the crystalline basement. Green—reflection from upper/middle crust boundary. Yellow—reflection from the top of the lower crust.
Magenta—reflection from the bottom of the lower crust. Violet—reflection from the Moho (PmP).

4 M O D E L L I N G

The final data set used for the crustal modelling includes wide-angle
seismic records from 37 OBSs and 35 land locations. In addition,
information on the sedimentary structure offshore is available from
the co-located MCS profile (Fig. 4a). Furthermore, gravity data
were collected onboard the vessel during the cruise. The modelling
procedure includes the use of all these data in order to constrain a ve-
locity and density model along the profile (Supporting Information
Fig. S1).

4.1 MCS data

The industrial quality MCS data interpretation was available in the
early stage of the project (Fig. 4a). The detailed sedimentary struc-
ture obtained from this profile is incorporated into the starting ve-
locity model for the tomographic inversion of the refracted/reflected
traveltimes. The MCS model includes the geometry of numerous
sedimentary strata ranging from early Cretaceous to early-mid Car-
boniferous in age. For the area below the Finnmark Platform the
geometry of the acoustic basement is also retrieved. Due to pro-
priety agreement, the detailed velocity profiles obtained from the
velocity analysis of MCS data are not available. In order to con-
strain the starting model in the depth domain, constant velocities

are assigned for each layer and later recalculated from two-way-
traveltimes (TWTs) based on the known TWT to the reflectors.

4.2 Forward modelling

Prior to tomographic inversion, forward seismic ray-tracing mod-
elling is carried out. The main goal of this step is to properly
identify the main reflection and refraction phases from the seis-
mic sections, as well as to incorporate the MCS model into the
starting model for the tomographic inversion. The modelling is car-
ried out with the SeisWide software (http://seismic.ocean.dal.ca/∼
seismic/utilities/seiswide/index.php), which is a Windows platform
GUI built on the original RayInvr package (Zelt & Smith 1992).
Based on the forward modelling the reflections from the acous-
tic basement, middle crust, lower crust, and Moho are successfully
identified for all OBS and land stations. This allows the construction
of a consistent refraction/reflection traveltime database for all avail-
able sources and receivers for the seismic tomography approach.
The final seismic data set for the inversion consists of ca. 35 000 re-
fracted and ca. 45 000 reflected traveltimes for the observed phases.
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Figure 4. (a) Line-drawing interpretation of the co-located MCS profile by the NPD. The major sedimentary units are identified and used for construction of the
starting model for the tomographic inversion. (b) Combined plot of MCS and wide-angle seismic interpretations. The final tomography model is superimposed
on the MCS data after conversion from depth to two-way-traveltime. The background colour shows the Vp velocity obtained in the tomographic inversion
(colour scale is modified to emphasise the basement). Grey lines—reflector geometry in time domain.

4.3 Tomography inversion

The seismic tomography inversion is carried out with the 2-D joint
reflection/refraction code—Tomo2D (Korenaga et al. 2000). The
starting model is based on the MCS model for the sedimentary cover
and the results from the forward modelling of the crystalline crust.
The inversion is done according to a ‘top to bottom’ approach. The
overall model is built by recovering the velocity structure and the
geometry of the individual layer from the surface and progressively
downwards. The focus of the modelling is to obtain the velocity
structure of the crystalline crust, assuming that the sedimentary
sequences are adequately described in detail by interpretation of the
MCS profile. In addition, the structure of the subcarbonate platform
sedimentary strata is considered by our modelling procedure, as it
is not resolved in the seismic reflection data.

The tomography model is defined on an irregular 2-D grid. The
horizontal spacing is fixed to 500 m, and the vertical spacing is
increasing with depth: from 50 m at the surface to 330 m at 60 km
depth. Such vertical spacing provides the optimum compromise
between vertical resolution and computational time. The geometry
of each of the reflectors is computed on a similar horizontal grid
at a 500 m interval. The data set of the picked traveltimes consists
of about 35 000 refracted and 45 000 reflected arrivals. The pick
uncertainties for the refracted arrivals range between 25–60 ms,

and 40–100 ms for the reflections. The preferred final tomography
model is shown in Fig. 5(a).

The obtained final tomography model is further validated against
the MCS data. The Vp tomography model is converted from depth to
TWT domain. Fig. 4(b) shows the composite model of the velocity
and reflectivity along the profile down to 9 s TWT, approximately
corresponding to 25 km depth.

4.4 Gravity validation of seismic model

We test the consistency of the seismic velocity model with gravity
data by forward 2-D gravity calculation. A detailed analysis of the
density structure is outside the scope of this study, but the gravity
results presented provide an independent check on the robustness
of the seismic model.

The gravity measurements are based on the ship-borne gravimeter
data collected along the profile. The onshore part is not considered
in the gravity analysis due to limited data availability and strong
3-D effects, which are difficult to take into account.

The density model is calculated from the final seismic velocity
model, using empirical velocity-density conversion relationships
for sediments and crystalline crust (Carlson & Herrick 1990; Chris-
tensen & Mooney 1995). The model space extends down to 80 km
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Figure 5. Final Vp model of the profile from the tomographic inversion and the result of the Monte Carlo tests. Top panel: averaged Vp velocity field, thick
grey lines—preferred geometry of the crustal reflectors. Bottom panel: standard deviation of the velocity estimation with respect to the averaged value. Grey
shading shows the standard deviation of the reflector depth estimation. The Monte Carlo test was performed using 150 semi-random starting models and initial
reflectors.

to accommodate potential density variations below the base of the
crust, as indicated by the velocity model. For the mantle with
Vp > 8.2 km s−1 a fixed density value of 3.35 g cm−3 was as-
signed. The velocity-density converted model shows good fit to the
regional gravity data (Fig. 6), suggesting that the velocity model
and the overall geometry of the crustal layers is correctly described.

4.5 Monte Carlo analysis—uncertainties

The assessment of the uncertainties of the tomographic model is
addressed by the results of a series of Monte Carlo tests. The final
velocity model is taken as a starting point for the tests (RMS of
the final model is 86 ms). The upper part of the model consisting
of the sedimentary sequences is considered well constrained from
the independent MCS data, and is therefore not part of the analysis,
and the model uncertainties are only estimated for the depths below
early Carboniferous sedimentary strata.

In order to check the uncertainties of the Vp and reflector geome-
tries, Monte Carlo tests are run for each layer individually. Each test
includes 25 tomographic inversions with semi-random starting pa-
rameters. For each individual inversion the velocities in the starting
model are randomly perturbed by ± 10 per cent with random spatial
patterns. Similarly, the starting geometry of each reflector is ran-
domly shifted vertically at each horizontal node within ± 15 per cent
of the depth range. In addition, for each run the individual traveltime
are modified by adding a random positive or negative delay within
the pick uncertainty error. The results of such 25 tomographic inver-
sions for each layer are statistically analysed to produce the average
model/reflector and the standard deviation. The uncertainty analy-
sis includes six layers, resulting in 150 semi-random tomographic
inversions. The analysed uncertainties of the final velocity model
are shown in Fig. 5(b).

Overall, the model space is resolved within the 0.10–0.15 km s−1

range for Vp. The uncertainties of the reflector geometries vary with
depth, ranging from ± 1 km for the acoustic basement to ± 3 km for
the Moho. An important issue is the resolvability of the lowermost
crust (Vp > 7.25 km s−1), because high Vp in this layer indicates
the presence of high velocity lower crustal bodies (LCBs). Based on
the Monte Carlo tests, such bodies are clearly resolved along most
of the profiles, including the edges of the profile (50–220 km and
400–540 km), spatially corresponding to the locations of Fedynsky
High and Varanger block. However, in the central part of the profile
(220–400 km), the presence of a high-velocity layer is unlikely,
although the uncertainty is larger in this part.

5 R E S U LT S

The following results are based on the joint interpretation of the
seismic refraction/reflection and gravity data along the new seismic
profile (Figs 1 and 2).

5.1 Craton

The southern part of the profile is located inside the Baltic
Shield (540–600 km profile distance), bounded by the Trollfjorden-
Komagelva Fault Zone to the north. The crustal structure of the
craton shows a three-layer division (Fig. 7). The upper crust has a
thickness of about 15–16 km, with Vp increasing from 6.0 km s−1

at the top to 6.2 km s−1 at the bottom. The middle crust with an av-
erage thickness of about 10 km is modelled with velocities ranging
from 6.3 to 6.4 km s−1. The lower crust with velocities in the range
from 6.6 to 6.9–7.0 km s−1 has a thickness of 10–15 km. As this
area is located close to the edge of the profile, the ray coverage with
depth is limited. This prevents detailed study of the Moho geometry
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Figure 6. Result of the gravity modelling. The top panel shows the observed (red) and predicted (blue) curves for the Free-Air gravity anomaly along the
profile. The bottom panel shows the density model obtained from the Vp tomography results and gravity modelling. Grey lines show the major interfaces
identified from the seismic modelling.

Figure 7. Distribution of Vp with depth along the profile can be separated into six domains, associated with structural changes (approximate domain boundaries
are shown by grey stippled lines). Top panel: tomography model; middle panel: simplified structural interpretation. The estimated extension factor is shown in
red in the bottom. Six graphs at the bottom show characteristic velocity profiles with depth (black shading) from the top of the basement for each domain. From
left (south) to right (north): (1) Baltic craton, (2) Varanger block, (3) Finnmark Platform, (4) Tiddlybanken Basin, (5) Fedynsky High, and (6) Nordkapp Basin.
For each domain, characteristic crustal structure is shown by colour-coding as on middle panel. The Vp curves for different tectonic settings (Christensen &
Mooney 1995) and (Talwani et al. 2017) are plotted for reference.

below the craton. However, based on our estimates the Moho at the
northern edge of the Baltic Shield is located at 43–45 km depth.

5.2 Varanger Peninsula terrane

The Varanger terrane (420–540 km distance) is bounded by the
Trollfjorden-Komagelva Fault Zone in the south (at shallow depth)
and continues for ca. 100 km to the north (Herrevold et al. 2009;
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Fig. 2). The surface expression of the northern limit of the block
can be placed at the sharp change in the bathymetry (around 410 km
distance) north of the Varanger Peninsula. The northern boundary of
the block is most likely dipping towards north, whereas the southern
boundary may be dipping southwards, although it is not constrained.

The velocities right below the sea bottom are as high as 5.5 km
s−1, increasing to about 5.7 km s−1 at 3 km depth, where a reflector
is observed. The origin of this boundary is not very clear, but
comparison with MCS results from Roberts et al. (2011) suggests
that this interface may be the contact between Baltic craton basement
and the Neoproterozoic metasediments of the Varanger block.

The upper crust has a thickness of 12 km with velocities ranging
from 6.0 to 6.3 km s−1 at the bottom similar to the cratonic part. The
middle crust is characterized by higher Vp than the Baltic Shield,
with values ranging from 6.5 to 6.7 km s−1. The thickness of the
middle crust is rather uniform around 10 km. At the northern edge
of the Varanger block (about 420 km distance), the typical middle
crust disappears over 15–20 km horizontal distance.

The lower crust of the block shows high Vp values starting from
6.8 km s−1 at the top and reaching 7.2 km s−1 at the bottom. Such
high velocities are in sharp contrast to the structure of the lower crust
of the cratonic domain. In addition to high velocities in the lower
crust, we observe a 5–10 km thick layer with even higher velocities
forming the lowermost crust. The Vp in this zone is ranging from
7.20 to 7.45 km s−1. The associated gravity modelling suggests
densities for this layer to be around 3.1–3.2 g cm−3. The Moho is
interpreted to be at a depth of 47–51 km below the Varanger block.
Unfortunately, due to limited number of Pn phases, the velocity
structure of the uppermost mantle is poorly constrained here.

5.3 Transition zone—Finnmark Platform

The area of the Finnmark Platform (300–420 km distance) is
bounded by the Varanger block in the south and extends to the
Tiddlybanken Basin in the north (Fig. 2). The MCS data is resolv-
ing north dipping sedimentary units which are truncated at the sea
bottom. The Devonian molasses deposited in front of the Caledo-
nian mountains in general represent the deepest sedimentary fill
(Faleide et al. 2018). The MCS data is resolved down to the early
Carboniferous and shows evidence for additional older sedimentary
deposits below, but the thickness of sedimentary strata (located be-
low carbonate platform and having pre mid-Carboniferous age) and
older clastic sedimentary rocks is unresolvable from the MCS data.
Based on the tomography results the layer of pre-Carboniferous sed-
imentary rocks is estimated to be upto 12 km thick with velocities
around 5.6–5.8 km s−1. The basement is steeply dipping northward
at the proximity of the Varanger block (probably representing a tilted
boundary of the block as indicated by the sedimentary structure),
and is semi-flat at 15 km depth from around km 390. The upper
crust with a thickness of 6–8 km has velocities in the range of 6.0–
6.3 km s−1. The lower crust is 7–10 km thick with a Vp of 6.7 km
s−1 at the top and 6.9–7.0 km s−1 at the bottom. The Moho depth
is modelled to be 33–35 km. Based on the uncertainty analysis the
presence of a very thin layer of high-velocity lowermost crust in the
area is possible.

5.4 Tiddlybanken Basin

The Tiddlybanken Basin is located on the northern flank of the
Finnmark Platform (220–300 km distance) and is bounded by the
fault system adjacent to the Fedynsky High to the north (Fig. 2).

The orientation of the basin is NW–SE, parallel to the trace of
Trollfjorden-Komagelva Fault Zone, and almost perpendicular to
the main rift structures observed in the western Barents Sea (e.g.
Nordkapp Basin). The seismic profile is perpendicular to the strike
of the basin. The basin structure is identified from the seismic
data as a graben structure filled with Carboniferous and younger
sediments. It is known that the basin includes salt diapirs. The basin
width along the profile is 75–85 km. The salt diapir crossed by
the profile at ca. km 270 originates from a depth of about 5 km,
and based on the stratigraphy the diapirism was active during the
Triassic culminating in Cretaceous. However, the salt itself was
deposited in the Upper Carboniferous—lowermost Permian. Based
on the tomography results there is an additional layer of 6–7 km
of pre-Carboniferous sedimentary rocks above the basement in the
Tiddlybanken Basin. Most likely, it consists of early Palaeozoic
meta-sediments observed above the acoustic basement and a layer
of the Devonian sediments which represents molasse deposits from
the Caledonian erosion, similar to on the Finnmark Platform.

The crystalline crustal structure below Tiddlybanken Basin is
similar to the crust of Finnmark Platform. The upper crust has a
thickness of 6–7 km, and is characterized by velocities of 6.2–
6.4 km s−1. No significant undulations of the basement or mid-
crustal interface are observed in this area. An 8–10 km thick layer
with velocities between 6.6 and 6.9 km s−1 represents the lower
crust. There are indications of a thin 7.3 km s−1 layer of lowermost
crust below the basin, with thickness most likely not exceeding
1–2 km.

5.5 Fedynsky High

The area north of Tiddlybanken Basin is known as the Fedynsky
High (90–220 km distance), and is observed as an elevated area in
the bathymetry and gravity data (Fig. 2). The MCS data shows a
simple layered sedimentary sequence down to Carboniferous. The
Carboniferous-Devonian contact is located at a depth of ca. 5 km
and shows a complex structure. The presence of a high-velocity
carbonate platform is known in the area. The observed seismic
velocities in the tomography model, corresponding to the carbonate
platform, are around 5.9–6.0 km s−1. High velocities, within the
range of 6.0–6.2 km s−1 are found above the acoustic basement.
It is likely that due to limited resolution, vertical smearing of high
velocities in the carbonates is responsible for the increased velocity
values for the pre-Carboniferous sedimentary strata. An alternative
option is that the acoustic basement is located close to the sea
surface, but poorly recovered due to low impedance contrast.

Three distinct crustal layers describe the structure of the crys-
talline crust below the Fedynsky High. The upper crust has a thick-
ness in the range 8–13 km with velocities of 6.1–6.2 km s−1 at the
top and increasing to 6.5–6.6 km s−1 at the bottom. These values
are higher than the upper crust on adjacent segments of the profile,
suggesting difference in composition or possibly, high-velocity in-
trusive bodies within the crustal volume. The velocity structure of
the lower crust is within the 6.7–7.0 km s−1 range and the thickness
of the lower crust is around 6–8 km.

Below the Fedynsky High a large volume of high velocity material
is observed in the lowermost crust. This LCB is estimated to have
a thickness up to 10 km with a Vp around 7.2–7.3 km s−1. The
presence of this volume, as well as the increased velocities in the
lower crust and possible uplift of the basement, reflect a complex
evolution of the Fedynsky High.

Downloaded from https://academic.oup.com/gji/article-abstract/214/1/315/4963745
by University of Oslo Library user
on 03 July 2018



324 A. Shulgin et al.

5.6 Nordkapp Basin trend

The northern end of the profile is located on the eastern continuation
of the Nordkapp Basin (0–90 km distance; Fig. 2). Along the profile
the only manifestation of the basin is a slight increase in thickness
of the sedimentary package. The depth to Carboniferous strata (as
identified in the MCS data) is around 6 km, but the velocity model
indicates an additional 10–11 km thick layer of pre-carbonate plat-
form sedimentary strata of unclear origin. These sediments could
also represent molasse deposits originating from the Caledonian
erosion and potential older underlying meta-sediments.

The crystalline crustal structure is represented by an upper crust
about 7–9 km thick, and a lower crust about 8 km thick. The ve-
locities in the upper crust range from 6.3 to 6.65 km s−1, which
are slightly higher than in the cratonic and platform regions, and
comparable to the Fedynsky High. The lower crust has Vp in the
range 6.9–7.1 km s−1. Such high values are comparable to the lower
crust below the Varanger block, whereas the lower crustal Vp is on
average lower in all other regions. The geometry of the lowermost
crust observed below this portion of the profile is not fully resolved
due to the location close to the end of the profile, causing limited
depth coverage. However, the Monte Carlo analysis indicates the
presence of an 8–10 km thick high velocity lowermost crustal layer
(Vp ∼7.3 km s−1) on the southern flank of the basin, probably
thinning towards the north.

5.7 Shallow structure along the profile

The co-located multichannel reflection seismic profile (Fig. 4)
shows complex evolution of the sedimentary cover, including
episodes of strong uplift, tilting and erosion. The southern part
of the profile just northeast of the Varanger Peninsula documents
a sea bottom exposed stratigraphic sequence from lower Carbonif-
erous at the Varanger–Finnmark Platform transition to Cretaceous
towards the Tiddlybanken Basin. The geometry of the sedimentary
packages suggests strong uplift and tilting of the Varanger block,
accompanied by surface erosion, which is consistent with earlier
estimates (Medvedev & Hartz 2015).

The Tiddlybanken Basin is expressed in the sedimentary se-
quence as a well-resolved graben structure down to early Carbonif-
erous strata, but due to lower resolution in the wide-angle modelling
it is difficult to estimate how the pre-Carboniferous sedimentary lay-
ers were affected by the graben formation. The salt diapirs present
in the basin extend from uppermost Carboniferous—lowermost Per-
mian strata penetrating younger sediments. Based on the thicknesses
of the sedimentary layers in the graben zone, the basin formation
presumably initiated in early Carboniferous and was later reacti-
vated in both the Triassic and the Cretaceous.

The sedimentary layering on the Fedynsky High indicates a com-
plex uplift history. As the pre-Carboniferous strata are not resolved,
it is difficult to estimate the early history. However, the complex
geometry of the early Carboniferous strata, including faulting and
graben formation, suggests that the initial stage of the uplift started
in early Carboniferous. This uplift influenced only the local area
around the Fedynsky High, whereas areas further north were not
affected. The decreasing thickness of Permian sediments from the
Tiddlybanken Basin towards the Nordkapp Basin, including the Fe-
dynsky High, suggests that the second stage of uplift began around
the late Permian–Early Triassic and affected the entire northern sec-
tion of the study area. For the major part of the Mesozoic this area
was semi-stable. The later stages of the uplift began around the Late
Cretaceous and continued through the Cenozoic.

5.8 Analysis of shallow velocity–depth profiles for uplift
and erosion

Estimates of the regional uplift can be obtained from the modelled
shallow velocity gradients. Data from the Ludlovskaya borehole
site (Fig. 1) can be used as reference. The velocity–depth profile
has been reported at this site by Gramberg et al. (1985) together with
the net erosion estimate of about 750 m. The main assumptions in
the estimation of the net erosion rates are: (1) there are no significant
compositional variations of the sediments in the upper 2 km; (2) after
consolidation of the clastic sediments at maximum burial, resulting
in the velocity increase, the velocities are ‘frozen’ and do not change
during uplift. Based on these assumptions, comparison of velocity
gradients in the upper 1.5–2 km of the profile allows estimation of
net erosion rates with respect to the reference location.

The velocity gradients in the upper 2 km below the sea bottom
were extracted from the tomography model with the spatial incre-
ment of 1 km (Fig. 8a). The velocity curves are very similar along
the profile and their slope is similar to the velocity profile at the
reference site in the depth range from 200 to 1100 m. However,
the vertical shift of the velocity curves is significant. The precise
analysis of the velocity profiles in the slope–vertical-shift domain
(V = slope · Z + vert.shift ) (Fig. 8b) shows a linear trend. The
slopes for the major part of the profile (except the northern part,
around the Nordkapp basin) are similar and around 0.85–0.95 s−1.
Since the slopes are semi-constant along the profile, we can estimate
the vertical shift, that is, net vertical erosion (Fig. 8c).

Our estimates show a regional uplift and net erosion along the
profile ranging from ca. 500 to 1500 m. The smallest net erosion
rates are estimated in the southern end of the profile on the Finn-
mark Platform, which is consistent with the observed tilting of the
sedimentary strata in the MCS data. The presence of the stable cra-
tonic crust may play a stabilizing role in the vertical motions of
adjacent areas. The net erosion rates are monotonically increasing
towards the northern end of the profile around the Nordkapp Basin
trend. Our estimates are in good correlation with previous results
(e.g. Henriksen et al. 2011b; Baig et al. 2016).

6 D I S C U S S I O N

6.1 Crustal thickness of the cratonic part of the Baltic
Shield

Comparison of the obtained model for the Baltic Shield with an
earlier crustal model in the area (EGT Polar profile, Fig. 9; Luosto
et al. 1989) shows good fit between the two interpretations. The
two profiles coincide at the onshore part of our profile, whereas the
Polar profile extends onshore on the Varanger Peninsula where we
deployed OBS stations slightly further east at sea just off the coast.
The crustal structure is very similar in the two profiles, although
the Polar profile may have better control of the internal boundaries
due to better sampling at the southern end of our profile. There is
a match in crustal velocities and depths to boundaries and Moho
between the profiles. Despite having no shot point at the end of the
profile at the north coast of the Varanger Peninsula, the Polar profile
also identifies the high velocity in the lowermost crust, although
with larger uncertainty than here. The Polar profile also identifies
the southward extent of this high-velocity lowermost crustal body
at the same location as our profile, which is at the southernmost
edge of the part constrained in our profile.

Both models show a trend in the Moho deepening towards the
northern edge of the craton. As the thickness of the upper and middle
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Figure 8. Estimation of the net erosion from the velocity profiles in the sediments. (a) The velocity profiles extracted every 1 km from the tomography
model (zero depth corresponds to the sea floor). Colour-coding corresponds to sequential profile position in the rainbow pattern: red—north; blue—south;
green—middle. The black line shows the reference velocity profile (from the Ludlovskaya borehole site; Gramberg et al. 1985); dashed box—gradient analysis
window. (b) Individual velocity profiles plotted in depth-slope domain with respect to reference site (black diamond in the centre). (c) Along profile plot of
the estimated uplift rates, assuming 750 m uplift on the Ludlovskaya reference site. The outlier at ca. 260 km distance represents a salt diapir in Tiddlybanken
Basin.

Figure 9. A combined plot, showing results from two different seismic profiles merged together (see Fig. 1 for locations). The colour-coding is identical for
both profiles and represents Vp velocities. Left—results of the EGT Polar profile (Luosto et al. 1989); right—results from the present study. The overlap zone
of two profiles is located between offsets 380–470 km.

crust appears to be semi-constant throughout the profile, the Moho
depth increase is due to thickening of the lower and lowermost crust.

6.2 Nature of the high-velocity lower crustal bodies

The results of the seismic and gravity models resolve two areas
along the profile with very high-velocity and -density LCBs. From
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the resolution analysis the very high velocities in both zones are
well constrained by the data. One is located below the Varanger
Peninsula and the other one is observed below the Fedynsky High
and surrounding areas. The presence of the LCBs at the other parts
of the profile is questionable. If LCBs are present in other areas,
their thickness does not exceed 1–1.5 km.

The LCB below the Varanger Peninsula represents a 70–100 km
wide layer. Geometrically the layer is observed with a lens-like form,
with a maximum thickness of about 15 km. The southern limit of the
layer is located approximately below the shoreline near Kirkenes,
which is about 50 km south of the Trollfjorden-Komagelva Fault
Zone. The northern limit is located below the bathymetric depres-
sion north of the Varanger Peninsula, on the continuation of the
ridge structure to the southeast (Fig. 2; approximately OBS-4).

The presence of high-velocity middle and lower crust and LCB
can be linked with the numerous mafic dykes observed on the
Varanger Peninsula. These document volcanic episodes in the area,
which probably have been affecting the crustal structure by em-
placement of intrusive bodies within the crustal volume as a mafic
underplated layer at the base of the crust (Thybo & Artemieva 2013).
Such a mechanism explains the observed high crustal velocities and
densities. As the model is unable to provide independent constraint
on the age of the magmatism, we consider several scenarios. The
crustal emplacement of the mafic material together with the under-
plating can be of the Ediacaran (560–550 Ma) age, corresponding
to the Timan orogenesis, and thus be a direct analogue to the struc-
tures observed further southeast around Timan Ridge and Pechora
Basin (Kostyuchenko et al. 2006, Lorenz et al. 2013). Alternatively,
some of the dykes on the Varanger Peninsula have been dated to
Middle-Late Devonian (Guise & Roberts 2002). These ages are
close to the end of the culmination of the Caledonian event, and the
magmatism is likely post-dating the main Caledonian deformation
and not directly related to it. The origin of the magmatic activity is
unknown, but it might be linked with kimberlitic magmatism of the
Kola Alkaline province (Mahotkin et al. 2000). This may indicate a
mantle thermal anomaly below the White Sea during the Late Devo-
nian with effect on the areas in the southern Barents Sea in terms of
localized magmatism along pre-existing weak zones. Furthermore,
the magmatic anomaly may also be connected with Devonian mafic
magmatism observed in the northern East European Craton (Wilson
et al. 1999; Pease et al. 2016). A linear chain of Devonian basaltic
bodies is observed between the Varanger Peninsula and the Kanin
Peninsula into the Timan range. In this scenario, the emplacement
of the mafic melts at the base of the crust can be attributed to lo-
cal melting of transitional mantle and lower crust during rifting of
the continental domain (Pease et al. 2016). The tectonic movement
of the Varanger block activated the bounding faults, which may
have increased the potential for intrusive material to intrude into
the crust from the LCB and localize the volcanic bodies around the
Trollfjorden-Komagelva Fault.

The other well-resolved LCB below the Fedynsky High is ob-
served from the northern part of the Tiddlybanken Basin and reaches
its maximum thickness of 10 km beneath the Fedynsky High. The
formation time of this LCB is unclear, but it may be connected with
a thin high velocity sill structure in the pre-Carboniferous sedimen-
tary strata. The high-velocity layer is not well resolved, but the Vp
is estimated to be around 6.2–6.3 km s−1. Based on these velocities
this layer may be a mafic sill (Aarseth et al. 2017). If the sill and
LCB are linked, they would have formed in the Devonian or earlier.
A clue on its origin can be provided from the regional magnetic
data (Fig. 10). The positive magnetic anomaly around Fedynsky

High can be linked with the onshore Pechora Fault zone in the NW-
SE trend. The SE Barents Basin located on this trend likely hides
the magnetic signal due to extreme thickness of the sedimentary
cover. Such interpretation suggests the age of the magmatism to be
early Palaeozoic, which make a direct link of the modelled LCB to
the ones reported under the onshore Pechora Basin (Kostyuchenko
et al. 2006).

6.3 Crustal thinning by extension

We observe clear evidence for crustal extension and thinning in four
regions along the profile. The estimated maximum extension ranges
from 1.4 to 2 (Fig. 7). The Nordkapp Basin close to the northern
edge of the profile is a rift structure formed in the Carboniferous
(Faleide et al. 2008). Our profile samples this basin close to its
NE termination where it is not fully manifested. Comparison of
the crustal structure with the adjacent part further south along the
profile shows 5–7 km thinning of the upper crust, while the lower
crust is semi-constant along the profile.

The Tiddlybanken Basin is another example of a rift structure.
The graben in the central part of the basin was formed by Carbonif-
erous rifting, followed by later subsidence of rim-synclines of the
salt diapirs in the middle-late Triassic and reactivation of salt move-
ments after early Cretaceous. However, it is likely that the graben
formed along pre-existing weak zones that came into existence
either during Edicaran formation of the Timanides or during the
Devonian rifting of the East European Craton, possibly simultane-
ously with the formation of the Nordkapp Basin. The structure of the
crystalline crust does not show any significant thinning compared
to the Finnmark Platform, but the upper crust is 3–5 km thinner
than on the Fedynsky High, which shows the smallest extension.

The Finnmark Platform, bounded by the Tiddlybanken Basin and
the Varanger block, shows the largest sedimentary thickness along
the profile. We estimate the depth to the top basement to be ca.
15 km below the platform. In addition, the upper crust shows the
lowest velocities along the profile: 6.2 km s−1. Most likely the low
velocities in the upper crust are caused by extensional faulting,
occurring simultaneously with sediment accumulation and basin
subsidence. The presence of the Varanger block further south, with
its own lateral and vertical motions, complicates the estimation of
the timing of platform extension, but most likely it is contempo-
raneous or slightly earlier than the formation of the Tiddlybanken
Basin.

6.4 Evolution of the Fedynsky High

One on the most significant features along the profile is the Fe-
dynsky High. Its expression is mainly by elevated basement, as
the current bathymetry is strongly modified by glacial erosion. The
long wavelength of the uplift favours a deep originating process,
presumably in the upper mantle. There may be a link with the pres-
ence of the LCB, to similar structures below Pechora Basin, formed
during Palaeozoic rifting. This suggests that the Fedynsky High
is a long-existing feature on the present Barents shelf. It is likely
that the basement high together with the underlying LCB formed
around fault zones that were active in the Devonian or earlier. The
formation of the Carboniferous rift through the Fedynsky High may
provide indirect confirmation of this interpretation. This rift struc-
ture is clearly observed in the reflection line (Fig. 4), and it is likely
that it developed at pre-existing weakness zones where faults were
reactivated. The short wavelength perturbations of the basement are
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Figure 10. Magnetic anomaly map of the Greater Barents Sea, based on the CAMP-GM database (Gaina et al. 2011). Continent-ocean transition is marked
by white stippled line. Major terrain boundaries are shown in black. PFZ—pre-Pechora Fault Zone. The location of the profile is also marked.

likely younger. They probably formed in the compression regime
during the final closure of the Uralian Ocean and upthrusting of
Novaya Zemlya in the Late Triassic, which likely extended into the
early Jurassic (Faleide et al. 2018), and with a main contraction
phase later than Early Cretaceous. Therefore, both vertical forces
originating from the mantle and horizontal tectonic stresses may
have controlled the evolution of the Fedynsky High.

7 C O N C LU S I O N S

We present the first complete crustal-scale model of the former
disputed zone between Norway and Russia based on a seismic
refraction/wide-angle reflection profile (Fig. 11). The model pro-
vides basis for improving our understanding of the evolution of
the Greater Barents Sea region, as it covers the transition between
the western and eastern domains that have different structure and
tectonic evolution.

Our model documents the transition from the Baltic craton to
the Barents shelf. The deep crustal structure below the Varanger
Peninsula, at the northern edge of the craton, suggests that it is
an independent crustal block, which was heavily modified either
by Edicaran or by Devonian magmatism. Its crustal thickness is
estimated to reach 47–51 km, with high velocities in the middle
and lower crust. A very high-velocity and -density LCB is observed
below the Varanger Peninsula with a maximum thickness of 11 km.

Large volumes of pre-Carboniferous sedimentary strata are doc-
umented in the offshore part of the profile with thicknesses that
exceed 10 km, in particular on the Finnmark Platform. Here, this
unit may consist of both Devonian molasses and underlying early
Palaeozoic meta-sediments.

The elevated basement in the Fedynsky High laterally coincides
with the location of a large very high-velocity LCB at the base of
the crust with a thickness of up to 10 km. We interpret the high
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Figure 11. A 3-D sketch of the crustal structure in the profile based on joint interpretation of the seismic and gravity models. The major features observed are
the distinct change in the properties across the Trollfjorden-Komagelva Fault Zone (TKFZ) and the presence of large volumes of lower crustal bodies (LCB)
beneath the Varanger Peninsula and Fedynsky High. TB—Tiddlybanken Basin; FH—Fedynsky High.

as being a long-existing feature that formed before or during the
Devonian in association with extensive magmatic activity.

We propose that the LCBs below the Varanger Peninsula and the
Fedynsky High are inherited features from the Timanides similar to
mafic structures on the Kanin Peninsula, Timan Ridge, and Pechora
Basin or formed later during the Devonian extension, associated
with the continental rifting in the northern East European Craton.
The formation of the Tiddlybanken Basin and may be the Finnmark
Platform could also be connected to the rifting processes in the
East European Craton in the Devonian. A large part of the present
sedimentary cover may have accumulated in basement lows formed
during this rifting episode.
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processing steps; blue and violet boxes—modelling steps. Detailed
description is provided in the main text.
Please note: Oxford University Press is not responsible for the con-
tent or functionality of any supporting materials supplied by the
authors. Any queries (other than missing material) should be di-
rected to the corresponding author for the paper.

Downloaded from https://academic.oup.com/gji/article-abstract/214/1/315/4963745
by University of Oslo Library user
on 03 July 2018

http://dx.doi.org/10.1111/j.1365-246X.2007.03337.x
http://dx.doi.org/10.1016/S0040-1951(03)00026-X
http://dx.doi.org/10.1016/S0040-1951(02)00195-6
http://dx.doi.org/10.1016/j.tecto.2008.05.025
http://dx.doi.org/10.1016/S0040-1951(00)00201-8
http://dx.doi.org/10.1016/j.marpetgeo.2016.12.009
http://dx.doi.org/10.1111/j.1365-246X.1992.tb00836.x
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggy139#supplementary-data

