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Abstract: This paper presents a study of the seismic P-wave velocity and density structure
of the lithosphere-asthenosphere system along a 800 km long transect extending from the
actively spreading Knipovich Ridge, across southern Spitsbergen to the Kong Karls Land
Volcanic Province. The 2D seismic and density model documents 6-8 km thick oceanic
crust formed at the Knipovich Ridge, a distinct continent-ocean-boundary (COB), the east-
ern boundary of the dominantly sheared Hornsund Fault Zone, and the eastern boundary of
the Early Cenozoic West Spitsbergen Fold-and-Thrust Belt. The crustal continent-ocean
transitional zone has significant excess of density (more than 0.1 g/cm? in average), charac-
teristic for mafic/ultramafic and high-grade metamorphic rocks. The main Caledonian su-
ture zone between Laurentia and Barentsia is interpreted based on variations in crustal
thickness, velocities and densities. A high velocity body in the lower crust is preferably in-
terpreted in terms of Early Cretaceous magmatism channelled from an Arctic source south-
wards along the proto-Hornsund zone of weakness. The continental upper mantle expresses
high velocities (8.24 km/s) and densities (3.2 g/cm?), which may be interpreted in terms of
low heat-flow and composition dominated by dunites. The lower velocities (7.85 km/s) and
densities (3.1 g/cm?) observed in the oceanic lithosphere suggest composition dominated by
primitive peridotites. The model of mantle allows for successful direct description of
subcrustal masses distribution compensating isostatically uneven crustal load. The esti-
mated low value of correlation between density and velocity in the mantle 0.12 kg-s-m™
suggests that horizontal density differences between oceanic and continental mantle would
be dominated by compositional changes.

Key words: Arctic, crust, LAB —lithosphere-asthenosphere boundary, gravity modelling,
mantle composition.
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Introduction

The development of the North Atlantic rifting and subsequent sea-floor
spreading together with development of the passive sheared continental margin
of the Barents Sea continental platform are processes which form the present day
face of our planet. The development of this margin is strongly connected to the
history of rifting and subsequent sea-floor spreading in the North Atlantic Ocean
(Jackson et al. 1990; Lyberis and Manby 1993a, b; Ohta 1994).

In this paper we present an 800 km long transect crossing the Knipovich Ridge in
the Northern Atlantic, the continent-ocean boundary (COB), southern Spitsbergen
along Hornsund, Storfjorden and Edgegya, and the western Barents Sea continental
platform (Fig. 1). Previously this region has been studied by geophysical surveys, in-
cluding active and passive seismic experiments, gravity and magnetic (e.g. Vogt et al.
1979; Taylor et al. 1981; Sellevoll 1982; Davydova et al. 1985; Faleide et al. 1991;
Klingelhofer et al. 2000a, b; Mjelde et al. 2002; Breivik et al. 2003; Ljones et al.
2004; Czuba et al. 2008). Most of the study area around Spitsbergen and in the
Barents Sea has a water depth about 250 m only (Fig. 2). In the west, the water depth
is increasing to about 2000-2500 m. The deepest parts are located in the rift valley of
the actively spreading Knipovich Ridge (about 3000 m) and the Molloy Deep (about
4000 m). Magnetic anomalies are mostly from -100 to +50 nT (Fig. 3). Positive
anomalies over +150 nT are observed west of Hornsund (76.8°N, 13.0°E), south of
Serkapp (75.0°N, 19.0°E) and in the Barents Sea west of Edgegya (77.2°N, 27.5°E).
They have all circular or elliptic shape with 50 to 100 km diameter. Another group of
smaller anomalies occurs in the area of Kong Karls Land.

The gravity map of the study area (Fig. 4) is compiled from free-air anomalies at
the sea and Bouguer anomaly on the land with a correction for density of 2.67 g/cm?.
In the oceanic part of the area the gravity anomalies are from +20 to +60 mGal, with
exception of a band of 0 mGal values along the central part of Knipovich Ridge.
Anomalies larger than 100 mGal are observed along the COB, approximately from
75°N to 76°N. Southern Spitsbergen is characterized by an anomaly about -50 mGal,
and the western Barents Sea show values of about -20 to +20 mGal.

The study area is unique in the sense that the transect covers the remnants of
the Caledonian mountain range, ¢. 300 Ma of extensional and magmatic processes
culminating at continental break-up along a very narrow sheared margin, and very
thin oceanic crust formed along the ultra-slow spreading Knipovich Ridge. Our
main aim is to provide new constraint on some of these processes by focusing on
gravity modelling for the crust and uppermost mantle.

Tectonic setting

The assembly of the crystalline basement of the western Barents Sea is to a
large extent related to the Caledonian orogeny (e.g. Doré 1991). Baltica and
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Laurentia collided in Silurian time, followed by several rifting events starting in
Late Paleozoic time. As the rifting stopped, the Barents Shelf gently subsided as it
cooled, and a carbonate platform developed (Worsley 2008). In Triassic, the sedi-
mentation pattern changed towards siliciclastic rocks, deposited from the east and
southeast (Riis et al. 2008). The second phase of rifting occurred in the Late Juras-
sic—Early Cretaceous as a response to the northward propagation of the Atlantic
(Faleide et al. 2008).

The continental breakup occurring at the Paleocene—Eocene transition was ac-
companied by voluminous magmatism on the Norwegian and East Greenland mar-
gins (Eldholm et al. 2002). The western Barents Sea margin developed in a domi-
nantly shear environment with only minor magmatic activity, with the exception
of the Vestbakken Volcanic Province (Faleide et al. 1993).

Cenozoic tectonic processes in the Svalbard region were closely related to the
structural history of the western Barents Sea margin. The relative motion between
Svalbard and Greenland took place along the NNW-SSE trending Hornsund Fault
Zone. This regional fault zone acted as an incipient plate boundary between the
Barents Sea shelf and the emerging Arctic Ocean. No significant separation between
Svalbard and Greenland occurred until about 36 Ma ago, when the relative plate mo-
tion between Greenland and Eurasia changed and induced an extensional compo-
nent along the initially sheared segments. Late Cenozoic uplift and erosion has re-
moved most of the Paleogene and Cretaceous succession in the northwestern
Barents Sea (Faleide ef al. 1996). The spreading axis in the Greenland Sea is today
represented by the Knipovich Ridge (Fig. 1). The Hornsund Fault, the prominent
tectonic structure which parallels the Knipovich Ridge to the east, can be traced from
just south of Bjgrngya at c. 75°N to about 79°N (Sundvor and Eldholm 1979, 1980).

Seismic model

The seismic crustal model along the transect was compiled from refraction
profiles performed in this area: Profile 8 (Ljones et al. 2004), profile Horsted’ 05
(Czuba et al. 2008), Profile KKL (Minakov et al. 2012) and a 3D crustal model
of the Barents Sea (Levshin et al. 2007; Ritzmann et al. 2007). The location map
of the seismic transect in southern Spitsbergen, between the Knipovich Ridge
and the Barents Sea is shown in Fig. 1 (highlighted by grey bar). For Profile 8
green filled triangles are OBSs numbered from 1 to 10, and green dots are airgun
shots with average distance interval 200 m. For profile Horsted’ 05 red filled tri-
angles are OBSs and land stations (obs and spi, from 11 to 31), red stars are
chemical shots, and red dots are airgun shots with average distance interval
800 m. For Profile KKL blue dots are airgun shots with average distance interval
200 m and blue filed circles are OBSs. Big blue pentagons show the location of
crustal data from the 3D model of the Barents Sea. Geographical coordinates of
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Fig. 1. Location map of the seismic transect in southern Spitsbergen, between the Knipovich Ridge
and the Barents Sea (highlighted by grey bar). COB — continent-ocean boundary (Breivik e al. 1999);
H - Hornsund; HFZ — Hornsund Fault Zone; St — Storfjorden. See text for more explanations.
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Fig. 2. Seismic transect on the topography/bathymetry map of the study area (Jakobsson et al. 2000).
Red ticks with numbers show distance along transect in km. MD — Molloy Deep.
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Fig. 3. Location of the seismic transect on the magnetic map of the study area (Maus et al. 2009).
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Fig. 4. Location of the seismic transect on the gravity map of the study area: free-air anomaly at sea
and Bouguer on land with correction for density of 2.67 g/lcm’ (Kenyon et al. 2008).
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the transect are: ¢y = 75.573°N, A, = 5.8316°E (0 km of transect, southwestern-
most airgun shot) and ¢, = 78.1909°N, A, = 35.8286°E (800 km of transect, grey
X in the northeasternmost end).

The acquisition of the data along the Profile 8 was performed in August 1998
using R/V Hakon Mosby (Ljones et al. 2004). Four Bolt 1500 C air guns with a to-
tal volume of 77.66 1 were used as a seismic source. The shots were triggered by a
Differential-GPS navigation system with one shot every 200 m. Ten analogue
ocean bottom seismometers (OBS) were used to record the seismic data. Apart
from refraction investigations a single-channel streamer, with a recording length
of 6 s and sample rate of 1 ms, was used along the profile. Near-vertical reflection
data were particularly effective in detailing the sedimentary structure.

Seismic investigations along the Horsted’ 05 profile were performed in August
2005 using R/V Horyzont Il (Czuba et al. 2008). As a seismic sources three airguns
with a total volume of 60 I and an average shot spacing of about 800 m were used,
as well as 26 shots of 25-100 kg TNT charge, with an average spacing of about
5 km and 60 m depth. The seismic energy was recorded in-line by 11 land-stations
deployed onshore and 10 OBSs.

Profile 8 and profile Horsted’05 overlap in the distance range 225-310 km. In
general, good quality recordings at both profiles allowed a detailed study of the
seismic wave field and crustal structure. Both models in the overlapping range
were joined and re-modelled using ray tracing (SEIS83 software package; Cer-
veny et al. 1977; Cerveny and P$encik 1983). Examples of seismic record sections
with re-calculated travel times for the joined transect are presented in Figs 5 and 6,
together with ray diagrams.

A seismic refraction and reflection tomography experiment along Profile KKL
(Minakov et al. 2012) was performed across the igneous province east of Svalbard.
Seismic travel times from 12 OBSs and hydrophones deployed along a 170 km line
were inverted to produce smooth 2D images of the crustal P-wave velocity and ge-
ometry of the acoustic basement and Moho. The crustal thickness is typical for
continental shelf regions (30—34 km) and finger-shaped high-velocity anomalies
(6.7-7.1 km/s) in the lower crust, reaching of 4-12% velocity perturbation, were
obtained. Previously for this area similar Moho depths were reported in compila-
tion of the 3D crustal model of the Barents Sea by Ritzmann et al. (2007), how-
ever, in their model the velocities in the lower crust were significantly higher
(7.4-17.5 km/s). Because of this discrepancy we tested different velocity models in
the distance range 500-800 km along the transect.

The range of Profile 8, Horsted’05 and KKL profiles together with data from
3D crustal model of the Barents Sea (velocity columnes; for location see blue pen-
tagons in Fig. 1) are shown in Fig. 7 (Ljones et al. 2004; Czuba et al. 2008;
Minakov et al. 2012; Ritzmann et al. 2007). The 2D seismic crustal model along
the transect (Fig. 8) is complicated in the western part located near the Knipovich
Ridge. Details of the sedimentary structure are well recognized by the near-verti-
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cal reflection survey (Ljones er al. 2004). Sediments with P-wave velocity of
2.5-4.0 km/s reach the depth of up to 6 km. Below the sedimentary wedge the oce-
anic crust consists of three layers of 1-2 km thickness, with velocities of 4.5—
5.5 km/s, about 6.7 km/s and about 7.3 km/s, respectively. The Moho depth in-
creases from about 8 km near the Knipovich Ridge to about 13 km near the COB.
A high velocity layer (6.7-7.1 km/s) with thickness up to 17 km is modelled in the
lower crust east of the COB in the distance range 250-350 km. The Moho depth in-
creases in this area to a maximum of about 33 km. The central part of the transect is
rather simple, with an upper crustal layer with P-wave velocities in the range of
5.6-6.1 km/s, and a lower crustal layer characterized by P-wave velocities of
6.1-6.2 km/s. The maximum P-wave velocity is modelled at c. 6.3 km/s in the con-
tinental crust in the Storfjorden and Edgegya area, where the Moho depth varies
between 26 and 31 km. The eastern part of the transect (500-800 km) contains a
lower crustal layer with velocities up to 7.1 km/s. In this area the Moho depth in-
creases to a maximum of 36 km.

The P-wave velocity of the uppermost mantle, just below the Moho boundary,
is generally 7.85-7.9 km/s in the oceanic part of the transect and 8.05-8.2 km/s in
the continental part of the transect. The model of the deeper part of the mantle was
built from 3D data (Levshin et al. 2007).

Magnetic and gravity data

Magnetic anomalies in the area of investigations are mostly from -100 to
+50nT (Fig. 3). Positive anomalies over +150 nT are observed west of Hornsund
(76.8°N, 13.0°E), south of Sgrkapp (75.0°N, 19.0°E) and in the Barents Sea west
of Edgedgya (77.2°N, 27.5°E). They have all circular or elliptic shape with 50 to
100 km diameter. Another group of smaller anomalies occurs in the area of Kong
Karls Land. The magnetic anomalies were sampled along the transect from grid
of 2x2 arc min. A global Earth Magnetic Anomaly Grid (EMAG?2) has been com-
piled from satellite, ship, and airborne magnetic measurements (Maus et al.
2009). EMAG? is a significant update of the previous candidate grid for the
World Digital Magnetic Anomaly Map. The resolution has been improved from
3 arc min to 2 arc min, and the altitude has been reduced from 5 to 4 km above the
geoid. Additional grid and track line data have been included, both over land and
the oceans. Wherever available, the original shipborne and airborne data were
used instead of precompiled oceanic magnetic grids. Interpolation between
sparse track lines in the oceans was improved by directional gridding and extrap-
olation, based on an oceanic crustal age model. The longest wavelengths (> 330
km) were replaced with the latest CHAMP satellite magnetic field model MF6.
EMAG? is available at http://geomag.org/models/EMAG?2 and for permanent
archive at http://earthref.org/cgi-bin/er.cgi?s=erda.cgi’m=970.
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Fig. 7. Geophysical data along 2D transect. (a) Magnetic anomalies. (b) Gravity anomalies: free-air
anomaly marked by blue line (Kenyon et al. 2008), Bouguer anomaly marked by thick black line
(Kenyon et al. 2008), Bouguer anomaly measured along Profile 8 marked by green line (Ljones et al.
2004). (c) Bathymetry/topography (Jakobsson et al. 2000). (d) Crustal velocity model along the
transect. Compilation from Profile 8 (limited by dotted green line frame; Ljones et al. 2004), profile
Horsted’ 05 (limited by dotted red line frame; Czuba et al. 2008), Profile KKL (blue lines; Minakov et
al. 2012) and from 3D crustal model of the Barents Sea (velocity columns beneath blue pentagons;
Ritzmann et al. 2007). AB — acoustic basement; H — Hornsund; KR — Knipovich Ridge; St —
Storfjorden; 6.6 and 7.0 — velocity isolines in km/s.
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For gravity modelling the gravity map of the study area was compiled from
free-air anomalies at the sea and Bouguer anomalies on the land (with correction
for density of 2.67 g/cm?) in grid of 5x10 min arc. Public domain gravity grids
were derived from a multitude of sources of airborne, surface and submarine data
in the Arctic (Kenyon et al. 2008). The data, prepared by a working group under
the International Gravity and Geoid Commission, International Association of
Geodesy, are available at http://earth-info.nga.mil/GandG/wgs84/agp/. As seen
from the gravity map (Fig. 4) the transect runs nearly perpendicular to gravity
anomalies, which is convenient for 2D modelling. Gravity anomalies were sam-
pled from the maps every 2 km along the transect. Additionally, a LaCoste and
Romberg sea gravity meter acquired gravity data along Profile 8 and Profile
KKL (Fig. 8b).

Gravity modelling and its petrophysical consequences

Method. — The gravity modelling of the density cross-section related to the
seismic model shown in Fig. 8 was performed using the optimisation concept
(Krysinski et al. 2000; Krysinski 2009). The method postulates construction of some
model density distribution p(x, z) using a reference velocity-density relation p,,(v):

1.02 g/cm’ oceanic water
1.74 [g/cm® km ™41 7" for sediments
Prr ()= 0.328[gem™ km™'s]- (V' —6 km/s) +2.723 g/cm’ incrystalline crust
3.3 g/ecm’ mantle

and corrections which can have separate form in every layer. The parameters de-
fining these corrections are calculated to obtain the best fitting modelled gravity
field to observed Bouguer anomalies, under the condition that the model density
cannot differ from the reference value p,,(v(x, z)) at any point of the cross section
more than assumed density tolerance Ap. The value of the density tolerance should
not be larger than 0.2 g/cm?3 but its exact value for the given case is estimated dur-
ing modelling at the level above which significant improvement of gravity match-
ing is not observed already. In this case the sufficient value of Ap is 0.1 g/cm3. The
current modelling assumes space constant density correction vy, of different value
in every i-th layer in the crust and correction linearly dependent on local velocity
v(x, z) in the mantle o -[v(x, z) — 8 km/s] + [ introducing two additional independ-
ent parameters o and 3.

1.02 g/cm’ oceanic water
p(x,z):= P (V(x,2))+7, crustal segments
P (v(x,2)+o-v(x,2)+P mantle
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The water layer is treated separately due to its well determined density value
1.02 g/cm?3. Due to strong interdependence of the model parameters (y;, o and P) its
determination is strongly instable and only some of them (e.g. o and 3) can be well
determined if they correspond to significant gravity response of recognizable shape.
The use of the density tolerance of small value forces matching of other parameters
at acceptable values near the reference line p,.(v). Because of the mentioned insta-
bility most of resulting density corrections values y; should not be interpreted and
only the parameters y;, which have decisive tendency to be matched at the upper or
lower limit of the allowed zone in the velocity-density diagram, are significant. Ex-
ceptionally, the model density in the mantle (i.e. parameters o and 3) was not limited
at all, because the modelling was aimed to study density features there. The stability
of the mantle parameters determination seemed to be sufficient. The stability is a re-
sult of a clear shape of the model mantle gravity response (related to o and f3), forced
density calibration in the lower continental crust (3.0 to 3.2 g/cm?) and not planar
morphology of Moho and the mantle velocity field (Fig. 8). Taking into account
shape of the mantle gravity field in the presented model one can expect that mod-
elled mantle density values (3.15 g/cm?) for smaller velocities 7.86 to 8 km/s corre-
spond to uppermost oceanic mantle down to 30 km depth. This density is well deter-
mined in the modelling by its contrast to lower continental crust density which is ap-
proximately postulated by the p,.(v) function. However, the resulting mantle veloc-
ity-density correlation a correspond to the deeper mantle (40 to 150 km depth,
Fig. 9) and it reflects general density difference between the oceanic and continental
range. But the determined density in this deeper layer has no absolute calibration and
we cannot be sure whether the value 3.2 g/cm? (for higher velocities) well represent
uppermost continental mantle.

Usually the gravity modelling of a layered seismic model leads to difficulties,
indicating that some density contrasts, not revealed by the seismic model, may ex-
ist along the profile. This problem is resolved by introduction of some approxi-
mately vertical density boundaries cutting the layers and defining a new block
model (Fig. 10), with independent density corrections for each block. The number
of boundaries, their positions and geometry are determined using a long procedure
of trials and errors, which is primarily aimed at improvement of the gravity fitting
(Krysinski et al. 2009b), but it is also to some degree tries to satisfy some tectonic
requirements. The procedure uses simplified stratification of the crust (omitting
subtle layering in the sedimentary section). Usually division into sediments and
consolidated crust is sufficient for the purposes of gravity modelling, when verti-
cal density boundaries are considered. The crystalline crust is divided by the den-
sity boundaries into parts called segments. Neglecting stratification in the consoli-
dated crust is based on the observation that division of crustal segments into layers
having independent density corrections leads (in this type of model) to artificial
vertical density differences.
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Fig. 8. Crustal two-dimensional seismic P-wave velocity model along the transect. In the distance

range 0-500 km the model is based on Profile 8 (Ljones et al. 2004) and Horsted’05 (Czuba ef al.

2008) and in the distance range 500-800 km the crustal model was constructed on the base of the 2D

model along Profile KKL (Minakov et al. 2012). Mantle velocity model is taken from the 3D model
of the Barents Sea (Levshin ef al. 2007).
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Fig. 9. Seismic P-wave velocity model down to 250 km compiled from the crustal model (see Fig. 8)

and the mantle model (Levshin ef al. 2007). The dashed lines show the lithosphere-asthenosphere

boundary (LAB), close to the top of the low-velocity channel in the mantle. In the east it corresponds

to velocity isoline 8.2 km/s at about 100 km depth. In the west it corresponds to velocity isoline
7.96 km/s at about 40 km depth, shallowing to ¢. 20 km below the Knipovich Ridge.

The divisional procedure and standard gravity modelling of the crust use a ve-
locity model limited to shallow mantle depths (e.g. 40 km) and it applies a sub-
stitutive model of sub-crustal density distribution compensating the uneven crustal
load according to the principle of isostasy (Krysinski et al. 2000; Krysiriski 2009).
This approach allows to estimate the characteristic depth position (here 70 to
90 km) of leading subcrustal horizontal density contrasts and the distribution
along the profile, using analysis of the residual diagram (Krysifiski 2009). At the
beginning tests using standard modelling (without deeper mantle structure), both
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the characteristic depth and horizontal distribution of the reconstructed compensa-
tion density structures turn out to be accordant with velocity model of the upper
mantle below the profile (Fig.9). The velocity model contain a thick layer of
strong horizontal velocity variations (down to 150 km depth) with the same aver-
age depth of 80 km and general trend as the oceanic to continental change of the
density of compensation masses. This similarity shows efficiency of the isostatic
concept in reconstruction of the leading subcrustal density sources. But the accor-
dance between the velocity field morphology and the predicted density compensa-
tion suggest the possibility of directly introducing the mantle velocity model into
the gravity modelling instead of the substitutive model of compensation. The final
model being presented here uses the mantle velocity distribution down to 180 km
depth, below which the velocity distribution becomes flat and horizontal and this
deeper part introduces nothing into the gravity modelling. In this model no addi-
tional density compensation was applied.

Density boundaries and crustal segments. — The divisional analysis (Kry-
sifski et al. 2009b) provides strong constraints concerning the position and sug-
gested declinations of the main density boundaries (A, B, C) along the profile
(Fig. 10). A represents the COB, B is the eastern limit of the HFZ, C represents the
eastern boundary of the West Spitsbergen Fold-and-Thrust Belt, and D intersects
the crystalline basement at a major suture zone, corresponding to the Billefjorden
Fault Zone at the surface. The other boundaries have less obvious links to geologi-
cal features, but should be included in order to obtain a satisfactory gravity fit.
Some of these weaker boundaries (D, E, F, a, B, v, 0, &, ¢) may represent useful
corrections of the seismic model or they can reflect offline (3D) effects.

The most significant density boundaries A and B along the profile represent
the continent ocean boundary (COB) and the HFZ, respectively. The striking and
very stably determined feature of this zone is its increased density in relation to the
reference velocity-density function p,,(v) (Figs 11, 12 and 13; layer 10, gray). The
decisive density excess can be recognised as its matching at the upper limit of the
allowed density zone and keeping a high position while density tolerance Ap be-
come larger than 0.12 g/cm?. The excess has large average value despite it was at-
tributed to the whole crust within the transitional zone with steepest Moho gradi-
ent, but locally the real excess can have larger value. With respect to the small size
(50 km wide) of the transitional zone and complexity of the velocity distribution
morphology, some underestimation of seismic velocity (or imprecision of high ve-
locity body shape leading to underestimation of high-velocity material volume)
above the lower crustal body (LCB) can also be possible. Nevertheless, the proper-
ties of this layer (segment AB) have a specific position in the velocity-density dia-
gram (Fig. 13, layer 10). This upper part of the allowed zone for crystalline crust in
the velocity-density diagram, can correspond to mafic/ultramafic or high-grade
metamorphic rocks (Gebrande 1982). The position might suggest that magmatic
processes that occurred there during the final rift phase (break-up) led to increase
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Fig. 10. The division of the crust into density blocks. (a) Bouguer anomaly. (b) Density boundaries

with use of 120 divisions (Krysinski ez al. 2009b); light colour intensity is proportional to efficiency

of division. (c) The crustal model with six boundaries in oceanic segment (a, 3, v, 9, €, @), strong den-
sity boundaries (A, B, C), and weaker boundaries (D, D’, E, F) in the continental crust.

of relative density, and that these processes are not limited to contamination of the
continental crust by dense ultramafic material of Laurentian mantle or by material
of lower crustal origin (high-velocity lower crust, LCB). In the case of such mixing
the resulting material would have average properties (between standard crystalline
crust and mantle properties) and average position in the velocity-density diagram,
being situated below the central line p,.(v) (Fig. 13). In the neighbouring crustal
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Fig. 11. The resulting density distribution p(x, z) and modeled gravity field (red line) compared to ob-

servation (black line) and field related to velocity model converted to density using the assumed ref-

erence function p, (v). The differences between model gravity field and observation are drawn as blue

line. The resulting density distribution has small changes in the mantle and its subtle details are illus-
trated in Fig. 12.

segment, limited by boundaries B and C (West Spitsbergen Fold-and-Thrust Belt,
WSFTB), a distinct deficiency of relative density was found. Some additional tests
show that the density deficiency has generally upper-crustal position. This result
might suggest that the upper-crustal the low-velocity massive (distance 275-330
km) has probably significantly deeper roots, deeper than than 5 km, as indicated in
the seismic model.

Features of the mantle density. — The resulting dependence of the mantle
density on local P-wave velocity 0.12 kg-s-m* denoted by o (Fig. 13), refers
mostly to the horizontal velocity-density correlation because the possible vertical
interdependence has no gravity response. In our case the resulting o value de-
scribes the general horizontal difference between oceanic and continental mantle
in the layer between 40 and 150 km depth (Fig. 12).

These horizontal differences can be controlled by temperature or petrological
differences (Romanyuk and Mooney 2007; Romanyuk et al. 2007). The determina-
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tion and discussion of a on gravity grounds is possible when significant horizontal
differences of velocity occurs along the profile, like in our case. The assumption that
the effect has thermal nature would suggest that o would have a value of about
0.2 kg-ssm* (p,,y-(0v/OT )! where mantle density p,, = 3.3 g/cm3, volume thermal
expansion coefficient v~ 3.3-10 K-! (Parsons and Sclater 1977) and ov/0T =
-0.5-103 km-s!-K-! (Christensen and Mooney 1995). Mineral control for the correla-
tion may provide values of o between 0 and 0.4 kg-s-m, according to different con-
cepts of dominant composition of the uppermost mantle and possible differences be-
tween continental and oceanic mantle. The larger values 0.3-0.4 kg-s-m would cor-
respond to oceanic and continental Precambrian crust (Birch 1964; Christensen and
Mooney 1995, linear model), but so large value can be observed only in the upper-
most mantle in the close vicinity of Moho when some mixing of mantle and crustal
material occurs. Although eclogite is not preferred as an important component of the
mantle in contemporary concepts, it should be noted that the o value corresponding
to gabbro-eclogite transformation 0.4 kg-s-m* (Romanyuk et al. 2007) is also large.
A weaker dependence (o between 0 and 0.1 kg-s-m*) with respect to changes of de-
pletion degree is preferred in petrological studies for the asthenospheric and litho-
spheric mantle (Anderson and Bass 1984; Duffy and Anderson 1989; Jordan 1978,
1981; Sato er al. 1988, 1989; Sato and Sacks 1989).

Weak density dependence on velocity in the mantle is proposed by Christensen
and Mooney (1995; alternative nonlinear model). Such flat behaviour of mantle den-
sity was noted earlier by Dortman et al. (1984; after Plewa and Plewa 1992) basing
on a large number of continental samples well represented in the velocity-density di-
agram.

The discussion of the a value is not straightforward because due to the inter-
play of different types of phenomena controlling velocity-density correlation. The
thermal anomalies are not necessarily correlated with compositional changes, thus
the horizontal variations of the density possibly does not correlate perfectly witch
velocity variations. Also depletion of peridotite is likely not the only compo-
sitional variation present in the mantle and one can expect different types of peri-
dotites below younger continents (Phanerozoic), older continents (Precambrian)
and ocean. In such case also rather small values of o are expected. Nevertheless,
the results of the present gravity modelling (o = 0.12 kg-s-m*; Fig. 13) suggest
that the horizontal differences are dominated by mineralogical changes with par-
ticipation of the thermal effect. The thermally controlled density changes can have
comparable amplitude being better reflected in density than in the velocity field.
Significant compositional differences are suggested by the large range of horizon-
tal velocity variation, which has value about 0.4 km/s at 80 km depth level. This
velocity change would correspond to about 800 K temperature differences in ho-
mogeneous mantle, which is not expected at this depth. Despite of interpretation
difficulties, the resulting o has reasonable values, showing that gravity studies of
the velocity-density correlation in the mantle are possible. In general, gravity mod-
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elling using one long profile is not sufficient for providing stable results when ma-
jor density features are studied. For better estimations one should use a larger
amount of case studies in the given region, or a collection of profiles in joint mod-
elling (Krysinski et al. 2009a).

The resulting values of the mantle density are low, having visible tendency to
be comparable with the lower-crustal values. In the case of strongly varying Moho
depth, the determination of the density in the uppermost mantle is strongly de-
pendent on the density attributed to deepest continental crust. In this case, low
mantle density is observed despite high densities in the lower continental crust
were forced by the reference relation p,.(v). The resulting mantle density value
(3.15 g/cm?) corresponding to the lowest mantle velocities (7.86 to 8 km/s) refers
to the uppermost young oceanic mantle (10 to 30 km depth). The highest density
values 3.2 g/cm3 would correspond to continental mantle, but the value is not cer-
tain because of lack of absolute density calibration at depths larger than 40 km (the
deepest Moho). Nevertheless, the tendency toward low mantle density (less than
3.2 g/em?) is frequently observed in gravity modelling in Phanerozoic and upper-
most Proterozoic areas like in Central and Western Europe, as opposed to Precam-
brian areas of the East European Craton (densities 3.3-3.4 g/cm?), when it is based
on estimates of the mantle density without prejudges defined by some reference
function p,,(v) (Krysiriski et al. 2009a).

Geological interpretations

In this section we will interpret the final geophysical transect in terms of rock
types, ages and geodynamical evolution. Our geological and petrophysical inter-
pretations of the profile are shown in Figs 14 and 15.

Oceanic crust and COB.— Oceanic crust formed at the Knipovich Ridge are
found from the western end of the transect to the COB. The magmatic crust is over-
lain by a sedimentary cover up to 5 km thick. Roughly the uppermost half of this
layer consists of glacial sediments deposited the last c. 2.5 Ma (Ljones et al. 2004),
whereas the rest of the layer represents older Cenozoic sedimentary rocks. The
thickness of the three layered magmatic crust varies between about 6 and 8 km.
Similar variations have been observed elsewhere in the area, and is generally inter-
preted in terms of fluctuations between magmatic cells causing relatively thick
crust, and amagmatic areas dominated by extension and to some extent serpen-
tinisation of the upper mantle (Ljones et al. 2004).

The COB outlines the western boundary of the narrow, 40-50 km wide transi-
tion (distance 230-270 km) from clear oceanic crust (6.7-7.3 km/s, and densities
relatively close to the reference values) to continental crust with significantly
lower values (velocity c. 6.1 km/s, with density deficiency in WSFTB; Fig. 15). In
the transitional zone a significant excess of density (of order 0.12 g/cm? in aver-



www.czasopisma.pan.pl P N www.journals.pan.pl
S

POLSKA AKADEMIA NAUK

130 Lech Krysifiski et al.

O T T T T T T T T T T T T T T
Pyr Ecl Dunite

10 |- ]
<& Pyroxenite
O Mafic Eclogite 7
O Dunite
20 ]

Depth [ km]
8
T

40 -

50

7.0 7.5 8.0 8.5
P-wave velocity [ km/s ]
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1995). Pink and blue areas show range of Vp velocities observed beneath the transect in the oceanic
and continental uppermost mantle, respectively.

age) is observed in the crystalline crust, which suggests presence of mafic/ultra-
mafic and metamorphic rocks. The margin is usually narrow in this region, domi-
nantly affected by shear movements along Hornsund Fault Zone (Ljones et al.
2004), but our profile is also influenced by mafic intrusions indicating extension.
Similar narrow transition has been documented further to the north (Ritzmann et
al. 2003, 2004), and to the south (Breivik ef al. 2003; Libak et al. 2012), along the
same margin.

Sedimentary succession. — The COB marks the western boundary of the HFZ
representing the system of strike-slip faults active during Early Cenozoic. The HFZ
combined with later extension led to a system of grabens and horsts along the conti-
nental shelf. The West Spitsbergen Fold-and-Thrust Belt (WSFTB) is located imme-
diately to the east of the HFZ. The WSFTB is a result of the Early Cenozoic
trans-pressional movement along Spitsbergen, leading to the vertical strata that pres-
ently can be observed for example in the westernmost part of Van Mijenfjorden (e.g.
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Dallmann 1999). The strata within the WSFTB are of Silurian—Triassic age, and the
zone is bounded to the east by the marked boundary EB1.

The uppermost layer between EB1 and Edgegya is formed by Jurassic—Creta-
ceous (JC) sedimentary rocks. The velocities in this layer range from about 3.5 km/s
to 5.0 km/s. The layer below (DT) expresses significantly higher velocities; 5.5-5.7
km/s and from exposures on Edgegya it is known that its uppermost part consists of
Triassic rocks. The deepest parts of the layer may consist of Devonian sedimentary
rocks. This layer is underlain by a layer with velocities ranging from about 5.8 km/s
to 6.0 km/s. We interpret this unit (HHD) as metamorphosed Hecla Hoek Basement
representing Late Proterozoic to Silurian rocks (e.g. Dallmann 1999). It is possible
that the uppermost part of the unit consists of Devonian sedimentary rocks. The up-
permost layer east of Edgedya expressing velocities in the range 4.5 km/s to
5.1 km/s, is interpreted as Devonian—Cretaceous (DC) deposits, mixed with Early
Cretaceous volcanic rocks exposed immediately to the north at Kong Karls Land
(KKLVP; Minakov et al. 2012). The relatively low velocities and velocities in this
layer suggest that it dominantly consists of Cretaceous—Jurassic successions.

Continental crust and Caledonian suture. — Our interpretation of the top of
the crystalline, continental crust follows the 6.1 km/s contour east of the COB. The
continental crust can be divided in three areas: a western area with up to 29 km
thick crust having general deficiency of density (in relation to the reference func-



www.czasopisma.pan.pl P N www.journals.pan.pl

I

132 Lech Krysinski et al.

tion p,.(v)) located mostly at the upper part of the Laurentian crystalline crust and
a high velocity layer (6.8-7.1 km/s) in the lower crust (LCB — lower crustal body),
a central area with significantly thinner crust (18-21 km) and absence of a lower
crustal high-velocity/density layer, and an eastern area with the same velocity
characteristics as the western area, but relatively normal (close to reference func-
tion p,.(v)) densities in contrast to the density anomalies within the HFZ and
WSFTB zones (segment AB).

Along an OBS profile about 200 km south of our transect, Breivik et al. (2003)
identified the main crystalline suture zone between the two lithospheric plates,
Laurentia and Barentsia, active during the formation of the Caledonides. Primarily
based on potential field data, they traced the suture zone northwards in Storfjorden
and along Billefjorden, Spitsbergen (Breivik ef al. 2005). Our transect seems to
confirm this interpretation. The reverse fault (suture) as indicated in Fig. 15 has
been subject to extensional reactivation, but the upper plate (Laurentia) thickened
by stacking of thrust sheets is still at present significantly thicker than the lower
plate. Following this interpretation, the HHD unit dominantly represents basement
involved thrust sheets (nappes). The interpretation of the suture zone is further-
more supported by the down-to-the-west dipping crustal velocity iso-chrons,
which was also observed by Breivik et al. (2003).

Due to its direct link with the volcanic rocks observed at Kong Karls Land, the
LCB in the eastern part of the transect can most likely be related to magmatic
intrusives. Minakov et al. (2012) linked the Early Cretaceous magmatism in this
area to the generation of the Alpha Ridge, which Lawver and Muller (1994) related
to the Siberian—Icelandic hotspot. The magmatism near Kong Karls Land appears
to have been controlled by Paleozoic fault zones, and it was not accompanied by
significant crustal thinning (Minakov et al. 2012). Assuming constant thickness of
the main crustal layer for the Barentsia plate implies that about two-thirds of the
LCB represents magmatic rocks emplaced in Early Cretaceous, the remaining part
being older crustal rocks.

It is unlikely that the LCB located west of the suture zone can be related to the
presence of serpentinized peridotites, as efficient fluid circulation would have been
hampered by the > 15 km thick overlaying crust (Mjelde et al. 2003). The LCB may
thus be interpreted in four different ways: (1) high-grade metamorphic rocks related
to the formation of the Caledonides (Caledonian hypothesis); (2) emplacement of
Early Cretaceous magmatic rocks (Cretaceous hypothesis); (3) magmatic rocks re-
lated to the Cenozoic continental break-up (Cenozoic hypothesis); (4) high-velocity
lower crust of the Laurentian segment (of basically Precambrian age).

Breivik et al. (2003) found evidence for emplacement of high-grade metamor-
phic rocks, manifested as > 8 km/s rocks interpreted as eclogites formed during the
continent-continent collision. It is possible to interpret the LCB in our transect as
eclogites retrograded by fluids circulating during continent-continent collision.
However, in this case we would have expected to observe the LCB also in the
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Breivik et al. (2003) model. Its absence there leads to the conclusion that the Cal-
edonian hypothesis is not very likely.

It can probably be excluded that the LCB represents break-up magmatism re-
lated to a mantle plume, since this ought to have led to higher velocities (7.2—
7.5 km/s; Mjelde et al. 2008). Enhanced (normal temperature mantle) break-up
magmatism may be caused by e.g. small-scale convection (Buck 1986), but if im-
portant in our case, such non-plume mechanisms ought to have been active along the
entire margin segment. Since the LCB is observed landward of the COB further to
the north (off northern Spitsbergen, Kongsfjorden and Van Mijenfjorden; Ritzmann
etal. 2003,2004; Czuba et al. 2005), but not further to the south (Breivik ef al. 2003;
Libak et al. 2012), we conclude that also the Cenozoic hypothesis is unlikely.

The LCB west of the suture zone has geophysical characteristics very similar
to that of the Kong Karls Land LCB. Since the western LCB is observed for all
available profiles north of our transect, we propose that the LCB is most likely re-
lated to Early Cretaceous magmatism channelled from the Arctic source south-
wards along the proto-Hornsund zone of weakness. The absence of the LCB along
the Breivik er al. (2003) profile, suggests that the body terminates southwards
around Sgrkapp (Fig. 1).

The high-velocity LCB belongs to the Precambrian Laurentian segment of the
profile. Such high-velocity lower crust is a typical feature of Precambrian crystal-
line crust, together with its larger thickness and three layered structure (e.g. Moo-
ney et al. 1998; Grad et al. 2006). It is thus possible that the characteristics of the
LCB west of the suture zone represent inherited, Laurentian processes.

Upper mantle. — The results of the gravity modelling show relatively weak cor-
relation of the density with seismic velocity in the upper mantle o ~ 0.12 kg-s-m™.
The value suggests that the horizontal differences between oceanic and continental
mantle are dominated (in terms of o value) by mineralogical changes like these
caused by differences of depletion degree, but thermal effect is also present. The ther-
mally controlled density changes can have comparable amplitude being better re-
flected in density than in the velocity field. Significant compositional differences are
suggested also by large range of horizontal velocity variations.

The resulting values of the mantle density are generally low in comparison to
some standard value 3.3 g/cm? represented by the reference function, and these
low values refers to young uppermost mantle. Nevertheless, such low values are
also noted in gravity modelling in continental areas of Phanerozoic age like in
Central and Western Europe, strongly affected by young rift processes (e.g.
Dérerova et al. 2006; Krysinski et al. 2009a).

The velocities and densities in the lithosperic upper mantle varies from mini-
mum values of 7.85 km/s density 3.15 g/cm? beneath the oceanic crust to maxi-
mum values of 8.24 km/s density 3.2 g/cm? beneath the magmatic province in the
eastern part of the transect (Fig. 14). The high values beneath the magmatic prov-
ince may be interpreted in terms of low heat-flow and composition dominated by
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dunites, an olivine-rich residue resulting from significant melting exhausting both
clinopyroxene and orthopyroxene from the melt (Lee 2003). The lower values in
the oceanic upper mantle lithosphere suggest composition dominated by primitive
peridotites (lherzolithes) having experienced minor amounts of melt extraction.
These peridotites contain significant amounts of clinopyroxene, orthopyroxene
and plagioclase in addition to olivine.

This interpretation is supported by the observations and modelling of Chris-
tensen and Mooney (1995). P-wave velocity versus depth for three candidates for
mantle material: pyroxenite, mafic eclogite and dunite are shown in Fig. 14. Fol-
lowing Christensen and Mooney (1995), velocity-depth relations are shown for
three heat flow regimes: high, average and low, marked in red, grey and blue, re-
spectively. Pink and blue areas show range of Vp velocities observed beneath the
transect in the oceanic and continental uppermost mantle, respectively. This com-
parison suggests pyroxenite composition of the uppermost oceanic mantle, and du-
nite composition beneath continent.

Conclusions

The main part of the transitional zone between oceanic and continental crust,
where the thickness of the crystalline crust increases systematically from about 7 to
almost 30 km, is well imaged in the seismic model (at distance 230-270 km). The
zone is limited by two distinctive boundaries (A and B), where large horizontal den-
sity contrasts occur in the crust. The crust within the transitional zone has significant
excess of density (more than 0.1 g/cm? relative to the reference function) character-
istic for mafic/ultramafic and high-grade metamorphic rocks, what suggests in-
volvement of ultramafic material in magmatic processes during the rifting.

The velocity model of the upper mantle allows for successful direct description
of subcrustal isostatic compensation, using assumption of approximately linear
correlation between velocity and density. The estimated low value of correlation
between density and velocity in the mantle 0.12 kg-s-m* suggests that horizontal
density differences between oceanic and continental mantle would be dominated
by compositional changes with some participation of thermal effects. The result-
ing o has reasonable value showing that gravity studies of the velocity-density cor-
relation in the mantle are possible.

The velocities and densities in the lithosperic upper mantle varies from mini-
mum values beneath the oceanic crust to maximum values beneath the magmatic
province in the eastern part of the transect. The high values beneath the magmatic
province may be interpreted in terms of low heat-flow and composition dominated
by dunites. The lower values in the oceanic upper mantle lithosphere suggest com-
position dominated by primitive peridotites having experienced minor amounts of
melt extraction.
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