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Abstract: This paper presents a review of geophysical studies of the crust and the lithosphere-
asthenosphere boundary (LAB) in the ocean-continent transition in the area of Spitsbergen (Svalbard
Archipelago) in high Arctic. Over last decades many investigations were performed during Polish
geophysical expeditions, as well as in the framework of international cooperation with scientists from
Germany, Japan, Norway and USA. We compiled here existing seismic, gravity and thermal models
down to LAB depth along the 800 km long transect extending from the actively spreading Knipovich
Ridge, across southern Spitsbergen to the Kong Karls Land Volcanic Province. The results of all
methods are very consistent, although they are sensitive to different physical parameters: seismic wave
velocities, densities and thermal. The thinnest lithosphere of only 12 km is found beneath the
Knipovich Ridge. Only 50 km to the west and 50 km to the east of the ridge the LAB depth increases to
about 30 km, and this value corresponds to the oceanic structure of the North Atlantic Ocean. Beneath
southern Spitsbergen the LAB depth is about 55 km and increases to 90-100 km beneath continental
structure of the Barents Sea. The uplift of the LAB close to distance of 700 km along transect could be
correlated with Kong Karls Land Volcanic Province.
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Introduction

The first Polish Arctic expedition was organized during the 2nd Polar Year
1932-1933. Expedition was sent to Bear Island (Bjerneya) and during 13 months
stay the program included a variety of meteorological and geomagnetic studies.
Geophysical and geological studies of the Svalbard were continued during 3rd
International Geophysical Year 1957—-1958. In 1957 Polish scientific station was
built at Isbjernhamna, Hornsund, Southern Spitsbergen (Birkenmajer 1992). This
permanent base operates to this day. Over next few decades many of in-
vestigations were done by Polish expeditions, as well as, in the framework of
international cooperation with scientists from Germany, Japan, Norway and USA
(e.g. Mitchell et al. 1978; Sellevoll 1982). Extensive geophysical studies in the
area of southern Svalbard were performed also during 4th International Polar
Year 2007-2008 (e.g. Grad et al. 2015).

In this paper we present a compilation of geophysical studies of the crust,
lithosphere and the lithosphere-asthenosphere boundary (LAB) along 800 km
long transect crossing through the ocean-continent transition in the area of
southern Spitsbergen. The transect crosses the Knipovich Ridge in the Northern
Atlantic, the continent—ocean boundary (COB), the Hornsund Fault Zone (HFZ),
Serkapp, Storfjorden, Edgeoya and Kong Karls Land Volcanic Province in the
western Barents Sea continental platform (Fig. 1, 2). This region has been studied
by many geophysical surveys, including active and passive seismic experiments,
gravity, magnetic and geothermal investigations (e.g. Vogt et al. 1979; Taylor
et al. 1981; Sellevoll 1982; Davydova et al. 1985; Faleide et al. 1991; Crane
et al. 1988, 1991; Dallmann 1999; Klingelhofer et al. 2000a, b; Mjelde et al.
2002; Breivik et al. 2003; Ljones et al. 2004; Czuba et al. 2008; Kenyon et al.
2008; Maus et al. 2009; Grad et al. 2015; Klitzke et al. 2016).

Study area

Spitsbergen is the largest, mountainous island of the Svalbard Archipelago
and the highest point is Newtontoppen 1713 m a.s.l. Approximately 60% of
archipelago is covered by snow and ice. The archipelago is enclosed by seas: the
Norwegian Sea, the Greenland Sea, the Barents Sea and the Arctic Ocean (Fig. 1,
2a). Most of the area around Svalbard has a water depth about 250 m (Fig. 2).
In the area west of Spitsbergen, in the continental shelf the water depth is increasing
to about 20002500 m. The deepest parts are in the rift valley of the actively
spreading Knipovich Ridge (about 3000 m) and the Molloy Deep (about 4000 m).

The geological succession of the Svalbard Archipelago in general can be
divided into three divisions: the ancient basement (Precambrian and Early
Palaeozoic), non-metamorphosed sedimentary rocks (Late Palacozoic to
Tertiary), and young, unconsolidated Quaternary sediments (Dallmann 1999).
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Fig. 1. Location map of the transect in southern Spitsbergen (Svalbard Archipelago), between the
Knipovich Ridge and the Barents Sea (highlighted by grey bar). COB — continent—ocean boundary
(Breivik et al. 1999); H — Hornsund; HFZ — Hornsund Fault Zone; LS — Logachev Seamount;
St — Storfjorden. Geographical coordinates of the transect are: ¢y = 75.573°N, Ao = 5.8316°E (0 km
of transect in southwest) and @ggo = 78.1909°N, Agoo = 35.8286°E (800 km of transect, the
northeastern-most end). Color lines are seismic profiles: Profile 8 (green), Horsted’05 (red), KKL
(deep blue) and data from 3D crustal model of the Barents Sea (grey). Compiled from (Ljones ef al.
2004; Czuba et al. 2008; Minakov et al. 2012; Ritzmann ef al. 2007). Study area is shown in insert.

The crystalline basement of the western Barents Sea is related to the collapse
of the Caledonian mountain range (e.g. Doré 1991). During Silurian time the
Baltica—Laurentia collision was followed by several rifting events. As the rifting
stopped, the Barents Shelf subsided as it cooled, and a carbonate platform
progressively developed (Worsley 2008). In the Triassic, the sedimentation was
dominated by siliciclastic rocks (Riis et al. 2008). The second main phase of
rifting in the Late Jurassic—Early Cretaceous was related to the northward
propagation of the Atlantic (Faleide ef al. 2008). The relative motion between
Svalbard and Greenland during the Mesozoic and Early Cenozoic occurred along
the Hornsund Fault Zone (Fig. 1). This regional fault zone can be traced from just
south of Bear Island to northern Spitsbergen (Sundvor and Eldholm 1979, 1980)
and acted as an incipient plate boundary between the Barents Shelf and the
northward propagating Arctic Ocean. The continental breakup of the Arctic
occurred at about 53 Ma ago and was accompanied by magmatism on the
Norwegian and East Greenland margins (Eldholm ef al. 2002). No significant
separation between Svalbard and Greenland occurred until about 36 Ma ago,
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when the relative plate motion between Greenland and Furasia induced an
extensional component along the initially sheared margin segments. Late
Cenozoic uplift and glacial erosion has removed most of the Paleogene and
Cretaceous succession in the northwestern Barents Sea (Faleide ef al. 1996). The
spreading axis is today represented by the Knipovich Ridge (Fig. 1).

Magmatic intrusions are visible in magnetic anomalies map (Fig. 2b; Maus
et al. 2009). Magnetic anomalies are mostly from —100 to +50 nT. Positive
anomalies over +150 nT are observed west of Hornsund, south of Serkapp and in
the Barents Sea west of Edgeaya. They have circular or elliptic shape with 50 to
100 km diameter. Another group of smaller anomalies occurs in the area of Kong
Karls Land (Maus et al. 2009; Krysinski et al. 2013). Interesting map for the
Greenland Sea, Barents Sea and Arctic Ocean shows magnetic anomalies around
Spitsbergen (Minakov et al. 2012). In the Arctic Ocean symmetrical, regular
linear magnetic anomalies are perfectly seen for the Gakkel Ridge, Nansen Basin
and Amundsen Basin. On the other hand, nothing of such a pattern is seen in the
Greenland Sea, along Knipovich Ridge, where anomalies look rather similar to
“random” anomalies in the Barents Sea.

The gravity map of the study area was compiled from free—air anomalies
at the sea and Bouguer anomalies on the land with a correction for density of
2.67 glem® (Fig. 2c; Kenyon et al. 2008; https:/earth-info.nga.mil/GandG/
wgs84/agp/readme.html. The transition from ocean to continent (COB and HFZ)
is well seen in that gravity map. The oceanic part is characterized by gravity
anomalies from +20 to +60 mGal, with exception of a band of 0 mGal values
along the central part of Knipovich Ridge. Anomalies larger than 50 mGal are
observed along the whole COB range, with values up to 125 mGal south of
Serkapp. The western Barents Sea is characterized by gravity anomalies from
—20 to +20 mGal (Kenyon et al. 2008; Krysinski et al. 2013).

Seismicity of the area

Instrumental observations of the seismicity in the European sector of the Arctic
region are carried out by a number of seismic services and networks. These include
the Norwegian seismological center NORSAR with a dense seismic network and
seismic arrays in Scandinavia and on Svalbard (http://www.norsardata.no),

Fig. 2. Transect on the topography/bathymetry map of the study area (A; Jakobsson et al. 2000),
magnetic map (B; Maus et al. 2009) and gravity map (C; Kenyon et al. 2008). In the topography/
bathymetry map ticks with numbers show distance along transect in km. HSPBB — seismic
broadband station which operates in Polish Polar Station Hornsund; LS — Logatchev Seamount;
MD — Molloy Deep. Thick red bar shows “fast” polarization of SKS phases which is near parallel
to the border between the continental and oceanic crust (a = 151.8°). Gravity map is a free—air
anomaly at sea and Bouguer anomaly on land with correction for density of 2.67 g/cm® (Kenyon
et al. 2008).
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universities in Bergen and Oslo, and Russian Arkhangelsk seismic network (http://
fciarctic.ru/index.php?page=geoss). The recent seismicity data of the area are based
on NORSAR and Arkhangelsk seismological networks and were compiled in the
unified catalog for 1995-2015 (Antonovskaya et al. 2018). The NORSAR network
monitors the area of the Mons and Knipovich ridges and Svalbard, whereas the
Arkhangelsk network monitors the area of the Gakkel Ridge, Franz Josef Land, and
Novaya Zemlya. The catalog contains seismic events from the European sector of
the Arctic ranging from 0.9 to 6.2 in magnitude.

One of the largest intraplate events ever to be instrumentally observed in
Arctic was the 21 February 2008 Svalbard earthquake, with magnitude M = 5.9,
It originated by the activation of an oblique-normal fault at a depth of 15+5 km in
the lower crust below Storfjorden, just beneath the transect, at distance 400 km
(Fig. 3). The main shock initiated a rich aftershock sequence (Pirli et al. 2010).
The main earthquakes cluster is located along the central axis of the Mid-Atlantic
Ridge (Mons, Knipovich and Gakkel ridges). Much weaker seismic activity was
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Fig. 3. Transect on the background of seismicity map of Svalbard. Gray circles show locations of
epicenters between 1990 and 2007 according to International Seismological Centre (ISC), with
epicenter of the 21 February 2008 main event (Mw=5.9) indicated with a star. The solid red line on
Spitsbergen denotes the Billefjorden fault zone, the dashed red line is Lomfjorden fault, and in their
southern termination the dashed red rectangle shows seismic region of Heerland. White squares
show locations of seismic stations in the study area. Modified from Pirli ez al. (2010).



www.czasopisma.pan.pl P@N www.journals.pan.pl
<D
S~

Geophysical properties of Svalbard ocean-continent transition 7

recorded in the Barents Sea and in the Novaya Zemlya fold zone. This seismicity
reflects mostly the impact of spreading processes and transform movements.

An interesting pattern of local seismicity was studied in the area of the
Logachev Seamount located in the Knipovich Rift valley (Fig. 1 and 2), some
100 km north from the transect (Jokat et al. 2012). Observed earthquakes along
the Knipovich ridge axis occur there as deep as 25 km. This may be related to
cold lithosphere beneath the ultraslow spreading Knipovich Ridge that may lead
to brittle behavior potentially down to depths of 25 km below sea-level.
However, a prominent zone in the upper mantle underneath Logachev Seamount
lacks any earthquakes deeper than 13 km. This depth represents the position of
the boundary between brittle and ductile deformation and corresponds to depth
of 600°C isotherm. Seismic gap beneath Logachev Seamount can be an indicator
for melt process at an ultraslow mid-ocean ridge (Schlindwein et al. 2013).

Seismic models of the crust and upper mantle

A two—dimensional crustal P—wave velocity model along the transect was
compiled from several projects (Fig. 4a). In the distance range 0—500 km the
model is based on Profile 8 from Ljones et al. (2004) and profile Horsted’05 from
Czuba et 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 from Minakov et al.
(2012). The mantle P—wave model is taken from a regional 3D model of the Barents
Sea (Levshin et al. 2007). The compilation of the crustal and mantle structure down
to 250 km depth is shown in Figs. 4b and ¢ (Krysinski et al. 2013).

The crustal 2D seismic model (Fig. 4a) documents 6—8 km thick oceanic crust
formed at the Knipovich Ridge, a distinct continent—ocean boundary (COB), the
eastern boundary of the dominantly sheared Homsund Fault Zone (HFZ), and the
eastern boundary of the Early Cenozoic West Spitsbergen Fold—and—Thrust Belt
(WSFTB). The Billefjorden Fault Zone (BFZ) and the main Caledonian suture zone
between Laurentia and Barentsia is interpreted based on variations in crustal
thickness and velocities (Breivik et al. 2003; Krysinski et al. 2013). The continental
crust beneath the Barents Sea is 28—35 km thick. Teleseismic records of the
permanent seismic broadband station HSPBB which operates in the area of the
Polish Polar Station Hornsund provided data for receiver function (RF) and SKS
phase splitting studies (Wilde-Piorko et al. 2009). The results of the RF analysis
agree well with structure obtained by refraction seismic studies beneath HSPBB
station (Czuba et al. 2008), namely south—west dipping basement (at about 7 km
depth) and Moho depth of about 32 km.

In the oceanic uppermost mantle P velocities are about 7.85 km/s, while the
continental uppermost mantle expresses higher velocities, about 8.25 km/s (Fig. 4b).
A zone of decreased velocity may represent the LAB. Below ocean LAB depth is
20—50 km, and 80—100 km beneath the continent. Vertical profiles are shown every
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Fig. 4. Seismic P—wave velocity model along the transect. (A) Crustal two—dimensional P—wave
velocity model (Ljones et al. 2004; Czuba et al. 2008; Minakov et al. 2012; Krysinski et al. 2013).
(B) Mantle model down to 250 km compiled from Levshin et al. (2007), Czuba et al. (2008) and
Krysinski et al. (2013). (C) One—dimensional P—wave velocity models of the mantle; velocity scale
is shown for first curve (000) — next are shifted by Dx corresponding to distance 50 km.
H — Hornsund; HFZ — Hornsund Fault Zone; KnR — Knipovich Ridge; LAB — lithosphere
—asthenosphere boundary; St — Storfjorden. LAB in the east 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.
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50 km along the transect to better illustrate the low velocity zone (Fig. 4c). Two
—dimensional S—wave velocity models of the uppermost mantle along the transect
are shown in Fig. 5. The Vs cross-section was extracted from 3D shear-wave
velocity model S2.9EA of the upper mantle beneath Eurasia (Kustowski et al. 2008).
Velocities down to 250 km depth are shown as Vs (Fig. 5a) and dVs/Vs anomalies
(Fig. 5b) in relation to PREM reference model (Dziewonski and Anderson 1981).
Lowering dVs/Vs in relation to PREM coincides to LAB depth from P-wave
velocity and could be identify with isoline dVs/Vs=2.6%. In the continental scale we
observe lower velocities beneath ocean (“hot” mantle) and higher velocities beneath
continental structures (“cold” mantle). Black dots in Fig. Sb show local seismic
events of magnitude M. We do not observe deeper events than 30—50 km.

Teleseismic records of the HSPBB station provided data for SKS phase
splitting which are useful to study mantle anisotropy (Wilde-Piorko et al. 2009).
Below the Polish Polar Station Hornsund the azimuth of the fast direction of SKS
phase is parallel to the continent—ocean boundary with azimuth a = 151.8°
(see red bar in Fig. 2). The average time delay between “fast” and “slow”
directions is df = 0.68 s.

Crustal and mantle density structure

In addition to seismic modelling, gravity studies were performed for the
transect (Krysinski et al. 2013; Grad et al. 2015). The P-wave seismic velocity
model (Fig. 4b) was examined to check whether the velocity model in the crust
and mantle can describe isostatic compensation effects observed at the ocean-
continent transition. The modelling was performed using the optimization
concept (Krysinski et al. 2000, 2009; Krysinski 2009). The method postulates
construction of some model density distribution r(x,z) using a reference (starting)
density-velocity relation r,.(v). Constant reference density was assumed in water
(1.02 g/cm®) and in the mantle (3.3 g/cm?®). For sediments density-velocity
relation was assumed in the form of r,.(v)=1.74V"* and for crystalline crust
Tef(V)=0.328(V-6) +2.723. Divisional analysis made for the crust by Krysinski
et al. (2009) provides strong constraints for the position and suggested dip of
the three main density boundaries along the transect. They were found at
distances 240, 280 and 320 km (Fig. 6a), and they represent continent—ocean
boundary (COB), Hornsund Fault Zone (HFZ), and eastern boundary of the West
Spitsbergen Fold-and-Thrust Belt (WSFTB), respectively.

Gravity-based interpretation (Krysinski et al. 2009) divides the crust into
relatively high and low-density crustal blocks. The striking and very robustly
determined feature of the COB zone is its increased crustal density in relation to
the reference velocity-density function (230—270 km in Fig. 6c), which may
correspond to mafic/ultramafic or high-grade metamorphic rocks (Gebrande 1982).
In the neighboring crustal segment (WSFTB, distance 275-330 km in Fig. 6c¢),
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Fig. 5. Regional models of (A) the Vs and (B) dV’s velocity in the mantle down to a depth of 250 km

along the transect. Model S2.9EA (Kustowski et al. 2008) is compared to PREM reference model

(Dziewonski and Anderson 1981). Black dots in figure (B) show local seismic events of magnitude
M (after.iris.edu/fdsnws/event/1/).

a distinct deficiency of relative density was found suggesting that the upper-crustal
low-velocity massive has probably significantly deeper roots, deeper than 5 km, as
indicated in the seismic model (Krysinski et al. 2009).

The mantle density—velocity correlation reflects general density difference
between the oceanic and continental domains (Krysinski ez al. 2013). The resulting
oceanic mantle density (3.15 g/cm?®) corresponding to the lowest mantle velocities



www.czasopisma.pan.pl P@N www.journals.pan.pl
FOLSRA AKADEMIANAUK

Geophysical properties of Svalbard ocean-continent transition 11
SW North Atiantic 8 Sorkapp Edgesya Barents Sea NE
] ) St
A o T — 2.0
E 10 _ 5
Ty | = 22
s 20
g
0 L 24
40 E
8
B opg — - W %% =
= o AP o = :
£ 50 B i T_J?-\B LR H 28 3
2 ; TS
. LTSI
A ' 3.0
150 39
C 0.10 _
_ 0.05 %
£ 0.00 =
= I
= . 2
B —1-0.05 3
@
-
0.10 §
&
| 0.15
0 100 200 300 400 500 600 700 800
sSwW Distance along transect [ km ] NE

Fig. 6. Density distribution r(x,z) along the transect (Krysinski et al. 2013) in the crust (A)
and in mantle (B), with relative density shown in (C). White dashed lines in (C) show range of
“gravity” LAB.

(7.85 km/s) refers to the uppermost young oceanic mantle (10—30 km depth) which
may be interpreted in terms of low heat—flow and composition dominated by
dunites. The continental upper mantle expresses high velocities (8.25 km/s) and
densities (3.2 g/cm3). The “gravity” LAB is not so clear expressed as in velocity
model. In oceanic mantle small lowering of density below 3.16 g/cm® occurs at
depth 30—50 km. In the continental mantle, a small density decrease below 3.18 g/
cm® occurs at depth 70-100 km. The range of “gravity” LAB is shown in Fig. 6b
by white dashed lines.

The results of the gravity modelling show relatively weak correlation of the
density with seismic velocity in the upper mantle which suggests that the
horizontal differences between oceanic and continental mantle are dominated by
mineralogical changes. Significant compositional differences are suggested also
by the large range of horizontal velocity variations (Krysinski et al. 2013).
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Thermal modelling

Heat flow data in the area of high Arctic are sparse, particularly in com-
parison to data from continental Europe (e.g. Majorowicz and Wybraniec 2011).
For the transect studied here we extracted heat flow data from maps published by
Crane ef al. (1991) and Klitzke et al. (2016). Authors of these determinations did
not apply paleoclimatic correction. Most of the heat flow data we used come
from offshore deep marine conditions. Heat flow probes were lowered to depths
where monitored bottom sea temperatures are stable so the paleoclimatic
correction was judged to be unnecessary.

Heat flow data in northern Norwegian—Greenland Sea, west of Svalbard,
were collected in 80’s of the 20th century, from which the contours of observed
heat flow were drawn (see fig. 4 in Crane et al. 1991). The pattern of surface heat
flow is asymmetric across the Knipovich Ridge with the maximum values over
300 mW/m? along the axis of the ridge. Similarly, high values were found also in
the Molloy Deep.

More complete coverage of heat flow data over the Barents Sea and Kara
Sea have been compiled from multiple publications (see fig. 8a in Klitzke et al.
(2016)). These data were collected at near-surface depths, so because of
paleoclimatic effects or/and groundwater circulation heat flow variations could
be beyond a steady-state system. Remember these effects only the main regional
trends in surface heat flow variations could be considered. Across the Barents Sea
the surface heat flow decreases slightly from west to east, from 80 to 60 mW/m?>.

Some heat flow data for high Arctic were discussed recently by Anto-
novskaya et al. (2018) and results are similar. In the continental shelf, the average
heat flow is about 70 mW/m?. For the oceanic lithosphere with thin crust heat flow
increases to 200 mW/m? (Gakkel Ridge) and the maximum value 484 mW/m? was
found for northern Knipovich Ridge.

All data mentioned above (Crane et al. 1991; Klitzke et al. 2016; Antonovskaya
et al. 2018) used heat flow measurements uncorrected for the paleoclimatic effects.
Paleoclimatic correction have been applied across the continental Europe
(Majorowicz and Wybraniec 2011). The northern area of Europe was covered by
ice sheet during the last glacial maximum, 25-15 ka ago. Corrections are depth
dependent due to a diffusive thermal transfer of the surface temperature forcing, of
which glacial-interglacial history has the largest impact. Their analysis showed that
in shallow cratons and orogenic belts heat flow was underestimated.

Heat flow data extracted from maps along the transect are shown in Fig. 7a.
The oceanic areas are characterized by higher heat flow values reaching about
350 mW/m? for the Knipovich Ridge. For the continental area values are close to
70-80 mW/m?. Similar heat flow values above 70 mW/m?* were found for the
area close to Longyearbyen, some 100 km north from the transect (Midttemme
et al. 2015; Betlem et al. 2018). This compilation of heat flow was used in
thermal modelling.
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Fig. 7. Heat flow modelling along the transect. (A) Compilation of the heat flow data along the
transect from maps: red dots from Crane et al. (1991) for oceanic part and navy-blue dots from
Klitzke et al. (2016) for continental part. Grey band shows range of values £20% for ocean and
£10% for continent (in mW/m?). COB — continent—ocean boundary (Breivik et al. 1999). Open
circle at about 325 km of transect indicates a heat flow value above 70 mW/m? for the area of
Adventdalen and Sysselmannsbreen, close to Longyearbyen, some 100 km north from the transect
(Midttemme et al. 2015; Betlem ez al. 2018). (B) Panel shows assumed heat production A(z) of
chosen four sites along transect: for ocean at 0 km of transect, for ridge at 50 km, and for
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Due to scarce data distribution calculations were made each 50 km along the
transect and examples of thermal modelling are shown in Fig. 7b for chosen four
sites along the transect: for oceanic lithosphere at 0 km of the transect, for ridge
at 50 km, and for continental crust at 300 km (Spitsbergen) and 700 km (Barents
Sea) of transect. Seismic P-wave velocities were extracted from the 2D seismic
model along transect (Czuba et al. 2008; Grad et al. 2015). We assumed surface
heat flow Qgp £10% or £20% range of this value for continent and ocean,
respectively.

The back-stripping of radiogenic heat contribution down to the Moho depth
gives mantle heat flow using method described by Hasterok and Chapman
(2011). Mantle heat flow Qy, is calculated from:

Qum = Qo - | A(zy-Moho) dz (1)

For a one-dimensional steady state case we have used ‘boot strapping’
method described by Hasterok and Chapman (2011)

Qir1= Qi - A dz; (2)
Temperatures T; are calculated with:
Tin = T; + (Q/A)dz; — (A/2)) dz” 3)

Where A; and A; are intra layers parameters of heat production and rock
conductivity changing with depth dzi. In addition, thermal conductivity A of the
crust and upper mantle at (P/T) conditions needs to be assumed for the geotherms
to be calculated. We used geotherms to determine the thermal LAB. The
intersection of our calculated deep geotherms based on paleoclimatic corrected
surface heat flow with mantle adiabatic curve from MacKenzie and Canil (1999)
gives an estimate of the approximation of thermal LAB depth. In order to
calculate geotherm T(z) as shown in Fig. 7b for the crust and upper mantle down
to thermal LAB we take dz; = 1 km. The enriched peridotite solidus curve runs
through 1300°C at some 40 km depth, and 1360°C at 200 km depth

The model of heat production A (in wW/m?) with depth z of the crystalline crust
and upper mantle applied along the transect is linked to the 3D seismic velocity Vp

continental crust at 300 km (Spitsbergen) and 700 km (Barents Sea) of transect (C). Thermal
characteristic of chosen four sites along transect. For seismic P-wave velocity model of the crust
extracted from the 2D seismic model along transect (Czuba et al. 2008; Grad et al. 2015), surface
heat flow Q and assumed models of heat production A and conductivity A with depth z. See Table
1 and text for detailed description. Thick color lines in diagrams show temperature distribution
(geotherms) with depth, for surface heat flow Qy and £10% or £20% of this value. The thick green
lines show enriched peridotite solidus (MacKenzie and Canil 1999; Hirschmann 2000). Their
intersects with geotherms give thermal LAB depths.
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model and similar to the modelling done in Majorowicz et al. (2019 a, b). It is based
on the lab derived empirical A(Vp) relationship (e.g. Rybach 1978; Rybach and
Buntebarth 1984) farther adjusted for in situ temperature-depth in situ conditions by
Cermak and Bodri (1986a, b). The A for the sediments was assumed to be in the
1.0-1.2 (uW/m?) range with lesser number assumed for the oceanic younger
sediments and higher for the continental part. The lowermost part belonging to the
mantle production was estimated to 0.01 (WW/m?) as in Balling (1995) and Correia
and Safanda (2002).

Moho heat flow Q,, was calculated using equations (1) and (2). Calculations
of Q. were made each 50 km along transect for ocean at 0 km and 100 km
(Qm = 125-135 mW/m?) in the vicinity of the rift at 50 km (Q,, = 350 mW/m?)
and in the oceanic section west of COB at 150 km and 200 km (Q,, = 85 mW/m?).
In the transition between the ocean and continent at 250 km Q,, = 70 mW/m>.
Much lower Q,, = 60 mW/m?” characterize continental crust at 300 km at Spits-
bergen and Q,, = 35-40 mW/m? at the the Barents Sea section of the transect.

Table 1.

Heat flow values and depths of main seismic boundaries along transect.

Distance Depth of Depth of Depth of
along Heat ﬂozw Water basement the upper the lower Moho
transect [mW/m”] | depth [km] [km] crust floor | crust floor | depth [km]

(km) [km] [km]
0 137.9 2.75 5.35 6.45 7.95 8.05
50 355.0 3.25 6.15 7.75 9.15 9.25
100 129.5 2.25 5.65 8.25 10.15 10.25
150 89.7 2.15 5.35 9.65 10.95 11.05
200 93.6 1.85 8.25 10.85 13.45 13.55
250 88.8 0.05 9.55 17.45 23.25 23.35
300 87.0 0.05 4.15 16.15 32.85 32.95
350 82.7 - 5.75 28.55 31.15 31.25
400 78.6 0.05 0.75 27.65 - 27.75
450 74.4 - 0.25 26.05 - 26.15
500 68.6 - 0.15 26.45 - 26.55
550 72.6 - 1.55 24.15 30.85 30.95
600 69.5 0.05 3.25 23.25 33.65 33.75
650 69.2 0.15 5.85 20.25 33.75 33.85
700 69.6 0.15 6.35 16.35 34.95 35.05
750 69.1 0.15 6.15 24.85 31.65 31.75
800 69.0 0.15 5.85 25.95 29.55 29.65
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Crustal radiogenic heat flow contribution:
Qc = | A(zo-Moho) dz (4)

in oceanic crust is in single digits (3-9 mW/m?). In the continental crust it
varies at typical crustal values 30-40 mW/m?. High input of heat from the mantle
characterizing the rift and young oceanic part at very low contribution of heat
from the crustal part is typical for transient heat contribution in young generated
oceanic crust (Lucazeau 2019).

The model of thermal conductivity A (in W/m°C) assumes A = 2.4 for
sedimentary rocks, A = 3.0 for the upper crust, A = 2.7 for the middle crust,
A = 2.3 for the lower crust and A = 2.5 for the upper mantle (Balling 1995;
Cermak and Bodri 1986a, b; Correia and Safanda 2002) for which a temperature-
depth correction was applied after Chapman and Furlong (1992). This results
in decrease of conductivity with temperature increase in the upper crustal rocks
and increase of conductivity with depth in the mantle (Cermak and Bodri 1986b).
Geotherms were calculated with five iterations; first iteration with A(z) not
depended on temperature/pressure (ambient conditions) and next four iterations
with A(z) depended on 7(z), according to Chapman and Furlong (1992). We
observed that last fifth iteration shows no significant changes comparing to it-
eration four, so this geotherm was used to determine temperature-depth and used
in the determination of the LAB depth (Fig. 7b, 8). Thick color lines in Fig. 7b
show temperature distribution (geotherms) with depth, and their intersections
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HEZ WSFTB nun-valcanic Kony Karls Larc
T e velcanic province
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= North Atlantic ¥} Sgrkapp o Edgeoya Barents Sea
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Fig. 8. Temperature distribution along the transect. Smooth section for calculations made each
50 km along transect. Thick dashed white line — isoline of 580°C (Curie temperature).
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with enriched peridotite solidus (MacKenzie and Canil 1999; Hirschmann 2000)
give the thermal LAB depths. Influence of +10% / +20% assumed error of heat
flow upon the LAB depth is shown and varies depending on the position/depth of
LAB. It reaches up to £14 km, however, uncertainties in the models of A and A
may be causing similar errors (Cermak and Bodri 1986b).

Complex geophysical model along the transect

The structure of the crust and the lithosphere-asthenosphere system in the
ocean-continent transition along the transect extending from the actively
spreading Knipovich Ridge, across southern Spitsbergen to the Kong Karls
Land Volcanic Province was investigated using seismic, gravity and thermal
methods. Their summary is compiled in Fig. 9, particularly showing crust with
seismic Moho depth, seismic LAB, and depth of temperature 580°C (Curie
temperature) and thermal LAB depth, both determined from thermal studies.

Atlantic Laurentia | Barentsia
HEZ | WSFTE | ‘ non-volcanic Kong Karls Land
.y volcanic province
I~
North Atlantic 8 Sarkapp & Edgeaya Barents Sea
KnR | Ho | | st
0 o E & 0
= J Moho H
= 20 lower lithosphere 50
E
@ 100 ; -100
o asthenosphere thermal LAB
150 T T T T T 150
0 200 400 600 800
SW Distance along transect [ km ] NE

Fig. 9. Cartoon with summary of the crust and lithosphere-asthenosphere beneath transect from

seismic, gravity and heat flow investigations. Thick dashed white line shows depth of temperature

580°C (Curie temperature), white solid lines show seismic LAB (compare Fig. 4b, c) and red line

shows thermal LAB (compare Fig. 8). HVLCB — high velocity lower crustal bodies. Black dots
show local seismic events (compare Fig. 5).

Oceanic crust formed at the Knipovich Ridge extends from the western end
of the transect and COB. Sedimentary cover up to 5 km thick overlay the three-
layered magmatic crust for which the total thickness of the magmatic crust
is about 6—8 km. East of the COB, the continental crust up to 35 km thick extends
to the end of transect. In two regions, in the distance range 250-350 km and
550-800 km, high velocity lower crustal bodies (HVLCB) were found with
P-wave velocities >7 km/s. These bodies of relatively low heat production
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A have a significant influence upon crustal heat flow, and consequently on the
temperature distribution. The calculated depth of isotherm 580°C (identify as
Curie temperature) roughly follows the depth of oceanic and continental Moho.
Exceptions are high velocity bodies where it follows top of HVLCB (Czuba et al.
2008). Knowledge of Curie isotherm has crucial importance for modelling of
magnetic properties of the crust. In places where HVLCB are present, the Curie
depth tends to follow the top of these structures.

The oceanic upper mantle is characterized by relatively low density 3.15 g/cm®)
corresponding to the lowest mantle velocities 7.86—8.0 km/s and refers to the
uppermost young oceanic mantle at 10-30 km depth. Such velocities and den-
sities in the oceanic lithosphere suggest composition dominated by primitive
peridotites. In contrast, the continental upper mantle expresses high velocities
(8.24 km/s) and densities (3.2 g/cm®), which may be interpreted as composition
dominated by dunites.

Results of all methods for LAB determination are generally consistent,
despite they use different parameters: seismic wave velocities, densities and
geothermal. The lithosphere is the thinnest beneath The Knipovich Ridge,
particularly beneath central rift valley, being 12 km only. The Knipovich Ridge
which is a part of the Mid-Atlantic Ridge system can be traced in the northern
Greenland Sea as a well-developed, ultra-slow spreading ridge (Jokat et al. 2012;
Schlindwein et al. 2013). Only 50 km to the west and 50 km east of the LAB
depth increases to about 30 km, and this value corresponds to oceanic structure of
North Atlantic and it follows a reference cooling model. Toward the COB (continent
—ocean boundary) the LAB depth increases to about 50 km. West of Hornsund the
COB is narrow, only about 20 km wide. This transition extends from clear oceanic
crust (Vp=6.7-7.3 km/s) to continental crust with significantly lower velocities
(about Vp=6.1 km/s) and Moho depths about 10 km and about 30 km, respectively.
Beneath southern Spitsbergen the LAB depth is about 55 km and increases to
90-100 km beneath continental structure of the Barents Sea. Small uplifts of LAB
close to distance of 300 km and 700 km could be correlated with high velocity lower
crustal bodies (HVLCB) in the lower crust. However, these bodies of relatively low
heat production A (high Vp and low A) have a significant influence on the
calculation of crustal-mantle heat flow, and consequently on the higher temperatures
in the crust. At 700 km Q,, is calculated to be elevated at 43 mW/m?, some
6-9 mW/m? higher than in surrounding +£50 km to the east and west.

Earthquakes are concentrated beneath Knipovich Ridge and below Stor-
fjorden, just beneath the transect, at distance 400 km (Fig. 3 and Fig. 5).
All events occur in “cold” lithosphere. We do not observe deeper events than
30-50 km, none are in the asthenosphere.
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