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S U M M A R Y
New seismic refraction data were collected across the western Svalbard continental margin
off Kongsfjorden (Ny Ålesund) during the cruise leg ARK15/2 of RV Polarstern. The use of
onshore and offshore seismic receivers and a dense air-gun shot pattern provide a detailed view
of the velocity structure of Svalbard’s continental interior, the continent–ocean transition, and
oceanic crust related to the northern Knipovich Ridge and the Molloy Ridge.

The proposed Caledonian central and western terranes of Svalbard are not distinguishable on
the basis of seismic velocity structure. Below a 7 to 8 km thick Palaeozoic sedimentary cover
the crystalline crust reveals a three-layer structure with seismic velocities ranging between 6.1
and 6.9 km s−1. The geological suture between the terranes is imperceptible. The middle and
upper crust below the Tertiary Forlandsundet graben shows low velocities. This can be related
to faulting during the Early Palaeozoic movements between Svalbard and northern Greenland,
followed by the continental break-up. Moreover, a sedimentary Palaeozoic core is may be buried
below the Forlandsundet graben.

The continent–ocean transition can be classified as an obliquely sheared (transform) conti-
nental margin. The Moho dips with an angle of 45◦ eastwards at the continent–ocean transition
that exhibits higher seismic velocities of more than 7.2 km s−1on the continental side. The
sheared margin evolution is linked to the Spitsbergen Transform Fault, today located north
of the Molloy Ridge spreading segment. During a later evolutionary stage the Molloy Ridge
passed the continental margin. The separating boundary between continental and oceanic crust
off northwestern Svalbard is today part of the inactive Spitsbergen Fracture Zone. The high
seismic velocities at the continent–ocean boundary can be interpreted as minor mantle-derived
intrusions, probably induced by interaction of the passing spreading ridge during the sheared
margin evolution.

The oceanic crust generated at the Knipovich Ridge and the Molloy Ridge is thin (2 to
4 km), compared to the global mean, and is thinner as previously observed. The oceanic crust
is characterized by the absence of oceanic layer 3. These observations can be ascribed to
conductive cooling of the ascending mantle as a result of the extremely low divergence rate.

The underlying mantle is slightly serpentinized below the Knipovich Ridge segment, re-
flected by low seismic velocities of ∼7.7 km s−1. A thicker sequence of syn- and post-rift
sediments and sedimentary rocks are observed on the Molloy Ridge oceanic segment, which
most likely results from greater subsidence relative to the Knipovich Ridge segment.

Key words: continental margins, crustal structure, fracture zone, refraction seismology,
Svalbard.

I N T RO D U C T I O N

The Palaeozoic to Cenozoic tectonic history of western Svalbard
is revealed onshore along a stretch of outcrops that form an area

150 km wide and is morphologically intersected by large fjords
(i.e. Kongsfjorden and Isfjorden; Fig. 1). This coastal strip and
the adjacent continental margin were affected by various tectonic
events, which are mostly associated with strike-slip movements. The
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Figure 1. (Location of profile AWI-99400.) (a) Location of seismic refraction profile AWI-99400. Insert: location in the North Atlantic. The profile track
is marked by a thin black line, RefTek stations (black), OBH stations (grey) and OBS stations (white) by triangles. The cross marks indicate pre-Devonian
basement outcrops (after Harland 1997a simplified geological map). Devonian sedimentary rocks are coloured dark grey (dash pattern). Local outcrops of
Quaternary volcanics in the Woodfjorden area are plotted as black polygons. Thick black lines are major faults offshore (dashed) and onshore (solid): (1) Molloy
Transform Fault, (2) Spitsbergen Transform Fault, (3) Hornsund Lineament, (4) Kongsfjorden–Hansbreen Fault Zone, (5) Raudfjorden Fault, (6) Breibogen
Fault, (7) Billefjorden fault. Spreading ridges are marked by a thick dotted line. Geographic locations used in the text: (a) Sjubrebanken, (b) Danskøya Basin,
(c) Prins Karls Forland, (d) Albert I Land, (e) Andrée Land, (f) Vestnesa, (g) Hornsund. Note, sinistral strike-slip faults (4) and (7) are proposed to subdivide
Svalbard into the western, central and eastern terrane (WT, CT and ET). Plate boundary after Boebel (2000). Bathymetry: IBCAO (500 m contour interval
+200 m contour; Jakobsson et al. 2000). (b) Tectonic structures in the North Atlantic region. The thick dotted line indicates the approximate position of the
west Spitsbergen fold belt. (1) Trolle-Land Fault Zone, (2) Senja Fracture Zone, (3) mid-ocean ridges and transforms within the Fram strait according to Boebel
(2000), (4) Hornsund Lineament and Bjørnøya-Sørkapp Fault, (5) Gakkel Ridge, (6) Jan Mayen Fracture Zone.

earliest of these was the sinistral merging of Palaeozoic basement
terrane (Harland & Wright 1979; Harland 1997b). Later, in the Early
Cenozoic, the west Spitsbergen orogeny (e.g. Dallmann et al. 1993;
Harland 1997a) took place. The latest step in the tectonic history was
the dextral transtensional rifting and breakup between Svalbard and
northeast Greenland (Eldholm et al. 1987). The present-day spread-
ing axes of the Knipovich Ridge and the Molloy Ridge within the
Fram strait are situated close to the margin, which might enhance
magmatic interactions from the ridges to the continental crust.

As a result of the absence of detailed deep seismic transects across
the archipelago, large gaps still exist in the knowledge about the
deeper crustal composition of northwestern Svalbard and the adja-
cent western continental margin. Early experiments explored this
region only locally (e.g. Guterch et al. 1978; Myhre & Eldholm
1988; Faleide et al. 1991; Sellevoll et al. 1991). A number of modern
seismic refraction experiments reveal the detailed seismic structure
along the southern Svalbard—western Barents sea margin further
south, and show a clear segmentation of the eastern North Atlantic
margin into rifted and sheared continental margins (e.g. Breivik
et al. 1999, 2003) (Ritzmann et al., 2002). Moreover, accompanied
local volcanic activity is achieved along the margin (Eldholm et al.
1987).

This contribution provides new detailed background information
on the crustal structure of the continental margin of northwestern
Svalbard at the latitude of the Kongsfjorden (Fig. 1a). The pre-

sented seismic profile extends the number of observations along the
North Atlantic margin further to the north and completes knowl-
edge about North Atlantic margin segmentation. We base our study
on a seismic refraction experiment between Hovgård ridge and the
Billefjorden Fault Zone in northwestern Svalbard (Fig. 1) with an
integrated analysis of gravity data. This experiment was carried
out by the Alfred Wegener Institute for Polar and Marine Research
(Bremerhaven) in cooperation with Polish, Japanese and Norwe-
gian scientists from 1999 August to September with the German
Icebreaker RV Polarstern.

C A L E D O N I A N G E O L O G Y

The Svalbard archipelago (Figs 1a and b) is supposed to consist
of three distinct terranes, that are bounded by major discontinuities
(e.g. the Kongsfjorden–Hansbreen Fault Zone; Harland & Wright
1979). These terrane merged during the early Silurian–Devonian
closure of the Iapetus ocean by sinistral transform movements. Re-
cent compilations of Svalbard’s geology (e.g. Harland 1997b) sup-
port this hypothesis, although other authors continue to treat the
Pre-Devonian of Svalbard as one province (e.g. Manby & Lyberis
1992). The central terrane covers most of the northwestern part of
Spitsbergen, the main island of the archipelago. The central ter-
rane itself is separated into at least three subterranes (or basement
provinces) that also docked in Silurian/Devonian times by sinistral
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movements along transform faults (e.g. Breibogen Fault; Friend
et al. 1997). Primarily these faults controlled the Devonian sedi-
mentation history of northwestern Svalbard (Harland 1997b) be-
tween the Breibogen Fault and the Billefjorden Fault zone (Fig. 1a).
Further Devonian deposits are found along the Raudfjorden Fault
zone in the Woodfjorden region. Here, narrow half-grabens occur
along the fault, suggesting that simple shear tectonics occurred in
Palaeozoic time. This results in extension and proposed large-scale
detachment tectonics (Friend et al. 1997). Locally, Devonian sedi-
mentary rocks are also preserved within the west Spitsbergen fold
belt . (Hornsund; Fig. 1b Steel et al. 1985).

T E RT I A RY B R E A K - U P A N D W E S T E R N
S P I T S B E RG E N F O L D B E LT

Tertiary break-up of Svalbard and northern Greenland was initi-
ated by the beginning of seafloor spreading at the Mohns Ridge in
the Norwegian–Greenland sea (Fig. 1b) at ∼chron 25 (∼57 Ma;
Talwani & Eldholm 1977; Eldholm et al.1987). Between Svalbard
and Greenland shear movements took place along the Trolle Land-
Senja Fault Zone (Håkansson & Pedersen 1982; Eldholm et al.
1987), while later an eastward migration to the Hornsund Lineament
(Eiken & Austegard 1987) occurred. Crane et al. (1991) term this
broad shear region the Spitsbergen shear zone, which also includes
the Bjørnøya-Sørkapp Fault (Fig. 1b) connecting the juvenile Senja
transform margin to the Hornsund Lineament. The west Spitsbergen
fold belt, today localized within a 50 km wide region along the west-
ern coast of Spitsbergen (Fig. 1a) evolved mainly during the early
Tertiary. The prevailing compressional structure of the belt suggests
that convergent tectonics dominated the fold and thrust develop-
ment, despite the fact that local geological record causes difficulties
to simple convergent models. Recent models (based on structural ge-
ological record) therefore suggest two decoupled tectonic regimes,
i.e. coeval offshore strike-slip movements and convergent folding
of the belt (Dallmann et al. 1993). The Late Eocene to Oligocene
evolution of the western Svalbard region is supposed to comprise
transtensional movements also, because subsidence of the Forland-
sundet graben is observed (e.g. Steel et al. 1985; Dallmann et al.
1993).

Between chrons 13 and 5 (36 to 9.5 Ma) the very slow spreading
Knipovich Ridge (<10 mm yr−1; Eldholm et al. 1990) is supposed
to have propagated northward into the shear zone, resulting in ex-
tremely asymmetric spreading (Crane et al. 1991, 2001; Eldholm
et al. 1990). Further north the precise plate boundary between Sval-
bard and Greenland within the Fram strait (Fig. 1b) was defined
by Boebel (2000) by modelling airborne gravity data. The associ-
ated reconstruction, based on the poles of rotation of Srivastava &
Tapscott (1986) suggests the onset of seafloor spreading at Molloy
Ridge in the Early Miocene (20 Ma). Further north, two ancient
ridge–transform pairs (Fig. 1b) balanced the gradual opening of
the Fram strait oceanic gateway since chron 5 (12 to 9.5 Ma). The
seafloor spreading of these ridges within the Fram strait is expected
to be oblique, as observed for the Knipovich Ridge (Eldholm et al.
1990; Boebel 2000).

T H E D E E P E R S T RU C T U R E O F
S VA L B A R D A N D T H E A D JA C E N T
O C E A N I C P ROV I N C E

Offshore seismic surveys have been conducted for the past 30 yr,
and comprise seismic reflection experiments and expanding spread
profiling (Eiken & Austegard 1987; Myhre & Eldholm 1988; Faleide
et al. 1991; Eiken 1993; Eiken & Hinz 1993) or larger refraction

experiments using a small amount of seismic receivers and shots
(Guterch et al. 1978; Sellevoll et al. 1991; Czuba et al. 1999). A
first detailed crustal study along the northwestern shoreline and the
southern Yermak Plateau was carried out by RV Polarstern (Jokat
et al. 2000; Ritzmann 2003; Ritzmann & Jokat 2003).

Guterch et al. (1978) and Sellevoll et al. (1991) defined the crustal
thickness below central Svalbard to be from 36 to 37 km and below
the Forlandsundet from 26 to 27 km. Ritzmann & Jokat (2003) found
similar crustal thicknesses of 28 km along the northwestern coast
of Svalbard north of Prins Karls Forland. Sellevoll et al. (1991)
and Czuba et al. (1999) report anomalously high seismic veloci-
ties at the crust–mantle boundary, assuming a transitional character
of the Moho. This observation is not confirmed by Ritzmann &
Jokat (2003), who assume a first-order crust–mantle discontinuity.
The petrological constitution of the central terrane is derived from
xenolith studies within the Woodfjorden volcanics (Fig. 1). Amund-
sen et al. (1987) define a three-layered structure of gneisses, gran-
ulites and intrusive granulites (mantle pyroxenites and lherzolites)
for northwestern Svalbard that supports the seismic model of Chan
& Mitchell (1982) and Ritzmann & Jokat (2003). Subdivision into
terranes after Harland & Wright (1979) based on seismic velocity
discrimination appears doubtful as a result of the probable absence
of remarkable velocity diversity across the terrane borders.

Crustal models across the western continent–ocean transition
were also deduced by velocity information of expanding spread pro-
files and gravity data (Sundvor & Austegard 1990). Off Isfjorden a
high velocity/density body is supposed to extend up to 2 km below
the seafloor (Sundvor & Austegard 1990). Published thicknesses of
the oceanic crust associated to the Knipovich Ridge range between
8 and 12 km (Sundvor & Austegard 1990; Czuba et al. 1999). Re-
cently, a much lower thickness was observed at the latitude of the
Van Mijenfjorden (south of Isfjorden; Fig. 1; Ritzmann et al.2002).
Here, only 2 to 4 km thick oceanic crust are confirmed on either
side of the Knipovich Ridge. The actual transition of continental
and oceanic crust is mainly located using seismic reflection data.
Up to 79◦N the boundary is thought to be located at the Hornsund
Lineament (Myhre & Eldholm 1988; Sundvor & Austegard 1990). It
comprises a series of blocks downfaulted to the west, while on north-
ern Sjubrebanken it separates into two distinct NNW-trending blocks
(Myhre & Eldholm 1988). The sedimentary structure off Svalbard is
mapped by several seismic reflection lines (Eiken 1994). According
to the sedimentary distribution map of Austegard & Sundvor (1991),
thicknesses vary between 1 and 3 km along the western Svalbard
margin east of the Knipovich Ridge. Sedimentary deposits show a
prominent depocentre at Vestnesa (up to 5 km), that is also a promi-
nent feature in bathymetry (Fig. 1a). The sedimentary structure of
the offshore Tertiary graben, e.g. Forlandsundet graben, was char-
acterized by the work of Eiken & Austegard (1987). They conclude
that structurally these graben are relatively small, but deep basins
(up to 5 km), which terminate north of Prins Karls Forland, however,
it is not clear whether or not these grabens are related to strike-slip
movements; a simple extension model can explain the observed
structures. Later, Eiken (1993) proposed that an up to 10 km wide
graben on northern Sjubrebanken to be similar to the Forlandsundet
graben structure.

N E W G E O P H Y S I C A L DATA

Seismic data acquisition

Seismic measurements along profile AWI-99400 were performed
with the German icebreaker RV Polarstern during cruise leg
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Figure 2. Locations of receiver stations: detailed map of profile AWI-99400 and locations of receivers. The profile track in the main figure is marked by a thin
black line, triangles as for Fig. 1. Bathymetry: IBCAO (Jakobsson et al. 2000).

ARK15/2 (Jokat et al. 2000). Two large volume air-guns with a total
volume of 92 l produced the acoustic energy and were fired every
minute (approximate distance of 170 m). In total the 1628 air-gun
shots extend from 0◦to 12◦E from Hovgård Ridge to Kongsfjorden
along a profile distance of 250 km (Figs 1a and 2). Additionally the
Polish ship El Tanin participated with five TNT shots with a charge
of 50 kg between 8.5◦and 9.5◦E. Onshore, eight RefTek seismome-
ter stations, each equipped with 18 single-coil geophones (4.5 Hz;
vertical component) were used to record seismic energy. The east-
ernmost station (ref401) was installed at 16.3◦E, which results in
an overall length of profile AWI-99400 of 360 km. The spacing
of the onshore receiver stations range from 5 to 35 km, and their
deployment altitudes vary from 10 to 900 m. West of Prins Karls
Forland seven ocean-bottom hydrophone and eight three-component
seismometer systems (4.5 Hz geophones, gimbal mechanism) were
deployed in water depths of 200 to 2500 m BSL. A receiver spacing
of approximately 12 km was chosen for ocean-bottom instruments.
Failures of the stations obs425/obs415 and obh422 result in two
larger gaps of 24 km along the profile (3◦E and 7.7◦E; Fig. 2). The
profile AWI-99400 is unreversed west of station obh424 (2.8◦E) as
well as east of ref408 (12◦E; Fig. 2).

Characteristics of seismic refraction data

Figs 3(a)–(h)show eight representative record sections out of the 20
successful registrations onshore and offshore. The sections illustrate
the main characteristics of the observed crustal velocity distribution.
The data are filtered with a bandpass filter passing frequencies be-
tween 5 and 17 Hz. A 1 s-automatic gain control (AGC) was applied
for the evaluation and analysis of seismic refraction data. The data
quality of the RefTek (Dallas, TX, USA) seismometers is in general
good. Maximum distances of recorded arrivals are up to 220 km (Pn

arrivals). Mostly, a low signal-to-noise ratio is compensated by the
dense shot spacing yielding a good phase correlation.

Offshore, the ocean-bottom seismometer systems provide higher
quality data than the neighbouring hydrophone systems. Some hy-
drophone systems reveal extremely poor quality, so that data were
ignored during picking and ray tracing (obh414 and obh416). Table 1
lists the phase indexes used in the following paragraph.

First arrivals on seismic sections recorded by receivers east of
Kongsfjorden at near distances (20 to 30 km offset) are upper crustal

phases penetrating pre-Devonian basement rocks with P-wave ve-
locities of 5.4 to 6.2 km s−1(Figs 3a and b; Puc). Direct constraints
on the seismic velocities of the (lower) Devonian sedimentary rocks
further east is only given by station ref403 (6.2 km s−1). At greater
offsets, weak P-wave arrivals point to lower velocity gradients in
the deeper crust (Figs 3a and b; Pmc). Weak lower crustal reflective
energy along the eastern part of the profile is observed on several
recordings (Fig. 3a; PlcP). As a result of the general reverberation
of the source signal it is difficult to distinguish between a single
reflection or a broader reflective lower crustal zone. The PmP reflec-
tions mark the crust–mantle boundary on several onshore record-
ings (Figs 3a and b; PmP). Recordings from stations near Kongs-
fjorden are characterized by P uc/mc -phase undulations, i.e. the in-
crease/decrease of apparent seismic velocity pertaining to lateral
velocity variations in the middle crust at 220 km (Fig. 3c). The
same effect is also observed on the reversed sections (e.g. Fig. 3e;
Pgm). Here, seismic velocities of 7.0 km s−1are found at near offsets,
while they are lower towards the east (6.0 km s−1). Lower crustal
reflections are slightly stronger along this part of the profile (Figs 3d
and e; PlcP). Seismic data recorded off Prins Karls Forland provide
further reliable velocity information of the Tertiary sedimentary sec-
tion westwards to the Molloy Transform Fault (Figs 3d–f; Pcb) of
2.2 to 3.5 km s−1. The seismic structure on both sides of the Molloy
Transform Fault (120 km) differs, i.e. to the east crustal Pg arrivals
appear with lower seismic velocity than to west (Fig. 3g Pgo). Fur-
ther, the arrival times of Pn phases are up to 2 s delayed suggesting
a thicker sedimentary cover and/or a deeper crust-mantle boundary.
Mantle phases recorded by more distant stations, e.g. obs423, show
characteristic phase undulations at the position of Molloy Transform
Fault (Fig. 3h; Pn). Pn phases reveal lower amplitudes compared to
Pg phases most probably as a result of low vertical velocity gra-
dients. Seismic velocities of mantle phases at the western edge of
the profile are remarkably low and we assume a deepening crust–
mantle topography towards the Hovgård Ridge, whose shallower
bathymetry causes phase undulations of mantle arrivals (Fig. 3h;
Pn).

Generally, the observed seismic energy is extremely low for
deeper crustal phases at absolute profile distances of 150 to 180 km,
i.e. the signal-to-noise ratio decreases to values below 1. This zone is
roughly at the Hornsund Lineament, the supposed continent–ocean
transition (Fig. 1). It seems that rock properties along this transition
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Figure 3. Seismic refraction data examples: record sections of onshore and offshore receivers. (a)–(c): RefTek seismometer systems (ref). (d)–(h): ocean-bottom
seismometer/hydrophone systems (vertical component; obs/obh).

are responsible for the damping/scattering of seismic energy.
Despite this, the seismic velocities for the upper mantle are well
resolved as a result of Pn-phase arrivals observed on either side of
this geological complex zone.

2-D kinematic ray tracing

Modelling of the seismic refraction data was performed using the
ray-tracing rayinvr software of Zelt & Smith (1992).

(i) Traveltimes of reflected and refracted phases were picked on
each record section. 1-D velocity profiles were calculated and gath-
ered to a 2-D section along the profile track.

(ii) The derived model was used as the initial source for 2-D
kinematic ray tracing using a forward modelling technique. The
modelling took place layer by layer and velocity-depth nodes were
held constant when the next, deeper layer was modelled. To further
enhance the fit of observed traveltimes additional velocity-depth
nodes were implemented. More attention was paid to matching the
slope and shape of the observed traveltimes than reducing the RMS-
traveltime residual calculated by the rayinvr programme.

(iii) Once the model provided a reasonable overall fit of observed
and calculated traveltimes, the traveltimes of all possible phases
were calculated. Thus, it was possible to search for additional in-
formation on seismic sections, such as low-amplitude arrivals as a
result of low-velocity gradients. This information was added to the

existing traveltime observations. The final set of traveltime picks
(about 2500) and modelled traveltimes are shown in Fig. 4 for each
of the analysed seismic stations. The appropriate ray traces for the
modelled layers are shown in Fig. 5.

(iv) Where possible, the final model was improved by two runs of
the application of the inversion algorithm of rayinvr to enhance the
match between calculated and observed traveltimes. This procedure
was only possible for profile sections without any steep layer bound-
aries, i.e. the eastern continental as well as the western oceanic sec-
tion of the profile, but not at the transitional section between obh412
and obs417 (Figs 1a and 2).

The final velocity model

The final modelling result after ray tracing is shown in Fig. 6 for the
sedimentary section between 20 and 260 km, and Fig. 7 for the entire
crustal section. Generally, the oceanic section (0 to 180 km) fits well
the observed traveltimes using a one-layer constant gradient model
with an overlying sedimentary section. Further east, the observed
traveltimes of stations on the continental crust were modelled by a
three-layer model.

Cenozoic sedimentary section

The thickness of the Cenozoic sedimentary cover, which overlays
partly oceanic, transitional and continental crust varies from 1 km
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Figure 3. Continued.

(close to the Hovgård Ridge) to approximately 6 km east of the Mol-
loy Transform Fault (Fig. 6). Seismic velocities range from 2.2 km
s−1at the top to 3.8 km s−1close to the basement at the continental
slope. According to Eiken (1993), Eiken & Hinz (1993) and Geissler
(2001) the seismic velocities of the uppermost sequences off north-
western Svalbard are in general lower than observed here (∼1.7
km s−1). This effect may be related to the applied low-frequency
energy source for our profile, which limits the vertical resolution.
To the west, sedimentary thickness does not exceed 2.3 km and the
seismic velocities of the lower sections range from 2.3 to 2.7 km
s−1at maximum. A remarkable decrease of seismic velocity occurs
at 90 km, where the upper sedimentary strata show seismic veloci-
ties of 1.8 km s−1. Sedimentary rocks of the Tertiary Forlandsundet
graben at 240 km (Fig. 6) exhibit high velocities of 3.5 to 4.1 km
s−1, which mark the highest values for Tertiary sedimentary rocks
along the entire profile.

Eastern continental section and the continent–ocean transitio

The final velocity model of the eastern continental section of profile
AWI-99400 consists of three units. The upper unit, with velocities
between 5.4 and 6.2 km s−1reveals a thickness of 10 km in the east,
while it thins to the west to approximately 5 km over the flanks of
an updoming structure north of the Forlandsundet graben (Fig. 7).
The underlying unit has velocity from 6.4 to 6.6 km s−1at depths of

20 to 23 km between 250 and 360 km. In the upper parts of a zone
of lower velocity beneath Forlandsundet graben, seismic velocities
range between 5.8 and 6.0 km s−1. This vertical feature has a width
of 20 to 30 km along the profile and a maximum depth of 18 km,
where the decreased velocity is 6.4 km s−1. The best fit of observed
and modelled traveltimes (from stations ref409 and obs413; Fig. 3c
and e) was achieved by implementing this low-velocity structure in
the model. The fit of traveltimes decreases using velocity models
characterized only by dip of individual layer boundaries (that can
also cause undulations in refracted phases).

The lower unit of the eastern continental section is characterized
by velocities of 6.7 to 6.9 km s−1and thins slightly westwards from
9 to 5 km. This unit is not directly constrained by refraction arrivals.
Indications for lower crustal reflections are the basis of this individ-
ual unit whose vertical velocity gradient was similarly low to that
in the middle crustal layer above. Thus, the entire crustal thickness
(excluding Cenozoic sediments) along the section decreases from
32 km in the east to 14 km at 190 km. Here, at the continent–ocean
transition (180 to 200 km) velocities are slightly elevated to 6.8–
7.2 km s−1(at depths of 10 to 20 km) compared to the section east
of 250 km. The transition itself is marked by an abrupt decrease of
Moho depth towards the west. The remarkably seaward termination
of continental crust and elevated seismic velocities are well con-
strained by seismic recordings. As shown is Fig. 8, the lower crustal
reflectivity (PlcP phases) and the Moho are evidenced up to 175 km.
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Table 1. Phase indexes used in text and figures (P-wave only).

Phase
index Type, penetrating layer

Continental Ppb Refracted wave, Palaeozoic sedimentary basin
Puc Refracted wave, continental upper crust
Pmc Refracted wave, continental middle crust
Pn Refracted wave, upper mantle

PmcP Reflected wave, top middle continental crust
PlcP Reflected wave, top lower continental crust
PmP Reflected wave, Moho

Oceanic Pcb Refracted wave, offshore Cenozoic sedimentary
basin

PcbP Reflected wave, top oceanic basement
Pgo Refracted wave, oceanic crust
Pn Refracted wave, upper-mantle

Seismic stations located between 190 and 220 km cover the eastern-
most section of continental crust very well. The seismic record of
stations located slightly further to the west, west of 175 km, reveal
a completely different seismic structure, i.e. thinned oceanic crust
(see below).

Western oceanic section and Hovgård Ridge

The igneous crust of the oceanic section of the profile (50 to 180 km)
is mostly thin, ranging from approximately 2 km west of Molloy
Transform Fault to 4.5 km to the east underlying a thick portion
of Cenozoic sedimentary layers (Fig. 7). Seismic velocities east of
Molloy Transform Fault range from 5.3–5.4 km s−1at the top to 5.5–
5.8 km s−1at deeper levels. The transform itself marks a transition
to higher velocities in the crustal section. West of the transform
fault velocities of 5.8–6.1 km s−1are observed for the upper parts,
while downwards they increase to approximately 6.3–6.6 km s−1at
the crust–mantle boundary. At the Hovgård Ridge (0 to 40 km) the
crustal thickness increases to 11.5 km. Stations obs423 (Fig. 3h)
and obh424 give a reliable view of a change in seismic velocities
for upper basement at 80 km. Velocities are markedly lower west
of this point (3.3 to 3.6 km s−1). Downwards, velocities increase to
approximately 6.0 km s−1at the crust–mantle boundary. Because the
profile is unreversed west of obh424 (Fig. 2) the seismic velocity
structure of the Hovgård Ridge remains speculative. West of the
stations obs423/obh424 the velocity–depth function was held fixed,
merely the basement and crust–mantle topography were altered to
fit traveltimes.

Upper mantle

Upper-mantle seismic velocities are highest below the eastern conti-
nental section of the profile: 8.0 to 8.1 km s−1are modelled at profile
distances of km 190 to 360. Towards the Molloy Transform Fault
velocities decrease to 7.9 km s−1west of the steep rise of the crust–
mantle boundary at 175 km. Directly at the Molloy Transform Fault
low seismic velocities between 7.6 and 7.7 km s−1are modelled (65
to 120 km). Seismic velocities of the upper mantle increase again
to 8.0 km s−1below Hovgård Ridge.

Quality of the final velocity model

The quality of the final velocity model is illustrated by the following
methods:

(i) RMS misfit, χ 2 values and resolution after the methods of Zelt
& Smith (1992) derive a standardized mathematical expression of
traveltime fit in relation to observations and model parametrization.

(ii) Further empirical tests on the final velocity model were con-
ducted in order to provide the uncertainties of modelled depth and
velocity range.

RMS misfit and χ 2 after Zelt & Smith (1992)

First constraints on the certainty of the final velocity model is given
by the RMS misfit and χ2-normalized misfit parameter provided by
rayinvr (Zelt & Smith 1992). These parameters were controlled dur-
ing the entire modelling procedure. Table 2 lists the derived values
for each phase based on the final velocity model. The calculated
RMS misfits are within the range of assigned errors of the travel-
time picks. The deeper the seismic phase penetrates the subsurface
the better RMS misfit is achieved. We relate this to the generally
complex surface geology that results in lateral seismic velocity vari-
ations.

In addition to this, χ 2 values derive further support: A value of
1 indicates that the picked traveltimes are fitted within their assigned
errors in relation to parametrization of the velocity model. The in-
sertion of additional node points derives the decrease of χ2 (Zelt &
Smith 1992). Nevertheless, a complex geological structure requires
further parametrization, e.g. during reproduction of steep vertical
geological units or strong lateral seismic velocity variations. In-
stead, a non-linear experimental setup during the seismic refraction
experiment results in increased χ2 values. This applies specially for
the deployed onshore seismic receiver stations. Here, the combined
onshore and offshore setup has a particular effect on the χ 2 calcula-
tion. On the basis of this discussion we regard the derived values as
acceptable because the majority lie between 0.78 and 1.78. Merely,
the values for the onshore Palaeozoic basin (only sparse informa-
tion) and the offshore Cenozoic sedimentary wedge show higher
values. The overall RMS misfit and χ 2 value for the entire model
are 0.21 and 1.46, respectively.

Resolution after Zelt & Smith (1992)

The resolution of the crustal model was assessed using the inversion
method of Zelt & Smith (1992). The relative number of rays which
determine the parametrization of the velocity model (i.e. velocity
and boundary nodes) are the principle of this quantitative approach.
In this case we calculated only the numerical resolution of velocity
nodes.

Fig. 9(a) summarizes the resulting resolution for the sedimentary
section. Generally, values greater than 0.5 are considered to be well
resolved (Zelt & Smith 1992). Due to the large number of diving
waves the upper sedimentary section between 100 to 200 km is well
resolved. To the west the lack of reversed shots is responsible for
resolution values near zero for the sedimentary section, which are
not shown in Fig. 9(a).

The eastern continental section of the profile shows a very uneven
lateral and vertical distribution of resolution values (Fig. 9b). From
180 to 250 km of the upper unit are well resolved showing values
of 0.7 to 0.9. Downwards and towards the east resolution decreases
to 0.2 to 0.4. The same is true for the middle unit (10 to 20 km
depth), although the low-velocity zone between 220 and 250 km is
well resolved. The lower levels are poorly constrained with values
of 0.2 to 0.5. Modelled rays of wide-angle reflections increase the
resolution to 0.6 in the middle unit further to the east (320 km). The
lower unit above the crust–mantle boundary is better constrained,

C© 2004 RAS, GJI, 157, 683–702

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/157/2/683/634888 by guest on 23 April 2024
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Figure 4. Observed and calculated P-wave arrivals for profile AWI-99400: observed and calculated P-wave arrivals for profile AWI-99400. (a)–(h): RefTek
seismometer systems (ref). (i)–(o): ocean-bottom seismometer/hydrophone systems (obs/obh). Grey errors bars indicate the assigned error to the picked
traveltimes. The black lines show the traveltimes calculated using the final velocity model shown in Figs 6 and 7.
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Figure 5. ray tracing for profile AWI-99400: ray tracing for profile AWI-99400 for the five modelled layers (excluding water). (a) Cenozoic sediments and
sedimentary rocks. (b) upper crust. (c) middle crust. (d) lower crust and mantle. Vertical exaggeration × 3.

Figure 6. (Final P-wave velocity model profile AWI-99400—sedimentary section.) Final P-wave velocity model for the sedimentary cover along profile
AWI-99400. The contour lines (2.5, 3.0 and 3.5 km s−1) and values shown in the figure indicate seismic P-wave velocity. Triangles as for Fig. 1. Vertical
exaggeration: × 8.33.

as a result of several wide-angle reflections providing good ray cov-
erage. Upper-mantle resolution values are approximately 0.8 below
the eastern continental profile section, but can only be determined
west of 250 km.

Resolutions for the oceanic crustal section and the upper man-
tle below are also variable (Fig. 9b). Values of 0.3 to 0.7 are cal-
culated for the crustal parts, but are slightly lower in the upper
mantle.

Empiric analysis of layer depth uncertainty

The uncertainty of the depth levels of the modelled layer bound-
aries, that are mostly constrained by wide-angle reflections were

tested by shifting the depth values of the individual layer bound-
aries up and down until the calculated traveltime exceeded the as-
signed error of the pick. The assigned traveltime errors vary be-
tween ±100 and 200 ms, depending on the quality of the phase
registration. Therefore this empirical test is strongly dependent
on the assigned errors to the picks. Because the period is ap-
proximately 100 ms our assigned uncertainty include at least one,
but at most two, possible misinterpretations of the correct phase
traveltime.

We found that depth determination in the top 10 km of the crust has
a maximum error of ±0.7 km, if the assigned traveltime errors do not
exceed ±100 ms. This results in a maximum error of 10 per cent of
the absolute-depth level. Downwards the depth uncertainty increases
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Figure 7. (Final P-wave velocity model profile AWI-99400—entire crust.) Final P-wave velocity model for profile AWI-99400. The grey shade shows the
seismic velocity field, as do the contour lines (4.0 and 5.0 km s−1; 5.4–6.8 km s−1, 0.2 km s−1interval). Triangles as for Fig. 1. The southern and northern
maximum extents of penetrating rays are marked by dashed lines. The white dashed line marks the approximately boundary between the western and eastern
terrane of Svalbard’s Caledonian orogeny. Vertical exaggeration is × 3.

Figure 8. (Ray tracing of seismic stations at the continent–ocean transi-
tion.) The diagram shows the ray tracing of stations obs413 (black rays),
obh412 and obs411 (grey rays) that constrain the structure of (slightly
stretched) continental crust at the continent–ocean transition. Very thin
oceanic crust up to 175 km is evidenced by early Pn phases recorded on
station obs417 (see Fig. 3f). The continuation of the lower crustal reflector
and the continental Moho up to 175 to 180 km is defined by PlcP and PmP
phases. These are recorded by the two eastern stations (grey rays). More-
over, a high-velocity Pgm phase recorded by station obs413 (modelled as
head wave, see arrow) constrains the elevated seismic velocities at shallow
levels at the COT (∼10 km depth).

slightly to values of ±0.9 km independent of the assigned errors of
±150 to ±250 ms. Consequently, the mismatch is approximately 6
per cent of the absolute-depth levels of 10 to 32 km of the middle
and lower crustal levels.

Table 2. Modelling results. Continental crustal section included ∼170 to
360 km, (11 stations); oceanic crustal section includes ∼0 to 170 km and
offshore Cenozoic sediments, (six to eight stations). The assigned errors are
minimum–maximum and average values. RMS misfit and χ2 after Zelt &
Smith (1992).

Picks
Section Phase used Assigned errors [s] RMS misfit [s] χ2

Continental Ppb 15 0.25–0.25, 0.25 0.47 3.85
section Puc 449 0.10–0.10, 0.10 0.15 1.78

Pmc 289 0.10–0.25, 0.15 0.21 1.68
Pn 197 0.25–0.25, 0.25 0.22 0.78

PmcP 37 0.15–0.15, 0.15 0.14 0.91
PlcP 180 0.20–0.20, 0.20 0.19 0.93
PmP 437 0.25–0.25, 0.25 0.20 0.66

Oceanic Pcb 206 0.10–0.20, 0.14 0.27 2.59
section PcbP 37 0.10–0.10, 0.10 0.10 1.08

Pgo 194 0.10–0.15, 0.11 0.15 1.65
Pn 595 0.25–0.25, 0.25 0.25 1.07

Empiric analysis of layer velocity uncertainty

Empirical analysis of the seismic velocities is unequally more diffi-
cult to perform. If the modelled traveltime branches do fit the picked
(= observed) traveltimes within their given uncertainty, and reverse
shots do constrain dip of subsurface horizons, the seismic velocity
distribution is one possible model. Nevertheless, the general expe-
rience during ray tracing modelling is that mostly a medium model
is created to fit the entire range of seismic traveltime picks all along
the profile. Positive and negative deviations of the measured seismic
velocities (i.e. the slope of a traveltime branch) on adjacent seismic
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Figure 9. (Resolution of the final P-wave velocity model.) Resolution of the P-wave velocity field according to Zelt & Smith (1992) resampled to 20 km
intervals. Triangles as for Fig. 1. The upper figure (a) shows values for the sedimentary section, the lower figure (b) for the residual crust.

recordings may arise from a non-linear experimental setup, navi-
gational errors, false location of seismic receivers (ocean-bottom
devices), non-resolvability of seismic layers or 3-D subsurface
structures. Hence, a single seismic recording might show the true
subsurface seismic velocity distribution and cannot be rejected
easily.

Therefore, we provide the maximum deviation (or tolerance) of
seismic velocities as a parameter of uncertainty: after creation of
the final medium velocity model, every single seismic station was
modelled, without notice of other stations along the profile. The in-
version algorithm of Zelt & Smith (1992) was applied to minimize
the RMS misfit. The model horizons of the final model (derived by
all seismic stations) were held fixed, because only the deviation in
seismic velocity was checked. Afterwards, the minimum and max-
imum deviations of all single-station models from the final model
was calculated. Figure 10 shows the exemplary results for the upper
and middle crustal layers along a very sensitive section of the pro-
file, the continent–ocean transition (see also Fig. 8 for ray coverage).
The gross tolerances are ranging between 0.05 to 0.1 km s−1 for the
upper crust and 0.1 to 0.2 km s−1for the middle crust.

Interestingly the positive deviations (up to 0.4 km s−1) in the
middle crust where slightly higher than the negative. Rather than
the upper limit, our presented final velocity model shows in the
middle crust most likely the lower limit of allowable seismic veloci-
ties (7.2 km s−1). This fact is hardly negligible, because high seismic
velocities within the continent–ocean transition are commonly in-
terpreted as MgO-rich volcanic intrusions. We therefore conclude
that the elevated seismic velocities at the continent–ocean transition
have to be considered for subsequent geological interpretation.

Gravity data acquisition and characteristics

Gravity data were acquired along the shot track by RV Polarstern
with the shipboard gravity meter. Processing comprises integration
to the International Gravity Standardization Net 1971 (IGSN71) us-
ing harbour links at Tromsø(Norway) and Bremerhaven (Germany).
Further, an Eotvös correction was applied to obtain the free-air grav-
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Figure 10. (Minimum–maximum deviations of the seismic velocities at
the continent–ocean transition.) Minimum and maximum deviations (tol-
erances) of seismic velocities within the upper and middle crust along
continent–ocean transition. Deviations are shown by a grid pattern of 5 × 2
km. (a) Minimum deviation. (b) maximum deviation. (c) sum of (a) and (b),
a parameter of underestimation (+) or overestimation of seismic velocities.

ity anomaly. Data for the onshore section east of Kongsfjorden was
extracted from the free-air anomaly grid of the Svalbard/Greenland
region of Boebel (2000) and adjusted to the processed ships
gravity.
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Figure 11. Initial and final density models and free-air anomaly for profile AWI-99400: initial (model A) and final (model B) density models for profile
AWI-99400. The observed free-air anomaly is marked by a thick solid line in the upper graph. The derived free-air anomaly from model A is marked by a
dashed-dotted line, from model B by a dotted line. For calculation of densities and modelling parameters see text. Triangles as for Fig. 1.

The anomaly variation along the entire profile is approximately
145 mGal (Fig. 11: −65 mGal at 334 km, 80 mGal at 10 km).
Gravity increases towards the west along the onshore section of the
profile from −50 to 0 mGal, with some short-wavelength anomalies
from 300 to 360 km. At approximately 200 km a gravity maximum
of 60 mGal is observed forming a 40 km wide anomaly. Gravity
decreases continuously towards Molloy Transform Fault at 140 km.
The oceanic crustal section to the west is characterized by a plateau
with gentle undulations. The Hovgård Ridge at the western edge
of the profile terminates the gravity record by a strong, 75 mGal
positive anomaly peak.

Gravity modelling

The P-wave velocity model presented above was gridded and trans-
formed into an initial density model using the non-linear velocity–
density regression of Christensen & Mooney (1995). This rela-
tion includes mantle rocks, such as dunite and pyroxenite, and is
therefore suitable for crust–mantle studies. Subsequently, blocks
were digitized within an interval of 0.05 g cm−3. Rock den-
sities for the sedimentary cover were set to 2.10 and 2.40 g
cm−3; the mantle density is uniform 3.3 g cm−3. The potential
field data interpretation software LCT was used to model free-air
gravity.

Model A in Fig. 11 shows the calculated density model as de-
scribed above. It is obvious that the model does not fit the observed
gravity field:

(i) There is a −50 mGal misfit along the mostly unstretched
continental section of the profile.

(ii) There is a +50 mGal misfit at 200 km.
(iii) There is a 60 mGal misfit over the region between the

Hovgård Ridge and Molloy Transform Fault.

We applied the following modifications to the density model to
eliminate these misfits (Fig. 11; model B):

(i) Raising density of the upper part of the eastern continental
section to 2.75 g cm−3. This is consistent with density measurements
on field rock samples published by Kurinin (1970) and Howells et al.
(1977). Kurinin (1970) report on mean group densities of 2.68 to
2.72 g cm−3for Devonian and lower metamorphic rocks. Howells
et al. (1977) defined formation densities of 2.72 to 2.76 g cm−3for
pre-Devonian to Devonian rocks of northern Svalbard.

(ii) Further west, densities of the zone of slightly increased seis-
mic velocities (Fig. 11; 200 km) are raised to 3.15 g cm−3.

(iii) Between Hovgård Ridge and Molloy Transform Fault the
mantle density of 3.30 g cm−3was decreased to 3.24 g cm−3, to pro-
duce a downward shift of calculated gravity values by approximately
60 mGal. Lower mantle densities of 3.26 g cm−3are also suggested
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696 O. Ritzmann et al.

Figure 12. Geological interpretation of profile AWI-99400: geological interpretation of the velocity model along profile AWI-99400. For the oceanic crustal
section a line drawing of multichannel line BGR31-74 (Eiken 1993; Eiken & Hinz 1993) is shown. See insert map for location (dotted line). Note that the
steep Moho topography at the Molloy Transform Fault was observed on the multichannel transect. The eastern continental section also shows a geological
cross-section for northwestern Svalbard (A-A’; after Hjelle & Lauritzen 1982). The geological profile is marked on the insert map by a thick black line.
Generally, continental crust is coloured white, oceanic dark grey. The mid-grey colour indicates Palaeozoic sedimentary rocks. The crosshatch pattern marks
the zone along the sheared margin that is intruded, as characterized by higher seismic velocities (up to 7.2 km s−1). The vertical dashed line at 250 km marks
approximately the boundary between the western and central terrane of Svalbard. HFZ: Hornsund Lineament. RFF: Raudfjorden Fault. BBF: Breibogen Fault.
BFZ: Billefjorden Fault. SFZ: Spitsbergen Fracture Zone.

for the Northern Atlantic Senja margin (Breivik et al. 1999) by
modelling the thermal structure of the lithosphere. Below Hovgård
Ridge the mantle density of 3.30 g cm−3remains unchanged because
the gravity calculation using model A fits the observed field well.

The final density model

The final density model B (Fig. 11) gives further constraint to the
modelled velocity structure. The crustal density variations of model
B compared to the initial model A, imply velocities that are within
the given uncertainties of the final velocity model and the non-linear
regression of Christensen & Mooney (1995). The negative shift
in mantle density of approximately 0.1 g cm−3below the oceanic
crustal section is consistent with the relatively low observed seismic
velocities of 7.7–7.8 km s−1in the upper mantle. The high densities
of 3.15 g cm−3within the middle crust at 200 km may point to an
underestimation of the seismic velocity of 7.2 km s−1at this location.
The recalculation of the seismic velocity from the modelled density
derives values of 7.4 km s−1. This fits to the discussion of possible
tolerances of seismic velocities where similarly an underestimation
is observed.

I N T E R P R E TAT I O N A N D D I S C U S S I O N

For further discussion and interpretation of the velocity and density
structure the profile AWI-99400 is split into four individual sections:

(i) The Cenozoic sedimentary cover from 20 to 245 km, which
overlays continental, transitional and oceanic crust.

(ii) The eastern continental section east of 200 km, which cov-
ers parts of the proposed western and central terrane of the Sval-
bard archipelago. In the upper levels it is characterized by a 8 km
thick Palaeozoic sedimentary basin, known from geological record
(Fig. 1).

(iii) The transition to the oceanic domain to the west, that features
a steep Moho uplift of 15 km, a zone of slightly elevated seismic
velocities and a pronounced density anomaly.

(iv) The oceanic section of the profile west of 170 km, which is
subdivided into two sub-regions by the Molloy transform fault at
120 km.

The interpretation of the different sections is summarized in
Fig. 12.

The Cenozoic sedimentary cover east of Molloy transform
Fault

Seismic reflection data published by Eiken & Hinz (1993) and Eiken
(1993) shows three sedimentary sequences (YP-1 to YP-3; Fig. 12)
for northwestern Svalbard and the adjacent Yermak Plateau. Geissler
(2001) attributed sonobuoy-derived seismic velocities to the indi-
vidual sequences. The seismic velocities are defined as follows: 3.2
to 4.2 km s−1for YP-1 (lower), 1.9 to 2.4 km s−1for YP-2 (middle)
and 1.7 to 1.8 km s−1for YP-3 (upper). A comparable velocity struc-
ture is also found for the lower sequences in the northern Barents sea
(Fig. 1b; Myhre & Eldholm 1988, ESP1-5; 3.2 to 4.3 km s−1, 1.9 to
3.2 km s−1), so that a regional trend can be deduced. The observed
seismic velocities along profile AWI-99400 indicate the presence
of sequences YP-1 and YP-2. Henceforward, we will take 2.4 km

C© 2004 RAS, GJI, 157, 683–702

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/157/2/683/634888 by guest on 23 April 2024
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s−1to mark the approximate boundary between YP-1 and YP-2. The
applied low-frequency air-gun source limits the resolution of the
shallowest sequence, YP-3.

Eiken (1993) suggests a latest Oligocene (36 Ma) to the Late
Miocene (7 Ma) age for YP-1. The youngest strata of YP-2 are sup-
posed to be Early Quarternary. Our data thus show more than 4 km
of YP-1 strata west of the Molloy Transform Fault (Fig. 1a). Accord-
ing to the estimated age, this sequence comprises syn- and post-rift
sediments and sedimentary rocks. The work of Steel et al. (1985)
indicates that Early to Middle Palaeocene clastics were deposited
on either side of the uplifting west Spitsbergen fold belt during
transtensional movements. Therefore, the lower parts of YP-1 may
comprise Palaeocene strata.

The eastern continental section

This profile section covers the parts of the western and the central
terrane of Svalbard (station ref409 (Figs 1a and 2) is approximately
located at the bounding Kongsfjorden–Hansbreen Fault Zone).

Central terrane (250 to 360 km)

Geological cross-sections of the central terrane cut through several
exposed basement provinces (or subterranes), i.e. the western NW
terrane of Albert I Land to the west of the Raudfjorden Fault Zone,
the Biskayerfonna–Holterdahlfonna terrane west of the Breibogen
Fault Zone and the Andrée Land–Dickson Land terrane west of the
Billefjorden fault zone (Fig. 1a; Hjelle & Lauritzen 1982). Although
the lithology of each terrane is extremely varied, this is not reflected
in the observed velocity structure. The modelled seismic velocity
is distributed uniformly in the upper crust, with only slight changes
suggesting the presence of the metamorphic rocks of Albert I Land
and the Hecla Hoek province east of Billefjorden Fault Zone.

We suggest the lower sequences of the Devonian basin (Fig. 1a)
are located at depths of 4 to 7 km following the 6.1 km s−1isocontour,
the maximum seismic velocity observed for Palaeozoic strata of the
Svalbard–Greenland depositional realm (e.g. Jackson 1990; Hajnal
et al. 1990; Schlindwein & Jokat 1999).

In petrological models of the deeper structure of Svalbard’s central
terrane (more precisely the basement province east of the Breibogen
Fault Zone; Fig. 1a; Amundsen et al. 1987), the crust is built up
of three rock units, regionally overlain by Palaeozoic sedimentary
rocks. The proposed rock types are:

(i) Gneisses.
(ii) Granulites.
(iii) Granulites with small amounts of interbedded pyroxen-

ite/lherzolite (observed on mantle xenolithes).

The latter unit is most likely not associated with large igneous
intrusives related to mantle plume activity, because new seismic
refraction data from the Yermak Plateau do not support a Yermak
hotspot (Ritzmann & Jokat 2003). The rock units (i), (ii) and (iii)
were related to velocities of 6.1 to 6.3 km s−1, 6.4 to 6.6 km s−1and
6.7 to 6.8 km s−1, respectively (Chan & Mitchell 1982). Our results
for the central terrane reinforce these models. Granulitic rocks are
therefore supposed at depths between 10 and 22 km. Similar seismic
velocities (6.1 km s−1) for the upper crystalline layer are reported
for the Isfjorden region 100 km further south (Sellevoll et al. 1991).
The origin of lower crustal reflectivity is under debate (Mooney &
Meissner 1992). The observations of Amundsen et al. (1987) on
xenolithes of mafic intrusions in the lower crust seem to be a likely

cause. In this case, the reflective horizon at 22 km depth indicates
that lower crustal interbedded material possibly raise up to a certain
depth level, probably defined by uniform P–T conditions or the
brittle/ductile transition. Moreover, lower crustal reflectivity may
be caused by the process of extension (Mooney & Meissner 1992).
Ductile flow in the lower crust aligns minerals and stretches lower
crustal bodies. Throughout the Cenozoic, extension and later rifting
dominated the Svalbard realm. Further, Ritzmann & Jokat (2003)
report an Oligocene simple shear extension on the southern Yermak
Plateau. On the basis of our data alone, it is not possible to reveal
the origin of the lower crustal reflection, although we favour low
amount of intrusions based on mantle xenolith samples.

A transitional crust–mantle boundary below Svalbard as sug-
gested by Sellevoll et al. (1991) and Czuba et al. (1999) can not
be confirmed for the northern region (velocities between 7.35 and
7.8 km s−1). Instead our seismic model shows a first-order crust–
mantle transition (Figs 7 and 12).

Western terrane (210 to 250 km)

The western terrane (Fig. 1a) is characterized by an abrupt decrease
of seismic velocity and rock density to depths of 20 km directly
below the Forlandsundet graben (Fig. 7) within the Tertiary west-
ern Spitsbergen orogenic belt (Fig. 1b). The Caledonian geological
suture between the central and western terranes at 255 km (Harland
& Wright 1979) is not evident in our model. The Tertiary break-up
of Svalbard and northern Greenland is supposed to have mainly in-
volved strike-slip movements along the Hornsund Lineament to the
east of this low-velocity structure since Oligocene times (Eldholm
et al. 1987).

The development of the Forlandsundet graben within a mainly
compressional fold and thrust belt is speculative. The general age
of the sedimentary infill is Late Eocene to Oligocene. An extensional
or transtensional event during (prior?) to the continental break-up
from Greenland is supposed to have caused subsidence (Dallmann
et al. 1993).

Nevertheless, a strike-slip/pull-apart character for the Forland-
sundet graben is mentioned in earlier work (e.g. Lepvrier & Geyssant
1985; Steel et al. 1985; Harland 1997c). An old assumption for the
fold belt development was proposed by Lowell 1972. Within a con-
vergent strike-slip zone crustal sheets were thrusted up to result in a
typical flower structure. Later, the Forlandsundet graben developed
possibly as a collapse graben along the axis of the main fold belt
(Steel et al. 1985).

It is not possible to examine the tectonic regime in detail. Though,
the observed low seismic velocity zone beneath the Forlandsundet
graben may interpreted as a deep axial fault zone. Rock formations
within this zone might be fractured during the entire Tertiary tectonic
processes related to the Svalbard–Greenland break-up. This zone
lies in close proximity to the Caledonian suture (i.e. Kongsfjorden–
Hansbreen Fault Zone) which leads to the assumption that possibly
Tertiary movements reactivated an older shear zone.

In addition to a tectonic cause, parts of the low seismic veloci-
ties below 6.0 km s−1might represent Palaeozoic sedimentary rocks
as in the upper crust of the central terrane. Accordingly, any nar-
row sedimentary trough would be downfaulted approximately 4 km,
i.e. the throw of the Forlandsundet graben (Eiken & Austegard
1987). Deeper seated Palaeozoic rocks were also found below the
Oligocene Danskøya Basin (Fig. 1a; Eiken 1993) approximately
120 km further north (Ritzmann & Jokat 2003). In a similar way,
at the Forlandsundet graben a 5 km Tertiary sequence may cover
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Figure 13. Sheared margin development—proposed southeastern extent of Spitsbergen Transform Fault. (a) Schematic evolution of a transform (sheared)
continental margin. Grey: Continental crust. Hatched: Stretched continental crust. White: Oceanic crust. Phase I: Development of continental transform faults.
Phase II: Crustal stretching between continental transforms. Phase III: Development of an active transforms separating oceanic from continental crust. Phase
IV: The spreading ridges had passed the continental section and the active transform becomes an inactive fracture zone. (b) schematic map of the proposed
southeastern extension of the Spitsbergen Transform Fault to the inactive fracture zone (dashed line, east of Molloy Ridge). Grey colour marks the location of
observed (stretched) continental crust (this study and Ritzmann & Jokat 2003). Thick lines are spreading ridges, and thin continuous lines are the respective
transform faults between. The dotted line marks the approximate position of profile AWI-99400. Bathymetry: sketched from IBCAO (Jakobsson et al. 2000).

deeper Palaeozoic rocks, within a probable transtensional graben
setting. The preservation of Devonian sedimentary rocks within the
Tertiary fold belt is also observed onshore in the region of the Horn-
sund (Fig. 1a; e.g. Steel et al. 1985).

In summary, we interpret the upper/middle crust below Forland-
sundet graben to consist of both downfaulted Palaeozoic sedimen-
tary strata and extensively fractured rocks.

Further west, off Prins Karls Forland, the profile crosses the
Hornsund Lineament (Eiken 1993). Like the Caledonian suture (at
255 km) a deeper structure of the Hornsund Lineament is not clearly
visible. The fault may follow the isovelocity contour of the upper
crystalline layer, in a westward dipping (listric?) manner. Published
seismic reflection data (Eiken & Austegard 1987; Eiken 1993) show
that the lineament consists of two separate blocks at Sjubrebanken,
north of Prins Karls Forland. Our deep seismic data off Kongsfjor-
den do not define the internal structure of the lineament. The absence
of stepwise deepening of the upper basement below the shelf sedi-
mentary rocks may point to an unfaulted structure here. The striking
manifestation of the Forlandsundet graben compared to the absence
of striking features for the Hornsund Lineament suggests that the
two structures have separate, and rather different tectonic histories.

The continent–ocean transition

The continent–ocean transition along profile AWI-99400 is charac-
terized by a rapid change in Moho depth on the eastern continental
section which gives way to thin oceanic crust at 170 km. This transi-
tion is characterized by the highest seismic velocities found for con-
tinental crust along the profile (7.2 km s−1). The maximum steepness
of the Moho along profile AWI-99400 is directly east of the transi-
tion, where the Moho dips at angles of 45◦from 10 to 20 km depth.
The rapid decrease of Moho depth at the continent–ocean transition
may be characteristic of sheared or transform continental margins.
At such margins, complex rifting occurs along a continental trans-
form fault (Fig. 13a; phase I and II), followed by the development of
an active transform boundary separating oceanic from continental

crust (Fig. 13a; phase III; Lorenzo 1997). Later the ridge passes the
continental section and the transform becomes inactive apart from
differential subsidence (Fig. 13a; phase IV).

Fig. 13(b) shows the proposed scenario for the observed continen-
tal margin along profile AWI-99400 and the adjacent plate boundary
in the Fram strait. The continent–ocean transform off northern Prins
Karls Forland is located along the southern extension of Spitsbergen
Transform Fault, today represented by an inactive fracture zone. The
southeasterly trend of this fracture zone towards Prins Karls Forland
dictates, therefore, most likely the occurrence of (stretched) conti-
nental crust (shaded in grey; Fig. 13b). Additional support for this
hypothesis is given by two facts:

(i) At transform continental margins spreading anomalies in the
adjacent oceanic crust appear perpendicular to the margin. Re-
cently acquired helicopter based magnetic data between the north-
east Greenland shelf and the Molloy Ridge reveal well defined mag-
netic anomalies parallel to the ridge axis (Jokat et al. 2003). Hence,
a similar ridge-parallel anomaly pattern (=perpendicular to the in-
active fracture zone) is expected between Molloy Ridge and the
Svalbard margin.

(ii) A seismic refraction profile along the northern coast of Sval-
bard to the Molloy deep (Fig. 1a) shows clearly the occurrence
of (stretched) continental crust east of 6◦E (Ritzmann 2003). This
yields further reliability to the proposed track of the inactive fault
that bounds (stretched) continental crust from oceanic crust.

The crustal structure of other sheared margins that are constrained
by seismic experiments is well known from the Còte d’Ivoire, Ghana
margin (Edwards et al. 1997), the eastern Canada margins (Reid
1988; Todd et al. 1988; Reid & Jackson 1997) off Queen Charlotte
Island (Horn et al. 1984), the Exmouth Plateau (Lorenzo et al. 1991)
and the nearby Senja–Barents sea margin (Faleide et al. 1991).

The Còte d’Ivoire, Ghana margin shows a similar extreme topog-
raphy of the Moho to that observed along profile AWI-99400. The
other margins are characterized by a broader, 30–60 km wide tran-
sition zone. Comparing the velocity structure of these margins, high
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seismic velocities are common at the continent–ocean transition. In
the case of the Còte d’Ivoire, Ghana margin, oceanic and continental
crust are separated by a high seismic velocity unit (5.8 to 7.3 km
s−1). The cause of these velocities is ambiguous: the interfacing
body is either interpreted as emplaced lower crustal/mantle rocks
or heavily intruded basic igneous rocks (Edwards et al. 1997). In-
trusions might occur in the presence of a slight transtensional stress
component making the ancient transform slightly leaky. The nearby
Senja margin (Eldholm et al. 1987) exhibits such leaky behaviour
because volcanic activity and similar high seismic velocities are
found within the crust (7.1 km s−1). Horn et al. (1984) modelled a
20 km wide body (5.5 to 7.4 km s−1) at the transition of the Queen
Charlotte margin as sheared basalts and gabbros. This body extends
down to depths of 17 km, showing a deepening lower edge towards
the continent, and is similar to that found along our profile. It is un-
certain whether the Queen Charlotte margin body has a continental
or oceanic character (Horn et al. 1984).

In summary, we deduce that the sheared margin off Prins Karls
Forland differs in detail from those reported above, because an al-
tered high-velocity section of continental crust is observed (Fig. 7;
170–300 km). As a result of the transtensional stress field prior to
the actual opening of the Fram strait, the continental crust on the
eastern side of the transform was affected by (oblique) stretching
(200 to 240 km along the profile). Moreover, a significant amount of
mantle-derived melts may contaminate the lower and middle crust
at the transition, raising the velocity here, however, its origin re-
mains speculative. According to Lorenzo et al. (1991), the large
temperature contrast over juvenile transform margins might result
in convection-induced secondary melting of the upper-mantle (re-
ferring to Mutter et al. 1988). This may lead to intrusions during
the passage of the ridge segment and/or hot oceanic crust. Further,
the melt supply might occur by a simple ridge–continental crust
interaction during transit of the hot Molloy Ridge along sheared
continental crust.

The western oceanic section

Oceust (45 to 170 km)

The profile covers two ancient oceanic crustal sections, on each
side of the plate boundary (i.e. Molloy Transform Fault; Fig. 1a).
The section to the east was formed at the Molloy Ridge spreading
segment, while that to the west is formed at the Knipovich Ridge.
An age prediction of the surveyed crustal sections is difficult be-
cause magnetic data of sufficient quality is missing. Magnetic data
of Verhoef et al. (1996) reveals no regular spreading anomalies for
the northern Knipovich Ridge. New acquired magnetic data of the
northwestern segment of Molloy Ridge reveal spreading anomalies
(Jokat et al. 2003), however, a recent dating of single anomalies is
not available. Using the synthetic flow-lines of Eldholm et al. (1990)
chron 5 (∼9.5 Ma) should occur ∼70 km off the Knipovich Ridge at
77◦N (based on Talwani & Eldholm 1977). Our profile AWI-99400
obliquely intersects the Molloy Transform Fault (130 km length;
Crane et al. 2001) roughly half way between the two ridge–transform
intersections. The surveyed crustal sections are 70 to 100 km off the
axes of the spreading centres. We therefore conclude that the age
ranges roughly between 10 and 15 Ma (Middle Miocene), keep-
ing in mind that Crane et al. (1991) mentioned the possibility
of extremely asymmetric spreading rates at the Knipovich Ridge.

The absence of seismic velocities higher than 6.6 km s−1is very
prominent and reflects the absence of oceanic layer 3 along the

profile. Further, this excludes a serpentinization front to the Moho
(Minshull et al. 1998). Velocities vary between 5.3 and 6.6 km
s−1on either side of the Molloy Transform Fault and total thicknesses
of the igneous portion range between 2 and 4.5 km. This is thin
compared to the global mean of approximately 7.1 km, based on
seismic experiments (White et al. 1992).

After Reid & Jackson (1981) crustal thicknesses of mid-ocean
ridges decrease sharply for spreading rates below 20 mm a−1. Recent
work of White et al. (2001) concludes that conductive heat loss is
the most important factor inhibiting melt production. According
to the observations of Bown & White (1994) crustal thinning is
dedicated to the thinning of oceanic layer 3. Because the Knipovich
and Molloy Ridges are characterized by slow spreading rates of ∼8
mm a−1(Eldholm et al. 1990), the correlation between spreading rate
and layer 3 thickness (or absence) fits with our study. The observed
crustal thicknesses are in good agreement with those derived by
rare earth element inversion (for the Knipovich Ridge) of 2.77 to
4.9 km of White et al. (2001). Further, our derived crustal structure
is comparable to that of Klingelhöfer et al. (2000) parallel to the
Mohns Ridge at 72−1N (Fig. 1b). Thicknesses vary around 4 km
due to a great variability of layer 3 thickness. It should be noted
that the upper basement velocities of layer 2 at the Mohns Ridge are
lower than observed along profile AWI-99400 (2.5 to 3.0 km s−1).

The differing seismic velocities for the oceanic layer 2 on either
sides of the Molloy Transform Fault remains problematic. One ex-
planation could be that this is simply the result of different ages of
the crust. The seismic structure of the oceanic crust may also be a
function of tectonics or thermal diffusion effects related to the prox-
imity of the Molloy Transform Fault. The possibility of a different
petrology may be a further point of discussion, which will not be
debated here.

Molloy Transform Fault (130 km)

The Molloy Transform Fault is characterized by an unusual steep
asymmetric topography of the crust–mantle boundary and by an
increase of seismic velocity from east to west. Oceanic layer 3 is
absent. According to studies of transform faults in the North Atlantic
(Detrick et al. (1993) note that the authors commonly use the term
fracture zones for transform faults and fracture zones) the lack of
layer 3 velocities (or higher) within the crust is typical for transform
faults with a large offsets greater than 100 km (offset Knipovich to
Molloy Ridge is ∼150 km).

A common feature of transform faults in the North Atlantic (e.g.
Charlie-Gibbs, Vema; Detrick et al. 1993) is the broad symmetrical
upwarping of the Moho below the valley and accompanying trans-
verse ridges on both sides. In contrast, the Molloy Transform Fault
exhibits a pronounced asymmetric structure. A comparison with
seismic reflection data of Eiken & Hinz (1993) and Eiken (1993)
shows that the steep topography of the subsedimentary crust was
already known (Fig. 12; line drawing). However, arrivals were inter-
preted as intrabasement reflections assuming a deeper crust–mantle
boundary. This study shows that crust at the Molloy Transform Fault
is thinner than previously expected. Regarding the basement topog-
raphy across the transform it seems likely that the transform itself
acts as a hinge for differential subsidence of the flanking oceanic sec-
tions. This may be have been enhanced by the different sedimentary
load. On the eastern side accumulated sediments and sedimentary
rocks may amplify the subsidence of the oceanic crust, probably as a
result of the vicinity of continental Svalbard. Normal faulting of the
region between the Molloy Transform Fault and the Hovgård Ridge
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is evidenced by Baturin (1990) and Eiken (1993) in compilation of
seismic lines off western Svalbard, which was attributed to moderate
extension after formation of igneous crust. Crane et al. (2001) sug-
gest that fault traces observed north of the Molloy Transform Fault
are due to rifting of the Knipovich Ridge that has propagated north
beyond the rift–transform intersection in geologically recent times.
For the location of Molloy Transform Fault, both interpretations
have to be upgraded and basement subsidence has to be considered
to play a substantial role in fault development. A sedimentary se-
quence of more than 4 km thickness is observed at the transform
fault, which is supposed to thicken towards north (Vestnesa, Eiken
1993, Fig. 1a). Therefore, we suppose basement subsidence along
the entire transform fault.

Further constraint on a northeast dipping normal fault complex
might be given by the work of Okay & Crane (1993). They pro-
pose a dipping detachment from the Spitsbergen Transform Fault
underneath the Yermak Plateau, which was initiated by simple shear
tectonic break-up and later asymmetric spreading. Hence, the trend
of the normal faulting at Molloy Transform Fault might be a stress
relict from the initial break-up.

Upper mantle

Upper-mantle velocities along the oceanic section of the profile are
lower than along the continental section of Svalbard (8.0 to 8.1 km
s−1; see also Ritzmann & Jokat 2003), which possibly points to
a change in petrology. This is further supported by lower densi-
ties, at least for the region to the west of Molloy transform fault.
The lowering of mantle seismic velocities may result from a slight
serpentinization of upper-mantle peridotites. After Minshull et al.
(1998) thin oceanic crust, slow spreading ridges and fracture zones
all favour serpentinization by providing faulted pathways for seawa-
ter to penetrate the upper mantle. In fact, the lowest seismic veloci-
ties are found below the Molloy Transform Fault. Further, fractures
and faults associated with the Hovgård Ridge, the Hovgård Fracture
Zone (Myhre et al. 1982) and the transform margin might provide
additional pathways for water to reach mantle levels. According to
Christensen (1966) and Christensen (1978) ∼20 per cent serpen-
tinization is required to reduce seismic velocity to 7.1 and 7.6 km
s−1, whereas the latter is the lowest velocity observed. As the veloc-
ity distribution is not homogeneous we expect different degrees of
serpentinization. Observed seismic velocities for the upper mantle at
the Mohns Ridge are similarly low and attributed to serpentinization
as reported by Klingelhöfer et al. (2000).

C O N C L U S I O N S

The seismic refraction profile off Kongsfjorden in Svalbard provides
a detailed seismic velocity structure of a sheared continental mar-
gin. It also gives new information concerning the geology of central
Svalbard and the development and evolution of the northwestern
continental margin of Eurasia. The sheared margin off Kongsfjor-
den is, most likely, slightly influenced by magmatic activity. Sval-
bard’s western continental margin seems to be more segmented as
expected. Between Prins Karls Forland and the northern coast of
Svalbard, the margin is part of the Spitsbergen Fracture Zone. Fur-
ther to the south, off Van Mijenfjorden, the crustal structure revealed
a normal rifted margin segment with a 100 km wide continent–
ocean transition zone (Ritzmann et al. 2002). The segmentation
into sheared and rifted margin along the Barents sea margin is well
established (e.g. Breivik et al. 1999, 2003). We therefore conclude
that a similar segmentation is also given off western Svalbard.

Our main results are:

(i) The seismic velocity structure does not resolve Caledonian
crustal blocks. Late Palaeozoic sedimentary rocks are modelled with
a thickness of up to 7 km and additional Palaeozoic sedimentary
rocks occur below the Forlandsundet graben. These rock units can be
associated with those of Svalbard’s central terrane and the lithology
found by Amundsen et al. (1987).

(ii) The crustal structure of the upper 20 km below Forlandsun-
det graben exhibits low seismic velocities, interpreted as being the
result of intensive faulting during the early Palaeocene movements
between Svalbard and Greenland. Because this structure is located
adjacent to the proposed (sinistral) Caledonian suture between the
western and central terrane, (dextral) Tertiary movements may have
reactivated the Palaeozoic shear zone.

(iii) The continent–ocean transition can be classified as a sheared
margin, with the Spitsbergen Transform Fault/Spitsbergen Fracture
Zone as the trace of the fault. A steep increase (45◦) in Moho depth
of more than 10 km is observed at the transition. Seismic velocities
at the transition are the highest observed (>7.2 km s−1) along the
entire continental section. We attribute this to magmatic intrusions
during the early break-up process in the Fram strait.

(iv) The oceanic crust adjacent to the continent–ocean transition
is thin, ranging between 2 and 4 km. This thickness is in contrast
to earlier published work, specifically Czuba et al. (1999). The ob-
served seismic velocities indicate the absence of oceanic layer 3.
We attribute the thinning to decreased partial melting to conductive
heat loss at the (slow-spreading) Molloy and Knipovich Ridges. Sed-
imentary sequences more than 4 km thick are observed in the Molloy
Ridge crustal segment, compared with only 2 km in the Knipovich
Ridge segment. Differential loading possibly lead to a hinge-like
behaviour and normal faulting at of the Molloy Transform Fault

(v) The occurrence of a transform margin off Kongsfjorden di-
rectly adjacent to a rifted segment ∼100 km further south (Ritzmann
2003), leads to the assumption that the western margin of Svalbard
is segmented similarly to the Barents sea margin further south.
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