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S U M M A R Y
Deep seismic refraction data were gathered across the entire East Greenland rifted margin
north of the Jan Mayen Fracture Zone between 72◦N and 75◦N in 2003. Investigations of the
deep crustal structure of this continental margin provide constraints on the formation of the
margin and its structural evolution during and after late Cretaceous–early Tertiary rifting and
continental break-up. We present here the results along two profiles located in the prolongation
of the Godthåb Gulf and the Kejser Franz Joseph Fjord. Regional P-wave velocity models
were derived from forward traveltime modelling of land stations and ocean bottom hydrophone
(OBH) recordings. For the first time, long deep seismic sounding transects off East Greenland
provide a full insight into the crustal architecture of the transition from continental to oceanic
crust. A mean result is the identification of voluminous magmatic underplating, which is
wider and thicker than previously thought. P-wave velocities of the underplated material range
between 7.1 and 7.4 km s−1 and the horizontal extents on the profiles are 225 and 190 km.
The maximum thickness of the underplated material is 15–16 km. Furthermore, the P-wave
velocity models reveal a 120–130 km wide continent–ocean transition zone (COT), based on
an interpretation of the extent of Cretaceous syn-rift sediments mixed with basaltic intrusions
and the lateral increase of velocities in the crustal layers. Excess magmatism must have been
present during a long-term rifting process, accompanying the extension of the continental crust
and giving rise to the voluminous magmatic underplating. A consequence of our interpretation
of the seismic refraction data is a likely rift propagation in the Greenland Sea from north to
south. Additionally, a comparison of P-wave velocity models of the East Greenland Margin
and Vøring Margin reveals significantly asymmetric crustal architectures. The voluminous
magmatic underplating and asymmetrical conjugate margins formations are considered as a
mirror of complex pre- and syn-rift processes.
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1 I N T RO D U C T I O N

The East Greenland continental margin is bounded landwards
between the Jan Mayen and Greenland fracture zones by the
Caledonian fold belt, formed in Silurian times (Escher & Pulvertaft
1995; Henriksen et al. 2000) and Devonian sedimentary basins de-
veloped during the ensuing extensional collapse (Fig. 1). Subse-
quently, sedimentary basin formation took place during a long-term
Mesozoic rifting process that terminated in Tertiary magmatism
generally related to the Iceland hotspot and the break-up of the
North Atlantic. Onshore outcrops of igneous rocks prove this on
Hold with Hope, Wollaston Foreland and Shannon Island. Here, the
lavas reach 800 m in thickness (Upton et al. 1980; Upton 1988).
South of the Jan Mayen Fracture Zone, much larger amounts of
flood basalts are found onshore on the Geikie Plateau, and there is

evidence for the erosion and removal of a thick pile of basaltic
lavas on Jameson Land (Larsen & Marcussen 1992; Saunders
et al. 1997). Modelling of wide-angle seismic data, from
Shannon Island to the Scoresby Sund area, have also given evi-
dence for varying intensities of Tertiary magmatic activity offshore
from north to south. Crustal structure models along the margin re-
veal variations in the Moho topography (Weigel et al. 1995; Fechner
& Jokat 1996; Mandler & Jokat 1998; Schlindwein & Jokat 1999).
Seaward dipping reflector sequences (SDRs) (Hinz et al. 1987) and
high velocity bodies in the lower crust, with P-wave velocities of
more than 7.0 km s−1 (Mutter & Zehnder 1988; White & McKen-
zie 1989; Schlindwein & Jokat 1999) are reported north of the Jan
Mayen Fracture Zone. However, south of Kong Oscar Fjord, deep
seismic data provide no evidence of such a high velocity lower crust
(Schlindwein & Jokat 1999; Schmidt-Aursch & Jokat 2005a). The
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Continent–ocean transition and voluminous magmatic underplating 581

Figure 1. Simplified geological map of East Greenland Fjord Region after Escher and Pulvertaft (Escher & Pulvertaft 1995) (copyright Geological Survey of
Denmark and Greenland) and Henriksen et al. (2000). IBCAO Bathymetry after Jakobsson et al. (2000). Bk: Bontekoe Ø. C: Clavering Ø. DH: Danmarkshavn
(magnetic base station). F.I.: Finsch Island. GAL: Günnar Anderson Land. GHØ: Gauss Halvø. HwH: Hold with Hope. JMFZ: Jan Mayen Fracture Zone. KFJF:
Kejser Franz Joseph Fjord. KOF: Kong Oscar Fjord. SL: Strindberg Land. WF: Wolaston Foreland. All seismic profiles acquired in 2003 shown as thick solid
black lines. Thin solid black lines mark ocean spreading anomalies. Thick dashed line represents the location of JMFZ as reference. Thin dashed line marks
the smoothed shelf edge (330 m). Scale is valid for 73◦N.

total melt production north of the Jan Mayen Fracture Zone remained
unresolved from these studies, because sea ice cover prevented the
transects from crossing the entire shelf and continental margin into
the normal oceanic realm. Thus, the seaward and northward extent
of magmatic underplating seen partly on seismic profiles of Kong
Oscar Fjord and Kejser Franz Joseph Fjord are the subject of de-
bate (Schlindwein & Jokat 1999; Schmidt-Aursch & Jokat 2005a).
Seismic data from the conjugate Vøring Margin off Norway (Mjelde
et al. 1997; Mjelde et al. 2001; Raum et al. 2002; Mjelde et al.
2005), on the other hand, revealed extensive magmatic underplating
and thickened oceanic crust, which would support models of larger
than known underplating for the East Greenland Margin. The lo-
cation of the continent–ocean boundary (COB) in this part of the
East Greenland margin is the subject of further controversy. Until
now, the deeper crustal structure of the continental margin off East
Greenland was unknown, with suggestions based instead on short
seismic transects and/or potential field data. No seismic profiles,
imaging the deeper crustal structure, were available, which would

provide constraints for an unambiguous continent–ocean transition
(COT). Hinz et al. (1987) showed seaward dipping reflector se-
quences on multichannel seismic profiles, and argued for a coin-
cidence of the COB and SDRs in consideration of the eruption of
massive volcanic sequences over highly extended continental crust
during the latest phases of rifting prior to seafloor spreading (Hinz
1981). Escher & Pulvertaft (1995) established the COB based on
the coincidence of a gravity high with the bathymetric shelf mar-
gin, and using magnetic data. Scott (2000) suggested that anomaly
C23 can be traced into the previously interpreted continental crust
and placed the COB further west, about 10 km off the East Green-
land coastline. He interpreted the ambiguous magnetic pattern be-
tween the old COB and the coastline as oceanic spreading anomalies.
Tsikalas et al. (2002) based their location of the COB on reconstruc-
tion models and reinterpretation of the magnetic lineations. Those
authors proposed C22 to be the oldest confidently identifiable mag-
netic anomaly and placed the COB 50–80 km East of that of Scott
(2000).
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Figure 2. Location of the Godthåb Gulf and Kejser Franz Joseph Fjord seismic refraction profiles. Red lines show flight lines of the airborne magnetic survey.
Yellow triangles show locations of the OBS/OBH, red triangles represent locations of REF land stations. Black dots show the locations of the receivers projected
onto the straight line, as described in the text. Gray triangles and dots mark unused receiver stations. First, last and every fifth location are labelled. Green lines
represent seismic refraction profiles after Schlindwein & Jokat (1999); blue lines mark multi channel seismic profiles after Hinz et al. (1987). For additional
labels see Fig. 1. Scale is valid for 73◦N.

To investigate the deeper crustal structure and the transition from
continental to oceanic crust between the Jan Mayen and Greenland
fracture zones (Jokat et al. 2004) new seismic refraction data across
the East Greenland Margin were acquired by the Alfred Wegener
Institute for Polar and Marine Research (AWI) using R/V Polarstern
in 2003. This paper presents forward modelling of P-wave arrivals
recorded by onshore receivers and ocean bottom seismometers on
the two southernmost profiles, which are conjugate to the Vøring
Plateau. The southern transect, AWI-20030500, extended an earlier
profile (94320) along the Kejser Franz Joseph Fjord (Schlindwein
& Jokat 1999) (Figs 1 and 2). Profile AWI-20030400 was located
further north, off the Godthåb Gulf, in order to gain insight into
north–south trends in the crustal structure.

In this study, we use the definition of a COT zone provided by
Whitmarsh & Miles (1995): the COT is that part of the lithosphere,
which includes the crust between the thinned continental crust char-
acterized by tilted fault blocks, and the first oceanic crust formed by
seafloor spreading. Because of this, the interpretation of magnetic
anomalies as spreading products, or not, has strong implications for
the location of the COT. We discuss the interpretation of P-wave
velocity models in combination with magnetic data and present ev-
idence for wide and voluminous magmatic underplating.

2 DATA A C Q U I S I T I O N A N D
P RO C E S S I N G

Four seismic refraction profiles were shot in the area between 72◦N
and 76◦N off East Greenland (Jokat et al. 2004) during cruise Arktis
XIX/4 of R/V Polarstern in summer 2003 (Fig. 1). Two profiles were

located near the Greenland Fracture Zone and Shannon Island. The
two profiles used for this study, are perfectly located for comparisons
of the deep crustal structure with a former transects of this region
and with the conjugate Vøring Margin. On profile AWI-20030400,
seismic signals were recorded by four three-component REFTEK
(REF) land stations and 29 ocean bottom instruments [15 ocean
bottom hydrophones (OBH) and 14 three-component ocean bottom
seismometers (OBS)]. Along profile AWI-20030500, a total of seven
land stations, 16 OBH and 14 OBS were used. Land stations recorded
with 100 Hz sampling rate and OBH and OBS with 200/250 Hz,
respectively. The locations of the receivers are displayed in Fig. 2.
The average receiver spacing was 10 km. The seismic source con-
sisted of an array of five G-guns with a total volume of 42.5 L and
an additional 32 L Bolt airgun fired every 60 s. The shot distance
was about 125 m.

OBH 403 yielded no reliable data, while OBS 416 and REF 430
had a 1 and 2 s time shift and were used for processing after an
adequate traveltime correction. On the southern profile, REFs 535
and 534 and OBHs 526 and 520 and OBS 509 had recording prob-
lems and were not used for modelling. For P-wave modelling, we
used hydrophone recordings of the appropriate ocean bottom instru-
ments, as well as the recorded vertical z-component of the onshore
receivers. Stacking the vertical component channels for each REF
stations did not result in better data quality. A tapered bandpass filter
of 4.5–30 Hz was used for the seismic data. All displayed seismic
sections (Figs 7(a–d) and 8(a–d)) are filtered with 4.5 and 12 Hz to
enhance the display quality and are scaled with an automatic gain
control (AGC) window of 2 s. The reduction velocity is 8 km s−1.
Deconvolution filters were tested, with the intension of enhancing
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Figure 3. Wiggle plot along new magnetic survey traverse lines. See text for range of maximum values. Background shows regional magnetic grid (Verhoef
et al. 1996). Positive values are red, negative values are blue. Seismic profiles are shown as in Fig. 2. Spreading anomalies modified after Escher & Pulvertaft
(1995). White box denotes portion of map depict in inset. Note the short wavelength magnetic variations within the pronounced negative magnetic anomaly.
Scale is valid for 73◦N.

secondary arrivals, but did not provide significant improvements for
this data set.

An aeromagnetic survey was flown using a Scintrex Caesium-
vapour magnetometer sensor towed 30 m under a helicopter. The
survey was flown at 100 m altitude with a line spacing of 5 km
(Fig. 2). In total, 2000 km were flown in the northern part and 5500
km in the southern area. A data point spacing of 40 m results from the
sampling rate of 1 Hz and an average cruising speed of 40 m s−1. The
magnetic data were reduced with IGRF and diurnal corrections from
the Danish Meteorological Institute in Danmarkshavn (Fig. 1) (data
available at http://web.dmi.dk/fsweb/projects/chain/#list). Owing to
local atmospheric variations and the 300–550 km distance between
the survey area and the ground station, the diurnal data were lowpass
filtered at 1800 s to avoid short wavelength misscorrections. The
resulting magnetic anomalies range between −1312 and 1064 nT
in amplitude. After levelling, the mean cross line mistie is less than
10 nT and an absolute maximum value of 130 nT. Fig. 3 shows
the new magnetic data as wiggles along the survey lines with the
regional magnetic grid (Verhoef et al. 1996) in the background.

Gravity data were recorded continuously with a sampling rate
of 10 s along the ship track for the entire cruise with an onboard
fixed installed KSS 31 Bodenseewerke gravimeter. The data were
converted to Bouguer anomalies and lowpass filtered at 100 s in
order to reduce the high frequency noise of the ship movements.
Only full circles in the ship track were cut out but other minor
course variations remained and appear as small-scale variations in
the profile data. The full range of the Bouguer anomaly data along
the profiles used for this study is between −50 and 200 mGal.

3 M O D E L L I N G

P-wave traveltime arrivals were picked with the zp soft-
ware from B.C. Zelt (available at http://www.soest.hawaii.edu/

∼bzelt/zp/zp.html). This programme calculated the signal to noise
ratio within a 0.25 s time window before and after each pick time
and associated it with an error value ranging between 0.04 and
0.15 s.

Prior to ray tracing, shots and receivers have to be in a single
plane. Thus, a projection of the receiver locations onto a straight
line is necessary, due to the slightly curved geometry of the tran-
sects within the fjords. A straight line fit through stations 401 and
429 was used for profile AWI-20030400 and through stations 501
and 531 for AWI-20030500 (Fig. 2). The maximum perpendicular
projections onto the lines were 5.3 km for OBH 413 and 22 km for
REF 537. The true offsets of the observed P-wave arrivals remained
unchanged. This projection results in averaging of laterally inho-
mogeneous crustal structures due to the different ray paths between
the real profile and the approximation.

Stations located onshore were projected onto the seafloor and a
static correction was applied to account for the differences between
rock and water sound velocities. The observed traveltimes of REF
432, 431 and 430 were corrected, assuming a vertical ray incidence,
and a rock velocity of 5.2 km s−1 derived from the curvature of first
arrivals. The same procedure was applied to REF 536, 533, 531 and
529. The errors resulting from these approximations are estimated to
be smaller than the pick uncertainties. Traveltime arrivals for REFs
433 and 537 were located at the origin of the projection lines and
no projection onto the seafloor was necessary.

The P-wave velocity models were obtained by forward modelling
with two-dimensional (2-D) ray tracing software RAYINVR (Zelt &
Smith 1992). 2-D inversion was also used in questionable areas of
the model, in order to obtain further modelling ideas. The formal
error analysis for the individual phases is summarized in Table 1.
The normalized χ 2 value is based on the assigned error value
of each pick. Initial values for layer velocities were determined
from the slopes of the traveltime curves. After this, we focused on
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584 M. Voss and W. Jokat

Table 1. Number of used observations (n), rms misfit between calculated
and observed picked traveltimes (trms) in seconds and normalized χ for
individual phases of each profile. See Table 2 for phase nomenclature.

20030400 20030500

Phase n trms (s) χ n trms (s) χ

Pw 560 0.208 8.687 255 0.186 8.294
Pg1∗ – – – 10 0.057 1.21
P1P – – – 19 0.257 3.096
Pg1 426 0.123 3.703 156 0.118 4.843
P2P 134 0.161 2.783 24 0.096 1.059
Pg2 190 0.092 2.709 373 0.105 3.363
P3P – – – 25 0.05 0.232
Pg3 1194 0.082 1.672 877 0.119 2.48
Pc1P 36 0.098 1.538 11 0.168 3.227
Pc1P′ 20 0.118 2.073 – – –
Pc1 1980 0.107 1.394 1940 0.13 2.003
Pc2P 569 0.145 2.466 611 0.183 2.896
Pc2P′ 56 0.214 2.942 – – –
Pc2 768 0.181 4.903 85 0.316 14.112
PmP 658 0.153 2.049 169 0.25 6.714
PmP′ 211 0.185 2.114 24 0.124 0.88
Pn 140 0.112 1.379 53 0.136 4.063
Pn’ – – – 230 0.97 0.957
All 6942 0.137 2.804 4862 0.147 3.049

fitting the slope of the first arrivals rather than minimizing residuals
(Figs 4 and 5). This results in individual cases in large normalized
χ 2 values. For profile AWI-20030500 largest deviations to the op-
timum normalized χ 2 value of 1.0 are caused by small error values
for the Pw phases or larger misfits to Pc2 picks and yield values of
8.294 and 14.112, respectively (Table 1). Highest trms values of pro-
file AWI-20030400 occur at phases Pw and Pc1P′ and of profile
AWI-20030500 at Pg1∗, Pc2 and Pc2P (see Table 2 for origin
of phases). The total RMS misfits result in 0.137 s for profile
AWI-20030400 and 0.147 s for profile AWI-20030500 and in nor-
malizedχ2 values of 2.804 and 3.049, respectively. Fitting the curves
of traveltime arrivals for adjacent receiver stations often leads to a
compromise of vertical and lateral velocity gradients. Ray paths
bend more for larger velocity gradients within a layer. Therefore,
in some cases, shorter maximum offsets could be modelled and
rays did not reach observed picks (see Fig. 4 for OBHs 404, 418
and Fig. 5 for OBHs 504 and 506). In total, 7336 picks were used
for AWI-20030400 and 5036 picks for AWI-AWI-20030500. Rays
were traced for 88 and 93 per cent of the observations on the two
profiles. Layer boundaries were constrained where wide-angle re-
flections were identified. In all other instances, the layer boundaries
were shifted to adjust the velocity gradients within the layers.

Traveltime arrivals were assigned as listed in Table 2 and cor-
respond to the model layers as in Figs 6(a–d). P1P–P3P mark re-
flections on layers interpreted as sedimentary layers and/or upper
oceanic layer 2; Pg1–Pg3 correspond to refracted rays. Pc1P and
Pc2P were used for reflections at the continental crust und lower
oceanic crustal layers. PmP stands for Moho reflections. The cor-
responding refracted rays are labelled as Pc1, Pc2 and Pn for the
mantle. An additional thin top sedimentary layer was obtained from
MCS data (AWI unpublished data, see Jokat et al. (2004) as refer-
ence) in the oceanic part of profile AWI-AWI-20030500. Only two
P1P reflections on OBH 501 and 502 and Pg1 refractions from OBH
507 (Fig. 5) provided constraints on this layer. For the interpretation,
the layer was not distinguished from the one beneath. Some travel-
time arrivals (Pc1P′, Pc2P′ and PmP′) were identified with a multiple
reflection within the water column. Examples are shown in Figs 7(a)

and 8(a). Pn′ arrivals were modelled as head waves propagating
along the Moho but with the P-wave velocity of the upper mantle
(Fig. 5, e.g. 501–505).

The coverage of refracted and reflected rays traced for each layer
(Figs 6a–d) gives an impression of the reliability of the models.
The calculation of the model resolution is strongly dependant on
the parametrization of the velocity–depth model. Only a uniform
spacing of nodes would be meaningful, which was not practicable
in this case. Instead, the model uncertainties were estimated by the
perturbation of single node parameters until the fit of calculated
traveltimes was no longer acceptable. Errors for the seismic veloc-
ities are hereby estimated as ranging from ±0.1 km s−1 for upper
sedimentary layers to ±0.2 km s−1 for the lower crustal layers. The
resulting uncertainties in the modelled depths of layer boundaries
vary between ±0.2 and 0.5 km for the upper layers and ±2.0 km for
the lower ones, depending on the coverage of reflected rays. These
uncertainties have to be considered as rough estimates since the
perturbation could not be performed for all nodes.

4 R E S U LT S

We present the results of P-wave velocity modelling across the East
Greenland margin for the Godthåb Gulf profile AWI-20030400 and
Kejser Franz Joseph Fjord profile AWI-20030500 separately. Figs 4
and 5 show the picked traveltime arrivals of all stations and examples
of data are shown in Figs 7(a–d) and 8(a–d), which are representative
for the data quality. Velocity models are shown in Figs 9 and 10.

A rough separation into three distinct crustal units simplifies the
description of the velocity models; continental crust, transitional
crust and oceanic crust. The structural interpretation will demon-
strate that the transitional crustal unit correlates with the tectonic
and magmatic definitions of a COT zone.

To distinguish the different oceanic crustal layers, we use the
classification of White et al. (1992) for mean oceanic crustal struc-
tures. Oceanic layer 2 (2.5–6.6 km s−1) consists of extrusive basalts.
Oceanic layer 3 (6.6–7.6 km s−1) is generally presumed to be of gab-
broic material. Some authors use more subdivisions of the oceanic
layers (Fowler 2005; Mjelde et al. 2005) and distinguish between
layers 2A and 2B of pillow lavas and sheeted dikes. Divisions into
layers 3A and 3B distinguish between gabbros (6.6–6.9 km s−1) and
more cumulate-rich gabbros (7.2–7.7 km s−1).

4.1 The Godthåb Gulf profile (GG) AWI-20030400

Profile AWI-20030400 (Fig. 2) has a total length of 320 km. Four
stations were deployed onshore and recorded seismic signals up
to 220 km distance. OBH/OBS instruments recorded diving and
reflection waves at a maximum offset of 180 km, and a mean of
115 km. The corresponding P-wave velocity model is shown in
Fig. 9.

4.1.1 Continental crust (km 0–100)

The western part of the seismic profile between km 0 and 100 shows
an almost 30 km thick continental crust. The westernmost land sta-
tions, REF 433–430, are located on Carboniferous sediments on
Clavering Ø (Escher & Pulvertaft 1995). Signals from a 1 km deep
sedimentary basin with a velocity of 4 km s−1 can be detected on the
first 15 km of the profile. Two additional basins, each with a width of
10 km and velocities between 3.4 and 3.7 km s−1, can be modelled
from stations 429, 428, 426 and 425. The depths of the basins are
assumed to be less than 1 km. Velocities in the continental sediments
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Figure 4. Observed and calculated P-wave arrivals for profile AWI-20030400. Observed arrivals are assigned with a vertical error bar. The picked arrival time
is in the centre. Lines show the calculated arrivals. Note the variety of PmP′ and Pc2P′ phases. See Table 2 for nomenclature of phases. Short offset phases are
not differentiated and labelled as Pg.

increase rapidly from 4.8–5.2 km s−1 near the surface to 5.9–6.1 km
s−1 at 5 km depth (0.13–0.25 km s−1 km−1). A single reflection at
the bottom of this layer is modelled from station 428 (Figs 4 and
6a). A low gradient (0.03–0.05 km s−1 km−1) crystalline continental

crust is well constrained by Pc1 phases with P-wave velocities of
6.0–6.1 km s−1 at 5 km depth and 6.9–7.0 km s−1 at the bottom.
These latter values are slightly higher than the global average for
continental crust (Christensen & Mooney 1995). The layer boundary
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Figure 5. Observed and calculated P-wave arrivals for profile AWI-20030500. See Fig. 4 and Table 2 for explanations.

at 5 km depth represents a change in seismic gradient and is not con-
nected with an impedance contrast. A basement high at km 100 is
clearly resolved from several stations (Fig. 4). A significant delay
of Pc1 traveltime arrivals is observed eastward of the escarpment.

The different Pg3 slopes of OBH 424 east and 423 west confirm the
modelled basement high at this part of the profile. Pc2P phases infer
a reflector in the lower continental crust, rising up from km 20 in
29 km depths to 18 km depth at km 100 (Fig. 6a), which represents
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Table 2. Nomenclature of seismic phases.

Layer of velocity models rfl on top of layer rfr in layer

Layer 1 : upper sediments Pw Pg1
(1 & 1∗ of AWI-20030500) P1P Pg1, Pg1∗
Layer 2: intermediate layer P2P Pg2
Layer 3: lower sediments P3P Pg3
Layer 4: upper crust Pc1P, Pc1P′ Pc1
Layer 5: lower crust Pc2P, Pc2P′ Pc2
Layer 6: upper mantle PmP, PmP′ Pn, Pn′

Notes: rfl, reflection; rfr, refraction. Pw phase reflects at seafloor. An
additional thin layer was inserted at the top for model AWI-20030500.
Reflections on this layer are labelled with P1P, a refraction phase with
Pg1∗. Phase Pc1P′, Pc2P′, and PmP′ have a multiple reflection between the
water surface from below and the seafloor. Pn′ represents head waves along
the Moho.

a significant velocity contrast. Beneath this lower crustal reflector, a
clear and almost continuously resolved reflector was modelled from
PmP arrivals. The lower crust is modelled with velocities of 7.2–
7.4 km s−1 between the two prominent reflections.

4.1.2 Continent–ocean transition zone (100–224 km)

The transitional crustal unit extends from km 100 to 224. Land-
wards, it is bounded by the continental basement high. A shallow,
most probably volcanic, basement high and the first clearly identi-
fiable magnetic spreading anomaly, C22, marks the transition into
oceanic crust in the east (Fig. 9). The upper sediment layer on the
shelf has a thickness of ∼2.5 km (2.0–2.8 km s−1). Secondary Pg2
arrivals at OBH 422 and 419–415 yield a thin (<500 m) interme-
diate layer (∼4.1 km s−1) beneath. Only sparse reflections sample
the top of this thin layer, which terminates seaward in the shal-
low feature interpreted as of volcanic origin (Pg2 arrivals of OBH
411–410) at km 224 (Figs 4 and 6b). Three crustal layers of the
transition zone can be distinguished on the basis of their different
velocity gradients. The upper part has a velocity gradient of 0.35–
0.47 km s−1 km−1 with velocities between 4.6–5.5 km s−1 at 3 km
depth and 5.8–6.5 km s−1 at 7 km depth. Two Pc1P′ (Table 2) re-
flections constrained the boundary between km 205 and 220. In
the middle part, an increasing velocity gradient of 0.04–0.1 km s−1

km−1 is modelled from west to east. Seismic velocities range be-
tween 6.4–6.8 km s−1 at 7 km depth and 6.8–7.1 km s−1 at 13–
17 km depth. Diving waves penetrate almost 2/3 of the crustal layer,
and have their deepest turning points at 9–12 km depth (Fig. 6b).
Several Pc2P and Pc2P′ (Table 2) reflections (Figs 4 and 6a) were
modelled, constraining the intracrustal and seaward rising reflector.
The significant velocity contrast along this reflector, as modelled in
the continental part of the profile, becomes less prominent to the
east. A high velocity lower crustal layer (7.15–7.4 km s−1) yields
a very low velocity gradient of 0.01 km s−1 km−1. PmP and PmP′

resolved the Moho along the entire transition zone. The maximum
thickness of the high velocity layer is 16 km at a depression in the
Moho near km 124. Upper mantle velocities of 8.0 km s−1 were
derived from Pn arrivals (Figs 4 and 6a) between km 140 and 250.

4.1.3 Oceanic crust (224–320 km)

The eastern crustal unit of the profile has the characteristics of typ-
ical oceanic crust (White et al. 1992), consistent with the presence
of the first clearly identified magnetic spreading anomaly, C22, near
km 250/OBH 407. An upper sedimentary layer was modelled with

velocities in the range 1.6–1.9 km s−1 and thickness decreasing sea-
wards from 1.25 to 0.75 km. A basal reflector is inferred for this
unit from four P2P arrivals (Figs 6a and 9). Upper oceanic crust
was modelled to consist of two layers with different velocity gra-
dients. The upper layer has velocities of 3.2–5.0 km s−1, the lower
one velocities 4.6–6.0 km s−1, which is well defined by Pg3 arrivals
(Fig. 6b). At the eastern end of the profile, between km 280 and
320, MCS data show rough topography (AWI unpublished data; see
Jokat et al. (2004) as reference). A lower 4–5 km thick oceanic layer
was modelled, with P-wave velocities of 6.6–6.7 km s−1 at the top
and 6.9–7.0 km s−1 at the base. The velocity gradient of the lower
layer falls in the range for standard lower oceanic layers (White et al.
1992). Pc1P arrivals at OBHs 402–409 resolved a distinct reflector
in the oceanic crustal part of the profile. Beneath this, thickened
oceanic crust was modelled from Pc2 arrivals with velocities of
7.2–7.4 km s−1. PmP and PmP′ arrivals (Fig. 6a) resolved the Moho
in 10.1–15.8 km depth, and show a decrease in total thickness of
the oceanic crust from 13.7 to 6.8 km between km 224 and 300.
An upper mantle velocity of 8.0 km s−1 was modelled from several
observed Pn arrivals.

4.2 The Kejser Franz Joseph Fjord profile (KFJF)
AWI-20030500

Profile AWI-20030500 has a total length of 460 km. Seven land sta-
tions recorded seismic signals at distances of up to 250 km. OBHs
and OBSs recorded arrivals of refraction and reflection waves out
to an average distance of 80 km with a maximum of 170 km. This
profile overlaps with profile 94320 (Schlindwein & Jokat 1999) for
a distance of almost 120 km (Fig. 2). The overlapping part of the
crustal transect was used as a starting model for the continental part
of profile AWI-20030500. Only minor adjustments were necessary
due to the different orientations of both transects. In the eastern,
oceanic, part, between km 280 and 460, horizons of the two top
sedimentary layers were digitized from time migrated multichan-
nel seismic data (AWI unpublished data; see Jokat et al. (2004) as
reference).

Fig. 10 shows the corresponding P-wave velocity model. The
following description of the results is organised as for profile
AWI-20030400.

4.2.1 Continental crust (0–130 km)

The top continental sediment layer (5.2–6.0 km s−1) reveals average
velocity gradients of 0.13 km s−1 km−1. A 1.5 km—deep basin
is imaged by short offset arrivals (3.6–5.0 km s−1) (Fig. 5, OBH
531) west of Bontekoe Ø (km 85–125). The top velocities decrease
to 3.2 km s−1 beneath the outcrop of plateau basalts (Escher &
Pulvertaft 1995). Between km 0 and 70, upper crustal velocities
(6.1–6.5 km s−1) fall within the global average range of velocities
for continental crust (Christensen & Mooney 1995). Further east,
the values increase constantly (Fig. 10) and the velocity gradient
increases from 0.02 to 0.05 km s−1 km−1. Pc2P and PmP reflections
revealed a west dipping mid-crustal reflector at 17–20 km depth and
a similar—dipping Moho at 27–31 km depth between km 50 and 100
(Figs 6 and 10). A Moho plateau is modelled at 26 km depth from
further PmP reflections (Fig. 5 REF 533, 532 and OBH 524). The
strong horizontal velocity increase in the lower crustal layer near km
50 (Fig. 10) was adopted from profile 94320 (Schlindwein & Jokat
1999). Similar velocities of 6.8–7.2 km s−1 were calculated from
Pc2 arrivals but the modelling of this phase revealed major misfits

C© 2007 The Authors, GJI, 170, 580–604

Journal compilation C© 2007 RAS

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/170/2/580/847593 by guest on 10 April 2024



588 M. Voss and W. Jokat

W E

52
1

51
5

51
0

50
5

50
1

D
0

10

20

30

de
pt

h 
[k

m
]

0 50 100 150 200 250 300 350 400 450

profile [km]

W E

52
1

51
5

51
0

50
5

50
1

C
0

10

20

30

de
pt

h 
[k

m
]

0 50 100 150 200 250 300 350 400 450

W E

42
0

41
5

41
0

40
5

40
1

B
0

10

20

30

de
pt

h 
[k

m
]

0 50 100 150 200 250 300

W E

42
0

41
5

41
0

40
5

40
1

A
0

10

20

30

de
pt

h 
[k

m
]

0 50 100 150 200 250 300

Ray coverage
RFR / RFL
Pg1*/P1P    

ve: 4.4          

Pg1 / P2P   
Pg2 / P3P   
Pg3 / Pc1P,Pc1P’   
Pc1 / Pc2P,Pc2P’  
Pc2 / PmP,PmP’  
Pn, Pn’     
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Figure 7. Examples of recorded seismic data from profile AWI-20030400. A 4.5–12 Hz bandpass filter was applied. The signals are scaled by automatic gain
control in windows of 2 s. The traveltime is reduced by 8 km s−1. Observed phases are labelled (see Table 2). The ray coverage of each station is marked in
the lower model. (a) Station 407 represents recordings of the oceanic crust and the eastern COT. Note the multiple reflected phase PmP′ and Pc2P′. (b) Station
415 is placed within the COT and shows typical shorter offsets. (c) OBH 423 is located near the landward termination of the COT. (d) Land station 431 shows
typical long offsets. Note the poor quality of data between km 150 and 250. A filter of 4.5–21 Hz was here applied. The offset between the first arrivals and the
location is due to the horizontal deviation of the station to the ship track.

(Fig. 5 REF 537). Besides the Moho plateau, all crustal velocities
and layer boundaries are in good agreement with the overlapping
part of profile 94320.

4.2.2 Continent–ocean transition zone (130–260 km)

This 130 km long part of the model represents an area of in-
creased crustal velocities compared to the continental crustal unit.
Pg3 phases at OBH 529–527 witness the dip of the continental
sedimentary layer landward of km 130 with velocities of 4.5–
6.1 km s−1 and the onset of another layer seaward of this point
with velocities of 2.0–3.3 km s−1 (Figs 5 and 10). The upper-
most sedimentary layer (2.0–2.4 km s−1) pinches out to the west
(km 210), and merges with a sedimentary basin in the oceanic crustal
unit. A second dipping sedimentary layer is modelled with a strong
velocity increase (2.0–3.3 km s−1) between km 130 and 230 and

a lower velocity range (2.5–4.2 km s−1) further seaward between
km 230 and 260. This layer also forms a deep basin in the oceanic
crustal unit (Fig. 10). The intrasedimentary layer boundaries were
inferred from unpublished MCS data, but could not be confirmed
by reflected P2P arrivals. Beneath, a layer extends and thins out
from km 130 to 255, but with velocities ranging between 3.8 and
6.5 km s−1 from top to bottom. Pg3 traveltime arrivals (Fig. 6d)
yield an increase in the velocity gradient for this layer from an
average of 0.13 km s−1 km−1 in the continental crust (see above)
to an average of 0.55 km s−1 km−1 in the transitional unit. The
top of the crystalline crust is not resolved by any Pc1P phases but
most traveltime curves show a variation of the velocity gradient
at a mean depth of 6.3 ± 0.5 km. Thus, within the upper-crustal
layer, velocities vary in the range 6.5–6.7 km s−1 at the top and 6.9–
7.0 km s−1 at the bottom. Between km 180 and 255, Pc2P reflec-
tions trace a pronounced bowl shaped reflector. This reflector marks
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Figure 7. (Continued.)

a velocity contrast from 6.9 to 7.2 km s−1. Thus, the velocity gradi-
ent within the upper crust increases marginally by up to 0.08 km s−1

km−1 from west to east, as is seen on profile AWI-20030400. Pc2P
and PmP reflections constrain the topography of the intermittent re-
flector and the Moho (Figs 6 and 10). Between km 130 and 218 a
Moho depression is modelled with a maximum depth of 28.8 km.
The resulting maximum thickness of the high velocity layer is 15 km,
near km 165. Land stations REF 537, 536, 533 and OBH 531,
recorded Pc2 phases at offsets of 100–240 km (Fig. 5). Rough cal-
culations of the traveltime arrivals yield velocities between 7.2 and
7.4 km s−1, but the upper crustal topography could not be resolved
by Pc2 traveltime fits without giving rise to large misfits of up to
300 ms (Fig. 5, REF 537, 536, 533 and OBH 531). The Moho slope
between km 218 and 260 is not traced by any rays.

4.2.3 Oceanic crust (260–460 km)

The southeastern area of the profile, between km 290 and 460,
shows typical oceanic crustal layering and velocities (White et al.
1992), correlating with the first clearly identified magnetic spread-

ing anomalies C21 (Escher & Pulvertaft 1995). The dipping sedi-
mentary layer from the transitional unit forms a 30 km wide basin
(3.2–4.2 km s−1) between km 260 and 290. Between km 360 and
380 a ridge domes up to separate two different sedimentary basins
(Fig. 10). Reflecting horizons for the two top sedimentary layers
were picked from MCS data. In the west, between the shelf edge
and the ridge (km 290–350), the basin fill consists of a thin (100 m)
upper layer (1.9–2.0 km s−1) and the layer extending from the tran-
sitional unit (2.1–3.0 km s−1) (Fig. 10). The maximum thickness is
1.8 km. A thin (750 m) upper layer (1.6–1.9 km s−1) and a second
thin (1 km, 2.5–3.2 km s−1) sedimentary layer were inserted into the
model east of the ridge. Observed P1P and P2P arrivals from OBS
501 and 502 (Fig. 6c) confirm the horizons. The upper part of the
ridge is modelled between km 350 and 430, with velocities of 3.0–
4.0 km s−1 increasing from west to east. These values are derived
from Pg2 arrivals at OBHs 502–505. Beneath this, P-wave ve-
locities strongly increase between km 290 and 460, from 4.5 to
6.3 km s−1 down to ∼6.5 km depth. In the lower oceanic crust,
velocities range between 6.6 and 7.0 km s−1 within a 2.5–4 km
thick layer (Fig. 10). The Moho depth was constrained to 11–14 km
between km 260 and 330 by Pn arrivals from stations 514 to 516
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Figure 7. (Continued.)

(Figs 5 and 6d) and PmP arrivals from stations 511, 512 and 517–519
(Figs 7 and 8c). Further east, the Moho decreases to 8.6 km depth
with a small root (12 km depth) beneath the ridge. The location of
the Moho is based on numerous PmP, PmP′, Pn and Pn′ arrivals
(Figs 8c and d). Traveltime arrivals of OBS 501–505 and 507 asso-
ciated as mantle phases were assumed to be critically refracted and
travelling as head waves along the Moho and with the upper mantle
acoustic velocity of 8.0 km s−1 (Figs 6c and 10). The oceanic crustal
thickness decreases from west to east, from 7.0 to 4.8 km. However,
the maximum thickness of the ridge in the oceanic crust reaches
11.5 km.

4.3 Gravity models

2-D gravity modelling was performed for both transects to verify
the consistency of the P-wave velocity models with the observed
Bouguer anomalies. An initial density model was derived from con-
version of all P-wave velocity nodes to density using a Nafe and
Drake curve (Nafe & Drake 1957) approximation after Ludwig et al.
(1970). Velocity layers were partly split into separate polygons with

different densities where appropriate, but each polygon was assigned
with a constant density value. Adjustments to the mantle density
were necessary in order to fit the gentle rise of the observed gravity
data towards the oceanic part of the models. Thus, the subcontinen-
tal mantle was set to 3.31 g cm−3 and beneath the oceanic crust to
3.24–3.26 g cm−3. The first approximation with a constant density
of 3.05 g cm−3 for the lower crustal layer caused also a major misfit.
A constant density of 3.15 g cm−3 provided a better fit. Minor adjust-
ments were applied to the upper and middle crustal layers to obtain
an even closer fit of the calculated and measured gravity anomalies.
The final gravity models yield maximum deviations (residuals) to
the observed gravity anomalies of 15.4 mGal for AWI-20030400
and 19.3 mGal for AWI-20030500. Density variations larger than
±0.02 g cm−3 for sedimentary and upper crustal layers and
±0.01 g cm−3 for lower crustal layers and the mantle would yield
significant misfits to the observed Bouguer anomalies. The re-
sults of the gravity modelling are shown in Figs 9 and 10. Cor-
responding densities for the polygons are given in g cm−3. The
derived P-wave velocity models can be verified very well with the
gravity models. Oceanic mantle adjustments result from a simple
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Figure 7. (Continued.)

approximation with respect to a warmer temperature compared to the
subcontinental mantle and is applied commonly for volcanic rifted
margins (e.g. Breivik et al. 1999; Schmidt-Aursch & Jokat 2005b).
Three minor misfits occur at profile AWI-20030500 while the ap-
proximation for profile AWI-20030400 is excellent. In the continen-
tal part between km 0 and 140, misfits can be related to 3-D effects
of intrusions and/ or sediment basins, which cannot be constrained
in details by the 2-D model. Misfits within the COT zone between
km 200 and 290 might result also from the unresolved crust-mantle
boundary between km 220 and 240 (Figs 6 and 10). The top of the
ridge between km 360 and 390 was modelled with a low density of
2.1 g cm−3 in order to match the measured gravity values.

5 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

First-order structural interpretations derived from the P-wave ve-
locity models and the magnetic data are presented in Figs 11 and
12. Since both velocity models are quite similar, we provide a joint
interpretation of both profiles. Prominent features of each transect
are outlined and discussed in detail. Fig. 13 shows an overview of
the tectonic and magmatic results of the interpretations. A compar-

ison with the conjugate Vøring margin will be discussed according
to the profiles shown in Fig. 14.

5.1 Continental crust

The onshore geology shown in Fig. 1 (Escher & Pulvertaft 1995)
allows us to interpret Devonian to Carboniferous/Mesozoic sedi-
ments in the upper western layers of the seismic profiles (Figs 11
and 12). We have extrapolated this interpretation along the profiles,
considering the P-wave velocities and the gradients, up to km 100
(Fig. 11) and km 130 (Fig. 12). However, a significant change in
the velocity parameters occurs at these locations. Further eastward
of them, the sedimentary layers tilt down and the velocity gradi-
ents increase. Additionally, a layer with much slower velocity (2.0–
3.0 km s−1) appears on top, which consists presumably of Ceno-
zoic sediments (Figs 9–12). Around Bontekoe Ø (Figs 1, 2 and 12),
slower velocities (3.2–5.0 km s−1) in the 40 km wide and 1.5 km
deep basin allow us to conclude the presence of volcanically in-
truded sediments consistent with the exposed plateau basalts on
the island (Fig. 1). An equivalent interpretation for the two 0.7 km
deep basins imaged on profile AWI-20030400 (Fig. 11) near km 50
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Figure 8. Examples of recorded seismic data from profile AWI-20030500. For data descriptions see Fig. 7. (a) OBH 508 represents recordings of the oceanic
basin west of the ridge and the eastern COT. Note the multiple reflected phase PmP′ near ±50 km. (b) OBH 518 shows delayed arrivals due to thick Cenozoic
sediments within the COT. (c) OBH 529 is located at the landward termination of the COT. (d) Continental crust, LCB and the western part of the COT are
covered by station REF 536.

and 80 is most likely. The transition to the crystalline continental
crust at 5–6 km depths is interpreted from the change to a lower ve-
locity gradient (Figs 9 and 10). A Pc2P – reflector and the Moho at
∼30 km depth is well resolved on both profiles (Figs 6a–c, 9 and 10).
The westward dipping character of the reflectors was also observed
on profile 94320 (Schlindwein & Jokat 1999, 2000) and attributed
to Mesozoic —Tertiary extensional thinning of the continental crust
from 45 to ∼22 km. Those authors concluded that large-scale in-
trusions (Escher & Pulvertaft 1995) in the Mesozoic sedimentary
basins and the formation of a magmatic underplate at the base of
the continental crust are both consequences of a Tertiary magmatic
event. Short wavelength magnetic variations (Figs 3, 11 and 12) that
correlate with the area of increasing seismic velocities in the conti-
nental crust support this interpretation. A high velocity lower crust
is also observed, and its further extent to the east is a notable result of
this study. A detailed discussion of this pronounced layer is under-
taken in one of the next sections. The coincidence of the eastward
lateral increase of seismic velocities, the short wavelength magnetic

anomaly pattern, and the onset of magmatic underplating is also re-
markable. It indicates an eastward increasing amount of magmatic
intrusions in the continental crust and its sedimentary basins during
an episode of excess magmatism. We suggest the beginning of the
COT occurs at this location (km 100 at AWI-20030400 and km 130
at AWI-20030500) due to major rift-related changes in the crustal
structure.

5.2 The continent–ocean transition

Earlier, we adopted the definition of the COT by Whitmarsh & Miles
(1995) for a rough division into the three crustal units, continental,
transitional and oceanic crust. Along the two profiles, significant
crustal structure variations provide additional constraints for the
westward and eastward termination of the COT. The landward ter-
minations are dominated by an increase in seismic velocities in
the upper continental crust, and thickening of the lower crustal

C© 2007 The Authors, GJI, 170, 580–604

Journal compilation C© 2007 RAS

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/170/2/580/847593 by guest on 10 April 2024



594 M. Voss and W. Jokat

offset [km]OBH 518

2

4

6

8

0050

W E

Pc2P

Pc1

Pg3 Pg2

Pg1 Pg1

Pg2
Pg3

Pc1

PmP

2

4

6

8

0

5

10

15

20

25

30

35

de
pt

h 
[k

m
]

150 200 250 300

profile [km]

(b)

Figure 8. (Continued.)

layer (Figs 9–12). A comparison of the eastern ends of both COTs
with wide-aperture CDP profiles published by Hinz et al. (1987)
(Fig. 2) provide a pronounced correlation with their identified sea-
ward dipping reflector sequences (SDRs).

The following interpretations describe the crustal structure of
both COTs in detail.

(1) The top sedimentary layer is interpreted as Cenozoic sedi-
ments and can clearly be distinguished from the underlaying layer
by its much slower seismic velocities (2.0–3.0 km s−1). We assume
that the seismic velocities of 3.2–4.1 km s−1 between km 200 and
250 of profile AWI-20030400 (Fig. 9) represent an area of basalts
extruded in a deep-water regime. We associate the basement high
at km 225 as a volcano with increased lava flows to the west. This
region correlates with the area where Hinz et al. (1987) identified
SDRs on profile 46 (Fig. 2) westward of a basement high, which
is similar to the one we found at km 225. East of that point, the
crust was described as normal oceanic crust. A projection of SDRs
identified on profile 46 would fall into the crustal layer beneath, be-
tween km 200 and 225 and in 3–7 km depth (Fig. 11). Hinz (1981)
suggested that SDRs were erupted over highly extended continen-

tal crust prior to seafloor spreading. Thus, we suggest the seaward
termination of the COT at km 230. A similar interpretation is appli-
cable to the sedimentary basin between km 255 and 295 for profile
AWI-20030500. The seismic velocities in the lower part of the basin
(3–6 km depth) show the same range of values (Fig. 10) as described
above. Hinz et al. (1987) identified two sequences of SDRs on pro-
file 61 north of profile AWI-20030500 (Fig. 2), a landward sequence
projecting onto km 245–255, and an outer sequence onto km 295–
300. These locations correlate with our modelled termination of the
sub-Cenozoic layer for the inner ones in and with the first clearly
identified spreading anomaly C21 for the outer ones (Fig. 12) in
3–6 km depth. However, we assume that the low velocities of the
deep sedimentary basin between km 255 and 295 (Figs 12 and 14)
are likely to be the result of volcanic intrusions or sills that may
have formed at the same time as the emplacement of the SDRs. We
discuss this relationship further in the next section. We suggest that
the COT terminates east of the inner SDRs at km 255 because the
outer location of SDRs correlates with C21 (Fig. 12).

(2) The weakening of the short wavelength magnetic anomalies
correlates with increasing depths to the high velocity gradient lay-
ers (Figs 3, 11 and 12) and the area of the COT zone is dominated
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Figure 8. (Continued.)

by discontinuous magnetic anomalies with wavelengths of tens of
kilometres. In our model the COT zone was formed during a long
lasting rift event, which might have had a duration of several mil-
lion years. During this time Late Cretaceous sediments as well as
volcanic material was deposited. While the seismic velocities show
an abrupt change at the boundary of this layer, we suggest that it
consists mainly out of basalts. This is confirmed through the exis-
tence of a volcanic structure at km 180 of profile AWI-20030500 and
the basaltic extrusive layer of profile AWI-20030400 as described
above. However, the amount of syn-rift sediments compared to the
basalts is unknown. The strong velocity gradient in the up to 4.5-km
thick layers (∼0.5 km s−1 km−1 average of both profiles) might sug-
gest that volcanic material dominates. Thus, the long wavelength
magnetic anomalies in the transitional zone might originate most
likely from this basaltic layer and probably also from middle crustal
intrusions. It might have formed before its subsidence together with
the onshore basaltic rocks a large volcanic province.

(3) Higher crustal velocities, of 6.4 to 6.9–7.0 km s−1, com-
pared to 6.45 km s−1 for the global average in continental crust
(Christensen & Mooney 1995) seem to support an interpretation of
magmatically intruded crust in the COT. The significant increase of

the velocities in the crystalline crust correlates with the location of
the short wavelengths magnetic anomalies and the pronounced neg-
ative anomaly (Figs 3, 9 and 10). Thus, we suggest to locate the land-
ward termination of the COT at km 100 for profile AWI-20030400
and at km 130 for profile AWI-20030500. The high velocity (7.15–
7.4 km s−1) in the lower crustal layer has previously been inter-
preted as the result of Tertiary magmatic underplating (Schlindwein
& Jokat 1999). A detailed discussion is provided in the next
section.

(4) The pronounced Moho topography on profile AWI-20030500
and the steep increase in Moho depth along profile AWI-20030400
indicates further stretching, and crustal thinning from ∼30 km to
less than 15 km.

(5) The intermittent lower crustal reflector, already identified in
the continental crustal unit of profile AWI-20030400, merges with
the Moho at the seaward end of the transitional unit. Similar reflec-
tors were identified, with gaps, along profile AWI-20030500, and
by Schlindwein & Jokat (1999).

(6) The first clearly identified seafloor spreading anomalies are
C22 and C21 (Figs 3, 11 and 12), marking the beginning of normal
oceanic crustal accretion.
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Figure 8. (Continued.)

Scott (2000) placed the COB near our landward termination of the
COT (Fig. 13). His arguments were based on magnetic lineations that
he interpreted as evidence for oceanic crust. Scott (2000) attributed
the incoherency of the lineations to thick Cenozoic sediments over-
lying the area, and to be overprinted by intrusions associated with
the separation of the Jan Mayen block from the East Greenland mar-
gin. Our data confirm the presence of up to 3–5 km thick Cenozoic
sediments across the shelf region, and do not preclude a magmatic
influence of the Jan Mayen break-up in that area. However, the seis-
mic data reveal a concealed basaltic and syn-rift sedimentary layer
extending close to the proposed location of SDRs (Hinz et al. 1987),
which rest on highly extended continental crust.

The COB of Tsikalas et al. (2002), based mainly on plate re-
constructions, is located 50–70 km west of C22, near OBH 417
on profile AWI-20030400 and OBH 521 on profile AWI-20030500
(Fig. 13). The profiles show no distinct structural changes in the
seismic velocity models in this area and thus, do not support a COB
at that location.

The above summaries of the structure of the transitional area and
of the COB controversy lead us to conclude that it is only possi-
ble to define a COT at the East Greenland margin. According to

Schlindwein & Jokat (1999), tectonic activity shifted from west
to east in Mesozoic times and led to crustal extension. These au-
thors proposed crustal thinning, magmatic intrusion and underplat-
ing continued into Tertiary times. The transitional zones of both pro-
files contain evidence for all these processes. The near surface mag-
matic intrusions interpreted from magnetic data, and the increase
of upper crustal velocities from west to east, provide constraints on
the landward limit of the COT. For the seaward termination of the
COT, we applied the definition of Hinz (1981), that the eruption of
SDRs occurs over highly extended continental crust during the final
phases of rifting. The projection of Hinz et al.’s (1987) SDRs onto
our profiles, and the presence of magnetic spreading anomalies C22
and C21, constrain the seaward edges of the COTs along the seis-
mic profiles. Thus, we propose a COT width of 125 km on profile
AWI-20030400 (km 100–225) and also 125 km on profile AWI-
20030500 (km 130–255). The total crustal thicknesses of the COTs
decrease from west to east from 29 to 13 km (AWI-20030400) and
27 to 10 km (AWI-20030500), respectively. There is no evidence
on either profile for either rotated fault blocks to shift the landward
boundaries of the COTs further east, or SDRs/oceanic crust to shift
the seaward termination further west.
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Continent–ocean transition and voluminous magmatic underplating 597

Figure 9. (A) Interpolated P-wave velocity model for profile AWI-20030400. Contour lines are from 1.6 to 7.4 km s−1 every 0.2 km s−1. Selected contours
are individually labelled. Reflectors are marked by thick black lines. The minimum and maximum velocities are shown in the upper layers. See text for other
areas with no velocities labelled. Triangles show receiver locations. C21 and C22 mark the position of magnetic ocean spreading anomalies (Fig. 3). Vertical
exaggeration is 4 and comparable to Figs 10–12. The model is only shown where it is constrained by rays. (B) Observed and calculated Bouguer gravity
anomalies given in mGal. Black line shows residuals. (C) 2-D gravity modelling for profile AWI-20030400. Background shows velocity grid as above. Black
lines mark density polygons. Velocity layers were split into individual polygons where appropriate. P-wave velocities was converted to density using a formal
approximation after Ludwig et al. (1970). Water was assigned with 2.67 g cm−3 and no terrain correction was applied within the fjord. Densities are given in
g cm−3.

COT zones for volcanic rifted margins have a wide range in width.
Seismic profiles from southeast Greenland reveal a range of 50–
70 km (Holbrook et al. 2001) and only up to 50 km is reported
from the Norwegian margins (Kodaira et al. 1995; Mjelde et al.
2001; Mjelde et al. 2005). Wider transition zones of 80–100 km are
reported from the U.S. Atlantic margin (Holbrook et al. 1994a,b)
and 150–200 km wide from the Namibia margin (Bauer et al. 2000).
In contrast, the COT of the East Greenland volcanic margin is also
exceptionally wide and the landward and seaward boundaries cannot

be unequivocally identified. However, the architecture of the East
Greenland transition zone mirrors exceptional and long-lived rifting
prior to break-up.

5.3 The oceanic crust

Clearly identifiable magnetic spreading anomalies mark the onset
of oceanic crust along both profiles (Fig. 3). Paleocene–Eocene
sediments (Figs 11 and 12) conceal the basement layers, which can
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598 M. Voss and W. Jokat

Figure 10. (A) Interpolated P-wave velocity model for profile AWI-20030500. Model descriptions are as in Fig. 9. C20 and C21 mark position of magnetic
ocean spreading anomalies. (B) Observed and calculated Bouguer gravity anomalies given in mGal. Black line shows residuals. (C) 2-D gravity modelling for
profile AWI-20030500. Model descriptions are as in Fig. 9C.

be related to typical oceanic layers 2 and 3 due to their seismic
velocities and velocity gradients.

On profile AWI-20030400, the magmatic underplating merges
into a lower oceanic layer, with velocities consistent with layer 3B
(Fowler 2005), between km 230 and 270 (Fig. 11). The oceanic crust
is ∼11 km thick east of the volcanic basement high (km 230) and
thins further eastward to 7 km near anomaly C21. But in this part
of the layer it is impossible to establish a boundary between the
magmatic underplating and oceanic layer 3B.

The oceanic crustal thickness along profile AWI-20030500 varies
within the mean range of 4.8–7 km but increase to a maximum of
11.5 km beneath the ridge. The ridge is linked to the Jan Mayen
Fracture Zone (Fig. 1). The velocity model is consistent with a
volcanic character. A thick pile of low velocity sediments is located
between the termination of the Mesozoic sediments and the onset of
normal oceanic crust (km 255–295). Velocities increase slowly, to
4.2 km s−1 in 6 km depth, with a strong contrast to 6.6 km s−1 below.
Similar velocities were obtained from Profile 61 (Hinz et al. 1987;
Mutter & Zehnder 1988) in the vicinity of this region (Fig. 2) and
SDRs east and west of it. Mutter & Zehnder (1988) classified also
this region also as oceanic crust. A projection of spreading anomaly
C22, as shown by Tsikalas et al. (2002), falls into the same region.
The new seismic data give reasonable witness of the presence of 6–
7 km thick oceanic crust based on the Moho depth in 12–14 km but an
oceanic layer 2 could not be identified due to strong reverberations.
We do not preclude the presence of such a layer but if it is present,

it must be very thin with a strong velocity gradient. However, a
precise identification of an anomaly C22 from the magnetic data
(Fig. 3) between km 255 and 295 on profile AWI-20030500 is not
possible owing to the weakening signal strength of the anomaly
towards southwest. We suggest a relation of the magnetic anomaly
to intrusions into the sedimentary basin during the emplacement
of SDRs, and that this part of the profile (km 255–295) marks the
earliest stage of oceanic crustal accretion, located seawards of the
proposed inner SDRs (Hinz et al. 1987).

5.4 The lower crustal body (LCB)

A striking result of the P-wave modelling is the thick high velocity
(7.15–7.4 km s−1) lower crustal body (LCB), underlying continen-
tal crust and the entire COT, which terminates in thickened oceanic
crust. The top of the LCB and the Moho are very well constrained
by numerous traveltime arrivals (Figs 6a and c). Along profile
AWI-20030400, the LCB thins gradually towards the east and west
while it seems to end abruptly for profile AWI-20030500. The max-
imum dimensions of the LCB are shown in Table 3. Gravity mod-
elling supports the dimensions of the LCBs with densities of 3.14–
3.16 g cm−3, which differs significantly from normal lower crustal as
well as upper mantle densities. Other high velocity layers in the lower
crust were interpreted as the result of serpentinized mantle (Hol-
brook & Kelemen 1993; Kelemen & Holbrook 1995), oceanic layer
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Continent–ocean transition and voluminous magmatic underplating 599

Figure 11. Bottom: Interpretation of the P-wave velocity model of profile AWI-20030400. Thick black lines mark wide-angle reflections. Geological units
are indicated. COT: continent–ocean transition zone. oc. 3B: oceanic layer 3B. SDR∗: Projection of the area of seaward dipping reflectors from profile 46 after
Hinz et al. (1987) (see text). Parallel red lines symbolize the location of shallow intrusions as seen in the magnetic data. Different geological units are marked
by different patterns. Note the wide COT and the thick magmatic underplating. Top: red curve shows projected magnetic anomalies (MAG) along the seismic
line. Data derived from 5 km magnetic grid (not shown) of the newly acquired airborne data. Note the high amplitude and short wavelength variations within
the area of the pronounced negative magnetic anomaly (see Fig. 2). C22 and C21 mark magnetic ocean spreading anomalies.

Figure 12. Interpretation of the P-wave velocity model of profile AWI-20030500. See Fig. 11 for descriptions. B.Ø: Bontekoe Ø. SDR∗: Projection of the area
of seaward dipping reflectors (see text) from profile 61 after Hinz et al. (1987). Large question-mark marks the questionable landward boundary of the COT
within the crust due the lateral increase of seismic velocities (see Fig. 10).

3B (Mjelde et al. 2005) or accreted igneous material (Bauer et al.
2000). Schlindwein & Jokat (1999) interpreted the LCB off East
Greenland as due to Tertiary magmatic underplating and suggest it
coincides with a pronounced negative magnetic anomaly extending

SE-NW along the margin in the fjord region (Fig. 2). Schlindwein
& Meyer (1999) show that the magnetic anomaly is most probably
related to Tertiary magmatism, as the basins are intruded by Ter-
tiary dikes and sills and partly overlain by Tertiary tholeiitic basalts
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600 M. Voss and W. Jokat

Figure 13. (A) Simplified summary of the structural results. COT: continent–ocean transition zone. COB: continent–ocean boundary. Intrusions∗: Interpretation
of crustal and sedimentary volcanic intrusions from short wavelength magnetic anomalies (see Fig. 3) interpolated along the negative magnetic anomaly (EGMA;
East Greenland magnetic anomaly). Black lines show seismic profiles. Selected receiver locations are shown. Thin blue line shows the transect used to determine
the half spreading rates (see below). Ocean spreading anomalies modified after Escher & Pulvertaft (1995) (extended to north). Black areas mark onshore
basalts. (B) Magnetic wiggle along blue transect in Fig. 13A. Ages after Cande & Kent (1995). (C) Half spreading rates calculated for C24A–C21 are shown
in blue. Black line shows average rift propagation velocity between C24A and C21 along their landward limits.

(Escher & Pulvertaft 1995). However, the eastward extent of the
LCB remained unknown due to the lack of seismic data coverage
seawards of the margin. The new data show a completely different
picture of a remarkably wide and thick LCB off the East Greenland
fjord region whose full extent is estimated in Fig. 13. We suggest the
LCB is due to magmatic underplating that terminates eastward in
a thin and immediately decreasing oceanic layer 3B. The southern
termination is given by evidence for further magmatic underplating
identified on profile 94340 (Schlindwein & Jokat 1999) (Fig. 2). The

negative magnetic anomaly (EGMA) terminates in a magnetic quiet
zone further north, where coincidentally, no LCB was identified on
seismic refraction profiles south of Shannon Island (Schlindwein
1998). The landward limits in Fig. 13 are restricted by the models
after Schlindwein & Jokat (1999) and interpolated along the margin
with respect to the west dipping character of the LCB on profile
AWI-20030400 (Fig. 11). Thus, it is possible to interpret almost
the entire shelf as being underlain by a magmatic underplate, from
Kong Oscar Fjord to probably south of Shannon Island.
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Continent–ocean transition and voluminous magmatic underplating 601

Figure 14. Comparison of the East Greenland profile AWI-20030400 and the Vøring Margin seismic profile OBS-99 after Mjelde et al. (2005). (A) Present-day
location of seismic profiles shown as black lines. Background shows regional magnetic grid (Verhoef et al. 1996). White lines mark spreading anomalies. C22
and C24B are labelled. Thin black lines represent the 1500 m bathymetric contour. (B) 49.7 Ma (C22) reconstrucion after Rowley & Lottes (1988). Thick
lines show seismic profiles. Thin red lines mark locations of western magnetic anomalies C24B–C22. Thin black lines mark eastern spreading anomalies. The
present-day 1500 m contour is shown as reference. (C) Line-up of both P-wave velocity models in same scale (vertical exaggeration: 4). Colours equivalent
to Fig. 9. Selected contour lines are shown and labelled (6.0, 6.5, 7.0, 7.2 and 7.4 km s−1). Shading marks the COTs. Green line shows regional magnetic
data along the transects. Spreading anomalies are shown after Mjelde et al. (2005). Note the different occurrence of the anomalies on both sides. VE: Vøring
Escarpment.
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Table 3. Maximum widths and thicknesses of lower crustal bodies (LCB).

Width Thickness
Profile LCB LCB Reference

East Greenland AWI-20030400 ∼225 km 16 km This paper
East Greenland AWI-20030500 ∼190 km 15 km This paper
Southeast Greenland (P III) 150 km 9 km 1
Vøring Margin P99 (Fig. 12) ∼150 km 12.5 km 2
US – East Coast 100–190 km 10–15 km 3, 4
Namibia 150–200 km ∼18 km 5, 6
Hatton Bank 90 km 15 km 7

Notes: References for LCBs: 1 (Hopper et al. 2003); 2 (Mjelde et al.
2005); 3 (Holbrook & Kelemen 1993); 4 (Kelemen & Holbrook 1995); 5
(Gladczenko et al. 1998); 6 (Bauer et al. 2000) and 7 (Morgan et al. 1989).

5.5 Rift propagation

It is interesting to speculate whether underplating developed during
a single event in Tertiary times, or if other pre-rift or post-break-
up processes fed magma into the lower crust. On the other hand,
the wide COT implicates a pinch-out of the spreading anomalies
along the margin (Fig. 13) from north to south which gives rise to
debate about rift propagations. Three scenarios could be possible,
as follows.

Shifting of the rift-axis led to long-term rifting across the margin
in the vicinity of the Kejser Franz Joseph Fjord and gave rise to
the unusually wide COT in Mesozoic to Tertiary times. Direct evi-
dence for shifts of the rift-axis can be seen in the pronounced Moho
topography (Schlindwein & Jokat 1999). Several Moho slopes and
plateaus exist off Kejser Franz Joseph Fjord, but the Godthåb Gulf
profile shows only a steep but steady decrease of the Moho to the
onset of oceanic crust. Investigations on the conjugate Lofoten and
Vøring margin, off Norway, have also revealed vertical and lateral
variations in crustal structure and composition resulting from a com-
plex rifting history during the late Cretaceous and early Tertiary
times (Mjelde et al. 1997, 1998; Raum et al. 2002; Mjelde et al.
2005; Tsikalas et al. 2005). The long-term rifting supported ex-
cessive upwelling of magmatic material, and intruded the stretched
crust and, probably, sedimentary basins.

A second scenario involves the separation of the Jan Mayen block
from East Greenland in Oligocene/Miocene times (Gudlaugsson
et al. 1988). Scott (2000) assumed the presence of intrusions re-
lated to this event. In the first stage, Tertiary rifting was accom-
panied by magmatic underplating in this region (Schlindwein &
Jokat 1999). Subsequently, more magmatic material was emplaced
prior to the break-up of the Jan Mayen microcontinent (25 Ma).
But the velocity models reveal no any evidence for two stages of
emplacement, however. In such a case one might expect a reflec-
tion from inside the high velocity body, which would support this
interpretation.

Another possible interpretation from the newly derived results
is an episode of rift propagation from north to south, with retarded
break-up and initiation of seafloor spreading in this region. The study
area shows many characteristics consistent with having been part of
a ‘locked zone’ on the spreading axis (Courtillot 1982; Vink 1982).
Break-up started with chron C24B in the north and the oblique an-
gle of the anomalies C24A, C23 and C22 along the margin between
Shannon Island and the Jan Mayen Fracture Zone (Fig. 13) is con-
sistent with a N–S rift propagation. The magnetic data provide good
evidence that magnetic anomalies C24A-C21 terminate against the
East Greenland COT rather than continuing beneath the shelf like
in other interpretations.

Magmatic material generated during break-up remained pooled
beneath the locked zone until lithospheric separation was completed
in this area. Average propagation velocities of 47 ± 5 km Ma−1

(Fig. 13c) can be calculated from the anomaly identifications along
the margin with the errors related to picking uncertainties. A prelim-
inary calculation of the half spreading rates along a transect is shown
in Figs 13a and b. The calculation relates to the zero crossings be-
tween the reversed older and normal younger anomaly. Oceanic half
spreading velocities decreased from 27 to 11.7 km Ma−1, which is
much slower than the rift propagation. Further south of C21, younger
spreading anomalies terminate towards the Mayen Fracture Zone
(Fig. 2).

The existence of a wide COT and voluminous magmatic under-
plating is direct evidence of a long-term rifting process and rift-
related magmatism. The reasons for the long-term rifting or the ex-
istence of a locked zone within a propagating rift might be related to
pre-rift processes, which are not fully understood yet. Schlindwein
& Jokat (1999) concluded, from the large differences of volcanic ex-
trusion and crustal intrusions north and south of Kong Oscar Fjord,
that pre-existing lithospheric structures guided the magmatic activ-
ity. However, the complexity of these tectonic and magmatic events
is mirrored in the asymmetry of adjacent and conjugate margin ar-
chitectures.

5.6 Competitive interpretation of the conjugate margins

A comparison of the conjugate margin structures off East Greenland
and Norway provides constraints of the processes involved in the vol-
canic margin formation and evolution. On the conjugate margin nu-
merous OBS profiles were acquired to investigate the crustal struc-
ture of the Vøring Plateau (Mjelde et al. 1997, 2001, 2005; Raum
et al. 2002). Profile 99, across the outer Vøring Margin (Mjelde
et al. 2005), turns out to be an adequate counterpart to profile
AWI-20030400 (Fig. 14c). A reconstruction model after Rowley
& Lottes (1988) with an interpolated angle of 9.68◦ for a C22 rota-
tion shows a good approximation of the anomalies and a ∼65 km
offset of the two conjugate profiles. Thus, a comparison of the two
seismic profiles of the conjugate margins should be seen as a general
consideration within the limits of the reconstruction models.

Both profiles extend from continental to oceanic crust, crossing
an area of complex magnetic anomalies (Figs 14a and b). Both
profiles show similar crustal layering at spreading anomaly C22
(Fig. 14c), where thickened oceanic crust (∼9 km) is modelled. An
increase to 18.5 km towards C23 at profile 99 is in contrast to the
area east of the volcanic basement high at km 225 in our model.
The absence of pre-C22 magnetic anomalies in our data is a major
difference between the models. On the East Greenland margin, we
related the magnetic anomalies landward of C22 to strong intrusions
in the stretched continental crust. If the margins were symmetrical,
then profile AWI-20030400 should show anomaly C24B near km
170 (Fig. 14c). In contrast, we have presented good evidence for
stretched and intruded transitional crust beneath thick Cenozoic and
Mesozoic sediments at this location, rather than oceanic crust. On
the other hand, the interpretation of C24B off the Vøring Margin
is questionable due to the ambiguous magnetic anomaly pattern
around the Vøring Plateau (Fig. 14a). The landward increase of
Moho depth to ∼30 km along profile AWI-20030400 is a further
major difference to the Moho depth of 20 km on the conjugate
margin. The eastern and western boundary structures seem similar
of the COT on the conjugate profiles. The landward boundaries of
the COTs are characterised by a lateral increase of seismic velocities
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and thickening of the transitional crust. The seaward boundaries are
located near the proposed inner SDRs. But the widths of the COTs
are different. Mjelde et al. (2005) suggested a width of 25 km on
profile 99. The East Greenland margin, however, has undergone long
term stretching and, thus, the transitional zone is 125 km.

The controversy surrounding the interpretation of the magnetic
anomalies significantly influences the structural models. Although
local similarities in the crustal structures of the continental margin
can be identified, the major and tectonically most relevant features,
the COT and LCB differ greatly in their extents and thicknesses.
The asymmetric crustal architecture of conjugate margins requires
also a complex history of rifting and/or post-rifting events were
involved but not considered so far. Further examinations of tectonic
and magmatic features along the conjugate margin profiles and direct
line-up comparisons could bring some more light into the processes
involved in the margin formations.

6 C O N C L U S I O N

Regional models were established along two profiles across the
East Greenland continental margin between 72◦N and 74.5◦N. This
dataset provides an insight into the lower crustal architecture in
the prolongation of Godthåb Gulf and Kejser Franz Joseph Fjord.
The consistency of the P-wave velocity models were verified by
2-D gravity modelling and were interpreted in combination with
regional magnetic data and an additional improved high-resolution
airborne magnetic data set. In this study, we focused on the exami-
nation of the COT and the extent of a lower crustal body associated
with magmatic underplating.

One main result is the existence of a 120–130 km wide COT,
that is characterized by high seismic velocities in the stretched and
thinned continental crust (6.6–7.0 km s−1) and by a thick high veloc-
ity lower crustal body (7.15–7.4 km s−1). The maximum thicknesses
of the lower crustal bodies are 15–16 km with lateral extents of 190–
225 km. A well-defined intracrustal reflector is assumed to merge
with the Moho in both directions. The Moho shows a distinct to-
pography within the COT and rises from ∼30 km to 11–14 km near
the onset of oceanic crust. The P-wave velocity models reveal a
concealed basaltic layer mixed with syn-rift sediments whose pres-
ence supports the interpretation of long term rifting and a highly
extended transitional crust across almost the entire shelf. Given this
interpretation, the presence of ocean spreading anomaly C23–C24B
is unlikely between the Godthåb Gulf and Jan Mayen Fracture Zone.
The magnetic anomalies are rather related to magmatic intrusions
into the transitional crust and the basaltic/syn-rift sedimentary basin.

A N–S rift propagation between Shannon Island and the Jan
Mayen Fracture Zone can be deduced from the SW–NE orienta-
tion of the spreading anomalies C21–C24B, and is consistent with
the interpretation of tectonic and magmatic features on the seismic
profiles.

Contrasting interpretations of the conjugate margin crustal struc-
tures of East Greenland and the Vøring Margin reveal significant
asymmetries of the crustal architecture. The major differences are
a 10 km deeper Moho in the continental unit of the East Greenland
margin, a wider COT, and a larger high velocity body, interpreted
as magmatic underplating rather than as oceanic layer 3B.
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