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S U M M A R Y
3-D gravity models that consider the highly complex density structure of the Norwegian
passive volcanic continental margin require a significantly lower density in the mantle below
the ocean than below the continent. This is especially pronounced on the crust-free residual
gravity anomalies obtained by 3-D gravity stripping. This density contrast in the mantle
indicates different physical properties either related to thermal or compositional conditions
beneath the two domains. We assess the gravity response of thermal differences and find that a
hotter oceanic mantle compared to a colder continental mantle could cause the density contrast.
Accordingly, 3-D lithospheric-scale gravity models considering temperature-dependent mantle
densities indicate that the transition between continental and oceanic lithosphere is rather sharp
with a steep gradient in thickness beneath the continent–ocean transition zone. Furthermore,
a mantle wedge of reduced density extends from the oceanic Jan Mayen Fracture Zone to
the continental Jan Mayen Lineament and points to increased mantle temperatures and/or
compositional changes beneath the lineament. The models further indicate the presence of
high-density bodies within the lower crust at the continent–ocean transition that are continuous
with the lowermost oceanic layer 3B in terms of geometry and density. This supports the
concept of underplated lower crust beneath the western Norwegian margin. Finally, NE–SW
trending linear zones of increased density are required in the lower crust beneath the eastern
Vøring and Møre Basins to fit the short-wavelength gravity signal.

Key words: Gravity anomalies and Earth structure; Continental margins: divergent; Sed-
imentary basin processes; Dynamics of lithosphere and mantle; Crustal structure; Atlantic
Ocean.

1 I N T RO D U C T I O N

The detailed structure of the deeper crust and mantle below passive
continental margins and especially at the continent–ocean transition
is still a matter of debate. As the Norwegian continental margin is
very well explored this topic can be studied there in great detail, and
in particular in 3-D (Fig. 1). The margin formed between the exposed
Fennoscandian Caledonides in the east and the Cenozoic oceanic
domain of the North Atlantic in the west as a result of several rifting
events after post-Caledonian collapse (Blystad et al. 1995). By far
the largest part of the up to 18-km-thick sedimentary succession
was deposited before continental breakup in the Late Palaeocene–
Early Eocene (∼55 Ma). Structurally, the Norwegian continental
margin is segmented into the Trøndelag Platform, adjacent to the
Norwegian coast and containing thick Pre-Cretaceous sediments,
followed westward by the Cretaceous Vøring and Møre Basins,
which are separated from the oceanic crust by the Vøring and Møre
Marginal Highs (Blystad et al. 1995). Though different models have

been proposed to explain the observed gravity signal of the margin
(Torne et al. 2003; Fernandez et al. 2005; Mjelde et al. 2005; Ebbing
et al. 2006; Raum et al. 2006), previous models did not consider
the influence of the oceanic part of the system in 3-D.

The sedimentary infill of the Norwegian margin is particularly
well known due to oil and gas prospecting and scientific studies
(Blystad et al. 1995; Brekke 2000; Ren et al. 2003), but the deep
crustal structure has also been intensively explored by deep seismic
sounding (Mjelde et al. 1997, 2001, 2005, 2009; Raum et al. 2002;
Raum et al. 2006). A recently developed, crustal-scale 3-D structural
model of the Norwegian margin (Scheck-Wenderoth et al. 2007)
integrates many of these results (Fig. 2). Though the upper part of
this model is well constrained, uncertainties exist in the lower crust
and mantle, related to the decreasing data density with depth. We
use this 3-D structural model as a starting point for our study and
apply combined gravity and thermal modelling to further evaluate
the configuration of the lower crust and the lithospheric mantle
beneath the margin and the continent–ocean transition.
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Figure 1. (a) Location of the study area within the Northern Atlantic (the bathymetry is reproduced from the GEBCO Digital Atlas published by the British
Oceanographic Data Centre on behalf of IOC and IHO; IOC, IHO and BODC 2003; position of plate boundaries and Jan Mayen Fracture Zone after Müller
et al. 1997); (b) Structural map of the Norwegian continental shelf (simplified after Blystad et al. 1995) with location of the vertical slices trough 3-D model.

2 DATA A N D M E T H O D

2.1 The 3-D structural model

The 3-D structural model (Scheck-Wenderoth et al. 2007) we use
as a starting point for this study is based on the data shown in
Fig. 2. For the sedimentary infill five maps of the major Cretaceous–
Cenozoic unconformities in two-way traveltime (TWT) and related
fault maps (Brekke 2000) were available. The TWT thicknesses
of the layers between these unconformities were calculated as the
difference between the structural time maps. The obtained TWT
thickness maps have been gridded with a cell resolution of 2.5 km ×
2.5 km and depth-converted by use of interval velocities (Scheck-
Wenderoth et al. 2007). In addition, deep well data (NPD 2007)
were used to crosscheck the thicknesses of the sedimentary layers.

For the crystalline crust, the initial dataset consists of six depth
levels of crustal layers from long-offset seismic refraction profiles
(magenta lines in Fig. 2) recorded with ocean bottom seismometers
(OBS; Mjelde et al. 1997, 2001, 2002, 2003, 2005; Raum 2000;
Raum et al. 2002, 2006). The base (crust–mantle boundary–Moho)

and top of the crystalline crust (base of sediments) have been ex-
tracted from this dataset. Likewise, the thickness of a high-velocity
body in the lower continental crust below the western Vøring Basin
and the thicknesses of three oceanic crustal layers were obtained
from the OBS data. Finally, data from inversion of teleseismic re-
ceiver functions (Ottemöller & Midzi 2003; blue squares in Fig. 2)
have been used to control the depth of the Moho below the continent
where no deep refraction data were available.

All datasets were gridded and integrated into a 3-D structural
model. In some areas, where data coverage is poor, interpolation
has been used to fill data gaps. Thus, the input 3-D model includes
thirteen layers: sea water; a post- and a pre-Mid-Miocene layer, a
layer of Palaeocene; oceanic layers 2AB, 3A and 3B, two layers of
Cretaceous, a pre-Cretaceous sedimentary layer, a layer of continen-
tal crystalline crust, a continental lower crustal high-velocity body
below only the western Vøring Basin and an upper mantle layer.

The sedimentary fill of the margin is built up of three struc-
tural levels. The uppermost level of Cenozoic, mainly post-breakup
deposits found over the entire margin attains more than 3 km
of thickness in two major depocentres (Fig. 3a). Under the Base
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Figure 2. Data used for the construction of the 3-D structural model of
the Norwegian continental margin (Scheck-Wenderoth et al. 2007). Red
circles are deep wells (NPD 2007); green dotted lines outline the area which
is covered by published maps of sedimentary interfaces (Brekke 2000);
magenta lines are OBS data (Mjelde et al. 1997, 2001, 2002, 2003, 2005;
Raum et al. 2000, 2002, 2006); and blue squares are published results from
inversion of teleseismic receiver functions (Ottemöller & Midzi 2003).

Cenozoic Unconformity, up to 12 km of Cretaceous sediments are
present in the Vøring and Møre Basins, which together form a NNE-
SSW oriented basin (Fig. 3b). Below, up to 12 km of pre-Cretaceous
deposits include mainly Permian–Jurassic sediments (Fig. 3c) on
the Trøndelag Platform and beneath the western Vøring and Møre
Basins.

Figure 3. Present-day thickness maps of sediment packages: (a) Cenozoic, (b) Cretaceous and (c) Pre-Cretaceous (after Scheck-Wenderoth et al. 2007). JMFZ:
Jan Mayen Fracture Zone, JML: Jan Mayen Lineament.

Table 1. Velocity and density values of the sedimentary, crustal and mantle
layers of 3-D model.

Layer Velocity Density
(m s–1) (kg m–3)

Tertiary 1800–2300 1950–2250
Cretaceous 3000–5300 2430–2600
Pre-Cretaceous 5000–5500 2650
Continental crystalline crust 6000–6700 2780
Continental crystalline crust 6000–6700 2780
Continental crystalline crust 6000–6700 2780
Continental high-velocity (density) body 7100–7600 3150
Continental high-density zones Undefined 3110
Continental mantle 8000–8300 3330
Oceanic layer 2AB 4000–6000 2650
Oceanic layer 3A 6000–6700 2890
Oceanic layer 3B 7100–7600 3150
Oceanic mantle 7800–8000 3180

The top of the crystalline basement crops out onshore in Norway
and successively steps down to the west, lying about 8 km deep
below the Trøndelag Platform and 18 km deep below the western
Vøring and Møre Basins, the latter showing local basement highs
along the basin axes (Ebbing et al. 2006; Scheck-Wenderoth et al.
2007). Furthermore, the high-velocity body found from deep re-
fraction seismic data was included below the western Vøring Basin
(Mjelde et al. 2001, 2005; Raum et al. 2006).

The oceanic crust below the Cenozoic sediments has a three-
layered structure with all oceanic layers thickened beneath the
Vøring and Møre Marginal Highs. Following the interpretation of
Mjelde et al. (2005) and Raum et al. (2006), the upper layer 2AB is
interpreted to consist mainly of flood basalts and diabase dikes, the
middle layer 3A is assumed to be a mixture of sheeted dykes and
gabbroic intrusions and the lowest oceanic layer 3B has the proper-
ties of gabbros and ultramafic rocks. This lowermost oceanic layer
3B appears to be continuous with the high-velocity body observed
in the lower crust beneath the Vøring Basin in terms of seismic ve-
locities, thickness and depth position (Table 1; Mjelde et al. 1997,
2005; Raum et al. 2002, 2006; Scheck-Wenderoth et al. 2007).

An apparent left-lateral offset is observed between the marginal
highs and the thickness maxima of the oceanic and lower crustal
layers along the Jan Mayen Fracture Zone and its continental
continuation, the Jan Mayen Lineament (Fig. 1a), which is a
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Figure 4. (a) Gravity anomaly over the North Atlantic area (Sandwell & Smith 1997; Wybraniec et al. 1998). (b) Gravity anomaly over the Norwegian
continental margin and adjacent areas with location of the vertical slices trough 3-D structural model (Wybraniec et al. 1998). In both maps: Bouguer gravity
anomalies onshore and Free-Air anomalies offshore. JMFZ: Jan Mayen Fracture Zone, JML: Jan Mayen Lineament.

prominent structure in the sedimentary section as well (Fig. 3).
Berndt et al. (2001) have shown that the Jan-Mayen Fracture Zone
is a deep-seated discontinuity and separates the syn-breakup vol-
canic complexes which cover the Vøring and Møre Marginal Highs.
Furthermore, Torske & Prestvik (1991) put forward the hypothesis
that the continental Jan Mayen Lineament may have played a major
role during the pre-break up extensional history of the Vøring and
Møre Basins.

2.2 Gravity field

The free-air anomaly offshore and the Bouguer gravity anomaly
onshore (Fig. 4; Sandwell & Smith 1997; Wybraniec et al. 1998)
show pronounced gravity lows over Scandinavia and over the con-
tinental shelf of Greenland (Fig. 4a). On the other hand, the gravity
field over the North Atlantic Ocean is characterized by an increased
gravity compared to the continental parts. There is a clear correla-
tion between the topography of the sea floor and some features of
the gravity field over the ocean (cf . Figs 1a and 4a). In addition, all
oceanic fracture zones and transform faults are highlighted by linear
and narrow gravity lows bounded by positive gravity anomalies on
both sides (Fig. 4a).

At the basin scale (Fig. 4b), the most pronounced feature is the
negative gravity anomaly in the SE over the continent (less than
−70 mGal), which is bounded by a series of coast-parallel positive
anomalies offshore. In the Møre and Vøring Basins, the positive
gravity anomalies and structural highs of the crystalline basement
correlate spatially (cf. Figs 1b and 4b). In the oceanic domain, the
gravity field shows two positive anomalies west of the marginal
highs. Reduced gravity over the Jan Mayen Fracture Zone separates
the oceanic positive anomalies and is especially distinct as a steep
NW–SE oriented gradient at the NW side of the oceanic anomaly.
Towards the continent, in the area of the Jan Mayen Lineament, this
NW–SE trending gravity low widens over the Møre Basin.

2.3 Densities

Densities used for gravity modelling are set constant within each
layer (Table 1, Fig. 5) and are based on density logs of indus-
trial boreholes (NPD 2007) and on literature values (Berndt et al.
2001; Mjelde et al. 2001, 2005; Torne et al. 2003; Fernandez
et al. 2005; Tsikalas et al. 2005; Ebbing et al. 2006; Raum et al.
2006). Furthermore, the derived densities are in the range of the
empirical velocity–density relationship from Barton (1986) for
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Figure 5. Representative slices through the 3-D gravity model highlighting the misfit between calculated and observed gravity anomalies assuming a
homogeneous mantle below the continental and oceanic crust and one end-member geometry of a density contrast between the continental and oceanic upper
mantle (for location see Figs 1(b), 3(b), 8 and 9(c)). (a) Line 7 across Vøring Basin, (b) Line 4 along Jan Mayen Lineament and (c) Line 2 across Møre Basin.
COT: continent ocean transition.

crustal–mantle rocks. The Cenozoic sediments are characterized
by low densities as they have a low degree of compaction. Higher
densities were assigned to the Cretaceous layers according to their
greater burial depth and compaction and the highest sediment den-
sity corresponds to the strongly compacted pre-Cretaceous. The
continental crystalline crust was assigned a density of 2780 kg m–3

according to the observed P-wave velocities and published 2-D
gravity models. In contrast, a relative high density of 3150 kg m–3

is assigned to the lower crustal high-velocity body beneath the
Vøring Basin consistent with previous studies (Mjelde et al. 2005;
Raum et al. 2006). Based on the resemblance of seismic velocities
between the continental high-velocity body and the oceanic layer
3B, the same density was given to both. Likewise, density values for
the other two oceanic layers (2AB and 3A) were assigned in accord
with earlier studies (Mjelde et al. 2005; Raum et al. 2006).

3 3 - D G R AV I T Y M O D E L L I N G
A N D S T R I P P I N G

3.1 Method

3-D gravity modelling and stripping were performed with the Inter-
active Gravity and Magnetic Application System (IGMAS), which

allows the calculation of the total gravity response from a 3-D struc-
tural model by triangulation between predefined structural levels
along parallel 2-D vertical slices (Götze 1978; Götze & Lahmeyer
1988; Schmidt & Götze 1998). The geometrical approximation for
each 3-D structural layer is determined by multiple polyhedra with
triangulated facets between the top and the base of each layer. There-
fore, the calculated gravity effect of the 3-D structural model is the
sum of gravity effects of all triangulated polyhedra.

In practise, the 3-D gravity modelling was carried out by interac-
tive changes in the geometry and density of the layers below Base
Cretaceous along 16 NW–SE-oriented working planes through the
3-D structural model. Three key examples of these working planes
are illustrated in Fig. 5. The position of the working planes has
been chosen perpendicular to the main structural features of the
Norwegian continental margin, crossing the most important gravity
lows and highs (Fig. 4a). This configuration of the working planes
was chosen to minimize possible artefacts due to 3-D triangulation
between vertical planes. In order to avoid any problems related to
the geometry of the model, which cuts at an angle to the margin
and across the major crustal boundaries, the lateral extension of
the model is 6000 km in all directions exceeding the study area.
In addition, the regional features of the North Atlantic region have
been schematically included into the laterally extended parts of the
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3-D structural model. Downward, our 3-D model includes the litho-
spheric mantle for which several configuration of the lithosphere–
asthenosphere boundary have been evaluated (Scheck-Wenderoth &
Maystrenko 2008). As for all models studied more than 60 per cent
of the model volume consists of mantle material, a reference den-
sity of 3200 kg m–3 has been chosen as an average model density.
Anomalous densities of the model layers, calculated with regard
to this reference density, vary by more than –700 kg m–3 for the
sediments and less than –400 kg m–3 for the crystalline crust.

To evaluate the deep structure of the margin we apply gravity
stripping. The main purpose of the 3-D gravity stripping was to
remove the gravity effect of the shallow and well-constrained layers
from the observed gravity field above selected levels of the 3-D
model and to assess the gravity effect of the underlying layers.
This is especially important for the Norwegian continental margin
where the gravity signal of the upper mantle structure is masked
by the thick sediments of the margin and the thick crust beneath
the continent. To calculate the residual gravity field to the base of
crust, the following work sequence was applied during 3-D gravity
stripping. First, the density values of all layers below the base of the
“stripped” layers were set to the reference density of the 3-D model
(3200 kg m–3). Subsequently, the gravity effect of the layers that had
to be “stripped” was calculated. Finally, this modelled gravity effect
of the selected layers was subtracted from the observed gravity
to obtain the residual gravity signal originating from the deeper
layers.

3.2 Results

As a first step, the gravity response of the unchanged 3-D structural
model of Scheck-Wenderoth et al. (2007) has been examined. Be-
sides the configuration of the sedimentary fill and of the crystalline
crust, a high-density body beneath the Vøring Basin has been in-
cluded corresponding geometrically to the high-velocity body ob-
served in deep seismic data. The gravity response of this initial
3-D structural model assuming a homogenous mantle density of
3300 kg m–3 is in good agreement with the large-wavelength field
observed over the Vøring Basin, but fails to reproduce the observed
gravity anomaly over the western Møre Basin and some of the
short-wavelength anomalies across the margin. Moreover, a large
misfit between model and observation was obtained for the oceanic
domain.

Figure 6. Thicknesses of the oceanic layer 3B (a) and continental lower crustal high-density bodies (b). (c) Thickness map of the high-density zones within
the continental crust with location of the major basement faults (red lines; after Blystad et al. 1995). For legend see Fig. 3. JMFZ: Jan Mayen Fracture Zone,
JML: Jan Mayen Lineament, UH: Utgard High.

3.2.1 Continental domain

To obtain a good fit between modelled and observed gravity, two
major modifications were needed in the continental part.

First, an additional high-density body had to be included in the
lower crust of the western Møre Basin (Fig. 6b). The 3-D geom-
etry of this body was determined by gravity modelling since deep
seismic control is limited (Fig. 2). Its shape is similar to the one
considered below the western Vøring Basin and approximately con-
sistent with a previous gravity study covering the continental part
of the margin (Ebbing et al. 2006). In addition, the modelled high-
density body beneath the Møre Basin is consistent with the limited
deep seismic data available across the western Møre Basin (Raum
et al. 2006; Mjelde et al. 2009) that indicate the presence of a
high-velocity body, similar to the one below the Vøring Basin. No
high-density body is required along the Jan Mayen Lineament to
fit the observed gravity signal. The two lower crustal high-density
bodies show the same left lateral offset along the Jan Mayen Lin-
eament as observed in the other crustal layers. Comparably to the
results from the deep seismic data we find that the lower crustal
high-density bodies appear to be geometrically continuous with the
lowermost ocean crustal layer 3B. Accordingly, the thickness of the
lower crustal high-density bodies (Fig. 6b) matches well with the
thickness of the oceanic layer 3B (Fig. 6a) and the two maps appear
cut apart along the continent–ocean boundary. Based on similari-
ties in seismic velocities and spatial position, the same density has
been assigned to these high-density bodies and to the oceanic layer
3B (Fig. 6a). Consequently, the modelled oceanic layer 3B and the
lower crustal high-density bodies represent one lower crustal layer
of high-density extending laterally from the lower crust beneath
the western Vøring and Møre Basins to the oceanic part of the
model.

Secondly, isolated high-density zones (3110 kg m–3) had to be
incorporated in the lower continental crust to reproduce the short-
wavelength undulations of the observed gravity field in the eastern
part of the Vøring and Møre Basins. The thickness distribution of
the latter (Fig. 6c) shows that these bodies form narrow, NNE–
SSW trending structures below some prominent structural highs of
the crystalline basement. The thickest of these high-density zones
(>10 km) is modelled beneath the Utgard High which is associated
with the highest values of the gravity field (80 mGal) observed in
the Vøring Basin (Fig. 4). There, crystalline basement rocks reach
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542 Y. Maystrenko and M. Scheck-Wenderoth

Figure 7. (a) Modelled depth to Moho based on data from Ottemoller & Midzi (2003) and Raum et al. (2006). Black lines are the wide-angle seismic profiles
and white circles correspond to position of OBSs. (b) Top of the lower density mantle in the modelled end-member geometry of the density contrast between
continental and oceanic upper mantle. For legend see Fig. 3. JMFZ: Jan Mayen Fracture Zone, JML: Jan Mayen Lineament.

a very shallow level and are intruded by sills with P-wave velocities
of more than 7000 m s–1 (Berndt et al. 2000).

Gravity modelling in itself is characterized by an inherent ambi-
guity. The uncertainty that a variety of density models can fit the
observed data of a given gravity field can be reduced if indepen-
dent constraints from OBS data are taken into account. As men-
tioned earlier, such data (e.g. Mjelde et al. 2002; Raum et al. 2006)
safely constrain the high-density body in the lower crust beneath the
Vøring Basin. On the other hand, the shape of the high-density body
beneath the SW part of the Møre Basin derived by gravity modelling
is constrained by wide-angle seismic lines only beneath the north-
ern part of the Møre Basin (Mjelde et al. 2009). Therefore, some
uncertainties remain within the SW Møre Basin. Unfortunately, the
absence of densely spaced constraints for the Moho beneath the SW
Møre Basin adds to this ambiguity (see Fig. 2) in this part of the
study area (Fig. 7a).

In general, the Moho is deeper than 38 km beneath the continent,
less than 10 km deep beneath the oceanic crust and displays pro-
nounced short-wavelength undulations beneath the Vøring Basin
(Fig. 7a). Accordingly, the continental crust between top basement
and Moho is thinned to a few km towards the continent–ocean
transition.

3.2.2 Oceanic domain

After having obtained a reasonably good fit between modelled and
observed gravity in the continental part, a large misfit was left
over the oceanic domain. A uniform density in the upper mantle
below the continental and the oceanic domains imposes a long-
wavelength positive anomaly over the oceanic domain that is up
180 mGal larger than observed (Fig. 5). This misfit calls for a less
dense mantle below the oceanic domain than below the continental
crust. As the geometry of the transition between these two areas of
different upper mantle density is unknown and gravity inversion is
non-unique, we examined several possible end-member geometries
for the transition between denser continental and less dense oceanic
upper mantle, using the same crustal configuration. In summary, all

models were robust concerning the required lateral density contrast
in the lithospheric mantle.

One possible configuration (Fig. 5) was chosen to mimic a ther-
mal zonation. In this model a wedge of high-density upper mantle
with a density of 3330 kg m–3 thins out in the upper part be-
low the oceanic crust. The less dense mantle was placed into the
lower oceanic part of the model and has a density of 3180 kg m–3

(Fig. 7b). Fig. 8(a) shows the calculated gravity obtained from this
model and demonstrates that all major features of the observed
gravity are reproduced. Fig. 8(b) displays the gravity difference
after subtracting the modelled gravity from the observed gravity
(Fig. 4b) and illustrates the degree of consistence between model
and observation. The difference between observed and modelled
gravity is in the range of ±10 mGal for the largest part of the
residual gravity map (Fig. 8b). The few larger misfits are due to
the spacing of the vertical slices and occur localized between the
slices. These misfits do not have a strong impact on the regional
gravity field of the study area but are shown to allow a quantitative
assessment of the method’s limitations. The gravity response for
the model in map (cf . Figs 4b and 8a) and cross-sectional views
(Fig. 5) demonstrates that a good fit is obtained with the observed
gravity data in terms of regional structure.

3.2.3 Gravity stripping

The next step of the gravity modelling consisted of 3-D gravity
stripping. The crust-free gravity anomalies (Fig. 9a) represent the
residual gravity field with the effect of sea water, sediments and crys-
talline crust removed. Though a long wavelength trend is discernible
with negative anomalies over the ocean and positive anomalies over
the margin and continent, an additional complex pattern of short-
wavelength gravity anomalies is present in this map. A comparison
of these short-wavelength features with the pattern found in the
residual gravity map (Fig. 8b) indicates that they may be related to
smaller crustal heterogeneities that are not properly resolved by the
model.

The gravity low in the SE part of the map (Fig. 9a) is produced
by the deep Moho position beneath the continent. Although the
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Figure 8. (a) Modelled gravity anomaly maps with the location of vertical slices trough the 3-D structural model. (b) Residual gravity map representing
difference between the modelled Fig. 8(a) and the observed gravity field (Fig. 3b). For legend see Fig. 3. JMFZ: Jan Mayen Fracture Zone, JML: Jan Mayen
Lineament.

Figure 9. (a) Crust-free anomalies—residual gravity field obtained after subtraction of the gravity effects due to sea water, sediments and the crystalline crust
from the observed gravity field. (b) Temperature (in ◦C) at 50 km depth predicted by 3-D temperature modelling (Scheck-Wenderoth & Maystrenko 2008). (c)
Base of the lithosphere considered for 3-D thermal modelling (Scheck-Wenderoth & Maystrenko 2008) characterized by a continuous slope from the continent
to the ocean beneath the continental margin and obtained by interpolation between the calculated oceanic lithosphere (after Zhang & Lay 1999) and continental
lithosphere (after Artemieva et al. 2006). For legend see Fig. 3. JMFZ: Jan Mayen Fracture Zone, JML: Jan Mayen Lineament.

influence of the crustal structure has been subtracted, the ‘missing’
mantle material is producing a low relative to the margin, where
the upper mantle is shallower than beneath the Caledonides. In
contrast, no such explanation holds for the gravity low obtained for
the oceanic part as the Moho there is far shallower and the systematic
long-wavelength difference of the subcrustal gravity signal requires
different upper mantle densities beneath the two domains.

Scheck-Wenderoth & Maystrenko (2008) calculated the 3-D con-
ductive thermal field of the Norwegian continental margin using the
same configuration of the model for the crustal part and obtained
considerably higher temperatures in the lithospheric mantle beneath
the oceanic than beneath the continental crust (Fig. 9b). The re-
spective 3-D thermal model assumes an upper boundary condition
of 2 ◦C at the present-day surface/seafloor and a lower boundary
condition of 1300 ◦C at the lithosphere–asthenosphere boundary.
These results indicate that a rather thin lithosphere (60–70 km,
Fig. 10c) has to be present in the oceanic part to reproduce ob-
served temperature and heat flow data and to be consistent with
seismological data from surface wave inversion. In response to this

shallow lithosphere–asthenosphere boundary beneath the ocean, the
lithospheric mantle is considerably hotter than beneath the conti-
nent. Comparing the maps of the crust-free-anomalies (Fig. 9a) and
the temperature distribution at 50 km depth (Fig. 9b), the spatial
correlation of low gravity and high temperatures in the oceanic do-
main is obvious. This correlation indicates that density reduction
in the mantle beneath the ocean may be related to an increase in
temperature with depth.

4 C O M B I N E D 3 - D T H E R M A L / G R AV I T Y
M O D E L L I N G

To test the hypothesis of a thermally induced density reduction in
the lithospheric mantle, combined 3-D thermal and gravity mod-
elling has been carried out. A procedure was applied previously
proposed by Breivik et al. (1999) for two seismic profiles in the
western Barents Sea. Breivik et al. (1999) showed that the reduc-
tion of mantle densities across the continent–ocean transition can
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Figure 10. Vertical slices through the 3-D thermal model (Scheck-Wenderoth & Maystrenko 2008) along the same profiles as in Fig. 5. White lines outline
the configuration of the crust. For location see Figs 1(b), 3(b), 8 and 9(c).

be explained as being a function of thermal expansivity affecting
the mantle rocks at high temperatures. To quantify the influence
of thermal expansivity for our model, three temperature profiles
(Fig. 10) have been extracted from the 3-D thermal model (Scheck-
Wenderoth & Maystrenko 2008). The location of these profiles has
been chosen to be identical with the position of three representa-
tive slices through the 3-D gravity model in Fig. 5 (Lines 2, 4 and
7). In these profiles, the initial layer representing the lithospheric
mantle in the model has been subdivided into eight layers defined
geometrically by 100 ◦C intervals of temperature. For these individ-
ual mantle layers the density reduction in response to the thermal
expansivity was calculated according to ρ(t) = 3300(1 – αT), where
3300 [kg m–3] is the density of mantle rocks at 0 ◦C, α = 3.2 ×
10−5 [◦C−1] is the volume coefficient of thermal expansion and T
[◦C] is temperature. Subsequently, the geometry of these individual
mantle layers for the 3-D model portion between Lines 2 and 7 was
obtained by lateral interpolation between the profiles.

Fig. 11 shows the gravity response of the resulting model con-
sidering the effect of thermal expansivity. The large-scale pattern
of modelled and measured gravity shows a good correlation and
supports the hypothesis of a thermally induced density reduction
in the oceanic lithospheric mantle with respect to the continent.
There is, however, some misfit left between the thermally moti-
vated gravity model and observation that reaches up to 50 mGal.
This could be related to uncertainties concerning the depth to
the base of the lithosphere beneath the continental margin and
one possibility to improve this fit is to reconsider the geome-
try of the lithosphere–asthenosphere boundary. The depth to the
lithosphere–asthenosphere boundary beneath the oceanic part has
been derived according to lithospheric age—Love and Rayleigh
wave phase velocity relations (Zhang & Lay 1999), and the litho-
sphere thickness beneath the continent is inferred from global heat
flow studies and seismologic data (Artemieva et al. 2006). In con-
trast, beneath the continental margin itself, there are no direct data
concerning the depth to the lithosphere–asthenosphere boundary.

Scheck-Wenderoth & Maystrenko (2008) have applied interpola-
tion between the oceanic and onshore parts to fill this gap. There-
fore, a modification of the depth to the lithosphere–asthenosphere
boundary beneath the Vøring and Møre Basins may be justified
to improve the fit between measured and modelled gravity. In-
troducing a steeper gradient in lithospheric thickness between the
continental and oceanic domains results in a very good match be-
tween model and observation (sufficient to fit the measured gravity;
Fig. 12). In the respective model, the base of the lithosphere has
been changed below the continental margin to account for a steeper
gradient of depth change close to continent–ocean transition, while
the lithosphere thickness beneath the continent and the ocean has
been preserved in the previous (data-supported) state (Fig. 11).

5 D I S C U S S I O N

The evaluation of the deep density structure at the Norwegian pas-
sive margin using 3-D gravity modelling revealed two types of first
order density heterogeneities: (1) density heterogeneities present in
the lower crust and (2) a density contrast within the upper litho-
spheric mantle between the continental and the oceanic parts of the
system.

5.1 Density heterogeneities in the lower crust

We find two different types of structures with anomalous high den-
sity in the lower crust of the Norwegian margin, namely two isolated
high-density bodies (HDB) beneath the western Vøring and Møre
Basins, adjacent to the continent–ocean transition (Fig. 6b) and
several NNE-SSW trending high density zones (HDZ) beneath the
eastern Vøring and Møre Basins (Fig. 6c).

The HDB coincide spatially with high-velocity bodies observed
in seismic data (Mjelde et al. 2005; Raum et al. 2006) and have
partially been reported in former gravity studies of the continental
part of the margin (Torne et al. 2003; Fernandez et al. 2005; Ebbing

C© 2009 The Authors, GJI, 179, 536–548

Journal compilation C© 2009 RAS



3-D gravity modelling at the Norwegian margin 545

Figure 11. Results of combined 3-D thermal/gravity modelling along the profiles shown in Fig. 10 with thermally differentiated mantle densities for the
interpolated base of the lithosphere (Fig. 9c) between the oceanic and continental domains. For location see Figs 1(b), 3(b), 8 and 9(c).

et al. 2006). Moreover, similar high-density–high-velocity bodies
have been observed at other passive volcanic margins underneath
seaward-dipping reflector sequences close to the continent–ocean
transition (Bauer et al. 2000; Franke et al. 2007; Hirsch et al. 2007).
Accordingly, a common interpretation for the HDB (Fig. 6b), is that
they represent the relicts of breakup-related underplating of mantle
melts intruded into the lower crust. For the Norwegian margin,
such an interpretation is further supported by the continuity of the
HDB within oceanic layer 3B (Fig. 6a), in terms of geometry and
physical properties. Breakup-related volcanics drilled in the area
above these bodies imply a pre- or syn-breakup age (Palaeocene)
for their formation (Skogseid et al. 2000). Another observation
backing the underplating concept is that a breakup-related origin of
high-density lower continental crust has also been inferred beneath
the conjugate margin in southeast Greenland (Korenaga et al. 2001)
and volcanic products found at both continental ends of the Jan
Mayen Fracture Zone are similar in age and composition (Torske &
Prestvik 1991).

An alternative interpretation of the high-density bodies is that
they represent eclogites, which formed in the lower crust during the
Caledonian orogeny and were dismembered during later extensional

phases (Gernigon et al. 2006). Yet, some observations strengthen
the case against eclogites as cause for the positive gravity anomalies.
First, in particular at the continent–ocean transition, the presence
of eclogites is difficult to reconcile with the continuity between the
HDB with oceanic layer 3B. Second, the volcanics drilled on the
Norwegian margin do not contain any evidence for REEs (rare-earth
elements) typical for garnet-containing eclogites, which should be
present if breakup took place through an eclogitic lower crust
(J. Hertogen 2007, personal communication).

Nevertheless, the concept of dismembered eclogites may hold
as interpretation for the linear NNE–SSW oriented HDZ (Fig. 6c)
found beneath the eastern half of the Vøring and Møre Basins.
Multichannel seismic data indicate large listric detachment faults
dipping westward beneath the Vøring Basin (Osmundsen et al.
2002) that have accommodated the Mesozoic extension of the mar-
gin. The traces of these major faults affecting the base Cretaceous
(Fig. 6c) coincides spatially with the steep gradients in thickness
distribution of the HDZ. In addition, these zones not only coin-
cide with basement highs but moreover, they follow the Caledonian
structural trend and are located in areas where no breakup-related
volcanics are observed. If the HDZ were related to the activity of the
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Figure 12. Results of combined 3-D thermal/gravity modelling along profiles located as in Fig. 10 but with modified geometry of the lithosphere–asthenosphere
boundary beneath the margin. The configuration of the base lithosphere is adjusted to improve the fit with observed gravity, assuming homogeneous composition
but temperature-dependent densities of the mantle. For location see Figs 1(b), 3(b), 8 and 9(c). Note the steep gradient in depth of the 1300 ◦C isotherm across
the continent–ocean transition in lines 4 and 7.

NNE–SSW trending faults, this would imply a pre-breakup age of
their generation.

5.2 Density heterogeneities in the upper
lithospheric mantle

The most significant result of our study is that the oceanic mantle
appears to be less dense than the continental one. This is in line with
previous 2-D gravity models of the North Atlantic Ocean (Breivik
et al. 1999; Ritzmann et al. 2002; Schmidt-Aursch & Jokat 2005).
The simplest explanation for this density difference is a thermal
effect. Thermally induced density reduction in the oceanic mantle
near the Norwegian margin could be a result of increasing man-
tle temperatures towards the Mid-Atlantic Ridge and towards the
Iceland plume (Maclennan et al. 2005; Parkin et al. 2007). Alter-
natively, convection processes in the asthenopheric mantle could
prevent thickening of the oceanic mantle lithosphere to a thick-
ness predicted by the half-space cooling model. 3-D thermal mod-
elling (Scheck-Wenderoth & Maystrenko 2008) and surface wave

inversion along ray paths extending from the margin out to the
Mid-Atlantic Ridge (Midzi et al. 1999) suggest that the thickness
of the oceanic lithosphere (60–70 km) is reduced with respect to
the prediction of the half-space cooling model (90 km). If this
shallow lithosphere–asthenosphere boundary coincides with the
1300 ◦C isotherm, a considerably higher heat flow and elevated
temperatures in the oceanic lithosphere, compared to the continent,
would be the consequence. Accordingly a hotter and less dense up-
per mantle would be present beneath the ocean, than beneath the
continent.

On the other hand, models of the thermal evolution of the Vøring
margin (Gernigon et al. 2006) indicate that breakup-induced heat-
ing did not last very long after the Eocene due to the westward
migration of lithospheric extension. Thus, a thermal effect may not
be sufficient to account for the present-day gravity signal and the
latter could be additionally related to compositional differences.
This option has not been further explored in this study. Neverthe-
less, we find minor inconsistencies between the thermal and the
gravity models for the area around the continent–ocean transition

C© 2009 The Authors, GJI, 179, 536–548

Journal compilation C© 2009 RAS



3-D gravity modelling at the Norwegian margin 547

(Fig. 11). While the thermal model (Fig. 10) suggests a moder-
ate slope of the lithosphere–asthenosphere boundary between the
continent and the ocean, the gravity model considering density re-
duction due to thermal expansivity requires a steeper gradient be-
tween oceanic and continental lithosphere thickness (Fig. 12). This
mismatch may be either due to a sharp change in lithosphere thick-
ness across the continent–ocean transition or it may be related to
compositional variations not considered in the modelling. If the
sharp transition from continental to oceanic lithosphere was real,
it would imply a considerable thermal gradient below the base of
the lithosphere at the continent–ocean transition and an interesting
question would be which mechanism could be responsible for that?
One possible explanation predicted by numerical models (e.g. van
Wijk et al. 2004; Huismans & Beaumont 2008) is the relatively
steep boundary between continental lithosphere and ascending sub-
lithospheric material during breakup. In this case, rapid thinning
of the lithosphere beneath the continent–ocean transition (Fig. 12)
reflects the result of post-breakup cooling within the area which was
adjacent to the breakup axis in Palaeocene.

5.3 Density heterogeneities along the Jan Mayen Fracture
Zone/Jan Mayen Lineament

The gravity models also indicate reduced mantle densities in the
lower crust beneath the Jan Mayen Lineament (Figs 5 and 7b) that
is located along the continent-ward prolongation of the oceanic Jan
Mayen Fracture Zone. At the larger scale, the Jan Mayen Fracture
Zone is characterized by a linear negative gravity anomaly observed
over the northern Atlantic Ocean (Fig. 4a). According to plate re-
constructions (Torsvik et al. 2002), last movements along the Jan
Mayen Fracture Zone are related to the final separation of the Jan
Mayen microcontinent from East Greenland in the Miocene. This
was long after continental breakup at the Norwegian continental
margin and indicates that this oceanic fracture zone is tectonically
younger than neighbouring domains at the Norwegian continental
margin. In contrast, the continental Jan Mayen Lineament may be
of pre-breakup age according to the concept of Torske & Prestvik
(1991). They proposed that the continental Jan Mayen Lineament
may have acted as a lithosphere-penetrating strike-slip transfer fault
or accommodation zone during Mesozoic phases of extension and
thus would be older than breakup. This implies that the continen-
tal Jan Mayen Lineament may have been the precursor of the Jan
Mayen Fracture Zone and could play as a deep lithospheric conduit
which is responsible for transport of volatiles from the astheno-
sphere to the upper mantle (Torske & Prestvik 1991). Thus the
reduced densities along the Jan Mayen Lineament could result from
the superimposed effects of pre-breakup tectonic activity and pos-
sible later heating related to the development of the Jan Mayen
Fracture Zone. Finally, a deep crustal root beneath the lineament
would produce the same gravity signal as a zone of reduced upper
mantle density. Although our models clearly demonstrate the need
for a deep crustal and/or upper mantle mass deficit along the Jan
Mayen Lineament we cannot discriminate between an upper mantle
of (thermally) reduced densities and the presence of a continuous
crustal root along this lineament, as this would require additional
deep seismic constraints.

6 C O N C LU S I O N S

3-D gravity modelling indicates two types of density heterogeneities
in the deeper parts of the Norwegian passive continental margin: a

less dense oceanic lithospheric mantle compared to the continent,
two isolated high-density bodies beneath the western Vøring and
Møre Basins and several NNE–SSW trending high-density zones
beneath the eastern Vøring and Møre Basins.

Furthermore, 3-D lithospheric-scale models consistent with both
the thermal and the gravity fields indicate that the transition between
continental and oceanic lithosphere is sharp with a steep gradient
in thickness beneath the continent–ocean transition.

A local mass deficit in the lower crust–upper mantle along the
Jan Mayen Lineament could be related to increased temperatures
and/or compositional changes beneath the lineament compared to
the adjacent parts of the continental domain.
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