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Free-air gravity data from satellite altimetry and ship-track derived bathymetry data are used to calculate a residual Bouguer gravity anomaly map
for the mid-Norwegian Margin. T he anomalies were corrected for a density difference between basin sediments and water of 1400 kg m-3 and fil

tered for wavelengths between 10 and 190 km. A comparison of seismic and magnetic information about the crustal structure corroborates previ

ously identified structural elements and reveals some additional complexity in the margin structure. T he strongest negative anomalies relate to the
Hel Graben and the Rås Basin indicating that these synclines are deep sedimentary basins. T he strongest positive anomalies occur on the Sandflesa
High, and the Utgard High and on two segments of the Gjallar Ridge. They relate to metamorphic core complexes and/or basement highs. The
gravity anomalies show two regional strike directions, which are presumably associated with Tertiary extension and older weakness zones in the
basement. Within the investigated wavelength, residual Bouguer gravity anomaly maps derived from satellite altimetry and ship-track bathyme
try are as suitable for investigating regional trends as maps derived from ship-track gravity measurements. Thus, these residual gravity maps pro
vide a powerful aid for seismic interpretation of deep crustal structures.

Christian Berndt, Department of Geology, University of Tromsø, Dramsveien 201, N0-9037 Tromsø, Norway.

lntroduction
The Vøring Margin offshore Norway is a current explo
ration frontier. Therefore, there is a demand for know
ledge about its crustal architecture and evolution which
has led to both wide-angle seismic studies (Mutter et al.,
1984; Eldholm & Mutter, 1986; Planke et al. 1991;
Mjelde et al. 1997; Mjelde et al. 200 1), and potential
field studies (Dore & Lundin 1996; Dore et al. 1997;
Olesen et al. 1997; Fichler et al. 1999). Although seismic
studies provide more detail and smaller errors along
crustal transects, potential field studies have a higher
lateral resolution.
The Norwegian Margin was formed by prolonged
extension primarily during Jurassic/Early Cretaceous
and Late Cretaceous/Early Tertiary times, with final con
tinental breakup in the Early Eocene (Skogseid et al.
2000). The extension was located within the Caledonian
collisidn zone. It is suggested that lithospheric weakness
zones date back to the Caledonian orogeny (Brekke &
Riis 1987), and later extension focused on these weak
ness zones. Whereas the early rifting episodes affected a
wide area partly including the Trøndelag Platform, Late
Cretaceous/Early Tertiary rifting was confined to the
outer margin (Dore et al. 1999; Skogseid et al. 2000).
A high density of water depth measurements exists
for the Vøring Plateau offshore Norway (Fig. 1). This
study uses these measurements to calculate the residual

Bouguer gravity anomalies for the sedimentary Vøring
Basin from satellite altimetry-derived free-air gravity
anomalies, by conducting a 3-D Bouguer correction and
applying spatial frequency filters.
The first objective of this study is to provide additio
nal constraints on the predominant strike direction and
location of the structural elements of the Vøring Margin.
The results of this study are an improvement compared
to earlier work based on satellite data because it takes
into account the three-dimensional effect of the water
layer, it uses a denser line coverage and it uses a well
defined wavelength window.
The second objective is to provide a new residual gra
vity map that can aid seismic interpretation of the
Vøring Margin. The usefulness of such maps for study
ing deep crustal structures has been shown by earlier
comparisons between gravity maps derived from ship
track data, and satellite data residual gravity maps
(Fichler et al. 1997).

Gravity Processing
As parts of the free-air gravity anomalies are caused by
bathymetry due to the gravitational force of the water
layer, work to constrain the deep crustal structure from
regional gravity measurements should compensate for
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Figure l. Data used in this study: (a) free-air gravity anomaly and (b) bathymetry contours with corresponding ship-tracks. VMH, Vøring
Marginal High; JMFZ, Jan Mayen Fracture Zone.

the effect of the water layer. The traditional method to
correct for water depth is the Bouguer correction, which
is based on a horizontal slab of infinite extension
(Dobrin & Savit, 1988). However, this method is not
exact enough in areas such as the one under investiga
tion where there are large variations in water depth.
Consequently, a full 3-D approach had to be used in this
study. The effect of the water layer is estimated and sub
tracted from the satellite altimetry-derived free-air gra
vity anomaly (Sandwell & Smith 1997). The correction
is calculated from the bathymetry and for a range of
density differences at the seafloor .:lp using the Fourier
Transform-based method by Parker ( 1972) and Luis et
al. ( 1998). A range of .:lp values from 100 to 2700 kg m·3
is tested in order to tind a .:lp that best reflects the den
sity difference between the water layer and the sediments
underneath. Resulting gravity anomalies are shown for
different Llp for one transect in Fig. 2.
The average sediment density is dependent on the
thickness of sediments for which the average is taken, i.e.
.:lp is higher for deep basins than shallow ones. Thus,
even though there is no 'correct' density for the entire
study area, a suitable .:lp has to be chosen. A means to do
this is Nettleton's method (Nettleton, 1976). It postulates
that for the best .:lp the correlation between topography
and calculated gravity anomaly is smallest. Comparing
gravity maps for different .:lp with the bathymetry it is
qualitatively estimated that gravity maps for .:lp
1400
kg ffi'3 (2400 kg m·3 for sediments - 1000 kg ffi'3 for water)
=

fulfll this requirement best. Such a sediment density
agrees well with previously reported densities for the
Vøring Basin sediments (Skogseid et al. 1992). However,
the value is too low for the breakup volcanic rocks. Con
sequently, the resulting map should not be used for
interpretation of the outer Vøring Margin.
The secdnd variable in the gravity correction is the
bathymetry. This study uses bathymetry derived from
soundings on research vessels (stippled proflles in Fig.
lb) and water depths derived from seafloor picks from
multichannel seismic data (solid proflles in Fig. lb). A
water velocity of 1480 m s·1 is used to calculate water
depth from the measured two-way travel time to the sea
floor. The resulting bathymetry grid is more detailed
than previous maps for the study area (Perry 1986; Sand
well & Smith 1997), but generally shows a dose match.
However, the resolution and hence the reliability of the
resulting map decreases rapidly west of the Vøring Pla
teau and dose to shore where the available data coverage
is sparse (Fig. lb).
The different wavelength ranges of the gravity signal
correspond to different depths of the density variations
that cause the gravity signal. Generally, the short wave
length component of the gravity signal is entirely due to
shallow density variations, whereas longer wavelengths
in the gravity anomaly can be caused by shallow and
deep variations. Furthermore, laterally extensive density
variations will be isostatically compensated. The wave
length at which the compensation takes place depends
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Figure 2. Filtered Bouguer gravity anomalies (top) along a crustal transect (after Skogseid et al. , 2000 updated with new constraints on the
depth of the Base Cretaceous), location in Fig. 4. Small numbers at the gravity anomaly curves indicate different .:lp values in l 000 kg m·' used
for the correction. With .:lp 1400 kg m·' and a spatia/ filter between l O and 190 km the solid, bold curve corresponds to the processing used for
Fig. 4. VMH, Vøring Marginal High.

on the lithospheric strength (Watts et al. 1985). Assu
ming that the shallow density variations are not signifi
cant compared to deep density variations, it should be
possible to design spatial frequency filters that can
enhance the signal of mid- and lower-crustal density
variations. The assumption is justified because the shal
low sedimentary basin fill is far more evenly distributed
than the deep basement structures.
A filter is applied for wavelengths shorter than 10 km
in order to attenuate noise from erroneous ship-track
measurements. Also, the satellite-derived gravity data are
filtered at these wavelengths and contain no usable infor
mation (Sandwell & Smith 1997 and Fig. 3). High-pass fil
ters are tested for the range between 70 and 360 km in
steps of l O km. The resulting residual gravity map for
wavelengths between l O and 120-150 km shows little late
ral continuity with the highs and lows being evenly distri
buted. Only some prominent features such as the Jan
Mayen Fracture Zone are readily distinguished. For wave
lengths langer than 150 km a number of pronounced resi
dual gravity anomalies result. These anomalies are strong
and vary little until the upper filter wavelength exceeds
3 40 km. At wavelengths greater than this the residual gra
vity anomaly becomes similar to the unfiltered, water
layer corrected gravity anomaly map as the filter length
approaches the dimension of the filtered grid, i.e. approxi
mately 500 by 800 km. To preserve detail in the final resi
dual Bouguer gravity anomaly map (Fig. 4) a high-pass
filter with an upper wavelength of 190 km was chosen.
The low-pass filter is cosine tapered from 8 to 10 km and
the high-pass filter is cosine tapered from 190 to 200 km.

Sensitivity of the method
A comparison of the residual gravity map for the Lofo
ten Margin derived from ship-track gravity data and the
residual Bouguer gravity map derived in this study (Fig.
5) shows a dose match. High gravity gradients at the SE
flank of the Sandflesa High, which Olesen et al. (1997)
interpreted to be caused by a fault zone, are visible in
the residual gravity map presented in this study. Small
discrepancies, such as the shape of the northern termi
nation of the Utgard High fall within the uncertainties

useful crustal signal
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Figure 3. Normalized power spectrum of the free-air gravity anomalies.
To obtain high resolution only the frequency component with wave
length between 10 and 190 km is used for the residual gravity map, but
maps for filters up to 380 km wavelength yield similar results.
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Figure 4. Residual Bouguer gravity map for the Vøring Margin. Structural elements (after Blystad et al. , 1995): Tertiary dome structures in red:
HHA, Helland-Hansen Are; VD, Verna Dome; ND, Naglfar Dome; OL, Ormen Lange Dome; MA, Modgunn Arch; other structural elements in
white: RH, Røst High; Nyk, Nyk High; Bivrost, Bivrost Lineament. Minimum extent of metamorphic core complex, MCC (after Ren et al. ,
1998) in green. A-A': Transect shown in Fig. 2.
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Figure 5. Residual gravity anomaly for the Sandflesa High derived a)
from ship-track gravity measurements (Olesen et al. , 1 997) and b)
from satellite altimetry (this study). Note, that absolute values are
different, because of different Bouguer gravity corrections and the fil
ters applied.

of both methods. Some short wavelength undulations in
the satellite derived gravity data are possibly the result
of cross-over errors at satellite track interceptions
(Sandwell & Smith, 1997). The match indicates that
residual gravity anomalies derived from satellite data are
as suited for regional interpretations as residual gravity
anomalies derived from ship-track data provided that
means of checking the regional water depth exist and
are used in the calculation. Generally, ship-track gravity
measurements contain a higher frequency content than
satellite derived gravity data and must be used for for
ward gravity modelling. However, this additional infor
mation is lost during lateral interpolation between ship
tracks when a regional gravity map is generated. The
amount of high-frequency information which can be
conserved in a regional map depends on the spacing
between individual ship-tracks, but unless the distance
between ship-tracks is less than 5 to 10 km the loss of
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information cancels the difference between the satellite
and ship-track gravity data.
The residual gravity anomalies correlate with the
main structural elements of the Vøring Basin mapped by
seismic data (Fig. 4 and Blystad et al. 1995). The best
examples are the extent of the metamorphic core com
plex at the northern termination of the Gjallar Ridge
(Ren et al. 1998) and the extent of the Utgard High (Bly
stad et al. 1995) which both correlate to positive residual
gravity anomalies. The Hel Graben and the Rås Basin
match are pronounced negative anomalies.
In fact, the Hel Graben is associated with the strong
est negative investigated residual gravity anomaly in the
study area. The strongest positive residual gravity ano
maly along the margin is the Sandflesa High, named by
Olesen et al. (1997), who concluded from magnetic and
gravity modelling that it corresponds to a basement high
with a top at approximately 6 km. The match between
the positive residual gravity anomalies and the basement
highs of the Sandflesa High and the Gjallar Ridge, at 6
km (Olesen et al. 1997) and 9 km (Ren et al., 1998)
respectively, indicates that the large residual gravity ano
malies are caused by intra-crustal density anomalies at
this depth or deeper, for example, a contrast between
sedimentary basin fill and crystalline basement. This
implies that the assumption of little lateral density varia
bility within the shallower parts of the basin holds.
However, the residual gravity map can neither resolve
changes in absolute depth nor distinguish between diffe
rent sources of density variation such as basement highs
or metamorphic core complexes. Nevertheless, the good
match between density differences inferred from inde
pendent techniques and the calculated anomalies sug
gests that it is possible to use the residual gravity map to
study large-scale variations.

Results
The residual gravity map indicates a main SW -NE struc
tural strike direction parallel to the Tertiary breakup
axis. The Utgard High, the Någrind Syncline, the Træna
Basin, the Rås Basin, and anomalies within the Møre
Basin strike in this direction, whereas the Jan Mayen
Fracture Zone is oriented perpendicular to this first axis
(Dore & Lundin 1996).
The new residual gravity map also corroborates a
weaker, second trend of strike in NS direction. The Terti
ary domes, such as the Helland-Hansen Are, the Naglfar
Dome, the Verna Dome and the Ormen Lange Dome line
up along this trend, and they are generally associated
with negative residual gravity anomalies. This indicates
deep basins underneath the domes. Dore and Lundin
(1996) suggested that the NS striking second trend cor
responds to older weakness zones within the basement
that were preferentially reactivated during Mesozoic and
Early Cenozoic rifting.
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The residual gravity anomaly confirms most structural
elements that are included in the compilation by Blystad
et al. (1995). It reveals, however, some complexities that
the literature has paid little attention to: (a) The Gjallar
Ridge in the western V øring Basin includes three positive
and two negative residual gravity anomalies. The nor
thernmost is located where Ren et al. (1998) identified a
metamorphic core complex. This might suggest that also
the other two positive anomalies on the Gjallar Ridge
result from similar features. (b) The Sandflesa High at
the boundary between the Vøring and Lofoten-Vesterå
len margins shows the highest residual gravity anomalies
in the study area and must be an important crustal ano
maly that was not included in previous compilations of
the structural elements. (c) The Tertiary dome structu
res at shallow depth are associated with negative residual
gravity anomalies indicating that they developed in thick
sedimentary successions. This supports their interpreta
tion as inversion structures (Dore & Lundin 1996;
Fichler et al. 1999). However, the Helland-Hansen Are
also covers areas with broad residual gravity highs indi
cating a deep intra-basement anomaly.
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