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S U M M A R Y
A prominent gravity and geoid low lies just south of the Lofoten peninsula in northern Norway,
partly coinciding with the location of Proterozoic granites of the Transscandinavian Igneous
Belt and being offset by ca. 100 km to the highest topography of northern Norway. The study
area extends both onshore and offshore and lies at the transition between Archaean and Pro-
terozoic lithosphere. The Palaeoproterozoic basement has been overthrusted by the Palaeozoic
nappes of the Caledonian orogen and now forms the passive margin of the NE Atlantic. We
investigate the gravity anomaly performing combined 3-D geophysical-petrological forward
modelling of the lithosphere and sublithospheric upper mantle using the interactive modelling
program LitMod3D. We include variations in thickness and composition of the lithospheric
mantle in order to include the effects on the rifted margin adjoining the Baltic craton. We
compare three possible origins of the anomaly: (i) a low-density upper crust, representing the
northward extension of the Transscandinavian Igneous Belt, (ii) a lower crustal source formed
by a Moho depression and (iii) a thick, depleted lithospheric mantle of possibly Archaean
origin. A similar, yet wider and stronger gravity anomaly is found on the conjugate margin in
northeastern Greenland. A shallow crustal source is most consistent with the geophysical data
sets. A respective source of the granitic belt, however, is difficult to reconcile with the regional
geology both in Fennoscandia and Greenland. An additional contribution form a deeper source
is suggested.

Key words: Gravity anomalies and Earth structure; Composition of the continental crust;
Composition of the mantle; Cratons; Dynamics: gravity and tectonics.

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

A prominent gravity low is situated in northern Norway (Fig. 1),
which extends over 100 × 150 km and reaches negative values of
−80 mGal in the free-air gravity and −130 mGal in the Bouguer
gravity. Its presence has commonly been attributed to low-density
granites of the Transscandinavian Igneous Belt (TIB). This ig-
neous belt extends from southern Sweden, where it is exposed
as granitic bedrock, to northern Norway (Fig. 2). Here it is pri-
marily mapped by magnetic data and limited outcrops point to-
wards granitoid rock types (Olesen et al. 2002; Skilbrei et al. 2002;
Gorbatchev 2004; Olesen et al. 2010). However, the immediate cor-
relation of the igneous rocks and the gravity low can be contested
when additional geological and geophysical data sets are taken into
account: The gravity response elsewhere along the TIB is much
lower than at the northern Norwegian anomaly (NN anomaly).
In addition, the isostatic response of a thick granitoid body is
not consistent with the topography that is relatively low across
the western part of the anomaly but rises to heights of 1500 m

ca. 100 km east of the free-air gravity minimum (Fig. 3). Simi-
larly, a very thick layer of TIB-like granitic rocks is poorly com-
patible with relatively low heat flow values indicated for this re-
gion (Pascal et al. 2007; Slagstad et al. 2009). In addition to that,
the conjugate margin in northeast Greenland shows a strikingly
similar gravity anomaly, thus with a larger extent and magnitude.
There, the geological structures are substantially different than in
Norway.

In this paper, we discuss different possible origins of the north-
ern Norway gravity low, which could stem from sources located
between the near-surface and the upper mantle. A wealth of avail-
able geophysical data sets is employed and different geological set-
tings and tectonic processes are considered. Seismic and heat flow
data are sparse in this region and simple forward models cannot
be constrained accurately. We therefore test a number of different
end-member scenarios using an integrated geophysical-petrological
3-D modelling approach in order to make use of the available infor-
mation simultaneously and to reveal the implications and trade-offs
between the data sets.
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Figure 1. Free-air anomaly map of the north Atlantic. The prominent gravity anomaly in northern Norway is marked by a dark blue circle. A similar gravity
anomaly is seen in northeast Greenland. Isochrones are shown as grey lines (Seton et al. 2012). Gravity data are taken from DTU2010 (Andersen 2010).

1.1 Background

1.1.1 Geology of Fennoscandia

Fennoscandia constitutes the westernmost part of the East European
Craton and encompasses crustal domains of Archaean, Proterozoic
and Phanerozoic tectonothermal ages (Fig. 2). The Archaean craton
extends across northern Finland and northern Sweden into Norway
(Gaal & Gorbatschev 1987; Lahtinen et al. 2005). The Palaeopro-
terozoic crust of southern Finland, Sweden and northern Norway
was formed by large-scale terrane accretion and arc magmatism
during the Svecofennian orogeny (2.1–1.8 Ga ago, Gorbatschev &
Bogdanova 1993; Bingen et al. 2005; Lahtinen et al. 2005). At the
end of the orogeny (1.86–1.65 Ga ago), the TIB was emplaced at the
edge of the Svecofennian domain (Patchett et al. 1987; Gorbatschev
& Bogdanova 1993). TIB is a collective term for a ca. 1400 km
long roughly north–south trending batholith belt, partly covered by
Caledonian rocks. Suggested emplacement mechanisms vary from
an extensional intra-continental setting (Korja et al. 1993; Ander-
son 1997) to a continent-scale eastward subduction zone (e.g. Åhäll
& Larson 2000; Lahtinen et al. 2009). The latter interpretation has
recently been more favoured.

The terranes of the Sveconorwegian Province (also called South-
west Scandinavian Domain) were formed and modified during
the Gothian (1.75–1.55 Ga) and the Sveconorwegian-Grenvillian
orogeny (1.14–0.9 Ga, e.g. Gorbatschev & Bogdanova 1993;

Bingen et al. 2005). It is not clear whether allochthonous terranes
were accreted or existing terranes were re-organized (Bingen et al.
2008). The strongest deformation occurred in the region around and
to the west of today’s Oslo Graben, diminishing towards the north.
Gradmann et al. (2013) employed 3-D lithospheric modelling to
show that the Sveconorwegian Province comprises much thinner
and compositionally heavier (less depleted) lithospheric mantle than
the Palaeoproterozoic Baltic Shield. The boundary between the two
mantle types occurs along a roughly N–S trending, narrow transition
zone partly located under the Oslo Graben as is clearly imaged with
P-wave tomography (Medhus et al. 2009). The surface transition
from Sveconorwegian to Svecofennian crust, however, is mapped
much further to the east in Sweden.

During the Caledonian orogeny (440–410 Ma ago) collisions with
Laurentia (Greenland) in the west and Avalonia in the south affected
the margin of Baltica. Allochthonous nappes of the Caledonides are
still overlying the Proterozoic basement in Norway and Sweden and
form the bulk part of the Scandinavian Mountain Chain. Along the
southern margin of Baltica, orogenic remnants are no longer present
at the surface, but crustal and upper-mantle structures reveal a ma-
jor scar along the Trans-European Suture Zone. It extends from the
East European platform into the North Sea (MONA LISA Work-
ing Group 1997a,b; Shomali et al. 2006). A northern branch, the
Sorgenfrei-Tornquist Zone, extends from south of Norway, across
Denmark into southernmost Sweden (Arlitt et al. 1999; Cotte et al.
2002; Plomerová et al. 2002; Shomali et al. 2002, 2006).
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2072 S. Gradmann and J. Ebbing

Figure 2. Simplified surface geological map of northern Europe and geological timescale showing relevant Fennoscandian tectonic events. The offshore regions
display bathymetry from 0 to 1500 m water depth. WGR: Western Gneiss Region, OR: Oslo Rift, STZ: Sorgenfrei-Tornquist Zone, TESZ: Trans-European
Suture Zone, TIB: Transscandinavian Igneous belt (modified after Gorbatchev 2004; Eken et al. 2008).

The Caledonian Mountains were lowered by orogenic collapse
soon after collision and during a number of subsequent extensional
phases. During the Permian, the Oslo Rift formed as a narrow
extensional feature with localized magmatic activity. Widespread
extension during the Late Jurassic to Early Cretaceous caused sub-
stantial thinning of the crust in today’s shelf areas (Færseth & Lien
2002; Osmundsen et al. 2002). Rifting of the pre-thinned crust dur-
ing the earliest Eocene led to the break-up of the Atlantic Ocean
and was the last tectonic event in the Fennoscandian region.

1.1.2 Crustal and lithospheric structures of southern and
northern Norway

The gravity anomalies shown in Fig. 3 indicate isostatic compen-
sation over a large part of the Scandinavian mountains, because the
free-air anomaly is close to zero and the prominent negative Bouguer
anomaly traces the high topography. The Bouguer gravity low also
extends into Sweden, where topography is not high, but granites
of the TIB are present. These are generally, but not everywhere,

Figure 3. (a) Free-air gravity anomaly of western Fennoscandia. (b) Bouguer gravity anomaly of western Fennoscandia. Gravity data are taken from EGM2008
(Pavlis et al. 2008). (c) Topography of western Fennoscandia.
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Figure 4. (a) Total magnetic field of western Fennoscandia (from Olesen et al. 2010). (b) Heat flow anomaly of western Fennoscandia showing interpolated
data set and local, measured values (from Slagstad et al. 2009). Blue circle marks the location of the NN anomaly.

characterized by low density, high magnetic susceptibility and high
heat production rates, which should make it easy to outline the
TIB on gravimetric, magnetic and heat flow maps (Fig. 4). A small
number of rock samples from the TIB show low magnetic suscep-
tibility or low heat production. Gravity modelling constraines the
thickness of the low-density TIB-like rocks in central Norway and
Sweden to ca. 20 km (Skilbrei et al. 2002), heat flow modelling
limits it to 12 km (Pascal et al. 2007), and isostatic modelling does
not constrain it further (Ebbing 2007). In northern Norway, how-
ever, the geophysical data sets show a less consistent picture. The
gravity values of the NN anomaly are much lower than elsewhere
along the Scandinavian Mountain Chain or the TIB and are offset
to the highest topography by up to 100 km (50 km for the Bouguer
anomaly). Isostatic ratios between gravity and topography reveal
that the northern gravity low has to be sourced at shallower depth
than the gravity anomalies in southern Norway (Olesen et al. 2002;
Ebbing & Olesen 2005). This conclusion is partly a result of the
steep gradient at the flank of the gravity low. Areas of high mag-
netic anomalies can be related to the TIB but also to Archaean crust
(Fig. 4).

Geoid and gravity gradients, which are more sensitive to struc-
tures at larger scales and larger depths, show distinct differences
between southern and northern Fennoscandia. Both data sets show
lows in northern Norway, whereas southern Norway with its higher
topography is represented by positive values (Fig. 5). This now
indicates a deep source of the anomaly especially since gravity gra-
dients are not very sensitive to upper crustal structures (Ebbing et al.
2014). In addition, NE Greenland exhibits a similar yet wider and
stronger anomaly that requires a source that is even larger in depth
and/or extent.

Tomographic studies show an anomalously low velocity in the
upper mantle under southern Norway (Medhus et al. 2009, 2012),
which indicates a relatively warm (and thin) lithosphere. In addition
to the relative abrupt change in lithosphere thickness, a change in

its composition is also needed to satisfy the gravity and elevation
data (Gradmann et al. 2013). This lateral variation in the subcon-
tinental lithospheric mantle (SCLM) can be explained by the dif-
ferent tectonothermal ages (Phanerozoic-Neoproterozoic Sveconor-
wegian domain vs. Palaeoproterozoic Svecofennian domain). These
ages control the degree of depletion of the lithospheric mantle and
hence its chemical composition. In addition to the SCLM, the lower
crust is distinctly different: a high-density lower crustal layer (LCL)
is present in Finland and Sweden but tapers out under the high
topography of the Scandinavian Mountain Chain (Ebbing 2007).

2 P O S S I B L E E X P L A NAT I O N S O F T H E
N N G R AV I T Y L OW

A shallow crustal source has most commonly been inferred as a
source for the gravity low in northern Norway (Olesen et al. 2002),
but cases can also be made for sources of intermediate to large
depth. We discuss four different scenarios in the context of the geo-
physical data and geological constraints. These address the horizons
or regions with major density contrasts as the most likely contrib-
utors to the gravity anomaly. Subsequently, we quantify the three
most likely scenarios with 3-D forward models.

2.1 Scenario A: upper crustal structure

The gravity anomaly exhibits fairly steep flanks, which indicates a
shallow source (Fig. 6). This and the low-density characteristics of
granitoids suggest the TIB as a likely source. Geological mapping
and magnetic anomalies both confirm the presence of the TIB in
this region.

Models by Olesen et al. (2002) have shown that such low-density
rocks must be up to 20 km thick in order to explain the gravity low.
This might have large effects on heat flow and buoyancy and is not
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Figure 5. (a) Geoid of the north Atlantic region, filtered to degree and order 10 (EGM2008, Pavlis et al. 2012). (b) Vertical gravity gradient of the north
Atlantic region measured at 255 km satellite height. Data from ESA satellite mission GOCE, http://www.goce4interior.dgfi.badw.de. Blue circle marks the
location of the NN anomaly.

Figure 6. Possible scenarios to explain the gravity low with sources at
different depth: scenario A, near-surface structure; scenario B, lower crustal
structure; scenario C, uppermost mantle structure; scenario D, dynamic
mantle effects.

easy to reconcile with the respective observations. Where the TIB
is present elsewhere in Fennoscandia (Fig. 2), the gravity response
is much lower than at the NN anomaly (Fig. 3). This is in spite of
the overall lower-density granitic composition of the southern TIB
rocks.

The conjugate margin in NE Greenland shows a somewhat sim-
ilar, isolated gravity anomaly. However, no TIB-like granites or
granitoids have been mapped here. The shape of the Greenland
gravity low is large and semi-circular, not belt-like as it would be
expected for a TIB-like structure.

2.2 Scenario B: lower crustal structure (LCL and Moho)

A high-density lower crust can be found throughout the Fennoscan-
dian Shield (Henkel et al. 1990; Luosto 1997; England & Ebbing
2012). A non-uniform distribution of this layer—especially a local
absence of the LCL—could generate a local gravity low (Fig. 6).
The overall spatial distribution of the LCL, which has been esti-
mated with isostatic modelling (Ebbing 2007), shows that this layer
is already relatively thin along the entire Atlantic Norwegian coast.
This limits the possible gravity effect that thickness variations might
have.

A gravity low may stem from a Moho deepening, in other words
from a crustal root. This has not been reported from seismic data, but
deep refraction data are sparse and old in this region (Artemieva &
Thybo 2013). A crustal root will result in increased buoyancy and
thus elevated topography, which is possibly inconsistent with the
>50 km offset between the gravity low and topographic high. Lat-
eral changes in flexural rigidity are likely to occur on a continental
margin and may contribute to the offset between a topographic high
and a flexural root. A deep source like the Moho is, for example,
more consistent with the geoid signal.

2.3 Scenario C: uppermost mantle

The SCLM can exhibit substantial lateral density variations stem-
ming from changes in chemical composition and thermal thickness.
The NN anomaly region is located at the continental margin where
the continental lithosphere is thinning and changing into oceanic
lithosphere. Furthermore is the gravity anomaly located at or close
to the boundary of Proterozoic to Archaean basement. Archaean
SCLM, being more depleted in iron and enriched in magnesium,
has a lower bulk density and can thus provide for the low gravity.

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/203/3/2070/2594850 by guest on 19 April 2024

http://www.goce4interior.dgfi.badw.de


Large-scale gravity anomaly in northern Norway 2075

In addition, Archaean lithosphere is generally thicker and colder,
which results in a negative buoyancy effect and is thus counteract-
ing the buoyancy effect of the lower-density mineral composition.
A sliver of Archaean SCLM within otherwise Proterozoic SCLM
may thus contribute to the gravity low (Fig. 6). This could also be
true for NE Greenland, where the deeper lithosphere underlying the
Palaeoproterozoic to Caledonian basement rocks has hardly been
investigated. On the other hand, a deep source is expected to result
in a smooth, large-scale gravity anomaly without the characteristic
steep flanks observed in northern Norway.

2.4 Scenario D: dynamic mantle

Large-scale gravity and topographic anomalies are often explained
by dynamic processes of mantle up- or downwelling (Fig. 6). Local
mantle convection can occur at sharp, step-like changes in LAB
depth, as they are often found on continental margins.

However, the NN anomaly is very localized but mantle convec-
tion along a thinning margin (corner flow) would likely expand
much further margin parallel. Additionally, the nearly conjugate
anomaly in NE Greenland would require a mechanism that leads to
simultaneous mantle convection on both sides. Such a mechanism
is not known of and the conjugacy as well as the isolated extent of
the anomaly suggests a structural source.

3 I N T E G R AT E D
G E O P H Y S I C A L - P E T RO L O G I C A L
M O D E L L I N G

3.1 Method: LitMod3D

We model the lithospheric structure using the integrated geophysi-
cal modelling software LitMod3D (Afonso et al. 2008; Fullea et al.
2009). LitMod3D integrates geophysical and petrological forward
modelling of the lithosphere and the sub-lithospheric mantle shal-
lower than the transition zone within a self-consistent thermody-
namic framework. By solving the appropriate heat transfer, thermo-
dynamical, rheological, geopotential and isostasy equations, key
physical properties in the mantle (e.g. seismic velocities, density,
electrical conductivity) are constrained as a function of pressure,

temperature and bulk composition. The 3-D density and tempera-
ture distributions within the model domain are iteratively estimated
before computing geophysical observables such as the geoid, sur-
face heat flow, gravity anomalies and isostatically adjusted topog-
raphy. The approach generates thermodynamically self-consistent
3-D subsurface models that can simultaneously account for a large
number of geophysical and petrological observables, thus signifi-
cantly reducing the uncertainties associated with modelling these
data sets separately or in pairs. The methodology and finite-element
code for the 2-D version (LitMod) are described in detail in Afonso
et al. (2008), and the extension of this methodology to 3-D mod-
elling is described in Fullea et al. (2009). The modelling work flow
is presented in Fig. 7.

The models comprise crust, lithospheric mantle and sub-
lithospheric mantle down to a depth of 400 km. The base of the litho-
sphere is generally marked by a change in various physical parame-
ters and processes, for example, strain rate, heat transfer mechanism,
seismic velocity, electrical conductivity or seismic anisotropy
(Eaton et al. 2009; Fischer et al. 2010; Yuan & Romanowicz 2010,
and references therein). In this work, we adopt a thermal definition
of the lithosphere (the 1315 C isotherm). In the lithosphere, the tem-
perature distribution is calculated by solving the 3-D steady-state
heat conduction equation using a P-T-dependent thermal conduc-
tivity (Afonso et al. 2008; Fullea et al. 2009) and considering a set
of appropriate boundary conditions. In the sub-lithospheric man-
tle the heat transport is dominated by convection and therefore,
the geotherm is assumed to follow an adiabatic gradient here (e.g.
Afonso et al. 2008). A super-adiabatic zone in which both convec-
tion and conduction take place connects the two domains (i.e. the
base of the thermal lithosphere and the adiabatic mantle).

In addition to a different thermal character, the sub-lithospheric
mantle is also of more fertile composition than the colder, more
rigid lithosphere. Within the lithospheric mantle, the composition
is allowed to vary.

Each crustal layer in LitMod3D is characterized by its constant
thermal properties and a temperature- and pressure-dependent den-
sity. The lithospheric and sub-lithospheric mantle materials are
primarily characterized by their distinct major-element bulk com-
positions in the CFMAS scheme (CaO–FeO–MgO–Al2O3–SiO2).
Additional empirical parameters that control the pressure and tem-
perature dependency of the thermal conductivity are taken from
laboratory studies (Hofmeister 1999).

Figure 7. Simplified flow chart of LitMod3D.
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Stable mineral phases in the mantle are calculated at iteratively
updated pressure-temperature conditions using a scheme based on
the minimization of Gibbs free energy within the major oxide system
CFMAS (Connolly 2005). The bulk rock properties are averaged
from the stable mineral phases based on the percentaged oxide com-
position. Seismic velocities in the mantle are determined according
to the elastic moduli of each end-member mineral and the density
of the bulk rock, as described by Connolly & Kerrick (2002).

Geoid and gravity anomalies are calculated by adding the indi-
vidual contributions of a number of rectangular, flat-topped prisms
of either constant or linearly varying density (Nagy et al. 2000;
Fullea 2008). Gravity anomalies are shifted by a constant value in
order to obtain a best match with the observed data and minimize
the residuals. The geoid is corrected with a constant tilt, elimi-
nating long-wavelength signals. The reader is referred to Fullea
et al. (2009) for more technical details about the computation of the
geophysical observables. The isostatic adjustment of the elevation
is determined after the thermophysical calculations and is indepen-
dent from other observables. It is based on the pressure distribution
at the base of the model and is calculated with respect to a refer-
ence lithospheric column (Afonso et al. 2008). Flexural isostasy
is obtained by calling an external finite-difference program (TISC,
Garcia-Castellanos 2002), which requires the 2-D load distribution
and a representative effective elastic thickness for the lithosphere.
The flexural load is given by pressure variations at the compensation
level.

The assumption that the temperature field is thermally equili-
brated is not necessarily valid in the study area. The continental
margin here has been subject to a major thermal event during the
rifting phase ca. 50 Ma ago. The Iceland plume, whose main activ-
ity started around 20 Ma ago, may additionally have influenced the
area although its influence has not been documented as far north
as the area of interest. The thermal relaxation time for lithospheric
thermal events ranges from ca. 50–100 Ma. The Norwegian mar-
gin is at the lower end of this spectrum, yet thermal equilibration
can happen more quickly on a continental margin with thinner crust
and lithosphere than in an intracontinental setting. Steady-state heat
flow remains an assumption but errors associated with it (too low
temperatures at the margin) are expected to yield a small, long-
wavelength signal and do not directly affect our modelling results
for the gravity anomaly.

3.2 Input Data

3.2.1 Geometry

A number of data sets are used to define the 3-D subsurface start-
ing model geometrically (Table 1). These are taken from regional

compilations (topography, top basement and Moho depth) and char-
acteristics of southwestern Fennoscandia are expanded northwards
(Gradmann et al. 2013). This starting model is then subsequently
modified to test different scenarios as described and discussed in
Section 4.

The topography is taken from the Scripps/NOAA global data set
(Smith & Sandwell 1997). The offshore sedimentary thickness is
derived from the top basement map of Norway and its continental
shelf (Ebbing & Olesen 2010) and extended with the NOAA global
sediment thickness data set (Divins 2012).

Various Moho depth maps covering northern Europe have been
published in the past decades (Kinck et al. 1993; Grad et al. 2009;
Artemieva & Thybo 2013). We use a compilation by Ebbing et al.
(2012) of the most recent refraction seismic data sets from southern
Norway (Svenningsen et al. 2007; Stratford et al. 2009) and the
Moho map by Grad et al. (2009). Uncertainties are approximately 3–
4 km in our study area (Grad et al. 2009). The newer compilation of
Artemieva & Thybo (2013) does not include additional data onshore
Fennoscandia and thus does not improve the Moho uncertainty in
our study area.

The internal crustal structure in northwestern Fennoscandia has
been mapped by the Blue Road deep seismic profile (Lund 1979)
and shows a very uniform layering with two crustal interfaces.
Similar results are obtained by more recent seismic surveys from
southern Norway (Stratford et al. 2009). For simplicity, the lay-
ering of Stratford et al. (2009) has been adopted and expanded
further to the east and north across the model domain, consis-
tent with regional 2D gravity models in the study area (Ebbing
et al. 2012). A thinning of the middle crust has been introduced
towards the offshore regions. The TIB extent is chosen accord-
ing to (large-scale interpolated) geological mapping with a depth
range of 10–15 km. The LCL is seismically imaged in parts of
Norway, Sweden and Finland (Henkel et al. 1990; Luosto 1997;
England & Ebbing 2012). It seems to be absent in the northern-
most, Archaean parts of western Fennoscandia. Its depth and thick-
ness distribution are here taken from the isostatic models of Ebbing
(2007). A more detailed crustal structure (Caledonian nappes, lat-
eral density variations), which is in large parts determining the
shorter wavelength geophysical signals, has been omitted to reduce
complexity.

The lithosphere-asthenosphere boundary (LAB) marks a region
at the base of the lithosphere where a number of physical param-
eters change (rheology, heat transfer mechanism, seismic velocity,
electrical conductivity, seismic anisotropy etc.). The depth of this
boundary (or layer) therefore depends on which physical parameters
are mapped and which geophysical methods are used. Compilations
of LAB depths under western Fennoscandia comprise teleseismic
measurements (Calcagnile 1982; Plomerová et al. 2008), thermal

Table 1. Data sets used to constrain the starting model.

Data set Region Reference

Model geometry
Elevation/bathymetry Global Scripps/NOAA data set, Smith & Sandwell (1997)
Basement/sediment thickness Norwegian margin/global Ebbing & Olesen (2010), NOAA data set, Divins (2012)
Moho depth Fennoscandia Compilation, Grad et al. (2009); Kinck et al. (1993); Stratford et al. (2009)
Thickness of lower crustal layer Western Fennoscandia Ebbing (2007)
Base lithosphere Fennoscandia Calcagnile (1982), Gradmann et al. (2013)

Geophysical observables
Elevation/bathymetry global Scripps/NOAA data set, Smith & Sandwell (1997)
Bouguer gravity global DTU2010, Andersen et al. (2010)
Free-air gravity global DTU2010, Andersen et al. (2010)
Geoid global EGM08, Pavlis et al. (2008)
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Table 2. Thermophysical properties of crustal material.

Layer Density ρ/ Thermal conductivity k/ Heat Production rate A/
(kg m−3) (W m−1 K−1) (µW m−3)

Shallow sediment 2300 2.5 2.0
Deep sediment 2550 2.5 2.0
TIB 2680 (2650) 2.4 1.6–2.3
Upper crust 2750 2.4 1.6–2.3
Middle crust 2850 2.4 0.5
Lower crust 2950 2.0 0.4
Lower crustal layer (LCL) 3180 2.0 0.4
Upper oceanic crust 2850 3.3 0.01
Lower oceanic crust 3000 3.3 0.01

modelling (Balling 1995; Artemieva et al. 2006) and local magne-
totelluric measurements (e.g. Henkel et al. 1990; Korja et al. 2008;
Jones et al. 2010). Whereas all these data sets show a gradual depth
increase from west to east in the study area, the situation is different
in southern Norway and Sweden. Here, a relatively abrupt change
in lithosphere thickness as well as composition has been suggested
by multiple studies (Plomerová et al. 2008; Medhus et al. 2009;
Gradmann et al. 2013). This lithospheric step is necessary to satisfy
the data sets of tomography, gravity and elevation. In this study, we
extrapolate these findings to the north and model a thicker litho-
sphere (200 km) under the Palaeoproterozoic Svecofennian domain
and thinner lithosphere (100–150 km) under the younger domains of
southern Norway, the coastal and the offshore areas. These are first-
order assumptions but yield an overall acceptable fit to the surface
observables and are consistent with the present-day understanding
of the tectonic evolution of Fennoscandia.

3.2.2 Crustal thermophysical properties

The crustal densities (Table 2) are chosen according to previous
gravity studies and surface rock measurements (Olesen et al. 2010;
Ebbing et al. 2012; Gradmann et al. 2013). The origin of the high-
density, high-velocity lowermost crust is debated and explanations
range from eclogized overthickened crust to subducted oceanic crust
and mafic underplating (Korsman et al. 1999; Cook et al. 2010).
Our high LCL model density (3180 kg m−3) is consistent with an
eclogitic nature of the lower crustal layer but is not contradicting
other origins. We here take the view that the modelled LCL mainly
reflects the strong density increase with depth in thick continental
crust, but do not propose a particular origin. The density of the TIB
granites is set to 2680 kg m−3 (2650 kg m−3 in model A). Mantle
densities are derived based on the major-element compositions,
temperature and pressure as described in Section 3.1.

Heat production in the crust decreases with depth, values of 1–
2.7 µW m−3 have been derived from thermal modelling for the upper
crust (Kolstrup et al. 2012), 0.6–3 µW m−3 from geochemical anal-
ysis of surface rocks (Olesen et al. 2007; Slagstad 2008). The values
chosen for this study fall into this range of data (2.0 and 1.8 µW m−3

for sediments and upper crust, 0.4 and 0.5 µW m−3 for middle and
lower crust, respectively). The granites of the TIB are modelled
with a variable heat production rate of 1.6–2.3 µW m−3. Values of
up to 3.0 µW m−3 are reported from petrophysical measurements
of subsurface samples of the TIB in Fennoscandia (Slagstad et al.
2009), whereas measurements from granites around the study area
show much lower values of 1.5–2 µW m−3 (Olesen et al. 2007).
Thermal conductivities are described by a value of 2.5 W m−1 K−1

for sediments, 2.4 W m−1 K−1 for the upper and middle crust and

2.0 W m−1 K−1 for the lower crust (Slagstad et al. 2009; Kolstrup
et al. 2012).

3.2.3 Mantle composition and thermophysical properties

Mantle composition generally varies with the grade of depletion
and therefore with the age of the lithospheric mantle. As a rule of
thumb, Archaean lithospheric mantle has the highest magnesium
and lowest iron content with an average magnesium number of
92.7 (Mg# = 100 · Mg/(Mg + Fe), values in molar percent) and
lowest bulk densities; Phanerozoic lithospheric mantle has lower
magnesium and higher iron content (Mg# approx. 89.9) and higher
bulk densities (e.g. Djomani et al. 2001; Griffin et al. 2009). The
division into two lithospheres of distinctly different composition
for southern Norway and southern Sweden (thinner, Phanerozoic-
type SCLM vs. thicker, Proterozoic-type SCLM, Gradmann et al.
2013) is expanded to the north tracing the edge of the Baltic shield
(Fig. 8a).

We use average compositions based on the tectonothermal age
of the mantle terranes (Phanerozoic, Proterozoic, sub-lithospheric)
as compiled by Afonso et al. (2008) (Table 3). These are almost
certainly not representing the true SCLM compositions in the study
area, but can nevertheless approximate physical properties and es-
pecially their vertical and lateral variations to first order.

The mantle compositions are defined in terms of the weight per-
centages of the five most abundant oxides (CFMAS system). These
oxides are the main constituents of the most common upper man-
tle minerals (olivine, orthopyroxene, clinopyroxene, spinel, garnet,
pyroxene, ringwoodite, wadsleyite) (Stixrude & Lithgow-Bertelloni
2005). Other elements constitute only minor parts (ca. 1 per cent) of
the bulk mantle composition, yet their influence can be significant
in some physical properties like seismic velocities and electrical
conductivities.

The thermophysical properties of the stable mineral assemblages
are calculated using the set of parameters given in Table 3. These
empirical parameters refer to the bulk rock for a generic SCLM
rather than to the individual minerals because the uncertainty of
the controlling parameters yields variations in thermal conductivity
that are of the same order as the compositional dependence. The
values for the two different SCLM bulk compositions used in this
study (Phanerozoic-type and Proterozoic-type) are the same as used
by Gradmann et al. (2013).

3.2.4 Geophysical observables

A number of geophysical data sets are used to constrain the
model by comparison with the modelled observables (Table 1). The
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2078 S. Gradmann and J. Ebbing

Figure 8. Starting model M0. (a) Model domain. Dashed grey line shows the approximate location of the lateral transition zone between Phanerozoic-type and
Proterozoic-type SCLM. (b) Resulting elevation residual (calculated − measured). (c) Bouguer gravity residual (calculated − measured). Line A–A′ indicates
the profile shown in Figs 9, 10, 12 and 13.

Table 3. Thermophysical properties of mantle materials. Mantle compositions taken from Afonso et al. (2008).

Phanerozoic Proterozoic Sublithospheric
Symbol Unit mantle mantle mantle

Thermal parameters
Heat production rate A µW m−3 0.01 0.001 0.0
Thermal expansion coefficient α 0.31 × 10−4 0.31 × 10−4 0.3 × 10−4

Reference thermal conductivity k0 W m−1 K−1 5.3 4.5 0.0
Grüneisen parameter γ 125 125 –
Isothermal bulk modulus KT GPa 4.3 4.3 –
KT pressure derivative dKT/dP K0 130 130 –

Composition
SiO2 per cent 44.5 44.6 45.0
Al2O3 per cent 3.5 1.9 4.5
FeO per cent 8.0 7.9 8.1
MgO per cent 39.8 42.6 37.8
CaO per cent 3.1 1.7 3.6
Mg# 89.9 90.6 89.3

geoid is taken from EGM2008 (Pavlis et al. 2008) with removal
of the low-wavelengths of spherical harmonic order and degree
lesser than ten. Bouguer and free-air anomalies are taken from the
DTU2010 data set (Andersen et al. 2010). Bouguer reduction den-
sities are 2670 and 1670 kg m−3 for onshore and offshore areas,
respectively.

A regional heat flow data set of Norway has been compiled by
Slagstad et al. (2009). These data are strongly influenced by local
anomalies, insufficiently understood palaeoclimatic effects and per-
haps ground water flow (Maystrenko et al. 2015) and can therefore
only provide a rough guideline to the regional modelling.

Similarly, seismic mantle velocities are only considered qualita-
tively in this study. Regional tomographic data sets exist, but data
coverage is sparse and its regional resolution very coarse (Legendre
et al. 2012; Rickers et al. 2013).

4 R E S U LT S O F R E F E R E N C E M O D E L
A N D I T S VA R I AT I O N S

4.1 Reference model M0

The initial 3-D subsurface model is based on the newest available
data and geological understanding of the study area but is not op-
timized to match the observed data. Because the highest elevation
occurs nearly 100 km inland of the free-air gravity low, the link
between gravity and topography is highly complex. This is clearly
revealed in the comparison of the model’s calculated elevation and
gravity signals to the observed data (Figs 8b and c). The modelled
topography is too high (by up to 250 m, indicating too strong buoy-
ancy, meaning a mass deficit), the modelled gravity is also too high
by up to 40 mGal (indicating excess mass). A NW–SE cross sec-
tion through the largest residual (Fig. 9, location shown in Fig. 8)
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Large-scale gravity anomaly in northern Norway 2079

Figure 9. NW–SE cross section of model M0, location is shown in Fig. 8. Geometry is displayed in bottom panel with colours indicating different layers with
different physical properties. See Tables 2 and 3 for more details. Top five panels show the measured (coloured lines) and calculated (black lines) values of
free-air anomaly, Bouguer anomaly, topography, geoid and surface heat flow. The respective residuals are displayed as grey dashed lines. Calculated topography
is shown for two different effective elastic thicknesses. Calculated heat flow is shown for three different heat production values of upper crust and TIB.
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2080 S. Gradmann and J. Ebbing

Figure 10. NW–SE cross section of model A with modifications to TIB and LAB depth. Location is shown in Fig. 8. Geometry is displayed in bottom panel
with colours indicating different layers with different physical properties. See Tables 2 and 3 for more details. Dashed grey lines show the geometry of model
M0. Top four panels show the measured (coloured lines) and calculated (black lines) values of free-air anomaly, topography, geoid and surface heat flow. The
respective residuals are displayed as grey dashed lines. Calculated heat flow is shown for three different heat production values for the TIB.

additionally shows that the elevation and gravity anomalies are off-
set to each other. The highest elevation occurs at a distance of
550 km along the profile. Respective low values of −100 mGal are
seen in the Bouguer gravity here, but reach even lower values at a
distance of 480 km, which must be caused by other sources than the
Bouguer reduction of the topography. The part of the gravity-low
that is uncorrelated to the topography is clearly seen in the free-air
anomaly, where the minimum value of −80 mGal lies at a distance of
ca. 400 km. This data set is subsequently used for the comparison of
modelled and measured gravity. The largest geoid anomaly of −2 m
is also located around a distance of 400 km. As a consequence of
this offset in the anomalies, the residuals (difference between model
and observed values, dashed grey line) also occur slightly offset to

each other. Elevation residuals above a flexing plate are shown for
effective elastic thicknesses of Te = 20 km and Te = 40 km, which
represent moderate to very high values for continental margins and
only compensate the relatively long-wavelength structures. The fit
of the geoid is relatively poor; the subhorizontal layering used here
cannot adequately represent the geoid signal at the ends of the pro-
file. Nevertheless, the following model experiments show that the
geoid can locally be modified and fitted in the centre of the profile.

The calculated surface heat flow is only poorly matching the mea-
sured one, the latter being only an interpolation from measurements
located relatively far away. No attempts were made to match the heat
flow in the oceanic domain. Variations of the heat production rate
of upper crust and TIB suggest that a value of 1.8 µW m−3 provides
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Large-scale gravity anomaly in northern Norway 2081

an appropriate starting model, which is used for the subsequent
models. Heat production rates for the TIB are varied and discussed
for the following models. It is not possible to further constrain the
thermal properties until better heat flow data become available.

All residuals occur in the region where significant lithospheric
changes take place: thickness and composition of the SCLM vary,
and both the LCL and the TIB taper out westwards.

The following three models show how different low-density
sources could explain the gravity low. Changes in density not only
affect the gravity signal but also the isostatic balance. In order to de-
couple these two effects to a certain degree, we additionally invoke
density changes at large depth, that is, changes in lithosphere thick-
ness. These mass changes are seated at great depth, barely affect
the gravity signal, but significantly reduce the lithosphere’s buoy-
ancy. We do not model scenario D, which assumes a dynamic source
(Fig. 6), because we do not consider mantle convection an appropri-
ate mechanism for gravity anomalies that are of sub-regional small
extent (100 × 150 km) and that occur on the conjugate sides of a
passive margin.

4.2 Model A—TIB

4.2.1 Results

In model A, the shape and density of the TIB are adjusted in order to
match the gravity signal (Fig. 12). The density difference between
TIB and surrounding crust is now 100 kg m−3. As a consequence
of the net mass removal, buoyancy increases. In order to simulta-
neously match the elevation data, the LAB is lowered. The overall
result shows a reasonably good fit with the gravity and topography.
Remaining residuals are <20 mGal and <200 m, respectively. The
remaining geoid residual is less than 1 m.

The TIB location is expanded westward with respect to the start-
ing model and is now extending beyond the coastline, stretching
nearly as much offshore as onshore. Its largest thickness is 22 km.
If a higher TIB density was chosen (e.g. 2670 kg m−3 instead of
2650 kg m−3), the thickness would need to be increased by 2–3 km.
TIB densities in previous studies range from 2640–2690 kg m−3

(Skilbrei et al. 2002; Pascal et al. 2007; Ebbing 2007). With the
low TIB-density of model A, the crustal thickness below the TIB
is ca. 10 km, which is low, but still a significant part of the entire
crust. The discrepancy between calculated and measured heat flow
is now larger than in model M0.

The deep cratonic LAB is extended to the margin such that it
underlies the gravity low. A Phanerozoic-type composition is as-
sumed for this additional ‘root’. A Proterozoic-type composition
(lower bulk densities) would result in larger buoyancy and remain-
ing elevation residuals of nearly 500 m. It seems plausible to assume
that the thick SCLM under the gravity anomaly was originally of
a more depleted composition but later metasomatized during the
rifting process, leading to refertilization and higher bulk densities.

4.2.2 Discussion

The actual extent of the TIB in northern Norway is poorly known
and concealed by the Caledonian nappes (Fig. 2), although some
tectonic windows exist in northern Norway and some parts of the
Lofoten-Vesterålen archipelago. To the south and east, it is out-
cropping in Sweden and has been geophysically mapped under the
Caledonian nappes in central Norway and Sweden (Skilbrei et al.
2002; Olesen et al. 2010). Where it forms the visible bedrock, the

respective gravity anomaly is significantly less pronounced than in
northern Norway. TIB samples from northern Norway show den-
sities of 2660–2670 kg m−3, which has been confirmed by gravity
modelling (Olesen et al. 1997). The large magnetic anomaly in
northern Norway (Fig. 4a) is located to the southeast of the gravity
anomaly. Directly at the location of the anomaly, only moderately
high magnetic intensity is recorded. In general, both the surface
geology and magnetic data suggest that the TIB extends to the east
of the gravity anomaly and thus lies much more east than the TIB
of model A.

The 20 km thick TIB in model A yields surface heat flow values
of close to 70 mW m−2 with heat production rate and thermal con-
ductivity of 2.0 µW m−3 and 2.4 W m−1 K−1, respectively. Such
heat flow values are somewhat higher than elsewhere in Fennoscan-
dia, although equally high values have been found above the TIB
in central Sweden (Slagstad et al. 2009). In the region of the NN
anomaly, values of only 50 mW m−2 have been reported (Olesen
et al. 2007). Heat production rates measured in the Fennoscandian
granites vary significantly, reaching very high values locally (up to
3 µW m−3, Pascal et al. 2007; Slagstad et al. 2009) but also show-
ing very low values, especially close to the study area (less than
1.5 µW m−3, Olesen et al. 2007). A heat production rate of much
larger than 2.0 µW m−3, as measured in TIB granites elsewhere
in Fennoscandia (Slagstad et al. 2009), seems too high, but more
data needs to be awaited before better constraints of the thermal
properties are possible.

In a thermo-rheological study from central Norway and Sweden,
Pascal et al. (2007) showed that a 20 km thick TIB leads to very high
heat flow values, a Moho temperature around 750 ◦C (close to melt-
ing temperatures) and an unreasonably low lithospheric strength.
They thus conclude that a TIB thickness of around 12 km is in
closer agreement with the data.

The conjugate margin of Greenland exhibits a strikingly similar
gravity anomaly, covering both onshore and offshore areas. The
anomaly is 500 × 200 km large and ca. 100 mGal in magnitude.
Two major basins exist offshore, but only the more proximal, older
and deeper Danmarkshavn Basin falls into the extent of the gravity
low (Fig. 11). This gravity low has been mentioned in Hamann et al.
(2005), but no model or interpretation has been brought forward yet.
Palaeo-reconstructions align the NE Greenland gravity anomaly
with the NN anomaly as if it was a direct northward extension
(Fig. 1).

When the TIB was emplaced during the late Palaeo- to Meso-
proterozoic (pre-Rodinia), it was likely southern Greenland that
was aligned with Baltica (Fig. 11b). Here, evidence for subduction-
related arc magmatism not unlike the Scandinavian TIB is seen
(Zhao et al. 2002). NE Greenland itself does not expose any TIB-like
granites but consists primarily of older, Palaeoproterozoic gneisses
that were formed 2.5–2.3 Ga ago (Fig. 11 a Kalsbeek et al. 1993).
These gneisses form the Caledonian foreland, at present largely
covered by the Greenland ice sheet as well as the nappes that were
thrusted westward during the Caledonian orogeny (Fig. 11a). The
easternmost thrust sheets also contain Meso- and Neoproterozoic
mafic intrusions and metasediments. Ultra-high pressure rocks of
late or even past-Caledonian ages are found in the North East Green-
land Eclogite Province on Germania Land (Gilotti & Ravna 2002;
Gilotti et al. 2008). An isolated occurrence of Archaean rocks has
been reported from southern Germania Land (Steiger et al. 1976;
Kalsbeek et al. 2008). The geological field evidence thus indicates
high-density rocks but no granite-like near-surface structure. The
fairly round shape of the Greenland anomaly is likewise inconsistent
with a belt-like formation like the TIB.
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2082 S. Gradmann and J. Ebbing

Figure 11. (a) Geology of NE Greenland. After Hamann et al. (2005) and Henriksen (2008). (b) Late Palaeoproterozoic reconstruction showing positions of
old cratons and subduction-related arc-magmatism. From Zhao et al. (2002) and Park (1992).

Despite the good fit of model A, we do not consider it likely
that the TIB is the only source of the NN gravity low. Neither its
overall extent in Fennoscandia nor its absence in NE Greenland is
consistent with this interpretation.

4.3 Model B—lower crustal structure

4.3.1 Results

This model combines changes to the LCL and the Moho. The LCL
of the starting model (see Ebbing 2007) does not extend far enough
to the west to have a significant influence on the region with the
gravity low. We modify the LCL where it exists and change the
Moho depth otherwise (Fig. 12). The Moho is lowered to form a
crustal root under the gravity low. The same SCLM geometry as in
model A is chosen. The fit of the gravity is acceptable (residuals of
25 mGal), the elevation residual remains at 300 m and thus does
not constitute an improvement to the starting model. The geoid and
heat flow both show a relatively poor fit.

4.3.2 Discussion

The crustal structure of the Nordland region is poorly studied.
Moho compilations show a thinning crust along the Lofoten mar-
gin and Moho depths of ca. 30–36 km under the NN anomaly
(Grad et al. 2009; Artemieva & Thybo 2013). The closest deep
seismic profile runs offshore and almost reaches the southern
end of the NN anomaly, where it shows Moho depths of 25 km
(Mjelde et al. 1993). The closest onshore seismic experiments lies
ca. 100 km to the south of the anomaly and images Moho depths

of >40 km (Lund 1979). A very recent receiver function profile
which runs just north of the anomaly indicates Moho depths of
ca. 40 km right up to the Lofoten archipelago (Mansour et al.
2014). Overall, these data suggest that the onshore region is in-
deed underlain by fairly thick crust which thins rapidly towards
the offshore regions. Local variations in Moho depth and lower
crustal structure would be consistent with the current, admittedly
relatively poor knowledge of the crustal structure around the NN
anomaly.

On the conjugate side in Greenland, Moho depths of ca. 28–
32 km have been reported (Artemieva & Thybo 2013). Again, these
values are widely interpolated or extrapolated and do not constrain
the local Moho depth very well.

The crustal root has a strong buoyancy effect, which in the present
model is to a first degree compensated by a very thick lithosphere.
This ‘cold thermal root’, so to speak, exerts negative buoyancy
owing to the higher density of the colder rocks. It nevertheless
barely manages to compensate for the additional buoyancy of the
crustal root. In Greenland, a local crustal root of several kilometres
thickness would be inconsistent with below-sea-level topography
and offshore deposition of up to 10 km thick sediments.

4.4 Model C–Archaean SCLM

4.4.1 Results

In model C, an Archaean sliver is added to the otherwise Proterozoic
SCLM. Its more depleted composition and hence lower density lead
to a reduced gravity signal. The shape and size are chosen to match
the gravity anomaly to first order. The LAB is lowered to ca. 200 km
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Figure 12. NW–SE cross section of model B with modifications to LCL, Moho and LAB depth. Location is shown in Fig. 8. Geometry is displayed in bottom
panel with colours indicating different layers with different physical properties. See Tables 2 and 3 for more details. Dashed grey lines show the geometry of
model M0. Top four panels show the measured (coloured lines) and calculated (black lines) values of free-air anomaly, topography, geoid and surface heat flow.
The respective residuals are displayed as grey dashed lines.

as in previous models. Whereas the calculated and measured gravity
and geoid signal show some agreement (matching shape, residual of
60 mGal and 1 m, respectively), the calculated topography is far off
the actual one, residuals are up to 350 m. A lowering of the LAB to
250–300 km reduces this residual, but introduces a long-wavelength
misfit. The calculated heat flow is reduced by the Archaean SCLM
and the lowered LAB and now provides a reasonable fit.

4.4.2 Discussion

The transition between Archaean and Palaeoproterozoic crust in
northern Norway is not well mapped. Proterozoic sediments as
well as the Caledonian nappes overlie older cratonic basement.
The FENNOLORA reflection seismic profile in northern Sweden

and northernmost Norway succeeded to differentiate between the
Proterozoic and Archaean terranes (Clowes et al. 1987; Henkel
et al. 1990; Guggisberg et al. 1991; Luosto 1997). The latter is
generally characterized by somewhat lower densities and seismic
velocities in the lower crust and a lack of the LCL. Archaean rocks
have been mapped locally on the Lofoten peninsula and through
some basement windows under the Caledonian nappes. It is thus
not unlikely that Archaean rocks are present towards the southeast
under the Caledonian nappes where the NN anomaly lies, but may
simply have not been exhumed.

In magnetic anomaly maps, the Archaean craton appears with
a higher magnetic intensity (Fig. 4a). In our study area, how-
ever, this characteristic is difficult to differentiate from the poten-
tially high susceptibility of the rocks of the TIB as well as from

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/203/3/2070/2594850 by guest on 19 April 2024



2084 S. Gradmann and J. Ebbing

Figure 13. NW–SE cross section of model C with modifications to SCLM composition and LAB depth. Location is shown in Fig. 8. Geometry is displayed
in bottom panel with colours indicating different layers with different physical properties. See Tables 2 and 3 for more details. Dashed grey lines show the
geometry of model M0. Top four panels show the measured (coloured lines) and calculated (black lines) values of free-air anomaly, topography, geoid and
surface heat flow. The respective residuals are displayed as grey dashed lines.

the structures at larger depth. The Proterozoic-Archaean bound-
ary in the SCLM (at >40 km depth) may be somewhat offset to
the equivalent structural geological boundary observed near the
surface.

In NE Greenland, a mantle contribution to the gravity low is
a tempting explanation because only the surface rocks have been
studied, but the deeper lithospheric structure remains unknown. On
the other hand, the issue of too high buoyancy would be even more
prominent in NE Greenland, where part of the anomaly lies offshore,
where buoyancy is obviously low. A sliver of Archaean SCLM has
effects on seismic velocities, heat flow as well as the geoid. Its dif-
ferent composition leads to locally higher seismic mantle velocities.
This is not seen in tomographic studies (Bannister et al. 1991; Leg-
endre et al. 2012; Rickers et al. 2013), but the structures directly
below the Moho are generally poorly resolved by this method. Tele-
seismic data from other elsewhere in Archaean Fennoscandia have
locally resolved high-velocity sub-Moho structures (Bruneton et al.
2004).

5 D I S C U S S I O N

The models show that none of the simple modifications (TIB, lower
crustal structure or SCLM) is sufficient to explain both the gravity
and topographic data of northern Norway simultaneously. The best
overall fit is obtained with a strong contribution from a shallow-
source structure that lies under the coastal anomaly. Nevertheless, it
is perhaps not justified to equate this shallow-source structure with
the TIB. In areas where the presence of the TIB is well documented
by geological mapping and magnetic data, the gravity response is
weak. Furthermore, the NN gravity low does not coincide with
the (presently known) near-surface extent of the TIB in northern
Norway. This case can also be made for the NE Greenland side.

The deeper sources of the gravity anomaly (models B and C)
fail to explain the relatively low topography. All models assume
flexural isostatic compensation and require a lithospheric thickness
of at least 200 km with an effective elastic thickness Te = 40 km.
Continental margins usually have a low rigidity (Te < 20 km),
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estimates for coastal Fennoscandia range from 25–35 km (Pérez-
Gussinyé et al. 2004). We chose the relatively high value in order
to facilitate a joint fit of gravity and topographic data and to be
consistent with the thick lithosphere we postulate. A lower Te would
allow for locally even higher elevation and thus larger misfit of
modelled and observed topography above the low-density anomaly
source (see Fig. 8).

The assumption of isostatic equilibrium is not justified if there
is presently ongoing tectonic deformation. Besides post-glacial
rebound of entire Fennoscandia, there is evidence for local neo-
tectonic activity in northwestern Fennoscandia related to local ex-
tension and relative subsidence (Olesen et al. 2013). Significant
Neogene uplift of the Scandinavian Mountain Chain has been pos-
tulated and described by several authors (Riis 1996; Fjeldskaar et al.
2000; Japsen & Chalmers 2000). Ongoing uplift would result in a
slightly lower gravity signal as well as lower topography than cal-
culated in the models. This can partly be taken into consideration
by choosing a relatively high Te, which effectively oppresses the
additional buoyancy in the models. A Te of 40 km could suppress
the uplift in regions of less than 100–150 km extent. The very local
extent of the NN gravity anomaly as well as its conjugate counter-
part oppose the hypothesis that it originates from substantial recent
uplift.

The lithosphere’s thermal structure is generally imaged by to-
mographic studies - yet a number of different studies give a very
variable picture. Regional tomographic models show a lower man-
tle velocity under the northern Atlantic coast of Norway (Bannister
et al. 1991; Legendre et al. 2012). These velocities, which indicate
a hotter and thus thinner lithosphere, are similar to those of southern
Norway, where a 100–120 km thick, non-cratonic lithosphere has
been inferred (Gradmann et al. 2013). Other regional full waveform
tomographic inversions see these low-velocity anomalies only in
southern, but not in northern Norway (Rickers et al. 2013). A tomo-
graphic study using only local seismic events images a low-velocity
zone offshore, whereas the onshore region of the NN gravity low is
underlain by higher mantle velocities (Latif 2012). A clear lack of
reliable active and passive seismic experiments is thus evident.

The models assume highly simplified lithospheric geometries.
The SCLM is represented as a vertically homogeneous body of uni-
form composition. Especially cratonic lithospheric mantle is known
to be divided into layers of different composition and different de-
grees of depletion. These variations (but also lateral changes) affect
the buoyancy and gravity signal, though likely at a larger extent than
the NN gravity low.

The offshore sediments and the rocks of the Caledonian nappes
are not adequately represented in the models in order to keep resolu-
tion and complexity low. The Caledonian nappes are maximum 6 km
thick (Olesen et al. 2002) and fully eroded over several basement
windows.

As indicated before, the lack of knowledge of the crustal structure
(internal layering, TIB-presence, Moho depth) limits the testing of
different scenarios. Likewise is a model of the Greenland anomaly
also not feasible at present, because of the even larger gap in the
knowledge of the lithospheric structure and physical properties.
Geophysical surveys that aim to map the Moho, LAB and crustal
structure are needed.

As to the actual origin of the gravity low, we can only hypoth-
esize at this point. A potential origin would be a combination of
the tested scenarios. The combined effects of a TIB-like shallow
surface feature, a larger Moho depth and an Archaean SCLM sliver
will easily produce a very pronounced gravity low. However, the
buoyancy effects would also add up and create an enormous topo-

graphic residual. In a test model (not shown here), this additional
buoyancy could no longer be compensated by a deeper LAB, even
if extended to 350 km depth. Based on the isostatic considerations,
only model A with a TIB-like source for the gravity anomaly shows
plausible results. Yet this interpretation is difficult to reconcile with
the extent of the surrounding TIB and the gravity anomaly in NE
Greenland and an additional contribution from a deeper source is
suggested.

5.1 Conclusion

A prominent gravity low exists in northern Norway and on its con-
jugate margin in NE Greenland. A number of model geometries
have been tested to explain the anomaly with sources at shallow,
intermediate and large depths. None of the models properly satis-
fies the data sets of gravity and topography simultaneously. Yet, a
number of conclusions can be drawn:

(i) The anomaly likely has a structural origin (rather than a dy-
namic one) because of the regionally limited extent of 100–150 km.
If the gravity anomaly of NE Greenland is indeed of a similar origin,
a dynamic source is not possible.

(ii) A near-surface source is most consistent with the available
data sets. An additional contribution from a deeper source is sug-
gested.

(iii) The TIB is not likely to be the sole source of the gravity low
because of the absence of a strong gravity response elsewhere in
Fennoscandia. A TIB-like origin is also not possible for the anomaly
in NE Greenland.

(iv) A thick lithosphere (LAB depth at >200 km) is necessary in
the coastal area to satisfy an isostatically compensated topography.
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Pérez-Gussinyé, M., Lowry, A.R., Watts, A.B. & Velicogna, I., 2004. On the
recovery of effective elastic thickness using spectral methods: examples
from synthetic data and from the Fennoscandian Shield, J. geophys. Res.,
109, B10409, doi:10.1029/2003JB002788.
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