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Abstract: Postrift domal uplift patterns are a distinct feature of northern North Atlantic
margins. On the basis of apatite fission-track data, offshore seismic stratigraphy,
geomorphology, gravity and seismic tomography, we argue that southern Norway is
characterized by predominantly Neogene domal uplift. The uplift is tectonically driven and
estimated at around 1.5 km. Low flexural rigidity (c. 1022N m) and corresponding equivalent
elastic thickness 7'e (c. 15 km) values for the southern Norwegian lithosphere indicate that
the lithosphere is relatively weak. Additionally, high temperature estimates derived from
low-velocity mantle P- and S-wave seismic tomography below the dome suggest a thermal
anomaly at depth. Therefore, the observed topography is most plausibly explained by mantle
upwelling. This would supercede other previously proposed primary mechanisms such as
eustasy, isostatic readjustment to glacial erosion, magmatic underplating and intraplate
compression. Currently available data suggest similar processes for other uplifted regions
such as Spitsbergen, northern Norway, the British Isles and parts of East Greenland.

During recent decades it has become apparent
that the North Atlantic margins experienced
substantial vertical movements in Cenozoic time
(e.g. White & Lovell 1997; Dore et al. 1999;
Japsen & Chalmers 2000) characterized by the
coupled emergence of rift margins and anom-
alous subsidence of the nearby basins (e.g.
Cloetingh et al. 1990). However, the mechanism
as well as its temporal and spatial resolution has
been a matter of debate. Recently, some progress
has been made with respect to timing, and two
phases that have influenced the whole North
Atlantic region have been identified (e.g. Riis
1996; Martinsen et al. 1999). The first is a
Paleogene phase primarily associated with
Eocene rifting and contemporaneous volcanism
generated by the Iceland mantle plume (e.g. Dore
et al. 1999). There is considerable evidence that
this event affected all regions around the North
Atlantic (Britain, Norway and Greenland),
although its magnitude differed from region to
region (e.g. Green et al. 1993; Riis 1996; Dam
et al. 1998; Dore et al. 1999). The second is a

Neogene phase (Rohrman & van der Beek 1996;
Japsen & Chalmers 2000), which has a more
enigmatic cause. This event is characterized by
substantial uplift of Britain, parts of Norway,
Spitsbergen, the Faeroes and Greenland (Japsen
& Chalmers 2000) and by associated subsidence
of nearby basins (e.g. North Sea, More Basin,
offshore Greenland, Sorvestnaget Basin, Rockall
Trough, Porcupine Basin). Because of the
association of uplift and subsidence, the
mechanism driving these processes is probably
tectonic (e.g. Dore et a/. 1999; Japsen &
Chalmers 2000). Various mechanisms have
been proposed including intraplate compression
(Cloetingh et al. 1990; Dore et al. 1999), mantle
phase changes (Riis & Fjeldskaar 1992),
magmatic underplating (Cox 1993; Brodie &
White 1995) and small-scale asthenospheric
convection (Vignes & Amundsen 1993; Rohr-
man & van der Beek 1996; Stuevold & Eldholm
1996), among others.

In this paper, we briefly review proposed
mechanisms for uplift around the North Atlantic.

From: DoRE, A.G., CARTWRIGHT, J.A., STOKER, M.S., TURNER, J.P. & WHITE, N. 2002. Exhumation of the
North Atlantic Margin: Timing, Mechanisms and Implications for Petroleum Exploration. Geological Society,
London, Special Publications, 196, 27-43. 0305-8719/02415.00 © The Geological Society of London 2002.



28 M. ROHRMAN ET AL.

Subsequently, we focus on southern Norway, and
review the evidence for the timing and magnitude
of Neogene uplift and denudation. We calculate
tectonic uplift from the elevation of plateau-
surface remnants and an estimate of flexural
rigidity from the coherence between Bouguer
gravity and topography. These results are then
used to differentiate between mechanisms
proposed. Additionally, we present seismic
tomographic images of P-wave velocities in the
upper mantle around the North Atlantic and
correlate these with other data, to arrive at the
most plausible mechanism operating during
Neogene time.

Mechanisms proposed

Early studies were mainly focused on Norway
and primarily based on geomorphological
observations (e.g. Holtedahl 1953; Torske
1972). The rugged mountains of southern Nor-
way, spectacular fjords and preservation of
plateau surfaces at high altitude (Gjessing
1967; Peulvast 1985; Riis 1996) strongly suggest
a recent upwarp of the southern Norwegian
landmass. Intensive hydrocarbon exploration of
offshore Norway has provided further evidence
from observed structural basinward dip of pre-
Neogene strata and build-up of large elastic
wedges (Jordt et al. 1995). Palaeogeographical
reconstructions have added additional evidence
for a late emergence (Dore 1992a, 1992b).
Apatite fission-track (AFT) data constrain
denudation to be a mainly Neogene event,
starting at c. 30 Ma. Denudation occurred in a
dome-like pattern with the amplitude of denuda-
tion decreasing radially outward from a maxi-
mum of 2.0 ± 0.5 km at the centre (Rohnnan
et al. 1995). The timing of the onset of
denudation is consistent with offshore strati-
graphic evidence (Rundberg & Smalley 1989;
Jordt et al. 1995).

Any mechanism proposed, to be successful,
has to explain this timing of events (van der Beek
& Rohrman 1997). Some workers favour a
Paleogene onset of uplift for southern Norway,
but most available evidence strongly suggests a
primarily Neogene event (Rundberg & Smalley
1989; Jensen & Schmidt 1993; Jordt et al. 1995;
Rohrman et al. 1995; Riis 1996; Martinsen et al.
1999).

Early interpretations suggested that uplift of
southern Norway and other margins around the
North Atlantic was associated with Paleocene
Eocene break-up and plume activity (e.g. Torske
1972; Cox 1993). However, timing of domal
uplift at c. 30 Ma, i.e. 25-30Ma after onset
of Eocene volcanism and rifting, precludes

significant synrift uplift. Moreover, dynamic
plume-generated uplift is transient, and should
reverse into subsidence after break-up. Perma-
nent uplift can be generated by magmatic
underplating, but in the case of southern Norway
there is no sign of onshore Cenozoic intrusions.
Eocene magmatic activity took place 300
400 km offshore.

Riis & Fjeldskaar (1992) proposed that most
of the Norwegian uplift was caused by Pliocene
Pleistocene isostatic readjustment to glacial
erosion. However, their study showed that
additional tectonic uplift is required to explain
the present-day elevation of morphological
surfaces. They explained this by mantle phase
transitions as a result of erosional unloading, but
the dynamics of mantle phase changes driving
this tectonic uplift component are at present
poorly understood. Non-tectonic mechanisms
that have been suggested (Eyles 1996) focus on
climatic deterioration and sea-level changes.
However, the kilometre-scale magnitude of uplift
is not readily explained by eustasy.

Others have proposed that Neogene uplift of
western Fennoscandia is a result of thermal
instability caused by large horizontal tempera-
ture gradients between the Fennoscandian main-
land and the NorwegianGreenland Sea (Theilen
& Meissner 1979; Peulvast 1985; Vignes &
Amundsen 1993). This would set up secondary
convection in the sub-lithospheric mantle, caus-
ing the hot asthenosphere to rise and sub-
sequently generate tectonic uplift. This could be
a viable model, and will be discussed in the
following sections.

Finally, various workers have drawn attention
to the synchronous timing of margin uplift and
anomalous basin subsidence around Norway and
the whole North Atlantic, suggesting that
coupled uplift and subsidence is flexural in
nature and induced by intraplate stress fluctu-
ations (Cloetingh et al. 1990). However, flexure-
induced uplift is not consistent with the observed
correlation between topography and Bouguer
gravity anomalies (up to 80 mgal) below the
uplifted regions (Fig. 1). Although the gravity
is largely isostatically compensated (Balling
1980), there is a mass deficit below the
regions of highest elevation that cannot be
explained by topography and differences in
crustal thickness.

Timing of denudation on the eastern
Atlantic margin

There are two principal types of constraint on the
timing of Norwegian denudation: the structural
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Fig. 1. Bouguer gravity anomaly map for southern Norway, data from Sveriges Geologiske Unders8kelse (1985).

and stratigraphic relationship of Cenozoic strata
offshore (Jordt et al. 1995) and planation
surfaces onshore, and the AFT analysis of the
Norwegian basement (Rohrman et al. 1995).
AFT data from southern Norway define a
structural dome with the youngest ages increas-
ing radially from c. 100 Ma at sea level in the
inner fjords, to c. 170 Ma at the top of the
Jotunheimen peaks and around 200 Ma at
elevations less than 500 m near the shorelines
(Fig. 2). Mean track length distributions are
more variable, but the younger ages generally

correspond to low mean track lengths
(c. 11.6 p.m) and a lack of long (recent) tracks
(Fig. 2). The latter indicate fast cooling from
temperatures at the lower end of the partial
annealing zone (c. 60-70°C) to surface tem-
peratures. Although our youngest AFT samples
yield mixed ages, it is possible to extract thermal
history information by using state-of-the-art
modelling techniques. The youngest AFT
samples (AFT age c. 100 Ma, mean track lengths
11.6 p.m) suggest a predominantly Neogene
onset of denudation (Rohrman et al. 1995).
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Northern Norway shows similar AFT base-
ment ages although they tend to be somewhat
older (around 160 Ma) with distributions show-
ing longer track lengths (Hendriks & Andriessen
2002). Meanwhile, Neogene elastic wedges
offshore from Lofoten indicate more recent
erosion (Mokhtari & Pegrum 1992). A recent
AFT study of Spitsbergen by Blythe &
Kleinspehn (1998) placed significant denudation
around 36 Ma, which was mainly attributed by
those workers to rift flank uplift, followed by
PlioceneHolocene glacial erosion. The data
pattern yields strongly varying AFT ages
(c. 27-56 Ma), sometimes within the same
locality. This pattern suggests that the samples
experienced other processes than simple uplift
and erosion, possibly indicating migration of hot
fluids. This interpretation is supported by the
resetting of zircon fission-track ages and vitrinite
reflection data, in the proximity of unreset
samples at similar elevations. A possible
explanation for these patterns might be volcanic
and hydrothermal activity during Miocene and
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Quaternary time (e.g. Vfignes & Amundsen
1993). Similar fission-track patterns have been
observed in the Permian Oslo Rift, where
igneous activity is well documented (e.g.
Rohrman et al. 1994). However, at sea level
there seems to be a slight trend from west to
east along the Longyearbyen fjord (Central
Spitsbergen), which suggests a decrease in AFT
ages from around 50 Ma near the basement on
the west coast to 38 Ma in the Eocene deltaic
strata of the Central Basin. This concurs with
earlier studies (Nottvedt et al. 1992), suggesting
Neogene domal uplift based on geological
observations, vitrinite reflectance and seismic
velocity data. Evidently, more AFT samples of
east Spitsbergen are needed to verify or refute
this assumption.

Much of the British Isles lacks the high rugged
topography of southern Norway. Elevations are
more subdued and do not exceed 1 km in large
parts of England, Wales and Ireland. Only the
Scottish highlands reach higher elevations, up to
1343 m. Published AFT data from Scotland
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Fig. 2. Mean elevation and AFT isochrons of southern Norway drawn at sea level, defining a structural dome
concordant with topography, from Rohrman et al. (1995). Typical track length distributions for selected samples
are shown on the right.
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(Lewis et al. 1992) suggest predominantly
Triassic-Jurassic ages. Only near the Eocene
intrusions are younger ages found. However, data
are too sparse to infer any details for this region.
AFT data from northern England and the Irish
Sea area show AFT ages between 45 Ma and
> 400 Ma (Green et al. 1993, 1997, 2001),
suggesting significant exhumation around 60 Ma.
This uplift is possibly centred in the East Irish
Sea and decreasing to the SE, concordant with
the Mesozoic sedimentary outcrop pattern of
southeastern England. Recently, Japsen (1997)
suggested evidence for a Neogene denudation
phase based on AFT data and compaction
studies from eastern England and the western
North Sea. He estimated that Paleogene and
Neogene denudation were equal in magnitude
(around 1 km each). However, the spatial
pattern of both Neogene and Paleogene
denudation for the entire United Kingdom
requires further study.

Moreover, the area of highest denudation (East
Irish Sea) is at present below sea level, in contrast
to the dome-shaped topography of the other
regions (southern Norway, northern Norway and
Spitsbergen).

Quantification of Neogene uplift and
denudation in southern Norway
Regional changes in surface elevation are the
combined result of tectonic uplift, erosion and
the isostatic response to erosion. To use the
present-day elevation of an uplifted region to
constrain tectonic processes, the components of
elevation change that result from erosion and
isostatic rebound must be quantified (England &
Molnar 1990; Gilchrist et al. 1994). The tectonic
uplift (uT) is related to the present-day elevation

Table 1. Parameter values employed

31

(H0) and the amount of denudation (AE) by

UT = HO + AE I (1)

where Hi is the initial elevation and I is isostatic
rebound:

Dkt

Pa ) (Pa Pc)g)
(2)

where pc is the density of the eroded crustal
section, Pa is sublithospheric mantle density, kE is
the spatial wavenumber of erosional unloading, g
is acceleration of gravity and D is flexural
rigidity (van der Beek et al. 1994; see Table 1).
As D 0, equation (2) simplifies to
I = pc/ pa, the local isostatic solution. As
D co (for an infinitely strong lithosphere),
I 0. A regional analysis of tectonic uplift
therefore requires an estimate of Hi and D, as
well as the ability to map out spatial variations in
AE (Abbott et al. 1997; Small & Anderson
1998).

Whereas the AFT thermochronological data
discussed above give us a high temporal
resolution to decipher the denudation history of
southern Norway, the spatial resolution of our
data is rather coarse. We therefore use the
elevation of preserved remnants of a plateau
surface (the 'Palaeic surface') to spatially
constrain the amounts of denudation, isostatic
rebound, and tectonic uplift in southern Norway.
The correlation of plateau remnants and their use
in reconstructing landscape development is a
relatively hazardous undertaking because of the
general lack of temporal constraints (Brown et al.
1999; Summerfield 1999). In Norway, as else-
where, there is no consensus on the age of the
surface remnants, which have been varyingly
interpreted as being of Jurassic to Paleogene age,
nor on their correlation (Gjessing 1967; Torske

Symbol

Pa
Pa

a

Description Value

Crustal density
Asthenospheric density
Gravitational acceleration
Flexural rigidity of the lithosphere
Young's modulus
Poisson ratio
Ratio of surface to base loading of lithosphere
Thermal conductivity
Thermal diffusivity
Lithospheric thickness after thinning

2600kg m-3
3250 kg m-3
9.8 m s-2
8.9 x 1021 to 7.2 x 1022N mlonNm-2
0.25
1

0.0006 cal (cm s°C)- I
0.01 cm2 s -1
80-110km

11;

(AEpc)(i \'

k.

A

k

--

-

D
E

I
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Fig. 3. Maps of mean elevation of southern Norway (from ETOPO-5 global topography data), elevation of the
Palaeic surface (after Riis & Fjeldskaar 1992) and amount of erosion, calculated by subtracting mean elevation
from the elevation of the Palaeic surface.

1972; Peulvast 1985; Doré 1992a; Riis &
Fjeldskaar 1992; Riis 1996).

We follow the most recent correlation of Riis
& Fjeldskaar (1992) and Riis (1996), who
suggested the Palaeic surface to be of Paleogene
age because (1) our fission-track data suggest

that samples from close to the Palaeic surface in
the Hardangervidda area reached surface tem-
peratures in Paleogene times (Rohrman et al.
1995) and (2) the elevation of the Palaeic surface
in the Jotunheimen area is consistent with the
amount of Neogene denudation recorded by
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Fig. 4. Correlation of amount of Neogene denudation, calculated by subtracting present-day topography from
elevation of Palaeic surface (see Fig. 3) with apatite fission-track ages (from Rohrman et al. 1994, 1995). Neogene
denudation for fission-track samples is corrected for sample elevation with respect to mean elevation of the 5'
resolution topographic grid.

fission-track thermochronology of samples from
close to sea level (2.0 ± 0.5 km; van der Beek
1995).

Figure 3 shows the present-day elevation of
southern Norway as well as the elevation of the
Palaeic surface. The latter was digitized from the
map of Riis & Fjeldskaar (1992) and interpolated
using a continuous curvature algorithm (Smith &
Wessel 1990). The amount of denudation since
the formation of the surface (i.e. since the end of
Paleogene time) can be calculated by subtracting
the present-day elevation Ho from the elevation
of the Palaeic surface. The result shows a mean
amount of denudation of c. 400 m, with maxima
of a.- 1000 m in the inner fjords and along the
northwestern coast. The pattern of denudation
that is calculated in this manner is largely
consistent with the pattern deduced from fission-
track thermochronology. Figure 4 shows the
correlation between the amount of denudation
calculated using this approach and the AFT ages
from Rohrman et al. (1995). Although the
fission-track ages are mixed ages, with minima
around 100 Ma, a clear trend emerges with
samples with the youngest fission-track ages
encountered in the regions of maximum Neogene
denudation.

Late Paleocene and early Eocene marine
diatoms are encountered on planation surfaces
in Sweden and Finland (Fenner 1988), which
may be correlated with the Palaeic surface in

Norway. On the basis of this observation, Riis
(1996) suggested that the surface was at or near
sea level in early Cenozoic time. This assertion is
consistent with the offshore sedimentation data
(Jordt et al. 1995), which suggest very low
sediment input from Fennoscandia before late
Oligocene time. We therefore assume that the
Palaeic surface can be used as a marker not only
of Neogene denudation, but also of uplift.

If we suppose Hi = 0 in equation (1), then the
present-day elevation of the Palaeic surface
represents Ho + AE = UT + 1. In the case of
local isostasy (D= 0), the amount of isostatic
rebound reduces to I = AEpclpa(c. 0.8AE for the
values in Table 1) and can be calculated directly
from the pattern of denudation (Fig. 3). The
tectonic uplift UT then equals the present-day
elevation of the Palaeic surface minus the
isostatic uplift I. Figure 5 shows calculated
amounts of Neogene tectonic uplift and isostatic
rebound for the local isostatic case. Tectonic
uplift in this case has the same domal pattern as
the mean elevation and the elevation of the
Palaeic surface, reaching maximum values of
c. 1500 m for the high mountain areas (where
Neogene denudation is negligible), whereas
isostatic rebound reaches a maximum of
c. 750 m in the inner fjords and on the NW
coast. However, because the isostatic response to
denudation is generally regional instead of local,
the pattern and the amount of tectonic uplift will
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Fig. 5. Calculated tectonic uplift and isostatic rebound for a model of local isostatic response to erosion. In this
case isostatic rebound equals 0.8 times the amount of erosion; tectonic uplift was calculated by subtracting this
amount from the elevation of the Palaeic surface (see text).
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also be a function of the flexural rigidity D of the
southern Norwegian lithosphere.

Estimating flexural rigidity

To make a realistic assessment of the amount of
tectonic uplift, the flexural rigidity, or corre-
sponding equivalent elastic thickness Te, must be
estimated. Flexural rigidity may be readily
estimated by an analysis of the coherence of
topography and Bouguer gravity anomalies.
Gravity and topography will be coherent at
long wavelengths but not at shorter ones, the
wavelength at which coherence breaks down
being dependent on D. The observed coherence
yg is defined as (Forsyth 1985)

C2-(k)70-
1(k)

where E(x k ) is the average power of topography
for a discrete wavenumber, El(k) is the average
power of gravity for that wavenumber, C(k) is the

(3)

cross-spectral power of gravity and topography
and the overbar indicates averaging over a
wavenumber band. For a mechanically aniso-
tropic lithosphere a similar concept can be used
(Simons et al. 2000), but in this analysis we
assume isotropy. The theoretical coherence for a
plate loaded both at its surface and base is given
by (Forsyth 1985)

(11TWTX11BWB)
/La j_rj2vw2 2wBv.T ..B/ T

(4)

where HT is the amplitude of surface deflection
as a result of surface loading, WT is the
amplitude of deflection of the base of the plate
(i.e. the Moho) as a result of surface loading,
HB the amplitude of surface deflection resulting
from loading at the base of the plate and WB
the amplitude of Moho deflection resulting
from base loading. HT, HB, WT and Wilt depend
on the wavenumber k and flexural rigidity D

tiE

1.

L- r
...c(k) L.

2
+
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Fig(k) = fPcHT(k)/(Idp

WT(k) = -PCHT(k)/Igip (5)

WBO0 = 13Clia(k)41164p

with f the ratio of surface to base loading;
= (Pa pc); 4, = 1 + (D1c4/peg) and ti/ =

1+ (D/c4/Apg). The flexural rigidity D is
related to the equivalent elastic thickness Te by

ET:
D (6)

12(1 v2)

where E is Young's modulus and v is the
Poisson ratio (see Table 1).

The gravity data we used for this analysis are
from the Sveriges Geologiske Undersökelse
1985; Fig. 1) and topography from the ETOPO-
5 database. Gravity and topography data were
projected onto a 500 km X 720km UTM grid.
Data were clipped in the deep offshore areas and
tapered towards the mean value along the sides of
the grid, before being transformed into the
wavenumber domain using a fast Fourier
transform algorithm (see van der Beek 1995).

Results of the coherence analysis are shown in
Fig. 6. Although a best-fitting f and Te can be
estimated independently from the data using a
least-squares criterion (Forsyth 1985), we feel
that this may put too much emphasis on a
best-fitting number for the present data quality.
Visual inspection indicates a best-fit Te

between 10 and 20 km (D = 8.9 X 1021 to
7.1 X 1022N m), assuming f = 1. This value is
at the low end of estimates of flexural rigidity
for Fennoscandia from glacial rebound studies,
which constrain Te to be 5- km (Fjeldskaar

0.001 0.01 0.10

Wavenumber (km-1)

Fig. 6. Results of coherence analysis for southern
Norway. Dots indicate observed coherence for average
wavenumber bands, bars denote I cr errors. Continuous
lines are the various equivalent elastic thicknesses Te.

1.00

& Cathles 1991). It is, however, consistent
with regional Te estimates from the post-
glacial tilt of palaeoshorelines (Fjeldskaar
1997), which suggested Te 20 km, as well
as with an independent coherence study by
Poudjom Djomani et al. (1999), who found
8 Te 18 km for southern Norway.

We have calculated the isostatic response to
denudation adopting constant Te values of 10 and
20 km, using equation (2). The predicted isostatic
rebound has a much smoother pattern than the
local isostatic case, reaching a maximum of
c. 700 m near the NW coastline (Fig. 7). The
magnitude of isostatic rebound is, however, not
much smaller than for the local isostatic case, as
the inferred flexural rigidity is not very large.
Resulting tectonic uplift patterns are also shown
in Fig. 7; the models incorporating flexural
rigidity show a similar dome-shaped uplift
pattern as the local isostatic case. Uplift is
centred on the regions of highest present-day
elevation, reaching a maximum of c. 1500 rn.
This surprisingly high value is relatively
insensitive to the adopted flexural rigidity
because, as D increases, the amount of isostatic
rebound decreases but also spreads more toward
the regions of highest present-day elevation and
contributes to the uplift of these regions. The
critical assumption in this analysis is that the
Palaeic surface was at sea level before Neogene
uplift; if it was at some initial elevation Hi the
inferred Neogene uplift will be overestimated by
the same amount (see equation (1)).

Southern Norway: mechanisms of uplift
The relatively low flexural rigidity of the
lithosphere (c. 1022N m) and high tectonic uplift
strongly suggest an endogenous cause for the
uplift. This leaves us with essentially two
possible solutions: intraplate compression and
dynamic mantle upwelling. Intraplate processes
require positive gravity anomalies below the
dome regions, in contrast to the observations.
Furthermore, intraplate compression cannot
generate the amount of uplift required, as it is
an order of magnitude too low (van der Beek
1995).

Mantle upwelling has been proposed by
various workers for the North Atlantic margins
(e.g. Vignes & Amundsen 1993; Stuevold &
Eldholm 1996; Rohrman & van der Beek 1996).
The upwelling model seems plausible for
Spitsbergen, where high heat flow
(c. 130 mW m-2) prevails and mantle xenoliths
are present in Quaternary alkali basalts. This
model seems less obvious for southern Norway,
where low surface heat flow (c. 40 mW ni-4)

:5
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Fig. 7. Calculated tectonic uplift and isostatic rebound for a model of regional isostatic response to denudation
and different flexural rigidities, corresponding to Te = 10km (D = 8.9 X 1021Nm; top) and Te = 20km
(D = 7.1 x 1022 N m; bottom). (See text for discussion.)
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(Cermak 1979; Balling 1995) and lack of
volcanism are not readily consistent with mantle
upwelling. However, a recent study by Goes et al.
(2000) proposed high sub-Moho temperatures in
excess of 1000°C based on P- and S-wave
tomography below southern Norway (Fig. 8).
These temperatures are similar to those in
regions such as the Massif Central (Sobolev
et al. 1996), where a mantle plume seems
evident. If these temperature estimates are
correct, the discrepancy between surface heat
flow and elevated temperatures at depth can be
explained by a time lag between equilibration of
high lithospheric heat flow and surface heat flow
(McGuire & Bohannon 1989). Assuming con-
ductive heat loss, the change in surface heat flow
Ago is related to a change in temperature at the
base of the thinned lithosphere ATI, the thickness
of the lithosphere after thinning L, and the
diffusion time t, according to

lc ATI
E3 [n22ati

Ago = L
{1 + 2 cos(nir)exp

L2n=1

(7)

where k is thermal conductivity and a the
thermal diffusivity (Table 1). For L between 110
and 80 km and ATI from 400 °C to 500 °C, it takes
around 60 Ma to observe a c. 10 mW m-2 heat-
flow change for southern Norway.

Upwelling material is most probably associ-
ated with advection, therefore we can use a
10 mW m-2 heat-flow change as a conservative
estimate. As no regional heat-flow anomalies are
observed in the southern Norwegian data, we
assume that any dynamic mantle upwelling must
be younger than 60 Ma. Along with the evidence
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of reduced P and S waves below southern
Norway (Bannister et al. 1991; see also below),
this strongly suggests that the southern Norwe-
gian structural dome was generated by active
mantle upwelling or diapirism in Neogene time.

Seismic tomography of the North Atlantic
One of the major advances in our understanding
of the Earth has been the advent and subsequent
development of seismic tomography, a class of
imaging that now provides increasingly detailed
3D maps of seismic velocity variations that can
be related to thermal and chemical variations in
the mantle. Although it has proven relatively
easy to image downwellings (i.e. subducting
slabs), it seems much more difficult to image
mantle upwellings (e.g. Grand et al. 1997). This
is because upwellings are likely to occur in
aseismic regions and are not as well sampled by
seismic data, especially in the shallow mantle.
Furthermore, use of first arrivals of seismic
waves causes a natural bias toward fast
anomalies, because annealing of wavefronts
creates a tendency to underestimate slow
anomaly amplitudes. Another important issue is
that resolution depends on data coverage, which
is uneven owing to the sparse distribution of
sources (i.e. earthquakes) and receivers (i.e.
seismological stations) and the 3D geometry of
the ray paths along which the seismic waves
propagate. Mantle structure has remained unre-
solved beneath large regions of the North
Atlantic because of absence of recording stations
and low levels of seismic activity.

With this in mind, we present P-wave velocity
maps of the North Atlantic at various depths
(Fig. 9), which provide a snapshot of the mantle

0 400 800 1200

Temperature (°C)

1600

Fig. 8. Temperature-depth plot of three geotherms below southern Norway. The 40 mW M-2 geotherm (broken
line) is based on surface heat-flow data. Tp and Ts are geotherms derived from inversion of P-wave and S-wave
seismic velocities, respectively (Goes et al. 2000; Goes pers. comm.). The relative convergence of Tp and Ts
should be noted. VBS, volatile-bearing peridotite solidus; AS, anhydrous peridotite solidus; AD, adiabat.
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Fig. 9. P-wave seismic tomography maps for the North Atlantic at various depths. For the upper mantle low
velocities (red) correspond to high temperatures, whereas high velocities (blue) correspond to low temperatures.
EG, East Greenland; IC, Iceland; SN, southern Norway; NN, northern Norway; IS, Irish Sea; SC, Scotland.

as it is today. The image (Fig. 9) depicts P-wave
velocity maps through the global model of
Karason & van der Hilst (2000) for the North
Atlantic region. Figure 10 shows a resol-

ution test for the velocity map at 150 km,
using a chequerboard model. Resolution is
rather poor below East Greenland (EG) and
most of the North Atlantic Ocean. A better
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Slow
(-1.3%)

Fast
(+1.3%)

Fig. 10. (a) Lateral variations of P-wave speed at 150 km depth beneath the northern Atlantic. (b) Input
'chequerboard' model for resolution test. (c) Result of 'chequerboard' resolution test; as expected, our ability to
image structure in the upper mantle beneath the oceanic regions is very poor owing to absence of earthquake
sources and seismological stations, but beneath southern Norway the lateral resolution is reasonable. Vertical
resolution is poor because of the small incidence angles of the seismic waves used for imaging in this region.

defined low-velocity anomaly is detected below
Iceland (IC). This anomaly extends from near the
surface to c. 400 km, but a deeper structure could
have been overlooked owing to insufficient data
coverage (e.g. Keller et al. 2000). Below
southern Norway (SN) a low-velocity anomaly
is observed that extends from > 50 km depth to
> 250 km. The vertical resolution is poor in this
part of the model, but the slow anomaly agrees
well with previous P- and S-wave tomographic

studies (Bannister et al. 1991; Zielhuis & Nolet
1994a, 1994b; Marquering & Snieder 1996;
Bijwaard et al. 1998). Although this is not likely
to be well resolved, the model suggests that a thin
high-velocity layer overlies a low-velocity
anomaly below southern Norway, which is
consistent with our estimates of Te and suggests
a thinned and relatively weak lithosphere. Farther
eastward we encounter the Baltic shield, evident
as a thick (> 250 km) high-velocity area. The
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change from a low-velocity zone in the upper
mantle of southern Norway (SN) to the high
velocities of the Baltic shield is dramatic and
suggests some fundamental process that has so
far been neglected in our current view of plate
tectonics. We remark that similar features have
been observed in southeastern Australia
(Zielhuis & van der Hilst 1996). Here, a low-
velocity upper-mantle anomaly is depicted below
the mountains (up to 2230 m) of Eastern
Australia, whereas the low-altitude (<200 m)
shield towards the west shows higher velocities.

Regional tomographic studies (Bannister et al.
1991) indicate a low-velocity anomaly below
northern Norway (NN), but in our global model
resolution is too low to infer any details for this
region. Similar resolution problems are
observed below the British Isles, where faint
low-velocity anomalies are present below the
Irish Sea (IS) at c. 200 km depth. Low
velocities below the Irish Sea were also observed
in previous models (Marquering & Snieder 1996;
Bijwaard et al. 1998). Scotland (SC) also suffers
from the aforementioned resolution problems,
but generally suggests higher velocities.

Discussion

Our results from integrating geological, AFT,
geomorphological, Bouguer gravity and seismic
tomography data strongly suggest that mantle
upwelling is present below southern Norway.
Furthermore, it seems evident that this upwelling
was most active in Neogene time and directly
responsible for generating most of the present-
day topography. Whether other areas experi-
enced similar upwellings is still uncertain,
mainly because of lack of sufficient data.
However, there are strong indications that similar
mechanisms generated the domal topography of
Spitsbergen, northern Norway and the East
Greenland coast (Rohrman & van der Beek
1996). There are also some structural differences
among the domes. Whereas Spitsbergen records
Neogene volcanism, southern Norway is com-
pletely devoid of any Cenozoic magmatic
activity. This is probably simply constrained by
the amount of active lithosphere thinning by the
upwelling. Spitsbergen's lithospheric thickness is
estimated to be c. 50 km ( \Agnes & Amundsen
1993), whereas the south Norwegian lithosphere
is much thicker, probably c. 80-100 km. The
Norwegian dome thus possibly represents an
early stage of upwelling. Additionally, the P- and
S-wave temperatures of Goes et al. (2000) for
Europe suggest that divergence of Tp (P-wave
temperature) and Ts (S-wave temperature) at
depths < km could indicate the presence of

melt, as shown for the Massif Central area.
Southern Norway shows relative convergence
between Tp and Ts (Fig. 8), possibly suggesting
absence of melt and therefore no volcanism.

Apart from explaining observed uplift pat-
terns, the mantle upwellings also offer a solution
for offshore anomalous basin subsidence, where
asthenospheric material flows from below the
basins (North Sea, More Basin) toward the
upwelling (southern Norway). Furthermore, in
this interpretation the timing of upwelling
becomes less of an issue, as the available
evidence suggests that boundary conditions are
generated by rifting over an anomalously hot
asthenosphere. Subsequent uplift pulses might be
inferred by changes in upwelling flux (Rohrman
& van der Beek 1996; White & Lovell 1997).

Some concerns remain; mantle upwellings
seem to follow a distinct sequence of events,
starting with surface uplift, followed by basaltic
volcanism and finally thermal subsidence. Alter-
natively, our results might suggest that not all
upwellings cause surface volcanism, as upwel-
ling temperature and velocity could be too low.
Another question is the relationship between
plate movement and upwelling. Traditional
theory suggests that upwellings remain station-
ary with respect to each other, but our results
suggest that this might not always be the case.

We thank Shell UK Exploration & Production for
sponsoring the color figures in this article and Saski
Goes for providing the temperature data below
southern Norway
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