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Abstract

There appear to have been at least two significant episodes of uplift around the North Atlantic during the Cenozoic, and
in many placesit is not easy to separate the two. Effects related to emplacement of the Iceland plume probably caused one
episode, mostly in the Palacogene. The second episode took place in the late Cenozoic, and comprised uplift of basin
margins as well as accelerated subsidence of basin centres adjacent to the uplifted landmasses. Cenozoic uplift of
Scandinavia and of the British Isles has been suggested since at least the beginning of the 20th century. However, it is only
recently being recognised in the literature that a major Neogene tectonic event has affected nearly every continental margin
in the area (including western and eastern Greenland) and far into the European craton.

Pre-Cenozoic rocks are generally exposed onshore and the pre-Quaternary sediments offshore are generally of Neogene
age. Between the two, inclined Palacogene and older beds are truncated by erosional unconformities along many coastlines.
This structural configuration is in accordance with a Neogene uplift of the continents.

A variety of methods have been used to investigate uplift, erosion and redeposition: studies of maximum burial, fission
tracks, geomorphology, sediment supply and structural relations. These methods each investigates only one aspect of the
phenomenon, and a thorough understanding of the processes of uplift and erosion can only be achieved if results from these
methods are integrated.

The main mechanisms suggested in the literature for the large-scale, late Cenozoic events are: emplacement of magmain
and at the base of the crust leading to isostatic uplift, flow of asthenospheric material into active diapirs, isostacy associated
with glacial erosion, phase changes in the lithosphere due to pressure relief and regional compression of the lithosphere. It is
premature to judge between these mechanisms because of the insufficient regional analyses carried out so far. A genera
model must be constrained by observations from al affected areas, it must separate the effects of Palaeogene uplift from
those of Neogene uplift that reach beyond the passive margins, and also include the subsidence patterns observed adjacent to
the landmasses. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction the Neogene that has hitherto been poorly reported in
the literature (Fig. 1, place names are indicated in
Fig. 2). The event is generally recognised in Scandi-
navia from studies driven primarily by the oil indus-
try. But there is much less appreciation that a similar
event took place at nearly every continental margin
" Corresponding author. Fax: +45-38-142-050. around the northern North Atlantic and far into the
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During the last few years, it has become clear that
the landmasses around the northern North Atlantic
have been affected by a major tectonic event during
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Fig. 1. Pre-Quaternary geology around the North Atlantic showing areas of Neogene/Late Cenozoic uplift/erosion and of accelerated
subsidence,/deposition. Greenland: Chalmers (2000-this issue), Johnson and Gallagher (2000-this issue), Larsen (1990), Hansen (1995),
Mathiesen et al. (1995, 2000-this issue), Mathiesen (1998). British Isles/North Sea: George (1966), Bulat and Stoker (1987), Evans (1997),
Japsen (1997). Faroe Islands: Andersen et al. (2000-this issue). Rhenish Massif: Meyer (1983). Svalbard/Scandinavia/North Sea: Jensen
and Schmidt (1992), Nyland et al. (1992), Riis and Fjeldskaar (1992), Jordt et al. (1995), Rohrman et a. (1995), Doré and Jensen (1996),
Hansen (1996), Lidmar-Bergstrom (1996, in press), Riis (1996), Stuevold and Eldholm (1996), Japsen (1998), Japsen and Bidstrup (1999).
Geological basemap drawn after Choubert and Faure-Murat (1976), Larsen (1990), Hakansson and Pedersen (1992), Shannon et al. (1993),
Sigmond (1993), Boldreel and Andersen (1994), Fredén (1994), Escher and Pulvertaft (1995), Pharaoh et al. (1996), Whittaker et al. (1997),

Chalmers (2000-this issue).

vey of Denmark and Greenland (GEUS) hosted a
2-day workshop in Copenhagen to discuss Neogene
uplift and tectonics around the North Atlantic. The
collection of papers published here results from that
workshop.

Cenozoic uplift of Scandinavia (see Stuevold and
Eldholm, 1996 for a summary of the literature) and

the British Isles (e.g. George, 1966) has been sug-
gested since at least the beginning of the century
(e.g. Geikie, 1901; Reusch, 1901). These suggestions
were based primarily on morphologica studies of
successive phases of erosional planation surfaces
(e.g. the ‘paleic surface’ in southern Norway) that
may have been caused by marine erosion and subse-
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Fig. 2. Place name map. See detailsin Fig. 1.

quently uplifted. Studies of such surfaces continue
(e.g. Riis, 1996; Lidmar-Bergstrom et al., 2000-this
issue).

Recent studies of Cenozoic uplift around the North
Atlantic have been prompted by two different, but
perhaps overlapping, themes. On the one hand,
Cenozoic uplift and erosion are significant factors in
the exploration for petroleum, and are generally
recognised to be the cause for the disappointing
results in, e.g. the Barents Sea (Doré and Jensen,
1996). On the other hand, theoretical studies of
plume dynamics predict that mechanical uplift should
accompany the arrival of the plume at the base of the
lithosphere, and that isostatic uplift should accom-
pany the emplacement of magma in and at the base
of the crust (e.g. Nadin et al., 1997).Various authors
have studied the uplift and subsidence of the cratons
around the North Atlantic as they moved relative to
the Iceland plume (e.g. Clift et al., 1998). Examina-
tion of the literature suggests that authors from the
two groups have a tendency to ignore each other,
with the first group tending to focus on the late
Cenozoic and the second group tending to ignore it.

2. Methodology of studies of uplift and erosion
It is important to note that uplift relative to the

geoid must be distinguished from removal of over-
burden (England and Molnar, 1990). Reduction in

the amount of overburden can be caused by acceler-
ated erosion from climatic changes alone (e.g. in-
creased rainfall), so independent information, such as
the presence of truncational unconformities, is needed
to infer that erosion is caused by uplift of the earth’s
surface. The inference of (and even the term) uplift
must thus be used cautiously if measurements result
only in estimates of removed overburden or changes
in sediment supply. Bulat and Stoker (1987) used the
term ‘apparent uplift and Riis and Jensen (1992)
used ‘net uplift’ for estimates of reduced buria
depth. A more neutral term is ‘burial anomaly’
relative to some reference, e.g. a normal velocity-de-
pth trend (Japsen, 1998).

Severa different techniques have been used to
study uplift and erosion and, to some extent, the
different emphases by authors are due to their con-
clusions being based on a single technique in a
limited area. The five main techniques used are the
following:

(1) Maximum-burial studies leading to estimates
of removed overburden. These estimates are based
on measurements of sonic velocity, density or vitri-
nite reflectance and on predictions of how these
parameters change with burial depth (e.g. Bulat and
Stoker, 1987; Jensen and Schmidt, 1992; Japsen,
1998, 2000-this issue).

(2) Fission-track studies leading to a model of the
temperature history of a sample. To some extent, this
can be interpreted in terms of the burial and unroof-
ing of the sample, although changes in the tempera-
ture gradient also cause changes in the sample’'s
temperature history. Statistical uncertainties also be-
come important when modelling the most recent
cooling history based on the relatively few younger
tracks (e.g. Green, 1989; Rohrman et a., 1995;
Hansen, 2000-this issue; Johnson and Gallagher,
2000-this issue; Mathiesen et a., 2000-this issue).

(3) Geomorphological studies of the present to-
pography leading to the identification of denudation
events and to estimates of where and when uplift and
subsidence occurred (e.g. Doré, 1992; Riis, 1996;
Lidmar-Bergstrom, 2000-this issue)

(4) Sediment-supply studies leading to estimates
increased erosion rates and therefore possibly uplift
in the basin's hinterland. Tectonic pulses cannot be
differentiated from eustatic sea level changes using
sequence stratigraphic mapping alone, and the se-
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guence stratigraphic mapping cannot indicate from
where the deposited material ultimately originated
(e.g. Jordt et al., 1995; Stuevold and Eldholm, 1996;
Andersen et a., 2000-this issue; Clausen et al.,
2000-this issue; Evans et a., 2000-this issue).

(5) Structura studies leading to estimates of rela-
tive uplift and removed overburden. These studies
are based on the present structure and relative atti-
tudes of sediments of different age within a basin
and correlation of these with morphological studies
of nearby exhumed landmasses (e.g. Riis, 1996;
Andersen et al., 2000-this issue; Chalmers, 2000-this
issue).

The five methods all address the general problem
of uplift and erosion, but there are fundamenta
differences in the results obtained from the applica
tion of each method. Critical aspects in al of these
studies are to deduce whether uplift of the earth’s
surface took place, at what time it happened, when
rocks were eroded, and what ages are ascribed to the
eroded rocks. A thorough understanding of uplift,
erosion and deposition can only be achieved if re-
sults from al of the above methods are integrated.

3. Extent of late Cenozoic uplift and accelerated
subsidence

We have compiled a map to show the areas of
Neogene uplift and areas of accelerated subsidence
and/or substantial deposition around the North At-
lantic (Fig. 1). Pre-Cenozoic rocks are generally
exposed onshore and the pre-Quaternary sediments
are generally of Neogene age. Especially revealing,
we believe, are the marginal areas bordering the
oceanic basins and the North Sea. In all these areas,
Palaeogene sediments or volcanics lie either at out-
crop or at subcrop to an unconformity at the base of
the Pleistocene, and dip towards the basin centre. All
of the Palacogene outcrop/subcrop patterns that we
have examined appear to be caused by structural
relationships of the type described by Riis (1996)
and Chalmers (2000-this issue). This structural con-
figuration is in accordance with a Neogene uplift of
the continents.

Cross-sections of the uplifted /subsided areas are
also revealing, since severa of the uplifts appear to

be asymmetric. Scandinavia (e.g. Riis and Fjeld-
skaar, 1992), Scotland (e.g. Boulton et al., 1991) and
the Faroe Idands verge towards the west, i.e. to-
wards the Atlantic. Whether the uplifted Greenland
and North American margins are also asymmetric is
not clear from existing data, but the fact that the high
mountains in al these areas are not far from the
coast may be a clue. The uplifted landmasses are
commonly associated with pronounced late-Cenozoic
depocentres; Doré (1992) correlated the summit-level
of southern Norway with the Base Tertiary surface
offshore, which then represents a consistent surface
with a haf-wavelength of about 300 km and an
amplitude of about 4 km.

That uplift of landmasses has occurred in the late
Cenozoic is without doubt. It has been documented
along the Scandinavian margin from Svalbard to the
North Sea and south to Denmark and South Sweden
(see summary in Doré and Jensen, 1996; Japsen and
Bidstrup, 1999). It occurred along the western mar-
gin of the North Sea (Japsen, 1997, 1998; and refer-
ences therein), in England and the Irish Sea (e.g.
Green, 1989; Duncan et al.,1998; and references
therein), and in Scotland (George, 1966). South of
the North Sea, the Rhenish Massif was subject to
accelerated uplift during the late Cenozoic (Meyer,
1983).

The Faroe-Rockall area, on the Atlantic margin,
suffered compression in the Cenozoic (Boldreel and
Andersen, 1993; Andersen et al., 2000-this issue)
which also affected offshore central Norway (Doré
and Lundin, 1996). *

On the other side of the Atlantic, uplift affected
much of East Greenland (Larsen, 1990). Palaeogene
uplift may have been related to the passage of the
Iceland plume (e.g. Clift et al., 1998), but the rate of
uplift seems to have accelerated in the Neogene
(Johnson and Gallagher, 2000-this issue; Mathiesen
et al., 2000-this issue). Mathiesen (1998) showed
that West Greenland suffered uplift during the Ceno-
zoic, and Chalmers (2000-this issue) gives evidence

! Significant late Cenozoic uplift of the Faroes has been de-
duced from the large volumes of post-mid-Miocene sediments
deposited in a major progradational wedge on the eastern margin
of the Faroe Platform (Andersen et al., 2000-this issue).
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that the uplift was later, certainly substantially later
than mid-Eocene and possibly as late as the Plio-
Pleistocene. The late Cenozoic uplift extended at
least as far as the margins of eastern Canada (Eyles,
1996; references therein).

Accelerated subsidence and sedimentation af-
fected some basin centres during the late Cenozoic;
the North Sea (e.g. Nielsen et d., 1986; Cloetingh et
al., 1990; Kooi et a., 1991; Japsen, 1998), offshore
Norway (e.g. Doré and Jensen, 1996), Canada and
possibly southern West Greenland (Cloetingh et al.,
1990) and the Gulf of Bothnia east of Scandinavia
(Lidmar-Bergstrom, 1996)

4. Timing of Cenozoic uplift and erosion

While there is good evidence that many areas
around the North Atlantic underwent uplift, the tim-
ing of the events is unclear and controversial. There
is ample evidence, from many more sources than is
possible to list here, that events associated with
emplacement of the proto-lceland plume and the
onset of sea-floor spreading in the Palaeogene led to
uplift and erosion of many areas in northwestern
Europe (see, e.g. Nadin et al., 1997; and references
therein). In both West and East Greenland, too, there
is evidence for rapid uplift followed by subsidencein
the early Palaeogene, shortly before the onset of
Palaeogene volcanism (e.g. Dam et ., 1998).

However, in many areas there is also evidence for
a Neogene episode of uplift, quite distinct from the
Palaeogene one. Palacogene uplift and erosion could
not have caused the structural and erosional configu-
rations documented, e.g. by Riis (1996) west of
Norway, because sediments as young as Pliocene
have been uplifted and eroded. Japsen (1997) showed
that there were two distinct uplift episodes in the
western North Sea and eastern Britain; one in the
Palacogene and one in the Neogene. Johnson and
Gallagher’s (2000-this issue) fission track studies in
East Greenland show an episode of warming be-
tween about 60 and 40 Ma (presumably associated
with passage of the Iceland plume) followed by an
episode of rapid cooling that started at about 20 Ma.
Mathiesen et al. (2000-this issue) describes Cenozoic
cooling of Jameson Land, East Greenland, that accel-

erated during the Neogene. Dam et al. (1998) de-
scribe episodes of uplift followed by rapid subsi-
dence in both East and West Greenland that took
place prior to eruption of Paleocene volcanics, and
which they interpret as events associated with em-
placement of the plume, whereas Chalmers (2000-this
issue) describes an event that took place in West
Greenland much later than those described by Dam
et al. (1998). Interestingly, however, there seems to
be no clear distinction between the two events in the
North of England/Irish Sea area, where fission track
evidence (e.g. Green et a., 1997; Duncan et a.,
1998) suggests a single episode of cooling that started
at about 60 Ma and decelerated during the Neogene.

Other anomalous areas may be those around the
Faroes and offshore mid-Norway, where Miocene
compression is observed (Boldreel and Andersen,
1993; Andersen et al. 2000-this issue). This activity
may have been caused by loca space problems
associated with NW—SE transfer zones that segment
and offset the continental margin (Doré and Lundin,
1996). However, such an explanation cannot account
for al observations of Neogene uplift around the
North Atlantic.

5. Causes of the Neogene uplift and subsidence

Explanations for the Neogene tectonism must ac-
count for both the uplift and the accelerated subsi-
dence. They must also account for uplift and subsi-
dence taking place along the margins of both an
actively spreading ocean, the North Atlantic, and the
Labrador Sea where spreading had certainly ceased
by the Middle Miocene and was very slow after the
Early Eocene (Roest and Srivastava, 1989). Severd
explanations for Neogene uplift are current in the
recent literature. Some of the explanations do not
account for al the observed phenomena.

During the Palacogene, the North Atlantic area
was affected by the emplacement and subsequent
evolution of the plume now present under Iceland
(see, e.g. Saunders et al., 1997 for a summary). The
plume appears to have caused uplift during the
Palaecogene due both to mechanical support of the
lithosphere by upward convecting plume materia
(Campbell and Griffiths, 1990) and to emplacement
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of magma in and at the base of the crust (underplat-
ing) (White et al., 1987). It is possible that this could
be the only explanation for the uplift around the
North Atlantic, as many authors (e.g. Clift et d.,
1998) propose. If so, the apparent acceleration of
‘uplift’ during the Neogene could be an increase in
denudation rates, caused, for example, by changes to
a wetter climate during the Neogene and ultimately
to glacial erosion during the Pleistocene.

However, there are problems with the ‘plume
model’ as the only explanation of the observed up-
lift. It gives no clear explanation for the increased
Neogene subsidence rates reported by, e.g. Kooi et
al. (1991) from the central North Sea. Dam et al.
(1998) describe evidence for plume-related uplift and
subsequent subsidence in both east and west Green-
land prior to the main phases of Palacogene volcan-
ism and this is a quite different phenomenon from
the uplift reported by Chalmers (2000-this issue),
which took place well after the main phase of
Palaeogene igneous activity. Furthermore, the Neo-
gene uplift postdates the North Atlantic breakup and
predates the onset of glaciation (Rohrman and van
der Beek, 1996).

A variation on the ‘ plume model’ has been pro-
posed by Rohrman and van der Beek (1996) where
the uplift was generated not just by isostatic uplift
from underplating, but by active diapirism of par-
tially melted asthenospheric material under Scandi-
navia and the British Ides. This hypothesis could
account for the accelerated subsidence between the
uplifted ‘domes’ by flow of asthenospheric material
from there into the diapirs.

Undoubtedly, considerable amounts of glacial
erosion took place in many areas around the North
Atlantic during the late Pliocene and Pleistocene. For
example, during the last 3 million years, between
500 and 1500 m of sediment appear to have been
removed from the Barents Shelf and redeposited
mainly in fans along the continental margin (see, e.g.
papers in Solheim et a., 1996ab; Evans et a.,
2000-this issue). Isostacy associated with the glacia-
tion appears to be an important factor in the uplift,
and Blythe and Kleinspehn (1998) think it is enough
to account for all the uplift in Svalbard, whereas Riis
and Fjeldskaar (1992) calculate that it does not ac-
count for all the uplift. No one seems to have tried to
use this mechanism to account for the accelerated

subsidence in the North Sea. Riis and Fjeldskaar
(1992) speculate that the residual uplift not ac-
counted for by isostacy could be caused by phase
changes in the lithosphere due to pressure relief.

Cloetingh et a. (1990) suggested that both the
uplift and accelerated subsidence could be explained
by regional compression of the lithosphere. Their
model predicts both accelerated subsidence in the
basins and basin-flank uplift, and the patterns of
uplift predicted appear to be in agreement with ob-
servation (compare Cloetingh et al.’s (1990) Fig. 7
with Chalmers' (2000-this issue) Fig. 3). Cloetingh
et al.’s (1990) calculations also predict that the up-
lifted basin margins should also verge towards the
basin, an effect seen, for example, in southern Nor-
way. One difficulty with Cloetingh et al.’s (1990)
model is that the amounts of uplift and subsidence
that it predicts appear to be too small by an order of
magnitude (their Fig. 3). Another difficulty is in
explaining how lithospheric compression could be
transmitted across the actively-spreading mid-
Atlantic Ridge, below which Iceland-plume material
is interpreted to be spreading outwards in the as-
thenosphere (White et al., 1995).

6. Summary

There appear to have been at least two significant
episodes of uplift around the North Atlantic during
the Cenozoic and, in many places, it is not easy to
separate the two. One episode, mostly in the Palaeo-
gene, was due to emplacement of magma from the
Iceland plume in and below the crust as well as
margina uplift at the start of seafloor spreading.
The second episode took place during the late Neo-
gene and Quaternary. It comprised not only uplift of
basin margin areas, but also accelerated subsidence
of a least some of the basin centres. |sostatic re-
bound from glacia erosion during the Quaternary
appears undoubtedly to be an important element in
explaining uplift of at least the Scandinavian moun-
tain ranges. Whether it is enough to explain al the
uplift is still an open question, and no one has used
this mechanism to explain the accelerated late-
Cenozoic subsidence in, e.g. the North Sea and
possibly other areas.
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Explanations for these observations have com-
monly been local, involving mechanisms not applica-
ble to the entire area. However, the phenomena
appear to have affected many, if not al, continental
margins around the North Atlantic. A model that
explains these large-scale, Cenozoic phenomena must
separate the effects of Palaeogene, plate boundary-
and plume-related uplift from those of Neogene in-
traplate uplift, and include the subsidence patterns
observed adjacent to the landmasses (Stuevold and
Eldholm, 1996; Japsen, 1997). Such a model must be
constrained by regional observations of these events
based on independent methods rather than by data
from a single area, and by the fact that their effects
reach beyond the passive margins.
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