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Separation of Palaeogene and Neogene uplift on Nuussuaq, West Greenland
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Abstract: The geological record exposed on Nuussuaq, central West Greenland, shows that uplift in the

Palaeocene, probably caused by impact of the Iceland plume head, was followed by kilometre-scale

subsidence. Analysis of apatite fission-track and vitrinite-reflectance data from borehole samples down to

3 km depth reveals that the samples cooled from maximum palaeotemperatures between 40 and 30 Ma

followed by two further cooling episodes beginning in the intervals 11–10 and 7–2 Ma. When the first cooling

episode began, the samples from the neighbouring Gro-3 and Gane-1 boreholes were buried 1500–2000 m

deeper than at the present day, and the palaeogeothermal gradient was 40–48 8C km�1. It is not clear whether

this cooling involved exhumation or if it was due solely to reduction in heat flow and a drop in surface

temperature. The two later episodes definitely involved exhumation because by then the palaeogeothermal

gradient had declined to a value close to the assumed present value of 30 8C km�1, which agrees with

estimates from offshore wells. The most recent cooling episode corresponds to the incision of the present-day

relief (c. 1100 m) below the summits around the two boreholes. We conclude that the present-day high

mountains of West Greenland were not uplifted during the Palaeogene, but are erosional remnants of a

landmass uplifted during the Neogene.
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Studies of the Cenozoic uplift and erosion of the passive

continental margins around the North Atlantic commonly show

evidence for multiple episodes of uplift (see Japsen & Chalmers

2000; Doré et al. 2002). Scandinavia appears to have been

uplifted at least twice, in the Palaeogene (e.g. Faleide et al.

2002; Lidmar-Bergström & Näslund 2002; Nielsen et al. 2002)

and again in the late Neogene (Riis & Fjeldskaar 1992; Rohrman

et al. 1995; Faleide et al. 2002; Japsen et al. 2002; Lidmar-

Bergström & Näslund 2002). Many studies of the British Isles

have focused on Palaeogene uplift (e.g. Green 1986; White &

Lovell 1997; Jones et al. 2002) but there is ample evidence that

uplift and erosion also affected the British Isles during the late

Cenozoic (e.g. George 1966; Green 1989, 2004; Japsen 1997;

Green et al. 2001b; Stoker 2002). Whereas Palaeogene uplift has

been related to the impact of the Iceland plume during the

Palaeocene and the opening of the North Atlantic during the

Eocene, the causes of late Cenozoic vertical movements in the

region remain obscure.

The difficulty in resolving both the timing and magnitude of

the Cenozoic phases of vertical movements is probably the most

critical obstacle in recognizing their nature and hence in under-

standing their causes. Such movements are frequently ignored

because they are manifested by removal of sedimentary cover

and have led to exhumation of rocks that were formed long

before the onset of erosion, giving the impression that no cover

was ever deposited. For example, for many years the present-day

mountains in both Scotland and Scandinavia were thought of as

being the worn stumps of the much higher mountain range

formed during the Caledonian orogeny c. 400 Ma ago instead of

being recognized as blocks of crust uplifted to their present

elevations during the Cenozoic (e.g. Rohrman et al. 1995;

Thomson et al. 1999b). Indeed, the lack of a generally accepted

hypothesis to explain the presence of mountains in Norway has

been termed ‘the Scandinavian enigma’.

West Greenland has also been subjected to uplift during the

Cenozoic, in a similar way to NW Europe (Mathiesen 1998;

Chalmers 2000). One difference is that the exposed Nuussuaq

Basin in central West Greenland contains a detailed record of

early Palaeogene uplift and erosion followed by rapid subsidence

and infilling by volcanic rocks and sediments (Figs. 1 and 2)

(e.g. Pedersen et al. 1993, 2002b; Dam et al. 1998; Chalmers et

al. 1999). This record allows separation of the effects of

Palaeocene–Eocene uplift or subsidence, evident in the sedimen-

tary and volcanic succession, from later events that lifted

Palaeocene marine sediments to their present heights of over a

kilometre above sea level (Fig. 3) (Piasecki et al. 1992). How-

ever, the precise timing of uplift remains uncertain.

In this study, we have used new apatite fission-track analyses

(AFTA1; see Green et al. 2002) and vitrinite-reflectance (VR)

data from two boreholes through lower Palaeocene and Mesozoic

sediments on Nuussuaq, combined with geological and topogra-

phical constraints, to show that kilometre-scale uplift and erosion

occurred during the late Neogene, probably in two discrete

phases. We think this may be the first time that it has been

possible to separate the effects of Palaeogene and Neogene uplift

so clearly because the effects of the Palaeogene phase can be

studied in the preserved succession that is now exposed as a

result of the Neogene uplift.

Palaeogene uplift and subsidence in central West
Greenland

Nuussuaq Basin onshore

Cretaceous and lower Palaeocene sediments partly covered by

Palaeocene–Eocene picritic and basaltic lavas are exposed in the

Nuussuaq Basin on the island of Disko and the peninsulas of



Nuussuaq and Svartenhuk (Fig. 1) (Clarke & Pedersen 1976;

Chalmers et al. 1999; Henriksen et al. 2000).

Two phases of valley incision have been observed beneath the

flood basalts in the Nuussuaq Basin (Dam & Sønderholm 1998;

Dam et al. 1998; Dam & Nøhr-Hansen 2001; Dam 2002). The

earliest channels were formed during the latest Maastrichtian,

and Dam et al. (1998) suggested that they were eroded as

submarine canyons on the footwalls of fault blocks formed

during an episode of extensional tectonism (Chalmers et al.

1999). The later channels were eroded subaerially during the

mid-Palaeocene in an area undergoing uplift probably in re-

sponse to the impact of the head of the Iceland plume (Dam et

al. 1998). Volcanism commenced shortly after infilling of the

later channels, during magnetochron 27n (Riisager & Abraham-

sen 1999), corresponding to 61.3–60.9 Ma (Berggren et al.

1995).

Volcanism started on a submarine slope to the west of the area

where the major channels were eroded. The volcanic pile built

up above sea level so that lavas began to be erupted subaerially.

However, at the shoreline the lavas entered the sea and formed

eastward-prograding Gilbert-type delta structures with cross-

bedded hyaloclastite sets up to 700 m thick (Pedersen et al.

1993), indicating that the basin had already subsided at least that

much below contemporary sea level. The basin continued to

subside during subsequent deposition of a 200 m thick succession

of subaerial lavas alternating with five horizons of foreset-bedded

hyaloclastites on Nuussuaq (Pedersen et al. 2002b), a succession

recording an almost perfect balance between aggradation of the

lava plateau and subsidence of the basin. This succession is

overlain by a 160–180 m thick zone of subaerial lavas across

which the transition from magnetochron 27n to 26r is recorded

(Riisager & Abrahamsen 1999; Pedersen et al. 2002b), and above

which Piasecki et al. (1992) found marine dinoflagellates at a

present-day height of 1176 m above sea level.

Thus the latest Maastrichtian and Palaeocene sedimentary and

volcanic rocks in the Nuussuaq Basin record an uplift event that

Dam et al. (1998) estimated to be up to 1.3 km, followed by

subsidence of at least 1000 m and probably considerably more

than that. At least 900 m of this subsidence took place during

magnetochron 27n (Pedersen et al. 2002b), which lasted 300 ka
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Fig. 1. (a) Place names and sedimentary basins in central West Greenland. SB, Sisimiut Basin (offshore). Rectangle indicates main part of the Nuussuaq

Basin and location of map in Figure 2. (b) Palaeogeography during mid-Palaeocene to early Eocene times. Three areas of volcanism are known, the

northernmost of which extends offshore from the well-known exposures onshore. Basalts and picrites flowed both east and west from a rift zone just west

of Disko and Nuussuaq (Skaarup 2002). The Nuussuaq Basin was undergoing rapid subsidence and the accommodation space was being filled by

sediments and a hyaloclastite delta that prograded eastwards. Rapid subsidence in the Sisimiut Basin created accommodation space that was filled by over

2 km of deltaic sediments that prograded southwards (Dalhoff et al. 2003). (c) Palaeogeography during late Maastrichtian to Danian time. The Nuussuaq

Basin on Disko and Nuussuaq was subject to two phases of uplift with an intervening period of subsidence and sedimentation (Dam et al. 1998). No

evidence of the period of subsidence has been preserved in the sedimentary basins offshore south of the basalts (Dalhoff et al. 2003).
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(Berggren et al. 1995), so the minimum subsidence rate was

0.3 cm a�1.

Sisimiut Basin offshore

Dalhoff et al. (2003) have shown the presence of a major

unconformity that separates mid-Palaeocene and younger sedi-

ments from Campanian and older sediments over the whole of

the sedimentary basins offshore southern West Greenland (Fig.

1). They attributed this unconformity to uplift and erosion caused

by impact of the head of the Iceland plume, because renewed

sedimentation onto the unconformity (and presumably therefore

Fig. 2. Geology and onshore topography of

the study area, and location of profile AA’

(Fig. 3). The Gane-1 and Gro-3 wells are

located at the mouth of a steep-sided valley

with adjacent summits reaching elevations

of c. 1100 m in Palaeocene volcanic rocks.

Thus a succession of volcanic rocks of at

least this thickness must once have covered

the present-day ground surface. CBFS,

Cretaceous Boundary Fault System; It, Itilli

fault; K-Q, Kuugannguaq–Qunnilik fault.

Topographical data from a digital terrain

model, 250 m grid. Geology after Chalmers

et al. (1999). Modified after Bonow 2004.

Fig. 3. Profile along Nuussuaq with

projections of the stratigraphy in the Gane-

1 and Gro-3 wells, SW of the profile and

offset by 5–10 km (location in Fig. 2).

Post-Palaeocene uplift of at least 1200 m is

evident from the occurrence of marine

Palaeocene sediments at that height

(Piasecki et al. 1992). UTM zone 21

easting along horizontal axis. Basalt: K,

Kanisut Mb, c. 53 Ma; M, Maligât Fm, c.

60 Ma; V, Vaigat Fm, c. 61 Ma (Storey et

al., 1998). Marker horizon: Niaqussat and

Nordfjord members (Maligât Fm). CBFS,

Cretaceous Boundary Fault System; It, Itilli

fault; K-Q, Kuugannguaq–Qunnilik fault.

Geology after Rosenkrantz et al. (1974),

Hald (1976), Piasecki et al. (1992), Garde

(1994) and Pedersen et al. (2002a).
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renewed subsidence) started contemporaneously with the onset of

volcanism in the Nuussuaq Basin.

There was an episode of block faulting offshore that has been

dated by drilling as having taken place between the Late

Campanian and late Palaeocene (Aram 1999; Christiansen et al.

2001; Dalhoff et al. 2003), similar to the onshore episode

suggested by Dam et al. (1998) and Chalmers et al. (1999). On

the other hand, there appears to be no record preserved offshore

(Dalhoff et al. 2003) of any equivalent of the Maastrichtian and

Danian sediments onshore that record the details of the mid-

Palaeocene uplift and subsidence. This can be most easily

explained if erosion in the present offshore region during the

Palaeocene episode of uplift (impact of the Iceland plume) was

so extensive that it removed all traces of any Maastrichtian and

early Palaeocene sedimentation, in contrast to what happened in

the present-day onshore area.

The formation of the base Cenozoic unconformity offshore

was followed by subsidence that created sufficient accommoda-

tion space in the Sisimiut Basin to contain a 2.5 km thickness of

sediment deposited during 21 Ma of late Palaeocene to mid-

Eocene time (Fig. 1) (Dalhoff et al. 2003). Seismic sequence

analysis calibrated by borehole control shows that sedimentation

in the northern part of the basin was constantly sufficient to fill

the available accommodation space, indicated by the continuous

deposition of delta-top facies. This indicates a subsidence rate of

0.1 cm a�1.

These sediments were subsequently tilted and their landward

margin was eroded by an unconformity that Chalmers (2000)

called the ‘base Quaternary’ unconformity, the age of which is

not well constrained. The late tilting of the Sisimiut Basin

resembles the tilting and uplift that exposed the Nuussuaq Basin

(compare Chalmers 2000, figs 3 and 4).

Thus the sedimentary and volcanic record preserved both

onshore and offshore West Greenland shows evidence for sub-

stantial uplift associated with the impact of the Icelandic plume

in the mid-Palaeocene, but indicates that this uplift was short

lived and was followed by rapid and substantial subsidence. This

uplift event could not therefore have been what formed today’s

West Greenland mountains. That event must have taken place

later than the mid-Eocene, and probably took place much later.

To investigate this we have modelled the thermal and exhumation

history of the Nuussuaq Basin.

Principles of thermal history reconstruction

To assess the burial and denudation history of the area, we have

used thermal history reconstruction, based on application of

AFTA and VR data (e.g. Green et al. 2001a, b, 2002; Crowhurst

et al. 2002). This approach makes it possible to identify the

timing and magnitude of the main episodes of heating and

cooling that have affected a sedimentary section. The variation

of palaeotemperature through the section in each episode then

allows key parameters such as palaeogeothermal gradients and

amounts of missing section to be determined and the causes of

heating and cooling to be evaluated (e.g. Bray et al. 1992; Duddy

et al. 1994; Green et al. 1995).

Both AFTA and VR data are largely determined by maximum

temperature. For this reason, extraction of thermal history

information from AFTA and VR data begins by constructing a

‘default thermal history’, by combining the burial history derived

from the preserved sedimentary section with the present-day

geothermal gradient. If the observed data are consistent with the

values predicted from this history, then the sample is at present

at or close to its maximum post-depositional temperature, and

the data retain little or no information on any palaeothermal

effects. If, however, the data show a greater degree of fission-

track annealing or VR maturity than expected on the basis of the

default history, the sample must have been hotter in the past. In

this case, AFTA provides an estimate of the time at which

cooling began, and both AFTA and VR constrain the magnitude

of the maximum palaeotemperature reached by individual sam-

ples. AFTA can also provide constraints on subsequent episodes

of cooling from a lower palaeotemperature peak, through short-

ening of tracks formed after the earlier, maximum palaeotem-

perature episode. Data from a single sample can provide

constraints on up to three discrete cooling episodes, if they are

sufficiently separated in time and temperature (Green et al.

2001a). The annealing kinetics of fission tracks in apatite

depends on the chlorine content of the apatite grains (Green et

al. 1986). Incorporation of this variation in Cl content within

each sample is essential in extracting correct thermal history

information from AFTA data (e.g. Argent et al. 2002; Crowhurst

et al. 2002). We do not attempt to constrain the whole thermal

history of each sample. Instead, we focus on those key aspects of

the thermal history that control the development of the AFTA

parameters and VR values, specifically the maximum palaeo-

temperature of each sample and the time at which cooling from

that palaeotemperature began.

Determination of maximum palaeotemperatures over a range

of depths allows the palaeogeothermal gradient at the onset of

cooling to be determined. Extrapolation of this palaeogeother-

mal gradient to an assumed palaeosurface temperature allows

the amount of missing section to be estimated (see Bray et al.

1992; Green et al. 2002). ‘Missing section’ is the amount of

section that has been removed from above a particular sample

horizon after the time at which cooling commenced. A useful

alternative approach is to regard such estimates as ‘additional

palaeoburial’.

Well data

The Gane-1 well (ground level 114 m above sea level (a.s.l.); see

Fig. 2) was drilled as a slim-core borehole to 707 m in 1995 and

encountered 500 m of Palaeocene volcanic rocks underlain by a

sedimentary succession of Palaeocene age (Christiansen et al.

1996a; Nøhr-Hansen et al. 2002). VR data are available over a

limited depth interval (Table 1) (Christiansen et al. 1996b). The

Gro-3 hydrocarbon exploration well (ground level 22 m a.s.l.)

was drilled to 2996 m in 1996, 4 km from the site of Gane-1,

and encountered 303 m of Palaeocene volcanic rocks underlain

by a sedimentary succession intersected by igneous intrusions

whose cumulative thickness was 145 m (Christiansen et al.

1999). The sediments down to c. 1500 m depth have been dated

as Coniacian–Danian, but it was not possible to date the deeper,

c. 1500 m thick sedimentary succession because of thermal

alteration (Nøhr-Hansen 1997). A well-developed, depth-depen-

dent VR maturity trend (see note added in proof) is observed

throughout the succession penetrated; the VR trend is remarkably

regular and shows no sign of anomalies caused by intrusions or

changes in gradient across possible unconformities (Table 1)

(Bojesen-Koefoed et al. 1997).

Eight samples of sandstone for AFTA were taken from cores

and cuttings in the depth range from 0.4 to 2.9 km below sea

level in the Gane-1 and Gro-3 wells (Table 2; Fig. 4). The

apatite yield was excellent in seven samples and good in one,

but we have filtered the data from the Gro-3 borehole to

eliminate the effects of spurious apatite grains that appear to

represent contamination of the cuttings material. Some samples
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contained only small numbers of confined track lengths because

of the low spontaneous track densities resulting from the recent

cooling from .110 8C, and sample GC883-13 contained none.

Apatites separated from samples for this study show distribu-

tions of Cl contents similar to those found in detrital apatites

from common sandstone samples around the world, with the

majority of grains having Cl contents between 0 and 0.1 wt%

and a smaller number of grains containing up to 0.5 wt%,

although a minor component of grains with Cl content up to

1 wt% is present in some samples. Full details of the AFTA

data in these samples and in a larger dataset from the Nuussuaq

Basin, and the associated thermal history interpretations, have

been described by Green (2003) and this report is available

from the Society Library or the British Library Document

Supply Centre, Boston Spa, Wetherby, West Yorkshire LS23

7BQ, UK as Supplementary Publication No. SUP 18212 (250

pages). It is also available online at http://www.geolsoc.org.uk/

SUP18212.

No present-day temperature information is available from

these boreholes, so a present-day thermal gradient of 30 8C km�1

has been assumed. This value is in agreement with values in the

range from 24 to 34 8C km�1 found for five wells offshore West

Greenland based on borehole temperature data (Rolle 1985) tied

to a sea-bed temperature of 2 8C and constrained on the basis of

AFTA and VR results (Gibson 1999). The trend of the age data

in Figure 4 towards zero at depths .3 km and the consistency

between this and the predicted age–depth trends for the most

sensitive (i.e. low-Cl) apatites suggests that this value is approxi-

mately correct.

Thermal history reconstruction for Gro-3 and Gane-1
boreholes

Thermal history interpretation of AFTA and VR data

We have analysed the Gro-3 and Gane-1 results together,

assuming that the two well sites, only 4 km apart, were subjected

to the same thermal history. The consistency of the results

between the two boreholes suggests that this assumption is

justified (Tables 1 and 2). The AFTA results from the boreholes

define a highly consistent trend in which fission-track ages

decrease with depth and are much less than the values predicted

from the ‘default thermal history’ (Fig. 4). This shows that the

sampled sedimentary units have been much hotter in the past.

Estimates of the peak palaeotemperatures attained by each

sample in one or two palaeoheating episodes, together with the

timing at which cooling from that peak began, are listed in Table

2. These estimates have been obtained by comparing measured

AFTA parameters (fission-track age and track length distribution

and their variation with Cl content) with the values predicted

from a range of thermal histories. Using software that examines

the degree of agreement between predicted and measured fission-

track age and the track length distribution as a function of

chlorine content, for an input thermal history, a best-fit solution

is defined on the basis of maximum likelihood theory (similar to

that described by Gallagher 1995). By systematically varying the

timing of the onset of cooling and the peak palaeotemperature

about the best-fit values, the range of conditions can then be

defined for which the modelled parameters are consistent with

the measured data within 95% confidence limits.

Identification of palaeothermal episodes

Synthesis of the timing constraints for individual cooling epi-

sodes identified from AFTA in each sample (Table 2), based on

comparing the overlap of timing constraints from individual

samples, suggests that three discrete palaeothermal episodes of

cooling are required to explain the AFTA data in all samples,

with cooling beginning in the following intervals (Fig. 5): 44–

25 Ma (Eocene–Oligocene, henceforth referred to as ‘Eocene–

Oligocene’); 13–10 Ma (Late Miocene, or ‘Miocene’); 7–2 Ma

(latest Miocene to Pliocene, or ‘Pliocene’). It should be noted

that these intervals represent the range of uncertainty of times at

which cooling began, and we do not suggest that cooling was

Table 1. Maximum palaeotemperatures from VR data

Well name Average depth
(m)

Present temperature
(8C)

Measured VR*
(%)

Maximum palaeotemperature†‡

(8C)

Gane-1 503 15 0.70 116
Gane-1 510 15 0.66 109
Gane-1 526 16 0.69 115
Gane-1 535 16 0.70 116
Gane-1 547 16 0.67 111
Gane-1 591 18 0.75 122
Gane-1 615 18 0.68 113
Gane-1 635 19 0.58 96
Gane-1 641 19 0.60 99
Gane-1 649 19 0.72 118
Gro-3 370 11 0.77 124
Gro-3 510 15 0.74 121
Gro-3 1110 33 0.98 141
Gro-3 1150 35 1.01 143
Gro-3 1250 38 1.32 161
Gro-3 1300 39 1.23 156
Gro-3 1390 42 1.23 156
Gro-3 1545 46 1.42 166
Gro-3 1725 52 1.61 175
Gro-3 2365 71 2.24 198
Gro-3 2435 73 2.29 200

*Measured VR values from Christiansen et al. (1996b) and Bojesen-Koefoed et al. (1997).
†All estimates of maximum palaeotemperature were determined using assumed heating rates of 1 8C Ma�1 and cooling rates of 10 8C Ma�1.
‡Maximum palaeotemperatures derived from VR data using the algorithm of Burnham & Sweeney (1989).
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restricted to these intervals. The ‘Eocene–Oligocene’ episode is

resolved only in the shallower samples, because deeper samples

cooled to temperatures at which fission tracks are retained only

from the ‘Miocene’ episode (from ,110 to 120 8C, depending on

Cl content within a particular apatite). The ‘Miocene’ episode is

recognized in all samples except the deepest, which cooled below

115 8C only during the ‘Pliocene’ episode.

The consistency of the interpretations from all samples sug-

gests that the assumption of synchronous cooling throughout the

section is valid. Synthesis of a larger dataset from the Nuussuaq

Basin described by Green (2003) is consistent with this assump-

tion and allows the timing of the onset of cooling episodes to be

refined further: 40–30 Ma (‘Eocene–Oligocene’); 11–10 Ma

(‘Miocene’); 7–2 Ma (‘Pliocene’). We suggest that these epi-

sodes applied to the whole region of central West Greenland.

Integration of AFTA with VR data

The palaeotemperatures obtained from the AFTA values in the

Gane-1 and Gro-3 boreholes are highly consistent with the range

of temperatures for the ‘Eocene–Oligocene’ episode derived

from VR data in the shallow samples (Tables 1 and 2; Fig. 6)

(see Green et al. 2001a, b). The deeper samples were totally

annealed prior to ‘Miocene’ cooling, and do not record the

maximum temperature ‘Eocene–Oligocene’ episode that deter-

mined the VR values. Two VR values from the Gane-1 well

indicate relatively low palaeotemperatures, and these may reflect

suppression in the reflectance of these samples (e.g. Wilkins et

al. 1992; Newman 1997; Carr 2000).

Whereas AFTA data from sample GC883-10 reveal that the

sample began to cool from a peak palaeotemperature between

125 and 135 8C between 22 and 7 Ma, VR data from a similar

depth define a maximum palaeotemperature between 160 and

180 8C. This apparent conflict can be resolved if the sample that

provided the AFTA data cooled from the higher palaeotempera-

ture prior to 35 Ma (Table 2). The combination of AFTA and VR

data from this sample therefore suggests three discrete episodes

of cooling, and results from the other samples are consistent with

this scenario.

Palaeotemperature profiles and mechanisms of heating
and cooling

‘Eocene–Oligocene’ palaeotemperature constraints from the

combined dataset define a linear profile with depth that shows

consistency between the maximum palaeotemperatures derived
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Fig. 4. (a) Fission-track ages and (b) mean

track lengths in samples from the Gro-3 and

Gane-1 boreholes plotted against depth and

temperatures (Table 2). The continuous line

in (a) shows the variation of stratigraphic

age with depth. The dashed lines show the

predicted patterns of fission-track age and

mean track length from the default thermal

history based on the preserved sedimentary

section for apatites containing 0.0–0.1,

0.4–0.5, 0.9–1.0 and 1.5–1.6 wt% Cl. The

fission-track ages decrease with depth and

are much less than the values predicted

from the default thermal history. This

shows that the sampled sedimentary units

have been much hotter in the past.
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Fig. 5. Constraints on the timing of cooling

in palaeothermal episodes recognized from

AFTA data in the Gro-3 and Gane-1

boreholes (Table 2). Synthesis of all data

suggests three discrete episodes of cooling

(vertical bands). Analysis of a larger dataset

from the Nuussuaq Basin allows the onset

of cooling episodes to be refined further to

40–30 Ma (‘Eocene–Oligocene’), 11–

10 Ma (‘Miocene’) and 7–2 Ma

(‘Pliocene’) (Green 2003).
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from VR data and those defined from AFTA (Fig. 6a). The slope

of this trend is higher than the assumed present-day temperature

gradient and is offset to higher palaeotemperatures by an amount

that increases from c. 100 8C at present-day sea level to c.

150 8C at a depth of 3 km. The nature of this profile suggests

that the ‘Eocene–Oligocene’ palaeotemperatures are best ex-

plained in terms of heating as a result of a combination of deeper

burial and elevated basal heat flow compared with the present-

day value.

In contrast to the ‘Eocene–Oligocene’ values, ‘Miocene’

palaeotemperature constraints are rather broad in the shallower

samples, whereas deeper values represent only minimum limits

(owing to total annealing of all tracks prior to cooling), resulting

in a less well-defined profile. ‘Pliocene’ constraints are also

relatively broad, with only upper limits in many samples. Thus,

although palaeotemperature constraints for both episodes are

consistent with linear profiles, as shown in Figure 6, a range of

gradients is possible for both episodes. ‘Miocene’ palaeotem-

peratures are offset to higher temperatures by around c. 70 8C,

whereas ‘Pliocene’ values are higher by c. 40 8C, both in

comparison with an assumed present-day geothermal gradient of

30 8C km�1.

Because we have palaeotemperature estimates over a range of

depths, we can define palaeogeothermal gradients that are

consistent with the data during each episode. Extrapolation of

the gradients from present-day sea level to an assumed palaeosur-

face temperature provides an estimate of the amount of section

that formerly existed above present-day sea level at each

palaeothermal maximum. Estimating how much section has been

removed depends on certain assumptions, as follows.

(1) The palaeogeothermal gradient through the removed

section, which cannot be constrained by direct measurement. We

have assumed that the gradient was linear and equal to the value

through the preserved section. This assumption may be invalid if

the elevated palaeotemperatures were caused by processes such

as confined fluid flow or igneous intrusion, but no evidence of

such effects has been seen in the Gro-3 or Gane-1 results.

(2) The palaeosurface temperatures, which we have assumed

to be 20 8C, 10 8C and 0 8C, respectively, for the ‘Eocene–

Oligocene’, ‘Miocene’ and ‘Pliocene’ episodes. These values are

based on mollusc shell isotope data for the North Sea reported

by Buchardt (1978), but are also considered reasonable for the

study area.

The calculated palaeotemperatures for each episode can be

explained by different combinations of palaeothermal gradients

and amounts of removed section, with higher palaeothermal

gradients requiring less removed section and vice versa, as shown

in Figure 7 (Bray et al. 1992; Green et al. 1995, 2002).

(1) The ‘Eocene–Oligocene’ episode is well defined by

coherent data over a depth range of c. 2.5 km and is character-

ized by a palaeogeothermal gradient between 40 and 48 8C km�1

(Fig. 6a). This corresponds to an overburden of 1500–2000 m

above present-day sea level when cooling began between 40 and

30 Ma.

(2) The ‘Miocene’ palaeotemperatures allow a much wider
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Fig. 6. Palaeotemperature constraints v. depth. Three palaeothermal

episodes derived from AFTA and VR data in samples from the Gro-3 and

Gane-1 boreholes. (a) ‘Eocene–Oligocene’, 40–30 Ma. (b) ‘Miocene’,

11–10 Ma. (c) ‘Pliocene’, 7–2 Ma. The present-day temperature profile

is based on assuming a thermal gradient of 30 8C km�1, which is in

agreement with estimates from offshore wells.
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range of possible palaeogeothermal gradient from 28 to

53 8C km�1. This corresponds to an overburden of 700–2300 m

above present-day sea level when cooling from this palaeotem-

perature peak began between 11 and 10 Ma.

(3) The ‘Pliocene’ palaeotemperatures can be explained by a

palaeothermal gradient between 20 and 48 8C km�1. This corre-

sponds to an overburden of between 0 and 3 km above present-

day sea level when cooling began between 7 and 2 Ma.

Constraints from present-day topography

The present-day topography imposes a significant constraint on

the amount of section that can have been present above the

surface at the site of each borehole. Both were sited near the

mouth of a steep-sided valley with flanking summits reaching

elevations of c. 1100 m in Palaeocene volcanic rocks. Thus a

succession of volcanic rocks of at least this thickness must once

have covered the present-day ground surface.

(1) ‘Pliocene’ episode. The range of conditions that character-

ize the ‘Pliocene’ episode intersects the 1100 m summit elevation

at a palaeogeothermal gradient of 30 8C km�1 (Fig. 7). This

means that the ‘Pliocene’ palaeotemperature constraints can be

explained by a combination of a surface temperature of 0 8C, a

palaeogeothermal gradient equal to the (assumed) present-day

value and burial by exactly the amount of section that was

eroded in creating the present-day local relief. We therefore

interpret that the cooling during the ‘Pliocene’ episode corre-

sponds to incision of the local relief, which can therefore be

dated to have begun between 7 and 2 Ma.

(2) ‘Eocene–Oligocene’ episode. In contrast, the range of

conditions that characterizes the ‘Eocene–Oligocene’ episode in

Figure 7 plots entirely above the local summit elevation of

1100 m. This observation indicates that the present-day adjacent

summits were more deeply buried by 400–900 m at the time that

cooling began, with the appropriate amount depending on what

value of palaeogeothermal gradient is chosen from the allowed

range of 40–48 8C km�1.

(3) ‘Miocene’ episode. The ‘Miocene’ palaeotemperature

constraints allow a wide range of palaeogeothermal gradients and

additional burial (Fig. 7): At one extreme, palaeogeothermal

gradients around 40–45 8C km�1 (Fig. 7) correspond to c.

1100 m of section above present-day sea level, implying that the

adjacent summit level was no more deeply buried during the late

Miocene than at the present day. In this case, ‘Miocene’ cooling

was due solely to a reduction in the palaeogeothermal gradient,

and erosion did not begin until the start of incision of the

present-day relief in the ‘Pliocene’ episode. At the other extreme,

a palaeogeothermal gradient of c. 30 8C km�1 (Fig. 7) corre-

sponds to a total section of c. 2000 m above present sea level,

implying that the adjacent summit level was buried by an

additional c. 900 m. In this case, ‘Miocene’ cooling was due

solely to erosion of the overburden without change in geothermal

gradient and began between 11 and 10 Ma.

A variety of alternative scenarios could also be constructed

that would be consistent with the available palaeotemperature

constraints, and further geological input is required before a

choice can be made between them. Most volcanism in the area

took place during the Palaeocene, followed by a second episode

during the early Eocene, after which comparatively minor

volcanic activity took place (Storey et al. 1998). It seems,

therefore, most likely that the palaeogeothermal gradient de-

clined after the ‘Eocene–Oligocene’ episode and that some

erosion did take place during the ‘Miocene’ episode. Conse-

quently, the start of erosion at that time probably implies the start

of the Neogene uplift in the area. The upper limit of c. 900 m for

the amount of additional ‘Eocene–Oligocene’ burial of the

adjacent summit level is the same as that for the ‘Miocene’

episode. Therefore it remains unclear whether ‘Eocene–Oligo-

cene’ cooling involved erosion of the overburden or was due

solely to reduction in heat flow and a drop in surface tempera-

ture.

Reconstructions of the thermal and burial history

We present two possible reconstructions of the thermal and

burial–erosion history that are consistent with the constraints

derived from AFTA and VR data from the Gro-3 and Gane-1

boreholes (Figs. 8 and 9). In undertaking such reconstructions, it

is important to take note of what can and what cannot be

constrained using palaeothermal techniques such as AFTA and

VR. As emphasized by Green et al. (2002), such techniques are

dominated by palaeotemperature maxima, but retain no informa-

tion on the history prior to the onset of cooling. In a sedimentary

section that has undergone multiple heating and cooling epi-

sodes, as in this study, the data cannot constrain the history

between cooling events, although the magnitude and timing of

the palaeothermal peaks are well defined. The precise details of

the history prior to the onset of ‘Eocene–Oligocene’ cooling is

therefore unconstrained by the AFTA and VR data and that

shown here is based, in part, on the subsidence known to have

taken place during the Palaeocene.

The reconstruction of the maximum palaeotemperature epi-

sode (‘Eocene–Oligocene’) is tightly constrained by the data, so

both reconstructions are represented by (1) 1100 m of additional

burial between 61 and 60 Ma (representing the effects of the
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Fig. 7. Amounts of additional section and palaeogeothermal gradients

required to explain palaeothermal episodes in the composite Gro-3 and

Gane-1 borehole dataset. The wells were sited near the mouth of a steep-

sided valley with flanking summits reaching elevations of c. 1100 m in

Palaeocene volcanic rocks. Thus a succession of volcanic rocks of at

least this thickness must once have covered the present-day ground

surface. The shaded regions define the parameter ranges that are

consistent with the respective palaeotemperature constraints within 95%

confidence limits. Trajectories labelled 1 and 2 refer to the burial-uplift

histories illustrated in Figures 8 and 9. d, maximum likelihood solutions.
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volcanic succession preserved in neighbouring peaks), and (2) a

further 600 m of burial between 60 and 40 Ma, giving (3) a total

additional burial of 1700 m at 40 Ma, with a palaeogeothermal

gradient at that time of 45 8C km�1 (see Fig. 7). This model is

consistent with the known geology of the Nuussuaq Basin

combined with a hypothesized episode of thermal subsidence

and infilling of post-volcanic rocks.

The nature of the ‘Pliocene’ episode is also common to both

reconstructions, representing the incision of the modern relief

(1100 m), modelled to have taken place since 4 Ma, although an

onset at any time between 7 and 2 Ma is allowed by the AFTA data.

Many alternatives satisfy the data for the ‘Miocene’ episode

(Fig. 7) and two possible reconstructions are shown in Figures 8

and 9. Figure 8 shows continued burial through Eocene and

Oligocene times, with maximum burial depths reached in the late

Miocene (compare the trajectory labelled ‘1’ in Fig. 7). Figure 9

incorporates an episode of Eocene–Oligocene exhumation and

Miocene reburial (trajectory ‘2’ in Fig. 7). Further integration

with geological constraints is required before discrimination

between the various options is possible.

Summary of constraints imposed by AFTA and VR data

Palaeogeothermal gradients and palaeoburial estimates are based

on data from the Gro-3 and Gane-1 wells, whereas the timing of

the episodes of onset of cooling is based on a larger dataset from

the Nuussuaq Basin, the details of which have been described by

Green (2003). The main constraints imposed by the AFTA and

VR data are as follows.

(1) The section intersected in the two boreholes began to cool

from maximum post-depositional palaeotemperatures sometime

between 40 and 30 Ma (‘Eocene–Oligocene’ cooling episode).

(2) At the time that this cooling episode began, the sampled

section was buried by an additional 400–900 m of section above

the level of the adjacent summits (1500–2000 m deeper burial

than at the present day), and the palaeogeothermal gradient was

between 40 and 48 8C km�1 (Fig. 7).

(3) Subsequent cooling from lower palaeothermal peaks began

between 11 and 10 Ma and between 7 and 2 Ma (‘Miocene’ and

‘Pliocene’ cooling episodes).

(4) Available palaeotemperature constraints allow a wide range

of values of palaeogeothermal gradient and additional burial

during the ‘Miocene’ episode (Fig. 7).
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Fig. 8. Burial and thermal history reconstruction 1 for the Gro-3 well

(see Fig. 7). (a) Depth v. time; (b) temperature v. time with palaeosurface

temperatures indicated by the upper line; (c) palaeogeothermal gradient v.

time. In this reconstruction the ‘Eocene–Oligocene’ cooling episode is

due entirely to reduction in palaeogeothermal gradient and fall in surface

temperature. The maximum palaeotemperature episode (‘Eocene–

Oligocene’) is represented by 1100 m of additional burial between 61 and

60 Ma (representing the effects of the volcanic succession preserved in

neighbouring peaks) and a further 600 m of burial between 60 and

40 Ma, giving a total additional burial of 1700 m at 40 Ma. This was

followed by deposition of an additional 100 m until late Miocene time,

resulting in maximum depth of burial at 10 Ma, after which exhumation

commenced. Between 10 and 7 Ma, 700 m of erosion occurred and, after

a period of relative quiescence, the remaining 1100 m were removed

during the ‘Pliocene’ episode. The erosion prior to volcanism is not

shown because it is not recorded in the thermochronological data. A late

Miocene palaeogeothermal gradient of 32.5 8C km�1 has been used.

Palaeosurface temperatures are based on Buchardt (1978). K, Cretaceous;

Pa, Palaeocene; E, Eocene; O, Oligocene; M, Miocene; P, Pliocene.
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(5) The most recent cooling episode, beginning sometime

between 7 and 2 Ma, corresponds to incision of the present-day

relief (c. 1100 m) below the adjacent summit level, correspond-

ing to a geothermal gradient of 30 8C km�1, which is in

agreement with estimates from offshore wells.

Although incision of the valleys since the inception of the

most recent uplift at 7–2 Ma will have produced a local

perturbation of the isotherms, this does not affect our interpreta-

tion because the AFTA data record the pre-incision palaeother-

mal state, in which the isotherms would have been parallel to the

(assumed) flat land surface.

Comparison with previous studies

Bojesen-Koefoed et al. (1997) concluded that a section 1900 m

thick must have been present above the present-day ground

surface at the location of the Gro-3 well prior to erosion, to

produce the observed maturity trend in the well (Fig. 6a). The

estimate was made by extrapolating the VR depth trend linearly

to a VR value of 0.2. The estimate of Bojesen-Koefoed et al.

(1997) agrees well with the 1500–2000 m found by this study as

the most probable value for the missing section.

Mathiesen (1998) used a basin modelling approach constrained

by thermal maturation data and apatite fission-track data to

define consistent models of burial, uplift and erosion for the

Nuussuaq Basin. The VR data available to Mathiesen (1998)

were those used in this study, but the fission-track data available

to him were from an earlier study and were too limited to

achieve a well-defined timing of uplift and erosion. His preferred

models for the Gro-3 well did, however, indicate accelerated

erosion during the Neogene, whereas uncertainty in determining

the palaeogeothermal gradient led to estimates of the missing

section ranging from 2050 to 3350 m. The low value was

supported by the maturity data from the Gro-3 well, whereas the

high value was based on extrapolation of the top basalt surface

offshore reported by Chalmers (2000).

Chalmers (2000) showed that a .3 km thick, post-mid-Eocene

sedimentary section offshore west of Nuussuaq had been rotated

to dip westwards and its landward end is truncated either by an

erosional unconformity close to the sea bed or by the sea bed

itself. Chalmers (2000) concluded that rotation of the section,

and thus uplift of the landmass on Nuussuaq, had occurred

substantially after the mid-Eocene and probably during the
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Fig. 9. Burial and thermal history reconstruction 2 for the Gro-3 well

(see Fig. 7). (a) Depth v. time. (b) Temperature v. time with palaeosurface

temperatures indicated by the upper line. (c) Palaeogeothermal gradient v.

time. In this reconstruction the ‘Eocene–Oligocene’ cooling episode

involves exhumation. The burial history between 61 and 40 Ma is the

same as in reconstruction 1 (Fig. 8). In this reconstruction 500 m of

section was removed during a discrete phase of exhumation between 35

and 15 Ma, following which an additional 400 m of section was deposited

between 15 and 10 Ma, giving a total thickness of additional burial

(‘palaeoburial’) at that time of 1600 m. Erosion of 500 m of section

occurred between 10 and 7 Ma and the remaining sediments were

removed as in reconstruction 1. The erosion prior to volcanism is not

shown because it is not recorded in the thermochronological data. A late

Miocene palaeogeothermal gradient of 35 8C km�1 has been used in this

reconstruction. Palaeosurface temperatures are based on Buchardt (1978).

K, Cretaceous; Pa, Palaeocene; E, Eocene; O, Oligocene; M, Miocene; P,

Pliocene.
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Neogene. The extrapolation by Chalmers (2000) included esti-

mates of the amount of post-basalt movement across two faults

and resulted in an estimate of a palaeobasalt surface at 3350 m

above the present-day site of Gro-3.

The analysis presented here clearly shows the consistency of

AFTA and VR data from the Gro-3 and Gane-1 wells and thus

favours the minimum erosion case of Mathiesen (1998) based on

a high‘Eocene–Oligocene’ palaeogeothermal gradient (Fig. 6a).

The refutation of the maximum erosion case implies that either a

major part of the fault movements must have taken place after

maximum temperatures occurred during the ‘Eocene–Oligocene’

episode or that the estimates of Chalmers (2000) of the amount

of displacement across the faults are wrong.

Discussion

It is interesting that we find that maximum palaeotemperatures

in the subsurface occurred between 40 and 30 Ma, which is

significantly later than peak volcanism during the Palaeocene.

In addition, the erosion prior to volcanism, well documented

by Dam & Sønderholm (1998) and Dam et al. (1998), is not

recorded in the thermochronological data because it happened

prior to the palaeotemperature maximum. If the geothermal

gradient is assumed to have declined after peak volcanism in

the Palaeocene, the ‘Eocene–Oligocene’ palaeotemperature

maximum must represent continued burial of the sedimentary

succession prior to the ‘Eocene–Oligocene’ episode. This

conclusion agrees with the known stratigraphic record, because

Eocene volcanic rocks are present further west on Nuussuaq

(Storey et al. 1998) and Eocene sedimentation is documented

just west of Nuussuaq. Here a seismic unit between the top

basalt and the mid-Eocene reflector is seen on seismic sections

(c. 150 ms two-way time thickness; see fig. 4 of Chalmers

2000). The mid-Eocene unconformity is represented by a

hiatus in the offshore stratigraphic record in the Lutetian, c.

45–43 Ma (Eldrett et al. 1996; Nøhr-Hansen 2003). Sediments

of late Eocene age (older than 34 Ma) are found in the wells

offshore southern West Greenland, whereas sediments of

Oligocene age have not been identified (Nøhr-Hansen 2003).

This means that sediments older than 45 Ma and probably also

between 45 and 34 Ma old sediments are preserved just west

of Nuussuaq, in agreement with the suggested continued burial

at the location of the two boreholes until sometime between

40 and 30 Ma.

It is not clear whether the ‘Eocene–Oligocene’ cooling

involved erosion of the overburden or if it was due solely to

reduction in heat flow and a drop in surface temperature (Figs. 8

and 9). Even though the temporal constraints are loose, this

episode probably correlates with the Oligocene hiatus identified

offshore southern West Greenland (Nøhr-Hansen 2003; Piasecki

2003). The Oligocene hiatus does not appear as a prominent

angular unconformity on seismic sections from the area and

consequently seems not to have involved significant tectonism. If

it represents uplift and erosion, the uplift must have been

uniform over a very large area, but the hiatus may well represent

only non-deposition. If the ‘Eocene–Oligocene’ episode involved

erosion, then reburial must have taken place to attain the

Miocene burial depths required by the AFTA data as shown in

reconstruction 2 in Figure 9. Indication of such a phase of

sedimentation may be present on Hareøen, where a succession of

Neogene sediments has been found in a palaeofumarole

(Christiansen et al. 1999).

The nature of the ‘Miocene’ cooling episode can be under-

stood if the palaeotemperature constraints allowed by AFTA and

VR data are narrowed by geological arguments. Because there

was only minor volcanism after early Eocene times, the geother-

mal gradient probably declined to its present value after the

palaeothermal event between 40 and 30 Ma. Consequently, the

‘Miocene’ cooling episode must partly have been due to erosion,

which is implicit in both reconstructions shown in Figures 8 and

9. A scenario of no erosion in this episode requires that the

palaeogeothermal gradient was as high as the gradient during

the ‘Eocene’ episode, 40–45 8C km�1 (Fig. 7). Therefore, if the

gradient was less than that, there must have been some erosion

since 10 Ma.

The episodes of cooling during the Cenozoic identified in this

study agree well with episodes in NE Greenland beginning

between 40 and 30 Ma and between 10 and 5 Ma found in a

similar study of AFTA data from outcrop samples (Thomson et

al. 1999a). In this area maximum palaeotemperatures were also

found to have occurred during the mid-Cenozoic corresponding

to an additional palaeoburial of up to 3 km if a geothermal

gradient of 30 8C km�1 is assumed (Thomson et al. 1999a). The

coincidence in timing between the mid-Cenozoic episodes

identified on the west and east coast of Greenland suggests that

they may have a common cause, and that this is related either to

uplift and erosion or only to reduction in heat flow and a drop in

surface temperature. Only minor occurrences of mid-Cenozoic

magmatic intrusions are known from West Greenland (e.g. Storey

et al. 1998), so it is unlikely that heat from such intrusions could

be the cause of the palaeothermal episode between 40 and 30 Ma

as suggested by Thomson et al. (1999a) for their study area in

NE Greenland.

The Neogene event identified on the east coast may represent

the combined effect of the two events identified on the west

coast. Thomson et al. (1999a) suggested that the late event was

related to uplift and erosion and that the event resulted from

changes in the North Atlantic spreading direction. The results

presented here suggest that it is likely that the event on the east

coast is indeed due to uplift and erosion, as on the west coast,

whereas changing plate movements in the North Atlantic are a

less likely cause on the west coast of Greenland and so by

analogy not on the east coast either. Other studies from East

Greenland based on analysis of apatite fission tracks have also

concluded that kilometre-scale erosion took place during the

Neogene (Johnson & Gallagher 2000; Mathiesen et al. 2000;

Hansen & Brooks 2002).

Estimates of the magnitude of the Neogene uplift in West

Greenland are constrained by the occurrence of marine Palaeo-

cene deposits within the basalt succession at c. 1200 m a.s.l.

(Piasecki et al. 1992). Indeed, these basalts may be considered

as the cap rock that has prevented the underlying sedimentary

succession from being completely removed. It is thus only due

to the kilometre-scale Neogene uplift and dissection within the

last 11 Ma that the Mesozoic–Palaeogene succession of the

Nuussuaq Basin has been re-exposed and that we are able to

study the effects of the impact of the Iceland plume on these

sediments.

Exhumation in West Greenland was also affected by glacial

erosion during the late Cenozoic. The first indications of late

Cenozoic glaciation have been found in cores of late Miocene

age collected offshore southern East Greenland (Larsen et al.

1994). The episode of uplift and erosion reported in this paper

that began between 11 and 10 Ma thus clearly precedes glacia-

tion in Greenland. Isostatic rebound after the last glaciation is

clearly too small to explain the magnitude of erosion in the study

area, where the altitude of the post-glacial marine limit is less

than 120 m a.s.l. (Funder & Hansen 1996).
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Possible causes of Neogene uplift

The causes of Neogene uplift in West Greenland (and around the

northern North Atlantic) are as yet unknown, but our observa-

tions can be used to rule out some of the proposed mechanisms.

Uplift during the Palaeocene and/or early Eocene was a common

phenomenon around the northern North Atlantic, and has been

attributed to dynamic support during impact of the Iceland plume

and permanent underplating afterwards (e.g. Jones et al. 2002,

and references therein). Uplift and erosion of the northern British

Isles was the source of a rapid sediment influx into, for example,

the Viking and Faeroe–Shetland Basins at this time. The

contemporaneous basalts exposed west of Scotland were all

erupted onto major unconformity surfaces, although Bell &

Williamson (2002) considered that the unconformities may be

local and attributed them ‘to the initial stages of growth of the

central complexes’. Many workers (e.g. Jones et al. 2002)

consider that this uplift was permanent, as a result of under-

plating, and that this event lifted present-day mountain areas in

the region. Our observation that rapid subsidence to well below

sea level followed this uplift phase and that the uplift to present-

day heights took place much later seems to rule out that

argument. Comparable Palaeogene subsidence took place west of

Scotland, where a substantial proportion of the Palaeogene lavas

offshore are deeply buried by Eocene–Recent sediments (Bell &

Williamson 2002). That Palaeogene lavas crop out west of

Scotland and on the Faeroe Islands is probably because of late

Cenozoic uplift in these areas as is the case in West Greenland

(e.g. Japsen 1997, 1998; Thomson et al. 1999b; Green et al.

2001b; Andersen et al. 2002; Stoker 2002; Stoker et al. 2005).

The uplift during the Palaeogene was probably caused by

dynamic support during plume impact combined with space

problems as plume material travelled laterally at the base of the

lithosphere. The subsequent rapid subsidence may partly be due

to the withdrawal of dynamic support as ascent of the plume

head slowed, and partly to withdrawal of magma from crustal or

upper-mantle magma chambers as eruption proceeded. Whether

these mechanisms are enough to explain all the subsidence will

require quantitative modelling beyond the scope of this paper.

Intraplate compressional stresses resulting from ‘ridge push’

have been suggested by some workers (e.g. Doré et al. 1999) to

explain the Neogene uplift of Scandinavia. As Chalmers (2000)

pointed out, sea-floor spreading ceased in the Labrador Sea

during the Eocene at around 40 Ma (Srivastava & Keen 1995),

whereas, as we have shown here, significant uplift in West

Greenland took place only after c. 10 Ma.

Scarp retreat of an uplifted rift flank has been suggested as the

driving force behind the denudation history of northern Scandi-

navia (Hendriks & Andriessen 2002). This mechanism may have

caused the Maastrichtian uplift and channel erosion on Nuussuaq

(Dam et al. 1998), but is clearly not applicable to the Neogene

phases in West Greenland, where the last phase of rifting

occurred c. 50 Ma earlier (Chalmers & Pulvertaft 2001). There

is, however, no doubt that some component of the Neogene uplift

of the present-day mountain tops must be due to isostatic

compensation for erosion. Riis & Fjeldskaar (1992) estimated

that approximately two-thirds of the uplift of northern Scandina-

via was due to isostacy, and Rohrman et al. (2002) calculated

that approximately one-third of southern Scandinavia’s uplift can

be attributed to this effect. No calculations have been carried out

for western Greenland.

Other mechanisms are consistent with our observations,

although perhaps not entirely in the form originally proposed by

their authors. Tectonic forces must have been involved in

producing the Neogene kilometre-scale east–west tilting of the

Palaeogene basalts in West Greenland as well as the late

Cenozoic normal faulting inferred from a recent study of large

landforms (Bonow 2004). Such a tectonic component may be

reinforced by an isostatic response to erosional removal of

material, but a mechanism is needed to trigger the erosion and it

appears that this mechanism must be deep rooted.

Variations in flux from the plume that caused instabilities

where the crust or lithosphere changes rapidly in thickness seem

one possible cause (Stuevold & Eldholm 1996). Nielsen et al.

(2002) and Rohrman et al. (2002) have suggested that a

Rayleigh–Taylor instability may have formed where hot plume

asthenosphere met cooler subcontinental asthenosphere

(Rohrman et al. 2002) or where horizontally travelling plume

material eroded the base of the lithosphere where lithosphere

thickness changed rapidly (Nielsen et al. 2002). Uplift would

result from resultant mantle upwelling or asthenospheric diapir-

ism (Rohrman & van der Beek 1996). This mechanism also

offers an explanation for anomalous basin subsidence where

asthenospheric material flowed from below the basin toward the

upwelling; that is, that the late Cenozoic uplift of West Green-

land, Scandinavia and the British Isles is concurrent with

subsidence and sedimentation offshore (see Japsen & Chalmers

2000). However, the proposal of Nielsen et al. (2002) that the

Rayleigh–Taylor instability formed during the Palaeogene impact

of the plume and that subsequent uplift is isostatic does seem to

be ruled out. One or more events during the Neogene are

necessary.

Conclusions

Several episodes of uplift, erosion and subsidence during the

Cenozoic have been identified on Nuussuaq, as follows.

(1) Uplift as a result of the impact of the Iceland plume in the

early Palaeocene resulted in valley incision that was followed by

rapid subsidence and transgression. Subsidence continued so that

water depths were c. 700 m during early volcanism and even

later subsidence kept pace with aggradation of the lava pile to a

total thickness of over 1 km.

(2) Uplift and erosion took place in two phases during the

Neogene, one starting in the late Miocene between 11 and 10 Ma

and the other in the latest Miocene–Pliocene between 7 and

2 Ma. Assuming a present-day geothermal gradient of

30 8C km�1, a section of c. 1100 m was removed during the

latest episode from above the locations of the Gro-3 and Gane-1

wells corresponding to incision of the relief below the adjacent

summit level. The section removed during the late Miocene

episode cannot be estimated accurately because of uncertainty

about the geothermal gradient during that period. We conclude

that most of the present-day relief on Nuussuaq, with summits up

to 2100 m a.s.l., was formed by erosion of rocks that were

uplifted during the two Neogene phases.

(3) An intermediate episode, involving cooling of rocks in the

subsurface, began during the mid-Cenozoic (40–30 Ma), but

thermochronological data alone are insufficient to determine

whether this cooling definitely involved erosion of the over-

burden or if it was due solely to reduction in heat flow and a

drop in surface temperature. Maximum palaeotemperatures oc-

curred at this time and, based on an estimated palaeogeothermal

gradient of 40–48 8C km�1, since then a total section of

c. 1500–2000 m has been removed from above the location of

the wells.

We conclude that uplift from the effects of the Iceland plume

in West Greenland during the Palaeogene was transient and was
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quickly followed by kilometre-scale subsidence. Analysis of

apatite fission-track and vitrinite-reflectance data shows that the

present high mountains in central West Greenland are erosional

remnants from uplift events that occurred during the Neogene.

More detailed understanding of the lateral variations of the

present relief in relation to uplift and erosion and of the nature

of the mid-Cenozoic event requires detailed analysis of large-

scale landforms and additional AFTA and VR data.

We have demonstrated the existence of two Cenozoic uplift

phases that are clearly separated in time by as much as 50 Ma

and by their completely different nature. Elsewhere around the

North Atlantic where Mesozoic and Palaeogene rocks crop out,

such exhumation has often been attributed to late Cenozoic uplift

and erosion (see references given by Japsen & Chalmers (2000)

and Doré et al. (2002)). However, these areas comprise regions

that were also affected by the Iceland plume during the

Palaeogene (e.g. East Greenland, the northern part of the British

Isles and the Faeroe Islands) as well as regions that were

unaffected by it (e.g. the southeastern part of the British Isles

and southern Scandinavia). These regional differences and the

observations from Nuussuaq presented here clearly demonstrate

that the Neogene uplift around the North Atlantic is of a

completely different nature from the uplift and subsidence that

was induced by the Iceland plume during the Palaeogene.
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Note added in proof

After the completion of the paper, additonal VR data from the Gro-3 well

were made available to the authors, but these affect the results only

slightly. When the first cooling began, the samples from the Gro-3 and

Gane-1 boreholes were buried 1750–100 m deeper than at present, and

the palaeogeothermal gradient was 39–448C km�1.
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