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The sedimentary record across the Canadian High Arctic, North Greenland and Svalbard is fragmentary,
making regional correlation difficult. We seek new insights by integrating information from the pre-
served geological section with evidence of former stratigraphic units that are no longer present (missing
section), using paleo-thermal methods to define episodes of deeper burial and subsequent exhumation.
Parts of the region were affected by deformation induced by the Paleocene–Eocene movement of
Greenland relative to the North American and Eurasian plates (the Eurekan Orogeny). However, our
results indicate four discrete episodes of kilometre-scale exhumation before, during and after the
Eurekan Orogeny that led to disruption of sedimentary basins across the region. (1) Regional
Maastrichtian exhumation possibly reflects doming above the rising Iceland Plume. The plume impact
at the base of the lithosphere contributed to the onset of mid-Paleocene sea-floor spreading west of
Greenland that provided the driving force for the Eurekan Orogeny. (2) Localized Paleocene exhumation
was caused by inversion of fault zones in the initial stage of the Eurekan Orogeny due to compression that
also formed foreland basins and caused the West Spitsbergen Fold Belt. (3) Regional exhumation that
began at the end of the Eocene postdates sea-floor spreading west of Greenland and thus represents
post-Eurekan tectonics. This episode, which also affected regions far from the Eurekan Orogen, coincided
with a major change in the North-East Atlantic spreading system. Transmission of stress from a shift in
the motion of Africa relative to Europe may have contributed to these changes. (4) Regional, late Miocene
uplift and erosion initiated the development of present-day landscapes. Our results show both local uplift
events within the Eurekan Orogen and synchronous effects over large regions that require new ideas
about the stresses driving horizontal and vertical movements of the earth’s crust.
� 2023 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
1. Introduction

The sedimentary record across the Canadian High Arctic (north
of 68⁰N), North Greenland and Svalbard is a puzzle of isolated com-
ponents with significant variation of thermal maturity over short
distances, overprinted by faults and thrusts during the Paleogene
Eurekan Orogeny (Thorsteinsson and Tozer, 1970; Steel et al.,
1985; Ricketts, 1994; Håkansson and Pedersen, 1982, 2015;
Harrison and St-Onge, 2022; Oakey and Chalmers, 2012;
Dallmann, 2015; Piepjohn et al., 2016; Jones et al., 2017; Dörr
et al., 2018; Japsen et al., 2021a). Here we seek to provide a more
complete understanding of the tectonic development of the region
by integrating evidence from the preserved rock record with con-
straints from low-temperature thermochronology on thicknesses
of rock that were once present but have since been removed (miss-
ing section; see Green et al., 2022a). We refer to this region as well
as the Lomonosov Ridge and the Barents Sea as the High Arctic
(Fig. 1).

To establish a coherent tectonic framework for understanding
the processes that may have driven these exhumation episodes,
we review the Paleogene plate-tectonic movements around the
High Arctic (Fig. 2). After intra-continental extension both east
and west of Greenland in the Mesozoic, sea-floor spreading moved
Greenland relative to the North American and Eurasian plates in
the Paleogene in three phases: Phase 1 in the late Paleocene, when
Greenland moved together with Eurasia relative to North America,
Phase 2 in the Eocene when Greenland moved relative to both Eur-
asia and North America and Phase 3 when Greenland together with
North America moved relative to Eurasia (Oakey and Chalmers,
2012; Gaina et al., 2017). The sea-floor spreading movements
resulted in transverse and compressional movements in northern
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Fig. 1. Geological outline of the area around northern Greenland. Mesozoic extension around Greenland formed sedimentary basins. Sea-floor spreading started west of
Greenland in the mid-Paleocene and east of Greenland in the early Eocene after which time the spreading direction of Greenland relative to North America changed. Vectors
of this movement show where present-day locations on North Greenland were relative to the North American plate at C13 (33 Ma) and present-day, C21 (47 Ma), 24 (55 Ma),
C25 (57 Ma) and C27 (62 Ma) (Oakey and Chalmers, 2012). Sea-floor spreading in the Eurasian Basin may have started in the late Paleocene (Brozena et al., 2003) or the early
Eocene (Jokat et al., 2016). Areas affected by the Eurekan Orogeny are marked in purple. AH: Axel Heiberg Island. BS: Barents Shelf. HFFZ: Harder Fjord Fault Zone. KCTZ: Kap
Cannon Thrust Zone. NS: Nares Strait. TLFZ: Trolle Land Fault Zone. WSB: Wandel Sea Basin (Greenland north of 80�N, east of 40�W). Compiled from: Brozena et al. (2003),
Dallmann (2015), Faleide et al. (2008), Fyhn et al. (2021), Gaina et al. (2017), Gregersen et al. (2019), Håkansson and Pedersen (2015), Hopper et al. (2014); Japsen et al.
(2021a), Nøttvedt et al. (2008), Oakey and Chalmers (2012), Olaussen et al. (2018), Piepjohn et al. (2016); Péron-Pinvidic et al. (2017) and Thorsteinsson and Tozer (1970).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Baffin Bay and in various continental areas in mid-Paleocene–
Eocene times. We here use the term the Eurekan Orogeny to repre-
sent the areas and times at which the northward movement of
Greenland relative to North America caused deformations in the
High Arctic during sea-floor Phases 1 and 2, corresponding to Eure-
kan Stages 1 and 2 (cf. Gion et al., 2017). The Orogeny is named
after Eureka Sound that separates Ellesmere and Axel Heiberg
islands. See further discussion in Section 2.

Uplift and erosion near the Cretaceous–Paleogene boundary
(Atkinson, 1963; Ricketts, 1994; Arne et al., 1998, 2002; Knudsen
et al., 2017; Japsen et al., 2021a) and the Eocene–Oligocene bound-
ary (Blythe and Kleinspehn, 1998; Green and Duddy, 2010; Japsen
et al., 2006, 2021b; Dörr et al., 2019) has been reported from many
regions in the High Arctic. We therefore combine new and pub-
lished observations of exhumation from disparate parts of the High
Arctic to investigate these episodes in a regional perspective, an
approach not previously attempted. We do so by combining (1)
new and published low-temperature thermochronology data (ap-
atite fission-track analysis, AFTA, and vitrinite reflectance, VR,
208
data; see Section 3) with (2) stratigraphic information in the con-
text of (3) the plate-tectonic changes in the region.

We present new AFTA and VR data from outcrop and borehole
samples from Svalbard, integrate new AFTA and VR data from the
Wandel Sea Basin (north of 80�N, east of 40�W) of eastern North
Greenland with previously published results and review published
thermochronological studies from the Canadian High Arctic, the
Lomonosov Ridge and the Barents Sea. We synthesise the data to
shed light on the thermal and tectonic history of these regions
across the High Arctic, both prior to, during and after the Eurekan
Orogeny.
2. The Paleogene plate-tectonic framework

2.1. Slow intra-continental extension (Late Cretaceous – mid-
Paleocene)

During the Late Cretaceous, the landmass that now forms
Greenland, North America and Eurasia were all parts of the super-
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continent Laurasia. Extensional sedimentary basins had formed
during the Mesozoic around Greenland. In places, both east and
west of Greenland, the extension had been sufficient to have
unroofed the mantle (Figs. 1, 2a; Chian and Louden, 1994;
Chalmers and Laursen, 1995; Hopper et al., 2014; Gregersen
et al., 2019; Fyhn et al.; 2021 and papers in Péron-Pinvidic et al.;
2017).

Subsidence within some of these sedimentary basins was inter-
rupted in the latest Cretaceous by uplift and erosion; e.g. the North
American Arctic and the Barents Shelf (Ricketts, 1994; Arne
et al.,1998; 2002). Maastrichtian and base-Paleocene unconformi-
ties occur in the Canadian High Arctic, on Svalbard and on– and off-
shore East and West Greenland (Atkinson, 1963; Embry et al.,
2018; Japsen et al., 2005; Dallmann, 2015; Bjerager et al., 2020;
Fyhn et al., 2021).

2.2. Sea-floor spreading Phase 1 (late Paleocene): Eurekan Stage 1

Magmatic sea-floor spreading began in Labrador Sea and Baffin
Bay at 62.5 Ma (early magnetochron C27N; mid-Paleocene; paleo-
magnetic timescale from Ogg, 2020; Chalmers and Laursen, 1995).
This was coeval with the commencement of high-temperature
picritic volcanism on– and offshore West Greenland (Pedersen
et al., 2017; Riisager et al., 2003; Larsen and Williamson, 2020).
The volcanism is thought to be the surface manifestation of the
impact of the Iceland Plume on the base of the lithosphere (Gill
et al., 1992; Chalmers et al., 1995; Graham et al., 1998; Dam
et al., 1998).

The movement of Greenland relative to North America during
sea-floor spreading Phase 1 formed an extensional plate boundary
in the Labrador Sea and most of Baffin Bay and Greenland moved
nearly 180 km north-east relative to the North American plate
(Oakey and Chalmers, 2012; Figs. 2a,b). Sea-floor spreading in the
Paleocene did not, however, extend north of present-day northern
Baffin Bay, despite the Euler Pole of the movement of Greenland-
Eurasia relative to North America during this phase being nearly
on the opposite side of the globe (Roest and Srivastava, 1989;
Oakey and Chalmers, 2012). This relative movement must have
been resolved as some form of transcurrent movement and local
compression to the north of Greenland (Figs. 2b,c).

Since Wegener (1912), many authors continue to propose that
the movement of the Greenland plate relative to the Canadian
Archipelago took place along a single major fault through the Nares
Strait, the so-called Wegener Fault (Piepjohn et al., 2016; von
Gosen et al., 2019 and references therein). For example, Wilson
(1965) cited it as a major transform fault. Other authors have
shown that there can be no major transcurrent fault in south-
west Nares Strait (Harrison, 2004; Oakey and Damaske, 2006;
Pulvertaft and Dawes, 2011; Oakey and Chalmers, 2013). The evi-
dence is too complex to discuss here, but we conclude that there
was no single Paleocene ‘‘boundary” between Greenland and North
American ‘‘plates” in the Canadian Archipelago. Instead, the rela-
tive movement was distributed across minor extension and an
intra-continental transcurrent complex >500 km across on Elles-
mere Island, including transpression and local overthrusting on
Fig. 2. Plate reconstructions around the North-East Atlantic from the Maastrichtian to th
spreading moved Greenland relative to the North American and Eurasian plates in the P
between Greenland and Canada and between Greenland and Eurasia. Hyper-extension in
sea-floor spreading west of Greenland while Greenland and Eurasia moved together resu
This movement led to Stage 1 of the Eurekan Orogeny in the High Arctic. (c) 55 Ma, earli
with continued sea-floor spreading west of Greenland, caused Greenland to move north
Eurekan Orogeny. (d) 35 Ma, late Eocene: Just before the onset of Phase 3 of sea-floor sp
west of Greenland ceased, a major change in the North-East Atlantic spreading system to
the G-Plates software using the Matthews et al. (2016) reconstructed coastline locations w
and Gregersen et al. (2019) for areas between Canada and Greenland and within Ellesme
cont.: continental. E: Ellesmere Island. G: Greenland. S: Svalbard.
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step-overs between strike-slip faults (Figs. 2b,c; Ricketts, 1994;
Harrison, 2004, 2008; Oakey and Chalmers, 2012; Embry and
Beauchamp, 2019).

Paleocene compression due to the movement of Greenland
resulted in exhumation focused along major fault zones in the
eastern Sverdrup Basin (Ellesmere and Axel Heiberg islands) lead-
ing to high supply of siliciclastic sediment to the adjacent, subsid-
ing areas (Ricketts, 1994; Arne et al., 1998; 2002; Embry and
Beauchamp, 2019). A foredeep-like basin thus developed in the
eastern Sverdrup Basin during the deposition of the transgressive
sandstones of the upper Expedition Formation after c. 62 Ma
(Embry et al., 2018; Embry and Beauchamp, 2019). However,
Oakey and Chalmers (2012) suggested that the basin formed by
extension as parts of eastern Ellesmere Island moved NE relative
to Axel Heiberg Island.

Compression causing inversion of fault zones occurred during
the mid-Paleocene in the Wandel Sea Basin in NE Greenland
(Japsen et al., 2021a; Figs. 2b,c), where heavily deformed Upper
Cretaceous and older rocks occur within the major fault zones
(Fig. 4a; Harder Fjord Fault Zone, Kap Cannon Fault Zone, Trolle
Land Fault Zone; Dawes and Soper, 1973; Håkansson and
Pedersen, 1982, 2015; von Gosen and Piepjohn, 2003; Svennevig
et al., 2016; Pedersen et al., 2018). Deposition of the fine-grained
sandstones, siltstones and coal of the upper Paleocene – middle
Eocene Thyra Ø Formation (Fig. 3) was broadly contemporaneous
with the inversion of the fault zones (Japsen et al., 2021a).

During the late Paleocene, Greenland moved directly towards
Svalbard, which was then still part of the same plate as Greenland
(Figs. 2b,c). This movement appears to have led to creation of the
West Spitsbergen Fold Belt, as it was formed by E–W- to ENE–
WSW-oriented compression (Manby and Lyberis, 1996; Bergh
et al., 1997), not by transpression as has been suggested by many
authors (e.g., Harland, 1969; Lowell, 1972; Håkansson and
Stemmerik, 1989). The shallow-water marine Central Tertiary
Basin on Svalbard began to subside in the mid-Paleocene, coeval
with the onset of subsidence in the Wandel Sea Basin. Radioiso-
topic dating of bentonites close to its basal unconformity (below
the transgressive sandstones and coal of the Firkanten Fm; Fig. 3)
show that the subsidence began around 61.8 Ma, coeval with the
start of sea-floor spreading west of Greenland, thus signaling the
initiation of compression along the northern Greenland margin
(Jones et al., 2017). These observations suggest that the Central
Tertiary Basin is a foreland basin in front of the developing West
Spitsbergen Fold Belt as has previously been suggested
(Dallmann, 2015).

We refer to the deformations that affected the High Arctic dur-
ing sea-floor spreading Phase 1 as Stage 1 of the Eurekan Orogeny.

2.3. Sea-floor spreading Phase 2 (Eocene): Eurekan Stage 2

Sea-floor spreading, accompanied by widespread sub-aerial vol-
canism (Horni et al., 2017), began between Greenland and Eurasia
in the earliest Eocene (C24, c. 55 Ma; Gaina et al, 2017), resulting in
Greenland moving as a plate separate from both North America
and Eurasia. North of Greenland there was, however, no clear
e end of the Eocene. After Mesozoic extension east and west of Greenland, sea-floor
aleogene in three phases. (a) 68 Ma, late Maastrichtian: There has been extension
some areas has unroofed the mantle. (b) 62 Ma, mid-Paleocene: Onset of Phase 1 of
lting in Greenland moving 180 km north-east relative to the North American Plate.
est Eocene: Onset of Phase 2 of sea-floor spreading east of Greenland that, together
relative to the Arctic Islands where the resulting compression caused Stage 2 of the
reading (33 Ma) when Greenland became attached to North America as spreading

ok place and the Eurekan Orogeny ended. The movements shown were generated by
ithin that software. Geological details were added from Oakey and Chalmers (2012)
re Island, Gaina et al. (2017) and Stoker et al. (2017) for the area east of Greenland.



Fig. 3. Late Cretaceous – Cenozoic stratigraphic columns. (a) The Sverdrup Basin. (b) the Wandel Sea Basin (WSB). (c) Svalbard with selected formation names. The
stratigraphy is compared with the timing of the cooling episodes from AFTA in the WSB and Svalbard (horizontal bars; Fig. 7). The vertical extent of the horizontal, colored
bars indicates the uncertainty in the onset timing of the cooling episode, although the full uncertainty in the onset of the mid-Cretaceous episode (118–95 Ma) is not shown.
The stratigraphy of the Sverdrup Basin is compared with large-magnitude sequence boundaries for the Canadian High Arctic (including the Beaufort-Mackenzie Delta) that
are interpreted to be the result of tectonism (dashed bars; Embry et al., 2018). Sequence boundaries that correspond to the onset of cooling events from AFTA for the WSB and
Svalbard (this study) are shown in the corresponding colors, whereas additional sequence boundaries are marked in grey. Note that the mid-Paleocene unconformity, dated at
62 Ma in the Canadian High Arctic, is not resolved in the stratigraphy shown in column a. The stratigraphic ages of the Eocene sediments on Svalbard (column c) are not well
defined (Helland-Hansen and Grundvåg, 2020), so we suggest that the exhumation that began at c. 35 Ma defines a Priabonian age for the youngest Paleogene sediments on
Svalbard. The Paleogene sediments to the left in column c represent the deposits in Forlandsundet. Simplified representation of the mixed volcanic, volcano-clastic and
lacustrine deposits of the Kap Washington Group (KW) in column b. Sverdrup Basin stratigraphy from Embry and Beauchamp (2019). WSB stratigraphy compiled by Japsen
et al. (2021a) based on Bjerager et al. (2019), Gautier et al. (2011), Håkansson and Pedersen, (2015), Hopper et al. (2014), Hovikoski et al. (2018), Ineson et al. (2020), Lyck and
Stemmerik (2000), Piasecki et al. (2018), Stemmerik et al. (1998), Svennevig et al. (2018) and Tegner et al. (2011). Svalbard stratigraphy based on the compilation of Dallmann
(2015) with modifications from Abay et al. (2017) and Jones et al. (2017). K.C. Land: Kronprins Christian Land.
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boundary between the Greenland and North American plates,
where deformation was intra-continental, resulting in complex
overthrusting. The 3-plate movements resulted in the movement
of Greenland relative to North America changed from north-east
in the Paleocene to north in the Eocene (Figs. 2b,c). The new
spreading center in the Labrador Sea and Baffin Bay cut across
the Paleocene oceanic crust with an Euler Pole to the west of and
much closer to Greenland than the Euler pole in the Paleocene
(Oakey and Chalmers, 2012).

The northward movement of Greenland relative to the Canadian
Arctic islands during the Eocene resulted in compression and
southwards-verging overthrusting on Ellesmere Island; (Fig. 1;
211
Harrison, 2008; Piepjohn et al., 2015; Gion et al, 2017). Some of
the strike-slip movements postulated to have taken place during
Eurekan Orogeny Stage 1 during the late Paleocene may have been
obscured by this thrusting. Thus, there was no clear plate boundary
between the Greenland and North American plates in this area, just
a major area of intra-continental compression and deformation.

Sea-floor spreading in the Eurasia Basin north-east of Green-
land, combined with the start of sea-floor spreading in the
North-East Atlantic (Fig. 1) formed a major intra-continental trans-
form fault, the De Geer Line (Figs. 2c,d), between Greenland on one
side and Svalbard and the Barents Shelf on the other. Many authors
have argued that transpression during this movement was the pri-



Fig. 4. Geology and location of AFTA samples. (a) The Wandel Sea Basin. Triangles indicate sedimentary outliers and point to their location. (b) Svalbard Archipelago. CTB:
Central Tertiary Basin. HFFZ: Harder Fjord Fault Zone. KCTZ: Kap Canon Thrust Zone. KR: Kap Rigsdagen. Pr. T. Ø: Prinsesse Thyra Ø. TLFZ: Trolle Land Fault Zone. Map in (a)
compiled by Japsen et al. (2021a) based on Escher and Pulvertaft (1995) with modifications after Croxton et al. (1980), Hovikoski et al. (2018); Piasecki et al. (2018). Map in (b)
from Dörr et al. (2018) redrawn after Dallmann et al. (2002). Geology legend common for both maps (SV: Svalbard only; WSB: Wandel Sea Basin only). Map locations in Fig. 1.
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mary cause of the West Spitsbergen Fold Belt (Harland, 1969;
Lowell, 1972; Håkansson and Stemmerik, 1989). However,
Manby and Lyberis (1996) and Bergh et al. (1997) showed that
the movement during this phase was relatively minor, dextral
transpression that overprinted the earlier SW–NE compression,
accompanied by NE–SW extension that presumably led to the
deepening of the southwestern part of the Central Tertiary Basin
in the Eocene (Dörr et al. 2018).

We refer to the deformations that affected the High Arctic dur-
ing sea-floor spreading Phase 2 as Stage 2 of the Eurekan Orogeny.
2.4. Sea-floor spreading Phase 3 (post end-Eocene): Post-Eurekan

Sea-floor spreading both east and west of Greenland slowed
after C21 (c. 43 Ma, mid-Eocene; Srivastava and Keen, 1995;
Gaina et al., 2017). West of Greenland, sea-floor spreading ceased
entirely after C13 (33 Ma, earliest Oligocene; Srivastava, 1978).
Thereafter, Greenland moved together with the North American
Plate and the Eurekan Orogeny ceased (Fig. 2d; Tessensohn and
Piepjohn, 2000; Oakey and Chalmers, 2012; Piepjohn et al.,
2016). East of Greenland, sea-floor spreading was very slow
between 34 and 27 Ma (Gaina et al. 2017).

Regional exhumation that began at both the Eocene–Oligocene
transition and in the late Miocene has been reported for the Sver-
drup Basin, the Wandel Sea Basin, North-East Greenland (70–
80�N), Svalbard and the Barents Sea (Blythe and Kleinspehn,
1998; Green and Duddy, 2010; Dörr et al., 2019; Japsen et al.,
2021a, b). We discuss this in more detail in Section 5.4.
Fig. 5. Thermal history interpretation of AFTA data in a sedimentary rock. (a) Data
from a single sample are interpreted in terms of up to three episodes of cooling
from elevated paleotemperatures (‘‘paleothermal episodes”). The first cooling event
represents cooling of apatite grains from paleotemperature interval T1 in the time
interval t1 in sediment source terrains (T1 is a minimum estimate, representing the
onset of track retention). This cooling and exhumation resulted in the apatite grains
being exposed on the surface prior to deposition in the host sediment. Following
deposition, the sample was heated to T2 prior to cooling which began in the interval
t2. After this cooling episode the sample was subsequently reheated to T3, from
which cooling began in the interval t3. Coloured polygons represent 95% confidence
regions on T1, T2, T3, t1, t2, t3. Note that the history between the two cooling
episodes cannot be constrained (Green and Duddy, 2020). (b) Results from multiple
samples can be combined to estimate the onset of cooling episode consistent with
all available constraints, c1, c2, c3. These are interpreted as representing the best
available estimate of the onset of regional cooling episodes. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)
3. Thermal history reconstruction based on AFTA and VR data
from the Wandel Sea Basin and Svalbard

3.1. AFTA and VR

Paleothermal methods such as AFTA and VR allow determina-
tion of events in which rocks cooled from higher temperatures
(e.g. Green and Duddy, 2012). In many situations the dominant
cause of cooling is exhumation, i.e. removal of overburden result-
ing in rocks being raised from depth to shallower levels (Green
et al., 2013, 2018a). Thus, these methods allow determination of
former burial depths and therefore the amount of section that
was once present but is no longer preserved (missing section).
AFTA also allows determination of the timing of the onset of cool-
ing/exhumation. Integrating such information with preserved geo-
logical evidence allows a more complete reconstruction of past
events and can define major periods of tectonism which may not
be obvious from the preserved geological record alone (Japsen
et al., 2006; 2016; Green et al., 2022a, b).

AFTA relies on analysis of radiation damage trails (fission
tracks) in apatite grains, which may be either accessory (in crys-
talline rocks) or detrital (in sedimentary rocks). Tracks are gener-
ated continuously by spontaneous fission of 235U atoms, present
at impurity levels within the apatite lattice. Once formed, tracks
shorten at a rate which depends on temperature due to repair of
the radiation damage. As a result, the distribution of track lengths
in an apatite today records the variation in temperature with time
below c. 110–130�C (depending on apatite composition). The num-
ber of tracks per unit area of a polished grain surface (track den-
sity) depends on the uranium content of the apatite, the time
over which tracks have accumulated and the distribution of track
lengths in the sample. Measuring the track density and the ura-
nium content allows determination of a ‘fission-track age’ which,
in the absence of other factors, would represent the time over
which tracks have accumulated. However, because tracks have dif-
ferent lengths as a result of the thermal history, a fission track age
213
rarely represents the timing of a specific event and must be
assessed together with the distribution of track lengths in order
to obtain rigorous thermal history constraints. Analysis of the
number of tracks and their lengths allows determination of major
episodes of cooling in the range below c. 110�C (Fig. 5a). It is
important to note that AFTA cannot define the entire thermal his-
tory below 110�C, as the data are dominated by major cooling epi-
sodes, which mask the earlier history (see Green and Duddy, 2012,
2020).



Fig. 6. Apatite fission-track ages measured in samples from outcrop locations (squares). (a) The Wandel Sea Basin (WSB). (b) Svalbard (SV), together with data from Dörr et al.
(2012, 2018) (circles). Fission-track ages for samples GC1231-32 and �35 (red arrows, Fig. a), from locations in Kronprins Christian Land, gave much older than values in
nearby samples. These anomalies may represent sample mis-identification or mistaken sample locations. These samples are not illustrated in the Paleocene paleotemperature
map in Fig. 8a. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 1
Intervals defining the onset of episodes of cooling based on AFTA data in all samples
from the Wandel Sea Basin and Svalbard.

Onset of cooling (Ma) Onset of cooling (chronostratigraphy)

326–320 Mid-Carboniferous
234–229 Late Triassic
173–150 Jurassic
118–95 Mid-Cretaceous
72–65 Maastrichtiany
60–57 Paleocene�
c. 35 End-Eocene
c. 10 Late Miocene

y Svalbard only.
� Wandel Sea Basin only.
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VR is based on the increase in reflectivity of vitrinite (a major
constituent of coal) with temperature. The mean VR value of a
number of vitrinite fragments in a carbon-rich mudstone or coaly
matter in sandstones is dominated by the maximum temperature
experienced by the host unit. The kinetics of AFTA and VR are sim-
ilar (Green and Duddy, 2012) and use of the methods in tandem
provides mutual confirmation of the thermal history derived from
each method in isolation (e.g. Green et al., 2018b).

3.2. AFTA and VR data in this study

In order to understand more fully the processes involved in the
disruption of Arctic basins, we obtained AFTA and VR data in sam-
ples from the Wandel Sea Basin and Svalbard (Tables S1–S5 in Sup-
plementary Data 1). Details of AFTA and VR data, together with
analytical details, thermal history interpretation and technical
background, are provided in Supplementary Data 2 (Green,
2020). A file with sample coordinates in kmz format for Google-
Earth is provided in Supplementary Data 3 (location of AFTA sam-
ples in Fig. 4). These data have been integrated with published data
from Arctic Canada (Arne et al., 1998, 2002; Vamvaka et al., 2019).

From the Wandel Sea Basin, we obtained AFTA data in 58 out-
crop samples varying in age from Precambrian to Paleocene; data
in 13 samples were generated for this study (prefix GC1231, sam-
ples GC1113-69, �70, �71), while data in 45 samples (prefix
GC978 and other samples with prefix GC1113) were presented
by Japsen et al. (2021a).

From Svalbard, we obtained AFTA data in 22 outcrop samples
varying in age from Precambrian to Paleocene. Data in 12 samples
were generated for this study (prefix GC1231), while data in the
remaining outcrop samples were derived from previous (unpub-
lished) studies. AFTA data were also obtained in 12 samples of Car-
boniferous to Eocene age from three Svalbard boreholes from
depths down to 2.3 km; the Sysselmannbreen (Johannessen
et al., 2011), Reindalspasset (well 7816/12–1) and Radderdalen
boreholes (prefix GC1177 for the first of these boreholes and prefix
GC1231 for the latter two). Equinor provided outcrop and borehole
samples from Svalbard (prefix GC1177, GC1231) and GEUS pro-
vided outcrop samples from North Greenland (prefix GC1231). It
is important to note that the coverage of AFTA samples across Sval-
bard is sparse and that it does not include the West Spitsbergen
Fold Belt.

We also obtained new VR data in three samples from outcrops
in Wandel Sea Basin, while published VR data from that region
were reviewed by Japsen et al. (2021a). The Svalbard dataset
includes VR data in 8 outcrop samples and 11 borehole samples
together with legacy VR data in the boreholes.

Apatite fission-track ages in all but one outcrop sample across
the Wandel Sea Basin and Svalbard are less than 300 Ma and are
mainly less than 200 Ma (Fig. 6). In areas dominated by Precam-
brian rocks this emphasizes that thermal histories are dominated
by the post-Paleozoic development. In the Wandel Sea Basin,
youngest ages are focused along the north and northeast coasts
with older ages confined mainly to the interior. This suggests that
the younger ages may reflect processes related to the development
of the plate boundary. In contrast, youngest ages in Svalbard are
focused along Isfjorden, mainly within the Central Tertiary Basin.

VR values from outcrops across the Wandel Sea Basin vary
across the region (figure 12 of Japsen et al. 2021a). With a few
exceptions, the variation in mean VR values across the region can
be divided into three categories: 1) 0.4%–0.6% in samples of Juras-
sic–Paleocene depositional age in inland regions, 2) 1%–3% in sam-
ples of Jurassic–Cretaceous depositional age mainly within fault
zones of the Wandel Sea Basin, and 3) extreme values up to 10%
in samples of Late Cretaceous age from Nakkehoved at the north-
ern tip of Kronprins Christian Land (Japsen et al., 2021a). VR values
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vary across Svalbard from 0.36% in Barremian sediments on the
eastern islands of Kong Karls Land to 0.45%–0.73% for Lower Creta-
ceous and Paleogene sediments in and adjacent to the Central Ter-
tiary Basin. Values for Carboniferous sediments reach 2.04% north-
west of Isfjorden.

3.3. Thermal history constraints from AFTA and VR data

Thermal history constraints obtained from the AFTA data in
each sample are summarized in Table S5 in Supplementary Data
1. These take the form of estimates of the time at which cooling
began and the paleotemperature from which the sample cooled,
in up to three episodes (Fig. 5a). The quoted intervals represent
95% confidence limits (i.e. akin to 2r uncertainties) in each param-
eter. The principles involved in extracting quantitative thermal his-
tory constraints from AFTA and VR data are outlined in Appendix C
of Supplementary Data 2. Note that some values have changed
from those reported in Supplementary Data 2, as a result of a
reassessment of the entire dataset. For sandstone samples in which
the apatites were not totally annealed after deposition, these con-
straints include both pre-depositional and post-depositional cool-
ing episodes. In discussing implications for regional tectonics, we
focus on post-depositional episodes, and constraints on pre-
depositional cooling of provenance terrains are not used to define
timing of regional episodes. In the following, we use the term ‘pa-
leothermal episode’ to refer to a time when samples were hotter
than they are now, whereas ‘cooling episode’ refers specifically to
a time in which samples began to cool from elevated
paleotemperatures.

If we assume (1) that the results represent the effects of regio-
nal processes which involved synchronous cooling over wide areas,
and (2) that cooling episodes in adjacent samples that cooled from
similar paleotemperatures within a common time interval repre-
sent the same event, we can synthesise results from all samples
to define the timing of the major cooling events that have affected
each region (vertical bands in Fig. 5b). We emphasise that these
intervals define the time at which cooling in each episode began,
but we do not suggest that cooling was restricted to within these
intervals.

Comparison of timing constraints on the regional cooling epi-
sodes defined from AFTA data in outcrop and borehole samples
from the Wandel Sea Basin and Svalbard show that six regional
episodes are required to explain all results, while one episode is
identified only in the Wandel Sea Basin and one episode only in
Svalbard (Table 1; Fig. 7a). The onsets of cooling in each of these
episodes are consistent with those defined by Japsen et al.
(2021a) for the Wandel Sea Basin, with two exceptions: The Maas-
trichtian episode, which is defined only in new data from Svalbard,
and the earliest of these episodes, which was previously identified
as beginning in the early Permian, has been revised as beginning in
the mid-Carboniferous.



Fig. 7. Onset of cooling episodes defined from AFTA. (a; Table 1) Left: Wandel Sea Basin (WSB). Centre: Overlap in the timing for the episodes defined for the WSB and
Svalbard. Right: Svalbard. Six regional cooling episodes are required to explain all results, while one episode is identified only in theWSB and one episode only in Svalbard. (b)
Comparison of the timing of regional, post-Devonian episodes of uplift and erosion estimated from AFTA data. Left: North-East Greenland (70–80�N; Japsen et al., 2021b).
Centre: WSB and Svalbard (Table 1). Right: Scandinavia and Finland (Green et al., 2022b). Break-up in the North-East Atlantic, took place in the earliest Eocene (c. 55 Ma),
whereas sea-floor spreading in the Fram Strait between North Greenland and Svalbard began in the Miocene (Engen et al., 2008; Knies and Gaina, 2008; Gaina et al., 2017;
Dumais et al., 2021). L: Late. E: Early. M: Mid. C: Carboniferous. Pe: Permian. Tr: Triassic. J: Jurassic. Kl: Lower Cretaceous. Ku: Upper Cretaceous. Pal: Paleocene. Eo: Eocene.
Oli: Oligocene. Mio: Miocene. Pl: Pliocene. Q: Quaternary. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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3.3.1. Comparison with regional data
Late Carboniferous, Middle Triassic and mid-Jurassic exhuma-

tion episodes affected Scandinavia and North-East Greenland at
about the same time (beginning at c. 310, 245 and 175 Ma), and
these episodes were interpreted as representing epeirogenic uplifts
accompanying fragmentation of Pangea (Japsen et al., 2016; Green
et al., 2022b). However, the episodes of exhumation at about these
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times that affected North Greenland and Svalbard show some vari-
ation in timing compared to those further south (Fig. 7b). Evidence
from the stratigraphic record indicate that these episodes most
likely began at c. 325, 235 and 175 Ma (Dallmann, 2015; Japsen
et al., 2021a). The mid-Jurassic episode thus appears to have
affected the entire region from Svalbard to southern Sweden at
about the same time, whereas there are time lags for the two ear-



Fig. 8. Paleotemperatures derived from AFTA and VR data in outcrop samples (Table S5 in Supplementary Data online). Assignment to regional cooling episodes according to
Fig. 7a. (a) Wandel Sea Basin (WSB), Paleocene. (b) WSB, end-Eocene. (c) WSB, late Miocene. (d) Svalbard, Maastrichtian. (e) Svalbard, end-Eocene. (f) Svalbard, late Miocene.
Squares: Values from AFTA. Diamonds: Values from VR data from Svalbard have been attributed to one of the regional cooling episodes by comparison with AFTA data in
adjacent samples. Sample numbers and place names in Fig. 4. Geology legend in Fig. 6.
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lier episodes across the region. The mid-Carboniferous episode
defined in this study correlates with a pronounced unconformity
in Svalbard and North Greenland, reflecting Serpukhovian uplift
of the northern margin of Pangea (Stemmerik and Worsley,
2005), and it therefore seems likely that this episode represents a
different process relative to the late Carboniferous episode defined
further south. The onset of the mid-Cretaceous episode in this
study area correlates closely with episodes in North-East Green-
land and southern Scandinavia, indicating that all these results
reflect a common episode in the earliest Late Cretaceous, around
95 Ma, affecting a wide region.

We do not discuss these earlier episodes further because we
focus on the tectonism associated with continental breakup and
sea-floor spreading west and east of Greenland and its relevance
to the effects of the Eurekan Orogeny in the High Arctic.
4. Thermo-tectonic events in relation to the Eurekan Orogeny

4.1. The Wandel Sea Basin

Paleocene cooling is localised within the major fault zones of
the Wandel Sea Basin and is interpreted as representing exhuma-
tion related to inversion of these zones (Fig. 7a, 8a; Table S5 in Sup-
plementary Data 1; Japsen et al., 2021a). Most of the samples
defining Paleocene cooling began to retain tracks in this episode
and provide minimum limits, typically > 110�C, to the Paleocene
paleotemperature.

The timing of Paleocene cooling in the Wandel Sea Basin is
based on samples which cooled below a certain limiting paleotem-
perature at that time, corresponding to the onset of track retention.
Cooling from maximum paleotemperatures in these samples may
thus have begun earlier, i.e. prior to 60 Ma. Samples that cooled
from a finite range of paleotemperatures during this episode began
to cool after 69 Ma (Table S.5). Therefore an alternative range for
the onset of cooling and exhumation of this episode could be
between 69 and 57 Ma, which overlaps with the timing of Maas-
trichtian cooling in Svalbard (Section 4.2). However, the geograph-
ical distributions of the exhumation that occurred around the
Maastrichtian–Paleocene boundary in Svalbard and the Wandel
Sea Basin are distinctly different (Figs. 8a,d). Whereas Maas-
trichtian exhumation was widespread on Svalbard (Section 4.2),
the exhumation in theWandel Sea Basin is focused along the major
fault zones that were inverted during the late Paleocene Stage 1 of
the Eurekan Orogeny. Although the timing constraints allow over-
lap, based on the different geographical expressions of these
events, we conclude that the AFTA data provide evidence for two
distinct episodes, regional Maastrichtian exhumation on Svalbard
cf. Paleocene inversion of fault zones in the Wandel Sea Basin.

Cooling which began at the end of the Eocene is seen in almost
all samples across the Wandel Sea Basin (Fig. 8b). Samples over
much of the area cooled from paleotemperatures around 70–90�C
at this time, including samples of the Thyra Ø Formation (Fig. 3).
These paleotemperatures reflect burial of the Thyra Ø Formation
and younger Eocene sediments below a cover of about 2.5 km (as-
suming a paleogeothermal gradient of 30�C/km and paleosurface
temperature of 10�C) which has subsequently been eroded away.
However, samples located north of the Harder Fjord Fault Zone,
together with some samples from northern Kronprins Christian
Land, cooled from paleotemperatures > 100�C at this time. Because
these samples began to retain tracks only in this episode, it is
therefore possible that they previously also underwent major Pale-
ocene cooling, the effects of which are overprinted by the end-
Eocene paleotemperatures.

Late Miocene cooling from paleotemperatures generally around
60�C is recognized along the coast of eastern North Greenland
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(Fig. 8c). In West and East Greenland, late Miocene cooling reflects
uplift and erosion of the continental margin and development of
the present-day topography, and we suggest that the late Miocene
episode identified in the Wandel Sea Basin shares the same origin
(Fig. 7b; Japsen et al., 2006, 2014, 2021b).

Japsen et al. (2021a) compiled existing VR data from sedimen-
tary rocks of the Wandel Sea Basin and discussed the regional vari-
ation in relation to the AFTA database then available. VR values
define maximum post-depositional paleotemperatures which are
consistent with the AFTA data in different paleothermal episodes.
In some samples VR data assist in resolving pre-depositional from
post-depositional events. The combination of AFTA and VR data is
central for resolving the effects of localised Paleocene paleother-
mal cooling from > 110�C and more regional end-Eocene cooling
from 70 to 90�C.

4.2. Svalbard

4.2.1. New data from Svalbard outcrops
Maastrichtian cooling is identified in samples across a wide part

of Svalbard, and this cooling episode dominates the AFTA data in
samples along Isfjorden with paleotemperatures > 110�C (Fig. 8d;
Table S5 in Supplementary Data 1). Maximum paleotemperatures
derived from VR data in samples of pre-Cenozoic depositional
age around Isfjorden are generally consistent with Maastrichtian
paleotemperatures from the AFTA data. Maastrichtian cooling from
lower paleotemperatures (80–100�C) is identified in some samples
from the northwest of the region. In two samples from Bjørnøya,
paleotemperatures in this event are > 105�C. The Maastrichtian
cooling corresponds to the Albian – mid-Paleocene hiatus in the
Central Tertiary Basin (Fig. 3), and we interpret cooling in this epi-
sode as due to exhumation during the interval represented by this
hiatus following deeper burial prior to c. 68 Ma.

End-Eocene paleotemperature constraints defined from AFTA
are seen only in samples along Isfjorden, with values around
100�C or above (Fig. 8e). No end-Eocene cooling is detected in sam-
ples along the northern coast of Svalbard. The end-Eocene cooling
corresponds to the late Eocene – Quaternary hiatus in the Central
Tertiary Basin, and we interpret cooling in this episode as due to
exhumation during the interval represented by this hiatus follow-
ing deeper burial prior to c. 35 Ma.

Late Miocene cooling is seen in all samples across the region
with values in the range 60–80�C (Fig. 8f). Outside the main locus
of Maastrichtian and Eocene paleothermal effects, it is possible
that paleotemperatures in these events were too low to be resolved
from Miocene values. Like the end-Eocene cooling episode, we
interpret cooling in this episode as due to exhumation during the
late Eocene – Quaternary following deeper burial prior to c.
10 Ma. Late Miocene uplift in northern Svalbard initiated the for-
mation of the present-day elevated landscapes (Dörr et al., 2019).

4.2.2. New data from Svalbard boreholes
The Reindalspasset and Sysselmannbreen boreholes are located

at the edge of and within the Central Tertiary Basin, respectively
(Fig. 4b). AFTA and VR data in samples from these wells define con-
straints which are consistent with the three most recent episodes
of cooling defined from the full dataset from Svalbard and the
Wandel Sea Basin (Maastrichtian, end-Eocene and late Miocene
episodes; Figs. 7a, 9b; Table S5 in Supplementary Data 1). For each
episode, the paleotemperature constraints for each borehole can be
described by linear depth profiles that are sub-parallel to the
present-day temperature profile, indicative of heating due to dee-
per burial.

The Carboniferous to Lower Cretaceous succession in the Rein-
dalspasset borehole began to cool from maximum post-
depositional paleotemperatures in the Maastrichtian. Variation of
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the Maastrichtian paleotemperatures with depth in this borehole is
consistent with a paleogeothermal gradient similar to the present-
day value (c. 30⁰C/km; Fig. 9c), suggesting that heating was due to
additional burial by c. 4.3 km of Cretaceous section. Additional bur-
ial when cooling began in the end-Eocene and late Miocene epi-
sodes is estimated at c. 2.1 km and at c. 1.3 km, respectively
(Figs. 9c, 10).

In contrast, the upper Paleocene – lower Eocene succession pen-
etrated by the Sysselmannbreen borehole cooled from maximum
post-depositional paleotemperatures in the end-Eocene episode.
Paleotemperatures are again consistent with a paleogeothermal
gradient similar to today’s value (c. 30⁰C/km; Fig. 9c), indicating
that around 2 km of upper Eocene sediments accumulated above
the youngest Eocene sediments penetrated by the well (the
Aspelintoppen Formation; Fig. 3) prior to the onset of exhumation.
The removal of this former cover began during end-Eocene
exhumation. The stratigraphic ages of the Eocene sediments on
Svalbard are not well defined (Dallmann, 2015; Helland-Hansen
and Grundvåg, 2020). So, since exhumation began at c. 35 Ma,
the youngest sediments deposited prior to the onset of exhumation
must be older than that. Therefore, the youngest Paleogene sedi-
ments that accumulated on Svalbard must be of Priabonian age
(Fig. 3).

4.2.3. Previous exhumation studies in Svalbard and the Barents Sea
Manum and Throndsen (1977) measured VR in the Paleogene

deposits in the Central Tertiary Basin. At the location of the Syssel-
mannbreen borehole, they estimated the maximum burial depth to
be between 3 and 3.5 km for the base of the Paleogene succession,
the Firkanten Formation (Fig. 3), which is of mid-Paleocene age
(Jones et al., 2017). This is in good agreement with our estimate
of 3.2 km (penetrated + removed Paleogene succession = 1.1 + 2.
1 km; Fig. 9). Paech and Koch (2001) presented results of an exten-
sive study of coalification in post-Caledonian sediments on Spits-
bergen, and estimated amounts of removed Cenozoic cover in the
northern part of the Central Tertiary Basin that were similar to
those of Manum and Throndsen (1977). Within the West Spitsber-
gen Fold Belt, they found that the variation in coal rank with strati-
graphic level differed from that in the Central Tertiary Basin and
argued that this could be due to the compressional tectonics in this
region.

Marshall et al. (2015) studied the maturity of coal in the Firkan-
ten Formation and estimated its maximum burial as 2 km, 1 km of
which has been removed by erosion. Their preferred paleogeother-
mal gradient (50⁰C/km) is much higher than the end-Eocene gradi-
ents determined in this study (Fig. 9), leading to significantly lower
estimates of erosion than those presented here. Note that our data
define an end-Eocene gradient similar to the present-day gradients
measured in the wells studied (c. 30�C/km; Fig. 9c). Furthermore, a
review of geothermal gradients measured in Svalbard wells show
Fig. 9. Paleothermal data from the Reindalspasset (well R) and Sysselmannbreen (well S)
Svalbard (locations in Fig. 4b). (a) AFTA parameters for samples plotted against sample d
panel shows the increasing stratigraphic age with depth. The dashed lines show the pre
containing < 0.1, 0.5, 1.0, and 1.5 wt% Cl from the Default Thermal History (DTH), whi
temperature after deposition. The DTH was derived from the preserved sedimentary
temperatures in each well. In all but one of the samples, measured ages are significantly
in each well has been heated beyond the present-day temperature and subsequently coo
VR data for the Maastrichtian, end-Eocene and late Miocene paleothermal episodes (Tab
both wells define linear profiles, subparallel to the present-day temperature profile but o
This is characteristic of heating due predominantly to deeper burial. Maximum post-depo
paleotemperatures defined from AFTA (Maastrichtian in borehole R and end-Eocene in b
ellipsoids) required to explain paleothermal profiles in the two boreholes within 95% co
Miocene. Interpretations based on constant geothermal gradients corresponding to the p
also indicated (vertical lines). The present-day thermal gradient of 30�C/km in borehole S
that the paleogeothermal gradient in this well, when cooling began at c. 35 Ma, may ha
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that the gradients are mostly around 30–35�C/km and that higher
values are rare (Olaussen et al., 2022). This suggests that our value
is reliable.

Blythe and Kleinspehn (1998) reported apatite fission-track
data in samples from Svalbard and interpreted the data in terms
of three episodes of post-70 Ma exhumation that are consistent
with those presented here. Dörr et al. (2019) arrived at a similar
conclusion based on low-temperature thermochronology data in
samples from northern Svalbard. Dörr et al. (2018) also presented
low-temperature thermochronology data in samples from Central
Tertiary Basin boreholes. Their interpretation is at odds with our
results and with those presented by Blythe and Kleinspehn
(1998). We suspect that this may be due in part to the inclusion
by Dörr et al. (2018) of apatite (U-Th-Sm)/He thermochronology
(AHe), which is prone to uncertainty due to a range of complicating
factors (Green and Duddy, 2018).

Green and Duddy (2010) presented interpretations of AFTA
and VR data from wells in the Barents Sea which defined three
episodes of cooling beginning in the intervals 65–55 Ma (Pale-
ocene), 40–30 Ma (Eocene–Oligocene) and 10–5 Ma (late Mio-
cene). The earliest of these episodes was defined only in the
north-eastern part of the Barents Sea, whereas the two younger
episodes were defined across the entire region. However, the
new interpretations presented here suggest it is more likely that
the earliest episode represents the effects of the event responsible
for the Albian – mid-Paleocene hiatus on Svalbard, which we
attribute to regional Maastrichtian exhumation. The presence of
a major sub-Paleocene unconformity in the Hammerfest Basin
in the south-western Barents Sea (Henriksen et al., 2011) suggests
that the Maastrichtian exhumation episode also affected most of
the Barents Sea.

4.3. Arctic Canada

Arne et al. (1998, 2002) reported apatite fission-track and VR
data from various outcrop locations and exploration wells on Axel
Heiberg and Ellesmere Islands in the eastern parts of the Sverdrup
Basin that were most affected by the Eurekan Orogeny. They
reported Paleocene cooling in the cores of anticlines or the hanging
walls of thrust faults and attributed the cooling to denudation of
structures during the Eurekan Orogeny. These results suggest a dis-
tinction between Maastrichtian regional exhumation and mid-
Paleocene localised exhumation related to thrusting and inversion
along major fault zones associated with the early stage of the Eure-
kan Orogeny.

Vamvaka et al. (2019) reported apatite fission-track and AHe
data in samples from Ellesmere Island. They reported apatite
fission-track ages between 50 and 40 Ma, while He-ages in individ-
ual grains showed a much wider range, from which they selected
certain values that they used to derive thermal history constraints.
boreholes defining burial and exhumation histories for the Central Tertiary Basin on
epth and present-day temperatures for the two boreholes. The solid line in the left
dicted patterns of fission-track age and mean track length, respectively, for apatites
ch is the history expected if samples have not been hotter than their present-day
section and the present-day thermal gradient calculated from corrected borehole
younger than expected from the DTH scenario, showing that the section intersected
led at some time after deposition. (b) Paleotemperature constraints from AFTA and
le 1). Legend for the stratigraphic columns in Fig. 4. Constraints for each episode in
ffset to higher paleotemperatures compared to the present-day temperature profile.
sitional paleotemperatures derived from VR data are consistent with the maximum
orehole S). (c) Ranges of allowed paleo-gradients and removed section (hyperbolic
nfidence limits. Surface temperature: 20�C Maastrichtian and end-Eocene, 10�C late
resent-day conditions for the well R and for the late Miocene episode in well S are
lies at the extreme of the allowed range for the end-Eocene event, and it is possible
ve been slightly higher than the present-day value, as indicated.
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From a combination of apatite fission-track and AHe data in their
basement samples, Vamvaka et al. (2019) presented a scenario
involving three periods of cooling in the intervals 55–48 Ma, 44–
38 Ma, and 34–26 Ma, showing close correspondence to the two
stages of the Eurekan Orogeny and the subsequent post-Eurekan
stage defined by Piepjohn et al. (2016). However, we note from
the supplementary information presented by Vamvaka et al.
(2019) that their solutions were artificially constrained to begin
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cooling from temperatures between 140 and 160�C between 60
and 50 Ma. This cooling episode is broadly consistent with the
Paleocene cooling episode defined from our AFTA in the Wandel
Sea Basin. We consider it likely that the Paleocene cooling required
to explain the Canadian results shared a common origin with that
detected in this study in North Greenland, although Vamvaka et al.
(2019) considered the Paleocene cooling to have a non-tectonic
origin.



Fig. 10. Reconstructed burial and exhumation history for a sample of the Lower Cretaceous Carolinefjellet Formation adjacent to an outcrop of the mid-Paleocene Firkanten
Formation in the Central Tertiary Basin, Svalbard (based on the interpretation of the paleothermal data from the Reindalspasset and Sysselmannbreen boreholes in Fig. 9). The
reconstruction shows that a Cretaceous succession of about 4.3 km was deposited and then removed during Maastrichtian exhumation at the location of the Reindalspasset
borehole. A mid-Paleocene – Eocene succession of c. 2.1 km was then deposited at the locations of both boreholes prior to end-Eocene exhumation. That succession was
removed after end-Eocene and late Miocene exhumation. The mid-Cretaceous episode of cooling and exhumation (beginning between 118 and 95 Ma) is not shown because
the focus of the paper is on the Cenozoic exhumation history. Triangles indicate assumed conditions at the surface. EC: Early Cretaceous. LC: Late Cretaceous. Pg: Paleogene.
Ng: Neogene. Q: Quaternary.
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We consider it unlikely that the data presented by Vamvaka
et al. (2019) could independently define three cooling episodes
between 55 and 26 Ma in addition to the imposed cooling between
60 and 50 Ma, particularly since their selection of He-ages to
include in the modeling lacks independent control (Green and
Duddy, 2018). Instead, we suggest that a more reasonable interpre-
tation would be two major cooling episodes beginning at c. 60 and
c. 35 Ma, as in North Greenland. Late Cretaceous–Paleocene cooling
defined from detrital ages in Paleocene sandstones by Vamvaka
et al. (2019) is consistent with the Maastrichtian cooling defined
in Svalbard in this study.

In summary, we suggest that the thermochronology studies of
Arne et al. (1998, 2002) and Vamvaka et al. (2019) provide evi-
dence of a history of exhumation in the eastern part of the Sver-
drup Basin which is similar to that defined here for the Wandel
Sea Basin and on Svalbard, in terms of Maastrichtian, Paleocene
and end-Eocene episodes of exhumation. Further evidence for this
suggestion comes from the presence of significant late Maas-
trichtian, mid-Paleocene and end-Eocene unconformities in the
Canadian High Arctic dated at 68, 62 and 34 Ma (Fig. 3; Ricketts
1994; Embry et al., 2018). Studies of thermochronology and of
stratigraphy in the eastern Sverdrup Basin thus provide evidence
for (1) regional Maastrichtian exhumation that led to the formation
of a pronounced base-Paleocene unconformity before subsidence
in wide areas across the Sverdrup Basin, (2) mid-Paleocene
exhumation during inversion of fault zones in Stage 1 of the Eure-
kan Orogeny and (3) regional exhumation beginning at the end of
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the Eocene. Green and Duddy (2010) reported evidence from AFTA
for widespread Paleocene, end-Eocene and Miocene exhumation
across the North American Arctic.

4.4. Arctic Ocean

AFTA data in dredge samples from the Lomonosov Ridge (c.
89⁰N) defined cooling which began in the intervals 95–62 Ma
and 26–4 Ma (Knudsen et al., 2017). These intervals are consistent
with the Maastrichtian cooling episode identified on Svalbard and
in the Sverdrup Basin and with the regional, late Miocene cooling
episode. The 400-m ACEX drillcore obtained from an adjacent loca-
tion (c. 88⁰N) on the Lomonosov Ridge terminated in upper Pale-
ocene sediments and penetrated a 26 Myr mid-Cenozoic hiatus,
separating middle Eocene from lower Miocene sediments and a 2
Myr unconformity in the late Miocene (Backman et al., 2008). It
is possible that the mid-Cenozoic hiatus is the result of the regio-
nal, end-Eocene episode of exhumation described here, although
that episode of cooling and exhumation was not resolved in the
AFTA data from the dredge samples. However, the late Miocene
hiatus in the drillcore corresponds closely to the regional late Mio-
cene episode of exhumation which is confirmed by the AFTA data
from the dredge samples. This correlation is further confirmed by
an up to 8 Ma ferromanganese crust on the dredge samples that
Knudsen et al. (2017) considered to represent outcrop conditions,
corresponding to exhumation of the samples during the late Mio-
cene episode of uplift and erosion.



Fig. 11. Areas of uplift and subsidence around the North-East Atlantic from the Maastrichtian to the end of the Eocene superimposed on the plate reconstructions shown in
Fig. 2. The full legend is shown in Fig. 2. (a) Starting at 68 Ma, late Maastrichtian: Uplift and erosion resulted in a pronounced unconformity in the High Arctic and across wide
areas west of Greenland. Subsidence between Greenland and Eurasia. Sources: Balkwill (1987); Bjerager et al. (2020); Embry and Beauchamp (2019); Evans (2003); Henriksen
et al. (2011); Japsen et al. (2005, 2014); Larsen and Whitham, 2005; Stoker et al. (2017) and this paper. (b) Starting at 62 Ma, mid-Paleocene: Subsidence dominated onshore
and offshore East and West Greenland following initial uplift that decreased away from the main areas of volcanism. Subsidence in the western Canadian Archipelago and
Svalbard formed foreland basins. Uplift in western Scotland and in southern west Norway probably occurred in response to the movement of plume material under these
areas. Inversion of fault zones on Ellesmere Island and in North Greenland. Sources: Dalhoff et al. (2003); Embry and Beauchamp (2019); Green et al. (2013); Holford et al.
(2010); Jones et al. (2017); Nielsen et al. (1981); Nøhr-Hansen et al. (2011); Stoker et al. (2017); Sømme et al. (2019); White and Lovell (1997) and this paper. (c) Starting at
55 Ma, earliest Eocene: Much of Greenland subsided. Subsidence in the North Sea and across southern Scandinavia, waves of uplift and subsidence in the Faroe – Shetland
Basin. Sources: Dalhoff et al. (2003); Dallmann (2015); Green et al. (2013); Harrison (2008); Heilmann-Clausen et al. (1985); Henriksen et al. (2011); Japsen et al. (2014, 2018,
2021b); Piepjohn et al. (2016); White and Lovell (1997). (d) Starting at 35 Ma, late Eocene: Uplift and erosion of all margins along Greenland and in the High Arctic. Minor
uplift of southern Norway. Sources: Balkwill (1987); Green and Duddy (2010); Green et al. (2014); Japsen et al. (2006, 2007 and references therein, 2010, 2014, 2021b) and
this paper. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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5. Latest Cretaceous – Neogene tectonics

5.1. Maastrichtian exhumation – Possible doming above the rising
Iceland plume (Fig. 11a)

Evidence from thermochronology and stratigraphy shows that
Maastrichtian uplift and erosion affected a huge area across Green-
land, the North American Arctic to Svalbard, the Barents Shelf and
the Lomonosov Ridge (Figs. 3, 11a):

� Ricketts (1994) reported that latest Cretaceous uplift was wide-
spread in the North American Arctic, and this observation is
supported by evidence for cooling and exhumation from the
eastern Sverdrup Basin (Arne et al., 2002; Vamvaka et al.,
2019; Section 4.3). Uplift and erosion led to the formation of a
Maastrichtian unconformity that is recognized across the Cana-
dian High Arctic (dated at 68 Ma; Embry et al., 2018). The Maas-
trichtian unconformity in the Sverdrup Basin is more
pronounced towards Greenland (Ricketts, 1994).

� In the Wandel Sea Basin, a significant hiatus separates the
youngest, well-dated Upper Cretaceous sediments of Santonian
age from the exposed upper Paleocene deposits in Kronprins
Christian Land (Lyck and Stemmerik, 2000; Hovikoski et al.,
2018), suggesting that Maastrichtian exhumation may also have
affected this region. Further west, the presence of the Kap
Washington volcanics and interbedded shales of Maastrichtian
age (Tegner et al., 2011) suggests that Maastrichtian exhuma-
tion may not have been pronounced in north-west Peary Land.
The AFTA data do not, however, resolve definite evidence of
Maastrichtian cooling, possibly because any such effects were
overprinted by the high temperatures during subsequent
paleo-thermal episodes.

� A Maastrichtian unconformity is an important marker on– and
off-shore West and North-East Greenland (Japsen et al., 2005;
Bjerager et al., 2020; Fyhn et al., 2021). Off North-East Green-
land, late Maastrichtian sediments, derived from the uplifted
Greenland, prograded eastwards above this unconformity
(Fyhn et al., 2021). Some of these sediments may have reached
as far as the Vøring Basin off mid-Norway (Fjellanger et al,
2005). The uplift was accompanied by faulting in present-day
central West Greenland and an increased input of sediment
from the uplifted hinterland eroded sub-sea canyons in the
crests of the fault blocks (Dam and Sønderholm, 1998; Dam
and Nøhr-Hansen, 2001).

� Exhumation on Svalbard (onset 72–65 Ma; Table 1) led to the
formation of the Albian – mid-Paleocene hiatus in the Central
Tertiary Basin. We infer that the Maastrichtian – mid-
Paleocene hiatus across the south-western Barents Shelf also
represents this episode (Henriksen et al., 2011; Jones et al.,
2017). The formation of the base-Paleocene unconformity of
the Central Tertiary Basin involved the removal of about 4 km
of Cretaceous sediments at the location of the Reindalspasset
borehole (Figs. 9, 10).

� Late Cretaceous – early Paleocene cooling (onset 95–62 Ma) is
observed in dredge samples from the Lomonosov Ridge
(Knudsen et al., 2017). We interpret this result as evidence of
Maastrichtian exhumation reaching as far north as the North
Pole.

The results from the low-temperature thermochronology pre-
sented here and the age of the late Maastrichtian unconformity
in the Canadian High Arctic (Embry et al., 2018) show that regional
Maastrichtian uplift and erosion in the High Arctic began at c.
68 Ma.

The Maastrichtian episode of regional exhumation thus pre-
dates the mid-Paleocene onset of sea-floor spreading west of
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Greenland and the onset of eruption of the picritic lavas in West
Greenland at 62 Ma that is commonly taken as the sign of the
impact of the Iceland plume head on the lithosphere (see Sec-
tion 2.2). The area affected by the uplift was at least 2000 km in
diameter (Fig. 11a). We therefore hypothesise that the Maas-
trichtian uplift reflects doming above the rising Iceland Plume
upon its arrival in the upper mantle, prior to its impact at the base
of the lithosphere. In support of this hypothesis, we cite Campbell
(2007) who showed evidence that pre-impact doming can become
evident 3 to 10 Myr before plume impact, and that the diameter of
the dome can be of the order of 1000 to 2000 km. If this hypothesis
is correct, then the time lag is 6 Myr between the onset of Maas-
trichtian pre-impact doming (68 Ma; Embry et al., 2018) and the
mid-Paleocene impact itself at 62 Ma. Our hypothesis is consistent
with the placing of the rising plume head under central northern
Greenland (O’Neill et al., 2005; Celli et al., 2021). It is marginally
consistent with placing of the plume head under central West
Greenland (Lawver and Müller, 1994) and inconsistent with the
placing under central East Greenland (Doubrovine et al., 2012;
Barnett-Moore et al., 2017).

5.2. Mid-Paleocene exhumation of inverted fault zones – Eurekan
Stage 1 driven by the movement of Greenland relative to North
America (Fig. 11b)

Stage 1 of the Eurekan Orogeny in late Paleocene times affected
wide areas in the High Arctic involving inversion of fault zones,
thrusting and formation of foreland basins (represented by the
onset of deposition of the sandstones of the upper Expedition For-
mation in the Sverdrup Basin, the Thyra Ø Formation in theWandel
Sea Basin and the Firkanten Formation in the Central Tertiary
Basin; Fig. 3).

The north-eastward movement of Greenland relative to North
America in the late Paleocene was taken up on a series of strike-
slip faults on Ellesmere Island (Harrison, 2004; Oakey and
Chalmers, 2012). Thrusting on the step-overs between these faults
caused folding, thrusting and uplift in parts of the Sverdrup Basin
(Harrison, 2004). These movements correspond to Stage 1 of the
Eurekan Orogeny (Fig. 11b). Thermochronological data from the
eastern Sverdrup Basin provide evidence for localised exhumation
related to Paleocene thrusting and inversion (Arne et al., 2002;
Vamvaka et al., 2019; Section 4.3).

The style of deformation in the fault zones of the Wandel Sea
Basin has been interpreted as the result of Paleocene–Eocene N-S
directed compression (Svennevig et al., 2016). The Eurekan defor-
mation, however, took place in two stages, as discussed in Section 2
(Figs. 2b,c). During the Paleocene Stage 1, the SSW–NNEmovement
of Greenland relative to Svalbard gave rise to compression (begin-
ning between 60 and 57 Ma; Table 1) that caused inversion and
exhumation along the fault zones and contributed to the present-
day outline of the Wandel Sea Basin with scattered sedimentary
outliers.

TheWest Spitsbergen Fold Belt formed as initial SSW-NNE com-
pression followed by minor transpressional modifications (Manby
and Lyberis, 1996; Bergh et al., 1997). This is consistent with the
SSW-NNE movement of Greenland in the Paleocene followed by
the Eocene transpression along the De Geer Line (Figs. 2c,d). We
therefore conclude that the SSW-NNE Paleocene compression
caused the formation of the West Spitsbergen Fold Belt and the
onset of subsidence of the Central Tertiary Basin as a foreland
basin. The AFTA data available from Svalbard provide no evidence
of Paleocene cooling, although this could simply be due to the lack
of samples in areas affected by tectonism.

The results from low-temperature thermochronology presented
here and the age of the mid-Paleocene unconformity in the Cana-
dian High Arctic (Embry et al., 2018) lead us to suggest that the
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Paleocene inversion of the fault zones in the eastern Sverdrup
Basin, in the Wandel Sea Basin and in the West Spitsbergen Fold
Belt all began at c. 62 Ma.

A case can be made, as suggested by Harrison et al. (1999; see
also Stotz et al., 2018) that outflow from the mantle plume was a
significant, if not the primary, driving force for the increase in
velocity of separation between the North American and
Greenland-Eurasia plates. This force eventually led to sea-floor
spreading in the Labrador Sea and Baffin Bay and thus contributed
to the onset of the Eurekan Orogeny. The mid-Paleocene impact of
the Iceland Plume on the base of the lithosphere under Greenland
happened during slow, intra-continental extension around Green-
land (Chian and Louden, 1994; Fyhn et al., 2021), and the situation
thus corresponds to the ‘semi-active’ mode of continental rifting
and break-up defined by Koptev et al. (2021) based on numerical
experiments. The ‘semi-active’ mode is characterized by syn-
breakup volcanism carrying the geochemical signatures of the
deep mantle, which agrees with the mid-Paleocene onset of
high-temperature picritic volcanism on– and offshore West Green-
land (Pedersen et al., 2017; Riisager er al., 2003; Larsen and
Williamson, 2020).

Many models of plume impact, predict an elevated land surface
after the impact (e.g. François et al., 2018; Koptev et al., 2021).
Observations show, however that after a very short-lived uplift,
there was rapid subsidence in both East andWest Greenland, start-
ing immediately after the onset of volcanic eruptions at the time of
plume impact (Pedersen et al., 2002; Larsen and Tegner, 2006;
Dam et al., 2009; Green et al 2013, chapter 5). In central East
Greenland (68–70⁰N), for example, subsidence during the eruption
of the basalts at the time of break-up (c. 56 Ma), kept pace with the
outpouring lavas, so that the land surface at the end of the erup-
tions remained at or near sea level (Brooks and Nielsen, 1982;
Bonow et al., 2014). The tectonic regime at that time was exten-
sional, and this resulted in subsidence of the base of the basalts,
so that there was balance between subsidence and accumulation
because of the easy access from magma chambers in the crust to
the eruption sites. In central West Greenland, uplift immediately
preceding the first eruptions was followed shortly afterwards by
several hundreds of meters of subsidence forming a basin into
which lavas prograded forming a Gilbert delta (Pedersen et al.,
1993; Green et al., 2013).

5.3. Eocene tectonics: Eurekan Stage 2 (Fig. 11c)

Sea-floor spreading started between Greenland and Eurasia in
the earliest Eocene and sea-floor spreading in the Labrador Sea
and Baffin Bay continued after a change in spreading direction
(Figs. 2b,c). These changes caused Greenland to move northwards
relative to both Ellesmere Island and Svalbard. The result of these
movements on Ellesmere Island was large-scale, south-directed
thrusting and deposition of syn-tectonic conglomerates (Buchanan
Lake Fm) in front of the advancing thrust sheets in the mid-Eocene
(Ricketts, 1994; Embry and Beauchamp, 2019; Fig. 1). The crustal
shortening destroyed the contiguous Sverdrup Basin and, in its
place, produced several small intermontane basins which, in sev-
eral cases, were associated with major thrust systems (Ricketts,
1994). Major arches, hundreds of kilometers in length, formed fur-
ther west that have been modelled as large, continental, crustal-
scale folds that formed during the main phase of Eurekan crustal
shortening (Stephenson et al., 1990). Oakey and Chalmers (2012)
showed that the folds solved a space problem caused by the north-
ward movement of Greenland relative to North America during the
Eocene. Ricketts and Stephenson’s (1994) showed that arch uplift
was transitional between the final stages of subsidence in the Sver-
drup Basin and maximum crustal failure of the overthrust area far-
ther east.
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Sea-floor spreading also started in the Arctic Ocean in the latest
Paleocene (C25) (Brozena et al, 2003) or more likely in the earliest
Eocene (C24) (Jokat et al., 2016) at the same time as sea-floor
spreading started between Greenland and Eurasia. This caused
the trajectory of Svalbard relative to Greenland to change from
compressional to dextral transpression along the De Geer Line.
The West Spitsbergen Fold Belt on Svalbard was modified during
the early Eocene by minor dextral transpression due to movement
along the De Geer Line (Manby and Lyberis, 1996; Bergh et al.,
1997; Steel et al., 1985; Dallmann, 2015 and references therein;
See Section 2).

Neither our data nor any published results from ther-
mochronology of which we are aware reveal any paleo-thermal
effects related to published times of major tectonic activity during
the Eocene Stage 2 of the Eurekan Orogeny (Tegner et al., 2011;
Embry et al., 2018). This may be because the amounts of denuda-
tion were relatively small, and/or localised to discrete structures
which we have not sampled in this study. Widespread areas across
the High Arctic subsided during the Eocene, leading to accumula-
tion of thick sedimentary successions prior to the onset of exhuma-
tion at the end of the Eocene, as we discuss in the subsequent
Section.

5.4. Exhumation episodes postdating the Eurekan Orogeny (Fig. 11d)

5.4.1. Exhumation beginning at the end of the Eocene
Cooling reflecting exhumation that began at the end of the

Eocene (c. 35 Ma) affected the Wandel Sea Basin and Svalbard
and correlates with the Oligocene hiatus in these areas and with
a base-Oligocene, angular unconformity of tectonic origin in the
Canadian High Arctic dated at 34 Ma (Figs. 3, 11d; Embry et al.,
2018). This episode of regional denudation began around the time
that sea-floor spreading west of Greenland had ended (C13, 33 Ma)
and thus post-dates the Eurekan Orogeny. The difference between
these estimated times is small, however, and we refer to the onset
of cooling at this time as 35 Ma (end-Eocene).

A sedimentary succession about 2 km thick was removed from
wide areas across the Wandel Sea Basin and from the region
around the Central Tertiary Basin on Svalbard. Both regions had
subsided during the Eocene and, in many places, the removed sec-
tion consisted of Eocene sediments. The Paleocene–Eocene defor-
mation of the Sverdrup Basin climaxed in the late Eocene and the
entire basin was uplifted, ‘bringing to a close a 300-million-year
history of deposition’ (Embry and Beauchamp, 2019). Exhumation
beginning at the end of the Eocene also affected the Barents Sea,
the north slope of Alaska (Green and Duddy, 2010) and in all areas
of Greenland where exhumation has been studied to date (Fig. 11d;
references in the caption to Fig. 11d).

There is a clear offset in the end-Eocene paleotemperatures
across the Harder Fjord Fault Zone in northern Peary Land, North
Greenland (Figs. 1, 8b). This offset indicates reverse faulting where
the northern side of the fault zone was uplifted about 1 km more
than the area south of the fault (Japsen et al., 2021), confirming
the observation that N-S compression resulted in reverse faulting
in northern Peary Land in post-late Santonian times (Piepjohn
and von Gosen, 2001). However, Piepjohn and von Gosen (2001)
interpreted this compression to be part of the Eurekan Orogeny,
whereas our results show that the inversion of the Harder Fjord
Fault Zone took place in two episodes; one that began during the
Paleocene and another that began at the end of the Eocene. Unlike
the first episode that represents the onset of the Eurekan Orogeny,
the second episode represents post-Eurekan tectonics.

Uplift and erosion in the High Arctic that began at the end of the
Eocene, close to the time when (1) sea-floor spreading west of
Greenland had terminated at C13 time, (2) a minimum of the rate
of sea-floor spreading and a significant change in spreading direc-
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tions in the North-East Atlantic took place also at C13 time (Gaina
et al., 2017) and (3) exhumation began in East andWest Greenland,
far from the Eurekan Orogen.

These observations indicate that a deep-rooted, tectonic process
began in the North-East Atlantic at the end of the Eocene, subse-
quent to the Eurekan Orogeny. Gaina et al. (2017) noted that the
continental margins of North America and Eurasia underwent mas-
sive changes in the late Eocene–Oligocene and suggested that the
European Plate probably changed direction of absolute motion
due to successive adjustments along its southern boundary. Such
changes may have resulted in a reorientation in intra-plate stresses
causing re-adjustments of the rate of seafloor spreading observed
at the Eocene–Oligocene transition.

Dewey et al. (1989) also identified a major change in tectonic
phases at C13 time in the western Mediterranean from a model
that used a study of Atlantic fracture zones to integrate the motion
of Africa relative to Europe. These changes at the southern margin
of Europe may have generated forces that were transmitted across
the spreading center north-west of Europe, through the astheno-
sphere (Höink et al., 2012; Colli et al., 2018). Could transmission
of this stress have contributed to both major plate-tectonic
changes in the North-East Atlantic and to uplifts in Greenland
and surrounding regions at the Eocene–Oligocene transition?
5.4.2. Exhumation beginning in the late Miocene
An additional episode of post-Eurekan uplift and erosion started

in the late Miocene (c. 10 Ma; Table 1) and affected wide areas
across the High Arctic, including the Lomonosov Ridge and the con-
jugate margins of the Fram Strait (Green and Duddy, 2010;
Knudsen et al., 2017; Dörr et al., 2019; Japsen et al., 2021a, b).
Off North-East Greenland, massive shelf progradation occurred
above a distinct angular, intra-Miocene unconformity (IMU) that
Døssing et al. (2016) dated to be middle to late Miocene (15–
10 Ma). The IMU marks the termination of synrift deposition in
the deep-sea basins and the onset of contourite deposition south
of the Fram Strait. Japsen et al. (2021b) therefore suggested that
the uplift onshore and the uplift that formed the IMU represent
the same late Miocene episode that began at 10 Ma. The prograd-
ing sediments deposited above the IMU show that the onshore area
remained uplifted and provided the sediment source while the off-
shore area subsided.

The late Miocene uplift initiated the formation of the present-
day, elevated landscapes in Greenland and Svalbard (Dörr et al.,
2019; Japsen et al., 2021b). The Barents Sea was also affected by
late Miocene exhumation (Green and Duddy, 2010), but here the
end-result was a submerged shelf. In contrast to the High Arctic,
Neogene uplift and erosion in Scandinavia began in the early Mio-
cene (Fig. 7b) at approximately the same time as sea-floor spread-
ing started between Jan Mayen and Greenland (Gaina et al., 2009).
Japsen et al. (2021b) speculated that late Neogene changes in the
absolute motion of the North American Plate may explain this
asymmetric behavior across the North-East Atlantic. Sea-floor
spreading rates between Eurasia – North America and Nubia –
North America varied modestly from 20 to c. 8 Ma but slowed
down by c. 20% between 8 and 5 Ma, and the rates have remained
remarkably steady since then (Merkouriev & DeMets 2008; DeMets
et al. 2015; Iaffaldano & DeMets 2016). These changes in relative
motions were related to a change in the absolute motion of North
America and Antarctica, and they might be linked to the late Neo-
gene dynamics of the Pacific Plate (Iaffaldano & DeMets 2016).
6. Summary

We have integrated new and published low-temperature ther-
mochronology data with stratigraphic information from disparate
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parts of the High Arctic and have – for the first time - identified
four episodes of synchronous cooling and exhumation during the
latest Cretaceous – Neogene. Three of the episodes are regional
and started both before and after the Eurekan Orogeny that was
induced by the late Paleocene – Eocene movement of Greenland
relative to the North American and Eurasian plates:

1. Regional Maastrichtian uplift and erosion that began at c. 68 Ma
affected the Canadian High Arctic, Svalbard, the Barents Sea, the
Lomonosov Ridge and parts of Greenland, both onshore and off-
shore. We hypothesise that this episode of uplift reflects dom-
ing above the rising head of the Iceland Plume upon its arrival
in the upper mantle and prior to its impact at the base of the
lithosphere under Greenland at c. 62 Ma.

2. Localised Paleocene exhumation that began at c. 62 Ma resulted
from inversion of fault zones in the Wandel Sea Basin and in the
eastern Sverdrup Basin. These uplifts occurred while Greenland
moved together with Eurasia relative to North America causing
local compression on Ellesmere Island and Svalbard leading to
the inversion of fault zones. We show that the folding that
caused the West Spitsbergen Fold Belt is consistent with this
Paleocene movement and was not caused by transpression dur-
ing the Eocene as many authors have assumed. The compres-
sion also formed foreland basins such as the Central Tertiary
Basin. Paleo-thermal effects of this episode are as yet unde-
tected in Svalbard, possibly due to the available data coverage.
This episode started when the Iceland Plume impacted the
lithosphere under Greenland, possibly contributing to the onset
of sea-floor spreading west of Greenland and that provided the
driving force for the Eurekan Orogeny.

3. Regional exhumation that began at the end of the Eocene (c.
35 Ma) affected wide regions extending from south Greenland
across the High Arctic, including areas far beyond those
involved in the Eurekan deformations. The onset of this episode
took place close to the cessation of sea-floor spreading west of
Greenland, and it thus represents post-Eurekan tectonics. The
onset of this episode of exhumation also coincided with a min-
imum of the rate of sea-floor spreading and a significant change
in the spreading directions in the North-East Atlantic. Is it pos-
sible that these changes were caused by the major shift in the
motion of Africa relative to Europe that also happened at this
time?

4. Regional, late Miocene uplift and erosion that began at c. 10 Ma
affected wide areas across the High Arctic, including the conju-
gate margins of the Fram Strait and the Lomonosov Ridge, close
to the North Pole. This episode initiated the formation of the
present-day elevated landscapes of Greenland and Svalbard,
but in the Barents Sea the end-result was a submerged shelf.
The forces driving this episode may be linked to changes in
the absolute motion of North American Plate.

We have not detected exhumation within the area of the Eure-
kan Orogeny during the Eocene, when Greenland moved north-
wards separately from both North America and Eurasia. This may
reflect the available data coverage but may also be because wide-
spread areas in the High Arctic subsided during the Eocene leading
to accumulation of thick siliciclastic successions.

The results presented here illustrate the complex interplay of
tectonic forces responsible for subsidence and uplift that eventu-
ally leads to deposition and to removal of rocks and thus to oblit-
eration of part of the stratigraphic record. Our study emphasizes
the importance of investigating evidence of sedimentary sequences
that were once deposited and subsequently removed (missing sec-
tion) from the preserved geological record. By doing so, it is possi-
ble to gain a better understanding of the geological development
and of the tectonic forces driving horizontal and vertical move-
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ments of the earth’s crust. It is now important to investigate the
interplay of the tectonic forces by geodynamic modelling, con-
strained by observations of the vertical movements of the crust,
such as those presented here.
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