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ABSTRACT

The forces that drive uplift of the continental lithosphere outside collision zones are a topic of considerable dispute. Here we review our studies of the post-
Caledonian development of Greenland, Fennoscandia and adjacent regions based on apatite fission-track analysis (AFTA) and stratigraphic landscape analysis
(SLA). AFTA defines episodes of cooling (exhumation) while SLA provides a relative denudation chronology. Integrating these results with the geological record can
produce a coherent history of both positive and negative vertical crustal movements. Our studies reveal a history involving multiple regional episodes of burial and
exhumation, leading to a) formation of peneplains graded to sea level, b) formation of distinct unconformities in sedimentary successions, and c) deposition of thick
siliciclastic wedges in basins adjacent to the uplifting landmasses. Exhumation episodes which began in late Carboniferous, Middle Triassic and Middle Jurassic
affected the entire study area (with some time variations). These episodes correlate with rifting episodes during the break-up of Pangea, attributed to accumulation of
mantle heat beneath the supercontinent. Mid-Cretaceous exhumation affected wide parts of the study area and coincided with the inversion of the Sorgenfrei-
Tornquist Zone in southern Scandinavia. This may be linked with changes in the relative motion between the European and African plates in the earliest Late
Cretaceous. Maastrichtian exhumation affected wide areas around Greenland, probably reflecting doming above the rising Iceland Plume upon its arrival in the upper
mantle, prior to the mid-Paleocene impact at the base of the lithosphere. The mid-Paleocene impact of the plume under Greenland contributed to the onset of sea-
floor spreading west of Greenland. This represents the onset of the Eurekan Orogeny which affected wide areas around northern Greenland. End-Eocene exhumation
interrupted the Eocene regime of subsidence following earliest Eocene break-up in the North-East Atlantic, coincided with a minimum rate of sea-floor spreading in
the North-East Atlantic, possibly related to changes in the motion of Africa relative to Europe. Early Miocene exhumation affected only Fennoscandia and is attributed
to intraplate stress transmitted across the Eurasian plate. Late Miocene uplift initiated the formation of Greenland’s coastal mountains but did not affect Fenno-
scandia. This episode correlates with changes in the absolute motion of the North American Plate. Pliocene uplift — amplified by the isostatic response to erosion —
raised all margins in the region with maximum elevations reached in coastal areas close to Iceland. This suggests support from the Iceland Plume due to outward-
flowing asthenosphere extending beneath the conjugate margins of the North-East Atlantic. We use these observations to argue that these episodes reflect both
lithospheric and sub-lithospheric forces, related either to changes in the motion of the plates caused by far-field stress induced by events outside the study area, or
driven by movements within the mantle directly within the study area. Geodynamic modelling is required to obtain further insights into the properties of the Earth
that allow recurrent episodes of uplift and subsidence of the continents.

1. Introduction

Episodes of kilometer-scale burial and exhumation in regions far
from active collision zones are well documented, but the nature of the
underlying processes remains enigmatic. A key step in understanding
these movements is defining their effects in time and space. Central to
this is recognizing missing section; i.e. rock sequences that were once
present but have been subsequently removed. This phenomenon is
manifest by time intervals that are not represented in the preserved rock
record — unconformities or hiatuses (Green et al., 2022a).

Our early studies focused on Neogene uplift around the North-East
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Atlantic (Japsen and Chalmers, 2000). However, our more recent
work in Greenland and Fennoscandia (Norway, Sweden and Finland)
and adjacent regions (Figs. 1, 2), has revealed multiple episodes of
kilometer-scale burial and exhumation of regional extent (Figs. 3, 4)
following the early Devonian collapse of the Caledonian mountains in
East Greenland and Scandinavia (references listed in Section 3). These
episodes occur both before and after the earliest Eocene break-up in the
North-East Atlantic (Gee et al., 2008; Gaina et al., 2017). We restrict
discussion here to results from our own studies to ensure consistency of
approach. We have discussed thermochronology studies across the re-
gion from other groups and compared those results with our own in our
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previous publications and these studies are not discussed further here.

Our studies integrate apatite fission-track analysis (AFTA) which
defines episodes of cooling (exhumation) and stratigraphic landscape
analysis (SLA) which provides a denudation chronology, with the
geological record to produce a coherent history of positive and negative
vertical movements (Green et al., 2013; Lidmar-Bergstrom et al., 2013).
These episodes led to formation of peneplains graded to the level of the
adjacent ocean (and to the subsequent uplift of these peneplains), to
formation of distinct unconformities in sedimentary successions and to
the deposition of thick siliciclastic wedges in basins adjacent to the
uplifting landmasses and ultimately to the formation of the present-day
landscapes around the North-East Atlantic.

Yet the geodynamic processes responsible remain poorly understood.
Here we summarize key aspects of these episodes, highlighting both
similarities and differences in their effects in Greenland and Fenno-
scandia, which may shed light on the driving processes. We also
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speculate on likely mechanisms. We hope that these observations may
provide constraints for testing future geodynamic models.

2. Interpretation strategy

Apatite fission-track data register only episodes of cooling from
higher temperatures and contain no information on time spent at lower
temperatures (Green et al., 2013). However, the presence of sedimen-
tary remnants resting on basement defines times when the underlying
basement was at the surface prior to a phase of burial and heating. Thus,
integrating the apatite fission-track data with geological evidence can
define multiple episodes of exhumation (cooling) and re-burial (heat-
ing). Similarly, peneplains document the end-result of an episode of
uplift of the surface of the earth. Where the age for the final formation of
a peneplain can be constrained by cover rocks, the presence of such
erosion surfaces provides an important constraint on the history of

Barents Sea

Atlantic Ocean

North Sea

Elevation (km)

Fig. 1. Elevation of bedrock onshore and bathymetry offshore in the North-East Atlantic domain. Common features of the margins are that (a) one or several elevated
plateaus dissected by deep valleys and that (b) deeply weathered, etch surfaces with hilly relief at relatively low elevations (Bonow et al., 2014). Note the much
higher elevation in East Greenland compared to West Greenland. The load of the Greenland ice sheet causes a depression of up to 800 m in central Greenland whereas
peripheral bulging caused by the ice load has a negligible effect on the elevation of Greenland’s margins (Medvedev et al., 2013). Elevation data source: Amante and
Eakins (2009). Modified after Bonow et al. (2014). BB: Bay of Bothnia. BL: Baffin Island. BS: Baltic Sea. GF: Gunbjgrn Fjeld (3.7 km a.s.l.). NS: Northern Scandes. ScS:
Scoresby Sund. SS: Southern Scandes (including the Miocene Hardangervidda peneplain). SSD: South Swedish Dome (including the Miocene South Sma-

land Peneplain).
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vertical movements in a region.

Here we adopt the definition that all surfaces graded to a base level
are peneplains, irrespective of whether their detailed present-day form is
hilly or flat (Green et al., 2013; Lidmar-Bergstrom et al., 2017). The
formation of a peneplain involves erosion of rocks of different age and
resistance by running water and slope processes during valley incision
and valley-widening, whereas the final shape of the peneplain depends
on the climatic conditions after its formation; e.g. weathering of the
bedrock during warm and humid climates, resulting in a hilly relief with
thick kaolinitic saprolites along fracture zones. Fluvial erosion to base
level is fundamental for understanding the formation of extensive, low-
relief surfaces. In the cases where the geological record documents that
the sea transgressed a peneplain, base level was sea level. In the cases
where a study area is known to have been near the sea at the time a
peneplain formed (e.g. along passive continental margins), this is a
reasonable hypothesis (Japsen et al., 2009).

Reconstruction of the thermal history based on AFTA data for one
sample typically allows definition of three episodes of cooling (Green
et al., 2013). However, we have been able to identify ten episodes of
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cooling (interpreted to reflect exhumation) across the study area
because different episodes dominate in different regions and at different
altitudes/depths. This results in a complex, spatial variation in paleo-
temperatures characterizing some episodes. For example, key paleo-
thermal episodes show significant variation along an 800 km long N-S
transect in Sweden without significant variation in elevation (Green
et al., 2022b, fig. 15). Middle Jurassic cooling is recognized in the south
and the north but is not recognized at central locations, where mid-
Cretaceous cooling is defined. These variations are likely to be due to
problems in resolving cooling episodes in samples affected by more than
three episodes. Green et al. (2022b) argued that the key exhumation
episodes affected Fennoscandia even in intermediate regions where they
could not be resolved. This conclusion was reached because the differ-
ential vertical movements since Cambrian times must have been small
along the east coast of Sweden (56-62° N), where the elevation of the
Sub-Cambrian Peneplain only varies by a few hundred meters (Lidmar-
Bergstrom et al., 2013).
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Fig. 2. Distribution of AFTA samples. Fennoscandia and the Danish Basin, 373 samples (Japsen et al., 2007; Green et al., 2022b). Greenland, 449 samples (Green and
Japsen, 2018; Japsen et al., 2006, 2014, 2021a, 2023). Svalbard, 33 samples (Japsen et al., 2023). AFTA data and thermal history interpretation for the GISP-2 core
in Supplemental Material. Annotated boreholes: GISP-2, KLX-2, OTN 1-3. Basemap slightly modified from Japsen and Chalmers (2000). B: Bergen. CTB: Central
Tertiary Basin. DB: Danish Basin. FSB: Faroe-Shetland Basin. GL: Germania Land. GP: Geikie Plateau. JL: Jameson Land. K@: Kuhn @. L: Lofoten. ML: Milne Land.
NSB: North Sea Basin. WSB: Wandel Sea Basin. (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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Fig. 3. Onset of post-Caledonian episodes of regional exhumation (cooling) based on AFTA data and time intervals for peneplain formation. Intervening subsidence
and burial not shown. Correlation with tectonic events indicated in the right-hand column; cf. the papers referred to in the caption to Fig. 2. Iceland Plume: Uplift
along continental margins due to dynamic support by the Iceland Plume. Pangea break-up: Epeirogenic uplifts during break-up of Pangea. Plate reorganization: Uplift
starting at the same time as plate reorganization. Plume dome: Doming above the Iceland Plume rising through the upper mantle. Plume impact: Onset of sea-floor
spreading west of Greenland and inversion of fault zones during the onset of the Eurekan Orogeny. Vertical extent of the colored bands in the four left-hand columns
indicate uncertainty for the onset of the exhumation episodes. The right-hand, colored column indicates the regional timing for the onset of exhumation in each
episode based on data for the areas in the four columns. Timing of Maastrichtian domal uplift on Svalbard and of Paleocene inversion of fault zones in North
Greenland from AFTA data adjusted by stratigraphic constraints from Canadian High Arctic (Embry et al., 2018). Stratigraphic landscape analysis based on Bonow
et al. (2006b, 2014), Lidmar-Bergstrom et al. (2013), Japsen et al. (2018) and Bonow and Japsen (2021). Time intervals for peneplain formation defined by time
between onset of exhumation and age of overlying sediments or onset of subsequent regional episode of exhumation. Timing of continental break-up from Oakey and
Chalmers (2012), Gaina et al. (2017) and Dumais et al. (2021). FS: Fennoscandia. HV: Hardangervidda. LJP/MJP: Late/Mid- Jurassic Peneplain. LPS/UPS: Lower/
Upper Planation Surface. MCP: Mid-Cretaceous Peneplain. MTP: Mid-Triassic Peneplain. SPP: Sub-Permian Peneplain. SSP: South Smaland Peneplain. STZ:
Sorgenfrei-Tornquist Zone.
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Fig. 4. Regions of broadly synchronous episodes of exhumation defined from AFTA data (Fig. 3). Subsidence of relatively minor basins during the episodes not
indicated (e.g. subsidence of the Jameson Land Basin during the mid-Jurassic C2 episode). Location of present-day coastlines and plate configurations for the
designated times (Matthews et al., 2016). Fig. C: Outline of the mid-Jurassic’Central North Sea Dome’ indicated with hatched colour (Underhill and Partington,
1993). Fig. F: Post-Miocene surface uplift estimated from elevation of Miocene peneplains (Bonow and Japsen, 2021; Japsen et al., 2016, 2018). Black lines: faults.
HFFZ: Harder Fjord Fault Zone. OR: Oslo Rift. PDMF: Post-Devonian Main Fault system. STZ: Sorgenfrei-Tornquist Zone.



P. Japsen et al.

3. Data

A consistent body of low-temperature thermochronology data and
studies of the large-scale landscape development published over the last
20 years forms the backbone of this synthesis:

- Central West Greenland: Bonow (2005), Bonow et al. (2006a,
2006b), Japsen et al. (2005, 2006).

- North-East Greenland: Green and Japsen (2018), Bonow and Japsen
(2021), Japsen et al. (2021a).

- Southern East Greenland: Bonow et al. (2014), Japsen et al. (2014).

- North Greenland, the Lomonosov Ridge (north of Greenland), Sval-
bard and the Barents Sea: Green and Duddy (2010), Knudsen et al.
(2017), Japsen et al. (2021b, 2023).

- Fennoscandia: Bonow et al. (2003), Lidmar-Bergstrom et al. (2013),
Japsen et al. (2010, 2016, 2018), Green et al. (2022b).

- Danish Basin: Japsen et al. (2007).

Furthermore, we include two reports as Supplementary Material:

- Geotrack Report GC891 which contains the unpublished thermal
history based on AFTA for sample GC891-1 obtained from the cen-
tral Greenland GISP-2 core (38° 28'W, 72° 35'N).

- Geotrack Report GC1066, previously unpublished, which includes
thermal histories based on AFTA for 33 outcrop samples from
northern West Greenland (72—760 N).

We base the following discussion on the interpretations presented in
these sources, where AFTA data and a detailed analysis of all observa-
tions are provided. Throughout the text we refer to cases listed in the
Appendix (included as Supplementary Material) where the paleothermal
constraints for specific samples and geological observations allow us to
estimate the thickness and age of missing sections.

Place names, sample locations and geological structures are indi-
cated on the maps in Figs. 1, 2, 4.

4. Episodes of exhumation during break-up of Pangea

Episodic supercontinent assembly and break-up have a profound
influence on the course of the Earth’s geological, climatological, and
biological evolution (Nance et al., 2014). Supercontinents become
epeirogenically uplifted as heat accumulates beneath them, in particular
because they shield the underlying mantle from subduction of old
oceanic plates, resulting in heat accumulation that produces a concen-
tration of plumes beneath the supercontinent (Worsley et al., 1984;
Phillips and Bunge, 2007). Epeirogenic uplift will dominate tectonic
activity during the lifespan of a supercontinent as trapped mantle heat
accumulates beneath the largely stationary supercontinent, manifested
as hot-spot activity, fragmentation and changes in global sea level
(Nance et al., 2014; Nance, 2022). Dang et al. (2024) found that mantle
plumes provided the dominant force that drove Pangea’s break-up,
particularly in triggering the initial break-up.

The mid-Carboniferous (c. 320 Ma) amalgamation of Gondwanaland
and Laurussia and subsequent formation of the Variscan fold belt
resulted in accumulation of heat beneath Pangea and thermal uplift that
finally led to the first phase of extension and rifting of Pangea at c. 300
Ma (Veevers, 2004, 2013). The extension generated accommodation
space for globally synchronous, cratonic sedimentary successions.
Veevers (2004, 2013) presented a detailed account of the merger and
break-up of Pangea based on stratigraphy and radiometric dating.
Veevers defined two phases of extension of Pangea at c. 300 and 235 Ma
followed by the incipient break-up by rifting of Atlantic margins by 190
Ma (anticipated by the c. 200 Ma Central Atlantic Magmatic Province,
CAMP, in the middle of Pangea; Dang et al., 2024) and subsequent sea-
floor spreading that marked the end of Pangea as a single
supercontinent.
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Japsen et al. (2016) argued that late Carboniferous, Middle Triassic
and Middle Jurassic episodes of exhumation defined by AFTA data
across the southern Baltic Shield were the result of the main phases of
epeirogenic uplift accompanying fragmentation of Pangea as identified
by Veevers (2004, 2013). We discuss each of these episodes below.

4.1. Late Carboniferous episode (C0)

Late Carboniferous CO exhumation affected North-East Greenland
and Fennoscandia at about the same time, c. 310 Ma (Fig. 4A). Prior to
this episode, thick sedimentary covers rested on basement, even in areas
that today are considered to be stable cratons, such as Finland and
southern Sweden where km-thick covers of Cambrian to Carboniferous
sediments were present above the Sub-Cambrian Peneplain (Figs. 5B,C,
6A; entry COa in the Appendix).

In North-East Greenland, the CO episode correlates with the latest
Carboniferous to mid-Permian unconformity, which separates the upper
Permian, partly marine conglomerates of the Huledal Formation from
the underlying, tilted and truncated latest Devonian to Carboniferous
strata of the Traill @ Group (Surlyk, 1990; Stemmerik, 2000). This un-
conformity marks the most profound change in tectonic style and overall
depositional environment in the post-Caledonian development of East
Greenland, representing the transition from a long period of crustal
extension to a period of subsidence governed by thermal relaxation of
the stretched and thinned crust (Surlyk, 1990). The unconformity cor-
responds to a sub-Permian peneplain covered by the sediments of the
Huledal Formation (Haller, 1971; Larsen, 1988; Surlyk, 1990). Haller
(1971, p. 320) summarized this change in the structural development,
emphasizing that the Caledonian mountains had disappeared by the
time this peneplain was developed: “When the upper Permian sea
transgressed across the present outer fjord region most of the intra-
Permian fault escarpments had been worn away. The late Paleozoic
block mountain ranges had disappeared and given place to lowlands”.

In Scandinavia, the CO episode is represented by unconformities; e.g.
in the late Carboniferous — Early Triassic Oslo Rift between an upper
Carboniferous sedimentary succession (including marine strata) and
underlying folded Cambro-Silurian rocks (Olaussen et al., 1994; Larsen
et al., 2008). Permian sediments rest on Devonian in the Baltic Sea, and
Devonian — lower Carboniferous rocks are absent in the Sorgenfrei-
Tornquist Zone which defines the transition between the Baltic Shield
and the Danish Basin (Fredén, 1994; Calner et al., 2013). Dykes of
Carboniferous-Permian age across much of North-West Europe,
including the Oslo Rift and southernmost Sweden, reflect the impact of
the Skagerrak Plume centered south of Norway, c. 300 Ma (Torsvik
et al., 2008). The plume impact thus post-dates the CO episode by c. 10
Myr, suggesting that the onset of CO exhumation in this region may
reflect doming above the plume upon its arrival in the upper mantle
(Campbell, 2007).

A sub-Permian unconformity in the North Sea to the west of Scan-
dinavia (Glennie et al., 2003) marks a similar major change in tectonic
style to that recognized in Greenland. There is also evidence of an
important phase of exhumation towards the end of the Carboniferous, in
the Southern Permian Basin of North-West Europe, represented by a
pronounced base-Permian unconformity (Doornenbal and Stevenson,
2010).

Mid-Carboniferous exhumation in Svalbard and in the Carbon-
iferous—Paleogene Wandel Sea Basin of North Greenland (beginning c.
325 Ma) correlates with a pronounced unconformity, reflecting Serpu-
khovian uplift of the northern margin of Pangea (Stemmerik and
Worsley, 2005). It is possible that this episode represents an early phase
of the late Carboniferous episode defined further south.

AFTA studies have also reported late Carboniferous exhumation
across Ireland, Namibia, north-east Brazil and Angola (Green et al.,
2000; Japsen et al., 2012a; Green and Machado, 2015). We thus
consider the late Carboniferous phase of exhumation in North-East
Greenland and Fennoscandia to be part of the first phase of break-up
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Fig. 5. Heating and cooling (burial and exhumation) history of basement rocks in Fennoscandia now exposed at the surface. A: Coast of south-west Norway, near
Bergen (60°N; Japsen et al., 2018; Green et al., 2022b). An Upper Jurassic outlier rest on the mid-Jurassic peneplain near the Pleistocene coastal plain (‘strandflat’;
Fossen et al., 1997; Fossen, 2023; Lgseth, 2023). During the Caledonian Orogeny, rocks on the Sub-Cambrian Peneplain were heated to >300 °C below thick nappes
(Fauconnier et al., 2014). B: Coast of south-east Sweden, near the KLX-2 borehole (570N; Japsen et al., 2016; Green et al., 2022b). The Sub-Cambrian Peneplain, the
mid-Cretaceous hilly relief, and the Miocene South Sméland Peneplain are juxtaposed (Lidmar-Bergstrom et al., 2013; Japsen et al., 2016). Late Carboniferous CO
paleotemperatures for basement rocks below the Caledonian foreland basin (Gee et al., 2008) must have been higher than those for the OTN boreholes further east
(Fig. C). Mid-Cretaceous C3 paleotemperatures cannot be resolved in this region where the separation between C2 and C7 values is minor, but the presence of Upper
Cretaceous sediments defines the age of the mid-Cretaceous hilly peneplain.

C: Coast of southern Finland, OTN boreholes (60°N; Green et al., 2022b). The Sub-Cambrian Peneplain, which is defined along the coast, is truncated by the mid-
Cretaceous hilly peneplain at low elevation at some distance from the coast (Lidmar-Bergstrom et al., 2013; Green et al., 2022b). A-C: The Sub-Cambrian Peneplain
extended across Fennoscandia after its formation following exhumation that began c. 600 Ma (Lidmar-Bergstrom et al., 2013; Japsen et al., 2016). When the
peneplain was fully developed prior to Cambrian transgression, rocks at this surface had cooled to a paleosurface temperature of c. 20 °C. The ranges of paleo-
temperatures are plotted as boxes with a height corresponding to the allowed range for the samples in question. The width of the boxes is fixed in centimeter. B-C:
Paleotemperature constraints defined by sea-level intercept projections (SLIPs; Green et al., 2022b) for the boreholes in question. Carb: Carboniferous. Cret:
Cretaceous. Jur: Jurassic. U: Upper. Details in the Appendix. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

of Pangea.

4.2. Middle Triassic episode (C1)

Middle Triassic C1 exhumation began around the same time in East
(and central) Greenland and Fennoscandia, beginning between 245 and
240 Ma (Figs. 4B, 7C). Prior to this episode, thick covers of upper
Permian to Early Triassic sediments were present in the northern part of
the Oslo Rift as well as significant columns of Paleozoic to Triassic
sediments in West Greenland and southern Sweden (entries Cla in the
Appendix). Uplift and erosion at this time led to the deposition of coarse-
grained siliciclastic sediments across the wider region: the Middle
Triassic Pingo Dal Group in North-East Greenland (Clemmensen, 1980;
Oftedal et al., 2005), the Middle-Upper Triassic Skagerrak Formation
(or Hegre Formation) around SW of Scandinavia (Bertelsen, 1980;
Goldsmith et al., 2003; Jarsve et al., 2014).

In North-East Greenland, the C1 episode correspond to the major
unconformity between the Pingo Dal Group and the underlying the
Lower Triassic marine mudstones of the Wordie Creek Group (Bjerager
et al., 2006). Extensive evidence of Cl cooling in the present-day
basement areas west of the basins suggests that this event represents
regional erosion of these areas, providing sedimentary input to the ba-
sins, indicative of C1 movements of the Post-Devonian Main Fault
(PDMF) system, which includes the present-day, western boundary of
the sedimentary basins (Vischer, 1943; Japsen et al., 2021a).

In Fennoscandia, the C1 episode is reflected in a major unconformity
that separates upper Paleozoic from Mesozoic sequences in the southern,
offshore continuation of the Oslo Rift (Ramberg et al., 2008). In south-
ernmost Sweden, C1 exhumation corresponds to the unconformity
below Upper Triassic sediments and in the removal of any trace of the
superficial effusives which must have resulted from the late Paleozoic
magmatic event (Bergstrom et al., 1982; Japsen et al., 2016). The
resulting sub-Mesozoic denudation surface thus defines a mid-Triassic
peneplain (Lidmar-Bergstrom, 1993).

A pronounced paleo-thermal offset is evident across the eastern
margin of the Oslo Rift, where Middle Triassic C1 paleotemperatures for
samples within and to the west of the Rift are consistently >110 °C,
while values in samples to the east are <100 °C. These offsets define
structurally controlled, differential exhumation (during Middle Triassic
or later movements) because no significant variations in the paleo-
geothermal gradient are observed during this episode (Green et al.,
2022b).

Triassic exhumation affected West and North Greenland and Sval-
bard 15-20 Myr later than the Triassic exhumation in other areas. In
Svalbard and North Greenland this episode correlates with base-Carnian
(~235 Ma) unconformities that mark drastic changes in the sedimentary
environment (Dallmann, 2015; Bjerager et al., 2019; Japsen et al.,
2021b). This time difference may indicate that the C1 episode affected
East Greenland and Fennoscandia earlier than the areas to the west and

north. Larsen et al. (2009) found that highly alkaline, volatile-rich melts,
which formed in small volumes in the deep lithosphere, were indicative
of incipient stretching in West Greenland during Late Triassic to Late
Jurassic (c. 220-150 Ma), indicating delayed Triassic rifting in West
Greenland compared to East Greenland (see subsequent Section).

AFTA studies have also reported Middle Triassic exhumation in
Scotland and eastern Canada (Holford et al., 2010; Japsen et al., 2017).
The recognition of the Triassic episode across a wide area of the northern
hemisphere provides further evidence in support of the interpretation
that this episode represents the second phase of break-up of Pangea. The
relation between eruption of the 250-Ma Siberian Traps (Saunders et al.,
2005) and the subsequent C1 episode is unclear.

4.3. Mid-Jurassic episode (C2)

Mid-Jurassic C2 exhumation began at broadly the same time in East
(and central) Greenland and Scandinavia according to the AFTA data,
beginning between 180 and 170 Ma, while not being recognized in
Finland (Fig. 4C; possibly due to lack of resolution, Green et al., 2022a).
Surlyk and Ineson (2003) showed that the main tectonic events and
stratigraphic trends in East Greenland and the Danish Basin are highly
similar, and that major regional uplift and erosion began at the Ear-
ly-Middle Jurassic boundary (c. 175 Ma) in both areas. Subsequent
subsidence began in the Aalenian (c. 172 Ma) in the North Sea and in the
late Bajocian (c. 169 Ma) in East Greenland associated with the onset of
rifting, resulting in major regional onlap and transgression. The duration
of C2 exhumation was therefore only c. 5 Myr.

In North-East Greenland, extensive denudation of the present-day,
interior basement terrains provided siliciclastic input to the Jurassic
basins; e.g. the partly marine, Middle Jurassic sandstones of the Charcot
Bugt and Pelion formations that overlie Triassic and upper Permian
sediments or peneplained basement; e.g. the weathered, hilly peneplain
on Milne Land where a km-thick rock column was removed during its
formation (Figs. 8D, 9C2; entry C2a in the Appendix; Surlyk, 2003;
Bonow et al., 2014). Lower Jurassic sediments are present in the
Jameson Land Basin so, whereas this basin subsided, the areas to the
west were uplifted, implying that the PDMF system west of Jameson
Land was active during the C2 episode. AFTA data define Jurassic
cooling beginning between 173 and 150 Ma in North Greenland and
Svalbard. Evidence from the stratigraphic record indicates that this
episode most likely also began at c. 175 Ma in this region (Dallmann,
2015; Japsen et al., 2021a).

In West Greenland, Late Jurassic exhumation (beginning between
160 and 150 Ma, about 20 Myr later than the C2 episode in East
Greenland), led to stripping of the basement over large areas and to the
formation of a deeply weathered, hilly peneplain (Bonow, 2005; Bonow
et al., 2006a, 2006b; Japsen et al., 2006). The uplift and erosion coin-
cided with increased extension evidenced by the intrusion of a 60 km
long swarm of scattered alkaline dykes (c. 150 Ma; Larsen et al., 2009)
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Fig. 6. Peneplains in Fennoscandia. A: The Sub-Cambrian Peneplain (100 m a.s.l.; Lidmar-Bergstrom et al., 2013; Green et al., 2013, Fig. 9a). Photo from Aboda Klint
(eastern Sweden, 59°N), 30 km west of Paleozoic cover rocks. B: Exhumed remnants of Mesozoic hilly relief. The relief interpreted to represent a mid-Jurassic
peneplain graded to base level during C2 exhumation (1000 m a.s.l.; Japsen et al., 2018, figure 4bl; Green et al., 2022b). Photo from an area south of Lysefjord
(south-west Norway, 59°N). Along much of the coast of western Norway, Jurassic sediments rest on basement, and three outliers of Jurassic sediments occur onshore
and in the coastal zone (Bge et al., 2010). The hilly relief has been modified by overriding ice, note the small cirque on the flank of the left-hand hill which rises 190 m
above the lake in the foreground. C: Exhumed remnants of Mesozoic hilly relief. The relief interpreted to represent a mid-Cretaceous peneplain graded to base level
during C3 exhumation (hill tops rise 100 m above the lake near sea level; Lidmar-Bergstrom et al., 2013; Green et al., 2022b). Photo from an area just east of
Gerlesborg (southwestern Sweden, 58°N). Outliers of Upper Cretaceous sediments rest on basement onshore southwestern Sweden, and a hilly basement relief occurs
below the Cretaceous cover offshore west Sweden (Lidmar-Bergstrom, 1995; Lassen and Thybo, 2012). D: North-westernmost part of Hardangervidda. The vidda
(plateau) represents a Miocene peneplain graded to base level during C7 exhumation (1200 m a.s.l.; Japsen et al., 2018, figure 4al). Photo towards the west and
Hardangerfjord (south-west Norway, 60°N). This sub-horizontal peneplain truncates the tilted mid-Jurassic peneplain that defines the slopes of the Southern Scandes.
The mid-Cretaceous C3 episode resulted in folding of the mid-Jurassic peneplain, and this denudation chronology thus defines the age of the Hardangervidda
Erosional surface as Cenozoic. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

and two carbonatite complexes (165 and 158 Ma; Secher et al., 2009). Machado, 2015). Several studies identified plumes related to the Karoo
The first evidence of rifting west of Greenland is dated at 135 Ma, much Large Igneous Province (c. 183 Ma) as the primarily factor that drove the
later than in East Greenland (Chalmers and Pulvertaft, 2001). It there- break-up between Africa and Antarctica (Storey, 1995; Dang et al.,
fore seems likely that the Late Jurassic episode of exhumation in West 2024). These observations indicate that the C2 episode was part of a
Greenland reflects similar geological process as the C2 episode in East global phenomenon - the third phase of the fragmentation of Pangea.
Greenland and Scandinavia, but with a considerable delay (Japsen et al.,
2021a). 5. Episodes of exhumation after break-up of Pangea and before
In Scandinavia, the geological record of the Danish Basin, the the opening of the North-East Atlantic
Sorgenfrei-Tornquist Zone and the area just north of the zone, contains
evidence of a pronounced, mid-Jurassic phase of uplift and erosion 5.1. Mid-Cretaceous episode (C3)
(Norling and Bergstrom, 1987; Ziegler, 1990; Ahlberg et al., 2003;
Nielsen, 2003). The uplift was preceded by volcanic activity along the Mid-Cretaceous C3 exhumation (beginning between 95 and 90 Ma)
Sorgenfrei-Tornquist Zone in Sweden (177 Ma), where large variations affected wide areas in East and North Greenland, Svalbard and Fenno-
in the lithosphere thickness may have caused transient, small-scale scandia and coincides with the inversion of the Sorgenfrei-Tornquist
mantle convection (Tappe et al., 2016). Zone (Fig. 4D; Japsen et al., 2007, 2016). Prior to the exhumation,
C2 exhumation also led to the formation of a mid-Jurassic peneplain thick sedimentary covers were present above the Sub-Cambrian Pene-
in Scandinavia, graded to the base level of the adjacent ocean, and AFTA plain in southern Finland (Fig. 5C) and above the mid-Jurassic pene-
data document removal of a km-thick rock column during the formation plains on Germania Land (North-East Greenland; Fig. 7B) and in Lofoten
of the peneplain (entry C2b in the Appendix). In the Norwegian offshore, (entries C3a in the Appendix).
a deeply weathered, hilly peneplain is preserved below a cover of In North-East Greenland, C3 exhumation led to removal of much of
Middle-Upper Jurassic and younger sediments (Riis, 1996; Japsen et al., the post-rift succession that had accumulated above the rift and its
2018, Fig. 2). Today this peneplain is exposed onshore along the flanks margins in the interior of North-East Greenland after the rift climax at
of the Southern Scandes from sea-level (where an outlier of marine the Jurassic—Cretaceous transition (Japsen et al., 2021a). Onshore
Oxfordian sediments constraints the age of the surface) to about 1 km North-East Greenland, the episode corresponds to the mid-Turonian,
altitude (where it is truncated by the Miocene peneplain of Hardan- erosional unconformity at the base of the upper Turonian — lower
gervidda) (Fig. 6B,D, Section 6.2; Fossen et al., 1997; Lidmar-Bergstrom Maastrichtian Jackson @ Group, recording a phase of basin reorgani-
et al., 2013; Japsen et al., 2018). The Scandes are the mountains along zation (Bjerager et al., 2020). Offshore North-East Greenland a mid-
the Atlantic margin of Scandinavia (Fig. 1). A mid-Jurassic peneplain is Cretaceous tectonic reorganization occurred sometime between the
also documented offshore and onshore the Lofoten archipelago, where late Albian and the middle Santonian (Fyhn et al., 2021).
Middle Jurassic sediments overlie deeply weathered basement on the On Lofoten — the conjugate margin to North-East Greenland — dif-
island of Andgya (68-69° N; Dalland, 1980; Lgseth and Tveten, 1996). ferences in C3 paleotemperatures over short distances suggest differ-
The mid-Jurassic’Central North Sea Dome’ is a regional, domal uplift ential exhumation across discrete structures (Green et al., 2022b).
that resulted from the impingement of a broad-based, transient plume Offshore Lofoten, a regional mid-Cenomanian unconformity (c. 95 Ma)
head at the base of the lithosphere (Underhill and Partington, 1993; in extensional basins (Henstra et al., 2016), correlates with C3 episode.
Quirie et al., 2019). Doming began in the late Toarcian (c. 175 Ma) and The C3 episode resulted in the formation of a deeply weathered, mid-
was thus part of the C2 episode, reaching its maximum areal extent in Cretaceous peneplain over large parts of Sweden and Finland (Fig. 6C;
the Aalenian (c. 172 Ma) prior to deflation of the dome and subsequent Lidmar-Bergstrom et al., 2013; Green et al., 2022b). In southernmost
Bajocian—Callovian volcanism (onset c. 170 Ma) and early Kimmer- Sweden, Campanian sediments and widespread occurrences of flint er-
idgian rifting (c. 155 Ma). The duration of the domal uplift as well as the ratics derived from a former cover of Upper Cretaceous chalk occur on
time lag between the onset of doming and the volcanism associated with the mid-Cretaceous hilly peneplain with kaolinized basement rocks
the plume impact at the base of the lithosphere are thus about 5 Myr. (Lidmar-Bergstrom, 1995).
This provides support for the notion that the onset of C2 exhumation in The mid-Cretaceous episode also resulted in tilting of the mid-
this region reflects doming above a plume upon its arrival in the upper Jurassic peneplains in North-East Greenland and Norway as demon-
mantle (Campbell, 2007). strated by the variation of paleotemperatures across the Southern
The results from AFTA and the extent of the deeply weathered, hilly Scandes (Fig. 9 C3; Green et al., 2022b, fig. 13). Paleotemperatures in all
peneplains of Jurassic age exposed along the coasts of West and North- three Mesozoic episodes (C1-C3) at any elevation are much higher in the
East Greenland and Norway show that Jurassic exhumation affected a central part of these mountains, and they are all offset by roughly similar
much wider area than the region mapped in the North Sea, extending at amounts compared to locations to the north and south, whereas Miocene
least 2000 km north-south and 1000 km east-west (Fig. 4C). C7 values show only minor differences. The higher values in the three
AFTA studies also record mid-Jurassic exhumation in northern Mesozoic episodes in the central region are best explained by a larger
Australia, north-west Canada, Angola, South Africa and north-east Brazil amount of vertical displacement during the mid-Cretaceous episode.

(Duddy et al., 2004; Green et al., 2017; Japsen et al., 2012a; Green and Furthermore, in the Baltic Sea (560N), Upper Cretaceous chalk rests
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Fig. 7. Heating and cooling (burial and exhumation) history of basement rocks in Greenland now exposed at the surface / buried below the Greenland Ice Sheet. A:
Germania Land at sea level, North-East Greenland (77°N; Japsen et al., 2021a; Green et al., 2022b), where Upper Carboniferous and Middle Jurassic sediments rest on
basement (Bojesen-Koefoed et al., 2012; Piasecki et al., 1994). Red dashed lines: Thermal history reported by Pedersen et al. (2012). B: Kuhn @ summits, North-East
Greenland (75°N; 1.2 km a.s.l.; Japsen et al., 2021a). Kuhn @ is a tilted Late Jurassic — Early Cretaceous fault block where Middle Jurassic sediments onlap basement
on the western side of the island and Palaeogene basalts are present in the summits (Surlyk, 2003). C: Central Greenland, GISP-2 core (73°N; 146 m a.s.l., below 3 km
of ice; Henriksen et al., 2009). A and B: The ranges of paleotemperatures are plotted as boxes with a height corresponding to the allowed range for the samples in
question. The width of the boxes is fixed in centimeter. C: Boxes showing the ranges of paleotemperatures and constraints on the onset of cooling according to the
thermal history interpretation. Abbreviations in Fig. 5. Details in the Appendix. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

unconformably on Paleozoic strata that are progressively truncated to-
wards the coast of Sweden (Sigmond, 2002). We suggest that final
folding of these strata occurred during the C3 episode.

The C3 episode is coeval with the onset of inversion of the Sole Pit
Axis in the southern North Sea and with a regional Turonian uncon-
formity in the Faroe-Shetland Basin (Stoker and Ziska, 2011; Green
et al., 2018). Regional exhumation across Fennoscandia between the
zones of compression in the Sorgenfrei-Tornquist Zone in the south and
extension in Lofoten in the north suggests that the C3 episode may have
been caused by intra-plate stresses.

A Late Cretaceous event of intraplate basin inversion and basement
thrusting in central Europe occurred after a plate-tectonic reorganiza-
tion that resulted in changes in the relative motion between the Euro-
pean and African plates at c. 90 Ma (Kley and Voigt, 2008). These events
may be related to a global-scale, mid-Cretaceous phase of plate reor-
ganization around 100 Ma (Miiller et al., 2016), which also suggests a
link to transmission of intra-plate stresses.

5.2. Maastrichtian and Paleocene episodes (C4, C5)

Maastrichtian C4 exhumation (beginning between 72 and 65 Ma) is
documented by AFTA and apatite fission-track data from the Canadian
High Arctic (north of 680N), the Lomonosov Ridge (near the North Pole),
Svalbard and parts of the Barents Sea (Arne et al., 1998, 2002; Green and
Duddy, 2010; Knudsen et al., 2017; Vamvaka et al., 2019; Japsen et al.,
2023). The exhumation is reflected in a latest Cretaceous unconformity
across the North American Arctic and the Barents Shelf (Ricketts, 1994),
that Embry et al. (2018) dated as late Maastrichtian (68 Ma), and we
adopt this value as the best indication of the onset of this episode. A
Maastrichtian unconformity is an important marker both onshore and
offshore West and North-East Greenland (Japsen et al., 2005, 2023;
Bjerager et al., 2020; Fyhn et al., 2021). On Svalbard, Maastrichtian
exhumation led to the formation of the Albian — mid-Paleocene hiatus
below the Central Tertiary Basin that involved the removal of several
kilometers of Cretaceous sediments (entry C4a in the Appendix). Japsen
et al. (2023, figure 11a) provides a map of the areas affected by late
Maastrichtian uplift and subsidence around the North-East Atlantic.

Japsen et al. (2023) suggested that the Maastrichtian 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 at 62 Ma (the
onset of eruption of picritic lavas in West Greenland; Pedersen et al.,
2017). The lag time is thus about 6 Myr between the onset of pre-impact
doming and the impact itself, in agreement with the observation that
indicate that such lag times are 3-10 Myr (Campbell, 2007). The
regional extent of the Maastrichtian unconformity is also in agreement
with observations indicating that the diameter of such domes is of the
order of 1000 to 2000 km. The hypothesis is consistent with the placing
of the rising plume head under central northern Greenland (Celli et al.,
2021).

The mid-Paleocene impact of the plume at the base of lithosphere
under Greenland caused volcanism, large-scale subsidence and outward
flow from the plume head, contributing to the onset of sea-floor
spreading west of Greenland (Gill et al., 1992; Chalmers and Laursen,
1995; Harrison et al., 1999). The movement of Greenland led to the mid-
Paleocene onset of the Eurekan Orogeny that affected wide areas across
the Canadian High Arctic, North Greenland and Svalbard involving
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inversion of fault zones, thrusting and formation of foreland basins
(Thorsteinsson and Tozer, 1970; Hadkansson and Pedersen, 1982, 2015;
Ricketts, 1994; Oakey and Chalmers, 2012; Dallmann, 2015; Piepjohn
et al., 2016; Jones et al., 2017). The SSW-NNE movement of Greenland
during the Paleocene stage of the Eurekan Orogeny led to the formation
of the West Spitsbergen Fold Belt on Svalbard by initial SSW-NNE
compression followed by minor transpressional modifications and to
the onset of subsidence of the Central Tertiary Basin as a foreland basin
(Manby and Lyberis, 1996; Bergh et al., 1997; Oakey and Chalmers,
2012; Jones et al., 2017; Japsen et al., 2021b, 2023).

Localized, mid-Paleocene C5 exhumation (beginning c. 60 Ma) of
inverted fault zones is documented by low-temperature thermochro-
nology data in the eastern Canadian Arctic and in the Wandel Sea Basin
(entry C5a in the Appendix; Arne et al., 2002; Vamvaka et al., 2019;
Japsen et al., 2023). Embry et al. (2018) dated the corresponding un-
conformity in the Canadian High Arctic as Danian (62 Ma), and we
adopt this value as the best indication of the onset of this episode. For
example, heavily deformed Upper Cretaceous sediments and older rocks
occur within the inverted fault zones of the Wandel Sea Basin, in
contrast to the widespread distribution of the upper Paleocene — middle
Eocene Thyra @ Formation (Hakansson and Pedersen, 1982; Svennevig
et al., 2016). Japsen et al. (2023, figure 11b) provide a map of the areas
affected by mid-Paleocene uplift and subsidence around the North-East
Atlantic.

Maastrichtian-Paleocene exhumation (beginning between 72 and
61 Ma), is recognized locally in Norway along the Mgre-Trgndelag Fault
Zone (62°N; Gabrielsen et al., 2018). This episode correlates with a
major input of Paleocene sediment offshore, interpreted to indicate
major uplift and erosion of the onshore margin (Sgmme et al., 2019).
Coeval tectonic activity further north (63-64° N) resulted in the Danian,
Ormen Lange turbidite system with reworked Cretaceous, Jurassic and
Triassic sediments reflecting tectonic activity and presence of Mesozoic
cover units in the provenance area (Gjelberg et al., 2005). Sgmme et al.
(2019) suggested that the Paleocene uplift of western Norway was
driven by the arrival of the Iceland plume.

6. Episodes of exhumation after break-up in the North-East
Atlantic

6.1. End-Eocene episode (C6)

End-Eocene C6 exhumation (beginning c. 35 Ma) interrupted the
Eocene regime of subsidence and burial across Greenland (including
central Greenland), the Canadian High Arctic, Svalbard and the Barents
Sea (Fig. 4E; Green and Duddy, 2010; Embry and Beauchamp, 2019;
Japsen et al., 2023). AFTA data from Fennoscandia do not resolve
cooling related to the C6 episode, but an end-Eocene unconformity
offshore North-West Europe reflects a dramatic change in the basin
configuration (Stoker et al., 2005). Note that at no locations do AFTA
data record evidence of exhumation at the time of break-up in the North-
East Atlantic in the earliest Eocene, but sporadic occurrences of cooling
at c. 55 ma in East and West Greenland is associated with the widespread
Eocene intrusive activity across the region (Larsen et al., 2014; Japsen
et al., 2021a; Green et al., 2022b).

C6 exhumation removed sedimentary successions c. 2 km thick from
wide areas across the Wandel Sea Basin, East Greenland and around the
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Fig. 8. Peneplains in Greenland. A: Exhumed basement hills, part of a deeply weathered, Mesozoic etch surface (ES), beneath high cliffs of Paleocene basalts (summit
level at 900 m a.s.l. defined by the Upper Planation Surface, UPS; see Figs. B1, B2) (Bonow, 2005). The etch surface represents a Late Jurassic peneplain graded to
base level during a late phase of C2 exhumation (Japsen et al., 2006). Note that elsewhere in this sedimentary basin (the Nuussuaq Basin), Albian sediments rest on
basement (Dam et al., 2009). Photo from Fortunebay (southern Disko, West Greenland, 69°N). B1 and B2: The UPS in central West Greenland. The UPS represents a
Cenozoic peneplain graded to base level during C6 exhumation (900 m a.s.l.; Japsen et al., 2006, Fig. 4). Photos from Kangerluk (southern Disko, 69°N, B1) and
Sarfartoq (120 km SE of Sisimiut, 66°N, B2). The UPS cuts across Precambrian basement (B2), and as the peneplain can be traced northwards, where it cuts across
Paleocene basalt on Disko (B1), this denudation chronology defines the age of the UPS as Cenozoic. Photo B1: Niels Nielsen, photo B2: Karsten Secher. C: Incision of
the Lower Planation Surface LPS below the UPS as valley benches (Bonow and Japsen, 2021, fig. 20). The UPS (orange) and the LPS (red) are 1800 and 1000 m a.s.1.,
respectively. Photo from Nordvestfjord looking east towards Flyverfjord (East Greenland, 72°N). The LPS represents a post-Miocene peneplain graded to base level
during C9 exhumation. Note the V-shaped valleys (black arrows) that demonstrate that rivers, not glaciers, dominated the landscape during the formation of the LPS
in the late Miocene. D: The UPS developed across Eocene basalts and basement rocks (in the background). The UPS is thus a post-basalt erosion surface, interpreted to
represent a peneplain graded to base level during C6 exhumation (1800 m a.s.l., Bonow and Japsen, 2021, fig. 12b). Photo from Gaseland (East Greenland, 71°N). E1
to E3: Relationship between the deeply weathered, hilly basement surface (etch surface, ES) and the UPS on southern Milne Land (East Greenland, 71°N; Bonow and
Japsen, 2021, fig. 11). Middle Jurassic Charcot Bugt Formation and Paleogene basalts rest on the ES which together with AFTA data defines its age as mid-Jurassic,
graded to base level during C2 exhumation. Also here, the UPS truncates basement and Eocene basalts, and it is interpreted to be the result of C6 exhumation. E1:
View from southern Milne Land towards south-east across Scoresby Sund towards the Geikie Plateau (1700 m a.s.l.) where the UPS cuts across Eocene basalts. The
tilted ES is characterized by distinct hills defined by intensively weathered fracture systems. E2: View towards north-west of the tilted ES on southern Milne Land. The
extensive UPS is developed across Milne Land and beyond. Black line: Approximate location between the 210 and 340 km marks of the profile in D3. E3: Swath
profile along the black line in E2 illustrating the relationship between three surfaces: ES, UPS and the LPS. (For interpretation of the references to colour in this figure
lfgend, the reader is referred to the web version of this article.)

Central Tertiary Basin on Svalbard, and in several places, the removed in a number of studies without precise timing constraints most likely
section consisted of Eocene sediments (entry Cé6a in the Appendix). In represents C7 exhumation (Hansen, 1996; Japsen, 1998; Baig et al.,
North and North-East Greenland, the episode involved reverse fault 2019; Phillips et al., 2020).
movements caused by compression (Upton et al., 1980; Piepjohn and Prior to C7 exhumation, AFTA and VR data from Jurassic sediments
von Gosen, 2001; Guarnieri, 2015; Japsen et al., 2021b, 2023). Renewed and basement show that >1 km of Jurassic-Oligocene sediments had
magmatic activity in East Greenland towards the end of the Eocene accumulated above the mid-Jurassic peneplain along the Norwegian
(Larsen et al., 2014) emphasizes the tectonic origin of the C6 episode. west coast, and AFTA data show that about 500 m of Upper Cretaceous
Offshore North-East and South-East Greenland, a significant phase of to Oligocene sediments had accumulated above the mid-Cretaceous
progradation occurred at the Eocene-Oligocene transition (Larsen et al., peneplain in southern Finland (Figs. 5A,C; entries C7a in the Appen-
1994; Petersen, 2021; Fyhn, 2024). Oligocene sediments are absent on dix). In contrast, C7 paleotemperature profiles from the central part of
the shelf off central West Greenland, and the hiatus corresponds to a Southern Scandes project to an intercept close to 20 °C at the level of the
low-angle unconformity on seismic sections (Gregersen et al., 2022). highest summits at c. 2.5 km asl, suggesting that this level was close to
As a result of C6 exhumation, a peneplain was graded to the level of the surface when early Miocene exhumation began (entry C7b in the
the adjacent ocean along the margins of both West and East Greenland; Appendix).
the Upper Planation Surface, UPS, which cuts across Paleogene basalts Prior to the Miocene, sea covered all of what is now Denmark for
and older rocks in both regions (Figs. 8A,B,D, 9C6; see review by Bonow millions of years, but in the early Miocene, the sea became filled with
and Japsen, 2021). deltaic sediments transported by braided rivers originating in the
C6 denudation began around the time when sea-floor spreading west uplifting Scandinavian hinterland (Rasmussen et al., 2010; Olivarius
of Greenland had ended and thus post-dates the Eurekan Orogeny (Sri- et al.,, 2014). The braided river systems from Norway and Sweden
vastava, 1978; Tessensohn and Piepjohn, 2000; Oakey and Chalmers, reached Denmark at c. 22 Ma, followed by deltas that prograded towards
2012). The onset of the episode also coincided with a minimum rate of the SSW (Rasmussen, 2014). The rivers transported conglomerates with
sea-floor spreading and a significant change in the spreading directions flint and quartzite clasts up to 5 cm, which are the most coarse-grained
in the North-East Atlantic. Adjustments along the eastern and southern deposits in the Danish pre-Quaternary succession (Rasmussen and
boundary of the European Plate may have caused this change (Gaina Dybkjer, 2020).
et al., 2017), indicating substantial changes in the stress regime in and C7 exhumation resulted in formation of a peneplain graded to sea
around the North-East Atlantic. Dewey et al. (1989) also identified a level during the Miocene, represented by the plateau surfaces of Har-
major change in tectonic phases at the Eocene-Oligocene transition in dangervidda (Figs. 6D, 9C7; Southern Scandes), the South Smaland
the western Mediterranean from a model based on a study of Atlantic Peneplain (Fig. 1; the South Swedish Dome) and the base-Miocene un-
fracture zones to integrate the motion of Africa relative to Europe. These conformity offshore Norway (Lidmar-Bergstrom et al., 2013; Japsen
changes at the southern margin of Europe may have generated forces et al., 2016, 2018, Fig. 2).
transmitted across the spreading center north-west of Europe, through Neogene uplift began in the early Miocene within and north of the
the asthenosphere (Hoink et al., 2012; Colli et al., 2018). Sorgenfrei-Tornquist Zone, whereas Miocene sediments accumulated in
the Danish Basin to the south (Rasmussen et al., 2010). The Sorgenfrei-
6.2. Early Miocene episode (C7) Tornquist Zone thus acted as a hinge zone during the early Miocene

between the uplifting Fennoscandian Shield and the subsiding Danish
Early Miocene C7 exhumation (beginning between 23 and 21 Ma) Basin (Japsen et al., 2018).

affected a wide region across Norway and Sweden and has also been Disregarding local effects attributed to intrusive aCtiVity in East
identified in Finland from analysis of deeper samples from the 6-km Greenland (Japsen et al., 2021a), the C7 episode has no counterpart in
deep OTN boreholes (Fig. 4F). AFTA, VR and sonic data in wells Greenland, implying that the forces driving this episode originated from
offshore south and southwest of Norway — including the Sorgenfrei- intraplate stress transmitted across the Eurasian plate (Japsen et al.,
Tornquist Zone — also provide evidence for early Miocene exhumation, 2016). A possible source for such stress could be the early Miocene—
with 600-1000 m of section removed (Japsen et al., 2007, 2010). A Present Neohimalayan orogenic phase in Himalaya and southern Tibet
regional base-Miocene unconformity in the offshore sedimentary basins (Hodges, 2000; Jiang and Li, 2014). The ‘hard’ India-Asia collision
of North-West Europe emphasizes the vast regional extent of this episode around 25-20 Ma initiated this phase and coincides with deformation in

(Stoker et al., 2005; Dybkjar et al., 2020). We therefore suggest that ~ central Asia (van Hinsbergen et al., 2012; Ullah et al., 2023).
evidence of Neogene exhumation along the Norwegian margin reported
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Fig. 9. Cartoon illustrating the Jurassic—Recent history of uplift and subsidence along the margins of the North-East Atlantic. The lack of symmetry in the episodes of
uplift and erosion that affected these conjugate margins after break-up, is manifest in the different geometries of the large-scale landscapes on these margins. Episodes
of cooling/exhumation C2-C9 defined in Fig. 3. HV: Hardangervidda. LPS/UPS: Lower/Upper Planation Surface.
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6.3. Late Miocene episode (C8)

Late Miocene C8 exhumation began at c. 10 Ma in Greenland, the
Lomonosov Ridge, Svalbard and the Barents Sea, but is not recorded in
Fennoscandia (Fig. 4F). In the interior highlands of North-East
Greenland, C8 paleotemperatures can be explained by the incision
below the UPS after it was raised from near sea level during Miocene
uplift, with little or no regional denudation (fig. 22 of Japsen et al.,
2021a). In contrast, over much of the coastal region, an additional
section above the present-day summit level must have been present
when exhumation began, as C8 paleotemperatures extrapolate to likely
values of paleosurface temperatures at elevations well above the
present-day topography (entries C8a in the Appendix). As Paleogene
basalts are present in the summits at several localities, the missing
section there was additional basalt and post-basalt sediments; e.g. 0.5
km or more above the summits (Fig. 7B).

A pronounced increase in the estimated rock uplift since the late
Miocene across short distances across the PDMF system indicates dif-
ferential movements, allowing primarily Miocene sediments to accu-
mulate prior to their removal during late Miocene uplift. The sediments
thus accumulated in the coastal zone during a period of crustal extension
prior to late Miocene uplift during a compressional phase, which agrees
with observations both onshore and offshore North-East Greenland
(Price et al., 1997; Hamann et al., 2005; Dgssing et al., 2016).

On both margins of Greenland, C8 exhumation initiated the forma-
tion of the present relief with incision below the uplifted UPS leading to
the development of the Lower Planation Surface (LPS; Figs. 8C,E3, 9C8;
see reviews by Bonow and Japsen, 2021). Prior to late Miocene uplift,
the terrain across Greenland was low-lying, dominated by the UPS (that
had been graded to sea level) or by the subsiding coastal regions where
Miocene sediments had accumulated. Modelling of the Greenland ice
sheet shows that glaciers could not have formed in the Miocene prior to
C8 uplift because of the low absolute relief at that time (Solgaard et al.,
2013).

There are no known occurrences of Miocene sediments onshore
Greenland, but off North-East Greenland, massive shelf progradation
occurred above a distinct angular unconformity, the intra-Miocene un-
conformity (IMU; Hamann et al., 2005; Berger and Jokat, 2008; Dgssing
et al., 2016) with an estimated middle to late Miocene age (15-10 Ma;
Dgssing et al., 2016). The IMU marks the termination of synrift depo-
sition in the deep-sea basins, linked to the onset of late Miocene uplift
and massive shelf progradation on the North-East Greenland margin
combined with glacial erosion and successive advances of the Greenland
ice sheet onto the shelf (Dgssing et al., 2016). As the IMU marks the
onset of onshore uplift and consequent offshore progradation, it can be
dated to about 10 Ma (Japsen et al., 2021a). Late Miocene uplift in
North-East Greenland correlates with the merging of the Mohns and
Knipovich Ridges to form a continuous plate boundary in the north-
ernmost Atlantic, likely triggered by plate tectonic forces (Dgssing et al.,
2016; Petersen, 2021). Offshore North-West Greenland, a regional un-
conformity of late Miocene age is related to slope instability and wide-
spread shelf-margin erosion, suggested to be related to C8 uplift and
erosion (Knutz et al., 2015; Gregersen et al., 2022).

Elevated plateaus at 1 km above sea level (a.s.l.) characterize the
landscape on northern Svalbard (Fjellanger and Sgrbel, 2005; Dallmann,
2015; Dorr et al., 2019). The plateaus are erosion surfaces that cut across
Paleogene and older rocks below remnants of a once coherent cover of
late Miocene lavas, the Seidfjellet Fm. The configuration of these pla-
teaus is comparable to those in East Greenland, where mid-Miocene
basalts rest on the regional peneplain, the UPS (Storey et al., 2004;
Bonow et al., 2014). Given the synchroneity of uplift episodes in North
and East Greenland and Svalbard at 35 and 10 Ma, it seems likely that a
similar sequence of events shaped the basalt-covered plateau in northern
Svalbard. Late Miocene exhumation also affected the Barents Sea, but
there the end-result was a submerged shelf (Green and Duddy, 2010).

Japsen et al. (2021a) speculated that the asymmetric history of late
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Miocene uplift across the North-East Atlantic could be explained by
changes in the absolute motion of the North American Plate at that time.
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 (Merkouriev and DeMets, 2008; DeMets et al.,
2015; Iaffaldano and DeMets, 2016). These changes coincide with a
well-documented change in Pacific absolute plate motion between 10
and 6 (Cande and Stock, 2004). Iaffaldano and DeMets (2016) therefore
argued that the absolute motions of North America had changed, linked
to the late Neogene dynamics of the Pacific plate.

Early and late Miocene uplift and erosion of the landmasses and the
adjacent basins in the North-East Atlantic are manifest in inclined
Paleogene and older beds, truncated by erosional unconformities
offshore Greenland and Scandinavia (Fig. 2; Japsen and Chalmers,
2000).

6.4. Early Pliocene episode (C9)

Early Pliocene C9 exhumation (beginning c. 5 Ma) is documented by
AFTA data from West and North-East Greenland, the Danish Basin and
from the deep OTN boreholes in Finland. Uplift of similar timing was
inferred to explain the high elevation of the Miocene peneplains in SE
Greenland and southernmost Norway (Japsen et al., 2014, 2018).

C9 uplift amplified by isostatic response to the subsequent fluvial and
glacial carving (up to 500 m uplift of the Scandes; Medvedev and Hartz,
2014), led to re-exposure of tilted Mesozoic peneplains with hilly relief
along the coasts of Greenland, Norway and south-western Sweden at
elevations below the raised Miocene surfaces (Figs. 6B,C, 8A,D,E, 9C9;
Bonow et al., 2006b; Japsen et al., 2006, 2018, 2021a; Lidmar-
Bergstrom et al., 2013; Bonow and Japsen, 2021). Offshore North-West
Europe, a regional intra-Neogene (c. 4 Ma) unconformity developed in
response to pre-glacial uplift and tilting of the continental margin
(Stoker et al., 2005). Stoker et al. (2005) showed that the onset of pro-
gradation predated significant high-latitude glaciation by c. 1 Myr and
extensive northern hemisphere glaciation by at least 3 Myr.

The presence of two elevated peneplains, UPS and LPS, that were
graded to sea level in post-basalt time in West and East Greenland, can
be explained by the three episodes of post-break-up uplift that affected
the region, the end-Eocene C6, the late Miocene C8 and the early Plio-
cene C9 episodes (Fig. 9; Japsen et al., 2014). Also in the central part of
northern Greenland, below the Greenland ice sheet, analysis of a sub-
glacial valley network leads to definition of two phases of incision,
overlapping with the C8 and C9 episodes, below a low-relief surface that
we interpret to correspond to the UPS in agreement with the thermal
history interpretation for the GISP-2 core (Fig. 7C; Paxman et al., 2021).
On both margins, the UPS and LPS thus reached their present elevation
after early Pliocene uplift, leading to the formation of the modern relief
by incision of valleys and fjords below the LPS (Fig. 8C).

The late Cenozoic mountain building in Greenland therefore
augmented the effects of the climatic deterioration leading to the
Northern Hemisphere glaciations. Without the Pliocene phase of uplift
the Greenland ice sheet would have been more sensitive to the changes
in climate over the past millions of years (Solgaard et al., 2013). Rivers,
not glaciers, dominated the landscape during the formation of the LPS in
the late Miocene (Fig. 8C).

In East Greenland, the LPS is generally at 1 km a.s.L. north of 70°N,
but the surface reaches 2 km a.s.l. along Blosseville Kyst (‘coast’), where
the highest peak in Greenland, Gunbjgrn Fjeld, reaches 3.7 km a.s.l.
(Fig. 4F). As Blosseville Kyst is the part of Greenland closest to Iceland, it
is thus possible that dynamic support from the Iceland Plume since 5 Ma
led to this extreme elevation due to outward-flowing asthenosphere
extending beneath the continental margins (Rickers et al., 2013; Japsen
et al., 2014). This assertion matches the results of Steinberger et al.
(2015) who used a mantle-flow model to show that dynamic topography
reaches a maximum of 1.2 km for Greenland along Blosseville Kyst.

On the conjugate margin, post-Miocene uplift in southern Norway
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raised remnants of the Miocene peneplain to an elevation of c. 1.2 km
but only to c. 150 m in southern Sweden (Figs. 4F). As in Greenland, it is
possible that dynamic support from the Iceland Plume contributed to the
Pliocene uplift, and thus to the lateral variation in the elevation of the
Miocene surfaces (Japsen et al., 2018). This notion is supported by the
observation that Pliocene uplift affected the Baltic Shield as well as the
Danish Basin, presumably because asthenospheric flow extended below
both regions. In contrast, during the early Miocene the Sorgenfrei-
Tornquist Zone acted as a hinge zone between the uplifting shield and
the subsiding Danish Basin (Japsen et al., 2018). The synchroneity of the
Pliocene uplift episodes along the conjugate margins of the North-East
Atlantic indicates immediate, far-field transmission of momentum at
the base of the lithosphere through the effects of mantle convection
(Bunge et al., 1996).

7. Alternative interpretations

Some authors have argued that the mountains in North-East
Greenland and Scandinavia are remnants of the Caledonian mountains
(Nielsen et al., 2009; Pedersen et al., 2012, 2016, 2018; Schiffer et al.,
2016). However, the highest mountain in Greenland (Gunbjgrn Fjeld) is
comprised of Paleocene basalt, and the high terrain in East Greenland
south of 70°N, as well as West Greenland, is outside the Caledonian
Orogen (Henriksen et al., 2009). In addition, post-Caledonian sediments
rest on the basement within the former orogen where base-Permian,
mid-Jurassic and Cenozoic peneplains also occur (Haller, 1971;
Larsen, 1988; Surlyk, 2003; Bge et al., 2010; Lidmar-Bergstrom et al.,
2013; Bonow and Japsen, 2021). These observations testify to a history
of episodic uplift and subsidence rather than to a history of continuous
exhumation since the Caledonian Orogeny (Fig. 7A; Japsen et al., 2021a;
Lidmar-Bergstrom and Bonow, 2009; Chalmers et al., 2010; Green et al.,
2013, 2022b; Japsen et al., 2012b, 2013).

In addition, Rasmussen (2019) pointed out that Scandinavia pro-
vided a limited sediment flux towards the west during the Eocene,
whereas sediments from the Shetland Platform were flushed eastwards
into the northern North Sea Basin. Rasmussen (2019) thus found it more
likely that the Scandinavian area did not form a high relief at that time
as the climate in the two source areas was similar (and therefore dif-
ferences in climate cannot explain the differences in sediment input). In
fact, southern Scandinavia may have been below sea-level in the Eocene
(Knox et al., 2010).

Another group of authors have suggested that the high mountains in
Greenland and Scandinavia are remnants from Mesozoic rifting and
subsequent break-up (Swift et al., 2008; Redfield and Osmundsen, 2013;
Jess et al., 2018, 2019). However, these studies ignore the well-
documented geological record in Greenland, in particular along Blos-
seville Kyst, that allows a close insight into the development during and
after break-up in the North-East Atlantic. At the Paleocene-Eocene
transition, the voluminous Main Basalts (flood basalts) erupted onto a
flat-lying lava plain with marine incursions above and below the Main
Basalts (Wager and Deer, 1939; Nielsen et al., 1981; Larsen et al., 1989,
2013; Pedersen et al., 1997; Larsen and Tegner, 2006). Subsidence must,
therefore, have kept approximate pace with the outpouring lavas, and
the land surface at the end of the eruptions must have been close to sea
level (Nielsen and Brooks, 1981). The Main Basalts that now make up
the summit of Gunbjgrn Fjeld therefore reached its elevation of 3.7 km
after break-up. A similar development is evident in West Greenland
where a km-thick, Paleogene volcanic sequence with interbedded, ma-
rine deposits accumulated during post-rift subsidence (Pedersen et al.,
2002). Today, the marine deposits are at elevations up to 1.2 km a.s.l.
(Piasecki et al., 1992). This shows that the present-day elevated topog-
raphy of the West Greenland margin is not a remnant of the rifting
process but developed later (Japsen et al., 2006, 2012b).

Some authors have argued that highly efficient and extensive glacial
and periglacial erosion formed the plateau surfaces along the elevated
passive continental margin of Scandinavia (Steer et al., 2012; Egholm
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et al., 2017; Pedersen et al., 2021). However, these authors did not
consider that a similar configuration with elevated plateaus occurs along
such margins in all climate zones (Lidmar-Bergstrom et al., 2000; Bonow
et al., 2009; Japsen et al., 2012a; Green et al., 2013). In previously
glaciated regions, such plateaus were mainly unaffected during the
glaciations owing to cold-based, non-erosive conditions, whereas sig-
nificant erosion took place predominantly in valleys where the ice was
warm-based (Kleman, 2008; Hall et al., 2013). In East Greenland (69°N),
the presence of the middle Miocene volcanics of the Vindtop Formation
on the UPS documents that the peneplain had formed by middle
Miocene, well before the extensive Northern Hemisphere glaciations
(Storey et al., 2004; Bonow et al., 2014).

8. Evidence of large-scale vertical movements hidden in
landscapes and stratigraphic gaps

Our investigations of the thermo-tectonic history of Greenland and
Fennoscandia have revealed a long history involving multiple episodes
of subsidence/burial and subsequent uplift/erosion since the collapse of
the Caledonian mountains. The episodes of kilometer-scale burial and
exhumation discussed here affected areas thousands of kilometers
across, far from active orogens (except the Eurekan Orogeny). We have
been able to document significant offsets indicating differential, km-
scale vertical movements. However, in general, the uniformity of the
observed paleotemperatures - also expressed as low-angle un-
conformities on seismic sections - testify to the regional nature of the
processes involved. Yet previous studies have identified only limited
aspects of these phenomena and, documentation of missing sections has
been questioned (Green et al., 2022a).

We were able to recognize the scale of these episodes because we
used methods that allow quantification of missing section that was
deposited and removed during intervals now represented by gaps in the
stratigraphic record and peneplains of different age. Our studies provide
a link between disparate observations such as peneplains at high
elevation, the long-term preservation of ancient erosion surfaces, trun-
cated sedimentary strata and sediment wedges prograding away from
the continents.

9. Comparison with tectonic events in the Canadian High Arctic

While we focus here principally on Fennoscandia and Greenland, it is
interesting to note that the episodes discussed in in this paper coincide
with many of the large-magnitude sequence boundaries in Canadian
High Arctic (north of 680) identified by Embry et al. (2018) and inter-
preted as representing episodic tectonics (see Fig. 3 of Japsen et al.,
2023). In particular, the four most recent of those boundaries, at 5, 12,
23 and 34 Ma, correlate remarkably closely with episodes C9, C8, C7 and
C6. Boundaries at 42 and 52 Ma are not recognized in data from Fen-
noscandia and Greenland and may represent more local Eurekan tec-
tonics, but the 62 and 68 Ma boundaries in Arctic Canada overlap with
episodes of cooling defined by AFTA, and we have therefore adopted the
well-defined timing from the work of Embry for our episodes C5 and C4.
Moving further back in time, episodes C3, C2, C1 and CO are all matched
by events defined by Embry et al. (2018), although a much larger
number of boundaries are not resolved by the AFTA data. This is prob-
ably due, at least in part, to the difficulty in detecting earlier episodes in
AFTA data which are partially or totally overprinted by later events. It
may also reflect the fact that AFTA only records large-scale events,
involving kilometer scale exhumation, whereas the stratigraphic record
allows finer scale revelation, as well as recording eustatic effects.

We can conclude that the episodes detected from AFTA data in
Fennoscandia and Greenland also left their mark in Arctic Canada. We
also note that the 4 most recent episodes defined in this study are also
represented by sequence boundaries in the stratigraphic record along
the offshore NW Atlantic margin from south of Ireland to the northern
tip of Norway (Stoker et al., 2005). These observations from disparate
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regions further illustrate the regional extent and the tectonic origin of
the episodes of exhumation discussed in this paper.

The work of Embry et al. (2018) documents the existence of gaps
throughout the stratigraphic record, but our study emphasizes that the
large-magnitude sequence boundaries represent tectonic episodes
involving deposition and erosion of substantial thicknesses of sediment
(Green et al., 2022a).

10. Summary of regional episodes of post-Caledonian
exhumation

C0, C1, C2: Late Carboniferous, Middle Triassic and mid-Jurassic
exhumation affected Greenland, Svalbard and Fennoscandia with
some time variations (C2 is not resolved in Finland). We find it unlikely
that exhumation at three broadly similar times, across our wide study
area and in disparate locations across the earth should be a coincidence
and conclude that exhumation during these episodes are manifestations
of global processes related to the break-up of Pangea. Exhumation
during these episodes provided thick siliciclastic wedges to adjacent
basins and resulted in the formation of sub-Permian, mid-Triassic and
mid-Jurassic peneplains prior to marine transgressions. Data from the
deep OTN boreholes allow us to establish that a kilometer-thick sedi-
mentary cover was present above the supposedly stable craton in
Finland in late Carboniferous. The duration of C2 exhumation was only
about 5 Myr based on the age of the sediments that onlap the mid-
Jurassic peneplain.

C3: Mid-Cretaceous exhumation affected wide parts of the study area
and coincided with the inversion of the Sorgenfrei-Tornquist Zone. This
episode resulted in the formation of a deeply weathered, mid-Cretaceous
peneplain over large parts of Sweden and Finland and in tilting of the
Jurassic peneplains in Greenland and Norway. The episode may be
linked with changes in the relative motion between the European and
African plates at c. 90 Ma, which resulted in intraplate basin inversion
and basement thrusting in central Europe.

C4, C5: Maastrichtian exhumation affected the North American
Arctic, the Lomonosov Ridge, Svalbard and the Barents Sea, parts of
Greenland, both onshore and offshore. The uplift probably reflects
doming above the rising Iceland Plume. The mid-Paleocene impact of
the plume at the base of the lithosphere under Greenland contributed to
the onset of sea-floor spreading west of Greenland and thus to the
Eurekan Orogeny, that affected wide areas across the Canadian High
Arctic, North Greenland and Svalbard involving inversion of fault zones,
thrusting, formation of foreland basins and of the West Spitsbergen Fold
Belt.

C6: End-Eocene exhumation interrupted the Eocene regime of sub-
sidence and burial across the region. The episode involved reverse
faulting and led to formation of a peneplain along both margins (and
apparently across central parts) of Greenland, the Upper Planation
Surface, UPS. An end-Eocene unconformity offshore North-West Europe
reflects a significant change in basin configuration. The episode coin-
cided with a minimum rate of sea-floor spreading in the North-East
Atlantic, indicating substantial alterations in the stress regime. These
conditions may be related to changes in the motion of Africa relative to
Europe.

C7: Early Miocene exhumation affected Fennoscandia, and the
offshore sedimentary basins of North-West Europe, but there is no evi-
dence of regional C7 exhumation in Greenland, implying that the forces
driving this episode originated from intraplate stress transmitted across
the Eurasian Plate. The tectonic changes in the early Miocene caused a
sudden influx of deltaic sediments to the Danish Basin, transported by
braided rivers originating in the uplifting Scandinavian hinterland. The
exhumation resulted in formation of a Miocene peneplain, of which
remnants are preserved in southern Norway and southern Sweden and
offshore Norway as a base-Miocene unconformity.

C8: Late Miocene exhumation affected Greenland, the Lomonosov
Ridge, Svalbard and the Barents Sea, but not Fennoscandia. The
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exhumation onshore caused massive shelf progradation offshore
Greenland and initiated the formation of the present-day relief by
raising the low-lying UPS and thus to incision below this peneplain,
leading to the development of the Lower Planation Surface, LPS, on both
margins of Greenland. A similar sequence of events may have shaped the
basalt-covered plateau in northern Svalbard. The asymmetric history of
late Miocene uplift across the North-East Atlantic may be related to
changes in the absolute motion of the North American Plate.

C9: Early Pliocene uplift affected wide parts of the region and in
particular raised the Cenozoic peneplains along the margins of
Greenland and Scandinavia (amplified by isostatic response to erosion).
This led to re-exposure of the tilted, Mesozoic peneplains along the
margins and to formation of the modern topography by incision of
valleys and fjords below the Cenozoic peneplains. Dynamic support from
the Iceland Plume possibly led to this phase of uplift due to outward-
flowing asthenosphere extending beneath the conjugate margins.

11. Concluding remarks

The observations presented here provide key insights into the nature
of the processes that drive the episodes of exhumation. In contrast to the
widely accepted paradigm of slowly cooled basement terrains, we have
shown that the duration of the uplifts can be very short, only 5 Myr (or 2
Myr according to Embry et al., 2018).

As we have argued specifically for the CO, C2 and C4 episodes, the
onset of exhumation in these episodes may reflect doming above plumes
upon their arrival in the upper mantle prior to impact at the base of the
lithosphere (Campbell, 2007). This interpretation furthermore agrees
with the notion that the CO to C2 episodes reflect disintegration of the
supercontinent Pangea following accumulation of mantle heat beneath
the supercontinent. Furthermore, the time intervals between the CO, C1
and C2 episodes are about 70 Myr, matching predictions that large-scale
mantle movements evolve on timescales on the order of 50 to 100 Myr
(Bunge et al., 1998).

However, we also find that several episodes are coeval with changes
in plate motion, linked to far-field stress induced by events outside our
study area, notably episodes C3, C6, C7 and C8 (Ziegler et al., 1995;
Cloetingh and Burov, 2010).

Finally, we hypothesize that C9 uplift of the conjugate continental
margins in the North-East Atlantic may be explained by shear forces
evolving at the base of the lithosphere by pressure-driven astheno-
spheric flow from the Iceland Plume (Colli et al., 2014; Hoggard et al.,
2021; Vilacis et al., 2022).

In summary, we find that the vertical movements of the surface of the
earth reflect a range of processes driven by plate-tectonic forces, either
lithospheric or sub-lithospheric. The timing, extent and geological
characteristics of these vertical crustal movements provide constraints
that hopefully will form the basis for developing quantitative models of
the underlying geodynamic processes.

CRediT authorship contribution statement

Peter Japsen: Conceptualization, Investigation, Writing — original
draft, Writing — review & editing. Paul F. Green: Methodology, Inves-
tigation, Writing — review & editing. James A. Chalmers: Investigation,
Writing — review & editing. Johan M. Bonow: Methodology, Investi-
gation, Writing — review & editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

No funding sources were involved in the preparation of this
publication.



P. Japsen et al.

Data availability

Data are available in supplementary files published together with the
cited papers.

Acknowledgements

We thank Ashton Embry and one anonymous referee for their helpful
reviews, Zhirui Ray Wang for producing the plate reconstructions in
Fig. 4 and GEUS for supporting Open Access.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.earscirev.2023.104626.

References

Ahlberg, A., Sivhed, U., Erlstrém, M., 2003. The Jurassic of Skane, southern Sweden.
Geol. Survey Denmark Greenland Bull. 1, 527-541. https://doi.org/10.34194/
geusb.v1.4682.

Amante, C., Eakins, B.W., 2009. ETOPO1 1 Arc-minute Global Relief Model: Procedures,
Data Sources and Analysis. US Department of Commerce, National Oceanic and
Atmospheric Administration, National Environmental Satellite, Data, and
Information Service, National Geophysical Data Center, Marine Geology and
Geophysics Division, Boulder. http://www.ngdc.noaa.gov/mgg/global/global.html.

Arne, D., Zentilli, M., Grist, A., Collins, M., 1998. Constraints on the timing of thrusting
during the Eurekan orogeny, Canadian Arctic Archipelago: an integrated approach to
thermal history analysis. Can. J. Earth Sci. 35, 30-38. https://doi.org/10.1139/cjes-
35-1-30.

Arne, D., Grist, A., Zentilli, M., Collins, M., Embry, A., Gentzis, T., 2002. Cooling of the
Sverdrup Basin during Tertiary basin inversion: implications for hydrocarbon
exploration. Basin Res. 14, 183-205. https://doi.org/10.1046/j.1365-
2117.2002.00163.x.

Baig, 1., Faleide, J.I., Mondol, N.H., Jahren, J., 2019. Burial and exhumation history
controls on shale compaction and thermal maturity along the Norwegian North Sea
basin margin areas. Marine andlon Petrol. Geol. 104, 61-85. https://doi.org/
10.1016/j.marpetgeo.2019.03.010.

Berger, D., Jokat, W., 2008. A seismic study along the East Greenland margin from 72
degrees N to 77 degrees N. Geophys. J. Int. 174, 733-748. https://doi.org/10.1111/
j.1365-246x.2008.03794.x.

Bergh, S.G., Braathen, A., Andresen, A., 1997. Interaction of basement-involved and thin-
skinned tectonism in the Tertiary fold-thrust belt of Central Spitsbergen, Svalbard.
AAPG Bull. 81, 637-661. https://doi.org/10.1306/522B43F7-1727-11D7-
8645000102C1865D.

Bergstrom, J., Holland, B., Larsson, K., Norling, E., Sivhed, U., 1982. Guide to excursions
in Scania. Sver. Geol. Unders. 1-95.

Bertelsen, F., 1980. Lithostratigraphy and depositional history of the Danish Triassic,
DGU Ser B. Geological Survey of Denmark Series B. Geological Survey of Denmark,
Copenhagen, pp. 1-59. https://doi.org/10.34194/serieb.v4.7059.

Bjerager, M., Seidler, L., Stemmerik, L., Surlyk, F., 2006. Ammonoid stratigraphy and
sedimentary evolution across the Permian-Triassic boundary in East Greenland.
Geol. Mag. 143, 635-656. https://doi.org/10.1017/50016756806002020.

Bjerager, M., Alsen, P., Hovikoski, J., Lindstrom, S., Stemmerik, L., Therkelsen, J., 2019.
Triassic lithostratigraphy of the Wandel Sea Basin, North Greenland. DGF Bull. 67,
83-105. https://doi.org/10.37570/bgsd-2019-67-06.

Bjerager, M., Alsen, P., Bojesen-Koefoed, J., Fyhn, M.B., Hovikoski, J., Ineson, J., Nohr-
Hansen, H., Nielsen, L.H., Piasecki, S., Vosgerau, H., 2020. Cretaceous
lithostratigraphy of North-East Greenland. Bull. Geol. Soc. Den. 68, 37-93. https://
doi.org/10.37570/bgsd-2020-68-04.

Bge, R., Fossen, H., Smelror, M., 2010. Mesozoic sediments and structures onshore
Norway and in the coastal zone. Nor. J. Geol. 450, 15-32. https://doi.org/10.1016/
j-marpetgeo.2007.07.004.

Bojesen-Koefoed, J.A., Kalkreuth, W., Petersen, H.I., Piasecki, S., 2012. A remote coal
deposit revisited: Middle Jurassic coals at Kulhgj, western Germania Land, Northeast
Greenland. Int. J. Coal Geol. 98, 50-61. https://doi.org/10.1016/j.
coal.2012.04.006.

Bonow, J.M., 2005. Re-exposed basement landforms in the Disko region, West Greenland
- disregarded data for estimation of glacial erosion and uplift modelling.
Geomorphology 72, 106-127. https://doi.org/10.1016/j.geomorph.2005.05.006.

Bonow, J.M., Japsen, P., 2021. Peneplains and tectonics in North-East Greenland after
opening of the North-East Atlantic. Geological Survey of Denmark and Greenland
Bull. 45, 1-39. https://doi.org/10.34194/geusb.v45.5297.

Bonow, J.M., Lidmar-Bergstrom, K., Naslund, J.O., 2003. Palaeosurfaces and major
valleys in the area of the Kjglen Mountains, southern Norway - consequences of
uplift and climate change. Nor. Geogr. Tidsskr. 57, 83-101. https://doi.org/
10.1080/00291950310001360.

Bonow, J.M., Japsen, P., Lidmar-Bergstrom, K., Chalmers, J.A., Pedersen, A.K., 2006a.
Cenozoic uplift of Nuussuaq and Disko, West Greenland - elevated erosion surfaces
as uplift markers of a passive margin. Geomorphology 80, 325-337. https://doi.org/
10.1016/j.geomorph.2006.03.006.

19

Earth-Science Reviews 248 (2024) 104626

Bonow, J.M., Lidmar-Bergstrom, K., Japsen, P., 2006b. Palaeosurfaces in central West
Greenland as reference for identification of tectonic movements and estimation of
erosion. Glob. Planet. Chang. 50, 161-183. https://doi.org/10.1016/].
gloplacha.2005.12.011.

Bonow, J.M., Japsen, P., Green, P.F., Cobbold, P.R., Pedreira, A.J., Lilletveit, R.,
Chiossi, D., 2009. Post-rift landscape development of north-east Brazil. Geol. Surv.
Denmark Greenland Bull. 17, 81-84.

Bonow, J.M., Japsen, P. and Nielsen, T.F.D., 2014. High-level landscapes along the
margin of East Greenland — a record of tectonic uplift and incision after breakup in
the NE Atlantic. Glob. Planet. Chang., 116: 10-29. http://dx.doi.org/https://doi.
org/10.1016/j.gloplacha.2014.01.010.

Bunge, H.-P., Richards, M.A., Baumgardner, J.R., 1996. Effect of depth-dependent
viscosity on the planform of mantle convection. Nature 379, 436-438. https://doi.
org/10.1038/379436a0.

Bunge, H.P., Richards, M.A., Lithgow-Bertelloni, C., Baumgardner, J.R., Grand, S.P.,
Romanowicz, B.A., 1998. Time scales and heterogeneous structure in geodynamic
Earth models. Science 280, 91-95. https://doi.org/10.1126/science.280.5360.91.

Calner, M., Ahlberg, P., Lehnert, O., Erlstrom, M., 2013. The Lower Palaeozoic of
southern Sweden and the Oslo Region, Norway. Field Guide for the 3rd Annual
Meeting of the IGCP project 591. Rapporter och meddelanden, 133. Sveriges
geologiska undersokning.

Campbell, I.H., 2007. Testing the plume theory. Chem. Geol. 241, 153-176. https://doi.
org/10.1016/j.chemgeo.2007.01.024.

Cande, S.C., Stock, J.M., 2004. Pacific—Antarctic—Australia motion and the formation
of the Macquarie Plate. Geophys. J. Int. 157, 399-414. https://doi.org/10.1111/
j.1365-246x.2004.02224.x.

Celli, N.L., Lebedev, S., Schaeffer, A.J., Gaina, C., 2021. The tilted Iceland Plume and its
effect on the North Atlantic evolution and magmatism. Earth Planet. Sci. Lett. 569,
117048 https://doi.org/10.1016/j.epsl.2021.117048.

Chalmers, J.A., Laursen, K.H., 1995. Labrador Sea: the extent of continental and oceanic
crust and the timing of the onset of seafloor spreading. Mar. Pet. Geol. 12, 205-217.
https://doi.org/10.1016/0264-8172(95)92840-S.

Chalmers, J.A., Pulvertaft, T.C.R., 2001. Development of the continental margins of the
Labrador Sea: a review. In: Wilson, R.C.L., Withmarsh, R.B., Taylor, B.,
Froitzheim, N. (Eds.), Non-volcanic Rifting of Continental Margins: A Comparison of
Evidence from Land and Sea, Special Publication, 187. Geological Society, London,
pp. 77-105. https://doi.org/10.1144/gsl.sp.2001.187.01.05.

Chalmers, J.A., Green, P., Japsen, P., Rasmussen, E.S., 2010. The Scandinavian
mountains have not persisted since the Caledonian orogeny. A comment on Nielsen
et al. (2009a). J. Geodyn. 50, 94-101. https://doi.org/10.1016/j.jog.2010.02.001.

Clemmensen, L.B., 1980. Triassic rift sedimentation and palaeogeography of central East
Greenland. Bull. Grgnlands Geol. Unders. 136 https://doi.org/10.34194/bullggu.
v136.6678.

Cloetingh, S., Burov, E., 2010. Lithospheric folding and sedimentary basin evolution: a
review and analysis of formation mechanisms. Basin Res. 23, 257-290. https://doi.
org/10.1111/j.1365-2117.2010.00490.x.

Colli, L., Stotz, 1., Bunge, H.P., Smethurst, M., Clark, S., Iaffaldano, G., Tassara, A.,
Guillocheau, F., Bianchi, M.C., 2014. Rapid South Atlantic spreading changes and
coeval vertical motion in surrounding continents: evidence for temporal changes of
pressure-driven upper mantle flow. Tectonics 33, 1304-1321. https://doi.org/
10.1016/j.8r.2017.04.027.

Colli, L., Ghelichkhan, S., Bunge, H.-P., Oeser, J., 2018. Retrodictions of Mid Paleogene
mantle flow and dynamic topography in the Atlantic region from compressible high
resolution adjoint mantle convection models: sensitivity to deep mantle viscosity and
tomographic input model. Gondwana Res. 53, 252-272. https://doi.org/10.1016/j.
gr.2017.04.027.

Dalland, A., 1980. Mesozoic sedimentary succession at Andgy, Northern Norway, and
relation to structural development of the North Atlantic area, Geology of the North
Atlantic borderlands. Can. Soc. Petrol. Geol. Mem. 563-584.

Dallmann, W. (Ed.), 2015. Geoscience Atlas of Svalbard: Norsk Polarinstitutt. Norwegian
Polar Institute, Tromsg. Report Series 14,. 292 pp.

Dam, G., Pedersen, G.K., Sgnderholm, M., Midtgaard, H.H., Larsen, L.M., Nghr-
Hansen, H., Pedersen, A.K., 2009. Lithostratigraphy of the Cretaceous-Paleocene
Nuussuaq Group, Nuussuaq Basin, West Greenland. Geol. Surv. Denmark Greenland
Bull. 19, 171-pp.

Dang, Z., Zhang, N., Li, Z.-X., Yan, P., 2024. Pangea’s breakup: The roles of mantle
plumes, orogens, and subduction retreat. In: Nance, R.D., Strachan, R.A.,

Guesada, C., Lin, S. (Eds.), Supercontinents. Geological Society, London, Special
Publications, Orogenesis and Magmatism, p. 542. https://doi.org/10.1144/SP542-
2022-345.

DeMets, C., Iaffaldano, G., Merkouriev, S., 2015. High-resolution Neogene and
Quaternary estimates of Nubia-Eurasia-North America Plate motion. Geophys. J. Int.
203, 416-427. https://doi.org/10.1093/gji/ggv277.

Dewey, J.F., Helman, M.L., Knott, S.D., Turco, E., Hutton, D.H.W., 1989. Kinematics of
the western Mediterranean. In: Coward, M.P., Dietrich, D., Park, R.G. (Eds.), Alpine
Tectonics, Geological Society, London, Special Publication, 45, pp. 265-283. https://
doi.org/10.1144/gsl.sp.1989.045.01.15.

Doornenbal, H., Stevenson, A. (Eds.), 2010. Petroleum Geological Atlas of the Southern
Permian Basin Area. EAGE, Houten, the Netherlands, 342 pp.

Dorr, N., Lisker, F., Piepjohn, K., Spiegel, C., 2019. Cenozoic development of northern
Svalbard based on thermochronological data. Terra Nova 31, 306-315. https://doi.
org/10.1111/ter.12402.

Dgssing, A., Japsen, P., Watts, A.B., Nielsen, T., Jokat, W., Thybo, H., Dahl-Jensen, T.,
2016. Miocene uplift of the NE Greenland margin linked to plate tectonics: Seismic
evidence from the Greenland Fracture Zone, NE Atlantic. Tectonics 35. https://doi.
org/10.1002/2015TC004079, 26 pp.


https://doi.org/10.1016/j.earscirev.2023.104626
https://doi.org/10.1016/j.earscirev.2023.104626
https://doi.org/10.34194/geusb.v1.4682
https://doi.org/10.34194/geusb.v1.4682
http://www.ngdc.noaa.gov/mgg/global/global.html
https://doi.org/10.1139/cjes-35-1-30
https://doi.org/10.1139/cjes-35-1-30
https://doi.org/10.1046/j.1365-2117.2002.00163.x
https://doi.org/10.1046/j.1365-2117.2002.00163.x
https://doi.org/10.1016/j.marpetgeo.2019.03.010
https://doi.org/10.1016/j.marpetgeo.2019.03.010
https://doi.org/10.1111/j.1365-246x.2008.03794.x
https://doi.org/10.1111/j.1365-246x.2008.03794.x
https://doi.org/10.1306/522B43F7-1727-11D7-8645000102C1865D
https://doi.org/10.1306/522B43F7-1727-11D7-8645000102C1865D
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0040
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0040
https://doi.org/10.34194/serieb.v4.7059
https://doi.org/10.1017/s0016756806002020
https://doi.org/10.37570/bgsd-2019-67-06
https://doi.org/10.37570/bgsd-2020-68-04
https://doi.org/10.37570/bgsd-2020-68-04
https://doi.org/10.1016/j.marpetgeo.2007.07.004
https://doi.org/10.1016/j.marpetgeo.2007.07.004
https://doi.org/10.1016/j.coal.2012.04.006
https://doi.org/10.1016/j.coal.2012.04.006
https://doi.org/10.1016/j.geomorph.2005.05.006
https://doi.org/10.34194/geusb.v45.5297
https://doi.org/10.1080/00291950310001360
https://doi.org/10.1080/00291950310001360
https://doi.org/10.1016/j.geomorph.2006.03.006
https://doi.org/10.1016/j.geomorph.2006.03.006
https://doi.org/10.1016/j.gloplacha.2005.12.011
https://doi.org/10.1016/j.gloplacha.2005.12.011
http://refhub.elsevier.com/S0012-8252(23)00315-X/optiPew0L3lCm
http://refhub.elsevier.com/S0012-8252(23)00315-X/optiPew0L3lCm
http://refhub.elsevier.com/S0012-8252(23)00315-X/optiPew0L3lCm
https://doi.org/10.1016/j.gloplacha.2014.01.010
https://doi.org/10.1016/j.gloplacha.2014.01.010
https://doi.org/10.1038/379436a0
https://doi.org/10.1038/379436a0
https://doi.org/10.1126/science.280.5360.91
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0110
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0110
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0110
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0110
https://doi.org/10.1016/j.chemgeo.2007.01.024
https://doi.org/10.1016/j.chemgeo.2007.01.024
https://doi.org/10.1111/j.1365-246x.2004.02224.x
https://doi.org/10.1111/j.1365-246x.2004.02224.x
https://doi.org/10.1016/j.epsl.2021.117048
https://doi.org/10.1016/0264-8172(95)92840-S
https://doi.org/10.1144/gsl.sp.2001.187.01.05
https://doi.org/10.1016/j.jog.2010.02.001
https://doi.org/10.34194/bullggu.v136.6678
https://doi.org/10.34194/bullggu.v136.6678
https://doi.org/10.1111/j.1365-2117.2010.00490.x
https://doi.org/10.1111/j.1365-2117.2010.00490.x
https://doi.org/10.1016/j.gr.2017.04.027
https://doi.org/10.1016/j.gr.2017.04.027
https://doi.org/10.1016/j.gr.2017.04.027
https://doi.org/10.1016/j.gr.2017.04.027
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0165
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0165
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0165
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0170
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0170
http://refhub.elsevier.com/S0012-8252(23)00315-X/optcEpPYZVfVS
http://refhub.elsevier.com/S0012-8252(23)00315-X/optcEpPYZVfVS
http://refhub.elsevier.com/S0012-8252(23)00315-X/optcEpPYZVfVS
http://refhub.elsevier.com/S0012-8252(23)00315-X/optcEpPYZVfVS
https://doi.org/10.1144/SP542-2022-345
https://doi.org/10.1144/SP542-2022-345
https://doi.org/10.1093/gji/ggv277
https://doi.org/10.1144/gsl.sp.1989.045.01.15
https://doi.org/10.1144/gsl.sp.1989.045.01.15
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0190
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0190
https://doi.org/10.1111/ter.12402
https://doi.org/10.1111/ter.12402
https://doi.org/10.1002/2015TC004079
https://doi.org/10.1002/2015TC004079

P. Japsen et al.

Duddy, I., Green, P.F., Gibson, H.J., Hegarty, K.A., 2004. Regional Palaeo-thermal
episodes in northern Australia, Timor Sea Symposium Proceedings, Darwin,
pp. 567-591.

Dumais, M.-A., Gernigon, L., Olesen, O., Johansen, S.E., Bronner, M., 2021. New
interpretation of the spreading evolution of the Knipovich Ridge derived from
aeromagnetic data. Geophys. J. Int. 224, 1422-1428. https://doi.org/10.1093/gji/
ggaa527.

Dybkjer, K., Rasmussen, E.S., Eidvin, T., Grgsfjeld, K., Riis, F., Piasecki, S., éliwir’lska, K.
K., 2020. A new stratigraphic framework for the Miocene — Lower Pliocene deposits
offshore Scandinavia: a multiscale approach. Geol. J. https://doi.org/10.1002/
gj.3982.

Egholm, D.L., Jansen, J.D., Braedstrup, C.F., Pedersen, V.K., Andersen, J.L., Ugelvig, S.V.,
Larsen, N.K., Knudsen, M.F., 2017. Formation of plateau landscapes on glaciated
continental margins. Nat. Geosci. 10, 592-597. https://doi.org/10.1038/nge02980.

Embry, A., Beauchamp, B., 2019. Sverdrup Basin. In: Miall, A.D. (Ed.), The Sedimentary
Basins of the United States and Canada. Elsevier, New York, pp. 559-592. https://
doi.org/10.1016/B978-0-444-63895-3.00014-0.

Embry, A., Beauchamp, B., Dewing, K., Dixon, J., 2018. Episodic tectonics in the
Phanerozoic succession of the Canadian High Arctic and the “10-million-year flood”.
In: Piepjohn, K., Strauss, J.V., Reinhardt, L., McClelland, W.C. (Eds.), Tectonic
Evolution of the Arctic margins and Trans-Arctic Links with Adjacent Orogens,
Geogogical Society of America Special Publication, 541, pp. 213-230. https://doi.
org/10.1130/2018.2541(11).

Fauconnier, J., Labrousse, L., Andersen, T.B., Beyssac, O., Duprat-Oualid, S., Yamato, P.,
2014. Thermal structure of a major crustal shear zone, the basal thrust in the
Scandinavian Caledonides. Earth Planet. Sci. Lett. 385, 162-171. https://doi.org/
10.1016/j.epsl.2013.10.038.

Fjellanger, J., Sgrbel, L., 2005. Long-term landscape development of the Coloradofjella
plateau, Central Spitsbergen, Svalbard. Polar Res. 24, 17-31. https://doi.org/
10.3402/polar.v24i1.6250.

Fossen, H., 2023. A Pleistocene origin of the strandflat coastal platform in southwestern
Scandinavia. Commun. Earth Environ. 4, 63. https://doi.org/10.1038/543247-023-
00724-6.

Fossen, H., Mangerud, G., Hesthammer, J., Bugge, T., Gabrielsen, R.H., 1997. The Bjorgy
Formation: a newly discovered occurrence of Jurassic sediments in the Bergen Arc
System. Nor. Geol. Tidsskr. 77, 269-287.

Fredén, C., 1994. Geology. SNA Publishing, Stockholm, National Atlas of Sweden, p. 208.

Fyhn, M.B.W., 2024. East Greenland Prograded margin tectono-sedimentary element,
offshore East Greenland. In: Drachev, S.S., Brekke, H., Henriksen, E., Moore, T.
(Eds.), Sedimentary Successions of the Arctic Region and their Hydrocarbon
Prospectivity, Geological Society, London, Memoirs, 57. https://doi.org/10.1144/
mb57-2022-7.

Fyhn, M.B., Hopper, J.R., Sandrin, A., Lauridsen, B.W., Heincke, B.H., Nghr-Hansen, H.,
Andersen, M.S., Alsen, P., Nielsen, T., 2021. Three-phased latest Jurassic-Eocene
rifting and mild mid-Cenozoic compression offshore NE Greenland. Tectonophysics
815, 228990. https://doi.org/10.1016/j.tecto.2021.228990.

Gabrielsen, R.H., Faleide, J.I., Pascal, C., Alvar, B., Nystuen, J.P., Etzelmiiller, B.,
O’Donnell, S., 2018. Latest Caledonian to present tectonomorphological
development of southern Norway. Mar. Pet. Geol. https://doi.org/10.1016/j.
marpetgeo.2009.06.004.

Gaina, C., Nasuti, A., Kimbell, G.S., Blischke, A., 2017. Break-up and seafloor spreading
domains in the NE Atlantic. In: Péron-Pinvidic, G., Hopper, J.R., Stoker, M.S.,
Gaina, C., Doornenbal, J.C., Funck, T., Arting, U.E. (Eds.), The NE Atlantic Region: A
Reappraisal of Crustal Structure, Tectonostratigraphy and Magmatic Evolution,
Geological Society, London, Special Publications, 447. https://doi.org/10.1144/
SP447.12, 25 pp.

Gee, D.G., Fossen, H., Henriksen, N., Higgins, A.K., 2008. From the early Paleozoic
platforms of Baltica and Laurentia to the Caledonide Orogen of Scandinavia and
Greenland. Episodes 31, 44-51. https://doi.org/10.18814/epiiugs/2008/v31il/
007.

Gill, R., Pedersen, A, Larsen, J., 1992, Tertiary picrites in West Greenland: melting at the
periphery of a plume? Geol. Soc. Lond. Spec. Publ. 68, 335-348. https://doi.org/
10.1144/gsl.sp.1992.068.01.21.

Gjelberg, J., Martinsen, O., Charnock, M., Mgller, N., Antonsen, P., 2005. The reservoir
development of the Late Maastrichtian-Early Paleocene Ormen Lange gas field, Mgre
Basin, Mid-Norwegian Shelf, Geological Society, London, Petroleum Geology
Conference series. Geological Society of London, pp. 1165-1184. https://doi.org/
10.1144/0061165.

Glennie, K., Higham, J., Stemmerik, L., 2003. The Permian of the Northern North Sea. In:
Evans, D., Graham, C., Armour, A., Bathurst, P. (Eds.), The Millenium Atlas:
Petroleum Geology of the Central and Northern North Sea. The Geological Society of
London, London, pp. 91-103.

Goldsmith, P., Hudson, G., Van Veen, P., 2003. Triassic. In: Evans, D., Graham, C.,
Armour, A., Bathurst, P. (Eds.), The Millenium Atlas: Petroleum Geology of the
Central and Northern North Sea. The Geological Society of London, London,
pp. 105-127.

Green, P.F., Duddy, L.R., 2010. Synchronous exhumation events around the Arctic
including examples from Barents Sea and Alaska North Slope. In: Vining, B.A.,
Pickering, S.C. (Eds.), Petroleum Geology: From Mature Basins to New Frontiers —
Proceedings of the 7th Petroleum Geology Conference. Geological Society, London,
pp. 633-644. https://doi.org/10.1144/0070633.

Green, P.F., Japsen, P., 2018. Burial and exhumation history of the Jameson Land Basin,
East Greenland, estimated from thermochronological data from the Blokelv-1 core.
Geological Survey of Denmark and Greenland Bull. 42, 133-147. https://doi.org/
10.34194/geusb.v42.4324.

20

Earth-Science Reviews 248 (2024) 104626

Green, P.F., Machado, V., 2015. Pre-rift and synrift exhumation, post-rift subsidence and
exhumation of the onshore Namibe Margin of Angola revealed from apatite fission
track analysis. In: Sabato Ceraldi, T., Hodgkinson, R.A., Backe, G. (Eds.), Petroleum
Geoscience of the West Africa Margin. Geological Socitety, London. https://doi.org/
10.1144/sp438.2. Special Publication, 438.

Green, P.F., Duddy, LR., Hegarty, K.A., Bray, R.J., Sevastopulo, G., Clayton, G.,
Johnston, D., 2000. The post-Carboniferous evolution of Ireland: evidence from
thermal history reconstruction. Proc. Geol. Assoc. 111, 307-320. https://doi.org/
10.1016/s0016-7878(00)80087-5.

Green, P.F., Lidmar-Bergstrom, K., Japsen, P., Bonow, J.M., Chalmers, J.A., 2013.
Stratigraphic landscape analysis, thermochronology and the episodic development of
elevated passive continental margins. Geological Survey of Denmark and Greenland
Bull. 30 https://doi.org/10.34194/geusb.v30.4673, 150 pp.

Green, P.F., Duddy, L.R., Japsen, P., Bonow, J.M., Malan, J., 2017. Post-breakup burial
and exhumation of the southern margin of Africa. Basin Res. 1-32 https://doi.org/
10.1111/bre.12167.

Green, P.F., Duddy, LR., Japsen, P., 2018. Multiple episodes of regional exhumation and
inversion identified in the UK Southern North Sea based on integration of
palaeothermal and palaeoburial indicators. In: Bowman, M., Levell, B. (Eds.),
Petroleum Geology of NW Europe: 50 Years of Learning — Proceedings of the 8th
Petroleum Geology Conference. Geological Society, London. https://doi.org/
10.1144/PGC8.21.

Green, P., Duddy, L., Japsen, P., 2022a. Episodic kilometre-scale burial and exhumation
and the importance of missing section. Earth Sci. Rev. 104226 https://doi.org/
10.1016/j.earscirev.2022.104226.

Green, P.F., Japsen, P., Bonow, J.M., Chalmers, J.A., Duddy, L.R., Kukkonen, 1., 2022b.
The post-Caledonian thermo-tectonic evolution of Fennoscandia. Gondwana Res.
107, 201-234. https://doi.org/10.1016/j.gr.2022.03.007.

Gregersen, U., Knutz, P.C., Pedersen, A., Nghr-Hansen, H., Ineson, J., Larsen, L.,
Hopper, J.R., Bojesen-Koefoed, J.A., Dam, G., Funck, T., Hovikoski, J., 2022.
Stratigraphy of the West Greenland margin. In: Dafoe, L.T., Bingham-Kolowsk, N.
(Eds.), Geological Synthesis of Baffin Island (Nunavut) and the Labrador—Baffin
Seaway, Geological Survey of Canada Bulletin. Geological Survey of Canada,
pp. 247-309. https://doi.org/10.4095/321849.

Guarnieri, P., 2015. Pre-break-up palaeostress state along the East Greenland margin.
J. Geol. Soc. Lond. 172, 727-739. https://doi.org/10.1144/jgs2015-053.

Hékansson, E., Pedersen, S.A.S., 1982. Late Paleozoic to Tertiary tectonic evolution of
the continental margin in North Greenland. Can. Soc. Petrol. Geol. Mem. 8, 331-348.

Hékansson, E., Pedersen, S.A.S., 2015. A healed strike-slip plate boundary in North
Greenland indicated through associated pull-apart basins. In: Gibson, B.S., Roure, F.,
Manatschal, G. (Eds.), Sedimentary Basins and Crustal Processes at Continental
Margins: From Modern Hyper-Extended Margins to Deformed Ancient Analogues,
Special Publications, 413. Geological Society, London. https://doi.org/10.1144/
sp413.10, 27 pp.

Hall, A.M., Ebert, K., Hattestrand, C., 2013. Pre-glacial landform inheritance in a
glaciated shield landscape. Geogr. Ann. Ser. B 95, 33-49. https://doi.org/10.1111/
j.1468-0459.2012.00477 .x.

Haller, J., 1971. Geology of the East Greenland Caledonides. Interscience, London,

p. 413.

Hamann, N.E., Whittaker, R.C., Stemmerik, L., 2005. Geological development of the
Northeast Greenland Shelf. In: Doré, A.G., Vining, B. (Eds.), Petroleum Geology:
North-West Europe and Global Perspectives-Proceedings of the 6th Petroleum
Geology Conference. Geological Society, London, pp. 887-902. https://doi.org/
10.1144/0060887.

Hansen, S., 1996. Quantification of net uplift and erosion on the Norwegian Shelf south
of 665N from sonic transit times of shale. Nor. Geol. Tidsskr. 76, 245-252.

Harrison, J.C., Mayr, U., McNeil, D.H., Sweet, A.R., McIntyre, D.J., Eberle, J.J.,
Harington, C.R., Chalmers, J.A., Dam, G., Nghr-Hansen, H., 1999. Correlation of
Cenozoic sequences of the Canadian Arctic region and Greenland; implications for
the tectonic history of northern North America. Bull. Can. Petrol. Geol. 47, 223-254.
https://doi.org/10.35767/gscpgbull.47.3.223.

Henriksen, N., Higgins, A.K., Kalsbeek, F., Pulvertaft, T.C.R., 2009. Greenland from
Archean to Quaternary. Descriptive text to the 1995 Geological map of Greenland.
Geological Survey of Denmark and Greenland Bull. 18 https://doi.org/10.34194/
geusb.v18.4993, 126 pp.

Henstra, G.A., Gawthorpe, R.L., Helland-Hansen, W., Ravnés, R., Rotevatn, A., 2016.
Depositional systems in multiphase rifts: seismic case study from the Lofoten margin,
Norway. Basin Res. 29, 447-469. https://doi.org/10.1111/bre.12183.

Hodges, K.V., 2000. Tectonics of the Himalaya and southern Tibet from two perspectives.
Geol. Soc. Am. Bull. 112, 324-350. https://doi.org/10.1130/0016-7606(2000)
112<324:tothas>2.0.co;2.

Hoggard, M., Austermann, J., Randel, C., Stephenson, S., 2021. Observational estimates
of dynamic topography through space and time. In: Marquardt, H., Ballmer, M.,
Cottaar, S., Konter, J. (Eds.), Mantle Convection and Surface Expressions,
Geophysical Monograph Series, 263, pp. 371-411. https://doi.org/10.1002/
9781119528609.ch15.

Hoink, T., Lenardic, A., Richards, M., 2012. Depth-dependent viscosity and mantle stress
amplification: implications for the role of the asthenosphere in maintaining plate
tectonics. Geophys. J. Int. 191, 30-41. https://doi.org/10.1111/j.1365-
246X.2012.05621.x.

Holford, S.P., Green, P.F., Hillis, R.R., Underhill, J.R., Stoker, M., Duddy, L.R., 2010.
Multiple post-Caledonian exhumation episodes across NW Scotland revealed by
apatite fission-track analysis. J. Geol. Soc. Lond. 167, 675-694. https://doi.org/
10.1144/0016-76492009-167.

Taffaldano, G., DeMets, C., 2016. Late Neogene changes in North America and Antarctica
absolute plate motions inferred from the Mid-Atlantic and Southwest Indian Ridges


http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0205
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0205
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0205
https://doi.org/10.1093/gji/ggaa527
https://doi.org/10.1093/gji/ggaa527
https://doi.org/10.1002/gj.3982
https://doi.org/10.1002/gj.3982
https://doi.org/10.1038/ngeo2980
https://doi.org/10.1016/B978-0-444-63895-3.00014-0
https://doi.org/10.1016/B978-0-444-63895-3.00014-0
https://doi.org/10.1130/2018.2541(11)
https://doi.org/10.1130/2018.2541(11)
https://doi.org/10.1016/j.epsl.2013.10.038
https://doi.org/10.1016/j.epsl.2013.10.038
https://doi.org/10.3402/polar.v24i1.6250
https://doi.org/10.3402/polar.v24i1.6250
https://doi.org/10.1038/s43247-023-00724-6
https://doi.org/10.1038/s43247-023-00724-6
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0250
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0250
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0250
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0255
https://doi.org/10.1144/m57-2022-7
https://doi.org/10.1144/m57-2022-7
https://doi.org/10.1016/j.tecto.2021.228990
https://doi.org/10.1016/j.marpetgeo.2009.06.004
https://doi.org/10.1016/j.marpetgeo.2009.06.004
https://doi.org/10.1144/SP447.12
https://doi.org/10.1144/SP447.12
https://doi.org/10.18814/epiiugs/2008/v31i1/007
https://doi.org/10.18814/epiiugs/2008/v31i1/007
https://doi.org/10.1144/gsl.sp.1992.068.01.21
https://doi.org/10.1144/gsl.sp.1992.068.01.21
https://doi.org/10.1144/0061165
https://doi.org/10.1144/0061165
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0295
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0295
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0295
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0295
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0300
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0300
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0300
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0300
https://doi.org/10.1144/0070633
https://doi.org/10.34194/geusb.v42.4324
https://doi.org/10.34194/geusb.v42.4324
https://doi.org/10.1144/sp438.2
https://doi.org/10.1144/sp438.2
https://doi.org/10.1016/s0016-7878(00)80087-5
https://doi.org/10.1016/s0016-7878(00)80087-5
https://doi.org/10.34194/geusb.v30.4673
https://doi.org/10.1111/bre.12167
https://doi.org/10.1111/bre.12167
https://doi.org/10.1144/PGC8.21
https://doi.org/10.1144/PGC8.21
https://doi.org/10.1016/j.earscirev.2022.104226
https://doi.org/10.1016/j.earscirev.2022.104226
https://doi.org/10.1016/j.gr.2022.03.007
https://doi.org/10.4095/321849
https://doi.org/10.1144/jgs2015-053
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0360
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0360
https://doi.org/10.1144/sp413.10
https://doi.org/10.1144/sp413.10
https://doi.org/10.1111/j.1468-0459.2012.00477.x
https://doi.org/10.1111/j.1468-0459.2012.00477.x
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0375
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0375
https://doi.org/10.1144/0060887
https://doi.org/10.1144/0060887
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0385
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0385
https://doi.org/10.35767/gscpgbull.47.3.223
https://doi.org/10.34194/geusb.v18.4993
https://doi.org/10.34194/geusb.v18.4993
https://doi.org/10.1111/bre.12183
https://doi.org/10.1130/0016-7606(2000)112<324:tothas>2.0.co;2
https://doi.org/10.1130/0016-7606(2000)112<324:tothas>2.0.co;2
https://doi.org/10.1002/9781119528609.ch15
https://doi.org/10.1002/9781119528609.ch15
https://doi.org/10.1111/j.1365-246X.2012.05621.x
https://doi.org/10.1111/j.1365-246X.2012.05621.x
https://doi.org/10.1144/0016-76492009-167
https://doi.org/10.1144/0016-76492009-167

P. Japsen et al.

spreading histories. Geophys. Res. Lett. 43, 8466-8472. https://doi.org/10.1002/
2016GL070276.

Japsen, P., 1998. Regional velocity-depth anomalies, North Sea Chalk: a record of
overpressure and Neogene uplift and erosion. AAPG Bull. 82, 2031-2074. https://
doi.org/10.1306/00aa7bda-1730-11d7-8645000102c1865d.

Japsen, P., Chalmers, J.A., 2000. Neogene uplift and tectonics around the North Atlantic:
Overview. Glob. Planet. Chang. 24, 165-173. https://doi.org/10.1016/50921-8181
(00)00006-0.

Japsen, P., Green, P.F. and Chalmers, J.A., 2013. The mountains of North-East Greenland
are not remnants of the Caledonian topography. A comment on Pedersen et al.
(2012): Tectonophysics vol. 530-531, p. 318-330. Tectonophysics, 589: 234-238.
doi:https://doi.org/10.1016/j.gloplacha.2014.01.012.

Japsen, P., Green, P.F., Chalmers, J.A., 2005. Separation of Palaeogene and Neogene
uplift on Nuussuaq, West Greenland. J. Geol. Soc. Lond. 162, 299-314. https://doi.
org/10.1144/0016-764904-038.

Japsen, P., Bonow, J.M., Green, P.F., Chalmers, J.A., Lidmar-Bergstrom, K., 2006.
Elevated, passive continental margins: long-term highs or Neogene uplifts? New
evidence from West Greenland. Earth Planet. Sci. Lett. 248, 315-324. https://doi.
0rg/10.1016/j.epsl.2006.05.036.

Japsen, P., Green, P.F., Nielsen, L.H., Rasmussen, E.S., Bidstrup, T., 2007. Mesozoic-
Cenozoic exhumation events in the eastern North Sea Basin: a multi-disciplinary
study based on palaeothermal, palaeoburial, stratigraphic and seismic data. Basin
Res. 19, 451-490. https://doi.org/10.1111/§.1365-2117.2007.00329.x.

Japsen, P., Bonow, J.M., Green, P.F., Chalmers, J.A., Lidmar-Bergstrom, K., 2009.
Formation, uplift and dissection of planation surfaces at passive continental margins
- anew approach. Earth Surf. Process. Landf. 34, 683-699. https://doi.org/10.1002/
esp.1766.

Japsen, P., Green, P.F., Bonow, J.M., Rasmussen, E.S., Chalmers, J.A., Kjennerud, T.,
2010. Episodic uplift and exhumation along North Atlantic passive margins:
Implications for hydrocarbon prospectivity. In: Vining, B.A., Pickering, S.C. (Eds.),
Petroleum Geology: From Mature Basins to New Frontiers — Proceedings of the 7th
Petroleum Geology Conference. Geological Society, London, pp. 979-1004. https://
doi.org/10.1144,/0070979.

Japsen, P., Bonow, J.M., Green, P.F., Cobbold, P.R., Chiossi, D., Lilletveit, R.,
Magnavita, L.P., Pedreira, A.J., 2012a. Episodic burial and exhumation history of NE
Brazil after opening of the South Atlantic. GSA Bull. 124, 800-816. https://doi.org/
10.1130/b30515.1.

Japsen, P., Chalmers, J.A., Green, P.F., Bonow, J.M., 2012b. Elevated, passive
continental margins: not rift shoulders, but expressions of episodic, post-rift burial
and exhumation. Glob. Planet. Chang. 90-91, 73-86. https://doi.org/10.1016/j.
gloplacha.2011.05.004.

Japsen, P., Green, P.F., Bonow, J.M., Nielsen, T.F.D., Chalmers, J.A., 2014. From
volcanic plains to glaciated peaks: Burial and exhumation history of southern East
Greenland after opening of the NE Atlantic. Glob. Planet. Chang. 116, 91-114.
https://doi.org/10.1016/j.gloplacha.2014.01.012.

Japsen, P., Green, P.F., Bonow, J.M., Erlstrom, M., 2016. Episodic burial and exhumation
of the southern Baltic Shield: epeirogenic uplifts during and after break-up of
Pangea. Gondwana Res. 35, 357-377. https://doi.org/10.1016/j.gr.2015.06.005.

Japsen, P., Green, P.F., Bonow, J.M., Wilton, D.H.C., Hinchey, A.M., 2017. Burial and
exhumation history of the Labrador-Newfoundland margin and implications for
hydrocarbon exploration on the Grand Banks and the Labrador Shelf, 9 pp. AAPG,
SPE International Conference & Exhibition, London, UK, 15-18 October 2017, 9 pp.
https://doi.org/10.4043/27379-ms.

Japsen, P., Green, P.F., Chalmers, J.A., Bonow, J.M., 2018. Mountains of southernmost
Norway: uplifted Miocene peneplains and re-exposed Mesozoic surfaces. J. Geol.
Soc. Lond. 157, 721-741. https://doi.org/10.1144/jgs2017-157.

Japsen, P., Green, P.F., Bonow, J.M., Bjerager, M., Hopper, J.R., 2021a. Episodic burial
and exhumation in North-East Greenland before and after opening of the North-East
Atlantic. Geological Survey of Denmark and Greenland Bull. 45, 162. https://doi.
org/10.34194/geusb.v45.5299.

Japsen, P., Green, P.F., Chalmers, J.A., 2021b. Thermo-tectonic history of the Wandel
Sea Basin, North Greenland. Geological Survey of Denmark and Greenland Bull. 45,
41-83. https://doi.org/10.34194/geusb.v45.5298.

Japsen, P., Green, P.F., Chalmers, J.A., 2023. Synchronous exhumation episodes across
Arctic Canada, North Greenland and Svalbard in relation to the Eurekan Orogeny.
Gondwana Res. 117, 207-229. https://doi.org/10.1016/j.gr.2023.01.011.

Jarsve, E.M., Maast, T.E., Gabrielsen, R.H., Faleide, J.I., Nystuen, J.P., Sasier, C., 2014.
Seismic stratigraphic subdivision of the Triassic succession in the Central North Sea;
integrating seismic reflection and well data. J. Geol. Soc. Lond. 171, 353-374.
https://doi.org/10.1144/jgs2013-056.

Jess, S., Stephenson, R., Brown, R., 2018. Evolution of the central West Greenland
margin and the Nuussuaq Basin: Localised basin uplift along a stable continental
margin proposed from thermochronological data. Basin Res. 30, 1230-1246. https://
doi.org/10.1111/bre.12301.

Jess, S., Stephenson, R., Roberts, D.H., Brown, R., 2019. Differential erosion of a
Mesozoic rift flank: establishing the source of topography across Karrat, central West
Greenland. Geomorphology. https://doi.org/10.1016/j.geomorph.2019.02.026.

Jiang, X.-D., Li, Z.-X., 2014. Seismic reflection data support episodic and simultaneous
growth of the Tibetan Plateau since 25Myr. Nat. Commun. 5, 5453. https://doi.org/
10.1038/ncomms6453.

Jones, M.T., Augland, L.E., Shephard, G.E., Burgess, S.D., Eliassen, G.T., Jochmann, M.
M., Friis, B., Jerram, D.A., Planke, S., Svensen, H.H., 2017. Constraining shifts in
North Atlantic plate motions during the Palaeocene by U-Pb dating of Svalbard
tephra layers. Sci. Rep. 7, 6822. https://doi.org/10.1038/541598-017-06170-7.

Kleman, J., 2008. Where glaciers cut deep. Nat. Geosci. 1, 343-344. https://doi.org/
10.1038/ngeo0210.

21

Earth-Science Reviews 248 (2024) 104626

Kley, J., Voigt, T., 2008. Late cretaceous intraplate thrusting in central Europe: effect of
Africa-Iberia-Europe convergence, not Alpine collision. Geology 36 (839-842),
839-842. https://doi.org/10.1130/g24930a.1.

Knox, R., Bosch, A., Rasmussen, E.S., Heilmann-Clausen, C., Hiss, M., Lugt, L,
Kasinski, J., King, C., Kothe, A., Slodkowska, B., Standke, B., Vanderhaeghe, N.,
2010. Cenozoic. In: Doornenbal, H., Stevenson, A. (Eds.), Petroleum Geological Atlas
of the Southern Permian Basin Area. EAGE Publications b.v, Houten, pp. 211-220.

Knudsen, C., Hopper, J.R., Bierman, P.R., Bjerager, M., Funck, T., Green, P.F., Ineson, J.
R., Japsen, P., Marcussen, C., Sherlock, S.C., Thomsen, T.B., 2017. Samples from the
Lomonosov Ridge place new constraints on the geological evolution of the Arctic
Ocean. Geol. Soc. Lond. Spec. Publ. 460 https://doi.org/10.1144/sp460.17.

Knutz, P.C., Hopper, J.R., Gregersen, U., Nielsen, T., Japsen, P., 2015. A contourite drift
system on the Baffin Bay-West Greenland margin linking Pliocene Arctic warming to
poleward ocean circulation. Geology. https://doi.org/10.1130/g36927.1.

Larsen, P.H., 1988. Relay structures in a lower Permian basement-involved extension
system, East Greenland. J. Struct. Geol. 10, 3-8. https://doi.org/10.1016/0191-
8141(88)90122-8.

Larsen, R.B. and Tegner, C., 2006. Pressure conditions for the solidification of the
Skaergaard intrusion: Eruption of East Greenland flood basalts in less than 300,000
years. Lithos, 92: 181-197. http://dx.doi.org/https://doi.org/10.1016/].lithos.200
6.03.032.

Larsen, L.M., Watt, W.S., Watt, M., 1989. Geology and petrology of the Lower Tertiary
plateau basalts of the Scoresby Sund region, East Greenland. Grgnlands Geologiske
Undersggelse Bull. 169, 164. https://doi.org/10.34194/bullggu.v157.6699.

Larsen, H.C., Saunders, A.D., Clift, P.D., et al., 1994. 13. Summary and principal results,
Proceedings of the Ocean Drilling Program, Initial Reports, 152, pp. 279-292. Ocean
Drilling Program, College Station, TX. https://doi.org/10.2973/odp.proc.ir.152.113.
1994.

Larsen, B.T., Olaussen, S., Sundvoll, B., Heeremans, M., 2008. The Permo-Carboniferous
Oslo Rift through six stages and 65 million years. Episodes 31, 52. https://doi.org/
10.18814/epiiugs/2008/v31i1/008.

Larsen, L.M., Heaman, L.M., Creaser, R.A., Duncan, R.A., Frei, R., Hutchison, M., 2009.
Tectonomagmatic events during stretching and basin formation in the Labrador Sea
and the Davis Strait: evidence from age and composition of Mesozoic to Palaeogene
dyke swarms in West Greenland. J. Geol. Soc. Lond. 166, 999-1012. https://doi.org/
10.1144/0016-76492009-038.

Larsen, L.M., Pedersen, A.K., Sgrensen, E.V., Watt, W.S., Duncan, R.A., 2013.
Stratigraphy and age of the Eocene Igtertiva Formation basalts, alkaline pebbles and
sediments of the Kap Dalton Group in the graben at Kap Dalton, East Greenland. DGF
Bull. 61, 1-18. https://doi.org/10.37570/bgsd-2013-61-01.

Larsen, L.M., Pedersen, A.K., Tegner, C., Duncan, R.A., 2014. Eocene to Miocene igneous
activity in NE Greenland: northward younging of magmatism along the East
Greenland margin. J. Geol. Soc. Lond. 171, 539-553. https://doi.org/10.1144/
jgs2013-118.

Lassen, A., Thybo, H., 2012. Neoproterozoic and Palaeozoic evolution of SW Scandinavia
based on integrated seismic interpretation. Precambrian Res. 204, 75-104. https://
doi.org/10.1016/j.precamres.2012.01.008.

Lidmar-Bergstrom, K., 1993. Denudation surfaces and tectonics in the southernmost part
of the Baltic Shield. Precambrian Res. 64, 337-345. https://doi.org/10.1016/0301-
9268(93)90086-h.

Lidmar-Bergstrom, K., 1995. Relief and saprolites through time on the Baltic Shield.
Geomorphology 12, 45-61. https://doi.org/10.1016/0169-555x(94)00076-4.

Lidmar-Bergstrom, K., Bonow, J.M., 2009. Hypotheses and observations on the origin of
the landscape of southern Norway-a comment regarding the isostasy-climate-erosion
hypothesis by Nielsen et al. 2008. J. Geodyn. 48, 95-100. https://doi.org/10.1016/].
j0g.2009.06.003.

Lidmar-Bergstrom, K., Ollier, C.D., Sulebak, J.C., 2000. Landforms and uplift history of
southern Norway. Glob. Planet. Chang. 24, 211-231. https://doi.org/10.1016/
50921-8181(00)00009-6.

Lidmar-Bergstrom, K., Bonow, J.M., Japsen, P., 2013. Stratigraphic landscape analysis
and geomorphological paradigms: Scandinavia as an example of Phanerozoic uplift
and subsidence. Glob. Planet. Chang. 100, 153-171. https://doi.org/10.1016/j.
gloplacha.2012.10.015.

Lidmar-Bergstrom, K., Olvmo, M., Bonow, J.M., 2017. The South Swedish Dome: a key
structure for identification of peneplains and conclusions on Phanerozoic tectonics of
an ancient shield. GFF 139, 244-259. https://doi.org/10.1080/
11035897.2017.1364293.

Lgseth, H., 2023. The Norwegian strandflat reviewed and constrained in an offshore
perspective. Nor. J. Geol. 103, 202301 https://doi.org/10.17850/njg103-1-1.

Lgseth, H., Tveten, E., 1996. Post-Caledonian structural evolution of the Lofoten and
Vesteralen offshore and onshore areas. Nor. Geol. Tidsskr. 76, 215-229.

Manby, G., Lyberis, N., 1996. State of stress and tectonic evolution of the West
Spitsbergen Fold Belt. Tectonophysics 267, 1-29. https://doi.org/10.1016/50040-
1951(96)00109-6.

Matthews, K.J., Maloney, K.T., Zahirovic, S., Williams, S.E., Seton, M., Mueller, R.D.,
2016. Global plate boundary evolution and kinematics since the late Paleozoic. Glob.
Planet. Chang. 146, 226-250.

Medvedev, S., Hartz, E.H., 2014. Evolution of topography of post-Devonian Scandinavia:
effects and rates of erosion. Geomorphology. https://doi.org/10.1016/j.
geomorph.2014.12.010.

Medvedev, S., Souche, A., Hartz, E.H., 2013. Influence of ice sheet and glacial erosion on
passive margins of Greenland. Geomorphology 193, 36-46. https://doi.org/
10.1016/j.geomorph.2013.03.029.

Merkouriev, S., DeMets, C., 2008. A high-resolution model for Eurasia-North America
plate kinematics since 20 Ma. Geophys. J. Int. 173, 1064-1083. https://doi.org/
10.1111/j.1365-246X.2008.03761.x.


https://doi.org/10.1002/2016GL070276
https://doi.org/10.1002/2016GL070276
https://doi.org/10.1306/00aa7bda-1730-11d7-8645000102c1865d
https://doi.org/10.1306/00aa7bda-1730-11d7-8645000102c1865d
https://doi.org/10.1016/s0921-8181(00)00006-0
https://doi.org/10.1016/s0921-8181(00)00006-0
https://doi.org/10.1016/j.gloplacha.2014.01.012
https://doi.org/10.1144/0016-764904-038
https://doi.org/10.1144/0016-764904-038
https://doi.org/10.1016/j.epsl.2006.05.036
https://doi.org/10.1016/j.epsl.2006.05.036
https://doi.org/10.1111/j.1365-2117.2007.00329.x
https://doi.org/10.1002/esp.1766
https://doi.org/10.1002/esp.1766
https://doi.org/10.1144/0070979
https://doi.org/10.1144/0070979
https://doi.org/10.1130/b30515.1
https://doi.org/10.1130/b30515.1
https://doi.org/10.1016/j.gloplacha.2011.05.004
https://doi.org/10.1016/j.gloplacha.2011.05.004
https://doi.org/10.1016/j.gloplacha.2014.01.012
https://doi.org/10.1016/j.gr.2015.06.005
https://doi.org/10.4043/27379-ms
https://doi.org/10.1144/jgs2017-157
https://doi.org/10.34194/geusb.v45.5299
https://doi.org/10.34194/geusb.v45.5299
https://doi.org/10.34194/geusb.v45.5298
https://doi.org/10.1016/j.gr.2023.01.011
https://doi.org/10.1144/jgs2013-056
https://doi.org/10.1111/bre.12301
https://doi.org/10.1111/bre.12301
https://doi.org/10.1016/j.geomorph.2019.02.026
https://doi.org/10.1038/ncomms6453
https://doi.org/10.1038/ncomms6453
https://doi.org/10.1038/s41598-017-06170-7
https://doi.org/10.1038/ngeo210
https://doi.org/10.1038/ngeo210
https://doi.org/10.1130/g24930a.1
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0545
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0545
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0545
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0545
https://doi.org/10.1144/sp460.17
https://doi.org/10.1130/g36927.1
https://doi.org/10.1016/0191-8141(88)90122-8
https://doi.org/10.1016/0191-8141(88)90122-8
https://doi.org/10.1016/j.lithos.2006.03.032
https://doi.org/10.1016/j.lithos.2006.03.032
https://doi.org/10.34194/bullggu.v157.6699
https://doi.org/10.2973/odp.proc.ir.152.113.1994
https://doi.org/10.2973/odp.proc.ir.152.113.1994
https://doi.org/10.18814/epiiugs/2008/v31i1/008
https://doi.org/10.18814/epiiugs/2008/v31i1/008
https://doi.org/10.1144/0016-76492009-038
https://doi.org/10.1144/0016-76492009-038
https://doi.org/10.37570/bgsd-2013-61-01
https://doi.org/10.1144/jgs2013-118
https://doi.org/10.1144/jgs2013-118
https://doi.org/10.1016/j.precamres.2012.01.008
https://doi.org/10.1016/j.precamres.2012.01.008
https://doi.org/10.1016/0301-9268(93)90086-h
https://doi.org/10.1016/0301-9268(93)90086-h
https://doi.org/10.1016/0169-555x(94)00076-4
https://doi.org/10.1016/j.jog.2009.06.003
https://doi.org/10.1016/j.jog.2009.06.003
https://doi.org/10.1016/s0921-8181(00)00009-6
https://doi.org/10.1016/s0921-8181(00)00009-6
https://doi.org/10.1016/j.gloplacha.2012.10.015
https://doi.org/10.1016/j.gloplacha.2012.10.015
https://doi.org/10.1080/11035897.2017.1364293
https://doi.org/10.1080/11035897.2017.1364293
https://doi.org/10.17850/njg103-1-1
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0640
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0640
https://doi.org/10.1016/S0040-1951(96)00109-6
https://doi.org/10.1016/S0040-1951(96)00109-6
http://refhub.elsevier.com/S0012-8252(23)00315-X/optehEkxQ3K2n
http://refhub.elsevier.com/S0012-8252(23)00315-X/optehEkxQ3K2n
http://refhub.elsevier.com/S0012-8252(23)00315-X/optehEkxQ3K2n
https://doi.org/10.1016/j.geomorph.2014.12.010
https://doi.org/10.1016/j.geomorph.2014.12.010
https://doi.org/10.1016/j.geomorph.2013.03.029
https://doi.org/10.1016/j.geomorph.2013.03.029
https://doi.org/10.1111/j.1365-246X.2008.03761.x
https://doi.org/10.1111/j.1365-246X.2008.03761.x

P. Japsen et al.

Miiller, R.D., Seton, M., Zahirovic, S., Williams, S.E., Matthews, K.J., Wright, N.M.,
Shephard, G.E., Maloney, K.T., Barnett-Moore, N., Hosseinpour, M., 2016. Ocean
basin evolution and global-scale plate reorganization events since Pangea breakup.
Annu. Rev. Earth Planet. Sci. 44, 107-138. https://doi.org/10.1146/annurev-earth-
060115-012211.

Nance, R.D., 2022. The supercontinent cycle and Earth’s long-term climate. Ann. N. Y.
Acad. Sci. 1515, 33-49. https://doi.org/10.1111/nyas.14849.

Nance, R.D., Murphy, J.B., Santosh, M., 2014. The supercontinent cycle: a retrospective
essay. Gondwana Res. 25, 4-29. https://doi.org/10.1016/j.gr.2012.12.026.

Nielsen, L.H., 2003. Late Triassic - Jurassic development of the Danish Basin and the
Fennoscandian Border Zone, southern Scandinavia. In: Ineson, J., Surlyk, F. (Eds.),
The Jurassic of Denmark and Greenland. Geological Survey of Denmark and
Greenland Bulletin, 1, pp. 459-526. https://doi.org/10.34194/geusb.v1.4681.

Nielsen, T.F.D., Brooks, C.K., 1981. The E. Greenland rifted continental margin - an
examination of the coastal flexure. J. Geol. Soc. Lond. 138, 559-568. https://doi.
org/10.1144/gsjgs.138.5.0559.

Nielsen, T.F.D., Soper, N.J., Brooks, C.K., Faller, A.M., Higgins, A.K., Matthews, D.W.,
1981. The pre-basaltic sediments and the Lower Basalts at Kangerdlgssuaq, East
Greenland: their stratigraphy, lithology, palaecomagnetism and petrology.
Meddelelser om Grgnland. Geoscience 6, 1-25.

Nielsen, S.B., Gallagher, K., Leighton, C., Balling, N., Svenningsen, L., Jacobsen, B.H.,
Thomsen, E., Nielsen, O.B., Heilmann-Clausen, C., Egholm, D.L., 2009. The evolution
of western Scandinavian topography: a review of Neogene uplift versus the ICE
(isostasy—climate—erosion) hypothesis. J. Geodyn. 47, 72-95. https://doi.org/
10.1016/j.j0g.2008.09.001.

Norling, E., Bergstrom, J., 1987. Mesozoic and Cenozoic tectonic evolution of Scania,
southern Sweden. Tectonophysics 137, 7-19. https://doi.org/10.1016/0040-1951
(87)90309-X.

Oakey, G.N., Chalmers, J.A., 2012. A new model for the Paleogene motion of Greenland
relative to North America: Plate reconstructions of the Davis Strait and Nares Strait
regions between Canada and Greenland. J. Geophys. Res. Solid Earth 117, 1-28.
https://doi.org/10.1029/2011jb008942.

Oftedal, B.T., Andresen, A., Miiller, R., 2005. Early Triassic syn-rift sedimentation at hold
with hope, Northeast Greenland. In: Wandas, B.T.G., Nystuen, J.P., Eide, E.,
Gradstein, F. (Eds.), Onshore-offshore relationships on the North Atlantic margin,
Norwegian Petroleum Society Special Publications, 12, pp. 191-206. https://doi.
0rg/10.1016/s0928-8937(05)80049-9.

Olaussen, S., Larsen, B.T., Steel, R., 1994. The Upper Carboniferous-Permian Oslo Rift;
Basin Fill in Relation to Tectonic Development, Pangea: Global Environments and
Resources. Canadian Society of Petroleum Geologists, pp. 175-197.

Olivarius, M., Rasmussen, E.S., Siersma, V., Knudsen, C., Kokfelt, T.F., Keulen, N., 2014.
Provenance signal variations caused by facies and tectonics: Zircon age and heavy
mineral evidence from Miocene sand in the north-Eastern North Sea Basin. Mar. Pet.
Geol. 49, 1-14. https://doi.org/10.1016/j.marpetgeo.2013.09.010.

Paxman, G.J., Tinto, K.J., Austermann, J., 2021. Neogene-quaternary uplift and
landscape evolution in Northern Greenland recorded by subglacial valley
morphology. J. Geophys. Res. Earth 126. https://doi.org/10.1029/2021jf006395
€2021JF006395.

Pedersen, A.K., Watt, M., Watt, W.S., Larsen, L.M., 1997. Structure and stratigraphy of
the early Tertiary basalts of the Blosseville Kyst, East Greenland. J. Geol. Soc. Lond.
154, 565-570. https://doi.org/10.1144/gsjgs.154.3.0565.

Pedersen, A.K., Larsen, L.M., Riisager, P., Dueholm, K.S., 2002. Rates of volcanic
deposition, facies changes and movements in a dynamic basin: the Nuussuaq Basin,
West Greenland, around the C27n-C26R transition. In: Jolley, D.W., Bell, B.R. (Eds.),
The North Atlantic Igneous Province: Stratigraphy, Tectonic, Volcanic and Magmatic
Processes, Special Publication, 197. Geological Society, London, pp. 157-181.
https://doi.org/10.1144/GSL.SP.2002.197.01.07.

Pedersen, V.K., Nielsen, S.B., Gallagher, K., 2012. The post-orogenic evolution of the
Northeast Greenland Caledonides constrained from apatite fission track analysis and
inverse geodynamic modelling. Tectonophysics 530-531, 318-330. https://doi.org/
10.1016/j.tecto.2012.01.018.

Pedersen, V.K., Huismans, R.S., Moucha, R., 2016. Isostatic and dynamic support of high
topography on a North Atlantic passive margin. Earth Planet. Sci. Lett. 446, 1-9.
https://doi.org/10.1016/j.epsl.2016.04.019.

Pedersen, A.K., Larsen, L.M., Pedersen, G.K., 2017. Lithostratigraphy, geology and
geochemistry of the volcanic rocks of the Vaigat Formation on Disko and Nuussuagq,
Paleocene of West Greenland. Geol. Survey Denmark Greenland Bull. 39, 244.
https://doi.org/10.34194/geusb.v39.4354.

Pedersen, V.K., Braun, J., Huismans, R.S., 2018. Eocene to mid-Pliocene landscape
evolution in Scandinavia inferred from offshore sediment volumes and pre-glacial
topography using inverse modelling. Geomorphology 303, 467-485. https://doi.
org/10.1016/j.geomorph.2017.11.025.

Pedersen, V.K., Knutsen, A.R., Pallisgaard-Olesen, G., Andersen, J.L., Moucha, R.,
Huismans, R.S., 2021. Widespread glacial erosion on the Scandinavian passive
margin. Geology 49, 1004-1008. https://doi.org/10.1130/g48836.1.

Petersen, T.G., 2021. New sequence stratigraphic framework on a ‘passive’margin:
implications for the post-break-up depositional environment and onset of
glaciomarine conditions in NE Greenland. J. Geol. Soc. Lond. 178 https://doi.org/
10.1016/j.marpetgeo.2019.03.007.

Phillips, B.R., Bunge, H.-P., 2007. Supercontinent cycles disrupted by strong mantle
plumes. Geology 35, 847-850. https://doi.org/10.1130/g23686a.1.

Phillips, T., Jackson, C.A., Norcliffe, J., 2020. Pre-inversion normal fault geometry
controls inversion style and magnitude, Farsund Basin, offshore southern Norway.
EarthArXiv. February, 29. https://doi.org/10.31223/0sf.io/xyf4hg.

Piasecki, S., Larsen, L.M., Pedersen, A K., Pedersen, G.K., 1992. Palynostratigraphy of the
lower Tertiary volcanics and marine clastic sediments in the southern part of the

Earth-Science Reviews 248 (2024) 104626

West Greenland Basin: implications for the timing and duration of the volcanism.
Rapp. Grgnl. Geol. Unders. 154, 31. https://doi.org/10.34194/rapggu.v154.8166.
Piasecki, S., Stemmerik, L., Friderichsen, J.D., Higgins, A.K., 1994. Stratigraphy of the
post-Caledonian sediments in the Germania Land area, North-East Greenland. Rapp.
Grgnl. Geol. Unders. 162, 177-184. https://doi.org/10.34194/rapggu.v162.8260.

Piepjohn, K., von Gosen, W., 2001. Polyphase deformation at the Harder Fjord Fault
Zone (North Greenland). Geol. Mag. 138, 407-434. https://doi.org/10.1017/
50016756801005660.

Piepjohn, K., von Gosen, W., Tessensohn, F., 2016. The Eurekan deformation in the
Arctic: an outline. J. Geol. Soc. Lond. 173, 1007-1024. https://doi.org/10.1144/
jgs2016-081.

Price, S., Brodie, J., Whitham, A., Kent, R., 1997. Mid-tertiary rifting and magmatism in
the Traill @ region, East Greenland. J. Geol. Soc. Lond. 154, 419-434. https://doi.
org/10.1144/gsjgs.154.3.0419.

Quirie, A.K., Schofield, N., Hartley, A., Hole, M.J., Archer, S.G., Underhill, J.R.,
Watson, D., Holford, S.P., 2019. The Rattray Volcanics: Mid-Jurassic fissure
volcanism in the UK Central North Sea. J. Geol. Soc. Lond. 176, 462-481. https://
doi.org/10.1144/jgs2018-151.

Ramberg, I.B., Bryhni, L., Ngttvedt, A., Rangnes, K. (Eds.), 2008. The Making of a Land:
Geology of Norway. Geological Society of London.

Rasmussen, E.S., 2014. Development of an incised-valley fill under the influence of
tectonism and glacio-eustatic sea-level change: valley morphology, fluvial style, and
lithology. J. Sediment. Res. 84, 278-300. https://doi.org/10.2110/jsr.2014.24.

Rasmussen, E.S., 2019. Discussion of “Eocene to mid-Pliocene landscape evolution in
Scandinavia inferred from offshore sediment volumes and pre-glacial topography
using inverse modelling” (Pederen et al. 2018. Geomorphology, 303: 467-485).
Geomorphology 328, 222-224. https://doi.org/10.1016/j.geomorph.2018.06.022.

Rasmussen, E.S., Dybkjer, K., 2020. The lower Miocene flint conglomerate, Jylland,
Denmark: a result of the Savian tectonic phase. Geol. Survey Denmark Greenland
Bull. 44 https://doi.org/10.34194/geusb.v44.4618.

Rasmussen, E.S., Dybkjer, K., Piasecki, S., 2010. Lithostratigtraphy of the Upper
Oligocene - Miocene succession of Denmark. Geological Survey of Denmark and
Greenland Bull. 22 https://doi.org/10.34194/geusb.v22.4733, 92 pp.

Redfield, T.F., Osmundsen, P.T., 2013. The long-term topographic response of a
continent adjacent to a hyperextended margin: a case study from Scandinavia. GSA
Bull. 125, 184-200. https://doi.org/10.1130/b30691.1.

Rickers, F., Fichtner, A., Trampert, J., 2013. The Iceland-Jan Mayen plume system and
its impact on mantle dynamics in the North Atlantic region: evidence from full-
waveform inversion. Earth Planet. Sci. Lett. 367, 39-51. https://doi.org/10.1016/j.
epsl.2013.02.022.

Ricketts, B.D., 1994. Basin analysis, Eureka Sound Group, Axel Heiberg and Ellesmere
Islands, Canadian Arctic archipelago. Geol. Surv. Can. Mem. 439 https://doi.org/
10.4095/194814.

Riis, F., 1996. Quantification of Cenozoic vertical movements of Scandinavia by
correlation of morphological surfaces with offshore data. Glob. Planet. Chang. 12,
331-357. https://doi.org/10.1016,/0921-8181(95)00027-5.

Saunders, A.D., England, R.W., Reichow, M.K., White, R.V., 2005. A mantle plume origin
for the Siberian traps: uplift and extension in the West Siberian Basin, Russia. Lithos
79, 407-424. https://doi.org/10.1016/].1ithos.2004.09.010.

Schiffer, C., Balling, N., Ebbing, J., Jacobsen, B.H., Nielsen, S.B., 2016. Geophysical-
petrological modelling of the East Greenland Caledonides-Isostatic support from
crust and upper mantle. Tectonophysics. https://doi.org/10.1016/j.
tecto.2016.06.023.

Secher, K., Heaman, L., Nielsen, T., Jensen, S., Schjgth, F., Creaser, R., 2009. Timing of
kimberlite, carbonatite, and ultramafic lamprophyre emplacement in the alkaline
province located 64-67° N in southern West Greenland. Lithos 112, 400-406.
https://doi.org/10.1016/j.1ithos.2009.04.035.

Sigmond, E.M.O., 2002. Geological Map. Land and Sea Areas of Northern Europe, Scale 1
: 4 million. Geological Survey of Norway, Oslo.

Solgaard, A.M., Bonow, J.M., Langen, P., Japsen, P., Hvidberg, C., 2013. Mountain
building and the initiation of the Greenland ice sheet. Palaecogeogr. Palaeoclimatol.
Palaeoecol. 392, 161-176. https://doi.org/10.1016/j.palaeo.2013.09.019.

Spmme, T.O., Skogseid, J., Lgseth, H., Embry, P., 2019. Manifestation of tectonic and
climatic perturbations in deep-time stratigraphy—an example from the Paleocene
succession offshore western Norway. Front. Earth Sci. 7, 303. https://doi.org/
10.3389/feart.2019.00303.

Srivastava, S., 1978. Evolution of the Labrador Sea and its bearing on the early evolution
of the North Atlantic. Geophys. J. Int. 52, 313-357. https://doi.org/10.1111/j.1365-
246X.1978.tb04235.x.

Steer, P., Huismans, R.S., Valla, P.G., Gac, S., Herman, F., 2012. Bimodal Plio-Quaternary
glacial erosion of fjords and low-relief surfaces in Scandinavia. Nat. Geosci. 5,
635-639. https://doi.org/10.1038/ngeo1549.

Steinberger, B., Spakman, W., Japsen, P., Torsvik, T.H., 2015. The key role of global
solid-Earth processes in preconditioning Greenland’s glaciation since the Pliocene.
Terra Nova 27, 1-8. https://doi.org/10.1111/ter.12133.

Stemmerik, L., 2000. Late Palaeozoic evolution of the North Atlantic margin of Pangea.
Palaeogeogr. Palaeoclimatol. Palaeoecol. 161, 95-126. https://doi.org/10.1016/
s0031-0182(00)00119-x.

Stemmerik, L., Worsley, D., 2005. 30 years on-Arctic Upper Palaeozoic stratigraphy,
depositional evolution and hydrocarbon prospectivity. Norwegian J. Geol./Norsk
Geologisk Forening 85, 151-168.

Stoker, M.S., Ziska, H., 2011. Cretaceous. In: Ritchie, J.D., Ziska, H., Johnson, H.,
Evans, D. (Eds.), Geology of the Faroe-Shetland Basin and Adjacent Areas. British
Geological Survey. Jardfeingi, Térshavn, Faroe Islands, Nottingham, UK,
pp. 123-150.

22


https://doi.org/10.1146/annurev-earth-060115-012211
https://doi.org/10.1146/annurev-earth-060115-012211
https://doi.org/10.1111/nyas.14849
https://doi.org/10.1016/j.gr.2012.12.026
https://doi.org/10.34194/geusb.v1.4681
https://doi.org/10.1144/gsjgs.138.5.0559
https://doi.org/10.1144/gsjgs.138.5.0559
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0690
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0690
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0690
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0690
https://doi.org/10.1016/j.jog.2008.09.001
https://doi.org/10.1016/j.jog.2008.09.001
https://doi.org/10.1016/0040-1951(87)90309-X
https://doi.org/10.1016/0040-1951(87)90309-X
https://doi.org/10.1029/2011jb008942
https://doi.org/10.1016/s0928-8937(05)80049-9
https://doi.org/10.1016/s0928-8937(05)80049-9
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0715
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0715
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0715
https://doi.org/10.1016/j.marpetgeo.2013.09.010
https://doi.org/10.1029/2021jf006395
https://doi.org/10.1144/gsjgs.154.3.0565
https://doi.org/10.1144/GSL.SP.2002.197.01.07
https://doi.org/10.1016/j.tecto.2012.01.018
https://doi.org/10.1016/j.tecto.2012.01.018
https://doi.org/10.1016/j.epsl.2016.04.019
https://doi.org/10.34194/geusb.v39.4354
https://doi.org/10.1016/j.geomorph.2017.11.025
https://doi.org/10.1016/j.geomorph.2017.11.025
https://doi.org/10.1130/g48836.1
https://doi.org/10.1016/j.marpetgeo.2019.03.007
https://doi.org/10.1016/j.marpetgeo.2019.03.007
https://doi.org/10.1130/g23686a.1
https://doi.org/10.31223/osf.io/xyf4hg
https://doi.org/10.34194/rapggu.v154.8166
https://doi.org/10.34194/rapggu.v162.8260
https://doi.org/10.1017/s0016756801005660
https://doi.org/10.1017/s0016756801005660
https://doi.org/10.1144/jgs2016-081
https://doi.org/10.1144/jgs2016-081
https://doi.org/10.1144/gsjgs.154.3.0419
https://doi.org/10.1144/gsjgs.154.3.0419
https://doi.org/10.1144/jgs2018-151
https://doi.org/10.1144/jgs2018-151
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0810
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0810
https://doi.org/10.2110/jsr.2014.24
https://doi.org/10.1016/j.geomorph.2018.06.022
https://doi.org/10.34194/geusb.v44.4618
https://doi.org/10.34194/geusb.v22.4733
https://doi.org/10.1130/b30691.1
https://doi.org/10.1016/j.epsl.2013.02.022
https://doi.org/10.1016/j.epsl.2013.02.022
https://doi.org/10.4095/194814
https://doi.org/10.4095/194814
https://doi.org/10.1016/0921-8181(95)00027-5
https://doi.org/10.1016/j.lithos.2004.09.010
https://doi.org/10.1016/j.tecto.2016.06.023
https://doi.org/10.1016/j.tecto.2016.06.023
https://doi.org/10.1016/j.lithos.2009.04.035
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0870
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0870
https://doi.org/10.1016/j.palaeo.2013.09.019
https://doi.org/10.3389/feart.2019.00303
https://doi.org/10.3389/feart.2019.00303
https://doi.org/10.1111/j.1365-246X.1978.tb04235.x
https://doi.org/10.1111/j.1365-246X.1978.tb04235.x
https://doi.org/10.1038/ngeo1549
https://doi.org/10.1111/ter.12133
https://doi.org/10.1016/s0031-0182(00)00119-x
https://doi.org/10.1016/s0031-0182(00)00119-x
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0905
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0905
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0905
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0910
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0910
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0910
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0910

P. Japsen et al.

Stoker, M.S., Praeg, D., Hjelstuen, B.O., Laberg, J.S., Nielsen, T., Shannon, P.M., 2005.
Neogene stratigraphy and the sedimentary and oceanographic development of the
NW European Atlantic margin. Mar. Pet. Geol. 22, 977-1005. https://doi.org/
10.1016/j.marpetgeo.2004.11.007.

Storey, B.C., 1995. The role of mantle plumes in continental breakup: case histories from
Gondwanaland. Nature 377, 301-308. https://doi.org/10.1038/377301a0.

Storey, M., Pedersen, A.K., Stecher, O., Bernstein, S., Larsen, H.C., Larsen, L.M., Baker, J.
A., Duncan, R.A., 2004. Long-lived postbreakup magmatism along the East
Greenland margin: evidence for shallow-mantle metasomatism by the Iceland plume.
Geology 32, 173-176. https://doi.org/10.1130/g19889.1.

Surlyk, F., 1990. Timing, style and sedimentary evolution of late Palaeozoic - Mesozoic
extensional basins in East Greenland. In: Hardman, R.F.P., Brooks, J. (Eds.), Tectonic
Events Responsible for Britain’s Oil and Gas Reserves, Geological Society, London,
Speical Publication, 55, pp. 107-125. https://doi.org/10.1144/gsl.
sp.1990.055.01.05.

Surlyk, F., 2003. The Jurassic of East Greenland: a sedimentary record of thermal
subsidence, onset and culmination of rifting. In: J. Ineson and F. Surlyk (Editors),
The Jurassic of Denmark and Greenland. Geological Survey of Denmark and
Greenland Bulletin. Geological Survey of Denmark and Greenland Bull. 1, 659-722.
https://doi.org/10.34194/geusb.v1.4674.

Surlyk, F., Ineson, J., 2003. The Jurassic of Denmark and Greenland: key elements in the
reconstruction of the North Atlantic Jurassic rift system. In: Ineson, J., Surlyk, F.
(Eds.), The Jurassic of Denmark and Greenland. Geological Survey of Denmark and
Greenland Bulletin, 1, pp. 9-20. https://doi.org/10.34194/geusb.v1.4644.

Svennevig, K., Guarnieri, P., Stemmerik, L., 2016. Tectonic inversion in the Wandel Sea
Basin: a new structural model of Kilen (eastern North Greenland). Tectonics 35,
2896-2917. https://doi.org/10.1002/2016TC004152.

Swift, D.A., Gallagher, K., Johnson, C., Persano, C., Whitham, A., 2008. A passive margin
escarpment in East Greenland: further evidence for landscape preservation beneath
ice sheets. Geomorphology 97, 109-125. https://doi.org/10.1016/j.
geomorph.2007.02.048.

Tappe, S., Smart, K.A., Stracke, A., Romer, R.L., Prelevi¢, D., van den Bogaard, P., 2016.
Melt evolution beneath a rifted craton edge: 40Ar/39Ar geochronology and
Sr-Nd-Hf-Pb isotope systematics of primitive alkaline basalts and lamprophyres
from the SW Baltic Shield. Geochim. Cosmochim. Acta 173, 1-36. https://doi.org/
10.1016/j.gca.2015.10.006.

Tessensohn, F., Piepjohn, K., 2000. Eocene compressive deformation in Arctic Canada,
North Greenland and Svalbard and its plate tectonic causes. Polarforschung 68,
121-124.

Thorsteinsson, R., Tozer, E.T., 1970. Geology of the Arctic Archipelago. In: Douglass, R.J.
W. (Ed.), Geology and economic minerals of Canada. Geological Survey of Canada
Economic Geological Report, 1, pp. 547-590. https://doi.org/10.4095/106153.

Torsvik, T.H., Smethurst, M.A., Burke, K., Steinberger, B., 2008. Long term stability in
deep mantle structure: evidence from the similar to 300 Ma Skagerrak-Centered
large Igneous Province (the SCLIP). Earth Planet. Sci. Lett. 267, 444-452. https://
doi.org/10.1016/j.eps1.2007.12.004.

23

Earth-Science Reviews 248 (2024) 104626

Ullah, 1., Xue, C., Yang, T., Furnes, H., Dilek, Y., Wang, W., Ghaffar, A., 2023. Double
arc—continent collision record in the Latest Mesozoic-Cenozoic tectonic history of
the Himalayan-Tibetan orogenic belt in Western Pakistan. J. Geol. Soc. Lond.
https://doi.org/10.1144/jgs2023-076, 13pp.

Underhill, J.R., Partington, M.A., 1993. Jurassic thermal doming and deflation in the
North Sea: Implications of the sequence stratigraphic evidence. In: Parker, J.R. (Ed.),
Petroleum Geology of North West Europe, Proceedings of the 4th Conference.
Geological Society, London, pp. 337-345. https://doi.org/10.1144/0040337.

Upton, B.G.J., Emeleus, C.H., Hald, N., 1980. Tertiary volcanism in northern E
Greenland: Gauss Halvg and hold with Hope. J. Geol. Soc. Lond. 137, 491-508.
https://doi.org/10.1144/gsjgs.137.4.0491.

Vamvaka, A., Pross, J., Monien, P., Piepjohn, K., Estrada, S., Lisker, F., Spiegel, C., 2019.
Exhuming the top end of North America: episodic evolution of the Eurekan belt and
its potential relationships to North Atlantic plate tectonics and Arctic climate
change. Tectonics. https://doi.org/10.1029/2019tc005621.

van Hinsbergen, D.J.J., Lippert, P.C., Dupont-Nivet, G., McQuarrie, N., Doubrovine, P.V.,
Spakman, W., Torsvik, T.H., 2012. Greater India Basin hypothesis and a two-stage
Cenozoic collision between India and Asia. Proc. Natl. Acad. Sci. U. S. A. 109,
7659-7664. https://doi.org/10.1073/pnas.1117262109.

Veevers, J.J., 2004. Gondwanaland from 650-500 Ma assembly through 320 Ma merger
in Pangea to 185-100 Ma breakup: supercontinental tectonics via stratigraphy and
radiometric dating. Earth Sci. Rev. 68, 1-132. https://doi.org/10.1016/j.
earscirev.2004.05.002.

Veevers, J., 2013. Pangea: Geochronological correlation of successive environmental and
strati-tectonic phases in Europe and Australia. Earth Sci. Rev. 127, 48-95. https://
doi.org/10.1016/j.earscirev.2013.09.001.

Vilacis, B., Hayek, J.N., Stotz, L.L., Bunge, H.-P., Friedrich, A.M., Carena, S., Clark, S.,
2022. Evidence for active upper mantle flow in the Atlantic and Indo-Australian
realms since the Upper Jurassic from hiatus maps and spreading rate changes. Proc.
Roy. Soc. A 478 (2262), 20210764. https://doi.org/10.1098/rspa.2021.0764.

Vischer, A., 1943. Die postdevonische Tektonik von Ostgronland zwischen 74° und 75°
N.Br. Kuhn @, Wollaston Forland, Clavering @ und angrenzende Gebiete.
Meddelelser om Grgnland, Bd 133, 194.

Wager, L.R., Deer, W.A., 1939. Geological investigations in East Greenland. Part III. The
petrology of the Skaergaard intrusion, Kangerdlugssuaq, East Greenland. Medd.
Grgnland 105, 352. https://doi.org/10.2307/1787491.

Worsley, T.R., Nance, D., Moody, J.B., 1984. Global tectonics and eustasy for the past 2
billion years. Mar. Geol. 58, 373-400. https://doi.org/10.1016/0025-3227(84)
90209-3.

Ziegler, P.A., 1990. Geological atlas of western and central Europe. Shell International
Petroleum Maatschappij B.V., The Hague, pp. 1-239. https://doi.org/10.2307/
3060311.

Ziegler, P.A., Cloetingh, S., van Wees, J.-D., 1995. Dynamics of intra-plate compressional
deformation: the Alpine foreland and other examples. Tectonophysics 252, 7-59.
https://doi.org/10.1016,/0040-1951(95)00102-6.


https://doi.org/10.1016/j.marpetgeo.2004.11.007
https://doi.org/10.1016/j.marpetgeo.2004.11.007
https://doi.org/10.1038/377301a0
https://doi.org/10.1130/g19889.1
https://doi.org/10.1144/gsl.sp.1990.055.01.05
https://doi.org/10.1144/gsl.sp.1990.055.01.05
https://doi.org/10.34194/geusb.v1.4674
https://doi.org/10.34194/geusb.v1.4644
https://doi.org/10.1002/2016TC004152
https://doi.org/10.1016/j.geomorph.2007.02.048
https://doi.org/10.1016/j.geomorph.2007.02.048
https://doi.org/10.1016/j.gca.2015.10.006
https://doi.org/10.1016/j.gca.2015.10.006
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0960
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0960
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf0960
https://doi.org/10.4095/106153
https://doi.org/10.1016/j.epsl.2007.12.004
https://doi.org/10.1016/j.epsl.2007.12.004
https://doi.org/10.1144/jgs2023-076
https://doi.org/10.1144/0040337
https://doi.org/10.1144/gsjgs.137.4.0491
https://doi.org/10.1029/2019tc005621
https://doi.org/10.1073/pnas.1117262109
https://doi.org/10.1016/j.earscirev.2004.05.002
https://doi.org/10.1016/j.earscirev.2004.05.002
https://doi.org/10.1016/j.earscirev.2013.09.001
https://doi.org/10.1016/j.earscirev.2013.09.001
https://doi.org/10.1098/rspa.2021.0764
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf1015
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf1015
http://refhub.elsevier.com/S0012-8252(23)00315-X/rf1015
https://doi.org/10.2307/1787491
https://doi.org/10.1016/0025-3227(84)90209-3
https://doi.org/10.1016/0025-3227(84)90209-3
https://doi.org/10.2307/3060311
https://doi.org/10.2307/3060311
https://doi.org/10.1016/0040-1951(95)00102-6

	Episodes of post-Caledonian burial and exhumation in Greenland and Fennoscandia
	1 Introduction
	2 Interpretation strategy
	3 Data
	4 Episodes of exhumation during break-up of Pangea
	4.1 Late Carboniferous episode (C0)
	4.2 Middle Triassic episode (C1)
	4.3 Mid-Jurassic episode (C2)

	5 Episodes of exhumation after break-up of Pangea and before the opening of the North-East Atlantic
	5.1 Mid-Cretaceous episode (C3)
	5.2 Maastrichtian and Paleocene episodes (C4, C5)

	6 Episodes of exhumation after break-up in the North-East Atlantic
	6.1 End-Eocene episode (C6)
	6.2 Early Miocene episode (C7)
	6.3 Late Miocene episode (C8)
	6.4 Early Pliocene episode (C9)

	7 Alternative interpretations
	8 Evidence of large-scale vertical movements hidden in landscapes and stratigraphic gaps
	9 Comparison with tectonic events in the Canadian High Arctic
	10 Summary of regional episodes of post-Caledonian exhumation
	11 Concluding remarks
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


