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The Dronning Maud Land Mountains form a c. 1500 km long, coast-parallel escarpment that possibly formed by
flexural uplift during Jurassic rifting between East andWest Gondwana. Contemporaneous to the rifting, consid-
erable amounts of continental flood basalts, associated with the Karoo mantle plume, were emplaced at c. 183
Ma. The basalts are still widespread in South Africa, making up elevated topography, but are only preserved as
smaller remnants in western Dronning Maud Land. By investigating the paleo-thermal effect of the basalts, we
aim to constrain the extent and original thickness, as well as the subsequent erosion history of the Jurassic con-
tinental flood basalts. Thus, we have applied low-temperature thermochronological methods to 40 samples from
westernDronningMaud Land. This has resulted in 34 newapatitefission track ages, ranging fromc. 310 to 90Ma,
31 apatite (U–Th)/He ages spanning from c. 400 to 50Ma and, and 9 zircon (U–Th)/He ages between c. 650 and
200Ma.
Thermal modelling of 26 samples indicates variable thickness of the Jurassic basaltic cover. The greatest basaltic
thicknesses are recorded in Heimefrontfjella and H.U. Sverdrupfjella, where up to c. 2 km are estimated. Thick-
nesses at Kirwanveggen, Hochlinfjellet, Midbresrabben and Ahlmannryggen range from c. 100 m to 600 m.
Thickness variations are attributed to the proximity to the emplacement zone, possible pre-existing topography
and syn-volcanic rift flank uplift.
Since the continental flood basalt emplacement, two phases of enhanced cooling have been documented: 1) A
Jurassic-Cretaceous cooling phase is attributed to reactivation of the Jutulstraumen–Penckgraben rift, the initial
rifting and opening of the South Atlantic and enhanced chemical weathering and deep erosion due to a Jurassic
temperate–subtropical climate. 2) Late Paleogene cooling is attributed to the transition from green house to ice-
house conditions and ice-sheet initiation at the Eocene-Oligocene boundary. Post-Jurassic denudation of at least
2 km in some places is suggested.

© 2018 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
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1. Introduction

The Dronning Maud Land (DML) Mountains, East Antarctica, form a
c. 1500 km long, largely coast-parallel mountain range that stretches
from Sør Rondane in the east, to H.U. Sverdrupfjella in the west and
Heimefrontfjella in the southwest. The crest of themountain range is lo-
cated c. 200 km inland from the coastline. In the DMLMountains, Juras-
sic basaltic lava flows and sills are exposed in isolated outcrops
throughout western Dronning Maud Land (Furnes et al., 1987; Harris
aag).

na Research. Published by Elsevier B.
et al., 1990; Jacobs et al., 1996a; Luttinen and Furnes, 2000; Luttinen
et al., 2015; Figs. 1, 2). These basalts are considered to be part of the
once widespread continental flood basalt province that is associated
with the Karoo mantle plume and was emplaced at c. 183 Ma during
the Early Jurassic rifting between East and West Gondwana (Duncan
et al., 1997; Luttinen and Furnes, 2000; Riley and Knight, 2001;
Jourdan et al., 2007; Svensen et al., 2012; Fig. 1). While the scattered
outcrops of Jurassic basalt in DML are merely small erosional remnants
of this flood basalt province, basalts of similar age are still widespread in
South Africa, where the corresponding Sabie River Basalt Formation of
the Lebombo Monocline is preserved in thicknesses up to c. 5 km (e.g.
Cleverly and Bristow, 1979; Luttinen and Furnes, 2000; Riley et al.,
V. All rights reserved.
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2004). Based on the present-day extent and thickness of the Jurassic
basalts on the conjugate margin in southern Africa, it is likely that the
basalts once were similarly thick and widespread in Dronning Maud
Land.

Constraining the extent and thickness of the Jurassic continental
flood basalt province on both conjugate margins is of great value for
geodynamic reconstructions, since it can provide new insights into the
geometry of the rift system prior to the onset of Gondwana breakup.
The extent, thickness and especially the erosional history of the basalts
is further critical for reconstructing the post-Jurassic landscape develop-
ment of DML. Were the thick layers of basalt eroded quickly during Ju-
rassic rifting or more slowly during the continuous evolution of the
passive margin in the Cretaceous? Or were they resisting erosion until
the Cenozoic glaciation? If significant parts of the thick basaltic cover
prevailed until they were stripped by the early Antarctic ice-sheets at
the onset of glaciation at 34 Ma (e.g. DeConto and Pollard, 2003), the
extra basaltic overburden would make a significant difference to the
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pre-glacial landscape and is therefore highly relevant for future studies
investigating the early glaciation history of Antarctica.

Previous thermochronological work trying to estimate the thickness
of the Jurassic continental flood basalts is restricted to Heimefrontfjella
in southwestern DML (Fig. 2). Based on apatite fission track (AFT) data,
Jacobs and Lisker (1999) suggested that up to 2 km of Jurassic basalts
were emplaced, and later mostly eroded in Heimefrontfjella. Here we
apply this approach to a much larger area, covering all of western
DML in an attempt to define the eastern extent of the continental
flood basalts. Additionally, low-temperature thermochronological
methods have significantly evolved during the last two decades, and
we combine different thermochronometers that allow us to cover a
wider range of temperatures (c. 35–230 °C; Farley and Stockli, 2002;
Reiners et al., 2002); altogether, this allows for much more detailed t–
T modelling. In this contribution, we present apatite fission track and
apatite and zircon (U-Th)/He (AHe, ZHe) data from40 samples that pro-
vide new insights into the thickness and geographic distribution of the
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Jurassic continental flood basalts in western Dronning Maud Land and
their subsequent erosion.
2. Geological setting of western Dronning Maud Land

Western DronningMaud Land comprises twomain geological prov-
inces: the Archean Grunehogna Craton and the Mesoproterozoic Maud
Belt, separated by the major Jutulstraumen–Penckgraben discontinuity
(Figs. 1, 2). Gondwana reconstructions commonly place western DML
adjacent to SE Africa (e.g. Smith and Hallam, 1970; Martin and
Hartnady, 1986; Groenewald et al., 1991; Moyes et al., 1993;
Groenewald et al., 1995; Jacobs et al., 1998; König and Jokat, 2006;
Jacobs et al., 2008; Leinweber and Jokat, 2012; Fig. 1), with the
Grunehogna Craton forming the Antarctic counterpart of the Archean
Kaapvaal Craton, and the Maud Belt representing the link to the
Mesoproterozoic Namaqua-Natal Belt and Mozambique Belt (e.g.
Arndt et al., 1991; Thomas et al., 1994; Wareham et al., 1998; Jacobs
et al., 1993; Jacobs et al., 2003b; Jacobs et al., 2008).
Basement outcrops of the Grunehogna Craton are restricted to the c.
3.1 Ga Annandagstoppane granite (Barton et al., 1987; Marschall et al.,
2010). Additionally, the c. 1130–1108 Ma volcaniclastic Ritscherflya Su-
pergroup is exposed at Ahlmannryggen and Borgmassivet in thick-
nesses up to c. 2000 m, covering the Archean basement (Wolmarans
andKent, 1982; Perritt, 2001;Marschall et al., 2013). TheMaud Belt sur-
rounds the Grunehogna Craton on its southern and eastern sides and
stretches from Heimefrontfjella in the SW towards Mühlig-
Hofmannfjella in the NE (Fig. 2). Grenville-age (1090–1060 Ma)
amphibolite- to granulite-facies meta-sedimentary and meta-igneous
rocks, related to the assembly of Rodinia, form the basement of the
Maud Belt (e.g. Arndt et al., 1991; Jacobs et al., 2003b). Parts of the
Maud Belt show a Pan-African (c. 590–490 Ma) tectono-thermal over-
print related to the East African–Antarctic Orogen (EAAO) and the as-
sembly of Gondwana (Moyes et al., 1993; Groenewald et al., 1995;
Jacobs et al., 1996a; Jacobs et al., 2003a; Jacobs et al., 2003c; Jacobs
and Thomas, 2004; Board et al., 2005; Bisnath et al., 2006; Pauly et al.,
2016; Fig. 2). In Heimefrontfjella, this is documented by biotite and
muscovite K–Ar and 40Ar–39Ar ages of c. 535–470 Ma. The boundary
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between the overprinted and non-overprinted regions of theMaud Belt
corresponds to the 20 kmwide transpressive, dextral Heimefront Shear
Zone (e.g. Jacobs et al., 1995; Golynsky and Jacobs, 2001; Bauer et al.,
2016), which is interpreted as the western orogenic front of the East
African–Antarctic Orogen (EAAO), and possibly related to lateral escape
tectonics (Jacobs and Thomas, 2004).

In Heimefrontfjella, Kirwanveggen and Fossilryggen, the
Mesoproterozoic basement is unconformably overlain by up to c. 160
m of Late Carboniferous–Middle Permian Beacon sedimentary rocks
(Plumstead, 1975; Olaussen, 1985; Lindström, 1995a, 1995b; Bauer,
2009). The unconformity forms a distinct peneplain exposed at c.
2100 masl in Heimefrontfjella and Kirwanveggen, indicating that the
presently exposed basement was already once close to the surface dur-
ing Permian times. This peneplain can be traced over large distances. At
Jutulsessen, western Mühlig-Hofmannfjella (Fig. 2), relicts of an Early
Permian paleosurface exposed at a similar elevation have been
interpreted to represent the same peneplain that the Beacon sediments
were deposited on in Heimefrontfjella and Kirwanveggen, N500 km
away (Näslund, 2001). Also, within the Transantarctic Mountains,
along the tectonic boundary between East andWest Antarctica, a simi-
lar peneplain has been identified as theKukri erosional surface. This sur-
face separates the Cambro-Ordovician basement from the overlying
Beacon sediments. However, within the Transantarctic Mountains the
preserved section of Beacon sediments is much more complete than in
Dronning Maud Land, amounting to 2.5–3 km of Devonian to Triassic
siliciclastic sediments (McKelvey et al., 1977; Barrett, 1981; Isbell,
1999). Comparing this thick sedimentary sequence to the mere 160 m
of Beacons sediments at Fossilryggen, it is likely that the Beacon sedi-
ments of western Dronning Maud Land were considerably thicker
thanwhat is preserved today. Significant pre-Jurassic erosion of theBea-
con sediments has been documented at Bjørnnutane inHeimefrontfjella
(Fig. 2), where only 2 m of vitrified sandstone separate the crystalline
basement from the Jurassic continental flood basalts (Juckes, 1972;
Bauer, 2009).

2.1. Jurassic magmatism in western Dronning Maud Land

In western Dronning Maud Land, Jurassic continental flood basaltic
lavas and sills are exposed in variable thicknesses in Vestfjella (c.
400–N1000m; Luttinen and Furnes, 2000; Luttinen et al., 2015), south-
ern Kirwanveggen (c. 400 m; Furnes et al., 1987; Harris et al., 1990),
Sembberget (c. 250–300 m; Jacobs et al., 1996b; Luttinen et al., 2010),
Bjørnnutane (c. 200 m; Luttinen et al., 2010) and Heimefrontfjella (c.
100–200 m; Jacobs et al., 1996b; Luttinen et al., 2010) (Fig. 2). Where
the base of the continental flood basalts is exposed, they overlie Beacon
sedimentary rocks (e.g. Jacobs et al., 1996b; Luttinen and Furnes, 2000;
Zhang et al., 2003). Whereas intrusive equivalents (sills and dikes) of
the flood basalts are rare in Heimefrontfjella and Kirwanveggen, they
are abundant in H.U. Sverdrupfjella, Ahlmannryggen and Vestfjella
(e.g. Furnes and Mitchell, 1978; Riley et al., 2005; Curtis et al., 2008).

Plagioclase K–Ar and 40Ar–39Ar analyses of the Vestfjella and
Kirwanveggen lavas yielded ages of 180–185 Ma (e.g. Duncan et al.,
1997). The age of the Vestfjella and Kirwanveggen lavas corresponds
well to the c. 183 Ma age of the basalts of Lesotho and Lebombo in
southeast Africa (Duncan et al., 1997). During Early Jurassic times, west-
ern Dronning Maud Land was located adjacent to the Lebombo Mono-
cline in southeastern Africa (Martin and Hartnady, 1986; Harris et al.,
1990; Cox, 1992; Luttinen and Furnes, 2000; König and Jokat, 2006;
Leinweber and Jokat, 2012; Fig. 1B). This is also confirmed by the geo-
chemical resemblance between the Dronning Maud Land lavas and
the Karoo magmatism of the Lebombo Monocline (e.g. Harris et al.,
1990; Luttinen and Siivola, 1997; Luttinen and Furnes, 2000). It has
been suggested that the continental flood basalts of western DML
were partly emplaced through both the Jutulstraumen–Penckgraben
and Mozambique–Weddell Sea lithospheric thinning zones, similar to
the Lebombo basalts (Luttinen and Furnes, 2000). The flow directions
of the lavas vary regionally, with an eastward flow recorded in
Kirwanveggen, while southward, northward and westward flow direc-
tions are recorded in northern, southern and central Vestfjella, respec-
tively (Harris et al., 1990; Luttinen and Furnes, 2000; Fig. 2).

3. Previous thermochronology from Dronning Maud Land

In western Dronning Maud Land, previous thermochronological
studies are restricted to Heimefrontfjella, Gjelsvikfjella and western
Mühlig-Hofmannfjella. Vitrinite reflectance data of c. 0.5% from coal
seams in Permian sediments in Heimefrontfjella indicate maximum
temperatures of 70–80 °C since the Permian (Bauer et al., 1997). In
Heimefrontfjella and Mannefallknausane, 37 Middle Jurassic-Late Cre-
taceous AFT ages all postdate the continental flood basalts, and are
thus interpreted to have suffered complete annealing under 1.5–2 km
of basalt, corresponding to temperatures of c. 80–130 °C. Since the fis-
sion tracks were completely annealed, but the coal seams were not sig-
nificantly matured, Jacobs and Lisker (1999) suggested that a short-
lived Jurassic thermal eventmight reconcile these different temperature
estimates. The Jurassic reheating was then followed by rapid exhuma-
tion during mid-Cretaceous times (Jacobs et al., 1995; Jacobs and
Lisker, 1999). Early Cretaceous–Eocene single-grain apatite (U–Th)/He
ages from four of these samples document slow cooling until Cenozoic
times, before accelerated cooling interpreted as flexural isostatic re-
bound and differential exhumation in response to the load of the devel-
oping ice shield (Emmel et al., 2008).

In Gjelsvikfjella and western Mühlig-Hofmannfjella, thirteen Late
Devonian–Early Jurassic AFT ages and four Cambrian–Middle Carbonif-
erous titanite fission track (TFT) ages document two cooling steps, with
the main cooling prior to the Jurassic passive margin evolution and a
second Late Cretaceous cooling phase. As opposed to Heimefrontfjella,
no reheating due to the continental flood basalts was reported
(Emmel et al., 2009).

East of our study area, the post-Pan-African thermal evolution of
central Dronning Maud Land has been investigated by 126 apatite, 19
titanite and 14 zircon fission track ages, mainly derived from basement
rocks (Meier, 1999;Meier et al., 2004; Emmel et al., 2007). The AFT ages
range from Middle Carboniferous to Late Cretaceous, however Early–
Middle Jurassic ages are clearly predominant (Meier, 1999; Meier
et al., 2004; Emmel et al., 2007). Most of the titanite fission track ages
range from Late Ordovician to Early Permian (Meier, 1999), while the
zircon fission track ages scatter between Late Devonian and the Middle
Triassic (Meier, 1999; Meier et al., 2004). Additionally, Emmel et al.
(2007) reported Late Carboniferous–Middle Cretaceous single-grain
AHe ages from central DML. The combined dataset documents the ther-
mal evolution since the Pan-African Orogeny, indicating slow post-
orogenic cooling until the Triassic (Meier, 1999;Meier et al., 2004), pos-
sibly with a phase of accelerated cooling during the Carboniferous
(Emmel et al., 2007). Since Early Jurassic times, phases of accelerated
cooling have been attributed to the initial Gondwana rifting and passive
margin evolution (Early Jurassic), opening of the Riiser-Larsen Sea and
detachment of India from Antarctica (Late Jurassic) and accelerated
northward drift of India (Middle Cretaceous) (e.g. Meier, 1999).

4. Samples and analytical methods

The present study includes 40 samples, predominantly from base-
ment rocks of western Dronning Maud Land (Table 1, Fig. 2). Two sam-
ples, J8.2.94/6 and ST7, are granite clasts from the base of the Permo–
Carboniferous Beacon sediments in Heimefrontfjella, and thus overly
the basement; two samples, Z7.26.1 and SIS33, come from the Jurassic
syenite intrusions of Straumsvola and Sistefjell, respectively. The sam-
ples were collected at elevations between c. 930 and 2325masl within
the Maud Belt, Jutulstraumen area and the Grunehogna Craton. The
samples were chosen according to locality and elevation to ensure a
representative dataset to spatially cover the entire region. Apatite and



Table 1
List of analyzed samples.

Sample Lithology Locality Region Coordinates Elevation Analyses

Latitude Longitude

Grunehogna Province

Z7.29.10 Cumulate Annandagstoppane Grunehogna −72.6036 −6.2130 1870 AFT AHe
Z7.30.1 Cumulate Annandagstoppane Grunehogna −72.6092 −6.3093 1670 AFT AHe
Z7.36.1 Diorite Ahlmannryggen Grunehogna −72.0386 −2.8019 1130 AFT AHe
Z7.36.7 Diorite Ahlmannryggen Grunehogna −72.0293 −2.8067 975 AFT
Z7.38.3 Sandstone/greywacke Ahlmannryggen Grunehogna −72.1407 −2.2710 1080 AHe
GG99 Gabbro Ahlmannryggen Grunehogna −72.0645 −2.6790 1395 AFT AHe

Maud Belt - West of EAAO

J7.2.94/4 Trondhjemite Buråsbotnen Heimefrontfjella −74.3000 −9.7333 1300 AFT AHe
BB1600 Granitic orthogneiss Buråsbotnen Heimefrontfjella −74.3000 −9.7333 1600 AFT AHe
J8.2.94/6 Granite dropstone Schivestolen Heimefrontfjella −74.3000 −9.7333 2100 AFT AHe ZHe
ST7 Granite dropstone Schivestolen Heimefrontfjella −74.3000 −9.7333 2100 AFT AHe
K1-1 Tonalitic gneiss Kottasberge/Milorgfjella Heimefrontfjella −74.3000 −9.7333 1600 ZHe
KV-1 Augen gneiss Enden Kirwanveggen −73.6340 −4.2175 2020 ZHe
93/75 Augen gneiss Enden Kirwanveggen −73.2167 −4.5500 2000 AFT
93/57 Augen gneiss Skappelnabben Kirwanveggen −73.2167 −4.5500 2250 AFT AHe ZHe
MDB50 Tonalite/granodiorite Midbresrabben Jutulstraumen −72.7333 −2.1000 1530 AHe ZHe
MDB51A Tonalite/granodiorite Midbresrabben Jutulstraumen −72.7333 −2.1000 1530 AFT AHe
Z7.26.1 Syenite Straumsvola H.U. Sverdrupfjella −72.1384 −0.2788 1270 AFT AHe
Z7.26.6 Gneiss Straumsvola H.U. Sverdrupfjella −72.1444 −0.2561 1245 AFT
Z7.27.6 Metavolcanic gneiss Brekkerista H.U. Sverdrupfjella −72.2282 −0.3126 930 AFT AHe

Maud Belt - EAAO

S1-24 Grt-rich augen gneiss Northern XU-fjella Heimefrontfjella −74.3000 −9.7333 1300 ZHe
92/10 Augen gneiss Neumayerskarvet Kirwanveggen −73.2167 −1.1667 2100 AFT AHe
SIS33 Syenite Sistefjell Kirwanveggen −73.3830 −0.7333 2325 AHe
H-10 Tonalite/granodiorite Holane H.U. Sverdrupfjella −71.9667 0.4833 1000 AFT AHe ZHe
Z7.16.1 Syenite Brattskarvet H.U. Sverdrupfjella −72.1025 1.4792 1435 AFT AHe
Z7.18.5 Paragneiss Rømlingane H.U. Sverdrupfjella −72.1605 1.1392 1475 AFT
Z7.19.1 Migmatite Vendeholten H.U. Sverdrupfjella −72.2075 1.2298 1510 AFT AHe
Z7.22.2 Grt-bearing layered gneiss Isingen H.U. Sverdrupfjella −72.3288 1.0990 1785 AFT AHe
Z7.24.2 Felsic gneiss Fuglefjellet H.U. Sverdrupfjella −72.2900 0.7909 1930 AFT AHe
Z7.24.3 Granite dyke Fuglefjellet H.U. Sverdrupfjella −72.2910 0.7813 1850 AFT
Z7.25.1 Metavolcanic migmatite Roerkulten H.U. Sverdrupfjella −72.2979 0.4000 1595 AFT AHe ZHe
Z7.25.3 Metavolcanic migmatite Roerkulten H.U. Sverdrupfjella −72.2979 0.4000 1595 AFT
Z7.1.4 Migmatite Sofietoppen Gjelsvikfjella −72.0000 2.5167 1270 AFT AHe
Z7.2.1 Migmatite Risen Gjelsvikfjella −71.9719 3.3432 1825 AFT AHe
Z7.41.1 Syenite Stabben Gjelsvikfjella −71.9500 2.7833 1200 AFT AHe
Z7.6.1 Migmatite Vedkosten Hochlinfjellet −72.0425 3.9583 1900 AFT
Z7.9.2 Monzonite/syenite Stålstuten Hochlinfjellet −72.0477 4.1754 1780 AFT AHe
Z7.10.1 Monzonite Hoggestabben Hochlinfjellet −72.0054 3.9804 1765 AFT AHe
Z7.11.2 Metased. gray migmatite Vedskålen Hochlinfjellet −72.0412 3.9165 1915 AFT
Z7.11.3 Grt-rich layer in layered migmatite Vedskålen Hochlinfjellet −72.0412 3.9165 1915 AFT
Z7.11.4 Amphibolite + qtz-fsp layer Vedskålen Hochlinfjellet −72.0412 3.9165 1915 AFT AHe ZHe
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zircon were concentrated using standard techniques, including
crushing, Holman-Wilfley shaking table and magnetic and heavy-
liquid separation techniques.

A wide temperature range is covered by combining apatite and zir-
con (U–Th)/He data with apatite fission track data. Whereas the AFT
system has a partial annealing zone from c. 60–120 °C (Gleadow and
Duddy, 1981), the partial retention zones of the AHe and ZHe systems
have traditionally been assigned to 35–75 °C and 200–230 °C, respec-
tively (Farley and Stockli, 2002; Reiners et al., 2002). However, more re-
cent studies have proven that the closure temperatures of the (U–Th)/
He systems are strongly affected by radiation damage (Shuster et al.,
2006; Guenthner et al., 2013).

4.1. Apatite fission track analyses

Thirty-four samples were analyzed by the apatite fission track (AFT)
technique, using the external detector method (Gleadow, 1981). The
apatite grains used for fission track analyses were mounted in epoxy
and ground and polished to expose an internal crystal surface. The
apatite mounts were etched for 20 s in 5 M nitric acid at 20± 0.5 °C to
reveal the spontaneous fission tracks. External mica detectors were
placed on the AFT mounts, and the sample sandwiches were irradiated
at the FRM II research reactor at the Technical University Munich
(Germany), using a thermal neutron flux of 1 ∗ 1016 neutrons/cm2. The
neutron flux was monitored by using the dosimeter glasses IRMM-
540R. Finally, the external mica detectors were etched in 40%
hydrofluoric acid at room temperature for 20 min to reveal the induced
tracks.

The AFT analyses were conducted at the Department of Earth Sci-
ence, University of Bergen, Norway, using an Olympus BX51 optical mi-
croscope equipped with a computer-driven stage and the FT-Stage
software (Dumitru, 1993). A magnification of 1250× was used for fis-
sion track counting. The AFT ages were calculated by the TrackKey soft-
ware (Dunkl, 2002), using the zeta calibration approach (Hurford and
Green, 1983), with a zeta calibration factor of 214 ± 5 (H. Sirevaag) or
234± 3 (A. Ksienzyk).

Etch pit diameter (Dpar; Donelick et al., 2005) and confined
track length measurements were conducted at a magnification of



Table 2
Apatite fission track data from western Dronning Maud Land.

Sample Region Elevation Sample
quality

Analyst n
(G)

Spontaneous Induced ρd Nd P(χ2)
(%)

Disp. U
(ppm)

Dpar
(μm)

±1σ
(μm)

Central age
(Ma)

±1σ
(Ma)

Measured C-axis proj. n
(TL)

ρs Ns ρi Ni MTL
(μm)

±1σ
(μm)

MTL
(μm)

±1σ
(μm)

Grunehogna Province

Z7.29.10 ADT 1878 P, d, i, s HS 20 8.55 326 17.68 674 18.155 42255 34 0.16 14 1.28 0.10 95 8
AK 28 6.42 390 15.05 915 17.951 33531 90 0.00 12 89 6

Z7.30.1 ADT 1670 F, d, i, s HS 20 10.55 617 21.46 1255 18.075 42255 39 0.03 17 1.28 0.08 94 5 12.4 1.7 13.6 1.3 51
AK 30 9.20 766 20.87 1738 17.889 33531 30 0.02 15 91 4

Z7.36.1 Ahl 1129 VP, d, i HS 19 2.99 136 3.25 148 17.995 42255 44 0.15 3 1.45 0.22 175 22
AK 20 2.69 122 3.29 149 17.827 33531 88 0.00 3 168 21

Z7.36.7 Ahl 974 VP, d, i, s HS 20 4.09 130 3.80 121 17.915 42255 100 0.00 3 1.45 0.12 203 26
AK 21 3.39 111 3.85 126 17.766 33531 100 0.00 3 180 24

GG99 Ahl 1394 G, i HS 19 16.26 619 11.38 427 20.711 35707 85 0.00 8 1.80 0.11 309 21 11.9 1.9 13.1 1.5 100

Maud Belt - West of EAAO

J7.2.94/4 HF 1300 G, (z/wz) HS 20 30.35 1341 64.38 2845 20.376 35707 27 0.08 47 1.50 0.16 102 5 11.5 1.8 12.9 1.4 100
BB1600 HF 1600 F HS 20 21.20 751 42.56 1508 20.767 35707 0 0.25 31 1.35 0.14 111 9 11.8 1.6 13.1 1.2 100
J8.2.94/6 HF 2100 G, z, (i) HS 22 13.57 654 22.85 1101 20.320 35707 6 0.17 17 1.44 0.08 132 9 12.1 2.0 13.3 1.5 100
ST7 HF 2100 F, (wz) HS 22 38.34 1667 70.33 3058 19.146 35707 6 0.09 51 1.30 0.08 110 5 11.8 1.5 13.1 1.1 100
93/75 KV 2000 G/F, i,z/wz HS 25 70.13 3702 51.43 2714 20.823 35707 0 0.17 36 1.35 0.09 302 15 11.4 1.6 12.9 1.1 100
93/57 KV 2250 F, (z/wz) HS 20 71.98 2558 53.83 1913 20.879 35707 13 0.09 38 1.45 0.11 292 13 12.3 1.4 13.5 1.0 100
MDB51A MBR 1530 VG HS 20 39.26 1335 37.35 1270 17.745 39603 55 0.03 31 1.49 0.11 197 9 12.6 1.9 13.8 1.4 100
Z7.26.1 HUS 1272 G HS 20 9.27 771 19.49 1621 19.018 41977 76 0.01 15 1.32 0.12 96 5 12.8 1.5 13.9 1.2 65
Z7.26.6 HUS 1246 VP, d, i HS 20 6.07 420 10.59 733 18.235 42255 12 0.19 8 1.24 0.11 115 9

AK 28 5.23 451 10.19 879 18.012 33531 0 0.34 8 115 11
Z7.27.6 HUS 929 F, d, wz HS 20 10.20 692 20.21 1371 17.992 39603 9 0.10 16 1.42 0.10 98 6 13.2 1.4 14.2 1.1 81

Maud Belt - EAAO

92/10 KV 2100 P, s, z/wz HS 20 56.27 1898 46.04 1553 17.696 39603 39 0.06 37 1.51 0.10 229 10 12.0 2.1 13.3 1.5 100
H-10 HUS 1000 F (d, z) HS 22 18.32 895 38.90 1900 17.647 39603 2 0.15 33 1.39 0.12 89 5 13.0 1.7 14.1 1.3 100
Z7.16.1 HUS 1435 G, s HS 20 14.20 971 26.29 1798 18.484 39603 91 0.00 22 1.40 0.13 106 5 12.7 1.6 13.9 1.2 100
Z7.18.5 HUS 1474 G, s HS 20 17.12 1811 34.61 3662 18.314 42255 42 0.03 27 1.28 0.09 96 4 13.3 1.2 14.3 1.0 100

AK 25 12.51 1685 28.41 3827 18.074 33531 54 0.00 22 92 3
Z7.19.1 HUS 1508 G HS 20 7.57 712 13.06 1228 18.394 42255 17 0.09 10 1.49 0.13 114 7 13.5 1.6 14.4 1.2 52

AK 30 7.09 944 13.94 1856 18.136 33531 82 0.00 11 107 5
Z7.22.2 HUS 1785 F, z HS 21 37.94 1959 52.58 2715 18.435 39603 0 0.12 36 1.38 0.12 139 7 13.2 1.8 14.3 1.2 93
Z7.24.2 HUS 1932 P, (d) HS 20 5.60 396 9.50 672 18.386 39603 33 0.08 8 1.40 0.09 115 8 12.9 1.8 13.8 1.5 50
Z7.24.3 HUS 1848 F, (d, s) HS 20 18.76 1249 40.01 2664 18.287 39603 99 0.00 31 1.24 0.13 91 4 13.2 1.7 14.2 1.3 86
Z7.25.1 HUS 1595 G, z/wz HS 22 22.43 1858 44.95 3724 18.238 39603 7 0.05 38 1.35 0.12 97 4 12.8 1.8 14.0 1.2 100
Z7.25.3 HUS 1595 G, z HS 22 18.41 1246 32.80 2220 18.041 39603 11 0.04 27 1.41 0.11 108 5 13.2 1.5 14.1 1.1 100
Z7.1.4 GjF 1270 F, s, (i) HS 20 9.62 656 18.83 1284 18.879 39603 54 0.01 15 1.29 0.09 102 6 12.7 1.9 13.6 1.6 72
Z7.2.1 GjF 1823 F, s, z/wz HS 20 14.83 851 20.09 1153 18.829 39603 64 0.01 17 1.18 0.10 147 8 13.1 1.8 14.1 1.4 100
Z7.41.1 GjF 1200 F, s HS 20 22.75 1084 30.69 1462 17.942 39603 83 0.00 25 1.27 0.08 141 7 12.9 1.7 14.0 1.3 100
Z7.6.1 HoF 1900 F, d, s, z/wz HS 20 48.83 2377 46.42 2260 18.780 39603 6 0.09 37 1.25 0.14 210 9 12.1 1.9 13.4 1.4 100
Z7.9.2 HoF 1780 G, s HS 19 15.62 744 13.60 648 18.731 39603 0 0.25 12 1.36 0.14 229 19 12.5 2.1 13.5 1.6 46
Z7.10.1 HoF 1765 P, s, z/wz HS 20 36.79 1406 33.02 1262 18.682 39603 28 0.08 26 1.30 0.07 219 11 12.0 1.9 13.3 1.5 100
Z7.11.2 HoF 1915 F, s HS 20 24.04 1718 17.70 1267 18.632 39603 15 0.11 13 1.33 0.09 265 14 11.7 1.9 13.0 1.4 100
Z7.11.3 HoF 1915 F, (s) HS 21 83.28 4866 64.20 3751 18.583 39603 70 0.01 52 1.66 0.12 253 8 12.2 1.6 13.5 1.0 99
Z7.11.4 HoF 1915 F, s HS 20 59.77 2808 53.66 2521 18.534 39603 13 0.07 45 1.32 0.13 218 9 11.8 2.0 13.2 1.5 100

n(G): number of dated grains; n(TL): number of measured track lengths; Ns,i,d: number of spontaneous (Ns) and induced (Ni) tracks and number of tracks counted on dosimeter glass IRMM-540R (Nd); ρs,i,d: track densities (1x105 tracks cm-2); P
(χ2): p-value of the chi-square homogeneity test (Galbraith, 2005); Disp.: dispersion; Dpar: etch pit diameter; MTL: mean track length.
Regions: ADT: Annandagstoppane; Ahl: Ahlmannryggen; GjF: Gjelsvikfjella; HF: Heimefrontfjella; HoF: Hochlinfjellet; HUS: H.U. Sverdrupfjella; KV: Kirwanveggen; MBR: Midbresrabben.
Sample quality: VG: very good; G: good; F: fair; P: poor; VP: very poor; d: dislocations; i: inclusions; s: scratches; z/wz: zoned/weakly zoned. Letters in brackets correpond to grain features that only affect few grains in the sample.
Samples in black are counted by H. Sirevaag (ζIRMM-540R=214±5). Italic samples are replicate analyses, counted by A. Ksienzyk (ζIRMM-540R=234±3).
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Table 3
Apatite (ap) and zircon (zr) (U–Th)/He analyses. Excluded analyses (see text for explanation) are marked in italic and the reason for exclusion is given to the right of the table.

He 238U 232Th Sm

Unweighted sample
average [Ma]

Sample Mineral # Term. Sphere
radius [μm]

Vol.
[ncc]

1σ
[%]

Mass
[ng]

1σ
[%]

Conc.
[ppm]

Mass
[ng]

1σ
[%]

Conc.
[ppm]

Th/U
ratio

Mass
[ng]

1σ
[%]

Conc.
[ppm]

eU
[ppm]

Ejection
correction [Ft]

Uncorr.
He-age [Ma]

Ft-Corr.
He-age [Ma]

1σ
[Ma]

1σ
[%]

Age ±1σ Reason

Grunehogna Province

Z7.29.10 a1 Ap 1 44 0.148 3.5 0.009 6.6 6.2 0.011 3.3 7.4 1.20 0.595 9.1 409 8 0.64 74 116 9 8 109 35 Re-extract
Z7.29.10 a2 Ap 2 50 0.549 2.4 0.027 2.8 9.5 0.020 2.9 7.0 0.74 1.201 9.1 428 11 0.68 109 161 10 6
Z7.29.10 a3 Ap 2 45 0.535 2.3 0.043 2.3 16.6 0.035 2.6 13.4 0.81 1.449 9.1 559 20 0.64 70 108 7 6
Z7.29.10 a4 Ap 2 43 0.193 3.5 0.014 4.5 7.4 0.016 3.0 8.6 1.16 0.789 3.0 425 9 0.63 66 106 8 7
Z7.29.10 a5 Ap 2 40 0.193 2.4 0.038 2.6 12.6 0.004 4.8 1.3 0.11 0.436 8.1 146 13 0.61 38 62 4 7
Z7.30.1 a1 Ap 1 57 0.586 1.6 0.043 2.2 17.3 0.028 2.8 11.4 0.66 1.382 3.4 552 20 0.73 79 108 5 5 105 16
Z7.30.1 a2 Ap 1 66 0.921 1.5 0.093 1.9 25.4 0.059 2.6 15.9 0.63 2.133 3.4 579 29 0.76 61 80 3 4
Z7.30.1 a3 Ap 0 58 0.603 1.6 0.050 2.1 17.6 0.049 2.6 17.6 1.00 1.175 3.5 417 22 0.74 70 95 4 5
Z7.30.1 a4 Ap 1 73 2.115 1.6 0.139 1.9 20.9 0.108 2.5 16.2 0.77 3.077 4.8 463 25 0.81 92 114 4 4
Z7.30.1 a5 Ap 1 48 0.835 1.7 0.053 2.1 17.5 0.042 2.6 13.6 0.78 2.050 7.1 673 21 0.68 86 127 7 6
Z7.36.1 a1 Ap 0 60 0.211 3.3 0.015 4.4 2.5 0.064 2.5 10.9 4.39 1.813 9.1 306 5 0.73 39 53 3 6 50 3
Z7.36.1 a2 Ap 0 72 0.169 3.7 0.010 5.9 2.2 0.078 2.5 16.8 7.73 1.373 9.1 294 6 0.77 35 45 3 6
Z7.36.1 a3 Ap 0 60 0.096 4.8 0.006 11.0 1.8 0.036 2.6 12.0 6.58 0.836 9.1 278 5 0.73 38 52 4 8
Z7.38.3 a1 Ap 2 32 0.103 2.2 0.012 5.2 15.5 0.015 3.2 19.4 1.25 0.046 5.1 59 20 0.50 53 106 9 9 100 9
Z7.38.3 a2 Ap 2 36 0.069 2.6 0.004 16.7 3.5 0.017 3.1 15.4 4.43 0.247 4.0 221 7 0.53 57 107 11 10
Z7.38.3 a3 Ap 2 45 0.965 0.9 0.118 1.9 90.3 0.062 2.5 47.6 0.53 0.579 4.4 441 101 0.66 58 87 5 5
GG99 a1 Ap 0 98 1.629 1.7 0.077 2.0 9.8 0.293 2.4 37.1 3.79 3.639 7.0 461 19 0.84 76 90 3 3 85 7
GG99 a2 Ap 0 64 0.852 1.7 0.042 2.3 8.2 0.171 2.4 33.5 4.11 2.381 7.0 467 16 0.76 69 91 4 4
GG99 a3 Ap 0 74 0.412 1.8 0.024 3.0 8.5 0.092 2.5 32.3 3.79 1.345 7.1 473 16 0.80 60 75 3 4

Maud Belt - West of EAAO

J7.2.94/4 a2 Ap 0 57 0.877 1.4 0.083 1.9 40.5 0.149 2.5 72.9 1.80 0.584 3.5 285 58 0.72 59 81 4 5 90 16
J7.2.94/4 a3 Ap 0 54 0.135 2.1 0.014 4.6 15.3 0.022 3.0 23.5 1.53 0.107 4.4 117 21 0.71 55 78 4 6
J7.2.94/4 a4 Ap 2 51 4.900 1.6 0.329 1.8 86.1 0.781 2.4 204.7 2.38 1.744 4.7 457 134 0.68 76 113 6 5
BB1600 a1 Ap 1 46 0.365 1.7 0.046 2.2 24.8 0.005 4.0 2.6 0.10 0.823 3.5 444 25 0.67 56 83 5 6 89 13
BB1600 a2 Ap 1 46 0.996 1.5 0.101 1.9 50.7 0.006 3.9 3.2 0.06 0.849 3.4 425 51 0.68 75 111 6 5
BB1600 a3 Ap 1 60 0.564 1.6 0.075 2.0 21.1 0.003 4.4 0.9 0.04 1.261 3.5 353 21 0.75 54 72 3 4
BB1600 a4 Ap 2 34 0.148 2.1 0.025 3.0 25.7 0.000 -461.5 0.0 0.00 0.266 8.0 277 26 0.54 46 85 7 8
BB1600 a5 Ap 1 37 0.246 2.0 0.031 2.6 15.7 0.003 4.7 1.5 0.09 0.638 7.3 327 16 0.59 56 95 7 7
J8.2.94/6 a1 Ap 2 55 0.499 1.6 0.056 2.1 8.7 0.021 2.9 3.2 0.37 2.133 3.4 329 9 0.72 52 72 3 5 74 6
J8.2.94/6 a2 Ap 0 65 0.211 1.8 0.025 2.9 9.8 0.015 3.2 5.9 0.61 0.662 3.6 261 11 0.77 52 67 3 4
J8.2.94/6 a3 Ap 2 50 0.399 1.7 0.042 2.2 16.8 0.036 2.7 14.3 0.85 0.940 3.5 373 20 0.68 56 82 4 5
ST7 a1 Ap 2 66 0.893 1.4 0.146 1.9 23.8 0.017 3.1 2.8 0.12 0.828 3.5 135 24 0.76 47 62 3 4 72 9
ST7 a2 Ap 1 50 0.527 1.5 0.059 2.1 34.6 0.047 2.6 27.1 0.78 0.559 3.7 326 41 0.69 58 84 4 5
ST7 a3 Ap 0 94 0.986 1.4 0.119 1.9 26.3 0.025 2.9 5.6 0.21 0.933 3.4 207 28 0.86 61 71 2 3
93/57 a1 Ap 1 37 2.412 1.7 0.057 2.1 169.1 0.111 2.5 330.0 1.95 0.039 10.4 116 247 0.57 235 413 28 7 406 52
93/57 a2 Ap 1 48 2.256 1.7 0.047 2.3 70.5 0.144 2.5 217.7 3.09 0.055 10.4 83 122 0.66 226 344 19 6
93/57 a3 Ap 2 46 3.394 1.7 0.070 2.0 32.4 0.214 2.4 99.7 3.08 0.180 8.4 84 56 0.64 227 353 20 6
93/57 a4 Ap 2 39 3.976 1.1 0.078 2.0 18.9 0.192 2.5 46.4 2.46 0.168 7.0 41 30 0.58 259 445 29 7
93/57 a5 Ap 1 43 3.314 1.1 0.071 2.1 18.1 0.063 34.2 16.2 0.90 0.210 7.9 54 22 0.64 307 477 39 8
MDB50 a1 Ap 2 57 3.034 1.1 0.179 1.9 28.3 0.308 2.4 48.6 1.72 0.510 7.3 81 40 0.72 97 136 6 5 138 18
MDB50 a2 Ap 2 40 1.431 1.1 0.085 2.0 21.2 0.132 2.5 32.7 1.54 0.189 8.3 47 29 0.60 100 166 11 6
MDB50 a3 Ap 1 46 0.823 1.2 0.068 2.1 15.5 0.068 2.6 15.4 0.99 0.112 8.2 25 19 0.66 79 120 7 5
MDB50 a4 Ap 1 52 1.780 1.1 0.123 1.9 21.1 0.161 2.5 27.7 1.32 0.200 7.5 34 28 0.71 90 128 6 5
MDB51A a1 Ap 2 48 0.917 1.5 0.060 2.0 26.2 0.114 2.5 49.9 1.91 0.271 4.0 119 38 0.66 85 129 7 6 147 11
MDB51A a2 Ap 2 38 0.443 1.7 0.030 2.6 33.4 0.056 2.6 63.7 1.91 0.111 4.4 126 48 0.56 83 148 10 7
MDB51A a3 Ap 2 52 1.446 1.5 0.079 2.0 30.3 0.106 2.5 40.6 1.34 0.282 3.8 108 40 0.71 112 157 8 5
MDB51A a4 Ap 2 44 1.366 1.5 0.077 2.0 29.1 0.164 2.5 62.4 2.14 0.267 4.0 101 44 0.62 95 154 9 6
Z7.26.1 a1 Ap 0 61 0.507 2.4 0.029 2.7 5.0 0.245 2.4 42.3 8.46 2.937 9.0 506 15 0.73 38 51 3 5 50 4
Z7.26.1 a2 Ap 1 64 0.561 2.4 0.020 3.3 4.5 0.423 2.4 94.3 20.85 2.102 9.1 468 27 0.74 34 45 2 5
Z7.26.1 a3 Ap 0 67 0.796 2.1 0.035 2.5 4.8 0.402 2.4 56.2 11.62 3.626 9.0 506 18 0.75 41 54 3 5
Z7.27.6 a1 Ap 2 41 0.029 3.9 0.004 17.4 2.2 0.000 -133.9 0.0 0.00 0.107 4.4 64 2 0.62 54 86 13 15 68 10
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Z7.27.6 a2 Ap 1 52 0.077 2.5 0.013 4.7 4.2 0.001 25.9 0.3 0.08 0.040 4.8 13 4 0.70 48 68 5 7
Z7.27.6 a3 Ap 2 43 0.027 3.8 0.006 10.8 2.6 0.003 4.4 1.5 0.56 0.023 8.2 11 3 0.64 35 55 6 11
Z7.27.6 a4 Ap 0 69 0.030 3.4 0.005 12.3 2.2 0.001 16.8 0.6 0.26 0.016 7.9 8 2 0.80 47 59 7 12
Z7.27.6 a5 Ap 2 50 0.204 2.0 0.035 2.4 11.6 0.002 5.7 0.8 0.07 0.110 5.8 37 12 0.68 46 68 4 6
Z7.27.6 a6 Ap 2 42 0.015 4.2 0.002 26.8 1.2 0.001 15.7 0.7 0.56 0.015 10.7 8 1 0.63 47 75 17 23
J8.2.94/6 z1 Zr 2 51 66.146 0.7 1.499 1.8 367.2 0.369 2.4 90.3 0.25 0.006 22.9 1 388 0.76 335 441 18 4 448 5
J8.2.94/6 z2 Zr 2 53 84.253 0.7 1.799 1.8 259.0 0.649 2.4 93.4 0.36 0.022 10.4 3 281 0.77 347 451 18 4
J8.2.94/6 z3 Zr 2 51 44.781 0.7 0.974 1.8 246.6 0.325 2.4 82.2 0.33 0.003 33.9 1 266 0.76 342 452 18 4
K1-1 z1 Zr 2 30 6.481 0.7 0.282 1.9 304.4 0.029 3.0 31.0 0.10 0.001 51.0 1 312 0.62 183 297 18 6 294 65
K1-1 z2 Zr 2 30 11.539 0.7 0.509 1.8 557.8 0.106 2.5 116.1 0.21 0.000 100.1 0 585 0.62 176 287 17 6
K1-1 z4 Zr 2 40 17.630 1.6 0.504 1.8 153.0 0.077 2.5 23.0 0.15 0.021 12.4 6 158 0.70 273 388 20 5
K1-1 z5 Zr 2 38 10.990 1.6 0.620 1.8 208.0 0.092 2.4 31.0 0.15 0.089 7.9 30 216 0.69 140 204 11 5
KV-1 z1 Zr 2 50 54.658 1.6 0.881 1.8 205.4 0.424 2.4 98.9 0.48 0.068 8.1 16 229 0.75 444 590 26 4 579 64
KV-1 z2 Zr 2 46 17.952 1.6 0.256 1.9 88.0 0.177 2.4 61.0 0.69 0.166 8.0 57 102 0.73 478 651 30 5
KV-1 z3 Zr 2 39 18.385 1.6 0.390 1.8 201.5 0.173 2.4 89.3 0.44 0.049 9.1 25 223 0.69 343 495 26 5
93/57 z1 Zr 2 54 61.210 1.6 1.103 1.8 182.0 1.123 2.4 185.0 1.02 0.173 7.9 29 225 0.77 359 468 19 4 466 59
93/57 z2 Zr 2 53 71.360 1.6 1.446 1.8 228.0 1.090 2.4 172.0 0.75 0.271 7.8 43 268 0.77 337 439 18 4
93/57 z3 Zr 2 57 103.890 1.6 1.598 1.8 196.0 1.270 2.4 156.0 0.79 0.216 7.5 26 232 0.78 437 558 22 4
93/57 z5 Zr 2 45 32.400 1.1 0.791 1.8 191.2 0.469 2.4 113.3 0.59 0.068 5.5 16 218 0.73 290 398 18 4
MDB50 z1 Zr 2 73 82.300 1.0 1.725 1.8 127.7 1.056 2.4 78.2 0.61 0.045 5.8 3 146 0.83 335 406 13 3 405 9
MDB50 z2 Zr 2 60 44.200 1.0 0.995 1.8 121.6 0.615 2.4 75.1 0.62 0.022 9.2 3 139 0.79 313 394 14 4
MDB50 z3 Zr 2 53 40.600 1.1 0.883 1.8 122.0 0.613 2.4 84.7 0.69 0.035 6.4 5 142 0.77 318 415 16 4

Maud Belt - EAAO

92/10 a1 Ap 1 61 2.976 1.4 0.083 1.9 28.3 0.021 2.9 7.2 0.26 0.469 3.7 159 30 0.75 261 350 15 4 315 37
92/10 a2 Ap 1 60 4.875 1.4 0.195 1.8 64.3 0.034 2.7 11.3 0.18 0.960 3.4 317 67 0.75 188 252 11 4
92/10 a3 Ap 1 55 2.854 1.4 0.091 1.9 42.0 0.040 2.7 18.2 0.43 0.458 3.6 210 46 0.71 222 311 15 5
92/10 a4 Ap 2 45 1.517 1.7 0.050 2.1 32.6 0.008 3.8 5.5 0.17 0.180 8.3 118 34 0.65 232 356 21 6
92/10 a5 Ap 1 54 1.931 1.7 0.066 2.0 23.8 0.004 4.1 1.6 0.07 0.358 7.5 129 24 0.73 224 309 6 2
SIS33 a1 Ap 2 52 0.319 2.6 0.008 7.3 2.8 0.040 2.6 13.9 4.94 1.858 10.1 641 6 0.68 80 117 9 7 95 16
SIS33 a2 Ap 2 33 0.083 4.6 0.003 18.0 3.7 0.017 10.0 21.6 5.79 0.860 2.8 1066 9 0.49 37 76 9 11
SIS33 a3 Ap 2 40 0.240 3.0 0.007 9.1 2.9 0.039 2.6 16.9 5.86 1.870 10.2 810 7 0.59 63 107 9 9
SIS33 a4 Ap 0 47 0.135 4.4 0.003 20.3 1.8 0.018 2.9 10.3 5.59 1.233 2.9 715 4 0.66 64 96 8 8
SIS33 a6 Ap 0 64 0.225 1.9 0.007 7.8 2.4 0.034 2.7 11.1 4.52 2.012 4.8 658 5 0.75 58 77 4 5
H-10 a1 Ap 1 45 0.920 1.5 0.089 1.9 54.0 0.004 4.0 2.5 0.05 0.187 4.4 113 55 0.66 82 125 7 6 110 39
H-10 a2 Ap 0 57 0.033 3.6 0.005 11.6 2.4 0.000 -236.0 0.0 0.00 0.064 5.0 31 2 0.74 48 65 7 11
H-10 a3 Ap 2 39 0.174 2.0 0.017 3.6 8.1 0.001 20.3 0.5 0.06 0.105 4.4 49 8 0.60 77 129 9 7
H-10 a4 Ap 2 49 1.376 1.5 0.095 1.9 32.9 0.005 3.9 1.9 0.06 0.358 3.7 124 33 0.68 114 166 9 5
H-10 a6 Ap 2 57 0.141 2.1 0.023 3.1 5.1 0.000 124.6 0.1 0.02 0.099 8.9 22 5 0.73 49 67 4 5
Z7.16.1 a1 Ap 2 64 2.866 0.8 0.125 1.9 25.3 0.679 2.4 137.5 5.44 1.218 4.3 247 58 0.74 80 108 5 4 101 5
Z7.16.1 a2 Ap 2 103 9.846 0.7 0.386 1.8 20.7 2.469 2.4 132.6 6.40 5.331 4.2 286 52 0.83 80 96 3 3
Z7.16.1 a3 Ap 1 89 9.169 0.7 0.385 1.8 29.7 2.150 2.4 165.6 5.58 4.549 4.2 350 69 0.81 81 99 3 3
Z7.19.1 a1 Ap 2 50 0.120 4.2 0.014 4.6 4.5 0.000 -132.2 0.0 0.00 0.035 10.8 12 5 0.73 70 96 7 7 93 10
Z7.19.1 a2 Ap 2 58 0.236 3.0 0.026 2.8 4.6 0.000 -47.1 0.0 0.00 0.054 10.2 10 5 0.74 72 97 5 6
Z7.19.1 a3 Ap 2 68 0.114 3.8 0.011 5.4 1.8 0.000 202.0 0.0 0.01 0.579 9.1 94 2 0.77 59 76 5 7
Z7.19.1 a4 Ap 2 45 0.069 5.7 0.009 10.0 3.6 0.004 6.0 1.8 0.51 0.025 7.4 11 4 0.66 26 40 5 12 Error
Z7.19.1 a5 Ap 2 51 0.378 1.9 0.042 2.4 10.4 0.002 6.5 0.4 0.04 0.054 9.3 13 10 0.72 72 101 5 5
Z7.22.2 a1 Ap 2 52 1.417 1.4 0.111 1.9 41.8 0.016 3.2 5.9 0.14 0.144 4.8 54 43 0.71 100 141 7 5 142 26
Z7.22.2 a2 Ap 2 58 0.738 1.5 0.065 2.0 22.9 0.007 3.8 2.5 0.11 0.107 5.2 38 23 0.73 90 123 6 5
Z7.22.2 a3 Ap 1 65 5.223 1.3 0.291 1.8 58.5 0.045 2.6 9.0 0.15 0.295 3.8 59 61 0.76 141 184 8 4
Z7.22.2 a4 Ap 2 64 1.083 1.7 0.080 1.9 26.7 0.080 2.5 26.8 1.00 0.158 5.5 53 33 0.75 89 118 5 4
Z7.22.2 a5 Ap 1 44 1.120 1.7 0.044 2.2 16.5 0.005 4.0 1.8 0.11 0.105 5.8 40 17 0.65 200 308 18 6 Outlier
Z7.24.2 a1 Ap 2 45 0.188 1.6 0.019 4.2 4.5 0.021 3.1 4.9 1.08 0.294 8.1 68 6 0.65 58 90 6 6 92 2
Z7.24.2 a2 Ap 2 46 0.157 1.7 0.015 5.5 3.1 0.012 3.5 2.3 0.75 0.330 6.8 66 4 0.65 62 95 6 7
Z7.24.2 a3 Ap 2 57 3.558 1.0 0.047 2.5 6.8 0.051 2.7 7.3 1.08 0.791 7.3 113 9 0.72 432 598 28 5 Outlier
Z7.25.1 a3 Ap 1 53 0.340 1.7 0.042 2.3 23.5 0.032 2.7 17.8 0.76 0.095 5.9 53 28 0.71 55 78 4 5 132 34
Z7.25.1 a4 Ap 2 51 0.661 1.7 0.043 2.2 15.9 0.012 3.3 4.4 0.28 0.081 6.2 30 17 0.69 117 170 9 5
Z7.25.1 a5 Ap 2 43 0.406 1.8 0.038 2.3 20.2 0.007 3.7 3.6 0.18 0.064 5.9 34 21 0.64 83 131 8 6
Z7.25.1 a7 Ap 2 38 0.165 1.6 0.019 4.3 5.5 0.003 13.0 1.0 0.17 0.036 8.4 10 6 0.58 66 113 9 8
Z7.25.1 a8 Ap 2 49 0.510 1.3 0.047 2.5 7.9 0.011 3.2 1.8 0.24 0.083 7.2 14 8 0.69 83 122 7 5
Z7.25.1 a9 Ap 2 41 0.858 1.2 0.059 2.2 12.6 0.014 3.3 3.1 0.24 0.109 8.4 23 13 0.62 111 178 11 6
Z7.1.4 a1 Ap 2 44 0.304 1.4 0.021 3.5 12.2 0.008 3.5 4.9 0.40 0.924 3.7 532 13 0.66 81 124 7 6 122 8
Z7.1.4 a2 Ap 2 54 0.960 1.1 0.066 2.0 23.1 0.034 2.7 11.9 0.51 1.356 3.3 473 26 0.71 92 130 6 5

(continued on next page)
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Table 3 (continued)

He 238U 232Th Sm

Unweighted sample
average [Ma]

Sample Mineral # Term. Sphere
radius [μm]

Vol.
[ncc]

1σ
[%]

Mass
[ng]

1σ
[%]

Conc.
[ppm]

Mass
[ng]

1σ
[%]

Conc.
[ppm]

Th/U
ratio

Mass
[ng]

1σ
[%]

Conc.
[ppm]

eU
[ppm]

Ejection
correction [Ft]

Uncorr.
He-age [Ma]

Ft-Corr.
He-age [Ma]

1σ
[Ma]

1σ
[%]

Age ±1σ Reason

Z7.1.4 a3 Ap 2 36 0.384 2.8 0.007 8.5 11.2 0.012 3.4 18.9 1.69 0.308 3.7 481 16 0.55 249 449 39 9 Outlier
Z7.1.4 a4 Ap 2 51 0.280 1.4 0.014 4.6 5.5 0.015 3.1 5.8 1.06 1.438 3.4 555 7 0.70 78 111 6 5
Z7.2.1 a1 Ap 2 37 0.033 3.2 0.003 24.0 4.2 0.004 4.5 5.9 1.40 0.121 3.9 181 6 0.57 57 101 16 16 159 29 Error
Z7.2.1 a2 Ap 2 41 1.042 1.2 0.044 2.3 32.0 0.006 3.8 4.4 0.14 0.953 3.4 686 33 0.63 159 252 15 6 "Too old";

inclusion
Z7.2.1 a3 Ap 2 38 0.135 1.9 0.005 14.1 4.7 0.005 4.1 4.9 1.03 0.455 4.2 425 6 0.59 110 188 18 10
Z7.2.1 a4 Ap 2 50 0.270 1.4 0.022 3.1 11.3 0.003 4.4 1.7 0.15 0.269 4.7 139 12 0.69 90 131 7 6
Z7.41.1 a1 Ap 2 58 2.196 1.4 0.089 1.9 22.3 0.320 2.4 79.7 3.58 2.288 3.4 570 41 0.74 98 132 6 4 109 15
Z7.41.1 a3 Ap 1 45 0.400 1.7 0.022 3.2 19.1 0.119 2.5 105.1 5.52 0.928 3.5 818 44 0.63 57 91 6 6
Z7.41.1 a4 Ap 1 40 0.604 1.7 0.021 3.1 16.9 0.207 2.4 166.2 9.82 0.929 4.8 745 56 0.58 64 110 7 7
Z7.41.1 a5 Ap 1 52 0.624 1.7 0.020 3.3 6.9 0.178 2.4 62.3 9.03 1.560 4.8 547 22 0.67 69 103 6 6
Z7.9.2 a2 Ap 1 49 0.640 1.0 0.030 2.8 24.6 0.078 2.5 64.4 2.62 1.015 4.6 842 40 0.66 93 141 8 5 138 3
Z7.9.2 a3 Ap 1 44 0.648 1.0 0.034 2.5 14.4 0.081 2.5 34.9 2.42 1.143 4.4 492 23 0.64 86 135 8 6
Z7.10.1 a1 Ap 1 50 3.904 1.3 0.144 1.9 61.3 0.120 2.5 51.4 0.84 1.013 3.4 432 73 0.69 177 256 13 5 229 20
Z7.10.1 a2 Ap 1 47 0.787 1.4 0.035 2.4 20.9 0.035 2.7 21.2 1.01 0.376 3.8 226 26 0.66 139 210 12 6
Z7.10.1 a3 Ap 1 53 4.541 1.3 0.177 1.8 61.0 0.190 2.4 65.6 1.08 2.092 3.4 721 76 0.70 155 221 11 5
Z7.11.4 a1 Ap 0 41 0.203 2.0 0.017 3.7 31.2 0.002 5.7 4.2 0.13 0.176 4.3 314 32 0.63 86 135 9 7 161 40
Z7.11.4 a2 Ap 1 40 2.538 1.4 0.144 1.9 139.2 0.116 2.5 112.4 0.81 0.625 3.6 605 166 0.61 118 193 12 6
Z7.11.4 a3 Ap 1 43 1.044 1.5 0.053 2.1 45.7 0.014 3.2 12.4 0.27 0.393 3.7 341 49 0.64 144 225 13 6
Z7.11.4 a4 Ap 2 31 0.075 2.5 0.009 6.3 18.2 0.000 -213.7 0.0 0.00 0.137 5.9 269 18 0.49 60 122 12 10
Z7.11.4 a5 Ap 1 35 0.146 2.1 0.014 4.2 23.3 0.001 15.7 2.0 0.09 0.180 5.3 291 24 0.57 74 131 10 8
S1-24 z1 Zr 2 51 27.001 0.7 0.597 1.8 117.0 0.161 2.4 31.5 0.27 0.003 39.4 0 124 0.76 342 450 18 4 513 77
S1-24 z2 Zr 2 55 24.030 0.7 0.570 1.8 105.0 0.095 2.6 17.5 0.17 0.006 18.5 1 109 0.78 326 420 16 4
S1-24 z3 Zr 2 60 64.325 0.7 1.242 1.8 155.8 0.298 2.4 37.4 0.24 0.004 19.9 0 165 0.80 392 493 18 4
S1-24 z4 Zr 2 53 21.146 1.6 0.361 1.8 64.4 0.077 2.5 13.7 0.21 0.027 11.3 5 68 0.77 444 579 24 4
S1-24 z5 Zr 2 57 49.401 1.6 0.740 1.8 102.7 0.248 2.4 34.4 0.33 0.052 9.5 7 111 0.78 491 625 25 4
H-10 z1 Zr 2 57 36.121 0.7 1.068 1.8 135.7 0.705 2.4 89.5 0.66 0.003 31.3 0 157 0.78 238 303 11 4 290 9
H-10 z2 Zr 2 56 41.622 0.7 1.386 1.8 209.6 0.635 2.4 96.1 0.46 0.002 34.3 0 232 0.78 220 282 10 4
H-10 z3 Zr 2 48 14.942 0.7 0.494 1.8 146.1 0.330 2.4 97.5 0.67 0.007 17.7 2 169 0.74 213 286 12 4
Z7.25.1 z1 Zr 2 65 58.213 0.7 1.925 1.8 142.6 0.241 2.4 17.8 0.13 0.010 20.2 1 147 0.81 238 294 10 3 302 78
Z7.25.1 z2 Zr 2 65 90.678 0.7 2.447 1.8 247.7 0.765 2.4 77.5 0.31 0.004 22.8 0 266 0.81 279 345 12 3
Z7.25.1 z3 Zr 2 62 61.715 0.7 2.996 1.8 399.4 0.541 2.4 72.1 0.18 0.037 8.2 5 416 0.80 161 202 7 4
Z7.25.1 z4 Zr 2 47 14.411 1.6 0.321 1.9 113.8 0.206 2.4 73.0 0.64 0.020 11.7 7 131 0.74 314 424 19 4
Z7.25.1 z5 Zr 2 50 33.442 1.6 1.417 1.8 239.0 0.235 2.4 39.6 0.17 0.016 11.5 3 248 0.76 185 244 11 4
Z7.11.4 z2 Zr 2 39 75.241 1.6 2.566 1.8 1344.0 1.113 2.4 583.0 0.43 0.029 10.6 15 1481 0.69 216 312 16 5 291 22
Z7.11.4 z3 Zr 2 35 53.230 1.6 1.979 1.8 758.4 2.025 2.4 776.0 1.02 0.119 8.1 45 941 0.66 177 269 15 6

Amount of helium is given in nano-cubic-cm in standard temperature and pressure.
Amount of radioactive elements are given in nanograms.
Ejection correct. (Ft): correction factor for alpha-ejection (according to Farley et al., 1996 and Hourigan et al., 2005).
Uncertainties of helium and the radioactive element contents are given as 1 sigma, in relative error %.
Uncertainties of the radioactive element concentrations are ca. 10% (due to the high uncertainty in the crystal mass estimation).
Uncertaintiy of the single grain age is given as 1 sigma in % and in Ma and it includs both the analytical uncertainty and the estimated uncertainty of the Ft.
Uncertainty of the sample average age is 1 standard deviation.
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2000×. Dpar can be used as a proxy for apatite annealing kinetics,
and at least five Dpars were measured for each grain that was
counted, while at least three Dpars were measured for each track
length. For the track lengths, only track-in-tracks (TinTs) were con-
sidered, and, where possible, 100 TinTs were measured for each
sample.

4.2. (U–Th)/He analyses

Apatite grains from 31 samples and zircon grains from nine samples
were dated by the (U–Th)/He method at the GÖochron Laboratories,
Geoscience Center, University of Göttingen, Germany. Each sample
was carefully evaluated: the grains were handpicked under binocular
and petrographic microscopes to avoid fractures and mineral- and
fluid-inclusions as far as possible. The selected crystals were
photographed for determining grain dimensions before they were
packed individually in platinum capsules. The 4He content was deter-
mined by degassing of the platinum capsules containing the crystals
under high vacuum by heating with an infrared diode laser for 2 min.
The extracted gas was purified with a SAES Ti–Zr getter at 450 °C and
analyzed with a Hiden triple-filter quadropole mass spectrometer,
equipped with a positive ion-counting detector. The crystals were
checked for complete degassing of He by sequential reheating and He
measurement (re-extract).

In order to analyze the U, Th and Sm contents, the platinum capsules
were removed after the He analyses. The apatite grains were dissolved
in a 4% HNO3 + 0.05% HF acid mixture in Savillex teflon vials, while
the zircon grains were dissolved in a pressurized teflon bomb with a
mixture of double-distilled 48% HF and 65% HNO3. The dissolved crys-
tals were spiked with calibrated 230Th and 233U solutions and analyzed
by the isotope dilution method either on a Perkin Elmer Elan DRC II,
or by a Thermo iCAP Q ICP-MS, equippedwith an APEXmicro-flow neb-
ulizer. FT-correction (alpha-ejection correction) was applied to the raw
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Fig. 3. Thirty-four apatite fission track ages from eight distinct regions. Error bars for AFT ages
shows that most samples older than the continental flood basalts were collected from elevati
ages. The oldest ages occur along the flanks of Jutulstraumen–Penckgraben at Kirwanveggen,
of Jutulstraumen, AFT samples generally show an eastward increase in age from H.U. Sverdru
boomerang plot (Green, 1986), indicative of partial annealing of the fission tracks in the samp
(U–Th)/He ages according to the procedures described by Farley et al.
(1996) and Hourigan et al. (2005).

The (U–Th)/He analyses were carefully evaluated sample by sample.
Grains were excluded if the He re-extract exceeded 5%, if the total ana-
lytical uncertainty exceeded 10%, or if theywere statistical outliers com-
pared to the remaining single-grain analyses from the same sample
according to the Grubbs and Dixon tests (Grubbs, 1950, 1969; Dixon,
1953). The excluded grains are reported together with the remaining
analyses in Table 3 but are given in gray and italic. The excluded grains
are not included in any figures, calculations or the thermal modelling.

5. Results

The results of the fission track and (U–Th)/He analyses are summa-
rized in Tables 2 and 3, and shown in Figs. 3, 4 and 5. AFT single-grain
ages and measured track lengths, with corresponding Dpars, and track
length distributions are reported in the supplementary material (S1,
S2 and S3).

5.1. Apatite fission track analyses

The 34 samples selected for apatite fission track analyses contained
apatite of variable quality, including both very good and very poor
grains. The apatite grains show mostly a relatively homogenous ura-
nium distribution, with calculated uranium concentrations ranging
from 3 to 52 ppm. The average Dpars, which are used as a proxy for ap-
atite annealing kinetics, range from1.18 μmto 1.80 μm,withmost of the
Dpars being below 1.5 μm. Apatite grains with such Dpars are typical
fast-annealing, near-end-member fluorapatites (Carlson et al., 1999).

The apatite fission track central ages range from c. 310 to 90Ma, but
are dominated by Cretaceous (n= 20) and Triassic (n= 6) ages. Five of
the samples (Table 2) failed the χ2 homogeneity test (χ2 b 5%;Galbraith,
2005), indicating that the dispersion of single-grain ages is larger than
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Fig. 4. Apatite and zircon (U–Th)/He ages plotted against elevation. Error bars are 1σ. A) Apatite (U–Th)/He single-grain ages plotted against elevation scatter from late Ordovician to
Eocene. With the exception of two dropstone samples from Heimefrontfjella and one Jurassic syenite sample from northern Kirwanveggen, outlined by a gray, dashed line, a strong
age–elevation correlation with a break-in-slope at c. 1800 masl can be observed. This indicates that the effect of the thermal resetting by the basalts decreases with increasing
elevation. B) All ZHe ages predate the Jurassic continental flood basalts, indicating that the basalts were not thick enough to reset the zircon (U–Th)/He system.
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expected for a single age population.Measuredmean track lengths vary
from 11.4 μm to 13.5 μm.

The age–elevation plot (Fig. 3A) shows thatmost of the samples that
are older than the Jurassic flood basalts were collected at elevations
above c. 1400masl. In addition, the AFT ages show a strong regional cor-
relation. This is evident when plotting age against longitude, especially
east of Jutulstraumen (Fig. 3B). The AFT ages increase from c. 90Ma in
H.U. Sverdrupfjella to c. 145 Ma at Gjelsvikfjella, whereas all AFT ages
fromHochlinfjellet predate the continental flood basalts and cluster be-
tween 265 and 210 Ma. The age–track length plot (Fig. 3C) resembles
the left-hand end of a boomerang plot (Green, 1986). Together with
the broader track length distributions for samples predating the conti-
nental flood basalts (Supplementary S3; Gleadow et al., 1986), this
may indicate significant track annealing in samples older than c. 200
Ma.

5.2. Apatite (U–Th)/He analyses

(U–Th)/He thermochronology of apatite from 28 samples has re-
sulted in 114 single-grain ages. The analyzed apatite grains are generally
euhedral crystals of good quality. However, small inclusions occur in
some of the grains. The analyzed crystals have equivalent sphere radii
between 31 and 103 μm,withmost grains being smaller than 70 μm. Ef-
fective uranium (eU) concentrations range from 1 to 247 ppm but are
mostly below 76 ppm eU.

Six of the 114 analyses were excluded because of high He re-extract
(n = 1), large errors (n = 2), or because they were statistical outliers
compared to the remaining single-grain ages of the sample (n= 3). Ad-
ditionally, one analysis was excluded because it was significantly older
than all single-grain AFT ages of that sample, whichmight be explained
by parentless He from small inclusions that were reported for this grain
during grain selection.

The apatite (U–Th)/He analyses yielded a wide range of single-grain
ages from 45 to 477 Ma. Even though a lot of effort was put into
selecting the best quality grains from the samples, some scatter in the
single-grain ageswithin individual samples can be expected. Accumula-
tion of radiation damage has proven to reduce the diffusivity of He in
apatites, resulting in grains with high eU yielding older ages than low-
eU grains (e.g. Shuster et al., 2006). The He retentivity in apatites is
also affected by the grain size (e.g. Reiners and Farley, 2001). As large
apatites have greater effective diffusion dimensions, the He retentivity
of large apatites is higher than for small apatites, resulting in greater
He loss and younger ages for smaller apatites. Additionally, U–Th-rich
micro-inclusions, eU zonation and He-implantation from neighboring
grains can affect the age so that similar grains from the same sample
can yield different (U–Th)/He ages despite having experienced a similar
t-T history (Farley, 2000; Reiners and Farley, 2001; Flowers and Kelley,
2011).

The spread in the single-grain ageswithin a sample can be described
by the standard deviation of the single-grain ages. In this study 11 sam-
ples show a standard deviation below 10%, nine samples have standard
deviations between 10% and 15%, four samples show a standard devia-
tion between 15% and 20%, while four samples have standard deviation
of the single-grain ages exceeding 20%. In cases where the spread of
ages cannot be explained by age–grain size or age–eU relationships,
Flowers and Kelley (2011) suggest that samples with one sigma stan-
dard deviation N20% should be excluded from thermochronological
modelling. For this sample suite, two of the sampleswith a standard de-
viation of the single-grain ages above 20% show a weak correlation be-
tween age and eU (H-10 and Z7.11.4), while one sample shows a strong,
positive age–grain size relationship (Z7.29.10). The apatite (U–Th)/He
analyses from these three samples have therefore been included in the
modelling; only one sample with a high standard deviation that could
not be explained by age–eU or age–grain size relationships was ex-
cluded from modelling (Z7.25.1).

The youngest AHe ages are found within Ahlmannryggen and the
Jurassic syenite intrusions of Straumsvola, whereas the oldest single-
grain ages were obtained from Kirwanveggen. With the exception of
two granite dropstone samples from Heimefrontfjella and one sample
from the c. 172 Ma syenite intrusion of Sistefjell in northern
Kirwanveggen (Harris et al., 2002), the age–elevation plot (Fig. 4A)
shows a strong age–elevation correlation with a break-in-slope at c.
1800masl. The samples that postdate the Jurassic continental flood ba-
salts are found in entire western DML, whereas the samples predating
the basalts are derived from high elevations in Kirwanveggen and
Hochlinfjellet.

Image of Fig. 4
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5.3. Zircon (U–Th)/He analyses

The (U–Th)/He analyses of nine samples have resulted in 32 single-
grain zircon ages. The equivalent sphere radii of the analyzed zircons
range from 30 to 73 μm. The zircons are mostly characterized by effec-
tive uranium (eU) concentrations from 68 to 600 ppm, but eU concen-
trations up to 1481 ppm are recorded.

The zircon (U–Th)/He analyses yield Neoproterozoic to Triassic
single-grain ages (c. 650–200 Ma). The data show two distinct
groups of Permian and Ordovician age, respectively. The zircon
(U–Th)/He ages correlate poorly with elevation (Fig. 4B). In addi-
tion, all zircon (U–Th)/He single-grain ages predate the Jurassic
continental flood basalts, indicating that the temperatures below
the basalts cannot have been sufficient for thermal resetting of the
zircon (U–Th)/He system.

None of the single-grain (U–Th)/He analyses were rejected accord-
ing to the filtering criteria specified in Section 4.2. For the majority of
the samples, the standard deviation of the single-grain ages is between
1 and 15%. Two samples, however, have standard deviations above 20%
(Z7.25.1: 26%; K1-1: 22%). Z7.25.1 shows a moderate, negative correla-
tion with eU, whereas no age–eU or age–grain size relationships are
present for sample K1-1. As opposed to apatites, zircons can show
both positive and negative correlations between age and eU
(Guenthner et al., 2013). The ZHe data from sample Z7.25.1 are there-
fore included in the modelling.
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Fig. 5. Age–elevation and age–longitude plots for all thermochronological data. The ba
5.4. Evaluation of the dataset

The apatite fission track single-grain ages, and thus also the AFT cen-
tral ages, can be sensitive to both grain selection and counting area
within the grain. Individual counting behavior by the analyst should
be corrected by the zeta calibration technique (Hurford and Green,
1983). To check the reproducibility of our ages, seven randomly selected
samples were analyzed independently by both A. K. Ksienzyk and H.
Sirevaag. The results show excellent reproducibility, with all AFT central
ages overlapping within 1σ errors (Table 2).

Combining apatite fission track data with apatite and zircon (U–Th)/
He data has proven to be a useful method for constraining the cooling
history from c. 230 °C to c. 35 °C. Based on the closure temperatures of
the different systems, we expect the ZHe age to be oldest, and the AHe
age to be the youngest in a multidated sample (e.g. Gleadow and
Duddy, 1981; Farley and Stockli, 2002; Reiners et al., 2002; Shuster
et al., 2006; Guenthner et al., 2013). In the present dataset, all single-
grain ZHe ages are older than the corresponding AFT central ages as ex-
pected (Fig. 5). However, eleven samples yield older unweighted aver-
age AHe ages than AFT central ages, although all of these AHe ages
overlap with the corresponding AFT ages within 2σ standard deviation.

AFT–AHe age inversions are relatively common and have also been
documented in central Dronning Maud Land (Emmel et al., 2007). The
presence of fluid- or U–Th-rich micro-inclusions, He-implantation and
eU zonation with U–Th-rich cores, can result in older AHe ages than
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expected, even older than the corresponding AFT age (Farley, 2002;
Fitzgerald et al., 2006; Flowers and Kelley, 2011). The helium trapping
model suggests that apatite becomesmore He retentive with increasing
radiation damage, resulting in a higher closure temperature for helium
retention in apatites (Shuster et al., 2006). In our study,we apply amod-
ified version of the helium trapping model: the radiation damage accu-
mulation and annealing model, which uses the effective fission track
density rather than He concentration as a proxy for the radiation dam-
age (Flowers et al., 2009). By applying this model, it should therefore
be possible to also model inverted AFT and AHe ages.

6. Modelling

Thermal history modelling was done with HeFTy v. 1.9.1 (Ketcham,
2016). During modelling of AFT data, the annealing model of Ketcham
et al. (2007b) was applied, while the confined tracks were c-axis
projected according to Ketcham et al. (2007a). For modelling of the (U–
Th)/He analyses, the model of Guenthner et al. (2013) and the radiation
damage accumulation and annealing model of Flowers et al. (2009)
were used for zircon and apatite, respectively. For samples includingmul-
tiple thermochronometers, the different thermochronometers were gen-
erallymodelled together.However, as discussed above, (U-Th)/He single-
grain ages that showed over-dispersion which could not be explained by
either variation in grain size or eUwere excluded frommodelling. Also, if
adding (U–Th)/He data precluded the models from finding any good or
acceptable paths, the different thermochronometers were tested individ-
ually, and the “problematic” thermochronometer was excluded from the
modelling. The included thermochronometers are specified for each
model.

For each inverse model, 100,000 random paths were run. For com-
parison of the different models, we use the weighted mean and best-
fit paths of the acceptable (goodness-of-fit ≥ 0.05) and good (good-
ness-of-fit ≥ 0.5) paths. Goodness-of-fit is calculated using the Kuiper's
Statistics in HeFTy (Ketcham, 2016).

The thermal models are based on pre-existing geological and
thermochronological information. For the present study, we have used
the following external t–T constraints:

• Start: In the northern part of the Maud Belt, titanite fission track ages
(partial annealing zone: 265–310 °C) have been used as the starting
point. Emmel et al. (2009) reported titanite fission track ages of 516
± 50 Ma for Hochlinfjellet and 345 ± 25 Ma for areas further west.
In the southern Maud Belt, temperatures of 300–350 °C are recorded
by biotite and muscovite K–Ar data (Jacobs et al., 1995). The parts of
the Maud Belt that were overprinted by the Pan-African East
African–Antarctic Orogeny (east of the Heimefrontfjella Shear Zone)
cooled below these temperatures at 505 ± 29Ma, whereas the non-
overprinted part of the Maud Belt last experienced similar tempera-
tures at 974 ± 14Ma (Jacobs et al., 1995). The starting point of the in-
dividual models has been set according to the thermochronological
constraints from the respective area.

• Permian peneplanation: The presence of Permo-Carboniferous
sediments deposited on a peneplain in Heimefrontfjella and
Kirwanveggen indicates that basement rocks of the study areas were
located close to the surface during Permian times (Jacobs et al.,
1995; Jacobs and Lisker, 1999). A similar paleosurface in Gjelsvikfjella
and western Mühlig-Hofmannfjella is interpreted to be of the same
age (Näslund, 2001). The presence of glacial deposits in
Heimefrontfjella indicate low temperatures during Early Permian
times (e.g. Bauer, 2009), thus we have chosen a surface temperature
of −10 °C to reflect these conditions. However, the temperature
range for themodelling constraints in the Permianhave been adjusted
for individual samples, according to the vertical distance between the
sample location and the peneplain, assuming a geothermal gradient of
25 °C/km. The same approach was followed for all constraints
discussed below, accordingly.
• Beacon sedimentation: Up to c. 160 m of Beacon sediments are pre-
served in Heimefrontfjella, Kirwanveggen and Fossilryggen, whereas
the corresponding Upper Carboniferous–Triassic Victoria Group is
preserved in thicknesses up to c. 3 km within the Transantarctic
Mountains (Isbell, 1999), far away. As we would expect that these
sediments have in part been eroded in DML and may have been sim-
ilarly thick as they still are in the Transantarctic Mountains, we allow
for reheating by up to c. 100 °C during Beacon sedimentation. Models
of the Triassic climate have suggested surface temperatures up to c.
25 °C (Wilson et al., 1994), and therefore all post-Permian surface
temperatures have been set to this temperature.

• Early Jurassic surface exposure: At Bjørnnutane (Fig. 2), the crystalline
basement is unconformably overlain by 2 mof Beacon sedimentswith
Jurassic flood basalts on top (Juckes, 1972; Bauer, 2009). This indi-
cates that most of the sediments were eroded and the peneplain
was located close to the surface again just prior to basalt emplace-
ment.

• Jurassic reheating: As 400–N1000 m of Jurassic continental flood ba-
salts are present in Vestfjella (Luttinen and Furnes, 2000; Luttinen
et al., 2015), and up to c. 5 km of Jurassic flood basalts are preserved
in the Sabie River Basalt Formation in the Lebombo Monocline
(Cleverly and Bristow, 1979), we allow the models to reheat during
Early–Middle Jurassic times. Maximum temperatures are set to 300
°C since neither titanite fission track ages in the northern Maud Belt,
nor mica K–Ar ages in the southern Maud Belt show any indication
of Jurassic resetting.

• End: The present-day surface temperature (c. −25 °C) was used as
the final constraint of the modelling.

As different starting points are used for the different areas, only the
last 300Ma are shown in the thermal models.

7. Discussion

7.1. Extent and thickness of the continental flood basalts

The age distributionmaps (Fig. 6) show strong regional variations of
the AFT and AHe ages, with the youngest ages located in H.U.
Sverdrupfjella, Heimefrontfjella and Annandagstoppane, and the oldest
ages in Kirwanveggen and Hochlinfjellet. Additionally, Paleogene AHe
ages are recorded at Ahlmannryggen. No regional correlation could be
observed in the ZHe data. All ZHe ages predate the Jurassic continental
flood basalts, whereas both pre- and post-Jurassic apatite fission track
and (U–Th)/He ages are present. Thermal models based on apatite fis-
sion track and (U–Th)/He data can therefore be useful for investigating
the effect of the Jurassic basalts (Fig. 7).

Jurassic dikes are abundant inmost parts of western DronningMaud
Land (Fig. 8). The number of Jurassic dikes strongly decreases east of
H.U. Sverdrupfjella, and the easternmost dikes in western Dronning
Maud Land are reported from Hoggestabben, north of Hochlinfjellet
(Owada et al., 2003). Hydrothermal circulation, often associated with
dike intrusions, can result in fission track annealing (e.g. Steckler et al.,
1993). We cannot rule out local effects of hydrothermal circulation in
western Dronning Maud Land, but this cannot explain Jurassic fission
track annealing that is as widespread as it is observed in the study
area, especially since most samples were collected well away from the
basaltic dikes. The additional basaltic overburden that resulted from ba-
salt eruption is the more likely explanation for the Jurassic heating that
can be observed in our dataset. The N1000m thick basalts that are still
preserved in Vestfjella support this interpretation.We neglect the effect
of direct heating from the basalts to the underlying rocks as we would
expect rapid subaerial cooling of the basalts, and because the majority
of the samples were not located close enough to the surface at the
time of emplacement. For the following interpretations, only thermal
models that yield representative t–T paths are discussed (Fig. 7, Supple-
mentary S4a and S4b).
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7.1.1. Post-continental flood basalt samples
Samples with apatite fission track and (U–Th)/He ages that postdate

the continental flood basalts comprise, by far, the largest group of sam-
ples in western Dronning Maud Land. Early–Middle Cretaceous AFT
ages are mostly recorded in Heimefrontfjella, H.U. Sverdrupfjella and
Gjelsvikfjella (Fig. 6B). The predominance of Cretaceous AFT and AHe
ages in combination with relatively long track lengths, suggest that
these ages represent cooling ages after total resetting during a Jurassic
or Early Cretaceous thermal event. The widespread presence of Jurassic
dykes and erosional remnants of Jurassic flood basalts as opposed to the
total lack of Jurassic or Cretaceous sedimentary rocks, either in situ or in
moraines, leads us to believe that this resetting of the AFT and AHe ages
was caused by burial under Jurassic continental flood basalts, rather
than burial by Jurassic–Cretaceous sedimentation.

7.1.1.1. Heimefrontfjella. The four samples from Heimefrontfjella are de-
rived from a nearly vertical profile, in which the two uppermost sam-
ples were collected a few meters above the Permian peneplain
(dropstones from the base of the Beacon sediments). Thus, these two
samples provide precise temperature constraints during the Permian
as theymust have resided at the surface at that time. Thermalmodelling
for samples from Heimefrontfjella (Fig. 7) indicates that the samples
reached at least c. 80–90 °C during the Jurassic. Since the AFT system
was essentially completely reset, maximum temperatures are poorly
constrained in the models that are lacking ZHe data. The uppermost
sample, which also includes ZHe data, limits themaximum temperature
to c. 195 °C. The weighted mean path for this specific sample indicates
Jurassic temperatures of c. 115 °C, and we consider this to be the most
reliable temperature estimate for Heimefrontfjella.

7.1.1.2. H.U. Sverdrupfjella. The predominance of mid-Cretaceous AFT
ages in H.U. Sverdrupfjella indicates that this region was exhumed
through the apatite partial annealing zone at c. 100 Ma after total
track annealing. The apatites only started to retain tracks in mid-
Cretaceous times and thus the AFT data alone are unsuitable to con-
strain Jurassic and earlier temperature histories. All thermal models
from H.U. Sverdrupfjella indicate temperatures of at least c. 85–95 °C
during the Jurassic (Fig. 7). Again, the maximum Jurassic temperatures
are best constrained bymodels that include ZHe data, as they are sensi-
tive to reheating above the apatite partial annealing zone. Two of the
models include both apatite and zircon (U–Th)/He data together with
apatite fission track data, resulting in a well-constrained post-Jurassic
thermal evolution. These two models indicate Jurassic temperatures
up to c. 170–210 °C, resulting in weighted average temperatures of c.
130 °C and c. 155 °C, for samples H-10 and Z7.25.1, respectively.

7.1.1.3. Gjelsvikfjella. Located further east, somewhat older AFT ages
were obtained from two of the samples. Previously, Jurassic AFT ages
have been reported from Risemédet in Gjelsvikfjella. These ages were
interpreted as being the result of marginal volcanic activity at the east-
ern boundary of the Bouvet-Karoo mantle plume (Emmel et al., 2009).
The relatively long track lengths and the predominance of post-
continental flood basalt single-grain AFT ages (Fig. 5) clearly indicate a
high degree of Jurassic annealing and subsequent rapid cooling through
the apatite partial annealing zone. This is also supported by the three
models from Gjelsvikfjella which all show reheating up to at least c.
80–90 °C (Fig. 7). Since ZHe data are lacking from Gjelsvikfjella, we do
not attempt to constrain maximum temperatures during the Jurassic.

7.1.2. Pre-continental flood basalt samples
In western DronningMaud Land, AFT and AHe ages that predate the

flood basalts are mainly found at Hochlinfjellet, Kirwanveggen and
Midbresrabben, whereas pre- to syn-continental flood basalt AFT ages
are found at Ahlmannryggen. The localities of these samples are in fact
interesting, as these areas are located adjacent to or in-between areas
comprising significantly younger AFT ages. The mean track lengths of
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ZHe

  22 good
331 acceptable

ST7 (2100 masl)
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Z7.16.1 (1435 masl)
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                    12.7±1.6 μm
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                    13.2±1.4 μm
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AHe:           159±29 Ma

AFT, AHe

     84 good
3025 acceptable

Z7.41.1 (1200 masl)

AFT:            141±7 Ma
                    12.9±1.7 μm
AHe:           109±15 Ma

AFT, AHe

     0 good
123 acceptable

BB1600 (1600 masl)

AFT:            111±9 Ma
                    11.8±1.6 μm
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Good paths (G.O.F >0.5)

Acceptable paths (G.O.F >0.05)

Best-fit model

Weighted average path

Mean annual surface temperature

Time-temperature constraint

Partial annealing zone

Heimefrontfjella GjelsvikfjellaH.U. Sverdrupfjella
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Heimefrontfjella:

- Jurassic reheating to c. 115 °C.
- Max. preferred CFB thickness: c. 1.5 km.

Cooling:
- M. Jur. - E. Cret.: c. 0. 5 - 1.3 °C/Myr.
- Cretaceous: 0.2 - 0.5 °C/Myr.
- Since Paleogene: c. 1.6 - 2.4 °C/Myr.

H.U. Sverdrupfjella:

- Preferred models (H-10 and Z7.25.1) show reheating to c. 130 °C.
- Maximum preferred CFB thicknesses: 1.3 - 2.0 km.

Cooling:
- Preferred models indicate cooling rates of c. 0.5 - 0.9 °C/Myr until mid-Cretaceous.
- All models show cooling rates of c. 0.7 - 1.7 during mid- to Late Cretaceous times.
- Since Paleogene times: 0.9 - 1.6 °C/Myr.

Gjelsvikfjella:

- All samples record total annealing
  (T>120 °C), and max. T cannot be 
  determined.
- Minimum CFB thickness: 400 - 600 m.

Cooling:
- Early - mid-Cretaceous: c. 0. 5 °C/Myr.
- Since mid-Cretaceous: 0.7-1.0 °C/Myr.
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MDB51A (1530 masl)

AFT:            197±9 Ma
                    12.6±1.9 μm
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Kirwanveggen:

- Jurassic reheating to c. 60 - 65 °C (south) 
  and c. 75 °C (north)

- Estimated CFB thickness: 
  c. 100 - 200 m (south)
  c. 600 - 600 m (north)

Cooling:
- Signs of short and rapid Jurassic
   cooling in southern Kirwanveggen.
- Slow and steady cooling until 
  the Late Cretaceous (c. 0.2 - 0.4  °C/Myr)
- Enhanced cooling during glaciation
   (c. 1.1 - 1.5  °C/Myr).

Hochlinfjellet:

- Jurassic reheating to c. 60 - 75 °C  for all samples
- Estimated CFB thicknesses: c. 200 - 600 m

Cooling:
- Mostly slow and steady cooling since CFB emplacement (c. 0.2 °C/Myr), but 
  accelerated cooling (c. 0.7  °C/Myr) is recorded during the mid-Cretaceous 
  in some samples (e.g. Z7.9.2).
- All samples record enhanced cooling since glacial initiation (c. 0.9 - 1.6  °C/Myr).

Midbresrabben:

- Jurassic reheating to c. 75 °C.
- Estimated CFB thickness: c. 400 m.

Cooling:
- Until mid-Cretaceous: c. 0. 4 °C/Myr.
- Since mid-Cretaceous: c. 0.7 °C/Myr.
- During glaciation: c. 0.9 °C/Myr.

Ahlmannryggen:

- Jurassic reheating to c. 75 °C.
- Estimated CFB thickness: c. 400 m.

Cooling:
- Until mid-Cretaceous: c. 0.4 °C/Myr.
- Since mid-Cretaceous: c. 0.6 °C/Myr.
- During glaciation: c. 0.7  °C/Myr 
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the samples that yield these ages are shorter than inmost of the samples
with post-continental flood basalt apatite fission track ages (Fig. 3C).
The combination of shortened fission tracks and the broader track
length distributions (Supplementary S3), indicate partial annealing of
the fission tracks at Kirwanveggen, Hochlinfjellet, Ahlmannryggen and
Midbresrabben.

7.1.2.1. Hochlinfjellet. All samples from Hochlinfjellet yield Permo-
Triassic AFT ages. All thermal models indicate minimum temperatures
of c. 45–60 °C and maximum temperatures of c. 85–100 °C during the
Jurassic, resulting in weighted average temperatures of c. 60–75 °C.
This indicates only partial annealing, and as none of the temperature es-
timates are above the apatite partial annealing zone, ZHe data are not
required for constraining the maximum temperatures during the
Jurassic.

7.1.2.2. Kirwanveggen. At Kirwanveggen, the two multidated samples
both deviate from the normal AFT–AHe age relationship. It has been
suggested that inversion of AFT and AHe ages could be attributed to
shock heating (e.g. Stockli et al., 2000), but it is likely that this will
have an effect only within the uppermost cm of the affected rocks. As
there is a difference of c. 250 m between the uppermost and lowermost
samples in southern Kirwanveggen, it is not likely that the effect of
short-lived heating from the lava flow could have reached the lower-
most sample. Instead, we suggest that the age inversion is a cumulative
result of radiation damage, U- and Th-zonation and possibly other
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factors that are discussed in Section 5.4. The thermal models from
Kirwanveggen varywith respect to the Jurassic reheating: The two sam-
ples from southern Kirwanveggen record temperatures of c. 40–75 °C
and c. 50–85 °C for samples 93/57 and 93/75, respectively. This results
in weighted average temperatures of c. 60–65 °C for the two samples.
Sample 92/10 from northern Kirwanveggen records higher tempera-
tures of 65–105 °C, with a weighted average temperature of c. 75 °C.

7.1.2.3. Ahlmannryggen and Midbresrabben. The samples from
Ahlmannryggen and Midbresrabben were derived from opposite sides
of the Jutulstraumen and their track length distributions and thermal
models show similarities with respect to the degree of fission track
annealingduring the Jurassic.Midbresrabben probably reached temper-
atures of c. 60–105 °C, whereas the model from Ahlmannryggen indi-
cates Jurassic temperatures between c. 65 °C and 95 °C. This results in
weighted average temperatures of c. 75 °C at both localities.

7.1.3. Estimation of basaltic thicknesses
A thick layer of continental flood basalt is usually associated with

high geothermal gradients. For the 65Ma Deccan continental flood ba-
salts in India, a geothermal gradient of c. 35–80 °C/km has been esti-
mated (Negi et al., 1993). For simplicity, the following thickness
estimates are based on the difference in pre- and post-emplacement
temperatures, using a geothermal gradient of 50 °C/km. It has to be
pointed out, however, that formost samples the pre-emplacement tem-
peratures are not constrained by the data (since most samples
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experienced total annealing during basalt emplacement), but rather by
the external constraints, i.e. the requirement that samples were at or
close to the surface, depending on their depth below the peneplain
and the thickness of the remaining Beacon sediments. We assume that
the weighted mean path is representative for the pre-emplacement
temperature, but this involves some elements of uncertainty. A sum-
mary of estimated thicknesses is given in Fig. 8.

7.1.3.1. Completely annealed regions. Heimefrontfjella, H.U.
Sverdrupfjella andGjelsvikfjella are all characterized by total apatite fis-
sion track annealing during the Jurassic. By comparing the temperatures
prior to and just after continental flood basalt emplacement in the
models from Heimefrontfjella, an increase in temperatures of at least
c. 30 °C is recorded for all samples, corresponding to basaltic thicknesses
of at least c. 600 m. However, we prefer the estimate from sample
J8.2.94/6 as ZHe data allow us to properly constrain themaximum tem-
perature. The weighted mean path from this specific sample indicates
heating by c. 75 °C, corresponding to c. 1.5 km of basalts. Previous
thermochronological studies from Heimefrontfjella have suggested
that this region was covered by 1.5–2.0 km of basalts (e.g. Jacobs and
Lisker, 1999), and this is therefore confirmed by our estimates.

All thermal models from H.U. Sverdrupfjella show an increase in
temperatures of at least c. 20 °C. The weighted mean path of the two
models including ZHe data, H-10 and Z7.25.1, indicate heating by c.
65–100 °C, to maximum temperatures of c. 130–155 °C. Consequently,
the thickest basaltic cover in western Dronning Maud Land was most
likely located in H.U. Sverdrupfjella, corresponding to c. 1.3–2.0 km.

In Gjelsvikfjella, a temperature increase of at least c. 20–30 °C is
shown in the thermal models, corresponding to minimum basaltic
thickness of c. 400–600m. Due to the lack of ZHe data and the total an-
nealing of the AFT data, the maximum temperatures cannot be
constrained from Gjelsvikfjella in the current dataset. However, as the
continental flood basalts were emplaced through the lithospheric thin-
ning zones of Jutulstraumen–Penckgraben and Mozambique–Weddell
Sea (Luttinen and Furnes, 2000), we would expect diminishing thick-
nesses of the basalts away from the emplacement zone. Thus, we spec-
ulate that the maximum thicknesses at Gjelsvikfjella should be lower
than in H.U. Sverdrupfjella, and higher than at Hochlinfjellet.

7.1.3.2. Partially annealed regions. The thermal models from
Hochlinfjellet, Kirwanveggen, Ahlmannryggen andMidbresrabben indi-
cate weighted average temperatures of c. 60–75 °C during basalt em-
placement. This shows that the basalts did not reach thicknesses
sufficient for total track annealing.

The thermal models from Kirwanveggen show an increase in tem-
perature of at least c. 5–10 °C and c. 30 °C in southern and northern
Kirwanveggen, respectively. This corresponds to thicknesses of c.
100–200 m and 600 m. The temperatures of Ahlmannryggen and
Midbresrabben increased at least c. 5–10 °C during basalt emplacement,
but the weighted mean paths indicate an increase in temperature of c.
20 °C for both samples. This temperature difference corresponds to
basaltic thicknesses of c. 400 m. At Hochlinfjellet, a difference of c.
10–30 °C is recorded between the pre- and syn-emplacement tempera-
tures, corresponding to c. 200–600m difference in cover. Generally, ba-
saltic layers are good insulators with high geothermal gradients, but it is
possible that such a thin layer would reduce the insulation, and there-
fore also lower the geothermal gradient. Our thickness estimates are
based on a geothermal gradient of 50 °C/km and might underestimate
the true thickness if geothermal gradients were indeed lower.

Previous work has suggested that Gjelsvikfjella further west was af-
fected bymarginal volcanic activity (Emmel et al., 2009). Together with
the presence of Jurassic dikes at Hoggestabben, our data from
Hochlinfjellet clearly indicate Jurassic reheating further east than previ-
ously suggested, and at least as far east as c. 4°E (Fig. 8).We suggest that
the reason for the eastward diminishing thermal influence from the
continental flood basalts is related to the distance from the zone of em-
placement in Jutulstraumen–Penckgraben.

Kirwanveggen, Ahlmannryggen and Midbresrabben are all located
close to the anticipated eruption center within Jutulstraumen–
Penckgraben, therefore the relatively thin basaltic cover must have a
different explanation than at Hochlinfjellet. The Jurassic flood basalts
of Vestfjella are low-viscosity tholeiitic lavas (e.g. Luttinen and Furnes,
2000), and such lavas offloodbasalt provinces tend tofill in topographic
lows. The simplest explanation for the absence of a thick pile of lavas is
therefore that Kirwanveggen, Ahlmannryggen and Midbresrabben
were topographic highs at the time the flood basalts erupted. This
could either indicate a pre-existing topography (i.e. the Permian pene-
plain was not all that plane), or the topography had already been mod-
ified by early rift processes prior to the eruption of the basalts.
Kirwanveggen, Ahlmannryggen and Midbresrabben are all located di-
rectly adjacent to the Jurassic Jutulstraumen–Penckgraben rift (e.g.
Riley et al., 2005). It is therefore possible that these regions experienced
syn-volcanic rift flank uplift, which inhibited the accumulation of conti-
nental flood basalts to thicknesses sufficient for total track annealing.

7.2. Post-continental flood basalt cooling

During basalt emplacement, variable basaltic thicknesses of up to c.
2 km were recorded in western Dronning Maud Land. Since basalt em-
placement in Early Jurassic times, our data record cooling first during
Jurassic–Cretaceous times, and then since the late Paleogene.

7.2.1. Jurassic-Cretaceous cooling
As all models show at least some degree of Jurassic reheating, post-

Jurassic cooling is required for all samples. There are, however, some
major differences between the different regions. Based on the nature
of the post-continental flood basalt cooling, we have generally two
types of samples: those that show accelerated cooling in the Jurassic
and those that experienced enhanced cooling in the Cretaceous. Addi-
tionally, some samples from Hochlinfjellet show very slow cooling
until at least Paleogene times. These will not be discussed further in
this section.

The models from Heimefrontfjella and southern Kirwanveggen
(samples 93/57 and 93/75) all show immediate rapid cooling just
after the emplacement of the Jurassic flood basalts. In Heimefrontfjella,
Jurassic cooling rates of c. 0.8–1.3 °C/Myr are recorded. This is followed
by decreasing cooling rates (c. 0.2–0.5 °C/Myr) throughout the Creta-
ceous. Similar to the thermal models from Jacobs and Lisker (1999),
our models show cooling through the apatite partial annealing zone
during Late Cretaceous times. The accelerated cooling in southern
Kirwanveggen is mostly recorded by the best-fit paths, but compared
to Heimefrontfjella, this cooling phase is less pronounced with signifi-
cantly lower cooling rates. Similar to Heimefrontfjella, the samples
from southern Kirwanveggen show very slow cooling throughout the
Cretaceous (c. 0.2 °C/Myr).

Thermal models from the remaining areas show, at least to some
extent, accelerated cooling during the Cretaceous. This cooling phase
is most pronounced in the samples from H.U. Sverdrupfjella,
Midbresrabben and Gjelsvikfjella. The preferred models from H.U.
Sverdrupfjella show cooling rates of c. 0.5–0.9 °C/Myr until mid-
Cretaceous times. As all samples from H.U. Sverdrupfjella start to retain
tracks during mid-Cretaceous times, the cooling histories since c. 100
Ma are recorded also in the samples lacking ZHe data. Mid- to Late Cre-
taceous cooling rates up to c. 1.7 °C/Myr record the accelerated cooling
duringmid-Cretaceous times in H.U. Sverdrupfjella. From Gjelsvikfjella,
the cooling can only be resolved since the Early Cretaceous for one sam-
ple (Z7.41.1), showing cooling rates of c. 0.5 °C/Myr until the mid-
Cretaceous. Since mid-Cretaceous times, all three models indicate
slightly higher cooling rates (up to c. 1.0 °C/Myr). The Jurassic–Early
Cretaceous slow cooling (c. 0.3 °C/Myr) at Midbresrabben is also
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followed by accelerated cooling since mid-Cretaceous times (c. 0.7 °C/
Myr).

The regional variation in cooling pattern in ourmodels is very inter-
esting. Our thermal models indicate initial Jurassic cooling in the NE–
SW trending part of the southernMaud Belt (Heimefrontfjella, southern
Kirwanveggen and possibly Ahlmannryggen), while the cooling in the
E–Wtrendingmountain range took placemostly during the Cretaceous.
Similar cooling phases have previously been described in western and
central Dronning Maud Land (e.g. Jacobs et al., 1992; Jacobs et al.,
1995; Jacobs and Lisker, 1999; Meier, 1999; Meier et al., 2004; Emmel
et al., 2009) and in southern Africa (e.g. Brown et al., 1990; Brown
et al., 2002; Wildman et al., 2015; Wildman et al., 2016; Wildman
et al., 2017) where it has been attributed to different phases of Gond-
wana rifting and the subsequent opening of the Atlantic.

The Jurassic–Cretaceous was a period of major reorganization in the
vicinity of Dronning Maud Land, including the initial rifting of Gond-
wana, the opening of the Riiser-Larsen Sea (c. 165–135 Ma; Roeser
et al., 1996), the transition from two-plate to three-plate configuration
when South America was separated from Africa (e.g. Lawver et al.,
1991; Storey, 1995), and the subsequent detachment of India–Sri
Lanka from Antarctica (Powell et al., 1988; Lawver et al., 1991).

The Karoo mantle plume probably resulted in first dynamic, then
permanent uplift of the Mesoproterozoic basement and the overly-
ing Beacon sediments in Heimefrontfjella to elevations of c. 2 km
during the initial Gondwana rifting (e.g. White and McKenzie,
1989; Jacobs and Lisker, 1999). It has been suggested that
the pre-existing structures of Jutulstraumen–Penckgraben were
reactivated during this rift phase (Riedel et al., 2012). It is therefore
likely that the combination of these events resulted in greater relief
in Heimefrontfjella and southern Kirwanveggen, promoting en-
hanced denudation shortly after the basalt emplacement. Due to
the proximity between Heimefrontfjella, southern Kirwanveggen
and the southern continuation of Penckgraben, we suggest that
this is the primary explanation for the initial Jurassic cooling,
whereas the subsequent Jurassic–Early Cretaceous cooling is attrib-
uted to the separation between South America and Africa (e.g.
Lawver et al., 1991; Storey, 1995), and the detachment of the
India–Sri Lanka block from Antarctica (Powell et al., 1988; Lawver
et al., 1991).

The mid-Cretaceous cooling phase is mostly recorded in the coast-
proximal samples. Throughout the Cretaceous, the passive margin de-
velopment of Dronning Maud Land continued. It has been suggested
that the delayed response to rifting in the South Atlantic was due to
slowly cooling lithosphere, resulting from slow spreading and the vicin-
ity to the heat source at the rift axis. The increased production of ocean
floor together with the opening of the eastern Riiser-Larsen shelf and
the accelerated northwards drift of India is thought to have accelerated
lithosphere cooling, which eventually led to the lowering of the
erosional base level (Meier, 1999). As a response to the isostatic uplift
related to the passive margin development and enhanced chemical
weathering due to a temperate–subtropical Cretaceous climate
(Kennett and Barker, 1990), accelerated denudation and cooling took
place during Middle–Late Cretaceous times in Dronning Maud Land
(Meier, 1999; Meier et al., 2004).

Thus, our models record a transition from cooling associated with
rifting along the NE-SW trending Jutulstraumen–Penckgraben during
the Jurassic in Heimefrontfjella and southern Kirwanveggen, to the pas-
sive margin development during mid-Cretaceous times for the coast-
proximal samples.

7.2.2. Late Paleogene cooling
At the onset of the 34 Ma glaciation, temperature estimates of the

samples vary greatly between the different regions, with temperatures
ranging from c. 0 °C to 60 °C. A prominent feature inmost of the thermal
models is the significant increase in cooling rates. Average cooling rates
of c. 0.2–1.1 °C/Myr prevailed during Paleocene and Eocene times. Since
the Eocene–Oligocene boundary, cooling rates of 0.7–2.4 °C/Myr are
recorded; the highest cooling rates are found in Heimefrontfjella
(1.6–2.4 °C/Myr).

The southward drift and successive isolation of Antarctica resulted in
a transition from a temperate–subtropical climate with relatively warm
surface- and bottom waters (Kennett and Barker, 1990), to cooling and
eventually glaciation during Eocene–Oligocene times (e.g. Ingólfsson,
2004). The transition to glacial conditions resulted in enhanced denuda-
tion, at least until Middle Miocene times. At this time, the East Antarctic
ice-sheet changed from being wet-based and erosive, to cold-based,
inhibiting glacial erosion (Näslund, 2001).

By comparing the weighted mean and best-fit t–Tmodel paths with
themean annual surface temperature curve (Fig. 7), it becomes obvious
that the onset of increased cooling of the basement rocks coincides with
the rapidly decreasing temperatures in the Late Paleogene. Some of the
cooling documented by the models might therefore be attributed sim-
ply to the cooling climate. However, many samples show a much
greater temperature decrease during the Late Paleogene–Neogene
than can be explained by climate deterioration. Therefore, they clearly
document the increased denudation that must have accompanied the
onset of the Antarctic glaciation. Even though faulting cannot be ex-
cluded as the cause of enhanced cooling, we believe that the increased
cooling is due to significant glacial erosion for two reasons: Firstly,
since the last phase of rifting in the Cretaceous, the continental margin
outside Dronning Maud Land has been passive, suggesting relative tec-
tonic stability. Secondly, freeze–thaw during climate change has proven
to significantly enhanceweathering (e.g. Yumoto et al., 2006), thus pro-
viding a very efficient erosion mechanism during the Eocene to middle
Miocene.

In our thermal models, the weighted mean paths generally follow
the surface temperatures since the Miocene, suggesting that most of
the samples were located close to the surface already then. Our thermal
models are therefore consistent with the nature of the East Antarctic
ice-sheet, showing enhanced denudation until the transition from a
wet-based to a cold-based ice-sheet in Miocene times.

8. Summary and conclusions

Low-temperature thermochronological data from 40 samples
document the post-Pan-African thermal evolution of western
Dronning Maud Land. The zircon (U–Th)/He data suggest that
most parts of wDML were exhumed through temperatures of
200–230 °C, either shortly after the Pan-African orogeny or during
Permian peneplanation. The apatite fission track analyses indicate
an uneven distribution of continental flood basalts in western
Dronning Maud Land. Post-continental flood basalt apatite fission
track ages are found in Heimefrontfjella, H.U. Sverdrupfjella and
Gjelsvikfjella where they document total fission track annealing
due to burial of up to 2 km of flood basalts. Apatite fission track
ages predating the continental flood basalts result from partial
fission track annealing under a thinner basaltic cover. These ages
are found at Hochlinfjellet, Kirwanveggen, Midbresrabben and
Ahlmannryggen, and correspond to basaltic thicknesses of c.
100–600 m. Variation in the thickness of the basalt are attributed
to the eastward diminishing thickness away from the zone of
emplacement (Hochlinfjellet) and possible pre-existing topography
or syn-volcanic rift flank uplift (Ahlmannryggen, Midbresrabben
and Kirwanveggen). Based on the eastward diminishing thermal
influence we suggest that the basalts did extend as far east as
Hochlinfjellet at 4°E.

Two main phases of cooling are recorded following the emplace-
ment of the continental flood basalts (c. 183 Ma). This includes Late
Jurassic–Cretaceous cooling, associated with reactivation of the
Jutulstraumen–Penckgraben rift (Riedel et al., 2012), the initial opening
of the South Atlantic, major plate reorganization, and increased chemi-
cal weathering and mechanical instabilities after a protracted period of
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rifting in the SouthAtlantic in a temperate–subtropical climate (Kennett
and Barker, 1990). Finally, a phase of Early–Middle Cenozoic cooling re-
lated to the onset of glaciation is recorded. At least 2 km of denudation
must have taken place since the Jurassic, as only small amounts of Juras-
sic continental flood basalts are preserved in western Dronning Maud
Land.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.gr.2018.04.017.
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