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The last glaciation of the Arctic volcanic island JanMayen

ASTRID LYS�A , EILIV A. LARSEN, JOHANNA ANJAR , NAKI AKC�AR, MORGAN GANERØD, ASBJØRN HIKSDAL,
ROELANT VAN DER LELIJ AND CHRISTOF VOCKENHUBER

Lys�a,A.,Larsen,E.A.,Anjar, J.,Akc�ar,N.,Ganerød,M.,Hiksdal,A.,RoelantVanDerLelij&Vockenhuber,C. 2021
(January): The last glaciation of the Arctic volcanic island Jan Mayen. Boreas, Vol. 50, pp. 6–28. https://doi.org/
10.1111/bor.12482. ISSN 0300-9483.

Thevolcanic islandof JanMayen, remotely located in theNorwegian-GreenlandSea,was coveredbya contiguous ice
cap during the Late Weichselian. Until now, it has been disputed whether parts of the island south of the presently
glaciatedMountBeerenbergareawereeverglaciated.Basedonextensive fieldmappingwedemonstrate that an ice cap
covered all land areas and likely also extended onto the shallow shelf areas southeast and east of the island.
Chronological interpretations are based on K-Ar and 40Ar/39Ar dating of volcanic rocks, cosmogenic nuclide (36Cl)
surface exposuredatingofbedrockandglacial erratics, andradiocarbondating.Weargue that icegrowth startedafter
34 ka and that an initial deglaciation started some 21.5–19.5 ka in the southern andmiddle parts of the island. In the
northern parts, closer to the present glaciers, the deglaciation might have started later, as evidenced by the
establishment of vegetation 17–16 cal. ka BP. During full glaciation, the ice cap was likely thickest over the southern
part of the island.Thismay explaina seeminglydelayeddeglaciation comparedwith thenorthernparts despite earlier
initial deglaciation. In a broader context, the new knowledge of the LateWeichselian of the island contributes to the
understanding of glaciations surrounding the North Atlantic and its climate history.

AstridLys�a(e-mail:Astrid.Lysa@ngu.no),EilivA.Larsen,MorganGanerød,RoelantVanDerLelij,GeologicalSurvey
of Norway, Leiv Erikssonssvei 39, Trondheim 7040, Norway; Johanna Anjar, Department of Natural Sciences and
EnvironmentalHealth,UniversityofSouth-EasternNorway,Gullbringvegen36,Bø3800,Norway;NakiAkc�ar, Institute
ofGeologicalSciencesUniversityofBern,Baltzerstrasse1,Bern3012,Switzerland;AsbjørnHiksdal,JadarGeotjenester
AS, Kvernaland 4355, Norway; Christof Vockenhuber, Laboratory of Ion Beam Physics, ETH Z€urich, Z€urich 8093,
Switzerland; received 15th June 2020, accepted 2nd September 2020.

Recently there has been substantial progress in the
understanding of Weichselian ice-sheet history in the
terrestrial environments of the Arctic island of Jan
Mayen. Generally, the ice sheets of Greenland, Iceland,
Scandinavia and Svalbard underwent a series of Weich-
selian glacial events and reached their maximum posi-
tions at around the time of the global glacial maximum
during the last glaciation (Norðdahl & P�etursson 2005;
Funder et al. 2011; Mangerud et al. 2011; Ing�olfsson &
Landvik 2013). Such quasi-synchronous behaviour is
valid at large scales (Hughes et al. 2016; Stroeven et al.
2016); however, large variations in the age of maximum
ice-marginal positions between different sectors of
individual ice sheets are widely documented (Larsen
et al. 2016). As Jan Mayen is located centrally between
these four ice sheets and presently has an ice cap in the
north (Figs 1, 2), itmaycomeasa surprise that it remains
unknown whether the entire island was fully glaciated
during the last glaciation. This may partly be explained
by the lack of focused glacial geological studies, and by
the prevalence of young volcanic rocks dominatingmost
areas of the island. Imsland (1978) concluded that Jan
Mayen outside of the Beerenberg area (Fig. 2) was
unglaciatedduring thePleistocene, arguingagainstFitch
(1964)who, based on the observation of tillite beds at the
foothills of Beerenberg, suggested that the island might
have been glaciated. Though both researchers focused
their studieson thevolcanic rocksof the island, neitherof
their conclusions regarding Jan Mayen’s glacial history
was substantiated by robust data.

Although JanMayan is small in area, and the volume
of any former ice sheet would have been insignificant
compared to the Greenland Ice Sheet or Eurasian Ice
Sheet, its location in relation to major ocean surface
currents (Fig. 1) makes its glacial and climate history
important for understanding North Atlantic palaeocli-
mate. As volcanic rocks on large parts of the island
outside the glaciated Beerenberg area are not covered by
glacigenic sediments, it has been challenging to prove or
disprove the former presence of glaciers in these areas.
Additionally, rough topography, rain, dense fog, and
strong winds render the acquisition of accurate field
observations particularly challenging. Meticulous field-
work over the last 5 years has resulted in the documen-
tation of sporadic occurrences of glacigenic sediments
between postglacial lava flows across the island. In the
northern part of Jan Mayen, Nord-Jan (Fig. 2), the
situation isdifferent.Here, the large endmoraine systems
that occur outside the present glaciers are interpreted to
have been formed during the Little Ice Age (LIA) based
on geomorphology, historical data and lichenometric
dating (Anda et al. 1985). These authors also tentatively
suggested,basedonresults fromIceland, thatmuchmore
subdued moraines found outside of the LIA moraines
may have formed some 2500 years ago.

This paper focuses on the Late Weichselian glacial
history of Jan Mayen. Our main aim is to document
whether the islandwas covered by a large glacier during
the Late Weichselian. Secondary aims are to outline
possible LateWeichselian glacier extents over the island,
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and to determine the age of the maximum ice-sheet
configuration and subsequent deglaciation. The results
are based on extensive field mapping over five field
seasons, interpretation of high-resolution satellite
images and a digital elevation model, radiocarbon
dating, surface exposure dating using cosmogenic
nuclides (36Cl) on bedrock and erratics on moraines
and till surfaces, and K-Ar and 40Ar/39Ar dating of
volcanic rocks.

Setting

JanMayen is avolcanic island located in theNorwegian-
Greenland Sea (Fig. 1). It is situated on the Jan Mayen
microcontinent, which separated from East Greenland
and became completely isolated around ~21.56 Ma
(Blischke et al. 2016 and references therein). The north-
ern end of the island is located close to the Jan Mayen
Fracture Zone (JMFZ), west of the mid-oceanic Mohns
spreading ridge. Significant tectonic activity along
JMFZ is expressed by frequently occurring earthquakes
on the island (Sørensen et al. 2007; Rodr�ıguez-P�erez &
Ottem€oller 2014).

JanMayen is entirely built of volcanic rocks,mainlyof
potassium alkaline type (Imsland 1978). Build-up took

place late in theQuaternaryas evidencedby theoldestK-
Ar ages of 490�120ka in the southernpart of JanMayen
(Fitch et al. 1965), 460.9�55.8 ka in Midt-Jan (Crom-
well et al.2013), and564�6ka inMidt-Jan (unpublished
own data). Volcanism is still active, with the most recent
eruption occurring in 1985 from the Beerenberg strato-
volcano (Siggerud 1986).

The rocks of Jan Mayen are divided into four
stratigraphical units, three ofwhich are exposed on land;
the oldest Havhestberget formation (mainly hyalo-
clastites), the Nordvestkapp formation (large variety of
volcanic rock types) and the youngest Inndalen forma-
tion (large variety of volcanic rock types, mostly unaf-
fected by weathering) (Carstens 1962; Fitch 1964;
Imsland1978).Underlying these are the basement rocks,
grouped as the Hidden formations.

The topography of Jan Mayen reflects the volcanic
origin of the island (Figs 2B, 3A). Nord-Jan is domi-
nated by the volcanic cone of Mount Beerenberg
reaching2277 mabove sea level,which is theonlyknown
active volcano on the island.Glacier ice covers the crater
andflanksofMountBeerenberg,with someof theglacier
outlets calving into the sea (Fig. 2B).Moraine ridges and
otherglacial deposits are found in frontof theoutlets and
themost conspicuousmoraines are suggested to be from

Fig. 1. Location of Jan Mayen in the Norwegian-Greenland Sea. Bathymetry is shown with 1000, 2000 and 3000 m contours. KR = Kolbeins
Ridge;MR =MohnsRidge; JMFZ = JanMayen Fracture Zone. Red and blue arrows indicate themain circulation patterns of the warmAtlantic
and the coldPolar sea surface currents, respectively. Simplified structural features afterEldholm&Sundvor (1980). [Colour figure canbeviewedat
www.boreas.dk]
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theLittle IceAge (LIA) (Anda et al. 1985; Fig. 3B). Sør-
Jan has a rough and variable topography dominated by
numerous craters, domes, lava fields and tephra
(Fig. 3A,C).A fewpeaks exceed 500 ma.s.l., the highest
one, Rudolftoppen, reaches 769 m a.s.l. (Fig. 2). Midt-
Jan connects Sør-JanwithNord-Janbya2–3 kmnarrow
land strip reaching almost 300 m a.s.l. Craters and
tephra also exist in Midt-Jan (Fig. 3D).

The onshore rugged topography is also reflected in
very variable offshore water depths. Shallow banks
surround the island to the south and east with water
depths less than 200 m over wide areas (Fig. 2A),
suggesting that large areas to the south and southeast
may have been subaerially exposed during the Last
Glacial Maximum (LGM) eustatic sea-level lowstand
(Clark & Tarasov 2014). Beyond the northern coast,
water depths of more than 2000 m are rapidly attained
(cf. Figs 1, 2A).

Freshwater is scarceon the island.Theonlypermanent
lake is the almost 40 m deep lake Nordlaguna on the
western coast, whereas the Sørlaguna (lagoon) on the
easterncoast isonlyperiodically filledwith shallowwater
(Fig. 2B). Apart from this, fresh water occurs mainly as
meltwater in front of the largest glacier outlets or as
temporary rivers active during heavy rainfall and snow-
melt.

Thepresentclimateof JanMayen is influencedbyboth
Atlantic surface water-masses entering from the south
and polar water of the East Greenland Current entering
from the north (Fig. 1). The climate is Arctic-maritime
with cool summers andmildwinters.The current average
annual temperature is close to 1 °C at sea level, which is
higher thanduring the latterpart of the last centurywhen
it was below 0 °C (Hudson et al. 2019). Sea ice has not
been observed around the island since the late 1990s
according to personnel at the Jan Mayen station, which
corresponds with observed decreasing sea-ice extent in
Fram Strait and in the Barents Sea since the late 1970s
(Polyak et al. 2010; MOSJ Homepage 2019).

Material and methods

Extensive fieldworkwas carried out during 2014 to 2018.
Multiple data sets, including ArcticDEM (Porter et al.
2018), elevationdata from theNorwegianPolar Institute
(40-m contour interval), and satellite images (panchro-
matic and multispectral from 2011 to 2013) provided by
Kongsberg Satellite Services, were analysed mainly to
supplement the field mapping. All sites were georefer-
enced usingGPS and later processed usingArcGIS 10.6.
Sites were sampled and documented using photography
and detailed descriptions, e.g. surface-texture and mor-

Fig. 2. A.JanMayenand its surroundingmarineareas.Contour interval on land is 500 m.Bathymetry is shownwith100and200 mcontours.The
three main geographical areas Sør-Jan, Midt-Jan andNord-Jan are shown, aswell as the positions of the station at Olonkinbyen, the Beerenberg
volcano and the highest peak in Sør-Jan,Rudolftoppen. B. Topographyof JanMayen shownwith 200 m contour interval. Place names used in the
text are indicatedwith abbreviations: R =Ronden; V =Vøringen; Bf =Breidfjellet; Sv = Svartfjellet; KW =KappWien; Bt =Blindalstoppane; G =
Grovlia; S = Schiertzegga; Ks = Kubbestolen; At = Askheimtoppen; N = Nova; A = Antarcticaberget; Sf = Slettfjellet; Hb = Hannberget; K =
Kvalrossen;Eh=Eimheia;Nt=Neumayertoppen; Lh=L�agheia; P=Pukkelryggen; Sl=Sørlaguna;M=Mohnberget;MM=MariaMuschbukta;
Nl=Nordlaguna;D=Domen;F=Fuglefjellet;H=Hochstetter; Ls=Libergsletta;Kr=Krossbergsletta;Es=Essefjellet; Sb=Scoresbyberget; E=
Eggøya; KF =Kapp Fishburn; KH =Kapp H�ap; SB = Sørbreen; B = Broxrabban; Va = Vakta; W =Wildberget. [Colour figure can be viewed at
www.boreas.dk]
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phology description and lithostratigraphical logging.
Local place names are shown in Fig. 2B.

40Ar/39Ar and K-Ar dating

Two to four samples of basaltic rocks were collected
from each lava flow for 40Ar/39Ar and K-Ar analyses
(Table 1, Table S1). Given the young nature of these
rocks, this strategy was chosen to test the analytical
reproducibility. The samples were crushed and sieved
into 180–250 lm fractions at the Geological Survey of
Norway. Only groundmass was considered suitable for
analysis. The samples were packed in aluminium
capsules together with the Adler Creek Rhyolite
(AC) flux monitor standard along with pure (zero
age) K2SO4 and CaF2 salts. The samples were irradi-
ated at the Institute for Energy Technology, Kjeller,
Norway with a nominal neutron (n) flux of
1.391013 n cm�2 s�1 for 2 h, which gives an approx-
imate fluence of 9.3691016 n cm�2. The raw mass
spectrometer data and interference correction factors
(from K and Ca) can be found in Table S1. Due to the
low level of 36Ar in these young samples, careful

monitoring of changes of the mass bias and blanks
were undertaken. Mass bias (+ blank) was measured
before each unknown (+ blank). We used an interpo-
lated mass bias ratio into the unknown using a spline
fit. The rest of the analytical procedures follow
Plunder et al. (2020).

K-Ar analyses followed standard isotope dilution
procedures at theGeological SurveyofNorway. Samples
were crushed to 180–300 lmand packed inMo foil. The
samplesweredegassedat 1400 °Cfor20 min, and spiked
with a known amount of pure 38Ar. Spiked gas was
purified using a combination of a Ti sublimation pump
and SAES ST-101 getter cartridges, and analysed on an
IsotopX NGXmulticollector noble gas mass spectrom-
eter. Mass discrimination was corrected using an online
air pipette and the atmospheric compositionofLee et al.
(2006). K was determined by dissolving Li-tetraborate
fluxed sample in HNO3 spiked with Rh as an internal
standard and analysing on aPerkinElmer 4300DV ICP-
OES. Ages were calculated using the decay constants of
Steiger & J€ager (1977). Uncertainties were propagated
using the errorpropagationmodelofHałas&W�ojtowicz
(2014). The assessment of reliability for K-Ar ages was

Fig. 3. A.View from thehighest peakofSør-Jan,Rudolftoppen, towardsBeerenberg.Volcanic craters, domes, lava fields and tephra fall dominate
the landscape inSør-Jan.B.LIAmoraine ridges in frontof theSørbreenglacieroutlet.Beerenberg in thebackground.C.Postglacial lava flowNEof
Grovlia. D. Tephra in Midt-Jan, close to Hannberget. [Colour figure can be viewed at www.boreas.dk]

BOREAS Last glaciation of JanMayen 9



based on the reproducibility of multiple K-Ar samples
from each site.

36Cl cosmogenic surface exposure dating

Samples for 36Cl cosmogenic surface exposure dating
were collected from erratic boulders on till surfaces and
fromglacially abraded bedrock surfaces using a hammer
and chisel (field season 2014) and an electrical rock saw
(field seasons 2015 and 2016) (Table 2). All boulders
were carefully assessed for possible rotation and postde-
positional movements (including earthquake tremors)
before sampling, preferably from flat areas. As far as
possible, 2–3 erratics were sampled from the same till
area, preferably at different elevations. Bedrock was
sampled where suitable boulders were lacking. Sample
locations andaltitudeswere recordedusingaGPS.As far
as the foggy climate permitted, topographic shielding at
each sampling location was measured with a clinometer
and compass and calculated following Dunne et al.
(1999).

The samples were processed at the Institute of Geo-
logical Sciences, University of Bern following the proto-
col described inMozafari et al. (2019).The sampleswere
crushed to a grain size of 250–400 lm and the crushed
whole-rock samples were leached in diluted HNO3 and
rinsed with ultrapure water. Subsamples for elemental
analysis were sent to Activation laboratories, Canada,
wheremajor elements and important trace elementswere
measured (Table S2).After leaching, 30 gof each sample

was dissolved in a mixture of HF and HNO3 together
with 2.5 mg of enriched 35Cl spike. AgNO3 was then
added and the chlorine was precipitated as AgCl and
filtered by centrifugation. The 36S, which is the isobar of
cosmogenic 36Cl, was then removed by BaSO4 precipi-
tation. Total Cl and 36Cl concentrations were measured
by accelerator mass spectrometry (AMS) at the ETH 6
MV Tandem accelerator facility in Zurich, Switzerland
(Ivy-Ochs et al. 2004; Christl et al. 2013; Vockenhuber
et al. 2019). The isobar 36S was removed by the method
of the gas-filled magnet and identified in the gas
ionization detector (Vockenhuber et al. 2019). The
remaining sulphur correction of the measured 36Cl/35Cl
ratio was insignificant. The measured 36Cl/35Cl ratios
were then normalized to the ETH internal standard
K382/4N with a value of 36Cl/35Cl of (17.36�0.35)
910�12 (Christl et al. 2013). Finally, measured 36Cl/35Cl
ratios were corrected for a full process blank ratio of
(3�2)910�15,which resulted inablankcorrection for the
samples of a few percent. The exposure ages were
calculated using the CRONUScalc web-interface (Mar-
rero et al. 2016) and LM scaling.

Two radiocarbon ages relevant for this study were
obtained (Table 3). One conventional date, previously
unpublished, was obtained in the 1970s from the
National Laboratory for Age Determination in Trond-
heim (Norway) from sample T-3991B. The other date
was obtained by AMS at the Radiocarbon Dating
Laboratory, Department of Geology (Lund University,
Sweden) from sample LuS 12204. The dates were

Table 1. K-Ar and 40Ar/39Ar ages. Main age data result fromK-Ar and 40Ar/39Ar geochronology. See Table S1 for more information.

Sample no. Site Geographical position K-Ar
(ka)�2r

40Ar/39

Ar (ka)�2r
Concluded
age (ka)�2r

Comments

JM2015-16 JM49AKapp
Fishburn

N70° 59.7210 W8° 11.1770 71.7�6.2 65.6�20 58.6�6.1 Both methods are consistent.
The oldest K-Ar date is likely
too old.

JM2015-17 60.5�6.8 No result
JM2015-18 63.4�5.4 No result
JM2015-19 53.5�5 No result

JM2015-20 JM49B Kapp
Fishburn

N70° 59.7210 W8° 11.1770 58.9�5.4 69.4�17.4 60.0�3.0 Oldest 40Ar/39Ar is likely too old.
JM2015-21 65.8�4.8 112.7�30.0
JM2015-22 52.9�5.8 43.5�23.0

JM2017-17A JM08 Kapp
Fishburn (dyke)

N70° 59.7930 W8° 09.8810 23.5�3.2 Not analysed 25.4�2.4 Weighted mean of K-Ar dates.
JM2017-17B 28.9�4.4
JM2017-17C 25.2�4.4

JM2015-35 JM57 Kapp H�ap N71° 00.2040 W8° 08.0760 47.0�6.6 49.0�59 47.6�6.3 JM2015-37 and 38 have
problematic
behaviour and are not included.

JM2015-36 72.8�6.6 55.0�24
JM2015-37 33.9�6.6

31.1�5.0
No result

JM2015-38 34.5�6.8 No result

JM2015-45 JM68 Domen N70° 59.8220 W8° 29.9400 19.2�3.8 Not analysed 21.5�2.6 Weighted mean of K-Ar dates.
JM2015-46 23.6�3.4

JM2015-69 JM81 Fugleberget N71° 00.3570 W8° 29.1210 103.0�5.2 61.0�9.8 76.2�3.4 Two K-Ar and 1 combined
normal isochron 40Ar/39Ar
(75.4�7.5).

JM2015-70 77.1�4.8 No result
JM2015-71 75.1�6.6 77.0�9.8
JM2015-72 87.7�6.4 67.0�12.1
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calibrated using CALIB 7.1 (Stuiver et al. 2019) and the
IntCal13 calibration data set (Reimer et al. 2013).

Results

Sincepriortothisstudyitwasunknownwhethertheentire
islandhadeverbeenglaciated (Fitch1964; Imsland1978),
extensive fieldwork was completed to address this ques-
tion. As postglacial volcanic activity has affected large
areas in JanMayen, siteswitholderbedrock (Fig. 4)were
specifically targeted. The results are presented for three
sub-regions: Nord-Jan, Midt-Jan and Sør-Jan (Fig. 2A),
where we mapped till covers, ice-marginal moraines,
glacial striations, and glacialmeltwater channels, in areas
unaffected by younger volcanic strata.

Nord-Jan

Nord-Jan is dominated by the majestic glacier-covered
stratovolcano Mount Beerenberg (Figs 2, 3A). Mor-
aines interpreted to have been formed during the Little
Ice Age and Late Holocene, based on historical data
and lichenometric dating, are found near the present
glacier margins (Anda et al. 1985). Outside these, till
typically occurs on lower plains close to sea level and
between valleys, hills and lava flows on higher surfaces
(Figs 4B, 5A, B). The contrast between smooth till
surfaces and adjoining younger lava surfaces is often
very clear (Fig. 5C). Boulders occur in variable
amounts on till surfaces and their size varies from a
few dm to 1–1.5 m (Fig. 5B, D). All the boulders are
subrounded and only a few exhibit clearly polished
surfaces. Patterned ground (Fig. 5A, B) and solifluc-
tion lobes are widespread. In some cases, moss may
make identification of till difficult, especially where
boulders are absent (Fig. 5D).

A lateral moraine at the foothills of Mount Hochstet-
terkrateret (near Nordlaguna, Fig. 2B) is located about
5 km from the present glacier margin and only 500 m
from the coastline, much farther away from present
glacier margins than any other moraine in Nord-Jan,
testifying toasignificantly larger ice cover (Figs 5A,6A).

Glacifluvial deposits andmeltwater channels inNord-
Jan are generally associated with the present glaciers.
Meltwater channels in front of glacier margins are
commonly active mainly during peak melt season or
during heavy rainfall. In some instances, outwash plains
arealso found in locations thatarenowabandonedbythe
modern drainage networks. This is the case near the
Hochstetterkrateret lateral moraine described above
(Fig. 6A). Just below the Scoresbyberget Mountain
(Fig. 2B), meltwater channels eroded in till are located
on a plateau ~120–130 m above the present meltwater
system in avalley northeast of Scoresbyberget (Fig. 6B).
The location and directions of these channels require a
former glacier of greater extent and thickness than that
during the LIA.T
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Glacially polished bedrock outcrops occur, especially
close to the present glacier margin (Fig. 6C). Due to the
porous nature of many volcanic rocks (Fig. 6D), well-
developed striations are rare. Nevertheless, striated
bedrock showing an overall radial orientation is found
at several places in Nord-Jan (Fig. 7).

Midt-Jan

In Midt-Jan, tills are commonly found on nearly flat
areas at different elevations underlying rocks from
the Nordvestkapp and Havhestberget formations
(Figs 4, 8A). Tills occur close to Mohnberget at
40–80 m a.s.l. (Fig. 8B), at L�agheia 80–220 m a.s.l.
(Fig. 8C), at Eimheia 120–150 m a.s.l. (Fig. 8D) and
at Slettfjellet 200–360 m a.s.l. (Fig. 8E). Generally,
the till matrix is silty to sandy. Clast content varies,
and the largest boulders rarely exceed 1–2 m in
diameter. Many of the boulders have rounded edges
indicating glacial erosion and some of them are
polished (Fig. 8B, C, D). Only three sites with well-
developed striations on bedrock exposures are doc-
umented in Midt-Jan (Fig. 7). The one at Nova is at

the very edge of a ~125-m-high vertical coastal cliff
(Figs 2B, 8F).

At Eimheia, a maximum 5-m-high, arcuate moraine
ridge occurs at the base of the northeastern slope of
Slettfjellet (Fig. 9A). The moraine has a very smooth
surface with no boulders. A meltwater channel cuts
through the southern part of the ridge.

Abandoned meltwater channels and washed till sur-
faces occur in several places. Cut into the till surface
south of Mohnberget is a channel, up to 1.5 m deep,
oriented towardsMariaMusch bay (Fig. 9B). Rounded
boulders and cobbles are visible at the base. The most
conspicuous channel in the area originates in the flat till
area of L�agheia (Fig. 9C). It runs towards the SSW,
attains a depth of 2–3 m, and cuts both through till and
volcanic ash before continuing south towards the coast.

At the lower part of the till-covered western slope of
Pukkelryggen, a linear and narrow ridge of volcanic
rocks (hyaloclastite and lava) is oriented parallel to the
slope contours (Fig. 9D). The ridge is about 30 m high
and about 1 km long and has a fresh and sharp
appearance in contrast to the surrounding till. It is
interpretedas tindarandhasbeen formedsubglaciallyby

Table 3. Radiocarbon ages. The dates were calibrated in CALIB 7.1 (Stuiver et al. 2019) using the IntCal13 calibration data set (Reimer et al.
2013). LuS 12204 is dated by AMS whereas T-3991B is a conventional age.

Lab. code Site Geographical position Dated material Age (14C a BP) Age (cal. a BP; 68.2%)

LuS 12204 JM-NL2
Nordlaguna

N71° 00.5230 W8° 27.8720 Terrestrial plant remains, unidentified 13 670�170 17 035–16 028

T-3991B JM84B
KappWien

N70° 52.0800 W8° 48.3720 Terrestrial plant remains, unidentified 9350�160 11 098–10 231

Fig. 4. A.SimplifiedbedrockmapofJanMayenshowingthemainvolcanic rock formationsbasedontheirchronostratigraphicalorder.Themapis
modified fromDallmann (1997) and based on data from Imsland (1978) and Siggerud (1972, 1986). B. Till occurrences (T). Topography is shown
with 200 m contour interval. [Colour figure can be viewed at www.boreas.dk]
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volcanic fissure eruption (e.g. Jakobsson & Gud-
mundsson 2008).

Sør-Jan

Sør-Jan has themost extensive postglacial lava fields and
rocksofuncertainages.Therefore, extensivetraversingof
the landscape was necessary to search for sites with
glacigenic deposits and features.

Next to the large, northwesternmost lava flow in Sør-
Jan (Fig. 4) bothwest and east ofKubbestolen (Fig. 2B),
till is found at elevations spanning 140 to 250 m a.s.l.
(Fig. 10A,B). In the lowest-lyingareas to thewest, the till
cover is continuous with some large erratic boulders
(Fig. 10A).Athigherelevations to the east the till cover is
discontinuous with frequently occurring bedrock expo-
sures (Fig. 10B). Farther south, at the low-gradient
western slope of Svartfjellet (Fig. 2B), till covers large
areas from the ‘old coastal cliff’ escarpment at 200 m
a.s.l. (Fig. 10C) up to about 450 m a.s.l. At this highest

elevation, the till cover becomes thinner (Fig. 10D).
Meltwaterchannelscutting into thetilloriginateathigher
elevationsandrunperpendicular to the contours towards
thecoast.Somechannels areup to2–3 mdeepand3–5 m
wide (e.g. Fig. 10D). The channels are visible on satellite
images, in which the contrast between the smooth till
surface and younger lava is clearly visible (Fig. 10E).

In the southernmost part of Jan Mayen, at elevations
between 50 and 250 m a.s.l., thick till covers the smooth
and low-gradient areas close to Vøringen and Ronden
(Figs 2B, 4B, 11A, B). Thick moss often prevents closer
observations. In places, however, erratic boulders are
found. Where exposed, the till matrix is found to be
sandy. Patterned ground and solifluction lobes are
common where till covers the ground.

Ontopof the seacliffatKappWien in the southeastpart
of the island (Fig. 2B), a thin cover of sandy till occurs at
elevations spanning 20 to 120 m a.s.l. The surface is
smoothwith fewerraticboulders.Astratigraphical section
in the cliff exposes a sedimentary succession and under-

Fig. 5. Tillplains inNord-Jan.SeeFig. 2Bfor locationofsites.A.Patternedgroundontillplainclose tosea levelatLibergsletta.B.Till coverontop
of theScoresbybergetmountainplateau.C.Smoothsurfacecoveredbytill (to the left) andthe roughsurfaceofmoss-coveredpostglacial lava(to the
right) close toKrosspyntsletta. D. Boulder-rich till coveredwithmoss at Essefjellet. The largest boulder is about 1.5 m in diameter. [Colour figure
can be viewed at www.boreas.dk]
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lying volcanic rock (Fig. 11C). It shows from the base
upwards an approximately 1-m-thick till covered by
volcanic ash, lapilli and a thin horizon containing organic
material. A thin till occurs at the top of the section.

The almost flat and smooth surface of Blindalstop-
pane (636 ma.s.l.) (Fig. 2B) consistsof sandygravelly till
(Fig. 11D). Polished pebbles are found, as well as a few
boulders with maximum diameters of about 60 cm.

Chronology

K-Ar and 40Ar/39Ar ages

Volcanic rocks underlying till or interpreted to havebeen
erupted during the last glaciation or deglaciation were
selected for K-Ar and 40Ar/39Ar dating (Fig. 12,
Table 1). Rocks underlying surficial till in Nord-Jan
(coastal cliff at sites JM49, Kapp Fishburn and JM57,
Kapp H�ap) yielded ages of 47.6�6.3, 58.6�6.1 and
60.0�6.6 ka (Fig. 13). Volcanic dykes extending verti-

cally towards the surface (i.e. coastal cliff at site JM08,
Kapp Fishburn) are covered by till at the surface, and
yielded an age of 25.4�2.4 ka (Fig. 13). These dykes
were emplaced after the eruption that formed the major
cliffs at Kapp Fishburn and Kapp H�ap and were likely
formed subglacially. In Midt-Jan basalt below till
(Fugleberget, site JM81) yielded an age of 76.2�3.4 ka
(Fig. 13). Adjacent to this sample site, the pinnacle of
Domen (site JM68) exhibits a fresh and jagged topogra-
phy. In Domen there is a transition from subglacially
formed hyaloclastite to subaerial lava, both resulting
from the same eruption. Thus, this eruption started
beneath glacier ice before protruding through the glacier
surface.Adyke formedduring this eruptionwas dated to
21.5�2.6 ka (Fig. 13).

Cosmogenic exposure ages

Erratic boulders and glacially eroded bedrock were
sampled for TCN dating (Fig. 12, Table 2). All sites in

Fig. 6. Glacial features inNord-Jan. For location of sites, see Fig. 2B.A.Outwash plain and lateralmoraine (black arrows, see also Fig. 5A) near
Hochstetterkrateret and Libergsletta. B. Meltwater channels (black arrows) eroded into till next to the Scoresbyberget mountain. C. Fluted till
surface and glacier-polished bedrock (roche moutonn�e) close to the present glacial margin at Broxrabban. D. Close-up of the glacier-polished
bedrock surface in C showing striations of the porous volcanic rock. Compass for scale. [Colour figure can be viewed at www.boreas.dk]
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Sør-Jan andMidt-Jan, i.e. sites from areaswhere past ice
cover has previously not been confirmed (Fitch 1964;
Imsland 1978), are included in this study. In Nord-Jan
only sites from the southwestern part of the region, i.e.
mostdistal topresentlyglaciatedareas, are reportedhere.
Areasproximal to the presentlyglaciatedMountBeeren-
berg will be discussed in a separate paper focusing on
Lateglacial and Holocene glacier variations. The TCN
dates are plotted separately for the three regions vs.
elevations above sea level (Fig. 14).

In Sør-Jan the cosmogenic exposure ages range
between 23.1�3.6 and 7.9�1.6 ka. The oldest ages are
fromBreidfjellet and Svartfjellet (Fig. 2B), at elevations
between ~250 and 350 m a.s.l. There is a trend towards
slightlyyoungerageswithhigherelevationamongst these
mountains, although the youngest ages obtained are
fromtheKappWien site (Fig. 2B)at~130and30 ma.s.l.

In Midt-Jan the oldest ages of 19.8�1.8 to
19.7�1.7 ka are from sites at low elevations (Mohnber-
get andL�agheia,Fig. 2B).These twodates areboth from
bedrock exposures. At L�agheia, two additional samples
from blocks resting on till yielded ages of 12.3�1.8 and
10.1�1.5 ka. Another sample yielded an anomalously
low age of around 2.2 ka. At Slettfjellet and Antarcti-
caberget, from elevations above ~200 m a.s.l., ages span
13.8�2.5 to 11.3�2.4 ka (Fig. 2B).

In Nord-Jan the oldest age of 19.2�2.5 ka was
obtained from theEssefjellet area, 160 ma.s.l. (Fig. 2B),

whereas all the other dates are from slightly lower
elevations and span 14.3�1.5 to 12.1�1.2 ka.

Radiocarbon ages

Radiocarbon ages were obtained from only two sites
(Fig. 12, Table 3). The lakeNordlaguna (Fig. 2B) age of
16 028–17 035 cal. a BP from sample JM-NL2 is from
resedimented plant fragments collected from the lower
part of a sediment core in Nordlaguna. At Kapp Wien,
unidentified organic material collected from volcanic
deposits ~2.5 m below the uppermost till was dated (site
JM84B, Figs 2B, 11C) in the 1970s but remained
unpublished. The calibrated age of this sample,
10 231–11 098 cal. a BP, is close to the oldest TCN age
from this site (10.6�1.6 ka; Fig. 14), the implications of
which are discussed below.

Discussion

Ice cap over Jan Mayen

Glacier ice constitutes about 30% of the island’s total
area (Orheim 1993) and some outlet glaciers extend all
the way down to present sea level. Still, it has been
questionedwhether themiddle and southern parts of the
island have ever been glaciated (Imsland 1978). These
conflicting views partially arose from the extensive

Fig. 7. Directions of glacial striations. Icemovement direction towards the head.Head alsomarks site location. Topography is shownwith 200 m
contour interval. [Colour figure can be viewed at www.boreas.dk]
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postglacial volcanism but were compounded by a lackof
systematic glacial geological studies until now. We have
mapped till, glacial erratics, glacial striae and meltwater
channels over large parts of the island (e.g. Figs 4B, 7).
The extent of till in Nord-Jan indicates that glacier ice
formerly extendedover theplains to thepresent coastline
(e.g. Fig. 5A). Till is also located on isolated mountain

plateaus above 300 m a.s.l. (e.g. at Essefjellet, Scoresby-
berget andWildberget, Fig. 5B,D). Similarly,meltwater
channels are situated 120–130 m above present progla-
cial meltwater systems (at Scoresbyberget, Fig. 6B).
These observations suggest that glacier ice formerly
extended at least to the present coastline, and that these
glaciers were much thicker than those extending to

Fig. 8. Till plains and glacial features in Midt-Jan. For location of sites, see Fig. 2B. A. Overview of the plateau areas L�agheia, Eimheia and
Slettfjellet ofMidt-Jancoveredby till. SouthwestwardviewfromPukkelryggen.B.Till cover atMohnberget.C.Striatedboulderat the till surfaceat
L�agheia.D.Till coveredwithmossatEimheia.E.Till coveratSlettfjellet.Note theveryflat surfaceandnearabsenceof largecobbles.F.Striationson
bedrock at the coastal cliff of Antarcticaberget. Knife is about 35 cm long. [Colour figure can be viewed at www.boreas.dk]
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Holocene moraines in the southeastern part of Nord-
Jan.

In Midt-Jan till is ubiquitous in areas containing
volcanic rocks belonging to the Nordvestkapp and
Havhestberget formations (Fig. 4). The occurrence of
till over large, rather levelled areas at different elevations
(Fig. 8A) indicates a formerly thick, continuous ice
cover. The till at Slettfjellet (Fig. 8A, E) extends to the
edgeof the~200-m-high coastal cliff atAntarcticaberget,
where striated bedrock is exposed (Fig. 8F). This till
mantling the west coast, along with till at Pukkelryggen
on the east coast (Fig. 9D), supports the notion of a
formerly continuous ice cover extending to at least the
present coastline.

Abandoned meltwater channels in both Midt- and
Sør-Jan also record former glacier extents. These chan-
nels commonly occur in locations and at elevations that
cannot be explained without the former presence of
melting glacier ice and additionally, they may indicate
earlier periods of significant erosion (e.g. Figs 9C, 10D,
E). The subglacially formed volcanic tindar close to
Pukkelryggen, which rises to about 230 m a.s.l.

(Fig. 9D), also clearly indicates a once continuous and
thick ice cover over the island.

Similarlyas inMidt-Jan, till deposits inSør-Janmainly
occur on rocks from the Nordvestkapp andHavhestber-
get formations and, in some cases on the oldest strata of
the Inndalen formation (Figs 4, 11A, B, C). Till and
other glacial landforms and sediments occur at coastal
cliffs and plateaus at differing elevations (Figs 10, 11),
indicating that the entirety of Sør-Jan was covered by a
thick glacier extending at least down to the present sea
level. The highest recorded occurrence of till is at the flat
area of Blindalstoppane (636 m a.s.l., Figs 2B, 11D), an
area affected by strong wind deflation.

Our data strongly support the conclusion that all
onshore areas (existing at the time of deglaciation)
were covered by a large ice cap during the last
glaciation. As one might expect striations are more
abundant in Nord-Jan than in areas farther south,
showing mainly a radial pattern extending from
Mount Beerenberg (Fig. 7). It is noted, however, that
outside the Beerenberg area, there is an absence of
striae recording formerly eastward ice flow.

Fig. 9. Glacial features in Midt-Jan. For location of sites, see Fig. 2B. A. Arcuate moraine ridge incised by a meltwater channel at Eimheia. B.
Abandonedmeltwater channelwith a lag of rounded cobbles and boulders draining towards the bayofMariaMusch. C. 2 to 3mdeep abandoned
meltwater channel at L�agheia incised through volcanic ash. Person for scale. D. Tindar close to Pukkelryggen, L�agheia. black arrow indicates the
start area of the abandoned meltwater channel shown in C. View fromNeumayertoppen. [Colour figure can be viewed at www.boreas.dk]]
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Ice cap extent and geometry

As mentioned above there is strong evidence that Jan
Mayen was covered by glacier ice during the last

glaciation. However, there are little data constraining
former glacier extent beyond the present coastline.
Judging from the available bathymetry, large areas to
the south and southeast may have been subaerially

Fig. 10. Glacial deposits and features in Sør-Jan. For location of sites, see Fig. 2B. A. Surface covered by till west of Kubbestolen. B. Thin and
discontinuous till east ofKubbestolen.C.Thick coverof till at the lower areaof Svartfjellet.D.Meltwater channel cutting throughboulder-rich till
near the summit of Svartfjellet. Note that the channel originates from elevations slightly above the person. E. Smooth till-covered surface at
Svartfjellet and younger lava flow in the northeast. Meltwater channels (white arrows) are visible on the till surface. Satellite image provided by
Kongsberg Satellite Services AS. [Colour figure can be viewed at www.boreas.dk]
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exposed during the LGM sea-level lowstand (Fig. 15A).
Assuming a sea-level lowstand of –125 m (Clark &
Tarasov 2014), the coastline during the LGMmay have
been as shown in Fig. 15A; however, this does not
account for local glacio-isostatic effects and postglacial
submarine volcanism that may have altered the land-
scape.

Regardlessof themaximumextentof theLGMicecap,
some assumptions concerning former surface profiles
and, thus, glacier geometry may be made. In the north,
aroundMountBeerenberg, topography is very steep and
water depths exceeding 1000 m are present less than
5 km from the coast, which likely resulted in intensive
calving. Thus, ice thickness overMount Beerenbergmay
not have been very much different from today.

Shallowareaswithwaterdepthsbetween10and100 m
in coastal waters to the southeast and south may have
allowed further expansion and therefore thicker ice to
form, possibly resulting in a glacier profile such as that
shown in Fig. 15B. This raises the possibility for two, or
perhaps three, spreading centres during the LGM, one
overMountBeerenberg and a second or third coalescing
over the remaininghigh ground to the southaswell as the

adjacent shallow submarine areas. Despite a lack of
geological or geomorphological data, we suggest that,
based on glaciological constraints and considerations,
the ice growth over Mount Beerenberg was limited by
calving. Similarly, we suggest that southern Jan Mayen
supported the thickest glacier ice,which is independently
supported byour observations of till cover at the highest
elevations. One consequence of this conceptual model of
the former ice cap is that there was apparently a low
saddle between the northern and southern centres of ice
growth (Fig. 15B).

Age of the Jan Mayen ice cap and its deglaciation

A set of K-Ar and 40Ar/39Ar dates of volcanic rocks
underlying till (Fig. 13)wasused toprovide amaximum-
limiting age for the local inception of the last glaciation.
As one might expect, the spread in the obtained ages is
quite large. The youngest age representing a preglacial
eruption, 47�6.3 ka, is much older than inferred incep-
tion ages in other areas such as Greenland, western
Norway, and the continental shelf in the North Sea. Ice
growth during late MIS 3 and early MIS 2 is indicated

Fig. 11. Glacial deposits in Sør-Jan. For location of sites, see Fig. 2B. A. Thick till just east of Vøringen. B. Thick till southeast of Ronden. C.
Section at Kapp Wien where till covers the top and organic material occur in volcanic deposits ~3 m below the surface. Radiocarbon age of the
organicmaterial is shown in the sedimentary log.D.Thin coverof till at Blindalstoppane (in the foregroundof the photograph). [Colour figure can
be viewed at www.boreas.dk]
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from ice-cores in Greenland (GISP2, Meese et al. 1997;
NGRIP, NGRIP Members 2004). In western Norway,
key stratigraphical localities in caves containing deposits
of the �Alesund Interstadial (Mangerud et al. 2010)
constrain ice inception there to sometime after 34–
28 14C ka BP (Larsen et al. 1987; Valen et al. 1995). Ice-
freemarineconditionswithamelioratedclimatepreceding
the LGM are also indicated in the North Sea (east of
Shetland) during the time interval 39–29 ka (Sejrup et al.
2009). The Kapp H�ap section, from where the youngest
age was obtained (Table 1, Fig. 13), is located only 1–
2 km distal to the present ice margin, and 2.5 km east
of a large LIA moraine. Till in this locality may,
therefore, not necessarily imply a former ice cap of

substantially greater extent than that of the LIA.
Alternatively, the northern part of the island may have
been glaciated much earlier (and for a longer period)
than the lower areas to the south. Having said that,
we suggest that it is likely that the main phase of ice
cap growth on Jan Mayan was penecontemporaneous
with the onset of glacial expansion in the surrounding
North Atlantic, i.e. after 34 ka (Fig. 16). The geo-
graphical setting of Jan Mayen, far out in the
Norwegian-Greenland Sea (Fig. 1) and surrounded
by Arctic and Polar water-masses with available
moisture, supports this assumption.

According to Clark et al. (2009), global growth of the
last ice sheets towards their maximum extent occurred

Fig. 12. Location of the sites sampled for TCN (red circles), K-Ar and 40Ar/39Ar (blue circles), and 14C (yellow circles) dates. Site numbers shown
are given in Tables 1, 2 and 3 with the corresponding ages. Topography is shown with 200 m contour interval. [Colour figure can be viewed at
www.boreas.dk]
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between 33.0 and 26.5 ka, in response to decreases in
northern summer insolation, sea surface temperatures,
and atmospheric CO2 concentrations. Most ice sheets
reached their maximum position between 26.5 and 19–
20 ka. The timing of their maximum positions is,
however, highly variable, even for different regions of
the same ice sheet (e.g. Hughes et al. 2016; Larsen et al.
2016).

Some suggestions regarding the age of the maximum
positionof the JanMayen ice cap canbemade,despite an
absence of direct ages for known or hypothesized
maximum ice margins. K-Ar samples from two sites
yieldedmaximum-limiting ages for subsequent intervals
of glacial inundation. Kapp Fishburn (Fig. 2B), a
volcanic dyke interpreted to have formed when the area
was ice-covered, is dated to 25.4�2.4 ka (Table 1,
Figs 13,15).ThemountainDomen(Figs 2B,8B) started
to form subglacially, before protruding through the ice
surface.K-Ar data suggest that this eruption occurred at
21.5�2.6 ka (Table 1, Figs 13, 15), which may be
considered as a close constraint for deglaciation. From
the available data, we can only say that the ice cap
achieved its maximum extent sometime before

21.5�2.6 ka and after 47.6�6.3 ka. This is in agreement
with results from surrounding regions, such as the
western continental shelf of Icelandwhere themaximum
glacier position was reached at or just after c. 24 cal. ka
BP (20 14CkaBP,Norðdahl&P�etursson 2005), or in the
North Sea where the British–Irish Ice Sheet reached its
maximum c. 26–25 ka BP (Bradwell et al. 2019). More-
over, ice dome thinning in northern and western Spits-
bergen seems to have started between c. 26�2.3 and
20.1�1.6 ka (Gjermundsen et al. 2013; Hormes et al.
2013), suggesting a maximum position just prior to this,
which is in line with the ages of mass transported debris
on thewesternSvalbard slope, indicatinga fullyglaciated
shelf at c. 24 ka BP (Rasmussen et al. 2007; Jessen et al.
2010).

The oldest deglaciation ages we obtained are six TCN
ages from Sør-Jan (Svartfjellet and Breidfjellet) and
Midt-Jan (Mohnberget and L�agheia), which range
between 23.1 and 19.5 ka (Fig. 14). The most southerly
of these, fromBreidfjellet, yielded an age of 23.1�3.6 ka
(Table 2, Fig. 14), possibly indicating that the southern-
most part of Jan Mayen was deglaciated at this time,
although no other dates are available to corroborate this
interpretation. Five additional deglaciation ages from
this regionall clusterbetween21.4 and19.5 ka,whichwe
consider our best estimate for widespread deglaciation
on Sør-Jan and Midt-Jan (Fig. 16). The TCN ages are
supported byour interpretation that theK-Ar date from
Domenof 21.5�2.6 ka is close to the ageofdeglaciation.
Furthermore, from the area close to Domen, resedi-
mented terrestrial plant fragments collected from a lake
core fromNordlagunawere dated to 16 028–17 035 cal.
a BP (Table 3, Fig. 16), indicating that vegetation was
established by this time. Based on all these data we
conclude that deglaciation was underway at 21.5–
19.5 ka. This would indicate that deglaciation on Jan
Mayen was penecontemporaneous with other areas in
the North Atlantic region. As mentioned, ice dome
thinning over Spitsbergen might have started as early as
26 ka; however, increased thinning of the Svalbard-
Barents Sea ice sheet leading to rapid deglaciation from
the outer shelf took place sometime later, around 24 ka
BP (Bauch et al. 2001; Jessen&Rasmussen 2019). In the
Greenland Sea, just NNW of Jan Mayen, deglaciation
likely started later, around 19–18 ka, with freshwater
discharge directly from the Greenland Ice Sheet (Tele-
si�nski et al. 2014, 2015). Farther south, rapid deglacia-
tion of the western and northern shelf of Iceland started
around 18.6 ka BP (Andrews et al. 2000). New results
from the western shelf of Shetland indicate initial ice-
sheet retreat after 24.8 and before 23.8 ka BP (Bradwell
et al. 2019), and initial glacier retreat across the Dogger
Bank was complete by 23.1 ka (Roberts et al. 2018).
Cosmogenic 10Be ages from the outer coast of SW
Norway, in the path of the Norwegian Channel Ice
Stream (NCIS), suggest retreat about 22.0�2.0–
20.0�0.7 ka for the NCIS (Svendsen et al. 2015). An

Fig. 13. Resultsof theK-Arand40Ar/39Ardating, seeTable 1 formore
details. Geological interpretation to the right of the column.
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initial deglaciationof around21.5–19.5 ka in JanMayen
thus fits well with the suggested deglaciation ages from
surrounding regions.

Given the relatively small chronological data set for
Jan Mayen, the detailed pattern of deglaciation is
difficult to establish (Fig. 14). In Sør-Jan it seems that
deglaciation started at elevations of around 250–350 m
a.s.l. and close to the coastal cliffs of Svartfjellet and
Breidfjellet (cf. Fig. 10C, E). In contrast, the coastal site
at Kapp Wien yielded TCN ages younger than 11 ka
(Fig. 14, Table 2); however, subtill organic material in a
section dating to 10 231–11 098 cal. a BP (Fig. 11C,
Table 3) may indicate that the exposure ages actually
record deglaciation after a Younger Dryas advance
rather than initial deglaciation following the LGM
(Fig. 16).

Except for the TCN ages at Kapp Wien, the other
younger ages in Sør- and Midt-Jan, which span c. 14 to
10 ka (Fig. 14) cannot be unambiguously interpreted as
recording a pre-Younger Dryas deglaciation and subse-

quentYoungerDryasre-advance.Thedates should likely
be interpreted as recording gradual ice-marginal retreat
and glacier thinning. We suggest that the ages of
11.2�1.5 and 12.0�2 ka from the westward-facing
valley area west of Askheimtoppen, at almost 400 m
a.s.l. (Fig. 2B), record the timingof thedeglaciation.The
southward-facing Kapp Wien site might have been
deglaciated earlier and later overridden by a Younger
Dryas glacier re-advance; however, further studies need
to be undertaken to confirm this hypothesis.

In Nord-Jan, the oldest TCN age is from aboulder on
till at Essefjellet on the SW flank of Mount Beerenberg
(19.2�2.5 ka, Table 2, Fig. 14). Such an early deglacia-
tion correlates well with the radiocarbon age on terres-
trial plantmaterials inNordlaguna (located ~2 km from
Essafjellet), indicating deglaciation before 17–16 cal. ka
BP (Fig. 16). However, this scenario conflicts with the
two remainingTCNages fromEssefjellet and threeTCN
ages from nearby Slettfjellet, which are <13.8 ka. SWof
Sørbreen, a block on till also yields a younger age

Fig. 14. Results of the TCN dating plotted against elevation for the three regions Sør-Jan, Midt-Jan and Nord-Jan. For local place names, see
Fig. 2B.Datesaremarkedwithsquares (bedrock)andcircles (blockon till).Different coloursareonlyused todistinguish thedifferent geographical
areas from each other. The grey bar represents the oldest deglaciation age interval (21.4–19.5 ka) as implied by the dates. [Colour figure can be
viewed at www.boreas.dk]
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(12.6�1.5 ka), whereas two bedrock exposures date to
14.3�1.5and13.4�1.4 ka (Table 2,Fig. 14).Wesuspect
that the deglaciation in Nord-Jan was delayed on the
orderof a fewmillennia compared toMidt- and Sør-Jan,
and that ice-marginal retreat was not fully underway
until around 14 ka.

Initial deglaciation in Jan Mayen at 21.5–19.5 ka is
probably linked to increased northern summer insolation
from about 22 ka (Laskar et al. 2004), which, according
to Clark et al. (2009), was the primary triggering mech-
anism for the onset of deglaciation in the Northern

Hemisphere. The physiography of Jan Mayen (i.e. area,
hypsometry, shape; Fig. 15), may have rendered the
former ice cap prone to marine downdraw, especially in
Nord-Jan where deglaciation may have been delayed
compared to Midt- and Sør-Jan. We suspect that Nord-
Jan during this time was occupied by ice mass at least as
large as today, and that someof the glaciers claved in to the
sea.As all the youngest deglaciation dates are from sites at
elevations exceeding 100 m a.s.l., except at Mohnberget
which is located at 71 m a.s.l., it must be considered that
the timing and rate of ice-marginal retreat was affected by

Fig. 15. A. Probable maximum extent of the Late Weichselian ice cap of Jan Mayen, approximated by the ~125 m bathymetric contour
surroundingthe island.Thesuggestedextent isbasedon(i)documentationthat theglacierwasbeyondthepresentcoastline, (ii)documentationthat
theglaciercoveredthehighestpeaks inSør-Jan,and(iii) assumingthat theglacier-coveredshallowareasonthe shelfduringtheeustatic lowsea level.
B. Idealized S–N profile of the Late Weichselian ice cap maximum based on A and the bathymetric and topographic data. [Colour figure can be
viewed at www.boreas.dk]
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a rise in relative sea level. In Iceland, althoughdeglaciation
occurred somewhat later (around 18.6 ka BP at the shelf
west and north of Iceland), the ice sheet retreated rapidly
from the shelf after 15–14.7 ka BP, mainly controlled by
rising global sea level and a collapse of the marine-based
sector (Ing�olfsson &Norðdahl 2001; Norðdahl & Ing�olf-
sson2015).Eventhough local glacio-isostatic adjustments
in Jan Mayen are still unknown, one may infer a similar
scenario for JanMayen.

The data presented here suggest a link between initial
deglaciation, i.e. crustal unloading, and volcanic erup-
tions on Jan Mayen. The formation of Domen
(Fig. 8B), which started to form subglacially and
eventually protruded through the ice surface around
21.5 ka, may have been triggered by crustal unloading
during deglaciation. Tindar close to Pukkelryggen,
with its nearby meltwater channels (Fig. 9D), and the
deep meltwater channel at L�agheia incised through a
thick succession of volcanic ash (Fig. 9C), both
indicate volcanic eruption with ash fall on the former
glacier surface. These features, in addition to the
numerous lavas, domes, and tephra of unknown ages
(Fig. 4), may be linked to crustal unloading and an
intensified pulse of volcanic activity in Jan Mayen.

However, this hypothesis needs to be tested with
additional geomorphological mapping and the estab-
lishment of a more robust chronology.

Conclusions

We have integrated glacial deposits and landforms,
stratigraphy, and a new chronological data set to
reconstruct the glacial history of Jan Mayen. We have
focused on determining the former extent of the ice cap
and the timing of its growth and early decay during the
Late Weichselian. Our main findings are:

• The entire island of Jan Mayen was covered by a
continuous ice cap during the Late Weichselian.

• In Nord-Jan where glaciers exist at present, the Late
Weichselian ice cap advanced to the steep coast and
terminated at a calving tidewater margin.

• Sør- andMidt-Jan were covered by glacier ice during
LateWeichselian time, and the ice cap likely extended
onto the shallow marine areas southeast and east of
the island.

• The Late Weichselian ice cap was likely thicker over
Sør- andMidt-Jan than over Nord-Jan.

Fig. 16. LateWeichselianglacier history in JanMayen.Chronology is basedonK-and 40Ar/39Ar,TCNand 14Cdating results. S-J=Sør-Jan;N-J=
Nord-Jan; JM = JanMayen. See text for discussion.
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• Expansion of the Late Weichselian ice cap started
sometime after approximately 47 ka, though poten-
tially after 34 ka according to stratigraphical data
from other North Atlantic regions.

• The maximum extent of the Jan Mayen ice cap was
attained sometime before 21.5�2.6 ka, and deglacia-
tion was underway 21.5–19.5 ka.

• In Sør-Jan, deglaciation started at elevations above
200 m a.s.l. and by ~14.0–13.5 ka most of Sør- and
Midt-Jan were deglaciated.

• The deglaciation may have started later in Nord-Jan
than in the south, but by 17–16 cal. a BP vegetation
was established on the coastal southern flank of
Mount Beerenberg.
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