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The size of the last glacial ice sheet on the Northeast (NE)Greenland shelf and its interaction with ocean circulation
have been the subject of debate. Here we provide insights into the extent of the ice sheet around the Last Glacial
Maximum(LGM)and investigate timingandstrengthof changes in the flowofAtlanticWater.The study isbasedona
multiproxy investigation of a marine sediment core, gravity core DA17-NG-ST01-019G, from 323-m water depth at
the NE Greenland shelf edge at 79.4°N. We present benthic and planktic foraminiferal distribution data, AMS-14C
dates, sedimentological (ice-rafted debris (IRD) and grain sizes), and geochemical (XRF) data in combination with
geophysical (sub-bottomprofiler)data.Theoldest sedimentsat thestudysitearedatedto25.5–17.5 ka,encompassing
the timeframefromthebeginningof theLGMtotheearlydeglaciation.Thispart isoverlainbysediments fromthe late
deglaciationandHolocene.Thedepositsdating fromtheLGMareveryrich inbothplankticandbenthic foraminifera
and macrofossils of excellent preservation. The faunas show that the site generally was affected by a strong flow of
relatively warm subsurfaceAtlanticWater during the LGMandEarlyHolocene. Conditions turnedmore polar with
cold bottom water flow in the Middle–Late Holocene (c. 7.5 ka to Recent) with presence of mainly agglutinated
benthic foraminiferal species. Our data from the LGMalso indicate that the depositsweremixed by iceberg scouring,
confirmed by the geophysical data showing extensive ploughing of the sediments on the outer shelf area. The results
further indicate that theGreenland Ice Sheet did not reach to the edge of theNEGreenland shelf at 79.4°Nduring the
LGM 24–18 ka.
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The Greenland Ice Sheet is melting rapidly losing more
than200 Gtyear�1of ice in recentyears (VandenBroeke
et al. 2009; Mouginot et al. 2019; Mankoff et al. 2021;
Simonsen et al. 2021) due to increasing global atmo-
spheric temperatures and oceanwarming (e.g. Luckman
et al. 2006; Howat et al. 2007; Holland et al. 2008;
Lindemann et al. 2020; Schaffer et al. 2020). The
southern and western margin of the inland ice
reacted first, then further north in the western section
(e.g. Howat et al. 2007; Van den Broeke et al. 2009;
Bjørk et al. 2012; Rignot & Mouginot 2012; Kjeldsen
et al. 2015; Mouginot et al. 2015; Khan et al. 2020).
Recently, the large ice streams facing the NE Greenland
shelf (e.g.Nioghalvfjerdsfjorden andZachariae glaciers)
have accelerated in melting and calving (Rignot &
Mouginot 2012; Mouginot et al. 2019; Lindemann
et al. 2020; Schaffer et al. 2020). However, not much is
knownabout thehistoryof the ice sheetofNEGreenland
and its general sensitivity to atmospheric and ocean
warming. Even to this day it remains a controversy
among scientists if the ice sheet reached the shelf edgeor
not during theLastGlacialMaximum(LGM,24–18 ka;

Lisiecki & Raymo 2005). The timing and pattern of ice
retreat in NE Greenland during the deglaciation c.
18–10 ka are not well known, either.

The Fram Strait is today the only deep-water
connection between the North Atlantic and Arctic
Oceans and forms a major conduit for exchange of
warm Atlantic Water and cold Polar Water. The East
Greenland Current (EGC) flows southwards along
East Greenland to the Denmark Strait and part of this
water-mass enters the Atlantic Ocean. It carries cold,
low-saline Polar SurfaceWaterwith sea ice and icebergs
coming via the Trans-Polar Drift in the Arctic Ocean.
The Polar Water overlays Atlantic Intermediate Water
(AIW, i.e. Return Atlantic Water (RAW) and Arctic
Atlantic Water (AAW)) and Arctic Ocean and Green-
land Sea deep waters (e.g. Swift 1986; Aagaard &
Carmack 1989; Hopkins 1991; Rudels et al. 2002,
2005; see details below; Fig. 1A, D). The variability
of theEGCand sea ice coveron theNEGreenland shelf
has been investigated for the Holocene inter-
glacial (Notholt 1998; Syring et al. 2020a, b; Davies
et al. 2022; Pados-Dibattista et al. 2022). So far, no
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core studies have targeted the palaeoceanographic
conditions over the NE Greenland shelf during the
last glacial period and the early deglaciation and the
timing in relation to ice-sheet dynamics.

The NE Greenland shelf with its extensive, near-
permanent sea ice cover has proven difficult to access for
detailed geological surveys and sediment sampling.
Patchy acoustic and shallow seismic surveys have been
conducted in recent years (Evans et al. 2009; Arndt
et al. 2017; Laberg et al. 2017; Olsen et al. 2020) with a
more comprehensive bathymetry published by Arndt
et al. (2015). The results of these studies have been
interpreted to indicate that the NE Greenland Ice Sheet
reached to the shelf edge across most or all of the region

(Fig. 1A). However, although these investigations have
shown clear glacial landforms across the shelf, they do
not offer any certain information of their age. Terrestrial
and coastal studies have indicated that the ice sheet only
reachedonto the inner parts of the shelf during theLGM
(e.g. Funder et al. 2011 and references therein), while
somemarine studies have indicated that the ice sheetmay
have reached to the mid-shelf (Evans et al. 2002;
Winkelmann et al. 2010) (see also reviews by Vasskog
et al. 2015 and Arndt et al. 2017). Studies on deposi-
tional patterns on the NE Greenland slope (72–75°N)
have also suggested that ice streams did not reach the
shelf edge during the late Weichselian (Wilken &
Mienert 2006).
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Fig. 1. A.Mapof northernNordic Seas (see overviewmap inC)with locationof coreDA17-NG-ST01-019G (19G) andmajor currents indicated;
blue arrow = East Greenland Current (EGC); red arrow = West Spitsbergen Current (WSC). RAC = Return Atlantic Current; AAW = Arctic
Atlantic Water; PW = Polar Water; ZI = Zachariae Isstrøm; 79G = Nioghalvfjerdsfjorden Glacier. Bathymetry from IBCAO v4 (Jakobsson
et al. 2020) andpositionof theNortheastWaterpolynya fromSørensen (2012).Yellowstippled linesmarkminimum(basedonFunderet al. 2011
and Gowan et al. 2021) and maximum (based on Evans et al. 2009) limits of the NEGreenland Ice Sheet. Core records discussed in the text are
marked in red. B. Detail of outer NEGreenland shelf areawith sub-bottom profiler lines and location of core 19Gmarked. Bathymetry (m) from
Arndt et al. (2017). Dark blue line shows location of seismic profile shown in Fig. 2A, and light blue line, the seismic profile shown in Fig. 2B. D.
CTD (conductivity, temperature, depth) data from the core site with main water-masses indicated. PSW = Polar SurfaceWater.
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Here, we report results from a sediment core taken on
theNEGreenland shelf edgeat 79.4°N(Fig. 1A–C).The
purpose of this investigation is to reconstruct the
environmental development and past flow of the Polar
andAtlanticWater over the shelf and to determine if the
ice sheet reached our core site during the LGM. The
study is based on detailed AMS-14C dating, distribution
patterns of planktic and benthic foraminiferal assem-
blages, together with sedimentological, geochemical
(XRF core scanning) and geophysical data, combining
sediment coredatawith shallowseismic surveydata from
the area.

Study area

The Fram Strait is bordered to the west by the NE
Greenland shelf with an average water depth of ~300 m.
It spans ~300 km at its widest point at ~77°N (Fig. 1A,
C). It is of rugged topography with several shallow
banks (part of the Inter-Trough Bank Area; Fig. 1A)
surrounded by deep cross-shelf troughs from former ice
streams (Westwind Trough and Norske Trough) (e.g.
Jakobsson et al. 2012; Arndt et al. 2015). The troughs
are ~310 and 325 m deep at the shelf edge, respectively,
and each deepens westward towards land to >500 m
water depth (Arndt et al. 2015). Morphologically, the
shelf is characterized by numerous features witnessing
the past activity of an ice sheet such as grounding zone
wedges, retreat moraines, subglacial lineations, and
numerous iceberg ploughmarks: the latter especially at
the mid- and outer shelf (e.g. Evans et al. 2009;
Winkelmann et al. 2010; Arndt et al. 2015).

The NE Greenland shelf area is covered by sea ice for
most of the year. The shelf is also affected by icebergs
coming from the Arctic Ocean, or derived from several
large, fast flowingmarine-terminating ice streams,namely
Nioghalvfjerdsfjorden Glacier, Zachariae Isstrøm, and
Storstrømmen(Fig. 1A).These ice streamstogetherdrain
about 16% of the Greenland inland ice (Rignot &
Mouginot 2012;Mouginot et al. 2015).Numerous poly-
nya are present in the inner part of the shelf, where the
NortheastWater Polynya is the most stable and the most
studied example (e.g. Newton & Rowe 1995; Kohfeld
et al. 1996; Syring et al. 2020a, b; Fig. 1A). In the
polynya with seasonal open water conditions, productiv-
ity is high for apolar environment, and thus can support a
richer foraminiferal fauna than in areas under permanent
sea ice cover (Newton & Rowe 1995).

In the eastern Fram Strait, the West Spitsbergen
Current (WSC) carries warm Atlantic surface water
along the Svalbard Archipelago and into the Arctic
Ocean (Fig. 1A). In thewesternFramStrait over theNE
Greenlandshelf, the southwardflowingEGCbrings cold
Polar Surface Water, and warmer subsurface AIW (e.g.
Rudels et al. 2002, 2005; De Steur et al. 2009; Zamani
et al. 2019; Fig. 1A). The bottom water of the banks of
the inner NE Greenland shelf is primarily influenced by

the relatively coldArcticAtlanticWater (AAW),which is
derived from the AIW after it has circulated the Arctic
Ocean at subsurface levels (e.g. Rudels et al. 2002, 2005;
De Steur et al. 2009; Zamani et al. 2019; Fig. 1A). The
bottomwater of the outer part of the shelf south of 79°N
is influenced by the warmer subsurface Return Atlantic
Water (RAW; Rudels et al. 2005; De Steur et al. 2009).
TheRAWis transported by the ReturnAtlantic Current
(RAC), which diverges from the WSC towards the East
Greenland slope and shelf before flowing south towards
the Denmark Strait (Fig. 1A). The warm RAW also
reaches the inner shelf through the deep troughs crossing
the shelf, causing increased melting rate of the marine-
terminatingglaciers, inclusive theNioghalvfjerdsfjorden
Glacier (Lindemann et al. 2020; Schaffer et al. 2020).
The RAW forms the warmest part of the Atlantic Water
of the EGC, while the AAW entering from the Arctic
Ocean is considerably colder (e.g. Rudels et al. 2002,
2005). Differences in temperature and salinity cause the
water column to be strongly stratified between the upper
Polar, cold layer and the warmer and saltier AAW/RAW
underneath.

Ourcoresite is located inasoutheast facing inleton the
northeastern outer part of the Inter-Trough Bank Area
close to themouth of theWestwind Trough (Fig. 1A, B).
The inlet opens towards the slope, forming aminor shelf-
edge inlet (Fig. 1B). Thewater depth at themouth of the
inlet is 330 m, i.e. similar to the water depth in the outer
Westwind Trough.

Material and methods

CTD profile

Aconductivity-temperature-depthprofile (CTD;DA17-
NG-ST01-001CTD) was measured down to 320.9-m
depth along a vertical depth profile at latitude
79°37.2360N, longitude 006°03.5350W using the SEA-
BIRD 911 system of RV ‘Dana’, to identify the different
water-masses.

Sediment core handling and data

Gravity core DA17-NG-ST01-019G (hereafter core
19G) was taken at 322.5-m water depth inside the shelf-
edge inlet at 79°38.0270N,006°03.0700Won13thSeptem-
ber 2017 during a cruise with RV ‘Dana’ to the NE
Greenland shelf (NorthGreen2017 Expedition; Sei-
denkrantz et al. 2018; Fig. 1A, B).

Onboard, the 1.51-m-long gravity core was divided
into ~0.5 and 1 m sections and stored at ~3 °C. After
return to the laboratory at Aarhus University, the core
sections were split lengthwise, and the sediment
described. The archive halves of the core were scanned
with an Itrax X-ray fluorescence (XRF) core scanner
(Cox Analytical) at the Department of Geoscience,
Aarhus University, Denmark. The scan was performed

BOREAS Northeast Greenland: ice-free shelf edge around the LGM 761
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with a molybdenum tube at a step size of 200 lm, with a
10-s exposure time (voltage: 30 kV, current: 40 mA).The
corescanningprovideda line scan image,which isa2-cm-
wide radiographic image of the centre of the core
(voltage: 60 kV; current: 50 mA; exposure time:
2000 ms).Theobtainedradiographic imagewasdigitally
enhanced by processing the raw data files using the
algorithm presented by L€owemark et al. (2019). The
colourof theradiographic image isameasureof sediment
density. From the results of the scanning of the bulk
geochemical composition,weshowtheelement countsof
Fe (in countsper second, cps) and the ratioofCa/Fe.This
ratio reflects the content of mainly biogenic CaCO3

compared to Fe that reflects the detrital, terrigenous
component of the sediment supply (Richter et al. 2006;
Rothwell & Croudace 2015). The magnetic susceptibil-
ity was measured every 0.5 cm using a Bartington
magnetic susceptibility system, with a MS2E high-
resolution point-sensor and a MS2I Sensor, mounted
within the ITRAX core scanner.

Theworkinghalvesof the gravity corewere sampled in
1-cm-thick slices at 4-cm intervals for foraminiferal and
grain-size analysis. The wet samples were weighed and
directly sieved over sieves with mesh-sizes 0.063, 0.100
and 1 mm. The sample residueswere dried andweighed,
andweight percent of each size fraction calculatedvs. the
samplewetweight.The size fraction>1 mmwascounted
for ice-rafted debris (IRD) and concentration (number
per gram wet weight sediment) was calculated. Planktic
and benthic foraminiferawere counted in the 0.1–1 mm
size fraction (>250–>300 specimens of each) andnumber
of specimens per gram wet sediment was calculated.
Most samples were very rich in foraminifera >0.1 mm.
The size-fractions 0.063–0.1 mm were checked for
foraminiferal content; the lower part 151–60 cm down
core was practically barren of foraminifera. In the
interval 50–30 cm, a low number of the same species as
occurring in the size-fraction 0.1–1 mm were found,
while in the upper 30 cm, a few agglutinated specimens
occurred.Weare thereforeconfident that results fromthe
counts of the 0.1–1 mm size fraction are reliable.

Benthic and planktic foraminifera were identified to
species level in most cases. Species of small Elphidium
and Buccella were only identified to genus level and
miliolid species were grouped as ‘miliolids’. Relative
abundances of planktic foraminiferal species were
calculated based on the planktic assemblage alone,
while those for the benthic foraminifera were calculated

based on the total benthic calcareous and agglutinated
assemblages. A complete list of encountered species is
found in Table S1.

The lower part of the core contained numerous well-
preserved foraminifera, while samples in the upper
30 cm were very low in foraminifera and consisted
mainly of agglutinated species and no planktic forami-
nifera. In two samples (24.5 and28.5 cm), only 16 and82
benthic specimens, respectively, could be obtained in
total.

Planktic/benthic ratios were calculated by dividing
concentrations of planktic by concentrations of benthic
specimens. For planktic foraminifera, small shell frag-
ments of specimenswere counted on a semi-quantitative
basis (only a few squares on the picking tray were
counted) and concentration calculated. Percent frag-
mentation was calculated as number of fragments
relative to the concentrationofwholeplanktic specimens
plus fragments. All percentage data of themost common
species, and absolute abundances can be found in
Table S2.

Acceleratormass spectrometry (AMS) 14C datingwas
performed on mixed benthic (excluding miliolids) and
planktic foraminiferal faunas or macrofossils (encrust-
ing bryozoans and a fragmented bivalve Portlandia
arctica) at thedating facilityat theDepartmentofPhysics
and Astronomy, Aarhus University, Aarhus, Denmark
(Table 1). The 14C dateswere calibrated to calendar ages
before the year 1950 using the Calib7.04, Marine13
program adding a DR value for NE Greenland of
150 years (Reimer et al. 2013; Table 1).

Geophysical data

The geophysical data comprise sub-bottom profiles
acquired with a parametric Innomar SES-2000 Deep
instrument hull-mounted on RV ‘Dana’. A low fre-
quency (LF) ping signal of 6 kHz, emitted with four
pulses at a time, and a recording length of 30–50 m was
used. Post-cruise processing of the data included correc-
tions of navigation issues, application of a swell filter to
reduce some of the effects from heave variations, and
some smoothing of the data by stacking. Data interpre-
tation was done using the IHSMarkit Kingdom seismic
interpretation software and included identification of
seabed morphologies such as iceberg ploughmarks and
mapping of sediment basins and some deeper structures
(Fig. 2). A sediment velocity of 1600 m s�1 and awater

Table 1. Radiocarbon dates and calibrated ages for core DA17-NG-ST01-019G.

Depth (cm) AMS14C age (a BP; 1r error) Cal. age(a BP; 1r error) Lab. code d13C AMS Material

32.5 8721�38 9210�69 AAR-30033 3�1 Mixed P. and B. foram.
72.5 16 717�91 19 499�133 AAR-30036 0�1 Bryozoan
92.5 18 287�109 21 470�182 AAR-30035 �1�1 Bryozoan
124.5 14 929�69 17 520�108 AAR-30034 0�1 Portlandia arctica fragment
150.5 21 714�119 25 520�138 AAR-29384 3�1 Mixed P. and B. foram.

762 Tine L. Rasmussen et al. BOREAS
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column velocity of 1500 m s�1 were used for depth
conversion.

Results

CTD data

The CTD data acquired at the core location show
presence of AAW at the bottom with temperature
around 0.66 °C and salinity of 34.84 psu (Fig. 1D; e.g.
Rudels et al. 2005). Polar Surface Water with temper-
ature of ~�1.5 °C and salinity down to 31 psu occurs
between ~20 and 150 m water depth. At the surface a
thin layer of low saline Polar Water with slightly higher
temperature occurs (T = �0.5 °C, S = 29.29 psu)
interpreted as a summer mixed layer of meltwater
warmed by the sun.

Lithology, grain sizes and foraminiferal content

Core 19G consists mainly of fine silty clay of light grey
colour (Fig. 3, left column). The presence of a 1–2 cm
thick oxidized layer at the core top and of a few diatoms
and radiolarians in the top 0–1 cm sample indicates that
most of the surface sediments are preserved. The lower
part of the core (151–58 cm) consists of a diamicton of
relatively coarse, unsorted sediments (>12–15% coarse
clasts >1 mm and 10–15% between 0.1 and 1 mm by
weight) in a relatively fine-grainedmatrix (Fig. 3E). The
X-ray scan image shows variable density, especially in
the lower part below 110 cm indicating that the deposit
is not entirely uniform and massive (Fig. 3A; high-
resolution images of the XRF core scan can be found in
Fig. S1). The sediment contains abundant planktic and
benthic foraminifera and numerous macrofossils,

00010 2000 3000 4000
0.370

19G

0.390

0.410

0.430

0.450

SSW NNE

500 m

10 m

VE x 25

Ampl
+

-

0

B

Parallel with Fig. 2A

TW
T 

(s
)

Distance (m)

Conformable stratified reflections N2017_20170913_092441

Acoustic
ally 

impenetra
ble

Plough-marked diamicton?

Discrete low-amplitude reflections

19G
Conformable stratified reflections

Base of stratified unit
100 m

5 m

0 2000 4000 6000 8000 10 000 12 000 14 000 16 000 18 000 20 000 22 000 24 000 26 000 28 000 30 000
0.340

19G

0.360

0.380

0.400

0.420

0.440

0.460

SSW NNE

1 km

10 m

VE x 100

Ampl
+

-

0

A

Parallel with Fig. 2B

TW
T 

(s
)

Distance (m)

N2017_20170913_070923 

Aco
us

tic
all

y i
mpe

ne
tra

ble

Rugged seabed reflection with point diffractions and side-swipes

Conformable 
stratified reflections

Discrete low-amplitude reflections

500 m
5 m

Fig. 2. Sub-bottom profiler data showing the 19G core site in relation to the bathymetry and seabedmorphology. South andwest of the core site,
note rugged seabed with numerous incisions indicative of iceberg scouring (A= dark blue line in Fig. 1B). Close to the core site, the seabed is
underlain by a unit with stratified reflectors of 1–3 m thickness, decreasing in thickness towards the core site 19G (B = light blue line in Fig. 1B).
TWT = two-way-travel time. For depth conversion of the TWT, a sediment velocity of 1600 m s�1 and a water column velocity of 1500 m s�1

are used.
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including fragile sessile bryozoans (Fig. 4B, C). The
content of IRD (no. IRD g�1 wet weight sediment) is
relatively stable and consists mainly of quartz and some
reddish feldspar-rich granite fragments. The concentra-
tions of benthic andplanktic foraminifera (no.B g�1 and
P g�1 wet weight sediment, respectively), planktic/
benthic (P/B) ratio, and percent planktic foraminiferal
fragmentation shownearly constant values (Fig. 4). The
interval ~46–30 cm shows a decrease in concentration of
IRD and a varying, but high number of foraminifera,
accompanied by a rise in % fragmentation. At ~40 cm, a
marked change is seen in the X-ray scan indicating a
change from high density sediments to low density
sediments (Fig. 3A); however, most other parameters
show no change at this point (Figs 3–5; see below). At
32 cm, a sharp peak in IRD is seen (Fig. 4A). Except
for this IRD peak, the upper 40 cm consist mainly of
fine clayey sediment without any coarse material
(Fig. 3E).

The magnetic susceptibility record shows highest
values in the lower part (151–58 cm), slightly lower
values from 58 to ~25 cm, and lowest values in the upper
~25 cm (Fig. 3B). The Fe counts show a characteristic
peak at 58–56 cm (Fig. 3C) above a clear and sharp
lithological boundary as seen in theXRF-image (Figs 3,
S1). The Ca/Fe ratio shows high values in the lower

151–58 cm interval, medium values in the 58–~30 cm
interval, and very low values in the upper ~30 cm
(Fig. 3D).Generally, the concentrations of foraminifera
and macrofossils follow the Ca/Fe ratio, indicating
highest content of CaCO3 in the lower, coarse part,
medium in the foraminifera-rich part (but of high %
fragmentation of planktic foraminifera), and lowest in
the upper 24 cm, where mostly agglutinated foramini-
fera are preserved (Figs 3D, 4B, C, G).

Benthic and planktic foraminiferal species distributions

Three main planktic foraminiferal species were found:
Neogloboquadrina pachyderma, Turborotalita quin-
queloba and Neogloboquadrina incompta. Turborotalita
quinqueloba only occurs in sediments below 58 cm.
Globigerinita glutinata is rarewith sporadic occurrences.
The planktic fauna is entirely dominated by N. pachy-
derma (89–98%; Fig. 4F). There are no planktic
foraminifera in the top 27 cm of the core.

The benthic foraminiferal faunas consisted of >42
calcareous species/species groups and >16 agglutinated
species/species groups (exclusive of suspected reworked
species; see Table S1). For the benthic foraminifera, we
focus mainly on calcareous species with relative abun-
dance above 5% in at least one sample, except for the
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764 Tine L. Rasmussen et al. BOREAS

 15023885, 2022, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/bor.12593 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [27/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



miliolid species Triloculina trihedra that despite never
exceeding 2% is persistent in the glacial samples
(Fig. 4H).

The benthic fauna is dominated by Cassidulina reni-
forme, Cassidulina neoteretis and Cibicides lobatulus,
followed by Elphidium clavatum, Elphidium hallandense,
Buccella spp. and Islandiella spp. (predominantly I. nor-
crossi) as accessory species. Trifarina fluens is present in
one sample at close to 10% but is otherwise very rare
(Fig. 5J).Melonis barleeanus andAstrononion gallowayi
are both present below 27 cm, but rarely exceed 5%,
while miliolid species (predominantly T. trihedra) and
Glabratella arctica are only found below 58 cm not
exceeding 4 and 3%, respectively (Fig. 5; Table S2).
Nonionellina labradorica and Stainforthia loeblichi show
a consistent presence, not exceeding 2%. Pullenia bul-
loides and Alabaminella weddellensis (the latter also
calledEpistominella nipponica in theBarentsSea;Hald&
Steinsund 1992) are rare and only present in a few
samples (Table S2).

Above 27 cm, most calcareous species decline rapidly
and disappear, and the benthic foraminiferal fauna
consists almost entirely of agglutinated species of low
concentration (Figs 3G, 4). This fauna is dominated by
Ammoglobigerina globigeriniformis, Portatrochammina
bipolaris, Lagenammina difflugiformis, Reophax scorpi-

urus and Adercotryma glomerata. Deuterammina mon-
tagui reaches up to 7% andReophax fusiformis to almost
6%, otherwise most other species (Recurvoides turbina-
tus, Spiroplectammina biformis, Cribrostomoides crassi-
margo and Textularis torquata) rarely exceed 3%
(Table S2).

Observationsand interpretations fromsub-bottomprofiler
data

The sub-bottom profiler data passing over the 19G
position showthat the core site is situated inside the small
shelf-edge inlet on the northeastern part of the Inter-
Trough Bank Area south of the mouth of the Westwind
Trough (Figs 1B, 2). Overall, the profiler data show a
generally rugged seabed morphology underlain by a
transparent/homogenous succession with a few discrete
low-amplitude internal reflectors (Fig. 2B). Within the
inlet, the seabed reflector is coherent with a hummocky
morphology and underlain by a conformable stratified
succession up to 3 m thick that thins towards the 19G
core site to <1 m thickness (Fig. 2B). The seabed
reflector south- and westwards of 19G is irregular and
ruggedwith incisions of varying size, typically 50–300 m
wide and 2–12 m deep, with the largest reaching up to
600 m in width and 23 m in depth (Fig. 2A). The

-1No. benth g

DA17-NG-ST01-019G
-1No. plank. g % Agglutinated% NPS% FragmentationP/B ratio-1No. IRD >1 mm g

0 5
0

50

100

150

C
or

e 
de

pt
h 

(c
m

)

0 200 400 0 200 400 600 0 2 0 20 40 60 80 100 0 20 40 60 80

9210

14AMS- C dates:
   Cal. a BP

19 500

21 470

17 520

25 520
Diamicton
(Iceberg turbate)

Hemipelagic
   deposits
Gravel >2 mm

Legend:

Middle-Late
Holocene

Early 
Holocene

Late deglaciation-
Holocene transition

LGM

A B C D E F G H

0 5 10
% Miliolids

% T. tri.

Fig. 4. A. Concentration of ice-rafted debris (IRD) in the size fraction >1 mm (no. mineral grains per gram wet weight (wwt) sediment). B.
Concentrationof planktic foraminifera (no. of specimensper gramwwt sediment). C.Concentrationof benthic foraminifera (no. of specimens per
gramwwt sediment)withcalibrated (cal.)AMS-14Cages shown.D.Planktic/benthic (P/B) ratio.E.%fragmentation (see text forexplanation).F.%
Neogloboquadrina pachyderma s (NPS). G. % Agglutinated benthic foraminiferal specimens. H. %Miliolida (all miliolid species added together,
inclusive ofTriloculina trihedra (shownby red curve)).Column to the right shows lithological log. Stratigraphical intervals and legendare shown in
panel G: LGM = Last Glacial Maximum (24–17.5 ka); Late deglaciation to Holocene transition (>11.7 ka); Early Holocene (11.7–7.5 ka);
Middle–Late Holocene (7.5–0 ka).

BOREAS Northeast Greenland: ice-free shelf edge around the LGM 765

 15023885, 2022, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/bor.12593 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [27/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



ruggedness is associated with many point diffraction
hyperbolas and sideswipe reflections (Fig. 2A). The
flank of the inlet northward of the 19G site is character-
ized bya relatively smooth, southeastward dipping slope
(~2.5°). On top of the slope, where water depth has
decreased to ~290 m, there is a ~1.4 km long and up to
10 m high, transparent unit with large, up to 15 m deep
incisions (Fig. 2B).

The rugged and heavily incised seabed reflector indi-
cates amorphology comprising lineaments or gutters in a
crisscrossedpattern.Weinterpret thisastheresultofdense
iceberg ploughing on the outer Inter-Trough Bank Area
(Figs 1A, 2) in accordance with observations by Arndt
et al. (2017). The occurrence of conformable stratified
reflections in the areawhere the gravity corewas retrieved
suggests that sedimentswere trappedinthe inlet.The large
incisions and transparent character of the unit observed
north of the inlet resemble an iceberg-ploughed diamic-
ton,theoriginofwhichcannotbedeterminedbasedonthe
limited present data set.

Discussion

Chronology

Based on the above clear changes in lithology, magnetic
susceptibility, foraminiferal faunas and the trend in the

Ca/Fe ratio, we divide the record into three sections:
151–58, 58–27 and 27–0 cm (Figs 3–5). The subdivision
into threehorizonsmatches the sub-bottomprofiler data
at the core site, which show a relatively thin <1-m
stratified succession at the top and a transparent/
homogenous interval at the base (Fig. 2B).

The lower part dates from c. 25.5 cal. ka at the core
bottom (150.5 cm) to 19.5 cal. ka (72.5 cm). One age
reversal is observedwith a younger age of 17.5 cal. ka at
124.5 cm (Table 1, Fig. 3F). Nevertheless, the dates on
themacrofossils indicate anLGMand earlydeglaciation
age of the coarse-grained deposit below ~58 cm in the
record.

In the interval 58–~36 cm there are no dates available,
mainly due to poor preservation and absence of suitable
macrofossils and foraminifera.Agradual change inmost
parameters is seen (Figs 3–5).Thedateof9210 cal. years
at 32.5 cm indicates that most of the upper part of core
19G is of Holocene age (Figs 3–5, Table 1). At ~46 to
~27 cm, the % fragmentation is at its maximum and
concentration of benthic and planktic foraminifera
peaks (Fig. 4B,C,E).Given themaxima in foraminiferal
concentrations and the small peaks in % C. neoteretis,
C. reniforme, M. barleeanus and P. bulloides (Figs 4B,
C, 5C, D; Table S2), this interval is interpreted to
comprise the Early Holocene (see interpretations of the
foraminiferal species distribution below). We have ten-
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tativelymarked the start of theHolocene at 46 cmwhere
% fragmentation and the P/B ratio increase and many
species change in relative abundance (stippled line in
Figs 4, 5). The change in sediment density seen in the X-
ray scan at 40 cm probably marks the transition from
glaciomarine sedimentation to hemipelagic sedimenta-
tion (Figs 3, S1). The sharp peak in IRD at 9210 cal.
years probably represents the final deglaciation
(Fig. 4A). Similar abrupt peaks in ice-rafting have been
observed at the western and northern Svalbard margins
in the eastern Fram Strait – here dating to c. 10 cal. ka
(�Slubowska-Woldengen et al. 2007).

Assuming linear sedimentation rates, and that the core
top has preserved near-recent sediments, the interval
27–0 cm with no dates and only agglutinated foramini-
fera ishere tentativelyreferred to theperiod fromc. 7.5–c.
0 ka, i.e. Middle–Late Holocene to Recent (Figs 3, 4).

Interpretation of palaeoceanography and sedimentary
environments

Lower section 151–58 cm (LGM and early deglaciation
25–c. 17.5 ka): extensive Atlantic Water inflow and
iceberg ploughing. – The presence of rich planktic and
benthicmicro- andmacrofaunas is a clear indication that
the core site was not overrun by an ice sheet during the
LGM (Figs 4, 5). The planktic foraminiferal fauna is
dominatedbyN. pachyderma andT. quinqueloba in high
abundances; this assemblage is typical of modern Polar
environments in the Arctic Ocean and the central and
western Fram Strait (e.g. Kohfeld et al. 1996; Carstens
et al. 1997; Pados & Spielhagen 2014; Fig. 4F,
Table S2). The benthic foraminiferal fauna consists of
an assemblage of marine species typical for Arctic and
Polar shelf areas, with many species linked to Polar
Water, others primarily toAtlantic-sourcedwater (RAW
or AAW) (Fig. 5; see discussion below). The foramini-
fera are well preserved (low % fragmentation) and co-
occur with numerous molluscs (gastropods including
pteropods, bivalves, scaphopods), branched and
encrusting bryozoans, calcareous polychaete tubes
(genus Spirorbis) still attached to rocks and bryozoans,
and remainsofophiurians (brittle-stars) (Figs 4E, 6,S2).
As the pteropods and bryozoans are very fragile,
reworking by an ice sheet is unlikely (Fig. 2A, B).
Combined with the abundant presence of IRD in an
otherwise fine-grained matrix (diamicton deposit), we
interpret that the sediment was deposited in a glacio-
marine environment.

Cassidulina reniforme and C. neoteretis are the dom-
inant species followed by C. lobatulus (Fig. 5C, D, E,
Table S2). Cassidulina neoteretis is associated with
Atlantic Water of relatively high BWT, often under
stratified conditions with perennial or near-perennial
sea ice cover (Jennings & Helgadottir 1994; Sei-
denkrantz 1995; Lubinski et al. 2001; Cage
et al. 2021). High relative abundance of C. neoteretis is

generally taken as evidence for an increased influence of
Atlantic-sourced water (Jennings & Weiner 1996).
Although C. reniforme is characterized as an Arctic
glacier-proximal species, mapping of the species in the
Barents Sea has revealed a dual distribution pattern; it is
abundant close toglaciers inPolarWaters, but also found
in high numbers in sandy, current influenced areas on
and along banks together with C. lobatulus, and is here
associated with the presence of chilled Atlantic Water
and bottom currents (Hald & Steinsund 1992; Stein-
sund 1994; Korsun &Hald 2000). Thus, the presence of
C. neoteretis andC. reniforme indicates relatively warm
and saline bottom water temperatures likely reaching
temperatureswarmer than today. This may indicate that
RAW at times was found at higher latitudes during the
LGM than today, where AAW (0.66 °C) is present
(Fig. 1D). The relatively high percentages of C. lobatu-
lus and A. gallowayi (Fig. 5E) also suggest strong
bottom current activity (cf. Wollenburg & Mack-
ensen 1998). Furthermore, the low relative abundance
of the polar species E. clavatum (a species typically
associated with ice-proximal conditions, low BWT, low
salinity, and high turbidity (Hald & Korsun 1997;
Korsun & Hald 2000)) points to ice-distal conditions
(Fig. 5B). The diversity (number of species in a sample)
and concentrations of foraminiferal specimens are also
fairly high for this northern latitude (Figs 4B, C, 5K).
Encrusting and branched bryozoans are frequent today
on the NE Greenland shelf, attached to dropstones that
provide a hard bottom in otherwise soft sediments
(Kuklinski&Bader 2007).As sessile organisms, they are
dependent on strong bottom currents to bring food and
oxygen indicating similar conditions during the LGMas
today (Fig. 6). Together with the benthic foraminiferal
faunas, the environment is thus interpreted as mainly
influenced by warmer Atlantic-sourced water of strong
currentsbringing foodbelowanextensivesea-ice covered
and stratified upper water column. The relatively high
concentration of coarse mineral grains (IRD >1 mm)
indicates presence of icebergs (Fig. 4A).

To our knowledge, few high Arctic shelf records from
the LGM containing abundant foraminifera exist. Two
records from the shelf of southern Svalbard (76°N) at
389-m water depth contained sediments dating from the
late glacial maximum 20–18.8 ka (Rasmussen
et al. 2007; El bani Altuna et al. 2021a). These records
show dominance of C. neoteretis together with C. reni-
forme, E. clavatum and some C. lobatulus and M. bar-
leeanus, and bottom water temperatures reconstructed
from Mg/Ca reach 4.4 °C. Notholt (1998) dated a core
PS2424-1 (Fig. 1A) from NE Greenland from the very
upper slope at 445-m water depth at ~80°N. This core
spans the time interval 21 155–8190 years comprising
the mid-late LGM into the Early Holocene. The
sediments from the LGM are rich in planktic and
benthic foraminifera (N. pachyderma, C. lobatulus,
C. neoteretis, Buccella) and very similar to the fauna
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in the LGM sequence in core 19G (Figs 4F, 5D, E, G).
Further afield, two sedimentary records from the
northern Labrador Sea and Davis Strait, respectively,
also suggest a stronger-than-present influx of warm
Atlantic-sourced water at both intermediate and deep-
water levels under near-perennial sea ice cover (Sei-
denkrantz et al. 2019, 2021).

In core 19G, the records of the LGM section are all
suspiciously constant giving almost straight curves
(Figs 3–5). The covered time interval, the LGM and
early deglaciation normally shows great variability in all
of these parameters due to a high degree of environmen-
tal instability (e.g. Johnsen et al. 1992;Nam et al. 1995;
Weinelt et al. 2003;M€uller&Stein 2014;El baniAltuna
et al. 2021b). This smoothing of signals in the 19G
records could indicate some extent of ‘homogenization’
of the sediment and the foraminifera – i.e. that the
depositsarepartlymixed.TheAMS-14Cdates aremostly
in chronological order with one exception (Fig. 3F,
Table 1). A fragmented bivalve gave the reversed date,
and the specimen could potentially have beenmixed into
older sediments during the coring process, but as we
selected specimens not directly at the rim of the core,
down-core transport of the shell is less likely. An
alternative cause of the age reversal may be that the shell
was transported downwards during mixing of the sub-
sea floor sediment sometime after deposition (but prior
to coring). The sub-bottom profiler data indicate some
topographyaround thecore sitewitha2.5° slope towards
the north (Fig. 2B). Such topography may have facili-
tated down-slope sediment processes locally, but since
the slope surface above the core site shows no evidence of

slide scars, slope failure is considered unlikely (Fig. 2B).
Winnowing by bottom currents could also create a
smoothed record but is contradicted by the relatively
coarse and unsorted sediments (Fig. 3). Reworking by
an ice sheet is also unlikely due to the presence of the
numerous, well-preserved macrofaunas including bry-
ozoans (Fig. 6)andwithSpirorbiswormsstill attached to
bryozoans and gravel (Fig. S2). Instead, mixing of
sediments by iceberg ploughing has been shown to leave
relatively undisturbed sedimentary records in the sense
that foraminifera and macrofaunas get mixed, but they
remain both numerous and well preserved (Vorren
et al. 1983; Hald et al. 1990). We thus interpret the
lower section most probably to be an iceberg turbate cf.
Vorren et al. (1983), where icebergs have ploughed and
partly mixed the marine sea-floor sediments. A similar
scenario can be observed in the sub-bottomprofiler data
(Fig. 2) where the rugged seabed, the many diffractions
and the sideswipe reflectionsare interpreted tobe formed
due to iceberg ploughing.

Mid-section 58–27 cm(late deglacial transition andEarly
Holocene c. 11–c. 7.5 ka): gradually diminishing Atlantic
Water inflow. – The lower part of the mid-section
consists of a thin horizon (58–~46 cm) showing a sharp
boundary to the underlying coarse unsorted glaciomar-
ine diamicton marked by the high peak in Fe counts at
58–56 cm (Fig. 3). The interval 58–~46 cm otherwise
shows a gradual transition in most parameters along
with a gradual decline in concentration of IRD (Figs 4,
5). Most likely, this indicates cessation of iceberg
ploughing and that the interval may belong to the late

A B C

1 cm

Fig. 6. Bryozoanspecimenfrom100.5 cmdown-core.A.Frontview.B.Backview.C.Close-upofchambers, frontview.Althoughunidentified, it is
of the same species as the AMS-14C dated specimens from 72.5 and 92.5 cm in core 19G (see Table 1).
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deglacial transition to the Early Holocene, but without
dates this is uncertain. The most distinct change is the
abrupt decrease in diversity of the benthic foraminifera
and the sudden drop in the Ca/Fe ratio at 58 cm, while
E. clavatum increases gradually, along a decline of the
current-indicator species C. lobatulus, and A. gallowayi
(Figs 3D, 5B, E). The decrease in the Ca/Fe ratio may
reflect an increase in supply of terrigenous material
compared to biogenic CaCO3 (Fig. 3D).

At ~46–27 cm (Early–Middle Holocene), the % frag-
mentation is at a maximum (60%), indicating poor
preservation (Fig. 4E). Cassidulina reniforme and
C. neoteretis first peak in relative abundance and subse-
quently decline (Fig. 5C, D). This indicates that the
inflow of Atlantic-sourced water remained high in the
Early Holocene, but also that it was diminishing with
time (seebelow).During theEarlyHolocene on the inner
NE Greenland shelf (core PS100/270; Fig. 1A),
C. neoteretis and C. reniforme likewise dominate with
up to>80 and 60%, respectively, togetherwithmaximum
flux of both benthic and planktic foraminifera (Syring
et al. 2020a). Sea-ice proxy IP25 and other biomarker
data fromcorePS93/025–2 (Fig. 1A) indicate decreased,
but variable sea ice cover on the mid-shelf (Syring
et al. 2020b), with likely a higher degree of sea ice than
on the outer shelf, where C. neoteretis and C. reniforme
peak at 30 and 25%, respectively (Fig. 5C, D). Similar
faunas as in core 19G are also found in many Early
Holocene records fromEastGreenland shelf areas along
the southeastern margin both south and north of the
Denmark Strait (Jennings et al. 2002, 2011), central
East Greenland off Scoresby Sund (Perner et al. 2015)
and on the NE Greenland shelf in cores PS2424-1,
PS100/270, and DA17-NG-ST07-073G (core 73G)
(Fig. 1A) (Notholt 1998; Syring et al. 2020a; Pados-
Dibattista et al. 2022, respectively).

Elphidium clavatum, Elphidium spp., Buccella spp.,
Islandiella spp., M. barleeanus and agglutinated speci-
mens increase in the upper part of the Early Holocene
interval (Figs 4G, 5B, F, G, H, I). They are all typical
members of the modern Northeast Water Polynya
assemblage located on the inner NE Greenland shelf
where productivity is increased (Newton&Rowe 1995),
thus indicating more open surface water conditions,
reduced stratification, and higher seasonal food supply.
The concentrations of benthic and planktic specimens
reach a maximum, also pointing to increased productiv-
ity (Fig. 4B, C). Trifarina fluens, an indicator species of
high productivity (e.g. �Slubowska-Woldengen
et al. 2007), shows a peak in relative abundance right
at the shift from apredominantly calcareous fauna to an
agglutinated fauna (Figs 4B, C, G, 5J). The planktic
foraminiferadisappear entirely,while calcareousbenthic
specimens become very rare indicating almost complete
dissolution of the calcareous fauna (Fig. 4B, C, G,
Table S2). The higher organic supply to the sediment
from seasonally open conditions could have caused

higheracidity in the sedimentresulting indissolutionand
fragmentation (cf. Steinsund & Hald 1994; Wollenburg
et al. 2001).

Dominance of E. clavatum, together with C. reni-
forme and/or agglutinated species (Figs 4G, 5B, C)
indicates cold polar conditions at the sea floor (Jennings
& Helgadottir 1994). Holocene sediments from low-
salinity conditions in the Arctic are dominated by
E. clavatum and C. reniforme (no or few C. neoteretis)
as for example in the Nares Strait, northern Greenland
(Georgiadis et al. 2020) and the central NE Greenland
shelf at 79°N (core 73G; Pados-Dibattista et al. 2022)
(Fig. 1A). In core PS1230 from the NEGreenland slope
at 1249-m water depth (Fig. 1A), Bauch et al. (2001)
also noted poorer preservation of foraminifera in the
Early Holocene compared to the glacial period.

Upper section 27–0 cm (Middle–Late Holocene c.
7.5 ka–Recent): coolingandweakeningofAtlanticWater
inflow and polar conditions. – The concentration of
foraminifera in this section is very low and diversity is
minimal (Figs 4B, C, 5K). Agglutinated species domi-
nate, reaching>95 to 100%of the fauna indicating strong
dissolution of calcareous foraminifera (Fig. 4G).Due to
the absence of an in-situ calcareous fauna, no 14C dates
could be obtained. The sediment is very fine grained
without IRD (Figs 3E, 4A), and we interpret the
sediment as deposited under very similar conditions as
today with extensive sea ice cover and relatively cold
bottom water (Fig. 1D).

Core 73G from the NE Greenland shelf (Fig. 1A)
shows increasing percentages of agglutinated specimens
from c. 7.5 ka, but calcareous species remain high with
dominance of E. clavatum and C. reniforme and pres-
ence of highly opportunistic benthic species (e.g. Stetso-
niahorvathiandEpistominella arctica) (Pados-Dibattista
et al. 2022). In core PS93/025–2 (Fig. 1A) from the
central NE Greenland shelf, benthic and planktic
foraminifera become very rare after 4.5 ka and %
fragmentation high, indicating dissolution (Zehnich
et al. 2020). On the slope of NE Greenland in core
PS1230 (Fig. 1A), the last c. 7 ka experienced strong
dissolution and low fluxof planktic foraminifera (Bauch
et al. 2001).

Shelf faunas from the Arctic Ocean and Baffin Bay of
Polar low-salinity conditionswith seasonallyopenwater
and increased productivity are characterized by deposi-
tion of fine sediments and tend to be dominated by
agglutinating foraminiferal assemblages composed of
the same species as in core 19G (Schroeder-Adams
et al. 1990; Jackson et al. 2021). Thus, Middle–Late
Holocene records from Polar environments are often
dominated by agglutinating foraminifera, probably due
to corrosive conditions at the bottom. Notably, the
developmentover theEastGreenlandshelf appearsquite
similar to the development in Barrow Strait, Arctic
Canada. In a core affected by Polar Water, planktic
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foraminiferadisappearandbenthic foraminiferabecome
sporadic after c. 7 ka, as sea ice cover increased
(Pie�nkowski et al. 2013). In a record from further east
in the Barrow Strait, which is more affected by Atlantic
Water, C. reniforme is the most abundant benthic
foraminiferal species throughout the Holocene, while
agglutinated species appear from c. 6.8 ka as the
environmental conditions turned more polar
(Pie�nkowski et al. 2012). In northern Baffin Bay, con-
ditions during the last c. 4500 years turned more
corrosive with increased sea ice cover and seasonally
open water (Jackson et al. 2021).

Iceberg turbate and LGM: was the NE Greenland Ice
Sheet at the shelf edge at 79.4°N?

Arctic and polar marine records are often affected by
intense iceberg scouring obliterating geomorphological
features and disturbing the sedimentary records making
it difficult to reconstruct and date ice-sheet extents from
glacial maxima (Klages et al. 2017 and references
therein). The scouring mixes the sediment creating
iceberg turbates (Vorren et al. 1983). They are found
widespreadon formerlyglaciatedmargins, seenasburied
‘till-like’ diamictons. On presently glaciated margins
they are seen as fresh ploughmarks or as ploughmarks
beneath a sediment drape (Belderson et al. 1973;Vorren
et al. 1983;Lien et al. 1989; Solheim 1991;Dowdeswell
et al. 1993, 1994; Zecchin et al. 2016; Nielsen &
Kuipers 2018). Intense iceberg ploughing often occurs
during glacial maxima and deglaciations and the outer
shelf edge ofNEGreenland is riddledwith ploughmarks
(Arndt et al. 2017) including our study area as the sub-
bottom profiles indicate (Fig. 2A). Large ploughmarks
from tabular and multi-keeled icebergs are also found in
some of the large cross-shelf troughs on the shelf (Arndt
et al. 2017; Olsen et al. 2020). The central East Green-
land shelf at 69–72°N and at 75°N is so intensively
reworked by iceberg scouring that the deposits resemble
tills (Dowdeswell et al. 1994) but can be classified as an
iceberg turbate (Streuff et al. 2022). Ploughing also
takes place on the NE Greenland shelf today; however,
in the shelf-edge inlet of core site 19G the reworked
sedimentsare foundburiedbelowseeminglyundisturbed
sediments (Fig. 2), evidencing that ploughing has not
been active during the Holocene, i.e. not since the late
deglacial transition into the Holocene. The shelf-edge
inlet is flanked by bank areas of shallower water depth
(Fig. 2; Arndt et al. 2015), where icebergs with keel
depth exceeding ~300 m will run aground and thus not
reach the seabed within the inlet. Furthermore, Arndt
et al. (2017) noted a lack of iceberg ploughing in the
outerWestwind Trough, which has a similar water depth
as the inlet (Fig. 1A, B). Icebergs coming from the north
with keel depth exceeding 300 m have thus not entered
the Westwind Trough since the ice stream retreated
(Arndt et al. 2017). This is in line with our results of

cessation of ploughing from the late deglaciation–Early
Holocene onwards.

The presence of a buried iceberg turbate dating from
the LGM and early deglaciation with a rich and well-
preserved Arctic planktic and benthic foraminiferal
fauna and numerousmacrofossils indicates, even though
mixedby icebergscouring, that this faunamusthave lived
during the glacial period (Figs 4–6). Although likely not
entirely ‘in situ’, the faunas cannot have beenmoved far.
Studies from recent disturbances of the seabed after
iceberg scouring show that the sediments are rapidly re-
colonized after the event (e.g. Gutt et al. 1996; Conlan
et al. 1998; Peck et al. 1999; Robinson et al. 2021). As
mentioned above, the presence of well-preserved and
abundant foraminiferal and delicate macrofossil faunas
(Fig. 6) is also an indication that the origin of the deposit
is not as a till, but as an ice-distal glaciomarine sediment
that after deposition has been mixed by grounding
icebergs.

Thus, our record of glaciomarine sediment from the
outer shelf of NE Greenland close to 79.4°N is a clear
indication that a grounded NE Greenland Ice Sheet did
not reach to the shelf edge at our specific site during the
LGM (Figs 1A, 6). In addition, the benthic foraminif-
eral fauna shows only low abundance of so-called ice-
proximal species (e.g. Elphidium clavatum, Elphidium
hallandense, Elphidium spp.; Korsun & Hald 2000) and
instead shows a high relative abundance of Atlantic
Water and current-related species (C. neoteretis, C. lo-
batulus, A. gallowayi, C. reniforme, Buccella spp.; see
above) indicating ice-distal conditions at the core site
(Fig. 5C, D, E, G).

Geomorphological studies have indicated that the
Greenland Ice Sheet has advanced across the shelf in the
past. For example, based on geophysical and geomor-
phological records showing presence of sediment lobes,
sediment lenses and channels on the slope, Evans
et al. (2009) suggested that the ice sheet reached to the
shelf edgealong the entireNEGreenlandshelfduring the
LGM (Fig. 1A). In contrast, Arndt et al. (2017) sug-
gested that the LGM ice sheet reached the shelf edge
northof 79.30°Nand in the southernpart from76–77°N,
while the ice likely did not reach the shelf edge in the
central sector 77–79.30°N, as they here found numerous
ploughmarks from icebergs. Laberg et al. (2017) inves-
tigated a small area just south of 76°N and concluded
that the ice here also reached to the shelf edge during the
LGM. Geomorphological data from the central part of
theNEGreenland shelf indicated that the ice edge could
be found in this area, and it was suggested as the
minimum extension of the LGM ice sheet (Evans
et al. 2009; Winkelmann et al. 2010; see also Funder
et al. 2011 andmodelling results byGowan et al. 2021;
Fig. 1A).

Common to these studies is the lack of absolute
dating to constrain the age of the sea-floor bedforms
and thus the actual age of the glaciers forming these.
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There is also neither a definite timing of when the ice
sheet potentially reached the shelf edge nor of the ice
retreat. It is assumed, based on presence of only a thin
drape of probably Holocene sediments, or no drape at
all, that the underlying morphological features (e.g.
mega-scale glacial lineations, end moraine ridges,
hummocky subglacial bedforms, acoustically transpar-
ent sediments interpreted as tills) are of young age, i.e.
LGM and deglaciation. Absolute dates from core
records on the NE Greenland shelf are few, mainly
because of lack of dateable material (e.g. Olsen
et al. 2020). So far, most 14C dates of marine sedi-
ments from the northern part of the NE Greenland
shelf indicate Younger Dryas and Holocene ages
(Notholt 1998; Evans et al. 2002; Syring et al. 2020a,
b; Zehnich et al. 2020; Davies et al. 2022; Pados-
Dibattista et al. 2022). A record from Kong Oscar
Fjord (71.5°N), gave Early Holocene ages (mixed
planktic and benthic foraminifera) above till
(Notholt 1998). In Young Sound at 74–74.3°N,
Holocene dates (molluscs) were also obtained (Erik-
sen 2018).

Given theagesof the iceberg-reworkeddeposits in core
19G from the shelf edge, we suggest that scouring
occurred sometime after 17.5 ka probably during the
early deglaciation and that it became reduced during the
transition to the Early Holocene. Undisturbed late
glacial anddeglacial sediments on the slope ofNortheast
and East Greenland are relatively thin (e.g. Nam
et al. 1995; Stein et al. 1996; Notholt 1998; Bauch
et al. 2001; Telesi�nski et al. 2015; Gabrielsen 2017;
Ezat et al. 2019). On the deep NE Greenland slope in
the northern Fram Strait (cores JM06-16MC, HH12-
948MC, HH12-946MC, PS93/031; Fig. 1A), the thin
deglacial horizons are barren of calcareous foraminifera
and in some records sediments of deglacial age are
entirely missing (Zamelczyk et al. 2012; Ezat
et al. 2021; Spielhagen &Mackensen 2021). This could
indicate low melting rates and continued perennial to
near-perennial sea ice cover over the shelf and slope of
NEGreenland (Spielhagen&Mackensen 2021. It is thus
possible that the deglaciation of the NEGreenland shelf
(Polar sectorof theFramStrait)occurred later than in the
east (Atlantic sector of the Fram Strait) and maybe only
took hold from the Holocene transition onwards.

Conclusions

We have studied gravity core DA17-NG-ST01-019G
(core 19G) from the outer NE Greenland shelf near
the shelf edge at 79.4°N. The purpose was to recon-
struct the palaeoceanographic development and the
intensity of flow of Atlantic Water, and the influence of
the NE Greenland Ice Sheet and icebergs over the
outer shelf.

AMS-14C dating of macrofossils and foraminifera
shows that the 19G record dates from before the LGM

25.5 cal. ka to the Recent, which to our knowledge is the
first record of dates beyond the late deglaciation and
Holocene in glaciomarine sediments from the NE
Greenland shelf. The entire record contained planktic
and benthic foraminiferal assemblages typical for Arctic
environments and living on the NE Greenland shelf
todayandduring theHolocene.The results showthat the
strongest flow of subsurface Atlantic Water below near-
perennial sea ice cover occurred around the LGM at 25–
c. 17.5 ka. Presence of sessile bryozoans depending on
strong bottom currents support this. Thus, the inflow of
warm Atlantic Water was most likely almost as strong
and at times stronger than today, which may be due to
influx of Return Atlantic Water directly from the West
Spitsbergen Current. The flow was still fairly strong
during theEarlyHolocene but diminishing, and towards
the end of the period, the closed sea ice cover may
have opened and productivity increased. During the
Middle–Late Holocene from c. 7.5 ka, cold PolarWater
influenced the outer shelf and calcareous foraminifera
weredissolvedandmainlyagglutinated speciespersisted.

The results also indicated that the sediment dating
from the LGMmost likely represents an iceberg turbate,
where the sedimentary deposits have been mixed by
iceberg ploughing, probably during the early deglacia-
tion after 17.5 cal. ka. The sediment contained a rich
well-preserved fauna of foraminifera and macro-
invertebrates. The finding of macrofossils with dates
spanning the entire LGM shows that the NEGreenland
Ice Sheet did not reach the shelf edge at this northern site
at 79.4°N.
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Supporting Information

Additional Supporting Information to this article is
available at http://www.boreas.dk.

Table S1. List of benthic foraminiferal species encoun-
tered in core DA17-NG-ST01-019G (19G) in alpha-
betical order.

Table S2. Data files with absolute abundances and
percentage data of planktic and benthic foramini-
fera.

Fig. S1 High-resolution figure of line scan and radio-
graphic X-ray images of core 19G frommeasurements
from the ITRAX core scanner as shown in Fig. 3 (see
also main text for explanation).

Fig. S2. Calcareous polychaete tube of genus Spirorbis
still attached to a dropstone.
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