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a b s t r a c t

The western Fram Strait is the only deep-water gateway connecting the Arctic Ocean and North Atlantic.
Consequently, today, the western Fram Strait and the Northeast Greenland shelf receive cold, low saline
Polar and Arctic Atlantic waters from the Arctic Ocean incorporated in the East Greenland Current,
together with warmer, saline recirculated Atlantic Water masses derived from the West Spitsbergen
Current. We present a multiproxy study (grain size distribution, XRF core scans, and benthic forami-
niferal assemblages) based on the lower part of the radiocarbon dated marine sediment core DA17-NG-
ST03-039G, covering the period from 13.3 to 3.9 cal ka BP. We reconstruct the deglacial conditions of the
Northeast Greenland shelf together with Early to Mid Holocene uctuations in subsurface Atlantic Water
and Polar Water advection. The results show that the outer Northeast Greenland shelf was deglaciated
and marine conditions were established prior to c. 13.3 cal ka BP. At this time, our data show Atlantic
Water masses owing beneath an extensive sea-ice cover in a glaciomarine setting, potentially related to
the Bølling-Allerød warm period. Around 12.9 cal ka BP, the onset of high surface and bottom water
productivity may be associated with the Younger Dryas onset. This was followed by a transition towards
warmer bottom and subsurface water conditions from c. 11.7 until 10.2 cal ka BP caused by enhanced
advection of Atlantic-derived water masses. A cold period with marginal ice zone conditions and
enhanced East Greenland Current incursion is evident from 10.2 to 9.4 cal ka BP, succeeded by harsher
sea-ice conditions and Atlantic Water inow, prevailing until c. 7.5 cal ka BP. Holocene Thermal
Maximum conditions, characterized by high surface and subsurface water productivity, were promoted
by enhanced Atlantic Water ow to the shelf from c. 7.5 to 6.7 cal ka BP. In contrast, the transition to-
wards a cold period with increased drift-ice transport via a strong East Greenland Current is recorded
from c. 6.2 cal ka BP and to the end of our record at 3.9 cal ka BP; it was associated with the onset of the
Neoglaciation.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The Fram Strait is one of the two main gateways connecting the
Arctic Ocean to the North Atlantic. Via the Fram Strait, the East
Greenland Current (EGC) conveys cold low-saline, Polar surface
waters, together with glacial meltwater and drift ice along the
eastern Greenland margin and into the North Atlantic. This fresh-
water ux fromGreenland and the Arctic Ocean affects local marine

ecosystems and glacier dynamics, as well as ocean and atmospheric
temperatures (Rysgaard et al., 2003; Seale et al., 2011; Smith and
Gregory, 2009). Furthermore, model studies have shown that
increased export of freshwater to the convective sub-arctic deep-
water formation regions have an immense impact on the Atlantic
Meridional Overturning Circulation (AMOC) (Proshutinsky et al.,
2002; Swingedouw et al., 2006). The AMOC acts as a key element
in the global heat transport and distribution of water masses,
including the northward advection of Atlantic Water masses to
higher latitudes. A future warming of the Arctic Oceanwill increase
sea ice melting and consequently cause elevated propagation of
freshwater into the North Atlantic via the Fram Strait. Additionally,* Corresponding author. Katrine Elnegaard Hansen,
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a model simulation based on the IPCC RCP8.5 scenario has sug-
gested the disappearance of Arctic summer sea-ice by 2100, and a
decrease of the AMOC intensity of 72% by 2300 caused by the
elevated freshwater export from the Arctic Ocean (Jahn and
Holland, 2013). Accordingly, studying past relative variability of
the EGC and Atlantic Water advection can aid in evaluating pre-
industrial conditions and potentially further improve predictions
of the future regional climate and AMOC sensitivity.

The past deglacial and Holocene climatic and oceanographic
variability of the eastern Fram Strait and western Svalbard regions
have been investigated intensively (e.g. Aagaard-Sørensen et al.,
2014a; Müller and Stein, 2014; Rasmussen et al., 2007; Werner
et al., 2013, 2016). In contrast, knowledge of past changes in sea
ice, oceanography and climate based on sediment core analyses in
the western Fram Strait and offshore Northeast Greenland is scarce,
with only a few studies published so far (Davies et al., 2022; Pados-
Dibattista et al., 2022; Spielhagen and Mackensen, 2021; Syring
et al., 2020a, 2020b; Zehnich et al., 2020). The extent of the
Greenland Ice Sheet (GIS) during the last glaciation also remains
poorly constrained (Arndt et al., 2017; Evans et al., 2009; Funder
et al., 2011b; Winkelmann et al., 2010) as only a few marine re-
cords from the Northeast Greenland shelf span this period.

Remarkably low sea-ice cover during September 2017 allowed
the retrieval of several marine sediment cores from the Northeast
Greenland shelf. Gravity core DA17-NG-ST03-039G is presented
here. The core is located in the area of the North EastWater Polynya
(NEW Polynya), a seasonally-open water area with great impor-
tance to marine ecosystems (Barber and Massom, 2007; Schneider
and Budeus, 1994) (Fig. 1b and Fig. 2). The key location of this core
allows the investigation of Early to Mid Holocene changes in
environment, including the ocean dynamics and sea-ice congu-
ration of the western Fram Strait, as the core site area is submerged
by both cold PolarWaters from the Arctic Ocean andwarmer, saline
Atlantic Waters derived from the North Atlantic Current system.

We thus aim to evaluate the interaction between changes in
ocean currents, especially inux of Atlantic subsurface water, sea-
ice conditions and the Northeast Greenland Ice Stream (NEGIS)
dynamics from the late deglacial phase until the end of the Holo-
cene Thermal Maximum. We base our study on a multiproxy
investigation, encompassing benthic foraminiferal assemblages,
core scanner X-ray Fluorescence and magnetic susceptibility mea-
surements, colour scans, radiographic images and grain size ana-
lyses of marine sediment core DA17-NG-ST03-039G. This enables
us to reconstruct the past variability in Atlantic and Polar Water
advection to the northern section of the Northeast Greenland shelf
and constrain the past ice sheet extent and deglacial conditions in
the study area.

2. Regional settings

2.1. Modern oceanography

The Fram Strait is 500 kmwide and represents a major gateway
of deep-water exchange between the North Atlantic and Arctic
Ocean (Klenke and Schenke, 2002). Southward outow from the
Arctic Ocean via the Fram Strait to the Nordic Seas and subse-
quently the North Atlantic Ocean is conveyed by the EGC (T < 0 C,
S < 34.5; Aagaard and Coachman, 1968), transporting drift ice and
freshwater towards lower latitudes along the Northeast Greenland
shelf (Haine et al., 2015). The atmospherically-driven Transpolar
Drift circulation system in the Arctic Ocean feeds the EGC and thus
controls its freshwater and sea ice variability (Deser et al., 2000;
Dyke et al., 1997).

From the south, relatively warmer Atlantic Water masses are
transported to higher latitudes via the West Spitsbergen Current

(WSC) (T > 2 C, S > 35; Hopkins, 1991), emanating from the Nor-
wegian Atlantic Current (NAC) (Aagaard and Coachman, 1968a;
Schaffer et al., 2017). In the Fram Strait, about half of the Atlantic-
derived WSC is deected westward across the strait between 76
and 81N and transformed into the intermediate Return Atlantic
Current (RAC) (T ~0e2 C, S ~34.9e35; Hopkins,1991) (Aagaard and
Coachman, 1968b; Hattermann et al., 2016; Marnela et al., 2013).
The RAC ows southward transporting Return Atlantic Water
(RAW) along the Northeast Greenland shelf, where it mixes with
the cold Polar component of the EGC (Bourke et al., 1987; de Steur
et al., 2014). This increases its density and eventually leads to the
formation of the dense overow water in Denmark Strait linked to
the AMOC (Hansen and Østerhus, 2000; Harden et al., 2016; Håvik
et al., 2017; Strass et al., 1993). Another component of the WSC
continues northward into the Arctic Ocean, where it cools and
freshens, while owing cyclonically in the Eurasian and Canadian
basins at intermediate water depths (Rudels et al., 1994), eventually
returning to the Fram Strait where it joins the RAW at 78N; it is
referred to as Arctic Atlantic Water (AAW) (T ~0.8e2 C, S ~34.8;
(Locarnini et al., 2019; Richter et al., 2018; Schaffer et al., 2017). Both
these Atlantic-derived water masses contribute to the lower sec-
tion of the EGC (Håvik et al., 2017; Rudels et al., 2012).

Melting of the three outlet glaciers of the NEGIS contribute to
the upper fresh-water layer on the Northeast Greenland conti-
nental shelf in the western part of the Fram Strait. In the proximity
of our core site, two major glaciers, Nioghalvfjerdsfjorden Glacier
(79G) and Zachariæ Isstrøm glacier (ZI), terminate into the sea;
together they account for the majority of the NEGIS drainage (>15%
of the GIS drainage) (Rignot and Kanagaratnam, 2006). Recent
studies suggest there is a link between intensied anticyclonic
surface and subsurface inow of warmer Atlantic Water via the
Norske Trough (Fig. 1b) to the NEGIS front, causing ice retreat
events of the 79G and ZI (Mouginot et al., 2015; Schaffer et al., 2017;
Topp and Johnson, 1997). In addition, the Westwind Trough, might
allow supplementary inow of Atlantic Water across the shelf to-
wards the marine-terminating outlet glaciers (Arndt et al., 2015,
2017; Schaffer et al., 2017). The source of subsurface Atlantic Water
in Norske Trough is dominated by the comparatively warm and
saline RAW, whereas Westwind Trough (Fig. 1b) is mostly inu-
enced by the colder AAW transported by eddy ows from the EGC
(Rudels et al., 2012; Schaffer et al., 2017). A 250 m deep sill located
between the two trough systems causes this separation of the two
Atlantic derived subsurface water masses (Budeus et al., 1997).
However, the RAW that enters Norske Trough causes melting of the
79G and ZI (Yang et al., 2020), decreasing the density of Atlantic
Water. This potentially allows a through ow of these modied
Atlantic Waters across the sill and into Westwind Trough (Schaffer
et al., 2017).

2.2. Geology of the hinterland

The 79G is anked by Proterozoic sediments comprised by sand
and siltstones cut by Mesoproterozoic dolorites. Few outcrops of
nely crystalline Ordovician dolomites can be observed further
upstream SE to the 79G. Additional carbonate-bearing outcrops are
located inland NW to the 79G. Paleoproterozoic crystalline base-
ment rocks (orthogneiss) dominate further downstream the 79G
along the coastline (Higgins, 2015).

2.3. Sea ice and polynya

Approximately 10% of the Arctic sea-ice area is transported
through the Fram Strait via the EGC each year (Kwok, 2009;
Smedsrud et al., 2017). Consequently, the northwestern part of the
Fram Strait is affected by heavier sea-ice conditions. In contrast,
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sea-ice extent along the eastern side varies seasonally; it depends
on the strength and temperature of the Atlantic Water inow and
strength of the EGC. In fact, the air-sea surface heat balance is
positive in the western Fram Strait during summers, meaning that
the sea surface is gaining heat. Hence if the EGC did not transport

drift ice in the western Fram Strait, the area would be ice-free in
summer (Schneider and Budeus, 1994). The inuence of warm
Atlantic Water advection in the eastern Fram Strait makes West
Spitsbergen the northern-most ice-free marine environment dur-
ing the winter season (Aagaard, 1982; Vinje, 1977). Occasionally,

Fig. 1. Inset maps of the study site including main ocean currents, sea-ice extent (NSIDC, 2020) and locations of marine sediment cores mentioned in the text. (a) The studied core is
marked by a yellow star. PS2876 (Nørgaard-Pedersen et al., 2008), PS93/025 (Syring et al., 2020b; Zehnich et al., 2020), PS100/270 (Syring et al., 2020a), JM10-330 GC (Consolaro
et al., 2018), MSM05/5_712e5 (Werner et al., 2013), 019G (Rasmussen et al., 2022), PS93/031 (Spielhagen and Mackensen, 2021), 073G (Pados-Dibattista et al., 2022), 092G (Davies
et al., 2022), PS1230 (Bauch et al., 2001), 171G (Jackson et al., 2022), PS2641 (Müller et al., 2012; Perner et al., 2015a), PS1243 (Bauch et al., 2001), JM96-1216/2 GC (Jennings et al.,
2006), JM96-1206/2 GC (Perner et al., 2016), JR51-GC35 (Cabedo-Sanz et al., 2016), MD99-2269 (Cabedo-Sanz et al., 2016; Harning et al., 2021). (b) Close-up on core DA17-NG-ST03-
039G (yellow star), local bathymetry and topography, ice stream velocity and the three major outlet glaciers of the Northeast Greenland Ice Stream, NG: Nioghalvfjerdsfjorden
Glacier, ZI: Zachariæ Isstrøm glacier, SG: Storstrømmen Glacier. The positions of grounding zone wedges are derived from Arndt et al. (2017). Other abbreviations: WT: Westwind
Trough, NT: Norske Trough, NØIB: Norske Øer Ice Barrier. The bed topography and ocean bathymetry data are derived from GEBCO (Weatherall et al., 2015) and BedMachine v3
(Morlighem et al., 2017), and the ice stream velocity data are derived from Sentinel- SAR data gathered from December 28, 2017 to February 28, 2018 (Nagler et al., 2015).

Fig. 2. Local seasonal sea-ice conditions for 2019 derived by MODIS satellite data (NASA, 2018). The core site for DA17-NG-ST03-039G is marked by the yellow star. NØIB: Norske Øer
Ice Barrier.
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ice-free areas occur on the Northeast Greenland shelf related to the
seasonal coastal NEW Polynya (Koch, 1945; Vinje, 1970). The NEW
Polynya occupies an area of up to 44,000 km2 on the Northeast
Greenland shelf at around 79 N (Fig. 2) (Schneider and Budeus,
1994; Wadhams, 1981). The polynya formation depends on the
landfast ice of the Norske Øer Ice Barrier (NØIB) at 79 N (Figs. 1b
and 2). The NØIB acts as a barrier for ice oes transported by a
northward coastal-bound current, together with the strength of
offshore winds pushing sea ice away from the area (Schneider and
Budeus, 1994). The NEW polynya starts forming in April/May and is
fully established in summers; it is dominated by positive air-sea
surface heat balance and strong offshore winds (Schneider and
Budeus, 1994). In winter, the area is partially sea-ice covered,
however, the present sea ice is less dense compared to the sur-
rounding sea ice located further offshore (Schneider and Budeus,
1994; Smith et al., 1990). The seasonal open water area is of great
importance for marine ecosystems that benet from the melting of
the sea-ice edge, releasing nutrients to thewater masses promoting
marine productivity (Barber and Massom, 2007; Schneider and
Budeus, 1994). The maintenance and formation of the coastal
NEW Polynya is still not fully understood. Yet, a recent study sug-
gests that the seasonal NEW Polynya conditions were fully devel-
oped at 1 cal ka BP, related to the establishment of stable sea-ice
edge conditions (Syring et al., 2020b).

3. Material and methods

3.1. Conductivity-temperature-depth prole

A conductivity-temperature-depth prole (CTD; DA17-NG-
ST03-023CTD; 80.044N/8.955 W, 389 m water depth) was
measured along a vertical depth prole using a SEABIRD 911 system
of RV Dana, to identify the different water masses. Here we show
the temperature and practical salinity proles for the study site
(Fig. 3).

3.2. Sediment core retrieval

During the NorthGreen2017 cruise on board the research vessel
Dana (Seidenkrantz et al., 2018), we collected the gravity core
DA17-NG-ST03-039G at the edge of the Westwind Trough on the
outer Northeast Greenland shelf (80.037 N/8.923 W, 390 mwater
depth) (Fig. 1). The location was selected based on a site survey

using a shallow seismic survey (Innomar SES-2000 Deep, Narrow-
Beam Parametric Sub-Bottom Proler), which showed the presence
of soft and likely undisturbed sediments.

After retrieval, gravity core DA17-NG-ST03-039G was divided
into four sections on board and kept in cold storage at ca. 3 C; it
was subsequently split lengthwise in the laboratory at the
Department of Geoscience, Aarhus University.

3.3. Lithology and grain size

The colour of the marine sediment gravity core was described
using a Munsell colour chart. Grain size measurements were con-
ducted for every 4 cm of the gravity core (1 cm wide samples),
except for the bottom interval; 301e317 cm, where every centi-
metre was sampled. All samples were measured with a Sympatec
HELOS laser (HeeNe type) diffractometer equipped with a R4 lens
capable of measuring particles in the size range of 1.8e350 mm at
the Department of Geoscience, Aarhus University. The average of
3e5 measurements for each sample depth was calculated. More-
over, the grain size results were grouped into a clay fraction
(<2 mm), silt fraction (2e63 mm) and sand fraction (63e200 mm)
using the sediment grain size statistical package GRADISTAT (Blott
and Pye, 2001). The dry weight of size fraction >1mm from thewet
sieving of foraminifera samples was used to calculate the ice rafted
debris (IRD) content (mg pr. g wet sediment).

3.4. Radiocarbon dating and age model

An age-depth model for DA17-NG-ST03-039G was established
based on 13 AMS (Accelerator Mass Spectrometer) radiocarbon
dates performed separately on either mixed benthic (representing
the general assemblage at the sample level, in particular Cassidulina
neoteretis, Cassidulina reniforme, Islandiella norcrossi, Elphidium
clavatum and Nonionellina labradorica) or planktonic (primarily
Neogloboquadrina pachyderma) foraminiferal species, measured at
the Eidgen€ossische Technische Hochschule (ETH) Laboratory, Ion
Beam Physics, in Zürich (Table 1). The radiocarbon analyses were
performed on a compact AMS system equipped with a gas ion
source directly on the CO2 from 200 to 2000 mg from dissolved
biogenic carbonate (Wacker et al., 2013). If possible (>300 mg car-
bonate), a leach fractionwas alsomeasured for quality control (Bard
et al., 2015). For sample depths 307.5, 310.5, 313.5, and 316.5 cm
paired radiocarbon dating of mixed benthic and mixed planktonic

Fig. 3. (a) West-east transect at ~80N (across the core site; yellow star) showing the annual average temperature distribution of the water masses at the study site derived from the
World Ocean Atlas (Locarnini et al., 2019). Panel (b) shows the results of the CTD prole (DA17-NG-ST03-023CTD), where the different water masses mentioned in the text are
marked. The red line in panel (c) shows the location of the transect.
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foraminiferal species weremeasured. For these sample depths, only
the radiocarbon dates based on mixed planktonic species were
used in the age depth model. All radiocarbon ages were calibrated
with the OxCal v4.4.4 software (Ramsey, 2008; Ramsey and Lee,
2013) using the Marine20 calibration curve (Heaton et al., 2020).
For the calibration we applied a constant marine reservoir correc-
tion of DR ¼ 0 years compared to Marine20 (Heaton et al., 2020;
Reimer and Reimer, 2001). According to Heaton et al. (2020) the
newest marine calibration curveMarine20 should not be applied in
Arctic research, since sea-ice cover impacts the local reservoir ages.
However, uncertainties regarding the effect of sea-ice cover on the
reservoir ages are also applicable for theMarine13 calibration curve
(Reimer et al., 2013), which numerous studies conducted on Arctic
marine sediments use (e.g. Perner et al., 2016; Syring et al., 2020a;
Van Nieuwenhove et al., 2020). Thus, the Marine20 calibration
curve has been applied for radiocarbon calibration in many studies
performed on marine sediments from the Polar regions (Davies
et al., 2022; El bani Altuna et al., 2021; Farmer et al., 2021; Pados-
Dibattista et al., 2022). A depositional P_sequence model was used
for the age-depth modelling with a k value of 0.5 (Ramsey, 2008;
Ramsey and Lee, 2013).

3.5. Foraminifera

Approximately 1-cm wide slices were subsampled for forami-
niferal analysis at every 5 cm of the gravity core from 83 to 308 cm;
every 1 cm of the bottommost 308e317 cm were subsampled. The
wet sediment samples were weighed and wet sieved using three
sieves with mesh sizes of 0.063, 0.100 and 1 mm. The separate
fractions were dried in lter paper in an oven at 40 C until dry. The
dry lter papers wereweighed before and after the samplematerial
was put in glass vials. The 0.063 and 0.100 mm fractions were
combined and used for benthic foraminiferal assemblage analysis,
where both agglutinated and calcareous benthic species were
identied and counted together in order to reach a total count of
300 specimens for all samples. The percentages of the various
agglutinated and calcareous species were calculated based on the
total benthic (agglutinated and calcareous) assemblage to obtain

statistically reliable data. Fluxes of the calcareous benthic, agglu-
tinated benthic and planktonic individuals were calculated based
on individual species pr. gram sediment (ind./g) wet sediment

weight (g), sedimentation rate (cm/ka) and density (g/cm3)
�
Flux ¼

ind:
g

g
cm3

cm
ka

�
. We used a density of 1.6 g/cm3 based on CT scan results

of another marine sediment core close to Zachariæ Isstrøm, core
DA17-NG-ST08-092G (78.501N, 17.279W, water depth: 583 m)
(Davies et al., 2022). Stratigraphically-constrained hierachal cluster
analysis was performed on themost abundant benthic foraminifera
(>% 4 frequency in at least one sample depth) using an algorithm
that operates on a dissimilarity matrix of squared Euclidean dis-
tances in the Rioja software (Grimm, 1987; Juggins, 2020). The
“broken-stick” method was used for the identication of zones
(Bennett, 1996; Juggins, 2020).

3.6. Core scan and X-ray uorescence

The X-ray uorescence core scanning method utilizes X-rays to
scan and log the bulk geochemical elemental composition of a
sediment core with minimal destruction and disturbance of the
sediment surface (Croudace et al., 2006, 2019; Rothwell and
Croudace, 2015). The gravity core was scanned at the Department
of Geoscience, Aarhus University, using an ITRAX core scanner
equipped with a Molybdenum X-ray tube with generator settings
30 kV, 30 mA and exposure time 10 s to log the elemental spectra
from aluminium to uranium at a 0.2 mm resolution. The bottom
2 cm of the corewas not scanned due to a mistake in the laboratory.
A running averagewith window length 0.3 cmwas calculated for all
shown elements and element ratios to eliminate noise. In addition,
the magnetic susceptibility (volume) of the core was measured for
every 5 cm using a Bartington magnetic susceptibility system, with
a MS2E high-resolution point-sensor and a MS2I Sensor.

High-resolution line scan and radiographic images (voltage:
60 kV; current: 45 mA; exposure time: 2000 ms) were made with
the ITRAX core scanner: The radiographic measurement is quanti-
ed as RAD (X-ray intensity), and the colour image is quantied as
RGB values, averaged to grayscale values.

Table 1
Overview of the radiocarbon datings of core DA17-NG-ST03-039G. Modelled median calibrated ages from sample depths marked with * are used in the age depth
model. þ Samples were small (<300 mg) and thus not leached.

Sample depth midpoint (cm) Lab. ID Material 14C age (yr. BP) Unmodelled calibrated age
range (cal yr. BP), 2s

Modelled median age
(cal. yr. BP)

11 ETH-106021 Mixed benthic foraminifera 2830 ± 80 2159e2673 n.a.
37.5 ETH-106022 Mixed benthic foraminifera 2775 ± 70 2101e2601 n.a.
52.5 ETH-107365 Mixed benthic foraminifera 2220 ± 60 1439e1838 n.a.
83* ETH-106023þ Mixed benthic foraminifera 4210 ± 80 3857e4380 3920
112.5* ETH-106024þ Mixed benthic foraminifera 4390 ± 100 4040e4677 4523
137.5* ETH-106025þ Mixed benthic foraminifera 5090 ± 130 4876e5552 5253
167.5* ETH-107366 Mixed benthic foraminifera 6000 ± 70 6000e6421 6160
192.5* ETH-107367 Mixed benthic foraminifera 6355 ± 60 6396e6805 6697
197 AAR-29380 Unidentied shell fragment 5825 ± 29 5892e6198 n.a.
212.5* ETH-107368 Mixed benthic foraminifera 7050 ± 70 7173e7537 7391
237.5* ETH-106026 Mixed benthic foraminifera 8385 ± 70 8524e8994 8659
272.5* ETH-106027 Mixed benthic foraminifera 9200 ± 70 9529e10065 9772
292.5* ETH-106028 Mixed benthic foraminifera 9635 ± 70 10151e10587 10413
307.5 ETH-107369 Mixed benthic foraminifera 10120 ± 70 10765e11243 n.a.
307.5* ETH-107370 Mixed planktonic foraminifera 10055 ± 80 10680e11195 11039
310.5 ETH-115691 Mixed benthic foraminifera 10480 ± 70 11256e11807 n.a.
310.5* ETH-115692 Mixed planktonic foraminifera 10190 ± 60 10880e11340 11188
313.5 ETH-115693 Mixed benthic foraminifera 11080 ± 90 12121e12677 n.a.
313.5* ETH-115694 Mixed planktonic foraminifera 11080 ± 90 12121e12677 12435
316.5 ETH-106029 Mixed benthic foraminifera 12255 ± 80 13358e13842 n.a.
316.5* ETH-106030 Mixed planktonic foraminifera 12070 ± 60 13202e13584 13291
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4. Results

4.1. CTD and water mass distribution

The present surface water (0e20 m) at the Northeast Greenland
shelf at ~80N is characterized by temperatures and salinities of
about 1.2 C and 30e31 in September, based on CTD measure-
ments collected at the core site in September 2017 (Fig. 3b). This
surface layer comprises Polar Water mixed with glacial and seaice
meltwater. At 20e110 m water depth a cold-water mass with
temperatures of 1.5 C to 1.2 C and increasing salinities
(31e33.5) is assigned to the PolarWater component of the EGC. The
warmer water mass that underlies the Polar Water is characterized
by increasing temperatures in the range of 1.3 C to e1 C and
salinities 33.5 to 34.9 between 110 m and 190 m, which could be a
result of mixing of the AAW and the Polar Water component of the
EGC. Below ~190 m water depth the warmest water mass is
observed with temperatures 0.7 Ce1 C and salinity ~34.9, which
is ascribed to AAW with potential minor contributions from RAW
(Schaffer et al., 2017), here just designated “Atlantic Water”. Ac-
cording to the World Ocean Atlas annual average temperature
measurements, the Atlantic Water exceeds 2 C at ~80N (Fig. 3)
(Locarnini et al., 2019).

4.2. Age model

The results of the age-depth model of core DA17-NG-ST03-039G
are shown in Fig. 4 and Table 1. The AMS 14C date performed on
shell fragments (197 cm core depth) is considered an outlier and
was omitted from the agemodel. Moreover, due to the ambiguity of
the top three radiocarbon dates (11.0, 37.5, and 52.5 cm), possibly
representing an interval with reworked sediments; this section of
the core was excluded from further analyses and interpretation in
the present study. Consequently, wewill focus on the depth interval
83e317 cm, where 13 14C dates measured on foraminifera show a
general good agreement without reversals, corresponding to the
period between 13.3 and 3.9 cal ka BP. For the sample depths,
where both planktonic and benthic foraminifera were dated (307.5,
310.5, 313.5, and 316.5 cm), the offset ranged between 0 and 290
years with the planktonic material returning the younger ages but
otherwise no distinguishable pattern (Table 1). After calibration
however, the calibrated 2-sigma age ranges show overlap between
the benthic and planktonic results (Table 1), despite the use of the
same constant reservoir age correction. In the nal age model, we
rely on the benthic dates for the intervals where no planktonic
material was available (Fig. 4). Since there was no trend in benthic-
planktonic offset, no further reservoir correction or uncertaintywas
applied to the benthic samples. This could result in an over-
estimation of the modelled age for the upper part of the core,
although this is likely to be very minimal considering the relatively
shallow water depth of the site and the presence of well-ventilated
Atlantic Water.

4.3. Sediment properties

The recovered sediment mainly consists of brown clayey silt
(Fig. 4). The lowermost 20 cm (317-297 cm) is characterized by
several smaller pebbles and a slight increase in the visible grain size
distribution. Additionally a large drop stone of 4 cm was found at
core depth 272 cm (9.8 cal ka BP). The core showed black spots
throughout most of the core. The grayscale values show high values
at the bottom of the core indicative of light-coloured sediment,
hereafter the values remain relatively stable, until 120 cm core
depth where the increase towards the top indicate gradually lighter
coloured sediments. The results of the RAD show low values at the

bottom of the core related to high density of the sediments.
Hereafter, the RAD is stable until one high peak centred at 185 cm
core depth implying low sediment density. After this, the RAD
values decrease slightly reporting high sediment densities until
20 cm core depth where values increase towards the top of the core
indicating decreasing density. The small peak observed at 117 cm
core depth is located at a section shift.

Four zones were dened based on the stratigraphically-
constrained hierarchal cluster analysis of the benthic foraminif-
eral dataset. The grain size distribution does not vary vastly
throughout the core; however, the sand fraction is more dominant
in the beginning of zone I (c. 13.3 to 11.7 cal ka BP) concurrent to
high IRD, Ca/Sr, Ca/Fe and magnetic susceptibility (Fig. 5). The
magnetic susceptibility reaches peak values at c. 12.3 cal ka BP,
whereafter values decrease, and remain stable in the end of zone I.
The IRD shows a large peak at 11.0 cal ka BP. After c. 11.1 cal ka BP
(end of zone I), most of the grainsize and XRF data do not show
great variability. However, Ca/Fe and Ca/Sr ratios decrease and
remain relatively low and stable for the rest of the core except for
one peak at c. 6.9 cal ka BP in zone III. Magnetic susceptibility is
generally uctuating in zone II and III, peaking at c. 10.5 cal ka BP
and c. 6.5 cal ka BP, followed by lower less uctuating values in zone
IV. The sedimentation rate is relatively very low in zone I (~4.2 cm/
ka) and it increases gradually and stepwise throughout zones II-IV
with relatively higher sedimentation rates at c. 11.1, 9.8, 6.7, and
4.5 cal ka BP.

4.4. Foraminiferal fauna of core DA17-NG-ST03-039G

The benthic foraminiferal assemblages are presented as per-
centages (Fig. 6), based on the combined agglutinated and calcar-
eous species counts, since in some depth intervals the calcareous
benthic species were scarce. In total, 72 different benthic species
were identied (45 calcareous and 27 agglutinated). The planktonic
foraminiferal counts were in general low (0e294 ind./g wet sed.),
whereas the combined benthic species were more abundant
(19e1456 ind./g wet sediment). Both benthic and calcareous spe-
cies showed minor signs or no signs of post-mortem dissolution
and were thus generally well preserved throughout the core.

4.4.1. Zone I: 13.3e11.1 cal ka BP
This zone contains the highest absolute concentrations of both

benthic and planktonic foraminifera, reaching peak values of 1456
and 294 individuals/g sediment at c. 11.2 cal ka BP, respectively. At
13.3 cal ka BP, the benthic assemblage is dominated by high
abundances of Cassidulina neoteretis (37%) and Stetsonia horvathi
(25%), however, these species drop at c. 12.4 cal ka BP, where
Epistominella arctica reaches its highest value of ~67% in the entire
record. Additionally, Islandiella norcrossi shows highest abundances
for the core in this zone, reaching ~11% at 13.0 cal ka BP. In contrast,
the abundances of Elphidium clavatum (~2.5% on average) and
Elphidium albiumbilicatum (~0.6% on average) are relatively low,
whereas Cassidulina reniforme is moderately high (~9.2% on
average). The agglutinated species are nearly absent.

4.4.2. Zone II: 11.1e9.4 cal ka BP
This zone is characterized by abruptly decreasing and uctu-

ating calcareous benthic and planktonic uxes. The benthic species
are 40 times more abundant than the planktonic species on
average. Amongst the most abundant calcareous species are
C. reniforme (~11% on average), C. neoteretis (~18% on average) and
E. clavatum (~32% on average).

The abundance of S. horvathi increases in the beginning of this
zone (~6%), where it intermittently disappears at c. 10.3e9.9 cal ka
BP coinciding with highest abundance of E. clavatum (~60%). This is
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followed by increasing percentages in both S. horvathi and E. arctica
towards the end of this zone. The two calcareous species Stainfor-
thia feylingi and Nonionellina labradorica both increase in abun-
dance throughout this zone, whereas Buliminella elegantissima
exhibit decreasing abundance by the end of this zone. I. norcrossi
show much lower and uctuating values compared to the preced-
ing zone.

The agglutinated taxa are more abundant in this zone compared
to zone I, where Psammosphaera fusca and Portatrochammina
bipolaris are the most abundant. P. bipolaris constitute 42% of the
total benthic foraminiferal assemblage at c. 10.6 cal ka BP.

4.4.3. Zone III: 9.4e6.2 cal ka BP
In this interval, the uxes are relatively stable and vary in line

with the changing sedimentation rates. The benthic foraminifera
are still dominant. The most abundant calcareous species in this
zone include C. neoteretis, I. norcrossi, S. horvathi, E. arctica, N. lab-
radorica, S. feylingi, B. elegantissima and C. reniforme. S. horvathi is
high from 9.3 to 8.2 cal ka BP, where after it drops to overall low
values of about 2% in this zone. E. clavatum decreases after c. 9.4 cal
ka BP and is generally stable in abundance throughout this zone
(~15% on average). 7.9 cal ka BP records the highest abundance of
the calcareous species B. elegantissima (~8%). At c. 7.0 cal ka BP

Fig. 4. Core images and chronology of sediment core DA17-NG-ST03-039G. The left panel shows high-resolution core scan images with increased brightness and contrast,
radiograph images, related RAD intensity and grayscale values of the core. The right panel includes radiocarbon dates from core DA17-NG-ST03-039G, together with the benthic and
planktonic foraminifera based age-depth model. Blue, green and red age distributions show calibrated radiocarbon ages based on mixed benthic foraminifera, mixed planktonic
foraminifera and shell fragments, respectively. The grey envelope represents the modelled 2s range. The solid black line indicates the median modelled ages.
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I. norcrossi records its highest abundance of the zone (~7%), where
C. neoteretis (~22%) and C. reniforme (~14%) also exhibit high per-
centage frequencies. All three species appear less abundant in the
end of the zone. The abundances of E. arctica, N. labradorica and
S. feylingi coexist as subsidiary species throughout the zone, with
highest combined abundances centred at c. 6.4 cal ka BP of ~14%,
followed by a decreasing trend in all three species.

The agglutinated species continue to increase gradually, with
high occurrences of Adercotryma glomerata, Earlandammina incon-
spicua, P. bipolaris and Recurvoides trochamminiformis.

4.4.4. Zone IV: 6.2e3.9 cal ka BP
In this zone, the planktonic uxes show the overall lowest

values. Additionally, most of the calcareous species show low
abundances reected by the high agglutinated/calcareous ratio.
Still, the calcareous species E. clavatum, E. arctica, S. feylingi, C.
reniforme, and E. albiumbilicatum all show moderate relative fre-
quencies. The agglutinated species Spiroplectammina biformis and
Textularia torquata both exhibit high abundances for the rst time.
Additionally, A. glomerata, P. bipolaris, P. fusca, E. inconspicua, and
R. trochamminiformis are similarly overall very abundant.

5. Paleoenvironmental interpretation

The reconstruction of the late glacial to Holocene bottom and
subsurface water conditions on the Northeast Greenland shelf is
based on the results and interpretations of the presented proxies:
X-ray uorescence spectroscopy, magnetic susceptibility, benthic
foraminiferal assemblages and grain size distributions.

The bulk elemental ratio Ca/Fe allows differentiation between
the relative contribution of biogenic marine and terrestrial Ca, and

thus reects local biogenic productivity, whereas relatively high Ca/
Sr values may indicate input of detrital carbonate or lower occur-
rence of aragonite compared to calcite calcium carbonate (Figs. 5
and 7g) (Bahr et al., 2005; Croudace et al., 2006; Richter et al.,
2006; Rothwell et al., 2006; Vare et al., 2009). However, one of
the limitations of the XRF method is that changes in the sediments
surface water content affect the intensity of especially the lighter
elements, caused by radiation absorption of the water (Hennekam
and de Lange, 2012). Changes in grain size and IRD distribution
reveal variations in terrestrial inuence, ice rafting and ocean cur-
rent strengths and dynamics (Jennings et al., 2011; Stein et al.,
1996). Variations in the magnetic susceptibility can reveal past
changes in terrigenous input (Fig. 5), as high values can imply
elevated input of magnetic minerals derived from bedrock (Kleiber
and Niessen, 2000; Stein et al., 2004).

Foraminiferal species provide a basis for interpreting changes in
the bottom and subsurface water environments. The agglutinated/
calcareous benthic ratio can serve as an indicator of dissolution of
calcareous tests and/or as a general indicator of unstable bottom
and subsurface water conditions, which many of the calcareous
species cannot tolerate (Aksu, 1983; Jennings and Helgadottir,
1994). However, the agglutinated tests tend to be more sensitive
to compression and stress caused by the overlying sediments and
thus a gradual downcore decrease in the quantity of agglutinated
species might be caused by post-mortem breakage of tests due to
increased pressure (Feyling-Hansen and Funder, 1990).

The benthic species S. feylingi, N. labradorica, and E. arctica are
often linked to enhanced primary productivity potentially in rela-
tion to the proximity of a sea-ice edge or an oceanic front, releasing
nutrients to the bottom waters (Jennings et al., 2004, 2020; Polyak
et al., 2002; Rytter et al., 2002; Seidenkrantz, 2013; (Wollenburg

Fig. 5. Sediment properties of core DA17-NG-ST03-039G, including section divisions, grain size distribution, sedimentation rate, IRD, selected elements from the XRF core scan,
where darker coloured lines show the running average with window length 0.3 mm and magnetic susceptibility. The benthic foraminiferal zones are indicated on the right side of
the plot together with core section divisions. Depth intervals with radiocarbon dates are shown to the left.
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and Mackensen, 1998) ). E. clavatum is often found in areas affected
by unstable conditions associated with turbid glacial meltwater
ows (Hald et al., 1994) and its presence has previously been linked
to relatively fresh and cold water masses facilitated by a strong EGC

(Perner et al., 2012). However, E. clavatum does not seem to thrive
under perennial sea-ice conditions (Jennings et al., 2020; Vilks,
1980). On the other hand, S. horvathi tolerates colder surface wa-
ter conditions, since it has been found living beneath the

Fig. 7. Comparison between proxies from core DA17-NG-ST03-039G; a) Atlantic water indicator species and S. horvathi, b) E. arctica, c) planktonic ux, d) IRD, e) sand content, g) Ca/
Fe, plotted together with d18O data from the NGRIP ice core (Rasmussen et al., 2006). Blue crosses mark radiocarbon dates. The blue bands mark cold periods, whereas the red bands
indicate time intervals of increased Atlantic Water advection based on the abundance of the benthic Atlantic Water indicator species. Foraminiferal zones are marked by dashed
lines (zone numbers are show at the bottom) and chronostratigraphical/climatic intervals are shown at the top (B-A ¼ Bølling-Allerød, YD ¼ Younger Dryas; HTM ¼ Holocene
Thermal Maximum).
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Fig. 8. Comparison between selected foraminiferal data from this study and proxy records from the Fram Strait and Southeast Greenland margin. a) IC group % (C. neoteretis) and b)
AAW group % (Melonis barleeanus and I. norcrossi) from core JM96-1206/2 GC (Perner et al., 2016), c) Atlantic Water group % (C. neoteretis and I. norcrossi), d) Atlantic Water in-
dicators % from core DA17-NG-ST08-092G (Davies et al., 2022), e) d18O C. neoteretis and f) d13C N. pachyderma from core PS93/025 (Zehnich et al., 2020), g) the planktonic ux, h)
driftwood delivery record from Northeast Greenland (Funder et al., 2011b), i) IP25 and j) HBI III from core PS93/025 (Syring et al., 2020a), k) productivity group % (S. feylingi, N.
labradorica, and E. arctica), l) S. horvathi %, m) E. clavatum %. MIZ: Marginal ice zone. Chronostratigraphical/climatic intervals are shown at the top (B-A ¼ Bølling-Allerød,
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Petermann Glacier ice tongue in northwest Greenland (Jennings
et al., 2020). In addition, this species is commonly found in oligo-
trophic environments inuenced by perennial sea-ice conditions in
the shallower part of the Arctic Ocean (Husum et al., 2015;
Wollenburg and Mackensen, 1998).

Given the location of our core site near the eastern mouth of the
Westwind Trough and the NEW Polynya, our study area today re-
ceives Atlantic Water from the AAW, as implied in the CTD data
(Fig. 3). Past inow of RAW has been observed in the neighbouring
core PS93/025 (Zehnich et al., 2020). Pervasive abundance of spe-
cies C. neoteretis is often associated with inux of chilled Atlantic
Water beneath a colder and fresher layer of PolarWater (Cage et al.,
2021; Jennings and Helgadottir, 1994; Seidenkrantz, 1995).
Furthermore, it's presence has been connected to both RAW and
AAW masses (Wollenburg et al., 2004). In the northern Denmark
Strait near the East Greenland coast, I. norcrossi has likewise been
related to inow of AAW (Cage et al., 2021; Perner et al., 2016).

5.1. Zone I, 13.3e11.1 cal ka BP

The highest sand and IRD content concurrent to low sedimen-
tations rates (~4.2 cm/ka), high uxes of planktonic and calcareous
benthic foraminifera, low E. clavatum and high C. neoteretis abun-
dances resemble the observations recorded in the outer Peterman
Fjord from c. 7.0 cal ka BP, which was interpreted as distal glacio-
marine conditions with Atlantic water inuence (Jennings et al.,
2022). Thus, we argue that overall similar distal glaciomarine
conditions affected the outer Northeast Greenland shelf from 13.3
to 11.1 cal ka BP. Here, the elevated magnetic susceptibility values
may be caused by the coarser grain size of magnetic minerals
(Fig. 7d and e and Fig. 5). The high abundance of S. horvathi in the
beginning of this zone (13.3 cal ka years BP) imply cold conditions
presumably accompanied by heavy sea-ice concentrations (Figs. 7a
and 8l). Concurrently, the relatively high abundance of I. norcrossi
and C. neoteretis suggests a contemporary advection of Atlantic
Water to the shelf underneath this extensive sea-ice cover.

E. arctica has been linked to mobile sea-ice productivity and
seasonally ice-free areas (Jennings et al., 2020; Wollenburg and
Mackensen, 1998). Thus, the large bloom in E. arctica, combined
with high uxes of both benthic calcareous and planktonic speci-
mens and a drop in abundance of S. horvathi at ~12.9 cal ka BP
(Fig. 7), suggest a change towards milder surface and subsurface
water conditions with increased primary productivity in connec-
tion with more seasonal sea-ice. Furthermore, the similar deposi-
tional pattern observed in Ca/Sr and Ca/Fe ratios imply changes in
the production of biogenic carbonate. Accordingly, increased local
primary productivity is evident from c. 12.9 to 11.0 cal ka BP,
inferred by relatively high Ca/Fe and Ca/Sr ratios (Figs. 5 and 8).

5.2. Zone II, 11.1e9.4 cal ka BP

A drop in Ca/Fe, Ca/Sr, IRD, sedimentation rate, sand fraction
percentages, calcareous benthic and planktonic uxes imply fewer
ice rafting events and overall relatively lower productivity, also
reected by signicantly lower E. arctica abundances (Figs. 5 and 7).
High numbers of C. neoteretis in the beginning of this zone (c. 11.1 to
10.2 cal ka BP), point to advection of Atlantic derived water masses.
The following drop in C. neoteretis after c. 10.2 cal ka BP coincide
with increased frequencies in E. clavatum and stable C. reniforme
abundances. This reects glaciomarine conditions and/or a stronger
advection of the sea ice and Polar Water loaded EGC (Hald et al.,

1994; Perner et al., 2012). Further, the nding of a 4 cm large
dropstone at ~272 cm (9.8 cal ka BP) likely relates to calving and/or
meltwater release from the NEGIS. The sporadic occurrences of
N. labradorica and S. feylingi might imply production of fresh phy-
todetritus related to a sea-ice environment with open water areas.

5.3. Zone III, 9.4e6.2 cal ka BP

In this interval, the foraminiferal uxes vary in line with the
changing sedimentation rates. The decreasing percentages of
E. clavatum and slightly lower sedimentation rate from c. 9.4 cal ka
BP are followed by very high abundances of S. horvathi together
with relatively high numbers of the subsidiary species E. arctica, N.
labradorica, and S. feylingi from 9.4 to 8.0 cal ka BP. This presumably
reect fresh phytodetritus production linked to the sea-ice margin
(Figs. 5 and 6). The relatively low sedimentation rate around 8.6 cal
ka BP might imply lower deposition of terrigenous material. Pro-
longed periods of ice cover can hinder sedimentation; this might be
the cause of the low sedimentation rate observed here. At c. 8.0 cal
ka BP, the low abundances of S. horvathi, E. arctica, N. labradorica,
and S. feylingi point to reduced primary productivity, presumably
caused by either an extension of the sea-ice cover or prolonged
open water conditions. Contemporary elevated numbers of
C. neoteretis might indicate gradually higher Atlantic Water incur-
sion to the shelf.

The period c. 7.5 to 6.7 cal ka BP, centred at c. 7.1 cal ka BP, re-
cords the interval with highest inuence of Atlantic-derived water,
as suggested by high abundances of C. neoteretis and I. norcrossi in
zone III (Fig. 6). Concurrently, at c. 7.1 cal ka BP there is an inter-
mittent decrease in agglutinated species and increases in both the
planktonic and calcareous benthic uxes, pointing to a general
amelioration of the subsurface and surface water conditions. The
overall stable distribution of C. reniforme and relatively low
E. clavatum in this zone relates to elevated and stable salinities
potentially caused by a weaker EGC, since C. reniforme is more
demanding of higher salinities compared to E. clavatum (Hald and
Korsun, 1997). Notably, the Polar Water and perennial sea-ice in-
dicator species S. horvathi does not seem to ourish under the
relatively strong advection of Atlantic-sourced water masses.
Following the peak in Atlantic Water indicator species at 7.1 cal ka
BP, an increase in the high-productivity indicator species E. arctica,
N. labradorica, and S. feylingi is observed, suggesting high primary
productivity possibly linked to seasonal sea-ice conditions and
passage of the sea-ice front. Noteworthy is the gradually increasing
trend in the overall abundance of agglutinated specimens; this
could be linked to better post-mortem preservation due to reduced
sediment compression.

5.4. Zone IV, 6.2e3.9 cal ka BP

The overall increasing dominance of agglutinated species
together with the lowest calcareous benthic ux values suggest
generally cold bottom water conditions. Furthermore, the rst
noticeable appearance of the agglutinated species T. torquata and
S. biformis record cold bottom water conditions (Fig. 6) (Lloyd,
2006; Perner et al., 2012; Vilks, 1969). This, together with the
relatively high yet uctuating abundance of E. arctica and S. feylingi,
suggest ice marginal sea-ice conditions presumably in connection
with enhanced incursion of drift ice loaded Polar Water conveyed
by the EGC. The decreasing C. neoteretis and I. norcrossi point to
relatively lower inow of Atlantic derived waters to the shelf.

YD ¼ Younger Dryas; HTM ¼ Holocene Thermal Maximum). The blue bands mark periods inuenced by relatively cold conditions, whereas red bands indicate time intervals of
increased Atlantic Water advection.
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6. Discussion

6.1. Deglacial-Holocene transition of the northeast Greenland shelf
(13.3e11.1 cal ka BP, zone I)

The maximum extent of the GIS on the Northeast Greenland
continental shelf during the last glaciation is somewhat conten-
tious since data constraining the extent of the GIS during the last
glaciation is scarce. Mass debris ows located at the slope adjacent
to the shelf break together with glacial landforms observed across
the shelf, indicate that during the Last Glacial Maximum (LGM)
grounded glacial ice reached the shelf break (Arndt et al., 2017;
Evans et al., 2009; Winkelmann et al., 2010). Yet, these landforms
lack absolute dating. Marine sediment core PS2876 located at the
North Greenland margin at 81 N (Fig. 1a) records the onset of the
deglaciation of the shelf at ~20 ka years BP, marked by a reduction
in IRD and decreasing sedimentation rates (Nørgaard-Pedersen
et al., 2008). Furthermore, a box core (PS93/031; Fig. 1a) retrieved
at the Northeast Greenland continental margin at ~79 captures the
late LGM period, during which Atlantic Water advection under
perennial sea-ice conditions are evident (Spielhagen and
Mackensen, 2021). Another new record (core DA17-NG-ST01-
019G; Fig.1a) from the outer NE Greenland shelf at 79.4 N has been
interpreted to show that grounded ice from the NEGIS never
reached the shelf break at this site during the LGM. This interpre-
tation is based on the presence of well-preserved macro and mi-
crofossils in radiocarbon datedmarine sediments (Rasmussen et al.,
2022).

Atlantic Water advection has been recorded in the deeper parts
of the Fram Strait between c. 19.5 and 14.5 ka years BP, reaching as
far north as ~78N (Hebbeln et al., 1994). Additionally, high uxes of
planktonic foraminifera, high sedimentation rates and oxygen ho-
mogeneity between thewestern and eastern Fram Strait indicate an
enhanced RAC during the LGM, which may have contributed to the
retreat of the GIS (Nørgaard-Pedersen et al., 2003). This has
recently been supported in the study of sediment core DA17-NG-
ST01-019G from the NE Greenland shelf edge, where the rich
planktonic and benthic foraminifera fauna point to relatively warm
subsurface Atlantic water inow during the LGM (Rasmussen et al.,
2022).

In agreement with these observations, we hypothesize that the
retreat of the grounded GIS occurred prior to c. 13.3 ka years BP at
our study site. The high abundance of foraminiferal Atlantic Water
indicator species and high planktonic foraminifera concentrations
at the beginning of our record at c. 13.3 cal ka BP (Fig. 7a, c and
Fig. 8d,g), imply advection of Atlantic Water masses to the North-
east Greenland shelf in linewith the aforementioned studies. At the
same time, the abundant, cold-water species S. horvathi suggests
cold conditions (Figs. 7a and 8i). This was probably linked to
increased inux of cold, low-saline surface meltwaters related to
the rapid retreat of the nearby 79G in the Westwind Trough, which
potentially yielded optimal conditions for sea-ice formation (Arndt
et al., 2017).

According to the multiproxy study based on core PS100/270
retrieved east of 79G (Fig. 1a), the transition from grounded ice to
ice free conditions is documented by a shift from subglacial till to
laminated sediments (c. 10.1 cal ka BP) (Syring et al., 2020a); this is
later than the assumed deglaciation at our core site. Thus, our study
site on the middle section of the shelf was likely deglaciated earlier,
as also in accordance with the more glacier proximal position of
core PS100/270 (Syring et al., 2020a). In line with this, Norske
Trough, located southwest of our core site, also appears to be free
from grounded ice after c. 12.5 cal ka BP or even before 13.4 cal ka
BP (core DA17-NG-ST08-092G, Fig. 1a) (Davies et al., 2022). The
overall high IRD content, high sand content, low sedimentation

rates, relatively high planktonic and calcareous benthic forami-
nifera uxes and low E. clavatum in this zone at our core site might
be indicative of ice rafting in a glaciomarine setting (Jennings et al.,
2022) (Fig. 7d and e).

6.1.1. Bølling-Allerød interstadial (c. 13.3e12.9 cal ka BP)
The oldest part of core DA17-NG-ST03-039G encompasses the

eastern Fram Strait timing of the Bølling-Allerød interstadial from
14.1 to 12.9 cal ka BP (Consolaro et al., 2018). During this time, a
core from the deeper eastern Fram Strait records high sand and IRD
content together with low surface water productivity (Consolaro
et al., 2018) (Fig. 1a, Core JM10-330 GC). Additionally, a strong
Atlantic Water inow beneath Polar surface waters was inferred by
high abundances of C. neoteretis (Consolaro et al., 2018). These
conditions are commonly observed during the Bølling-Allerød in
the eastern Fram Strait near the western Svalbard margin
(Rasmussen et al., 2007; Slubowska-Woldengen et al., 2007).
Similarly, marine sediment cores from Southeast Greenland
recorded increased advection of Atlantic Water during the Bølling-
Allerød, starting at 13.5 cal ka BP (Jennings et al., 2006) (Fig. 1a core
JM96-1216/2-GC). Overall, these studies align with our observa-
tions; high occurrences of S. horvathi and Atlantic Water indicator
species together with relatively low abundance of E. arctica point to
a stratied water column with increased Atlantic Water inuence
and low surfacewater productivity (Fig. 7a and b). Furthermore, the
high IRD peak at c. 13.0 cal ka BP and high sand content might be
indicative of ice rafting in a glaciomarine setting (Jennings et al.,
2022) (Fig. 7d and e).

6.1.2. Younger Dryas (12.9e11.7 cal ka BP)
During the Younger Dryas (YD), a productivity bloom is recorded

from c. 12.9 to 11.0 cal ka BP in core DA17-NG-ST03-039G, inferred
by high Ca/Fe and high abundances of E. arctica and high planktonic
and benthic foraminifera counts (Fig. 7b,c,g). The Atlantic Water
indicator species decrease here. However, their persistently rela-
tively high abundances indicate continued inow of Atlantic Wa-
ters at subsurface levels. The Atlantic Water likely entered
Westwind Trough below a cold and fresh surface meltwater layer,
as inferred by continued high sand and IRD deposition at our core
site, suggesting distal glaciomarine sedimentation. Glacial melt-
water often delivers high concentrations of nutrients to the sur-
rounding water masses, and thus may explain the observed
productivity bloom recorded at our study site (Hopwood et al.,
2018; Meire et al., 2017; Waniek et al., 2005). Yet, the high simi-
larities between radiocarbon dates performed on planktonic and
benthic foraminifera suggest overall well-ventilated water column
conditions. Arndt et al. (2017) speculate that the fast owing ice
stream in the Westwind Trough was positioned at a mid shelf
grounding zone wedge during the YD (Fig. 1b).

In line with our ndings, core DA17-NG-ST-014-171G recovered
offshore the Young Sound-Tyrolerfjord system in East Greenland
(Fig. 1a), recorded extensive Atlantic Water advection leading to
water column stratication during the YD (Jackson et al., 2022).
Further to the south in Southeast Greenland, inuence of Atlantic
bottom waters also prevailed during the YD (12.8e11.64 cal ka BP)
(core JM96-1216/2 GC, Fig. 1a), when the planktonic polar species
N. pachyderma thrived (Jennings et al., 2006). This was likely due to
enhanced injections of cold surface meltwater (Jennings et al.,
2006). The strong ablation of the GIS in SE Greenland caused a
d18O depletion in both the surface and bottom waters, despite a
strong advection of Atlantic bottom waters inferred by high abun-
dances of C. neoteretis (Jennings et al., 2006). Jennings et al. (2006)
suggest that brine rejections related to sea-ice formation caused
the surface waters to sink resulting in d18O bottomwater depletion.
A similar mechanism could have generated nutrient ux to the
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bottom waters at our core site, causing a synchronous bloom in
surface and bottom water productivity. Thus, the timing and the
environmental conditions related to the YD observed in SE
Greenland correlate with our observations (Fig. 7).

Relatively warmer conditions and/or no observed changes dur-
ing the YD are in fact commonly observed around SE Greenland and
Iceland, related to a continuous advection of Atlantic Waters
(Eiríksson et al., 2000; Kuijpers et al., 2003) and it has also been
traced to the Kane Basin off NW Greenland (Knudsen et al., 2008).
In the eastern Fram Strait during the YD, several studies point to a
persistent (yet colder and fresher) Atlantic water advection,
beneath colder, sea-ice loaded Polar surface waters, caused by high
summer melt rates and a strengthened Transpolar Drift (Aagaard-
Sørensen et al., 2014b; Consolaro et al., 2018; Müller and Stein,
2014; Rasmussen et al., 2007; Slubowska-Woldengen et al.,
2007). Seasonal, pulsed primary production was linked to a
bloom in opportunistic benthic foraminifera on the western Sval-
bard margin (Consolaro et al., 2018). A strong vertical water mass
convection has also been observed in the rst half of the YD in the
central Fram Strait (core PS1230 Fig. 1a.) (Bauch et al., 2001).

At the Northeast Greenland continental slope (core PS93/031
Fig. 1a), low d18O values fromN. pachyderma are recorded from 12.7
to 10.2 cal ka BP (Spielhagen and Mackensen, 2021). This suggests
that a major freshwater event took place during parts of the YD,
related to enhanced ablation of the GIS and/or connected to the
freshwater outburst from the Mackenzie Valley into the Arctic
Ocean (Spielhagen and Mackensen, 2021). Consequently, it has
been suggested that the continuous ablation of the GIS and thus
increased meltwater outow during the Bølling-Allerød and YD
yielded by a persistent advection of subsurface Atlantic Waters,
could have played a role in the abrupt cooling event during the YD
Holocene transition (Jennings et al., 2006; Rainsley et al., 2018).

6.1.3. The Early Holocene transition (11.7e11.1 cal ka BP)
Decreasing sand content and magnetic susceptibility together

with variable Ca/Fe and Ca/Sr at around 11.7 cal ka BP marks the
Holocene transition at our site, coinciding with rapidly increasing
d18O values from the NGRIP ice core, suggesting overall transitional
conditions (Figs. 5 and 7e,f,g). Variable Ca/Sr and Ca/Fe counts point
to variations in the marine productivity and terrigenous inux. The
end of the YD at 11.7 ka BP was associated with abrupt warming
with mean annual air temperatures rising c. 10 C in 60 years over
the GIS (Steffensen et al., 2008; Walker et al., 2009). At our study
site, this transition coincides with high percentages of Atlantic
Water indicator species, indicative of warm intermediate water
conditions (Figs. 7a and 8c).

After the onset of the Holocene, the increasing Ca/Fe and Ca/Sr
after c. 11.4 cal ka point to increasing marine productivity (Fig. 5).
The concurrent relatively high abundances of Atlantic Water indi-
cator species suggest continuous advection of subsurface Atlantic
Water (Figs. 7a and 8c). One large IRD peak at c.11.1 cal ka BP (Figs. 6
and 8d), point to meltwater inow associated with waning gla-
ciomarine conditions potentially related to the nal retreat of the
NEGIS from the shelf (Larsen et al., 2018).

6.2. Variable mid-Holocene conditions and EGC strengthening
(11.1e9.4 cal ka BP, zone II)

The Early to Mid Holocene environmental conditions on the
Northeast Greenland shelf are characterized by signicant uctu-
ations (Figs. 7 and 8). At c. 10.9 cal ka BP, the decreasing IRD, sand
fraction percentages, sedimentation rate, Ca/Fe and Ca/Sr, E. arctica,
calcareous benthic and planktonic uxes are indicative of overall
lower subsurface and surface productivity (Fig. 7). This could be
related to reduced meltwater discharge in connection with a

landward retreat of the nearby ice margin, and thus less supply of
freshwater and nutrients to the water masses (Hopwood et al.,
2018; Meire et al., 2017; Waniek et al., 2005).

From c.11.1 to 10.2 cal ka BP the advection of AtlanticWater onto
the shelf is strong given the continuous high percentages of Atlantic
Water indicator species (Fig. 7a). The strong subsurface Atlantic
Water advection is intermittently interrupted at 10.2 to 9.4 cal ka
BP, recorded by the dominance of the opportunistic cold-water
benthic species E. clavatum (Fig. 8m). E. clavatum indicates colder,
fresher and unstable conditions potentially linked to a strong
advection of EGC waters and/or waning glacial conditions (Syring
et al., 2020a). Outside Young Sound (core DA17-NG-ST014-171G,
Fig. 1a), seasonal sea-ice cover conditions and inow of EGC Polar
Water is also reported from c.10.9e8.8 cal ka BP (Jackson et al.,
2022). Low d13C in N. pachyderma suggest poor ventilation related
to cold surface water conditions and a reduced RAW advection at
the neighbouring core site PS93/025 at c. 9.8 cal ka BP (Fig. 8f)
(Zehnich et al., 2020).

6.3. Extensive sea-ice conditions and the Holocene thermal
maximum (9.4e6.2 cal ka BP, zone III)

At c. 9.4 cal ka BP in our study, reduced sedimentation rates
(Fig. 5)might point to source changes in terrigenous sedimentation.
Concurrently, an increase in the percentages of S. horvathi and
benthic productivity species (S. feylingi, E. arctica, and
N. labradorica) that respond to pulses of primary productivity
released from melting sea ice is observed (Fig. 8k); this might be
linked to marginal ice zone conditions. This is supported by the
concurrent maximum HBI III recorded in core PS93/025 (Figs. 1a
and 8j) (Syring et al., 2020b). Syring et al. (2020a) and Zehnich et al.
(2020) relate these sea-ice conditions and relatively low d18O in
C. neoteretis to an overall warming of the surface and bottomwaters
(Fig. 8e). Signs of Atlantic Water advection to the grounding line of
the 79G was also recorded in core PS100/270 from 10 to 9.6 cal ka
BP (Fig. 1a) (Syring et al., 2020a). An abundance of ~12% of Atlantic
Water indicator species in our study suggest some inow of Atlantic
Waters (Fig. 8c), potentially owing beneath a Polar Water layer
advected by a stronger EGC. Concurrently, a benthic foraminiferal
record from Southeast Greenland report larger inuence of the
AAW together with a stronger expanded EGC in Denmark Strait
(core JM96-1206/2 GC, Fig. 1a) (Perner et al., 2016) (Fig. 8b). Based
on this, we hypothesize that the relatively abundant Atlantic Water
indicators at our site at this time (Fig. 8c), was caused by a pre-
dominant inuence of the AAW opposed to the RAW.

At 8.5 cal ka BP marginal sea-ice productivity is lower, inferred
by decreasing percentages of the benthic productivity species that
respond to the ux of food provided by the melting sea ice (Fig. 8k).
This is related to generally lower IP25 and HBI III concentrations in
core PS93/025, interpreted as low sea-ice algal productivity caused
by an expansion of the sea-ice cover (Fig. 7i and j) (Syring et al.,
2020b). This is also indicated by a peak in S. horvathi in our study,
which tolerates heavy sea-ice conditions (Fig. 7l). Yet, the
increasing abundance of the Atlantic Water indicator species at our
site (Fig. 7c) suggests continuous inow of Atlantic Water masses
below an extended sea-ice cover. Contrasting water column con-
ditions are also reported in the inner-trough area between West-
wind and Norske Trough and on the inner Northeast Greenland
continental shelf near the 79G, where C. neoteretis and S. horvathi
co-existed (Pados-Dibattista et al., 2022 core DA17-NG-ST07-73G;
(Syring et al., 2020a) core PS100/270, Fig. 1a). Near the site of 79G,
these conditions were related to a proglacial environment with
landfast sea ice, where a strong pycnocline separated the cold
surface waters and thewarm Atlantic-inuenced subsurfacewaters
(Syring et al., 2020b).
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From 7.5 to 6.7 cal ka BP a strong incursion of subsurface Atlantic
Water is inferred by increasing Atlantic Water indicators, reaching
their highest abundances for the entire core. This marks the Ho-
locene Thermal Maximum (HTM) at our site (Fig. 8c). The
increasing d13C in N. pachyderma at that time in core PS93/025
point to enhanced water column ventilation (Fig. 8f)(Zehnich et al.,
2020). Elevated abundances of the benthic productivity indicators
and a high ux of planktonic foraminifera at our site (Fig. 8f,k),
together with elevated concentrations of IP25 and HBI III in core
PS93/025, suggest a transition towards marginal ice zone condi-
tions with increased spring algal blooms (Fig. 8i and j) (Syring et al.,
2020b). The strong advection of Atlantic Water might have caused
sea-ice break-up on the outer shelf. Radiocarbon datings of
whalebones and marine shells near the Nioghalvfjerdsfjorden at
the 79G imply a reduction in the oating ice margin and prevailing
open water conditions from 7.0 to 5.4 cal ka BP (Fig. 1b)(Bennike
and Weidick, 2001; Larsen et al., 2018). Additionally, between 7.7
and 4.5 cal ka BP, the 79G grounding line was located 80 km inland
compared to today (Bennike and Weidick, 2001).

On the inner Northeast Greenland shelf (core PS100/270,
Fig. 1a), seasonal landfast sea ice was forming at the site of 79G in
connection with the establishment of the Norske Øer Ice Barrier
(NØIB) (Figs. 1b and 2) (Syring et al., 2020a). This was attributed to
strong Atlantic Water incursion yielding enhanced basal melt of the
glacier, destabilising the ice shelf. Rising of fresh, cold, less dense
basal melt water acted as a barrier between the warm water, sta-
bilizing the landfast sea-ice. Similarly, a strong inuence of Atlantic
Water, concurrent to a weakening of the EGC, is documented from
c. 8.2 to 6.2 cal ka BP in the inter-trough area, related to the HTM
(Pados-Dibattista et al., 2022; core DA17-NG-ST07-73G, Fig. 1a).

Seasonally-open water conditions in connection with reduced
multiyear sea ice and landfast ice in Northern Greenland was also
suggested by Funder et al. (2011a), based on the increased extent of
beach ridges and sparse driftwood (Fig. 8h). These conditions were
facilitated by atmospheric and ocean warming related to increased
summer solar insolation during the HTM, where temperatures in
the Arctic and North Greenland were 2 Ce4 C warmer than today
(Kaufman et al., 2004). This climatic warm period was also
observed in marine records south of our study site, within the ow
path of both the EGC andwarmer Irminger Current (IC) at the North
Icelandic Shelf. Here, a great inuence of IC waters were recorded
between c. 8.0 to 6.8 cal ka BP, related to the nal phase of the HTM
(Cabedo-Sanz et al., 2016; Ran et al., 2006). Closer to the SE
Greenland margin in Denmark Strait, HTM conditions weremarked
by a strengthening and/or warming of the IC waters between c.
7.8e7.1 cal ka BP (Jennings et al., 2002, 2011; Perner et al., 2016)
(Fig. 8a), whereas the AAW was the main contributor to the sub-
surface waters prior to 7.8 cal ka BP (Fig. 8b) (Perner et al., 2016).
This is further supported by studies from the eastern Fram Strait
near the WSC reporting strong inow of Atlantic Water associated
with the HTM until c. 7.0 cal ka BP (Consolaro et al., 2018;
Rasmussen et al., 2014; Werner et al., 2013, 2016).

6.4. Onset of the neoglacial cooling (6.2e3.9 cal ka BP, zone IV)

From c. 6.2 to 3.9 cal ka BP, a weakening in the Atlantic Water
inow is inferred by decreasing abundance of the Atlantic Water
indicator species at our site (Fig. 8c). Moreover, the planktonic ux
and benthic productivity species peak around 6.3 cal ka BP followed
by their sequent decrease (Figs. 6 and 8g). Opposite, the aggluti-
nated benthic foraminiferal species are increasing in this zone.
Altogether, this points to a transition towards colder subsurface and
surface water conditions potentially linked to strong inow of drift
ice conveyed by the EGC interpreted from decreasing planktonic
d18O, HBI III and increasing IP25 in core PS93/025 (Fig. 8i and j)

(Syring et al., 2020b; Zehnich et al., 2020). At the same time, the
reappearance of driftwood in Northeast Greenland points to an
increase in multiyear and landfast sea ice (Fig. 8h) (Funder et al.,
2011a).

After the 79G ice shelf breakup at 7.5 cal ka BP, extremely low
primary productivity, together with nearly permanent sea-ice
cover, is observed at the inner NEG shelf (Davies et al., 2022;
Syring et al., 2020a). This was followed by a re-advance of the 79G
ice shelf from 4.5 cal ka BP, attributed to reduced Atlantic Water
inow slowing down the basal glacial melting (Bennike and
Weidick, 2001; Syring et al., 2020a). Increased delivery of terrige-
nous sediment related to a readvance in the 79G ice shelf, might
explain the increasing sedimentation rates (Fig. 6) (DA17-NG-ST03-
039G). In the NEG mid-shelf region (core DA17-NG-ST07-073G,
Fig. 1a), an initial cooling after the HTM is also dated to 6.2 cal ka BP
(Pados-Dibattista et al., 2022). Although, here themost clear shift to
colder conditions occurred at 4.2 cal ka BP, when there was a
transition towards colder conditions associatedwith near perennial
sea-ice cover conditions and an increased inux of Polar Water in
the EGC (Pados-Dibattista et al., 2022). In fact, a general increase in
EGC conveying drift ice along the east coast of Greenland starting
from 4.7 to 3.3 cal ka BP is also reported by other studies in
Denmark Strait and southeast Greenland (Andresen et al., 2013;
Jennings et al., 2002; Perner et al., 2015b, 2016). Concurrently, the
mussel Mytilus edulis vanished from East Greenland at 5 ka BP
(Funder and Weidick, 1991; Hjort and Funder, 1974), suggesting
cold conditions, as this species is commonly found in boreal-
subarctic areas in Greenland (Dyke et al., 1996). Studies on drift-
wood, molluscs, marine mammal bones from raised marine de-
posits, together with lake and marine sediment cores from
Northeast and East Greenland report on lower temperatures at
around 5 cal ka BP and advancing glaciers (Bennike and Weidick,
2001; Klug et al., 2009; Syring et al., 2020a; Wagner et al., 2000).

Elevated abundances of Arctic diatom species recorded from 6.8
to 5.5 cal ka BP in a core retrieved from the North Icelandic Shelf
within the ow path of the EGC supports this (Ran et al., 2006).
Additionally, increases in T. quinqueloba and HBI III are recorded
from 6.1 to 3.8 cal ka BP in core MD99-2269 (Harning et al., 2021)
(Fig. 1a). Furthermore, elevated IP25 and quartz content are
observed at c. 5 cal ka BP in both core MD99-2269 and JR51-GC35
on the North Icelandic Shelf (Cabedo-Sanz et al., 2016) (Fig. 1a).
These observations indicate that the Arctic Front was positioned
near the North Icelandic Shelf and that an expanded EGC conveyed
drift ice from the Arctic Ocean to the area.

Evidence of colder conditions related to a weakening of the
Atlantic Water inow after 7 cal ka BP are also widespread in the
eastern Fram Strait, based on several multiproxy studies off west-
ern Svalbard (Aagaard-Sørensen et al., 2014a; Aagaard-Sørensen
et al., 2014b; Consolaro et al., 2018; Ebbesen et al., 2007;
Rasmussen et al., 2014; Werner et al., 2013, 2016).

These Mid to Late Holocene cold conditions observed on the
NEG shelf, North Icelandic Shelf, and Fram Strait region in other
studies refer to the onset of the insolation-driven Neoglacial cool-
ing, where the summer temperatures decreased gradually (Berger
and Loutre, 1991; Berger, 1978; Kaufman et al., 2009). The timing
of the onset of the Neoglaciation in the eastern Fram Strait appears
to bemore or less synchronous to that of thewestern Fram Strait, as
several proxy studies document lower advection of Atlantic Waters
parallel to a strengthening of the EGC and a south-eastward
expansion of the sea-ice margin and Polar fronts (Aagaard-
Sørensen et al., 2014b; Bauch et al., 2001; Belt and Müller, 2013;
Consolaro et al., 2018; Hald et al., 2007; Harning et al., 2021; Koç
et al., 1993; Rasmussen et al., 2007; Werner et al., 2013, 2016).
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7. Conclusions

This study is the rst to investigate the Last Glacial-Holocene
transition and the general oceanographic development of the late
glacial to Mid Holocene in the Westwind Trough, specically in the
area of the North East Water Polynya. Today, the site is inuenced
by cold, low-saline PolarWater of the upper EGC travelling from the
Arctic Ocean underlain by warmer, saline Atlantic Water masses at
subsurface levels. Our multiproxy study encompasses benthic
foraminiferal assemblages, sediment properties and geochemical
elemental composition (core scan data). Signicant environmental
variability is documented during the deglaciation and large part of
the Holocene, related to relative uctuations in sea-ice conditions,
Atlantic and Polar Water inux (13.3e3.9 cal ka BP):

1. The Greenland Ice Sheet grounded ice had retreated from the
outer Northeast Greenland shelf at 80N by 13.3 cal ka BP, i.e. at
least during the mid Bølling-Allerød period, where inow of
subsurface Atlantic Water below Polar surface waters and
extensive sea-ice cover in a glaciomarine setting dominated the
outer shelf. This was followed by increased productivity from c.
12.9 to 11.1 cal ka BP, derived by the highest abundances of
E. arctica and the highest uxes of both planktonic and benthic
foraminifera together with high Ca/Fe and Ca/Sr ratios encom-
passing the timing of the YD.

2. Strong advection of Atlantic Water are recorded during the
glacial-Holocene transition from c. 11.7 to 10.2 cal ka BP.

3. The period from 10.2 to 9.4 cal ka BP is characterized by
enhanced incursion of cold Polar EGC Water and marginal ice
zone conditions. This was followed by a period of harsher sea-
ice conditions and inow of subsurface Atlantic Water from c.
9.0 to 7.5 cal ka BP.

4. HTM related conditions are recorded from 7.5 to 6.7 cal ka BP,
where the outer shelf was affected by increased productivity
related to seasonal open water conditions and increased incur-
sion of Atlantic-sourced water. The AAW may have been the
main Atlantic Water source in the Westwind Trough during the
HTM.

5. The shift towards a dominantly agglutinated fauna and lower
abundance of benthic Atlantic Water indicator species at c.
6.2 cal ka BP points to a transition towards colder subsurface and
bottom water conditions, potentially linked to the onset of the
Neoglaciation. The decreased AtlanticWater incursionmay have
been facilitated by an enhancement of the EGC, conveying drift
ice to the outer Northeast Greenland shelf.
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