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a b s t r a c t

The melting of marine terminating glaciers in Northeast Greenland is a visible sign that our climate is
changing. This melt has been partly attributed to changes in oceanic heat fluxes, particularly warming of
Atlantic Water (AW). Yet our understanding of the interaction between glaciers and the ocean is limited
by the length of instrumental records. Here, we present a multi-proxy study (benthic foraminifera as-
semblages, CT scans, grain size, XRF, and stable isotope data) on core DA17-NG-ST08-092G, located 90 km
east of the Northeast Greenland Ice Stream (NEGIS). Whilst the exact timing of deglaciation is uncertain,
it is certain to have occurred at least as early as 12.5 ka cal BP, and likely before 13.4 ka cal BP. The inflow
of AW may have played a role in the seemingly early deglaciation on the Northeast Greenland conti-
nental shelf. Following deglaciation, the site was overlain by an ice shelf, with AW and Polar Water (PW)
flowing beneath until 11.2 ka cal BP. The NEGIS briefly retreated westwards between 11.2 and 10.8 ka cal
BP before our site returned to glacier-proximal conditions dominated by colder subsurface water and
persistent AW flowing beneath (10.8e9.6 ka cal BP). Between 9.6 and 7.9 ka cal BP the NEGIS retreated
westwards; there was a continued presence of AW and PW at the site. A drastic shift in ocean circulation
occurred at 7.9 ka cal BP, with a decline in AW flow and dominance of PW flowing beneath perennial sea
ice. During the Late Holocene, there was return of AW and likely breakup of perennial sea ice.
© 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

Climate change has affected the Arctic dramatically in recent
decades: mass loss from the Greenland Ice Sheet has accelerated
(Enderlin et al., 2014; Shepherd et al., 2020) and Arctic sea ice has
retreated and thinned (Stroeve et al., 2012). Around 60% of the
increased mass loss from the Greenland Ice Sheet (1991e2015) can
be attributed to changes in the surfacemass balance; the remainder
stems from solid ice discharge across the grounding line (van den
Broeke et al., 2016). It is suggested that oceanic heat fluxes have
been the dominant driver of marine terminating glacier speedup
and retreat (Holland et al., 2008; Nick et al., 2009; Pritchard et al.,
2009; Seale et al., 2011; Thomas et al., 2009). Yet, the retreat of
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these glaciers presents a major barrier in projecting mass loss from
the Greenland Ice Sheet due to the highly dynamic and topo-
graphically complex glacier-fjord environments (Cowton et al.,
2018).

Until recently, glaciers in Northeast Greenland were thought to
be relatively stable, with the speedup concentrated in the west,
northwest and south of the ice sheet (Kjær et al., 2012; Moon et al.,
2012; Pritchard et al., 2009; Rignot et al., 2008). However, obser-
vations indicate increased melting in recent years, attributed to
anthropogenic climate change (Helm et al., 2014; Mouginot et al.,
2019). Some studies have found a positive correlation between
ocean temperatures and the terminus position of marine termi-
nating glaciers around Greenland (Cowton et al., 2018; Khazendar
et al., 2019).

The Northeast Greenland Ice Stream (NEGIS) is one of the largest
ice streams in Greenland, draining approximately 12% of the ice
sheet, and stretching back 700 km into its interior (Khan et al.,
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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2014). The NEGIS is made up of three marine-terminating glaciers:
Nioghalvfjerdsbræ (79NG), Zachariae Isstrøm, and Storstrømmen
Gletscher. After a period of stability, observations show that the
Zachariae Isstrøm retreat began accelerating in the year 2000,
resulting in the collapse of its floating ice shelf between 2002 and
2003 (Khan et al., 2014). The Zachariae Isstrøm then entered a
period of steady retreat until late 2012, when the floating ice
tongue disconnected, and between 2013 and 2014 rapid calving at
the grounding line occurred (Khan et al., 2014; Mouginot et al.,
2015). Satellite images reveal that the ice shelf decreased from
706 km2 in 1985 to 37 km2 in 2014; the ice tongue then retreated by
1.6 km between 2014 and 2019, leaving almost no floating section
(An et al., 2021). It is hypothesised that these changes can be partly
attributed to basal melting, caused by a warming of subsurface
waters, namely Atlantic Water (AW) (Holland et al., 2008; Rignot
and Mouginot, 2012).

A recent study found that AW controlled 49% of the mass loss
from 74 glaciers in deep fjords in Greenland; warming increased
undercutting by 48% (Wood et al., 2021). Observations (1996e1997
and 2009) show that AW sits at the mouth of the NEGIS, allowing
access to the base of marine-terminating glaciers (Mayer et al.,
2000; Rignot and Mouginot, 2012). Given the attribution of
warming AW to recent glacial melt, understanding longer-term
interactions on the Northeast Greenland continental shelf is key
to making projections of future ice retreat. Our understanding of
the forces governing ice dynamics is based on complex model
simulations and recent observations, constrained by the length of
instrumental and observational records. Proxies preserved in ma-
rine sediment cores provide records of past climatic and oceanic
changes, offering ameans to understand ice and ocean dynamics on
longer timescales.

The Holocene (11.65 ka e present) is characterised as a period of
relative climate stability, compared to the Earth's geological past.
However, it encapsulates prominent periods of temperature
change. This includes the transition from the Younger Dryas
(12.9e11.7 ka) to the Holocene Thermal Maximum, when
Greenland summer air temperatures were between 2 and 4 �C
warmer than present (Axford et al., 2013; Fr�echette and de Vernal,
2009). The timing and magnitude of the Holocene Thermal
Maximum differs around Greenland (Axford et al., 2013); it is not
well defined in Northeast Greenland. The Holocene also encapsu-
lates the transition fromwarmer (Holocene Thermal Maximum) to
colder conditions (late Holocene, 4.2 ka e present), termed the
Neoglacial cooling (Marcott et al., 2013). As a result, the Holocene
presents a potential analogue to assess the future effects of
anthropogenic climate change on the Greenland Ice Sheet.

10Be ages suggest that deglaciation on the Northeast Greenland
continental shelf to the present ice margin occurred between
11.7 ± 0.6 and 9.3 ± 0.4 ka cal BP; this coincides with an increase in
subsurface ocean and air temperatures (Larsen et al., 2018). In fact,
datasets indicate a strong inflow of AW (150e800 m), across the
Northeast Greenland Shelf during the Early Holocene (10-7.5 ka)
culminating in the collapse of a floating ice shelf at ~7.5 ka (Syring
et al., 2020a). Radiocarbon dates suggest that the NEGIS was
~20e70 km behind its current extent between ~7.8e1.2 ka cal BP
(Larsen et al., 2018). When compared to other major outlet glaciers
in Greenland (Hughes et al., 2012), the marine parts of the NEGIS
experienced only moderate rates of retreat during the Holocene;
this is attributed to the buttressing effect of an ice shelf or sea ice
(Amundson et al., 2010; Larsen et al., 2018). Our understanding of
the interaction of AW and the glaciers of the NEGIS throughout the
Holocene remain poorly constrained due to a lack of regional
records.

Low sea ice conditions allowed the collection of numerous
marine sediment cores from the inner coast of Northeast Greenland
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from the Danish research vessel DANA, as part of the North-
Green2017 expedition. This included the Gravity Core DA17-NG-
ST08-092G, hereafter 92G (585 cm sediment recovered,
78�30.0540N, 16�16.7110W, at 583 m water depth), which is pre-
sented in this study. This site is of great interest in assisting with
our understanding of the interaction between AWon the Northeast
Greenland continental shelf and the NEGIS. Detailed analysis of
biological (benthic foraminifera), chemical (XRF, stable isotopes)
and physical (grain size data, CT scans) proxies were undertaken on
the core, to reconstruct changes in ocean circulation patterns and
the timing of the retreat and collapse of the NEGIS throughout the
Holocene.

1.1. Regional setting

The study area is located on the Northeast Greenland conti-
nental shelf to the east of the NEGIS; today the Zachariae Isstrøm is
the closest marine terminating glacier to our core site (Fig. 1A). The
Northeast Greenland continental shelf is approximately 300 km
wide and is characterised by a ‘C’-shaped trough system, made up
of the Norske and Westwind troughs (Fig. 1B). These troughs
converge in a 250 m deep sill near the margin of the NEGIS at about
79.58�N (Bud�eus et al., 1997; Schaffer et al., 2020; Straneo et al.,
2012). The exact core site is located on the inner continental
shelf, in the Norske Trough, at 583 m water depth (Fig. 1B). The
Norske Trough is 350 km long; it increases from awidth of 35 km to
a maximum of 200 km. Today, the Norske Trough has reverse
slopes, which are similar to deep troughs present in other regions
formerly covered by the ice sheet (Arndt et al., 2015; Batchelor and
Dowdeswell, 2014).

Northeast Greenland is characterised by the interaction and
movement of Polar Water (PW) at the surface and the underlying
AW (Fig. 1A). The PW is formed by cold (0e1 �C), low-saline (�34.5)
surface waters from the Arctic Ocean and local meltwater from the
Greenland Ice Sheet; it occupies the uppermost 250 m of the water
column (Aagaard and Coachman, 1968; Hopkins, 1991;
Johannessen, 1986). The East Greenland Current carries the PW
southwards along the eastern coast of Greenland over the conti-
nental shelf. AW lies at subsurface water depths; it is made up of
Return Atlantic Water and Arctic Atlantic Water (Rudels et al.,
2005). The West Spitsbergen Current carries AW northwards;
around half is deflected westwards forming the Return Atlantic
Current, which transports Return Atlantic Water (T < 2 �C, S:
34e35) towards Northeast Greenland, where it mixes with the PW
of the upper East Greenland Current (de Steur et al., 2014). The
eastern branch of the West Spitsbergen Current travels northwards
to the Arctic Ocean, where it cools and freshens and merges with
AW that travelled via the east coast of Svalbard (Rudels et al., 1994).
Now termed Arctic Atlantic Water, it circulates in the Arctic Ocean
before exiting through the Fram Strait to join the Return Atlantic
Water at 78�N (Schaffer et al., 2017). Together the Return Atlantic
Water and Arctic Atlantic Water form the Atlantic Intermediate
Water (150e800 m) (de Steur et al., 2014; Rudels et al., 2012).
Whilst much of the Atlantic Intermediate Water is carried by the
East Greenland Current southwards along the outer shelf edge,
some enters the inner shelf via deep channels and troughs towards
the NEGIS. In this paper, we do not distinguish between the sources
of paleo-Atlantic-source water and thus collectively refer to it as
AW.

The Westwind and Norske troughs provide deep pathways for
AW to enter cavities on the ice shelf beneath marine terminating
glaciers (Arndt et al., 2015); the Zachariae Isstrøm is located at the
western end of the Norske Trough. The Norske and Westwind
troughs are mainly dominated by Return Atlantic Water and Arctic
Atlantic Water respectively (Fig. 1B; Schaffer et al., 2017). Seafloor



Fig. 1. A) Overview of the study site ocean circulation patterns: the warm currents which include the Return Atlantic Current (RAC), West Spitsbergen Current (WSC), North Atlantic
Current (NAC), Irminger Current (IC) (red), the Polar Water (PW) carried by the East Greenland Current (EGC) (blue) and Arctic Atlantic Water (AAW) (purple). 92G is shown (red
circle). The ocean bathymetry is from GEBCO Compilation Group (Weatherall et al., 2015), B) Close up of the Northeast Greenland continental site showing the cores discussed here;
92G (red) and other cores (orange): PS100/270 (Syring et al., 2020a), DA17-NG-ST03-039G (Hansen et al., in review), DA17-NG-ST07-073G (Pados-Dibattista et al., 2022) and PS93/
025 (Syring et al., 2020b; Zehnich et al., 2020) local bathymetry and topography, and glaciers that make up the NEGIS: Zachariæ Isstrøm (ZI) and Nioghalvfjerdsfjorden Glacier
(79NG). The strength of currents is shown by the line thickness. Line a-a’ represents the 370e500 m deep trough which connects the Norske Trough to Jøkelbugten fjord (Yang et al.,
2020). The ocean bathymetry is from Arndt et al. (2015) and Yang et al. (2020) and ice stream velocity data come from Sentinel- SAR data from 2019-2020 (Nagler et al., 2015). (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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topography has recently been inferred from airborne gravity using
a nonlinear inversion; it revealed a 370e560 m deep trough that
connects the Norske Trough to the Jøkelbugten fjord in which the
Zachariae Isstrøm drains; this allows entry of AW (Fig. 1B, line a-a’;
Yang et al., 2020). Modern measurements support this, indicating
that AW enters the Norske Trough and reaches the inner fjords and
calving front of the Zachariae Isstrøm. The influx of AW is thought
to have a great influence on the coastal glaciers in the area (Schaffer
et al., 2017).

2. Materials and methods

2.1. Core collection and CTD

The multi-proxy dataset presented in this study is derived from
Gravity Core DA17-NG-ST08-092G collected in September 2017 on-
board the research vessel DANA as part of the NorthGreen2017
expedition (Seidenkrantz et al., 2018). The 585 cm long core was
collected at 583 m water depth on the Northeast Greenland con-
tinental shelf (78�30.0540N, 16�16.7110W), 90 km east of the
Zachariae Isstrøm terminus. After retrieval, the core was cut into
1 m sections, split and stored at 3 �C at Aarhus University, where it
was subsampled for analysis. A 125 cm Rumohr core, DA17-NG-
ST08-90R (hereafter 90R; 78�30.0010N 17�18.4310W), was retrieved
at the same station from 595 mwater depth. Comparison between
these cores indicates that 9 cm of sediment was lost from the top of
3

92G; apart from this, no sediment was lost during the coring pro-
cess (Supplementary Fig. 2). Temperature and salinity data, as a
function of depth, was collected using the Seabird SBE11 CTD (cast
DA17-NG-ST08-084CTD; 78�29.6160N, 17�21.6090W, 595 m water
depth). A shallow seismic survey was undertaken using an Innomar
SES-2000 Deep, Narrow-Beam Parameteric Sub-Bottom Profiler
prior to core collection to assist in selecting suitable sediments.
2.2. Physical properties and lithology

The colour, structure and grain size of the sediment core was
described soon after collection, using a Munsell colour chart. Grain
size analysis was carried out on a Sympatic HELOS laser diffrac-
tometer, equipped with a Quixel wet disperser, 6 mm cuvette and
R4 lens, at 1 cm intervals throughout the entire core at the
Department of Geoscience, Aarhus University. Peptizer solution
(10ml (NaPO3)6 15%) was first added to the laser diffractometer and
a reference measurement undertaken. The sample was then fed
into the laser diffractometer for measurement. The average of 3e5
measurements for each sample was calculated. For interpretation,
grain sizes are grouped into: sand (>63 mm), medium to coarse silt
(15.6e63 mm), very fine to fine silt (3.9e15.6 mm) and clay
(0.6e3.9 mm). Mean grain size between 10 and 63 mmwas grouped
as mean sortable silt (SS) to reconstruct the speed of bottomwater
currents (McCave et al., 1995); it assumes that bottom currents
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cannot carry terrestrial sand-sizedmaterial. The fraction between 2
and 10 mm is excluded as small particles tend to aggregate, effec-
tively acting as a larger particle. At high latitudes, sediments typi-
cally contain particles derived from ice-rafting together with
current transport material. Whilst IRD typically contains particles
within the sand and gravel fraction it can also contain material in
the SS fraction (Hass, 2002). However, a regression between the IRD
(grains >3 mm) and SS suggests there is no or very little correlation
between the two (Supplementary Fig. 1). As a result, SS is used here
without need for correction.

2.3. CT scanning

The computed tomography (CT) data was acquired using a
Siemens Biograph True Point 64 medical PET/CT scanner at the
Department of Nuclear medicine& PET, Aarhus University Hospital.
The CT scan parameters were: 120 kV, 400 Eff mAs, 200 mm field of
view, slice thickness 0.6mm, filter B80s (sharp), and gantry rotation
speed of 1 s. A current of 400 mA and a voltage of 120 keV was used
at a gantry rotation speed of 1 s. Each core section was placed top
first in the CT scanner. The resulting CT images (approximately
1800 per section) were then imported into the image editing
software Fiji and the mean Hounsfield units (HU) value (1024)
extracted (Rueden et al., 2017). The HU units can be used to
calculate an estimated density of the sediment using the following
equation (Reilly et al., 2017):

Density
�

g
cm3

�
¼8:0* 10�4*HU þ 1:00

The CT images were visually examined to identify laminations,
IRD and bioturbation to define lithofacies using the image editing
software Fiji (ImageJ2) (Rueden et al., 2017). Grains >3 mm were
counted at 2 cm resolution; these were used to assist in the iden-
tification of IRD in the bioturbated sections of the core (Grobe,
1987). The close proximity of the ice grounding line to our site,
characterised as laminations within the sediment, makes it difficult
to distinguish the difference between IRD and sediment plumes.
Consequently, in laminated sediment IRD is identified as exotic
grains that are more than double in size of those around them and
that are not located within defined laminae.

2.4. X-ray fluorescence

The sediment core was scanned by X-ray fluorescence (XRF)
with an ITRAX scanner equipped with a Molybdenum X-ray tube at
30 kV and 30 mA to record the elemental spectra at 0.2 mm reso-
lution, at the Department of Geoscience, Aarhus University. A 2 cm
running average was calculated to reduce noise for analysis. High-
resolution core scans and radiograph images (30 kV) were also
collected using the ITRAX core scanner. The magnetic susceptibility
was measured (5 mm resolution) using a Bartington MS2 fitted
within the ITRAX core scanner.

2.5. Chronology

The age model for core 92G is based on 16 radiocarbon dates
obtained from 10 mixed rotaliid benthic and 5 mixed planktic
foraminiferal samples, as well as a shell fragment analysed at the
Laboratory of Ion Beam Physics at ETH Zurich (Ruff et al., 2010;
Wacker et al., 2013a, 2013b). Planktic foraminiferal radiocarbon
dates are used in the model, except when there are no specimens
present; in these instances benthic foraminiferal samples are used.
Samples containing more than 40 mg carbon were leached prior to
the analysis with diluted HCl (Bard et al., 2015). Themeasured leach
4

fractions were always in good agreement with the corresponding
main fractions indicating that samples from this core were clean
and homogeneous. The radiocarbon ages were calibrated using the
Marine20 radiocarbon calibration curve (Heaton et al., 2020) and
the age-depth model made using the OxCal v4.4 software with a P-
sequence depositional model (k value 0.1). Heaton et al. (2020) state
that Marine20 is not suitable for use in the Arctic, however the
earlier version (Marine13; Reimer et al., 2013) is not suitable either,
yet is commonly used in this region (e.g. Perner et al., 2015; Syring
et al., 2020a). The reason for this statement is sea ice, which creates
uncertainty with the reservoir age. However, this uncertainty is not
resolved by using an older version of the calibration dataset (e.g.
Marine13). Consequently, many studies still use Marine20 in Arctic
regions (e.g. Farmer et al., 2021; El bani Altuna et al., 2021; Pados-
Dibattista et al., 2022; Jackson et al., in review), and thus we select it
for use in this study.

A boundary for the change in sedimentation rate is placed at
67 cm, determined by a shift in sediment lithology visible in the CT
scans. A regional marine reservoir correction of DR ¼ 1 ± 32 years,
obtained from the Marine Reservoir Correction Database (Reimer
and Reimer, 2001) and based on references from the region
(Håkansson, 1973; Funder et al., 1982), was used for the calibration
of radiocarbon dates in this study. DR is kept constant for the entire
period. XRF and grain size data was used to correlate Rumohr Core
90R and Gravity Core 92G to determine the amount of sediment
lost during gravity coring.
2.6. Foraminifera

Sediment samples (1 cm wide) of approximately equal vol-
umewere extracted at 5 cm intervals throughout the core. Due to
varying sedimentation rates, the temporal resolution changes
throughout the core. For foraminiferal analysis, resolution varies
from 0.9 mm/yr to 1.6 mm/yr in most of the core (585 cme60 cm),
while at the top of the core it is 0.08 mm/yr (60 cme0 cm). The wet
sediment was weighed and sieved with 0.063, 0.1 and 1 mm mesh
sizes, respectively. The sieved sample fractions were dried in filter
paper at 40 �C, weighed and then stored in glass vials. Benthic and
planktic foraminifera were identified and counted under a binoc-
ular microscope. When possible, at least 300 benthic (combined
calcareous and agglutinated) were counted to ensure reliability of
the benthic assemblage interpretation. However, some samples had
few specimens, these are only included when at least 30 specimens
were present. Fractions 0.063e0.1mm and 0.1e1mmwere counted
separately on trays, and ratios calculated afterwards to ensure
proportions were directly comparable prior to combining the data.
Concentrations of benthic (agglutinated and calcareous) forami-
nifera were calculated as number of specimens/cm3 sediment. The
flux of benthic foraminifera was calculated based on the number of
individuals per cm3 of sediment (ind./cm3) and sedimentation rate
(cm/yr).
2.7. Stable isotopes

Stable isotope ratios d13C and d18O were measured on mono-
specific Cassidulina neoteretis foraminifera at 5 cm or 10 cm reso-
lution between 65.5 cm and 375.5 cm, with a temporal resolution of
between 0.4 mm/yr and 1.6 mm/yr due to varying sedimentation
rates. Analysis was undertaken at the Leibniz Laboratory for
Radiometric Dating and Stable Isotope Research, University of Kiel,
Germany using a MAT25 (Thermo specific) mass spectrometer
system and Kiel IV carbonate preparation device. The analytical
accuracy is < 0.08‰ for d18O and <0.05‰ for d13C.
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3. Results

3.1. CTD and water masses

The local surface water (upper 25 m) at the core site has a
temperature range of �1.25-0 �C and salinity of 28.5 (Fig. 2A). This
surface temperature range is similar to those recorded at 79.5�N,
19�W (�1.75-0 �C) (Schaffer et al., 2017). The water that underlies
the surface water, between 25 m and 125 m, is the PW component
of the East Greenland Current, which has temperatures
between�1 �C and�1.6 �C and salinities of 31e34. Beneath this is a
layer where the water is characterised by increasing temperatures
with depth: from 1 �C to a maximum of 1.5 �C (Fig. 2A), caused by
the mixing of PW and AW. The deepest water (below 270 m) is the
warmest (1.5e1.4 �C) with the highest salinities (35) and corre-
sponds to the subsurface AW, comprising Arctic Atlantic Water and
Return Atlantic Water (Fig. 2B; de Steur et al., 2014).
3.2. Core description, lithology and sediment properties

The core primarily consists of reddish-brown (5 YR 5/3) fine-
grained clay. Photographs and CT scans (Fig. 3A) reveal six main
sediment lithofacies: a possible diamicton, laminations with
coarser grains, laminations with finer grains, laminations with IRD,
bioturbation with IRD and bioturbation without IRD (Fig. 3C). A
detailed overview of the CT scans can be found in Supplementary
Fig. 3. The base of the core (585-582 cm) is characterised by
coarse-grained sediments with a large dropstone at the base; this is
also visible as spikes in the density. The lower section (582-300 cm)
is characterised by intervals of light-coloured laminae made up of
finer grains, also clearly visible in the CT scans, interrupted by a
short period with bioturbation and IRD (358-311 cm) correspond-
ing to an increase in magnetic susceptibility, before the sediment
returns to laminations with finer grains and the density drops (311-
160 cm) (Fig. 3A). The upper part of the core (160-0 cm) is char-
acterised by homogenous reddish-brown clay with bioturbation;
some IRD is present between 51 and 68 cm (Fig. 3A).

Five zones have been defined by a visual interpretation of
sediment properties and benthic foraminiferal assemblages;
boundaries are placed where changes in the assemblage compo-
sition and sediment properties occur.
Fig. 2. A) The CTD profile (cast DA17-NG-ST08-084CTD) from the core site of 92G, showing th
78.5�N showing water masses at the study site. Temperature data from World Ocean Atlas (2
(red dotted line). The location of core 92G is shown (grey star). (For interpretation of the ref
article.)
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3.3. Age-depth model

Radiocarbon dates from foraminifera (benthic and planktic) and
the shell sample from core 92G are shown in Table 1. The age-depth
model is shown in Fig. 3B. The nearby-located Rumohr Core 90R
was retrievedwith an intact sea-floor sediment surface; we assume
that the surface is modern. When grain size and XRF data from 90R
to 92G are aligned it shows that the gravity core is missing
approximately 9 cm of material (Supplementary Fig. 2). Where
there is an offset between paired dates, the planktic dates are
selected and the benthic dates excluded. There are several other
dates that are excluded from the age model (361 cm, 470.5 cm) as
the ages were older than the surrounding samples. This may be due
to the small sample sizes, or due to older material that is potentially
transported into the sediment; in a small sample such material can
have a strong effect. The age model indicates that core 92G covers
the last 13.4 kyr.
3.4. Sedimentation rate and grain size

The sediment accumulation rate is relatively high (110 cm/kyr)
in the Early Holocene, increasing to its maximum rate (160 cm/kyr)
at 10.8 ka cal BP. The sedimentation rate decreases at 9.4 ka cal BP
(50 cm/kyr), before reaching its lowest rate at 7.3 ka cal BP (ca.
8 cm/kyr) in the upper ca. 60 cm of sediments. SS fluctuates be-
tween 13.4 and 8.8 ka cal BP, with some distinct peaks, it then
gradually declines from towards its lowest value in the top of the
core (Fig. 4).

The sediment grain size is dominated by the clay fraction
throughout the core (Fig. 4). The sand fraction fluctuates in the
lower part of the core, with noticeable peaks in the base. After 8 ka
cal BP, the sand fraction is almost completely stable and found in its
lowest abundance throughout the entire core. The silt fraction
(medium to coarse) is relatively stable throughout the core, with
most fluctuations found before 8.6 ka cal BP (Fig. 4). Throughout the
remaining part of the core, this fraction is very stable. The silt (very
fine to fine) and clay fractions appear to be frequently inversely
correlated; the most noticeable transition is the gradual increase in
silt (very fine to fine) and decline in clay from 8.8 ka cal BP.
e water masses referenced in the text. B) Annual average water temperature transect at
018) (Locarnini et al., 2018) and bathymetry from (Arndt et al., 2015) from the transect
erences to colour in this figure legend, the reader is referred to the Web version of this



Fig. 3. Lithology and age-model of Gravity Core 92G. A) High -resolution scans and CT images, with the sediment units categories with counts of grains >3 mm (orange). The grain
size distribution (clay, silt and sand), density, magnetic susceptibility, greyscale are plotted. Zones are shown on the right hand side. B) Age-depth model with planktic foraminifera
dates (green), benthic foraminifera (black) a shell fragment (indigo). Dates not included in the age-depth model are plotted (light salmon). The top of the core has been aligned with
Rumohr Core 90R. The modelled median age is shown (blue line), and is surrounded by the 2s modelled range (light green envelope) C) Lithofacies defined using CT scans and
counts of grains >3 mm, (from left to right) potential diamicton (dark blue), laminations with coarse grains (light blue), laminations with IRD (blue), laminations with fine grains
(purple), bioturbationwith IRD (light pink) and bioturbation (dark pink). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version
of this article.)
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3.5. XRF

Bulk chemical ratios are primarily used to identify the source of
sediments, specifically whether they are of marine or terrestrial
origin (Fig. 4). Ca/Fe is highest between 13.4 and 7.9 ka cal BP, and
decreases gradually thereafter. In the lower part of the core there
are some fluctuations and noticeable peaks.
6

3.6. Stable isotopes

Generally seen, the d13C and d18O are stable throughout the
measured interval of the core since the variations vary within 1 per
mil VPDB (Fig. 4). There is a slight overall increasing trend in the
d18O from 9.3 ka cal BP. The d13C appears quite stable, but with small
fluctuations.



Table 1
List of radiocarbon dates and modelled ages in core 92G; the modelled dates are used in the final age-depth model. Samples marked with * were very small and could not be
leached.

Sample depth midpoint (cm) Lab ID (ETH) Material 14C Age
(yr. BP)

Unmodelled calibrated age range (yrs. BP) 2s Modelled median age (cal yrs BP)

0.5 113890 Mixed planktic foraminifera 595 ± 50 528e657 597
0.5 113883 Mixed benthic foraminifera 920 ± 60 695e953
60.5 110856 * Mixed benthic foraminifera 7120 ± 80 7752e8166
60.5 110857 Mixed planktic foraminifera 7130 ± 60 7793e8156 7946
90.5 110858 Mixed benthic foraminifera 8220 ± 70 9012e9414
90.5 110859 Mixed planktic foraminifera 7865 ± 60 8540e8984 8670
130.5 110861 * Mixed benthic foraminifera 8495 ± 80 9293e9659
130.5 110860 Mixed planktic foraminifera 8505 ± 70 9310e9658 9495
186.5 95393 * Mixed benthic foraminifera 8855 ± 70 9687e10189 9919
240.5 110863 Mixed benthic foraminifera 9195 ± 70 10232-10560
240.5 110862 * Mixed planktic foraminifera 9090 ± 70 9967e10496 10284
320.5 110864 * Mixed benthic foraminifera 9680 ± 70 10774-11235
320.5 110865 * Mixed planktic foraminifera 9400 ± 70 10410-11067 10748
340.5 95394 * Mixed benthic foraminifera 9710 ± 80 10773-11255 11043
361 113884 * Mixed benthic foraminifera 10480 ± 160 11834-12737
406 113885 * Mixed benthic foraminifera 10080 ± 120 11240-12425 11640
451.5 113886 * Mixed benthic foraminifera 10180 ± 120 11336-12466 12074
452.5 113889 * Shell fragment 10220 ± 130 11355-12480 12062
464.5 95395 * Mixed benthic foraminifera 10490 ± 270 12099-12688 12261
470.5 113887 * Mixed benthic foraminifera 21890 ± 380 25389-27163
486.5 113888 * Mixed benthic foraminifera 10200 ± 190 11268-12595 12473
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3.7. Foraminifera and zonations

In general, benthic foraminiferal specimens (agglutinated and
calcareous species) are well preserved throughout the core. In total,
97 benthic foraminiferal species were identified, 75 calcareous and
22 agglutinated; species with 4% abundance in at least one sample
are shown (Fig. 5). A full list of the foraminiferal taxa identified in
this study can be found in Supplementary Table 1. Fluxes of benthic
and planktic species were calculated using the number of individ-
ual species per cm3 of sediment (ind.cm3) and the sedimentation
rate (cm/yr). The relative abundances of calcareous and aggluti-
nated benthic foraminiferal assemblages are calculated based on
the combined counts, as the agglutinated species exclusively
dominate the sediment from 7.9 ka cal BP. Concentrations of the
selected species can be found in Supplementary Fig. 4.

The following section provides a detailed overview of the zonal
changes in foraminifera, with additional detail from the CT scans in
some instances as they are used for zone identification.
3.8. Zone I, 13.4e11.2 ka cal BP

This zone is characterised by a low concentration of benthic
foraminifera, first appearing at 13.1 ka cal BP, accompanied by a
relatively high sedimentation rate and distinct laminations
throughout. Agglutinated foraminifera are almost absent
throughout this entire zone and the assemblage is dominated by C.
neoteretis, Cassidulina reniforme, and Stetsonia horvathi; these fluc-
tuate slightly throughout. C. neoteretis gradually increases towards
the end of the zone. The abundance of Glomulina oculus and
Stainforthia concava peaks at the start of the zone and then declines
sharply, followed by some fluctuations. The abundance of Mil-
iolinella subrotunda, Quinquloculina sp. and Triloculina trihedra
fluctuate throughout, but are present in higher concentrations than
the rest of the core. Melonis barleeanus noticeably appears during
the middle-later part of the zone. The agglutinated species
Ammoglobigerina globigeriniformis and Portatrochammina bipolaris
also appear in this zone, fluctuating in low numbers throughout.
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3.9. Zone II, 11.2e10.8 ka cal BP

This brief interval is characterised by bioturbation with IRD,
coinciding with an increase in the total foraminiferal concentration
and a very slight increase in agglutinated species. As for the pre-
vious zone, the assemblage is dominated by C. neoteretis, C. reni-
forme and S. horvathi; these fluctuate slightly throughout. There is a
peak in C. neoteretis at the start of the zone and Islandiella norcrossi
peaks dramatically towards the end of the zone (11 ka cal BP),
reaching its highest abundance throughout the entire core (12%).
This coincides with a large peak in G. oculus. The abundance of
C. reniforme, Elphidium clavatum and S. horvathi remain relatively
constant throughout, with some small fluctuations. This zone is
also characterised by a sudden decline in M. subrotunda, Quinqu-
loculina sp. and T. trihedra, which remain relatively low throughout
the entirety of this zone.

3.10. Zone III, 10.8e9.6 ka cal BP

After the short period of bioturbation, this zone is characterised
by a return to laminated sediments. This coincides with a decline in
the overall foraminiferal concentration and by the fluctuating
dominance of C. neoteretis, C. reniforme, and G. oculus, which
gradually increase throughout the zone. The overall abundance of
E. clavatum, S. concava, and M. barleeanus remain low, if not almost
absent, throughout this entire zone. Following the peak in
I. norcrossi at the end of Zone II/start of Zone III, the species abun-
dance declines and fluctuates throughout the rest of the zone.
G. oculus is noticeably more abundant following its peak at the end
of Zone II. Alabaminella weddellensis appears, following a period of
almost absence. There is a slight increase in agglutinated species
A. globigeriniformis and P. bipolaris towards the top of the zone.

3.11. Zone IV, 9.6e7.9 ka cal BP

Zone IV is characterised by a gradual increase in the total fora-
miniferal concentration, peaking at 8.1 ka cal BP. This coincides
with the increase in E. clavatum. C. neoteretis is abundant
throughout the zone, before dramatically decreasing towards the



Fig. 4. Sedimentation rate, grain>3 mm, Ca/Fe, foraminiferal concentration, and the grain size distribution (from left to right: sand, silt (medium to coarse), silt (very fine to fine)
and clay), and stable isotope ratios on Cassidulina neoteretis for marine sediment core 92G. Radiocarbon dates (red crosses), zones (grey; right) and lithofacies determined from CT
scans (right) are also shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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end. There is a continued presence of M. barleeanus, Epistominella
takayanagii and A. weddellensis, with the latter two increasing to-
wards the end of the zone. Cibicides sp. and Astrononion gallowayi
are also present, yet fluctuating, throughout. G. oculus disappears in
the middle of this zone (8.4 ka cal BP). This coincides with a return
to bioturbated sediments for the remainder of the core.
3.12. Zone V, 7.9e0.6 ka cal BP

The start of this zone is characterised by a rapid decline in the
total foraminiferal concentration and increase in the overall per-
centage of agglutinated species. This coincides with a dramatic
decline in calcareous species; most noticeably in C. neoteretis and
I. norcrossi. There is a gradual decline in S. horvathi, and C. reniforme.
At the same time, peaks in E. takayanagii and A. weddellensis are
accompanied by larger peaks in E. clavatum, M. barleeanus, and
A. gallowayi; it should be noted that the temporal resolution is
8

lower here. The agglutinated assemblage species fluctuate
throughout this zone.

The assemblage is primarily dominated by agglutinated species
with the most abundant being Lagenammina spp., P. fusca, L. tabu-
late, Cribrostomoides subglobosus, and P. bipolaris. There are very
few calcareous species present in this subzone. These species
fluctuate throughout but there is a distinct increase in P. bipolaris,
which peaks at 4.2 ka cal BP. The total concentration of foraminifera
is low throughout this zone, with calcareous species almost
completely absent. Hormosinelloides guttifer appears for the first
time during this time period.

At 2.5 and 0.6 ka cal BP some calcareous foraminifera appear
again, specifically E. clavatum, C. neoteretis, I. norcrossi, C. reniforme,
M. barleeanus C. lobulatus, Valvulineria arctica, Nonionella fragilis,
Oridorsalis tener, and A. gallowayi. There is a noticeble peak in
O. tener (12%) and E. clavatum (11%). At the same time, there is a
peak in the overall concentration of agglutinated foraminifera.



Fig. 5. A) Results of the calcareous and benthic foraminiferal assemblage analysis for core 92G, shown on age and depth. Calcareous foraminifera are grouped by their environ-
mental preferences, see text for reference: Atlantic Water (red), Polar Water (dark blue), glaciomarine (light blue), high productivity (green), high currents (pink), high salinity
(orange). B) Results of agglutinated foraminiferal analysis for core 92G, shown on age and depth. Species percentages are calculated as a percentage of the entire assemblage
(agglutinated þ calcareous species). Radiocarbon dates (red crosses), zonations and lithofacies (right) are shown. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)
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4. Paleoenvironmental interpretation

In the Arctic and subarctic, the benthic foraminiferal species
C. neoteretis and I. norcrossi are typically indicators of the inflow of
chilled AW, here derived from the Return Atlantic Current and/or
Arctic Atlantic Water, which sits below PW (Cage et al., 2021;
Jennings et al., 2004; Jennings and Helgadottir, 1994; Knudsen
et al., 2004; Seidenkrantz, 1995; Wollenburg et al., 2004). In this
instance, we cannot distinguish between the two Atlantic-source
water masses so we use both C. neoteretis and I. norcrossi to infer
the presence and advection of AW more generally. Nevertheless, it
may be assumed that C. neoteretis indicates a stronger AW signal
than I. norcrossi (Cage et al., 2021).

C. reniforme is typically found in glaciomarine environments,
preferring temperatures below 2 �C, with seasonal sea ice cover and
often close to the glacier terminus (Hald and Korsun, 1997; Polyak
et al., 2002). Similarly, E. clavatum is characteristic of unstable,
9

glaciomarine environments with input of glacial meltwater and
high turbidity (Hald and Korsun, 1997). The species S. horvathi is
characteristic of colder surface waters and more extensive sea ice
conditions, also typical of a glaciomarine environment (Jennings
et al., 2004, 2020b; Polyak et al., 2002; Wollenburg and
Mackensen, 1998). The species G. oculus is indicative of environ-
ments close to marine terminating glaciers in the Arctic. It often
lives beneath perennial or mobile sea ice with a stratified water
column with AW overlain by PW (Jennings et al., 2020a).

It is important to consider the possible reasons behind the
varying preservation of calcareous foraminifera downcore. The
percentage of agglutinated species can be an indicator of calcareous
foraminiferal dissolution caused by cold, corrosive waters which
increase the solubility of CO2 (Aksu,1983; Jennings and Helgadottir,
1994; Seidenkrantz, 2013). As a result, the increasing abundances of
the agglutinated species, combined with low fluxes of the calcar-
eous benthic species, are often used to infer a transition towards
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colder subsurface water conditions (Aksu, 1983; Jennings and
Helgadottir, 1994; Seidenkrantz, 2013). In Disko Bay, calcareous
foraminiferal dissolution has also been linked to changing sedi-
mentation rates (Lloyd, 2006; Lloyd et al., 2005, 2007). Close to
Jakobshavns Isbrae, calcareous foraminifera are better preserved
during periods with high sedimentation rates and are more sus-
ceptible to dissolution during periods with a reduced sedimenta-
tion rate (Lloyd et al., 2007). Sea ice formation can also reduce
bottomwater ventilation, resulting in corrosive conditions. This has
been proposed as a reason for the dissolution of calcareous fora-
minifera in Baffin Bay (Aksu, 1983) and Disko Bay (Lloyd et al.,
2007). It should, however, be borne in mind that agglutinated
species may disintegrate downcore as they are crushed due to
increasing pressure stress. Fossils of agglutinated species often
decrease downcore (Funder, 1990) and thus it is not directly the
presence of agglutinated foraminifera but the absence of calcareous
foraminifera that is relevant when considering potential
dissolution.

Ca/Fe is frequently used as an indicator of biologically sourced
carbonate, yet it can be masked by terrestrially sourced Ca (Richter
et al., 2006). It is therefore used together with the foraminiferal
concentration to determine the sources of biologically sourced
carbonate. Stable isotopic composition of benthic foraminiferal
tests, d13C and d18O, are used to suggest changes in productivity and
temperature respectively; low 18O values (~4‰) in benthic fora-
minifera infer low temperature and high salinity bottom waters
(Ouellet-Bernier et al., 2014).

The distribution of grain sizes can be used to infer the sources
and transport mechanisms by which they were carried to our site,
such as ice rafting and ocean currents (Stein et al., 2004). The
lithofacies and sedimentation rate are used to infer the proximity of
the NEGIS; laminated sediments are often characteristic of a
proximal glaciomarine environment, produced by suspension
settling from turbid meltwater plumes (�O Cofaigh and Dowdeswell,
2001; Stein, 2008; Syring et al., 2020a; Jennings et al., 2022). IRD,
visible in the CT scans, are used to identify periods when debris was
deposited by icebergs at the site, related to calving activity of the
glacier in these environments (Andresen et al., 2012).

4.1. Zone I, 13.4e11.2 ka cal BP e post-deglacial environment

The very base of the core (13.4e13.2 ka cal. BP) is characterised
by coarse grains, a relatively high sedimentation rate and the
presence of a large dropstone; possibly representing a diamicton.
Above this, CT scans reveal distinct laminations, suggesting a
proximal subglacial environment with a constant supply of mate-
rial from the grounding zone (�O Cofaigh and Dowdeswell, 2001,
Fig. 6A) until 11.2 ka cal BP. This is supported by the relatively high
sedimentation rate throughout this zone.

From the homogeneity of sediments and low abundance of
benthic foraminifera, we infer that the site at 92G was free of
grounded ice at least as early as 12.5 ka cal BP, corresponding to the
oldest radiocarbon date used in the age model (486.5 cm) (Fig. 6A).
Benthic foraminifera are present below this (from 13.1 ka cal BP),
indicating marine conditions, but the amount of material was too
small to date. As it was not possible to obtain material for dating
below this, extrapolation of the age depth model indicates that
deglaciation occurred before 12.5 ka cal BP and likely also before
13.4 ka cal BP, if accepting themore uncertain agemodel at the base
of the core. Other studies have used morphological features to infer
paleo-ice flow on the Northeast Greenland continental shelf; this
implies that the grounded ice located at core site 92G was most
likely the NEGIS, potentially flowing between the nearby islands or
from a stream flowing south west, joined by the 79 N glacier (Arndt
et al., 2015). The timing of the deglaciation and comparison with
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other sites, is discussed in detail in Section 5.1.
The concentration of foraminifera, particularly calcareous spe-

cies, from 13.1 ka cal BP period is low, suggesting an environment
characterized by colder subsurface water conditions. This is sup-
ported by the relatively high assemblage percentages of
C. reniforme, Stainforthia sp., E. clavatum and G. oculus, which infer a
glaciomarine environment characterised by unstable conditions
caused by turbid glacial meltwater and sea ice (Hald and Korsun,
1997; Jennings et al., 2020b; Polyak et al., 2002). S. horvathi is
also abundant during this period; this species is an indicator of sea
ice (Jennings et al., 2020b). On the other hand, the occurrence of
C. neoteretis and I. norcrossi throughout this zone, suggest the
presence of AW (Cage et al., 2021; Jennings et al., 2004; Jennings
and Helgadottir, 1994; Seidenkrantz, 1995; Wollenburg et al.,
2004). We hypothesise that AW may be entering as a subsurface
current below the PW layer and sea ice, resulting in strong strati-
fication. Relatively high, yet fluctuating, SS values in this zone
suggest there were strong bottomwater currents. Despite relatively
high Ca/Fe, low foraminiferal concentrations suggest that the car-
bonate was transported from other regions and may be of terres-
trial origin.
4.2. Zone II, 11.2e10.8 ka cal BP e brief ice shelf retreat

In this interval, sediments consist of a brownish silty clay and
bioturbation, visible in the CT scans. The brief shift to bioturbated
sediments suggests that the glacier retreated westwards (Fig. 6B).
This is supported by an increase in IRD, inferred from high counts of
grains over 3 mm, which has been linked to an increase in the
marine calving rate of glaciers in fjords (Andresen et al., 2012;
Mugford and Dowdeswell, 2010).

At the same time, the concentration of benthic foraminifera
increases, also implying a brief retreat in the ice shelf and a tran-
sition towards open water conditions. The benthic foraminiferal
assemblage is dominated by C. neoteretis and I. norcrossi,with slight
increases in the latter; suggesting a continued presence, or slight
increase, of AW at the site (Jennings et al., 2004; Jennings and
Helgadottir, 1994; Knudsen et al., 2004; Wollenburg et al., 2004).
This may have contributed to melting of icebergs and retreat of the
NEGIS caused by increased calving rates (Mugford and Dowdeswell,
2010).
4.3. Zone III, 10.8e9.6 ka cal BP e return to proximal glacial
environment

The sediment in this zone consists of distinct laminations. This
suggests a brief return to proximal glaciomarine conditions
(Fig. 6C). We propose this is caused by the settling of meltwater
plumes from the nearby glacier, a theory supported by a slight in-
crease in the sedimentation rate just after the start of this zone (�O
Cofaigh and Dowdeswell, 2001).

A study of the modern foraminiferal assemblages in the Peter-
mann Fjord finds that G. oculus is most abundant near the ice shelf
front (Jennings et al., 2020b). This supports the lithofacies inter-
pretation that the site was overlain, or in close proximity to, the ice
tongue of the NEGIS during this period. Furthermore, the overall
concentration of foraminifera is low, suggesting a decline in pro-
ductivity, which is typical of conditions beneath or in close prox-
imity to an ice tongue. This has been related to a decline in
meltwater discharge surface water productivity, which decreases
the supply of nutrients and freshwater to bottom waters below
(Waniek et al., 2005). A similar situation is recorded in the lith-
ofacies of core PS100/270, located 130 km north of 92G (Fig. 1B),
where laminated sediments are interpreted as proximal ice



Fig. 6. A-E) The interaction between ocean circulation and NEGIS retreat and expansion on the Northeast Greenland continental shelf. The five time intervals represent the zones
defined by the lithofacies and benthic foraminiferal data from core 92G. Coloured arrows represent the different water masses: Polar Water (PW), Atlantic Water (Return Atlantic
Water and Arctic Atlantic Water). Larger arrows represent stronger currents and advection onto the shelf. The bathymetry is taken from Arndt et al., 2015, ice sheet height and
grounding line position from 92G and Paleo-MIST 1.0 (Gowan et al., 2021) and sea level change from (Hjort, 1997). F) Timing of deglaciation on the Northeast Greenland continental
shelf. Numbers represent timing in ka cal yrs BP. Marine sediment cores (pink) PS93/025 (Zehnich et al., 2020), DA17-NG-ST03-039G (Hansen et al., in review), PS100/70 (Syring
et al., 2020a) and 92G (red) are used together with 10Be ages (Larsen et al., 2018). Lines for ice marginal retreat at 11 ka (orange) and 10 ka (purple)are taken from (Larsen et al.,
2020), based on the same 10Be dates and 14C dates (Funder et al., 2011; Hjort, 1997; Nørgaard-Pedersen et al., 2008; Strunk et al., 2018). G) Timing of the decline in Atlantic source
water is based on the same marine sediment cores as F) with the addition of DA17-NG-ST07-073G (Pados-Dibattista et al., 2022). Water depth for sediment cores are shown.
Bathymetry of F and G is taken from Arndt et al., 2015; Yang et al., 2020. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version
of this article.)
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conditions between 10 and 9.6 ka cal BP (Syring et al., 2020a).
AW species still dominate the assemblage during this period; a

study of modern assemblages found that C. neoteretis was found
close to the ice tongue of the Petermann Glacier (Jennings et al.,
2020b). This indicates that presence and advection of AW is still
possible in close proximity to the ice tongue, perhaps the case in
this instance. This period correlates with the onset of maximum
Atlantic advection at subsurface and surface depths recorded in
sediment cores from the eastern Fram Strait between 10.6 and 8.5
ka (Werner et al., 2016).

At the Petermann Fjord today, E. clavatum is excluded from ice
tongue environments, despite its presence in other fjord areas
(Jennings et al., 2020b). In 92G the abundance of E. clavatum is low
during this period.We suggest that the sitewas situated close to the
grounding line of the NEGIS, perhaps even under the ice tongue.

High-resolution biomarker data from Core PS93/025, located
northeast of our study site in the Northeast-Water Polynya, show
reduced-to-variable sea ice conditions between 10.2 and 9.3 ka
with enhanced biological productivity. These conditions, together
with the intensified inflow of AW, resulted in the elevated benthic
and planktic foraminiferal concentrations at this site (Syring et al.,
2020b).

4.4. Zone IV, 9.6e7.9 ka cal BP e retreat of the ice shelf

By 9.6 ka cal BP, an increase in bioturbation suggests a shift to a
more distal glaciomarine environment as the NEGIS retreated
westwards (Fig. 6D). In this environment, the sediment is mostly
influenced by ocean conditions, rather than by the glacier itself.
This aligns with Core PS100/270, which suggests a shift to a more
distal proglacial environment after 9.6 ka cal BP (Syring et al.,
2020a). The ice retreated to around 70 km behind its current po-
sition and halted between 7.8 and 1.2 ka cal BP (Syring et al.,
2020a); this has been attributed to warming atmospheric and
oceanic temperatures (Arndt et al., 2015, 2017; Evans et al., 2009;
Tabone et al., 2019; Winkelmann et al., 2010).

Similarly, there is an increase of some productivity-indicator
foraminifera species (V. arctica/N. fragilis) and overall foraminif-
eral concentration in this zone, which would suggest a shift to-
wards warmer conditions, with an increase in nutrient supply. The
regional supply of freshwater from basal melting of the tongue and
grounding line of the NEGIS (Bamber et al., 2012) may have trig-
gered this (Cape et al., 2019; Syring et al., 2020a). This aligns with
the timing of onset of the Holocene Thermal Maximum (dated
9.5e7 ka cal BP) from ice core records (e.g. Johnsen et al., 2001;
Vinther et al., 2009), when sea ice free conditions prevailed (Funder
et al., 2011) and marine terminating glaciers retreated (Nørgaard-
Pedersen et al., 2008). In the Western Fram Strait, foraminiferal
faunas and stable isotope data, combined with Ca/Fe ratios, indicate
that there was a maximum biological productivity between 10.6
and 8 ka cal BP; this is hypothesised to be caused by the strong
advection of AW, via the Return Atlantic Current, across the Fram
Strait (Zehnich et al., 2020). Biomarker data from the same core
suggests reduced ice cover which would have allowed foraminifera
species to thrive (Zehnich et al., 2020). This suggests that the warm
water signal may have travelled along the Norske Trough to our site
at this time. Reconstructions of seawater temperatures in the
Nordic Seas and Barents Sea suggest that this could be driven by
temperature increases there (Risebrobakken et al., 2011).

The gradual increase in E. clavatum, from 8.5 ka cal BP, is inter-
preted as an onset of a fresher unstable period, linked to a stronger
advection of polar East Greenland Current waters or the retreating
glacier, as suggested close to the front of 79NG (Syring et al., 2020a).
Minimum IRD were also found in this time interval (9.6e7.5 ka cal
BP) in Core PS100/270 (Syring et al., 2020a) and PS2623 (Stein,
12
2008), indicating cold, fresh waters.
The continued dominance of AW species suggest the presence

and influence of subsurface AW beneath the PW at the core site
until 7.9 ka cal BP. Other sites also record continued AW advection
across the Northeast Greenland continental shelf until 8 ka cal BP,
but with a continued presence beyond this period (Syring et al.,
2020a; Zehnich et al., 2020).
4.5. Zone V 7.9e0.6 ka cal BP e decline in Atlantic Water flow

The start of this zone is characterised by a sharp decline in
benthic foraminiferal concentrations, most noticeably in the AW
species, and a decline in sedimentation rate. Concurrently, the
species E. clavatum increases before fully disappearing and the
foraminiferal assemblage becomes dominated by agglutinated
species. We propose that this shift signifies that the influx of AW
became severely reduced or fully ceased at this time, and that PW
reached the seafloor beneath perennial sea ice after 7.9 ka cal BP
(Fig. 6E). Stratification and favourable conditions for the formation
of sea ice would reduce bottom water ventilation and create cor-
rosive waters (Lloyd et al., 2007); potentially contributing to the
dissolution of calcareous foraminifera. However, the disappearance
of calcareous species could also be linked to a change in the sedi-
mentation rate as suggested in studies from other near-glacier
environments (Aksu, 1983; Lloyd et al., 2007). In 92G, the lower
part of the core is characterised by a higher sedimentation rate and
presence of calcareous foraminifera. In contrast, in the uppermost
60 cm the sedimentation rate is low with no or very few calcareous
foraminifera present. Whilst this may partially explain this pattern,
the sedimentation rate begins to decline before the percentage
calcareous foraminifera do, suggesting that the other mechanisms
aforementioned are likely the dominant driver of this change. The
reduced sediment accumulation rates may be linked to increased
sea ice cover and reduced melting of the NEGIS as a consequence of
the colder water. The decline in AW is discussed in more detail in
Section 5.2.

At the onset of Zone V, M. barleeanus, a eutrophic species, is
present in its highest abundance of the entire record; this species is
often found in areas with high buried organic material (Polyak
et al., 2002; Caralp, 1989). Similarly, the presence of
A. weddellensis and E. takayanagii in one sample at the start of this
zone suggests that a high marine productivity characterised the
area here (Fentimen et al., 2020; Lambshead and Gooday,1990). We
infer that before the full onset of perennial sea ice, the sea ice
margin rested in the vicinity of our site for some time (Syring et al.,
2020a). However, the low foraminiferal concentrations are much
lower than in the sub-ice-shelf phase, suggesting there was not a
productivity peak amongst all species. P. bipolaris also increases
rapidly from the start of this zone, peaking at 4 ka cal BP; this
species suggest the influence of PW (Lloyd, 2006), and has been
found under polar waters in the Canadian Arctic (Vilks, 1989) and
fjords in eastern Greenland (Jennings and Helgadottir, 1994). This is
supported by the presence of Reophax sp. during this period; this
species is found in the fjords of eastern Baffin Bay and in cold, low
salinity waters (Vilks, 1969).

The return and peaks of calcareous foraminifera, including
C. neoteretis and I. norcrossi, at 2.5 ka cal BP and 0.6 ka cal BP implies
a return of AW. The low sedimentation rate and maintained
dominance of agglutinated species suggests perennial sea ice was
still overlaying the site. There is also a short peak in A. glomerata,
which is common on continental shelves at high latitudes and is
linked to AW, further supporting the inference that there may have
still been some influence from these waters in this section of the
core (Hald and Korsun, 1997; Lloyd, 2006).
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5. Discussion

The discussion focuses on the two main changes observed in
this study: 1) the deglaciation (start of Zone I) and 2) the dramatic
decline in AW inflow (Zone V).

5.1. Late weichselian initial deglaciation of the northeast Greenland
continental shelf (>13.4 ka cal BP)

Results from 92G suggest that retreat of grounded ice occurred
prior to 12.5 ka cal BP, and probably before 13.4 ka cal BP,
depending on the extrapolated age in the bottom of our age-depth
model, Radiocarbon dates collected from the Northeast Greenland
coastline close to the present NEGIS suggest that deglaciation of
this area occurred prior to 9.7 ka cal BP (Bennike and Bj€orck, 2002).
10Be records often yield significantly older estimates than radio-
carbon ages and arguably provide a better record of ice retreat
(Larsen et al., 2020). A combination of 14C and 10Be ages suggest
that the outer coast of the Northeast Greenland continental shelf
was deglaciated by 11.7 ± 4 ka cal BP (Larsen et al., 2018). This aligns
with results from marine deposits in NE Kronprins Christian Land,
which indicate an ice-free coast by 11.1 ka cal BP (converted from
14C age reported by Hjort, 1997). Homogeneous sediments from a
marine sediment core collected in the western Fram Strait suggest
retreat of grounded ice past the site at 10.6 ka cal BP, defined as a
minimum age for deglaciation, aligning with the slightly later
retreat recorded on the continental shelf itself (Zehnich et al.,
2020). However, results from marine sediment core DA17-NG-
ST03-039G (Fig. 6F), located northeast of 92G in the Fram Strait,
record onset of deglacial conditions prior to 13.3 ka cal BP (Hansen
et al., in review). This is compatible with the earlier deglacial onset
recorded at our site, given its more north-easterly positioning.

However, two sites located relatively close to 92G suggest a later
deglacial onset (Fig. 6F). 10Be dates from Bourbon Øer, located west
of core site 92G, indicate deglaciation at 11.1 ka cal BP (Larsen et al.,
2018). The lowest unit of sediment of Core PS100/270, located
approximately 130 km north of 92G, is characterised by a stiff, over-
consolidated diamicton, interpreted as a subglacial environment,
with the transition to certain marine conditions at least as early as
10.1 ka (Syring et al., 2020a). The earlier retreat of ice at our sitemay
be a reflection of its more distal location to the coastline than the
core and 10Be dates aforementioned, where, after an initial retreat
from our site, the ice may have come to a rest on the Bourbon Øer
and near Core PS100/270 for a couple of millennia.

The presence of AW at the core site directly after the deglacia-
tion suggests that it may have played a role in the retreat of ice in
Northeast Greenland; this pattern is seen elsewhere (e.g. Syring
et al., 2020a; Hansen et al., in review). Together with orbital forc-
ing of higher summer temperatures (Berger and Loutre, 1991) and a
thinner Arctic halocline (Jakobsson et al., 2010), the presence of AW
in Hall Basin, Nares Strait, during the deglaciation provides further
evidence that it may have assisted in ice retreat (Jennings et al.,
2011).

5.2. Decline in Atlantic Water flow after 7.9 ka cal BP

During the deglacial and Early Holocene, the Northeast
Greenland continental shelf was characterised by a significant
influx of AW; this may have played a role in its seemingly early
deglaciation. However, data from 92G imply at ca. 7.9 ka cal yr BP
the inner Northeast Greenland continental shelf experienced a
major change in oceanographic conditions, covered in Zone V. The
decline in the sedimentation rate, in overall benthic foraminiferal
concentrations, and in particular the shift from an assemblage
dominated by AW calcareous species to agglutinated species
13
suggest that there was change in the subsurface waters carried by
the East Greenland Current; specifically a reduction in AW and
increase in PW beneath perennial sea ice. A drop in the sedimen-
tation rate is recorded in core PS100/270 at 7.5 ka cal BP, just north
of 92G (Syring et al., 2020a). This is also seen on the southern NE
Greenland shelf off Young Sound, where sedimentation rates
dropped from 8.7 ka BP and again further at from 7.5 ka cal BP
(Jackson et al., in review), suggesting a region-wide pattern of
reduced sediment flux from land after the Early Holocene.

Throughout the Arctic and larger North Atlantic region, records
reveal a pattern of Early to Mid Holocene warm conditions influ-
enced by AW, followed by cooling during the Mid to Late Holocene
(e.g. Koç et al., 1993; Nesje and Dahl, 1993; Syring et al., 2020a;
Williams et al., 1995; Zehnich et al., 2020). The Mid to Late Holo-
cene is defined by minimum solar insolation, a southward shift of
the polar front, and a strengthening of the East Greenland Current
(Bauch et al., 2001; Laskar et al., 2004; Müller et al., 2012; Ran et al.,
2006). Results from sediment cores in the Nordic Seas suggest a
widespread gradual cooling in summer surface waters from 7 ka cal
BP (Andersen et al., 2004; Koç et al., 1993). This resulted in a
reduction in heat transported northwards via the NAC and West
Spitsbergen Current towards the Arctic Ocean and the western and
northern Svalbard shelf (Consolaro et al., 2018; �Slubowska-
Woldengen et al., 2007).

A cooling trend is also recorded from 6 ka in two sediment cores
from the eastern Fram Strait (Werner et al., 2016). Similarly, in the
Nansen Trough on the East Greenland shelf, benthic foraminifera,
stable isotopes and IRD fluxes indicate a shift towards polar con-
ditions at 5 ka (Jennings et al., 2002). This pattern is also visible on
the Northeast Greenland continental shelf; yet the timing of the
onset of the decline in AW differs between sites (Fig. 7G).

Sortable silt values, planktic foraminifera, and stable isotope
data of planktic and benthic foraminifera from Core P293/25, on the
outer Northeast Greenland continental shelf, indicate a strong
westward advection of AW until about 8 ka cal BP, when produc-
tivity weakened and sea ice cover expanded (Zehnich et al., 2020).
However, AW is present until 5 ka cal BP. Results from the nearby
located core DA17-NG-ST03-073G suggest AW prevailed until 5.6
ka cal BP (Hansen et al., in review). This aligns with the isostatic
rebound of the Northeast Greenland shelf; around 50 m between 8
and 4 ka cal BP (Hjort, 1997), which may have lifted the sea floor of
the continental shelf to those depths more influenced by PW
(Zehnich et al., 2020).

On the central Northeast Greenland shelf, cooling of the sub-
surface water started ca. 6.2 ka cal BP, with further cooling at 4.2
and 3.2 ka cal BP (Pados-Dibattista et al., 2022). On the inner shelf,
close to the 79 N glacier, the abundance of C. neoteretis remains high
until 6.5 ka cal BP (Syring et al., 2020a). However, the flux of AW
species at the latter site follows a similar pattern to 92G, with a
decline at 8.2 ka cal BP; yet the presence of AW species suggests the
continued presence of AW until the late Holocene (Fig. 7; Syring
et al., 2020a).

In order to explain the discrepancies in the timing of AW pres-
ence and advection between core sites on the Northeast Greenland
continental shelf, we examine the potential transport pathways of
AW towards the study sites, specifically the Norske and Westwind
troughs. The main sources of AW in the Norske and Westwind
troughs are Return Atlantic Water and Arctic Atlantic Water,
respectively (Rudels et al., 2012; Schaffer et al., 2017). Whilst few
hydrographic measurements exist in the region between the
calving front of the 79NG and the trough system, CTD profiles show
AW is present in front of 79NG and in the cavity below (Schaffer
et al., 2017). It is believed that the Norske Trough plays the
pivotal role in transporting AW towards 79NG (Schaffer et al., 2017).
Wilson and Straneo (2015) show that warm water from the



Fig. 7. Summary figure depicting data from numerous sources spanning the Holocene. The NGRIP d18O dataset (NGRIP-Members, 2004) is plotted alongside the sedimentation rate,
foraminifera concentration (resolution of data shown in dark green), agglutinated foraminifera percentage, abundance of species C. neoteretis and C. reniforme from 92G. Radio-
carbon dates are plotted (red crosses). Biomarker data from PS93/025 (Syring et al., 2020b) and PS100/270, together with C. neoteretis (flux and %) and C. reniforme (%) (Syring et al.,
2020a) are also plotted. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Westwind Trough cannot enter close to 79NG through the northern
inlet (Dijmphna Sund), as previously proposed (Mayer et al., 2000)
due to a 170 m sill. However, Schaffer et al. (2017) indicate that
Westwind Trough possibly still plays a minor role in transporting
AW towards 79NG today. As sea levels were higher in the Early
Holocene, due to isostatic depression, this may have allowed AW to
reach PS100/270 from the Westwind Trough (Hjort, 1997; Strunk
et al., 2018). However, it is likely that the transport pathway of
AW has predominantly been the Norske Trough for cores sites
PS100/270 and 92G, with minor contributions from the Westwind
Trough. If the Norske Trough is the primary pathway for AW to-
wards sites 92G and PS100/270, differences in the onset of the
decline in AW cannot be explained by transport pathways alone.

The cause behind the discrepancies in the timing of AW at 92G,
PS100/270, and PS93/025 perhaps lies in the local environment,
specifically the water depth at which the cores were retrieved. The
water depth at PS100/270 and PS93/025 is shallower (484 m and
290 m, respectively) than at 92G (583 m) (Fig. 6G). This means that
after 7.9 ka cal. BP the basin in which 92G is located was likely
dominated by deeper, colder water, originating from the East
Greenland Current, earlier than PS100/270 and PS93/025. We argue
that this is the most likely cause of the discrepancies in timing, yet
further analysis of the foraminiferal assemblages and local envi-
ronment in the region is required to ascertain this.

A decline in biomarker concentrations (IP25, HBI III, brassicas-
terol and dinosterol) at 7.5 ka cal BP in Core PS100/270 suggests
nearly permanent sea ice cover close to 79NG, with some summer
ice thinning, until 0.7 ka cal BP (Fig. 7; Syring et al., 2020a). This
supports findings from 92G, which suggests perennial sea ice
overlaid the site from 7.9 ka cal BP. Further east on the Northeast
Greenland continental shelf, biomarker data suggests a continued
presence of seasonal sea ice from 7.9 to 4.9 ka cal BP (Syring et al.,
2020b) with low overall foraminiferal abundance and CaCO3 sug-
gesting low productivity (Fig. 7; Zehnich et al., 2020). This aligns
with an increase in abundance of Arctic diatoms between 6.8 and
5.6 ka cal BP on the North Icelandic shelf (Ran et al., 2006).
Together, this implies a strengthening of the East Greenland Cur-
rent, which would have carried drift ice from the Arctic southwards
(Andrews et al., 2009; Cabedo-Sanz et al., 2016).

The final part of our record is characterised by peaks in calcar-
eous species and the overall foraminiferal concentration, but with a
maintained presence of agglutinated species. This suggests a po-
tential shift towards seasonal sea ice or openwater conditions with
presence of AW in the uppermost part of the record, similar to those
observed in the region today. However, there is uncertainty sur-
rounding the exact timing due to the lack of radiocarbon dates in
the uppermost part of the core; the shift may have occurred earlier
or later due to uncertainty in the age model.

6. Conclusion

The presented multiproxy dataset, comprising foraminifera,
geochemical, and sedimentological analysis of Gravity Core 92G
documents changes to ocean circulation and deglacial retreat of the
NEGIS on the Northeast Greenland continental shelf throughout
the Holocene:

1. The site experienced marine conditions throughout, which ac-
cording to our age model covers the last 13.4 ka cal BP, albeit
with the lowermost certain 14C date at 12.5 ka cal BP. The timing
of deglaciation is thus certain to have occurred before 12.5 ka cal
BP and likely before 13.4 ka cal BP, assuming a constant sedi-
mentation rate.

2. Between 13.4 and 11.2 ka cal BP, laminated sediments and
foraminifera commonly found under floating ice sheets or
15
perennial sea ice shows that the environment was characterized
by the close proximity to the NEGIS with an ice shelf extending
across the site. At subsurface levels, the persistent and strong
influx of AW may have impacted the speed of the ice retreat.

3. A short interval (11.2e10.8 ka cal BP) with a reduced sedimen-
tation rate, shift from laminated to bioturbated sediments, and
presence of IRD, documents the retreat of the ice shelf and a
shift to open water conditions.

4. The period 10.8e9.6 ka cal BP saw a renewal of glacier-proximal
conditions, dominated by colder subsurface water conditions,
but influx of AW persisted. The ice shelf may again have
extended across our study site.

5. From 9.6 to 7.9 ka cal BP, the NEGIS retreated westwards. There
is evidence of an influx of PW at the surface, with the continued
presence of AW beneath it.

6. A drastic shift in the ocean circulation occurred at ca. 7.9 ka cal
BP. A sharp decline in AW at the site corresponds to an increase
in PW influx, flowing beneath perennial sea ice. There is once
more a shift to seasonal or openwater conditions from 0.6 ka cal
BP.
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