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a b s t r a c t

Recent observations have identified increased mass loss from Greenland marine-terminating outlet
glaciers (MTOG) with implications for global sea-level rise and wider ocean circulation. The flow of
Atlantic-sourced waters to the Greenland margin is thought to be a major control on MTOG behaviour.
Investigation of longer-term records of the role of Atlantic-sourced waters on MOTG dynamics are
needed to improve understanding of potential future trends in MTOG behaviour. Here we present a
multi-proxy study (benthic and planktic foraminifera, dinoflagellate cysts, diatoms, stable isotopes, sea
ice biomarkers and sedimentological analyses) from core PS100-198 on the northeast Greenland shelf to
investigate the interaction between the Northeast Greenland Ice Stream (NEGIS) and ocean circulation
through the Holocene. Proximal glaciomarine conditions at the base of the core indicate deglaciation
before 10.9 ka cal BP with the relatively warm Atlantic Water present through advection of the Return
Atlantic Current (RAC) across the shelf. The advection of RAC increased through the early Holocene
reaching peak subsurface warmth from 8 to 9 ka cal BP. Surface conditions at this time were charac-
terised by heavy sea-ice cover. During the mid-to late Holocene (c. 7e2 ka cal BP) advection of RAC
weakened with cooler subsurface waters, but with an amelioration of surface conditions characterised by
seasonal sea ice. From c. 2 ka cal BP, during the late Holocene, surface conditions continued to improve
with continued seasonal sea-ice cover while subsurface proxies record an increase in RAC advection. The
last c. 100 years represent the most ameliorated surface conditions through the Holocene and with
subsurface conditions as warm as the early Holocene peak. This coincided with the final break up of ice
within 79N fjord and retreat of NEGIS to the Holocene minimum position. Current conditions, therefore,
suggest the present-day ice shelf within 79N fjord is most likely susceptible to collapse in the near future.
This study highlights the critical influence of Atlantic-sourced waters on the dynamics of major
Greenland MTOGs.
© 2023 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

Over recent decades, anthropogenic climate change has had
dramatic impacts on Arctic environments. In particular, the
d).

r Ltd. This is an open access article
phenomenon of Arctic amplification through various feedback
mechanisms has been linked to major reduction in Arctic sea-ice
cover alongside major changes to the Greenland Ice Sheet (GrIS)
(e.g. Dai et al., 2019; Shepherd et al., 2020). The main drivers of
these changes are thought to be increased atmospheric tempera-
tures and changes in ocean circulation bringing warmer Atlantic-
sourced waters to the Arctic (van den Broeke et al., 2009; Notz
and Stroeve, 2016; Polyakov et al., 2017). Recent observations
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have estimated mass loss from the GrIS from 1972 to 2018
accounted for 9 mm sea level rise through a combination of surface
melting and also, importantly, dynamic contributions (~66%) from
marine-terminating outlet glaciers (MTOGs) (Mouginot et al.,
2019). Recent studies have identified significant thinning, acceler-
ation and retreat of many Greenland MTOGs (e.g. Rignot and
Kanagaratnam, 2006; Straneo and Heimbach, 2013; Kochtitzky
and Copland, 2022). Continued mass balance loss and dynamic
contribution from MTOGs has implications not only for future sea-
level rise, but also for ocean circulation, biogeochemical cycling and
marine ecosystems (Catania et al., 2020; Straneo et al., 2019). The
interaction between MTOGs and ocean circulation around
Greenland, specifically the role of Atlantic Water, is thought to be
one of the major drivers of recent change (Straneo and Heimbach,
2013; Cowton et al., 2018; Catania et al., 2020). However, there is
still significant uncertainty over future mass balance changes to the
GrIS with continuing climate change and the link between oceanic
and atmospheric forcings (Catania et al., 2020; Fahrner et al., 2021).
One way to reduce this uncertainty is to have a better under-
standing of the past interaction between the GrIS and the oceans,
through natural climate archives e the palaeo-record.

Here we report on a marine sediment record retrieved from the
continental shelf offshore of the Northeast Greenland Ice Stream
(NEGIS). NEGIS is one of the largest ice stream systems in
Greenland draining 12% of the GrIS and holds the equivalent to
1.1 m of sea level (Mouginot et al., 2015). NEGIS streams from the
ice divide and separates into three marine-terminating outlets,
Nioghalvfjerdsfjorden Glacier (79N Glacier), Zachariae Isstrøm (ZI)
and Storstrømmen Glacier (SG) to the south (Fig. 1b). Up until the
mid-2000s the ice shelves fringing NEGIS had been relatively sta-
ble, however, since then there has been evidence of ice shelf
thinning and flow acceleration of both 79N Glacier and ZI (Khan
et al., 2014). Indeed, over this time period the ZI ice shelf has
completely disintegrated (approximately 40 km) and the grounded
tidewater margin is now continuing to retreat (An et al., 2021).
These changes are linked to a combination of increased air tem-
perature, sea-ice loss and ocean warming (Khan et al., 2014;
Mouginot et al., 2015; An et al., 2021). The 79N Glacier ends in an
80 km long ice shelf within Nioghalvfjerdsfjorden that is pinned on
a series of islands at the mouth of the fjord which, along with a
series of ice rises, indicates a threshold or sill at the mouth of the
fjord (Bennike and Weidick, 2001). While there is evidence of
thinning along the 80 km long ice shelf of 79N Glacier (one of the
few remaining significant ice shelves fringing the GrIS) the ice shelf
margin is still stable (Mouginot et al., 2015). How long the ice shelf
will remain stable is, however, uncertain, particularly given that
model predictions indicate ocean warming in this region will
double by 2100 (Yin et al., 2011) and air temperatures are also
predicted to increase significantly (Hanna et al., 2021).

Acoustic and seismic surveys of the continental shelf provide
evidence for past advance of NEGIS to the shelf edge (Evans et al.,
2009; Arndt et al., 2015, 2017). This advance has been assumed to
date from the LGM based on the relatively fresh nature and limited
sediment drape over glacial landforms on the shelf. The timing of
retreat from the LGM position, however, is still poorly constrained.
Recent research has provided minimum estimates on timing of
retreat based on radiocarbon dates from sediment cores collected
across the continental shelf ranging from 13.4 ka cal BP to 10.1 ka
cal BP (Fig. 1b) (Syring et al., 2020; Dibattista et al., 2021; Hansen
et al., 2022; Davies et al., 2022). Radiocarbon dates and cosmo-
genic surface exposure ages indicate the coast near NEGIS was ice
free from c. 10 ka cal BP (Bennike and Bjorck, 2002; Larsen et al.,
2018). The ice margin retreated behind the current position, and
there is evidence that the ice shelf within Nioghalvfjerdsfjorden
disintegrated by 8.5 ka cal BP (Smith et al., 2022).
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The aim of this study is to provide a longer-term context on the
interaction between NEGIS, climate change (specifically ocean cir-
culation) and sea-ice cover across the inner continental shelf
through the period of deglaciation, covering the Holocene up to the
last few decades.

2. Regional setting

The northeast Greenland margin is characterised by a wide
continental shelf (up to 300 km) dissected by two significant deep-
water troughs,Westwind Trough to the north and Norske Trough to
the south (Fig. 1b). The deep-water troughs form two arc shapes
bounded by the shallower AWI Bank, Northwind Shoal and Belgica
Bank. They converge at the embayment immediately east of the
current 79N Glacier ice shelf. Norske Trough is approximately
350 km long and is significantly wider on the outer shelf (>200 km)
narrowing to <50 km as the trough curves to a north-south
orientation on the inner shelf. Water depths are approximately
400e500 m along the trough, bounded by shallower banks
(200e250 m water depth).

Themodern oceanography of the northeast Greenlandmargin is
characterised by the relatively cold and low salinity Polar Water
(PW) exiting the Arctic Ocean forming the East Greenland Current
(temperature <0 �C, salinity <34.5), locally sourced meltwater from
the GrIS and relatively warm and saline Atlantic Water (AW)
sourced from the West Spitsbergen Current (temperature at the
Spitsbergen margin >3 �C, salinity >34.9) (Fig. 1a). The East
Greenland Current carries PW onto the northeast Greenland con-
tinental shelf circulating through the Westwind and Norske
Troughs forming the upper 250m of thewater column (Bud�eus and
Schneider, 1995; Hopkins, 1991). The PW is underlain by AW from
two sources. In Norske Trough the AW is sourced directly from a
branch of the West Spitsbergen Current, the Return Atlantic Cur-
rent (RAC) bringing Return Atlantic Water (RAW, temperature
~2 �C, salinity 34e35) (Bud�eus and Schneider, 1995; Schaffer et al.,
2017). The AW inWestwind Trough is significantly cooler than RAW
found in Norske Trough and comes via a branch of AW circulating
through the Arctic Ocean exiting Fram Strait called Arctic Atlantic
Water (AAW, temperature 0.5e1 �C) (Schaffer et al., 2017). Recent
studies have shown year-round flow of Atlantic Water through
Norske Trough into the cavity below the 79N ice shelf and to the
calving margin of ZI (Schaffer et al., 2020). Warming of this Atlantic
Water inflow over recent decades has been linked to increased
basal melting of the ice shelf potentially influencing the stability of
the ice shelf (Lindeman et al., 2020). Cooler, low salinity melt-
modified water is then exported from below the ice shelf at
shallow depths (Lindeman et al., 2020).

The sea ice characteristics of this region are closely linked to the
development of the Norske Øer Ice Barrier (NØIB) and the North-
east Water (NEW) Polynya that forms at the northern tip of the
NØIB (Bud�eus et al., 1997). The NØIB is an area of semi-permanent
fast-ice between 78 and 80⁰N stretching 75e150 km from the coast
that forms annually with variable size and thickness (Fig. 1b). Based
on recent observations breakup of the NØIB was rare during the
20th century, occurred once during the 1950s then not again until
1997 (Wadhams, 1981; Reeh et al., 2001). However, since 1997,
breakup of the NØIB has been observed in the summer most years
(Hughes et al., 2011; Sneed and Hamilton, 2016). The presence of
the NØIB and associated higher concentration of sea ice tends to
reduce calving from the floating ice tongues of 79N Glacier and ZI
due to the buttressing effect (Reeh et al., 2001). More regular
breakup of the NØIB tends to increase calving and glacial runoff
which, in turn, influences salinity of coastal waters. Sejr et al. (2017)
have observed recent freshening of coastal waters in the northeast
Greenland region most likely associated with increased ice sheet



Fig. 1. (a) Overview of the study area and surface ocean circulation pattern: relatively warm currents include the Return Atlantic Current (RAC) and West Spitsbergen Current (WSC)
(red), colder East Greenland Current (EGC) (blue) and the intermediate Arctic Atlantic Current (AAC) (purple). The ocean bathymetry is from GEBCO. (b) Close up of the Northeast
Greenland continental shelf showing position of cores discussed in the text: 198 (red) core PS100-198 this study; 270, core PS100-270 (Syring et al., 2020); 92, core DA17-092G
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melt. Such freshening of southward flowing coastal currents re-
duces the density of water masses that influence deepwater for-
mation further south, potentially impacting the Atlantic meridional
overturning circulation (Sejr et al., 2017). This highlights the
importance of understanding the link between sea ice, ice shelf/ice
stream dynamics and the ocean.

3. Material and methods

3.1. Core collection and CTD

A box core and a gravity corewere collected at coring site PS100-
198 during cruise PS100 of RV Polarstern in 2016 to the Northeast
Greenland continental shelf. The cores were recovered from the
inner section of Norske Trough, a major cross shelf trough running
from the embayment immediately in front of the pinned ice shelf of
79N glacier to the continental shelf edge (79⁰ 11.4740N, 17⁰ 6.430 W,
water depth 398 m, Fig. 1b, Kanzow, 2017). The total core length of
the gravity core PS100-198GC is 9.5 m, while the box core,
PS100e198BCE, is 44 cm long and was collected to recover an un-
disturbed sample of the upper sediment-water interface. Once
collected, the gravity core was split lengthwise, photographed and
described on board before being wrapped and stored at 4 �C. The
box core was photographed and described before being sub-
sampled using a plastic tube and stored at 4 �C. Water tempera-
ture and salinity data were collected using a standard CTD
SBE911plus system (Fig. 2) (Schaffer et al., 2020).

3.2. Physical properties

The split gravity core sections were immediately photographed,
and then described recording information on sediment grain size,
colour, sorting, bed contacts, clast abundance, sedimentary struc-
tures and presence of macrofossils. Post-cruise additional infor-
mationwas provided from core x-rays using a GEOTEK XCT scanner
(box core and gravity core) and a GEOTEKMulti-Sensor Core Logger
(MSCL, gravity core only) (including magnetic susceptibility and
wet bulk density). Once x-rayed, the box core was extruded by
pushing up through the tube and sub-sampled at 1 cm resolution.

3.3. Pb210 profile

Samples for 210Pb analysis were freeze-dried and ground to a
fine powder in an agate ball mill for the upper 9 cm of the box core.
A known mass of homogenized sample was packed into a 40 mm
PTFE tube. The sample tube was then closed with a rubber Supra-
seal and the seal painted with paraffin wax to form an air tight
barrier to prevent 222Rn gas escape. The tubes were then left to
stand for at least 21 days to allow the unsupported 210Pb activities
to reach equilibrium with 222Rn.

The energy, FWHM and Efficiency calibrations were performed
using 3 sets of certified sealed standards (Eckert & Ziegler Nuclitec
GmbH) encapsulated into the same type of PTFE tubes as are used
for the samples. The individual calibration standards consist of
210Pb, 226Ra (for 214Pb) and a mixed standard of 241Am, 137Cs, and
60Co (for 137Cs). The calibration standard activities give a dead time
of <7%. Sample count times were typically in excess of 450,000 s
and counting errors were typically less than 10%. Monthly back-
ground counts were taken and stripped from measured spectra
(Davies et al., 2022); 72, core DA17-72G (Pados-Dibattista et al., 2022); 25, core PS93-02
(Rasmussen et al., 2022). White dashed line marks approximate position of the Norske
Glacier (79N Glacier), Zachariae Isstrøm (ZI) and Storstrømmen Glacier (SG) forming NEGIS
Block Nunatakker. Colour shading used to illustrate bathymetry and topography with key b
Sub-bottom profiler data across site of core PS100-198 collected using a hull-mounted Para
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using the ratios of live times using EG&G GammaVision® software.

3.4. Foraminiferal analysis

A total of 80 samples were collected for foraminiferal analysis,
41 samples from the box core taken at 1 cm intervals and 39
samples from the gravity core taken at intervals ranging from 2 cm
to 100 cm. Sample volume varied from 0.5 to 4 mL (cm3) depending
on foraminiferal concentration (estimated based on initial scanning
of samples through the core). The variation in sample size was
designed to enable approximately 300 specimens to be counted
from each sample. Core samples were soaked in deionizedwater for
several hours to help disaggregate the sediment. Foraminifera were
concentrated by washing the sediment through 500 mm and 63 mm
mesh sieves. The material retained on the 63 mm sievewas retained
for foraminiferal analysis. Foraminifera were picked and counted
from the wet residue under a binocular microscope immediately to
reduce damage to agglutinated specimens and smaller, more fragile
calcareous specimens. Once counted, samples were air dried to
preserve material for any further analysis.

Both agglutinated and calcareous benthic foraminifera were
counted along with planktic specimens. The relative abundance of
individual benthic species is presented here (excluding the planktic
specimens counted). Absolute abundances of benthic and planktic
specimens are presented as both concentrations (number of spec-
imens per ml of sediment) and accumulation rates or fluxes. The
foraminiferal accumulation rate (FAR as individuals cm�2 ky�1) was
calculated following Ehrmann and Thiede (1985):

FAR ¼ TSAR*FN

Where TSAR is the total sediment accumulation rate (g cm�2 kyr�1)
and FN the number of foraminifera per gram sediment.

3.5. Dinoflagellate cysts and other palynomorph analysis

Samples for marine palynological analyses were taken from the
box-core only, at a resolution of 2 cm for the upper 22 cm, and
2e4 cm for the lowermost part of the core (total of 18 samples). For
each sample, 2e4 g of freeze-dried sediment were prepared at the
Geological Survey of Denmark and Greenland, following a standard
protocol and using the Lycopodium marker-grain method (Mertens
and Verhoeven, 2009). One Lycopodium-spore tablet was added to
each sample prior to acid treatment. Acid treatment included
removal of carbonates with room temperature 2 M hydrochloric
acid (HCl) (for 24 h) and removal of silicates with room temperature
hydrofluoric acid (40% HF) for up to 48 h, followed by an additional
HCl treatment (24 h). The samples were then gently ultra-sonicated
(30e45 s), sieved and rinsed through an 11 mm-mesh nylon filter
and pH neutralized. The organic residue was collected and moun-
ted on a microscope slide with glycerol gelatin using a heating
plate. Slides were analyzed with an upright light microscope
(Olympus BX51/BX60) using Differential Interference Contrast
(DIC) optics at 400x or 1000�magnification. Our goal was to count
a minimum of 300 cysts per sample, but this was not possible, as
the corewas nearly barren below 22 cm depth (only 0e7 cysts were
found per sample in this interval). Besides organic-walled dino-
flagellate cysts, other palynomorphs were also counted including
cysts of the freshwater ciliate genus Halodinium. Data presented
5 (Zehnich et al., 2020); 39, core DA17-039G (Hansen et al., 2022); 19, DA17-019G
Øer Ice Barrier (NØIB). Position of the three separate glaciers, Nioghalvfjerdsfjorden
indicated in black. Red line indicates approximate grounding line of 79N Glacier. BN e

athymetric features labelled. Ocean bathymetry data from Arndt et al. (2015, 2017); (c)
sound DS III-P70 system.



Fig. 2. CTD profile from core site PS100-198. PSW: Polar Surface Water; PW: Polar
Water; T: Transition; AAW: Arctic Atlantic Water; RAW: Return Atlantic Water.
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here include relative abundances of the dinocyst taxa, concentra-
tions of Halodinium spp. and total dinocyst concentrations as
calculated by the marker-grain method.

3.6. Diatom analysis

Samples for diatom analysis were taken from the box core only,
at 2 cm resolution. Diatom slides for identification and enumera-
tion were prepared using standard palaeoecological methods
(Battarbee, 1986) at the Marine Biology Laboratory, University of
Helsinki. The sediment samples were treated with 30% hydrogen
peroxide for 4 h to remove organic material and with 10% hydro-
chloric acid to remove carbonates, and subsequently rinsed 4 times
with deionized water. After the last rinse, a known concentration of
microspheres was added into each sample for calculating diatom
concentrations. A few drops of the cleaned sample were left to dry
on cover slips and mounted onto permanent glass slides with
Naphrax™. Diatom taxa were identified with a Zeiss Axio
Imager.A2 research microscope, Plan-Apochromat oil immersion
objective, phase contrast optics and a total magnification of� 1000.
As diatom concentrations were very low, a maximum of 20 tran-
sects were counted for each slide.

3.7. Carbon analysis

The concentration of Total Carbon (TC), Total Organic Carbon
(TOC) and Total Inorganic Carbon (TIC) was measured from 41
samples taken at 1 cm intervals from the box core only, using an
Analytik Jena Multi Elemental Analyser 4000. For each sample
5

sediment was freeze-dried and ball milled and weighed into
ceramic boats (20e30 mg for TC, 40e50 mg for TIC). Samples for TC
were combusted at a high temperature (1000e1500 �C) in the
presence of oxygen. Samples for TIC were first treated with 40%
orthophosphoric acid to remove the organic carbon component
before combustion at high temperature (1000e1500 �C) in the
presence of oxygen. In both cases the gas generated from the
burning of the sample is detected by a NDIR (Non-Dispersive
Infrared) detector. The instrument measures TC and TIC, then cal-
culates TOC of the sample from the difference between TC and TIC
values.

3.8. Foraminiferal stable isotope analysis

Oxygen (expressed as d18O) and carbon (as d13C) isotopic ana-
lyses were carried out separately on benthic and planktic forami-
nifera from both box core and gravity core. Approximately 20
specimens of the benthic species, Cassidulina neoteretis, and the
planktic species Neogloboquadrina pachyderma were picked and
measured where possible. Analyses were carried out using an Iso-
Prime mass spectrometer with a Multicarb preparation system at
the Stable Isotope Facility in the British Geological Survey. Stable
isotope results were calibrated to the VPDB scale of international
standards with an analytical precision for both isotopes of > ±
0.05‰.

3.9. Sea ice biomarker analysis

A total of 20 samples were taken from the box core only (every
2 cm) and processed for HBI analysis (IP25 and HBI III) following the
protocol described by Belt et al. (2019). An internal standard (9-
octylheptadecene) was added to ~0.5 g of the freeze-dried and
homogenized sediment samples before analytical treatment. Total
lipids were ultrasonically extracted (3 times) using a mixture of
dichloromethane (DCM: CH2Cl2) and methanol (MeOH) (2:1, v/v).
Extracts were pooled together, and the solvent was removed by
evaporation under a slow stream of nitrogen. The total extract was
subsequently suspended in hexane and purified through open
column chromatography (SiO2). HBIs were eluted using hexane
(8 mL). Procedural blanks and standard sediments were analyzed
every 15 samples. Hydrocarbon fractions were analyzed using an
Agilent 7890 gas chromatograph (GC) fitted with 50m fused silica
Agilent J&C GC columns (0.25 mm internal diameter and 0.25 mm
phase thickness) and coupled to an Agilent 5975C Series mass se-
lective detector. Oven temperatures were programmed as follows:
40e300 �C at 10 �C min�1, followed by an isothermal interval
at300 �C for 10min. The data were collected using ChemStation and
analyzed using MassHunter quantification software. IP25 was
identified on the basis of retention time and comparison of mass
spectra with authenticated standards. Abundances were obtained
by comparison of individual GC-mass spectrometry responses
against those of the internal standard and concentrations are re-
ported in ng g�1. Response factors of the internal standard vs.
IP25were determined prior and after each analytical sequence
(every 15 samples). The extraction and analytical error on the
measurements, determined from measurements of standard sedi-
ments is ±8%.

4. Results

4.1. CTD and water masses

The water column at the core site is characterised by 4 main
watermasses. Between approximately 25m and 140mdepth in the
water column is the main PW layer with temperatures ranging
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from �1.0 to �1.7 �C and salinity <34 (Fig. 2). Above this, the ca
25m surface layer is composed of Polar SurfaceWater (PSW) that is
slightly warmer due to summer insolation and has a lower salinity
due to seasonal melting of sea ice and the GrIS. Below the PW is a
transitional layer of increasing temperature with depth down to
170 m (from �1.7 to 0.1 �C) formed through mixing of PW with AW
below. Between 170 m and 300 m the AW has a temperature 0.1 to
1.2 �C and salinity ranging from 34.4 to 34.8. This water mass has
similar characteristics to the AW present in Westwind Trough
(Schaffer et al., 2017) and is most likely the Arctic Atlantic Water
from the AAC circulating through Westwind into Norske Trough.
The deepest water mass below 300 m is the warmer AW from the
RAC, temperature >1.2 �C and salinity >34.8 (Schaffer et al., 2017).
4.2. Age model and sedimentation rates

The core chronology is based on 10 accelerator mass spec-
trometry (AMS) 14C ages (Figs. 3 and 4, Table 1) measured onmixed
species of benthic foraminifera (excluding miliolids) and the 210Pb
profile from the box core. Four of the dates are from the box core
and 6 dates are from the gravity core. AMS 14C dating was carried
out at the UK NERC AMS radiocarbon facility and at the Alfred
Wegener Institute, Bremerhaven, using the Mini Carbon Dating
System (MICADAS). Radiocarbon ages were converted to calibrated
calendar years before present within the Bayesian accumulation
age-depth modelling program, Bacon 2.2 (Blaauw and Christen,
2011) using the MARINE20 calibration curve with the standard
reservoir age correction of 550 years (Heaton et al., 2020; Stuiver
et al., 2021). The MARINE20 calibration curve uses an increased
marine reservoir correction of 550 years in comparison to MA-
RINE13, hence a DR of 0 ± 0 years is used here (previously 150 ± 0
years using MARINE13) following Larsen et al. (2018).

Due to the gravity coring process the surface sediments likely
were not recovered in the gravity core. The box core should have
recovered the undisturbed sediment water interface. For this
reason, we use the box core for the upper part of the record, then
the gravity core for the longer record. We use the foraminiferal
record to splice the box core and gravity core together, the base of
Fig. 3. X-rays and photographs of gravity core PS100-198 and x-ray of PS100-198 box core. D
position of lithofacies indicated by dashed lines.
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the box core (40 cm) equates to approximately 45 cm in the gravity
core (for details see Supp Info and Fig. S1). We use the full length of
the box core (40 cm), then start using samples from the gravity core
at the splice between the two cores from 45 cm onwards in the
gravity core. A combination of the AMS 14C ages from the box core
and gravity core are used by Bacon in development of the agemodel
(Fig. 5). Based on the 210Pb profile from the box core (Fig. 5d)
background levels are reached by 7 cm and an age of 130 cal BP is
used by Bacon for this level as an additional control on the age
model developed. The lowest radiocarbon date from PS100-198
gravity core at 802 cm constrains the age of the base of the core
at 930 cm to c. 10,930 cal BP (range 10,580 to 11,510 cal BP).
4.3. Lithofacies

Based on the sediment description produced from the split
gravity core sections and the box core along with additional in-
formation on sediment characteristics provided by the core x-rays
and MSCL data (gravity core only), the combined core record for
PS100-198 can be divided into three lithofacies. These are described
in detail below and illustrated in Figs. 3 and 4.

From the core bottom, lithofacies 1 (LF1) between 930 and
86 cm gravity core depth (c. 10,930e9840 cal BP) consists of
reddish-brown to mid-brown silty clay with very occasional clasts
(Fig. 3). LF1 is characterised by colour-banded laminations more
clearly illustrated in the core x-rays. The laminations are typically
sub-centimetre in thickness, though occasionally there are thicker
bands also present. This lithofacies is also characterised by highly
fluctuating magnetic susceptibility values that gradually increase
through the unit. Wet bulk density (WBD) is relatively high,
decreasing gradually through this unit until a more abrupt drop at
240 cm (Fig. 4).

Lithofacies 2 (LF2) from 86 to 50 cm gravity core depth (c.
9840e9130 cal BP) also consists of reddish-to mid-brown silty clay
with occasional clasts. The gradual transition from LF1 to LF2 is
characterised by a shift to more diffuse/disturbed laminations, with
some evidence of bioturbation seen in the x-rays (Fig. 3). Magnetic
susceptibility reaches a peak with more stable values through this
epth of core sections indicated. Position of radiocarbon dates shown by black triangles,



Fig. 4. Core log and physical properties (WBC: Wet Bulk Density, MS: Magnetic Susceptibility) from gravity core plotted against depth. Position of radiocarbon dates shown by black
triangles and boundaries between lithofacies indicated.
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unit with a slight increase in WBD values from the top of LF1
(Fig. 4).

Lithofacies 3 (LF3) from 50 to 0 cm gravity core depth and the
whole of the box core (c. 9130 cal BP e modern) is a massive
reddish-to mid-brown silty clay with a slight increase in clast
abundance in comparison to LF1 and LF2 (Fig. 3). There is no evi-
dence of laminations seen in the core x-rays and there is a decrease
in MS, though still relatively stable values and WBD increases
slightly in comparison to LF2 (Fig. 4).

Sedimentation rates calculated based on the age model vary
significantly through the core (Fig. 5b and c) with very high rates of
780 cm kyr�1 within LF1 from the base of the core up to 86 cm (c.
9840 cal BP). At this point over the transition to LF2 there is an
abrupt decrease in rates to approximately 80 cm kyr�1.
7

Sedimentation rates then gradually decrease through LF2 into LF3
to approximately 10 cm ky�1 by 27 cm (c. 8180 cal BP), then to
below 4 cm ky�1 from 26 to 7 cm (c. 7925 to 130 cal BP) before
increasing slightly to approximately 50 cm ky�1 up to present day.

4.4. Benthic foraminiferal data

The foraminiferal fauna is dominated by benthic taxa (48
benthic species, see Supp. Info. Table S1 for full species list), though
planktic specimens are also common throughout the core (mainly
Neogloboquadrina pachyderma). There is a diverse benthic forami-
niferal fauna through the core dominated by calcareous species (36
calcareous species) but with one section where agglutinated spe-
cies become abundant (12 agglutinated species). Overall, the core is



Table 1
AMS radiocarbon dates for box core and gravity core PS100-198. Dates are calibrated using CALIB with the Marine20 curve and a delta R of 150 following Larsen et al. (2018).

Lab Code Depth (cm) Material 14C age Error ± Calib median Calib min. Calib max.

Box Core
SUERC-79062 10e11 Mixed benthic forams 2070 38 1316 1174 1465
SUERC-76490 25e27 Mixed benthic forams 7742 37 7868 7716 8005
SUERC-79063 31e32 Mixed benthic forams 8379 40 8537 8377 8723
SUERC-76491 38e41 Mixed benthic forams 7106 37 7275 7133 7420

Gravity Core

UCIAMS-211068 20e21 Mixed benthic forams 7985 40 8116 7967 8285
UCIAMS-211069 52e55 Mixed benthic forams 8770 45 9080 8897 9276
UCIAMS-211070 65e72 Mixed benthic forams 9275 40 9654 9501 9870
AWI-2796.1.1 98e100 Mixed benthic forams 9097 84 9455 9209 9702
AWI-2797.1.1 200e208 Mixed benthic forams 9206 120 9603 9276 9997
UCIAMS-216431 800e804 Mixed benthic forams 9840 70 10,425 10,205 10,658

Fig. 5. a) Age model for PS100-198 spliced box core and gravity core, dates shown in red are from the box core (details of splice shown in sup info); b) Sedimentation rate plotted
against age; c) Sedimentation rate plotted against depth; d) 210Pb profile for PS199-198 Box Core used to provide additional age constraint for the age model shown in a). Composite
lithological log and lithofacies boundaries indicated.
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dominated by two key species, Cassidulina neoteretis and Cassidu-
lina reniforme with Nonionella iridea and Stainforthia feylingl also
common in some sections. The agglutinated fauna is dominated by
Spiroplectammina biformis and Textularia earlandi in the lower
section with Portatrochammina karica and Saccamina dlifflugiformis
dominating higher up. Based on the benthic foraminiferal fauna the
following 7 foraminiferal assemblage zones (FAZ) can be identified
(Figs. 6 and 7).
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FAZ 1 (c. 11,000e10,000 cal BP, 932e180 cm): this assemblage
zone corresponds to the laminated unit of LF1. Foraminiferal
abundance through this zone is relatively low (benthic foram
accumulation rate, FAR, under 10,000 indiv. cm�2 kyr�1). Some
samples in this zone also have moderately high agglutinated fora-
miniferal abundance (up to 20%). The assemblage is dominated by
C. reniforme (30e60%) and C. neoteretis (15e80%) with both species
fluctuating very widely from sample to sample (Fig. 6). Other



Fig. 6. PS100-198 calcareous foraminiferal assemblages from box core and gravity core spliced record, as relative abundance of calcareous foraminifera only (species >5% shown)
(full data in sup info) and FAR for benthic and planktic species. Red shaded species: Atlantic Water indicators; blue shaded species: Polar Water/glaciomarine indicators; green
shaded species: Polar Water/low oxygen/sea-ice indicators. Lithology and radiocarbon dates indicated, see Fig. 4 for lithology legend.
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common species include Stetsonia horvathi and Glomulina oculus.
The agglutinated species Spiroplectamina biformis and Textularia
earlandi are also common (Fig. 7).

FAZ2 (c. 10,000e8900 cal BP, 180e44 cm): this assemblage zone
incorporates the transition from LF1 to LF2 and into LF3 and is
characterised by a peak in foraminiferal abundance at the start of
the zone (up to 126,000 indiv. cm�2 kyr�1) followed by variable, but
moderate abundance. The fauna is again dominated by C. neoteretis
and C. reniforme with significant fluctuations in both species, but
with C. neoteretis slightly more dominant in comparison to FAZ1
(Fig. 6). S. horvathi and G. oculus are both common and there is a
slight increase in faunal diversity. There are very few agglutinated
specimens recovered in this zone (<5%).

FAZ3 (c. 8900e8000 cal BP, 44e27 cm): this zone is charac-
terised by relatively high and stable benthic foraminiferal abun-
dance (10,000e20,000 indiv. cm�2 kyr�1) and also by an increase in
planktic foraminiferal abundance (~5000 indiv. cm�2 kyr�1). The
fauna is dominated by C. neoteretis (30e60%) with C. reniforme still
very common (20%) and S. horvathi also common (10e20%). There is
a marked increase in abundance of Nonionella iridea through this
zone, peaking at 20% mid-zone, and also an increase in abundance
of several other species, Buccella frigida, Buccella tenerrima and
Stainforthia feylingi (Fig. 6).

FAZ4 (c. 8000e7000 cal BP, 27e23 cm): this zone sees a drop in
foraminiferal abundance, but still moderate abundances of both
benthic and planktic specimens (approximately 4000 and 1200
indiv. cm�2 kyr�1 respectively). The fauna is still dominated by
C. neoteretis, though the abundance of C. reniforme increases
slightly towards the end of the zone and N. iridea reduces signifi-
cantly disappearing mid-zone. There is also a slight increase in
9

abundance of S. feylingi and an increasing abundance of aggluti-
nated specimens through this zone (up to 10%).

FAZ5 (c. 7000e1750 cal BP, 23e13 cm): this zone covers a wide
time period and is characterised by the lowest foraminiferal
abundances through the core (approx. 200 indiv. cm�2 kyr�1) and
the peak in proportion of agglutinated specimens to the fauna,
accounting for 30e60% of benthic foraminifera present. This zone is
marked by a decrease in abundance of C. neoteretis (10e30%) as
C. reniforme and S. feylingi co-dominate (10e40%). Melonis bar-
leeanus (approx. 10%), Elphidium excavatum (5e10%) and S. horvathi
(5e10%) are also common through this zone. The abundance of
N. iridea starts off very low but increases to 5e10% by the end of the
zone.

FAZ6 (c.1750e800 cal BP, 13e10 cm): FAZ6 is a transitional zone
with initially very low foraminiferal abundance (similar to FAZ5)
but increasing at the top of the zone, with the agglutinated fauna
less abundant, but still common. The fauna is dominated by a
C. reniforme (30e40%) with C. neoteretis increasing through the
zone (average of 20%) and S. feylingi decreasing through the zone
(<10%). The abundance of N. iridea increases (5e15%) and
M. barleeanus is also common.

FAZ7 (c. 800 e present, 10e0 cm): FAZ7 is characterised by
increasing benthic foraminiferal abundance, initially 2000e4000
indiv. cm�2 kyr�1, but then jumping to 35,000e65,000 indiv. cm�2

kyr�1 from c. 120 cal BP to present. The abundance of planktic
specimens follows the same trend. This zone is co-dominated by
C. neoteretis (20e35%), C. reniforme (20e30%) and N. iridea (20%).
S. feylingi, S. horvathi and B. tenerrima are all common (5e10%). The
upper part of FAZ7 could be considered a sub-zone (from c. 120 cal
BP onwards) where C. neoteretis is the most abundance species



Fig. 7. PS100-198 agglutinated foraminiferal assemblage from box core and gravity core spliced record (species >2% of total foraminiferal count included) (full data in sup info). Blue
shaded species: Polar Water/low salinity/meltwater indicators. Lithology and radiocarbon dates indicated, see Fig. 4 for lithology legend.
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(35%) and the foraminiferal abundance jumps to >35,000 indiv.
cm�2 kyr�1. The proportion of agglutinated taxa continues to
decrease to 10% or below.
4.5. Dinoglagellate cysts and other palynomorphs

Dinoflagellate cysts were investigated from the box core only,
covering the period from c. 8900 cal yrs BP to present (Fig. 8) (see
Supp. Info. Table S2 for species list). Dinocyst concentration was
generally very low, particularly before c. 1200 cal yrs BP. The
dinocyst data can be split into 3 dinocyst assemblage zones (DAZs).

DAZ1 (8900e8200 cal BP, 44e27 cm): This zone has a very low
concentration of dinocysts, below 50 individuals g�1 dry sed, and
some samples were barren. Actual counts of dinocysts are very low
in this section (<10 individuals), hence relative abundances of
species are rather unreliable, however, the assemblage tends to be
dominated by heterotrophs such as Brigantedinium species (mainly
B. simplex) and Protoperidiniacean cysts, with a few single occur-
rences of autotrophic taxa.

DAZ2 (8200e1200 cal BP, 27e12 cm): This zone is characterised
by a slight increase in concentration (20e80 individuals g�1 dry
sed). Actual counts are still low (5e45 individuals), however, there
is a clear change in assemblage with the autotrophs Nem-
atosphaeropsis labyrinthus and Operculadinium centrocarpum s.l.
becoming dominant.
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DAZ3 (1200 cal BP e present, 12e0 cm): This zone is charac-
terised by a significant increase in concentration (90e730 in-
dividuals g�1 dry sed) with actual counts between 25 and 130
individuals. The assemblage is dominated by the heterotrophic
species Islandinium minutum subs. minutum (45e50%) and Brig-
antedinium species (mostly B. simplex) also common (10e25%). The
Arctic species Islandinium? cezare (1e8%) and “Polykrikos quad-
ratus” (2e4%) appear in this zone for the first time. The freshwater
ciliate Halodinium spp. reaches the highest concentrations in this
interval.

4.6. Diatoms

Diatoms were also investigated through the box core. However,
diatom abundance was very lowwith counts >10 (per 20 transects)
in only the upper two samples and samples below 6 cm virtually
barren. While a range of diatom species were identified (see Supp.
Info. Table S3 for a full species list), the assemblage is dominated by
Chaetoceros resting spores with the only other common species
being Fossulaphycus arcticus.

4.7. Carbon analysis

TOC and TIC measurements were made from lithofacies 3
(Fig. 9). TOC is relatively low (below 1%) and shows an increase



Fig. 8. PS100-198 dinoflagellate cyst assemblage from box core record (taxa present in >2 samples and >2%). Red bars: strong Atlantic Water indicator; orange bars: Atlantic Water
indicator; green bars: cosmopolitan species common in seasonal sea ice; blue bars: cold water/high proportion of sea ice indicator; grey bars/paler shading indicate samples with
less than 10 individuals counted. Small arrows represent position of barren samples. Lithology and radiocarbon dates indicated, see Fig. 4 for lithology legend.
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from 0.20% at the base of the box core (41 cm) to a peak of 0.63% at
the surface. TIC shows a decreasing trend from amaximum of 0.70%
at the base of the core to a minimum of 0.33% at 10 cm, then a slight
increase to 0.50% at the core surface.
4.8. Stable Isotopes

The benthic foraminiferal d18O profile shows relatively high, but
highly variable values (þ3.6 to þ4.5‰) at the base of the core from
c. 11,000e9000 cal yrs BP (Fig. 9). Between c. 9000 and 400 cal yrs
BP values are relatively stable (þ3.6 to þ3.8‰) with a slight
decrease over the last 100 yrs (þ3.5 to þ3.6‰). The benthic d13C
profile shows relatively low, but highly variable values (�0.3
toþ0.9‰) at the base of the core (c.11,000e9400 cal yrs BP). This is
followed by a gradual trend to higher values stabilising at
approximately �0.3‰ from c. 8500e5000 cal yrs BP. There is a
slight decrease in values at c. 3700 cal yrs BP followed by an in-
crease to peak of �0.4‰ at c. 1000 cal yrs BP and a slight decrease
over the last 100 yrs.

The planktic foraminiferal d18O profile shows relatively high
values (þ3.0 to þ3.5‰) from c. 11,000e8800 cal yrs BP, with a brief
interval of heavier values from 9700 to 9500 cal yrs BP (Fig. 9). From
this point onwards values gradually decrease to þ2.0‰ by c.
3700 cal yrs BP. Resolution is then rather low but, with the
exception of one sample at c. 1000 cal yrs BP, values remain at
approximately 2.0‰. The planktic d13C profile starts with relatively
low values (averaging þ0.3‰) from c. 11,000e9500 cal yrs BP then
gradually increases to þ0.6 toþ0.7‰ by c. 8300 cal yrs BP. The d13C
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values then remain stable until increasing toþ0.8 to þ0.9‰ from c.
400 cal yrs BP to present.

4.9. Sea ice biomarkers

The concentration of IP25 is generally very low through most of
the samples analyzed (Fig. 9). The profile can be divided into three
sections. The lower section analyzed (c. 8800e6900 cal yrs BP) has
no IP25 detected in the samples. Then from c. 5900e400 cal yrs BP
IP25 is present in very low concentrations <0.4 ng/g. After this point
concentrations rise sharply peaking at 9 ng/g at the surface sample
(recent). The biomarker HBI III (Triene) was not detected in any of
the samples analyzed from this record.

5. Discussion

This study aims to investigate the interaction between NEGIS,
climate change (specifically ocean circulation) and sea-ice cover
through deglaciation up to the present. The changes in sediment
stratigraphy summarised by the three lithofacies identified along
with estimates of changes in sedimentation rate provide important
information on ice margin retreat and proximity of the core site to
the grounding line. The benthic foraminiferal assemblages provide
additional information on interaction between ocean circulation
and the dynamics of the ice margin, in particular the presence and
strength of subsurface Atlantic Water on the inner continental shelf
through the flow of the RAC along the Norske Trough. In addition,
the range of surfacewater proxies presented allow us to reconstruct



Fig. 9. PS100-198 IP25, total inorganic carbon and total organic carbon concentration (from box core only), foraminiferal oxygen and carbon stable isotopes from spliced box core
and gravity core. Lithology and radiocarbon dates indicated, see Fig. 4 for lithology legend.
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surface conditions, in particular the relative concentration of sea-
ice cover and the interaction between the ice margin (potentially
an ice shelf margin) and surface water conditions. In the section
belowwe provide an environmental interpretation drawing on this
wide range of analyses.
5.1. Early holocene (10.9e10 ka cal BP) e deglaciation and a
proximal glaciomarine environment

The lowest unit in PS100-198 (LF1 and FAZ1) comprises thinly
laminated fine-grained sediments with a very high sedimentation
rate (780 cm kyrs�1) (Figs. 3 and 5). This most likely reflects sedi-
mentation in a proximal glaciomarine environment with large
volumes of sediment-laden meltwater production from the
grounding zone (cf. �O Cofaigh and Dowdeswell, 2001). Coarse clasts
are rare throughout the record and sand content is very low indi-
cating iceberg rafting is not an important process in sediment de-
livery at this site. Similar deposits are preserved in other cores from
Norske Trough, DA17-NG-ST08-092G (hereafter DA17-092G)
located within the main Norske Trough approximately 80 km to
the south and PS100-270 located approximately 50 km to the north
in the embayment in front of 79N Glacier where Westwind Trough
and Norske Trough meet (Davies et al., 2022 and Syring et al., 2020
respectively, Fig. 1b). Core PS100-198 does not penetrate into a
subglacial till that was recovered in PS100-270 (Syring et al., 2020).
Indeed, the seismic section across the core site shows a very thick
parallel laminated unit (Fig. 1c); core PS100-198 has only sampled
the upper 10 m of this unit. Hence the basal age of our core, c. 10.9
ka cal BP (range of 10.6e11.5 ka cal BP), provides a minimum es-
timate of deglaciation at this core site.

Initially from c. 10.9 to 10.5 ka cal BP the foraminiferal fauna is
dominated by C. reniforme (Fig. 6), a species indicative of cold Polar
Waters, often associated with seasonal sea-ice cover and
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glaciomarine environments (Hald and Korsun, 1997; Polyak et al.,
2002). Two other common species, S. horvathi and G. oculus, also
indicate harsh conditions. Stetsonia horvathi is found in areas of
extensive sea ice cover, often belowan ice tongue or ice shelf, and in
glaciomarine environments (Jennings et al., 2020a;Wollenburg and
Mackensen, 1998), while G. oculus is common close to marine-
terminating glaciers often associated with mobile pack ice
(Jennings et al., 2020b). This suggests an initial proximal glacio-
marine environment dominated by cold Polar Waters below heavy
sea-ice cover or even an ice tongue/shelf environment after initial
deglaciation (Figs. 10d, g and 11a, b). However, C. neoteretis, a
typical indicator of Atlantic sourced water along many Arctic con-
tinental margins (Cage et al., 2021; Jennings et al., 2004; Jennings
and Helgadottir, 1994; Knudsen et al., 2004), is also present and
increases in relative abundance through this zone. This indicates
the presence of RAW in this region immediately on deglaciation.
The highly variable and fluctuating abundance/dominance of
C. neoteretis and C. reniforme through this interval indicates a highly
variable environment close to the grounding line with pulses of
meltwater diluting the flux of RAW to the area. Such highly variable
conditions are also supported by the relatively high, but also vari-
able benthic d18O values (cold water with influence of isotopically
light meltwater pulses, Fig. 9). Cold, variable salinity PW influence
is also supported by the relatively high proportion of the aggluti-
nated species T. earlandi and S. biformis (Jennings and Helgadottir,
1994; Korsun and Hald, 2000; Jennings et al., 2020a). This agrees
with other studies from the region identifying the presence of
Atlantic sourced water immediately on deglaciation from c. 13 ka
cal BP in outer Westwind Trough to the north (core DA17-039G,
Fig. 1b; Hansen et al., 2022) and mid-Norske Trough to the south
(core DA17-092G, Figs. 1b and 10d; Davies et al., 2022). This cor-
relates well with relatively cold, but warming subsurface water
temperatures in the Fram Strait (Fig. 10b).



Fig. 10. a) Modelled summer air temperature in the NEGIS region (Buizert et al., 2018); b) Transfer function derived subsurface ocean temperature from Fram Strait (Werner et al.,
2016); c) Summary benthic foraminiferal data from PS100-270 (Syring et al., 2020); d) Summary foraminiferal data from PS100-198 (this study); e) Summary foraminiferal data
from DA17-092G (Davies et al., 2022); f) Estimated ice stream retreat rate; g) Qualitative sea-ice cover conditions based on range of proxies (this study). Panels a) to f), graded blue
shading indicates relatively cold subsurface waters, weak RAC advection through Norske Trough; graded red shading indicates relatively warm subsurface waters, strong RAC
advection through Norske Trough. Panel g) blue shading indicates heavy sea-ice cover, grading to seasonal sea-ice cover; graded red shading indicates decreasing seasonal sea-ice
cover.
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Fig. 11. Conceptual model representing the interaction between the marginal position of 79N Glacier, ocean circulation and sea ice cover. Panels a) to g) represent key time intervals
discussed in the text. Ocean bathymetry data illustrated on the map and in the cross sections is from Arndt et al. (2015, 2017). Position of bathymetric cross section in panels a) to g)
shown by red dashed line on map. Position of offshore sediment cores, island of Block Nunatakker (BN) and Blåsø Lake shown on map along with estimates of age of deglaciation at
each location. The thickness of coloured arrows indicates stronger/weaker influence of East Greenland Current in blue and relatively warm Atlantic water in red.
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5.2. Early holocene (10e9.1 cal ka BP) e retreating ice sheet

This transitional period is marked by a significant reduction in
sedimentation rate to approximately 80 cm kyrs�1 at the start of
this period reducing gradually to 36 cm kyrs�1 by the end (Fig. 5).
This period equates to LF2, and most of FAZ2, with increasingly
diffuse and disturbed sediment laminations with evidence of
14
bioturbation towards the top of LF2. These sedimentological char-
acteristics suggest the core site is becoming more distal to the
grounding margin as the ice sheet retreats (north)westwards and is
accompanied by an increase in productivity leading to bioturbation.
Initially there is a peak in foraminiferal accumulation rates (both
benthic and planktic) supporting increased productivity (Fig. 6).
The fauna is similar to before, but with a slightly increased
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dominance of C. neoteretis and with still variable co-dominance of
C. reniforme (Fig. 6). The fauna indicates the persistence of variable
conditions, with good evidence for heavy sea-ice cover (S. horvathi
and G. oculus still common), but also for an increasing influx of sub-
surface Atlantic Water through a stronger RAC (Fig. 10d). The
foraminiferal d18O values still show significant variation indicating
fluctuating conditions (Fig. 8). There is an anti-phase relationship
between planktic and benthic d18O records suggesting strong ver-
tical stratification in the water column. Agglutinated taxa decrease
significantly (Fig. 7) supporting an inference of ameliorated con-
ditions most likely associated with the gradual retreat of the
grounded ice margin as the core site records a more distal glacio-
marine environment. This period coincides with the peak in Ho-
locene modelled summer air temperatures in the NEGIS region
(Buizert et al., 2018) and also the peak warmth of subsurface
Atlantic Water in Fram strait (Werner et al., 2016) (Fig. 10a and b).
Our interpretation of relatively warm subsurface Atlantic Water
(Fig. 11c) also matches foraminiferal-based reconstructions from
nearby cores in Norske Trough, DA17-092G and PS100-270 (Fig. 10c
and e). Zehnich et al. (2020) also record strong advection of RAC
onto the outer shelf at core PS93-025 (Fig. 1b) between from 10 to 8
ka cal BP.

5.3. Early holocene e peak sub-surface warmth and harsh surface
conditions (9.0e7.0 ka cal BP)

Moving into the lower section of LF3 (FAZ3, DAZ1) there is a
continued reduction in sedimentation rate (36 reducing to
12 cm kyrs�1, then a further reduction to 4 after c. 8 ka cal BP) as
laminations disappear and the sediment becomes a massive bio-
turbated silty clay with rare clasts. There is a significant increase in
benthic and planktic foraminiferal abundance indicating increased
productivity (equating to FAZ3, Fig. 6). However, other surface
water proxies indicate very low surface productivity (DAZ1, Figs. 8
and 9) e no diatoms were found along the analyzed transects and
dinocysts, while present, are in very low concentrations (with
actual counts <10). The sea ice biomarker, IP25, found in marine
sediments underneath seasonal sea ice (Belt et al., 2007; Belt and
Müller, 2013), is also absent from this interval. Interpreted
together with other proxy evidence, the absence of IP25 suggests
continued heavy sea-ice cover, potentially with low productivity
through mobile heavy sea-ice cover (Fig. 10g). The presence of
planktic foraminifera in this period may indicate advection across
the continental shelf, or that they are living below the relatively
harsh surface water conditions. The d13C signal from the planktic
foraminifera shows a trend to higher values potentially indicating
an increase in surface productivity below a mobile heavy sea-ice
cover, or may relate to conditions further offshore if the forami-
nifera are advected across the shelf within the RAC flow (cf. Pados
et al., 2015). The increase in concentration of benthic foraminifera
indicates increased sea-floor productivity and an increase in the
strength of Atlantic Water flux through the RAC at the core site.
Cassidulina neoteretis dominates (consistently 50e60%) while
C. reniforme reduces slightly. There is also a noticeable increase in
Nonionella iridea, peaking at 20% at c. 8.5 ka cal BP during this in-
terval before reducing to lower values < 5% after c. 8.0 ka cal BP
(within FAZ4, Fig. 6). This is a phytodetritus feeder often associated
with pulsed delivery (Gooday and Hughes, 2002), but also associ-
ated with Atlantic Water around the Greenland margin (Jennings
et al., 2020a). The benthic foraminiferal data within FAZ3 in-
dicates a peak in RAC flux and, hencewater temperature, associated
with an increase in productivity between c. 9.0 and 8.0 ka cal BP
(see Fig. 11d).

This period marks the continued retreat of the grounding line
recorded by reduced sedimentation rates and the development of a
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relatively strong (warm) RAC flow reaching mid-to inner Norske
Trough. Other cores in Norske Trough also indicate a strong RAC
flow at this time (DA17-092G and PS100-270, Fig. 10c and e). This
period also coincides with continued (but slightly reduced) warm
subsurface ocean temperatures in Fram Strait (Fig. 10b) and the
outer shelf (until c. 8 ka cal BP; Zehnich et al., 2020) and warm air
temperatures in the NEGIS region (Fig. 10a). However, conditions
recorded in core DA17-NG-ST7-73G (hereafter DA17-73G) on the
shallower inter-trough bank area to the north and in core DA17-
NG-ST03-039G (hereafter D17-039G) from outer Westwind
Trough (Fig. 1b) suggest a slightly later peak in subsurface warmth
(8.2e6.2 ka cal BP, Pados-Dibattista et al., 2022 and 7.5e6.7 ka cal
BP, Hansen et al., 2022 respectively). This difference in timing may
be due to variations in stratification and the routing of RAC through
the deeper Norske Trough. While this period marks a peak in
subsurface ocean temperatures in Norske Trough, it coincides with
continued harsh surface water conditions with, most likely, heavy
sea-ice cover (lower section of DAZ2, Fig. 8). This suggests very
strong vertical stratification with surface waters potentially still
strongly influenced by the rapidly melting and retreating ice sheet
(large volumes of meltwater flux). Such an anti-phase relationship
between surface and subsurface conditions has also been observed
in the Disko Bay region of West Greenland (Moros et al., 2016).

5.4. Mid to late holocene eneoglacial cooling (2.0e7.0 ka cal BP)

This period represents the coldest/harshest bottom water con-
ditions illustrated by the benthic foraminifera (FAZ5, Figs. 6 and 11f)
with C. neoteretis reaching the lowest abundances through the core
(10e30%) while C. reniforme increases initially then decreases as
Stainforthia feylingi (a species that tolerates unstable conditions
often associated with sea-ice edge/seasonal sea ice, Knudsen and
Seidenkrantz, 1994; Patterson et al., 2000) becomes (co)-domi-
nant (20e40%). The significant increase in relative abundance of
agglutinated fauna (increasing to 20e40% of the total fauna, Fig. 7)
supports an interpretation of relatively harsh basal conditions (e.g.
Schroder-Adams et al., 1990; Jennings et al., 2020a). The surface
water proxies, in contrast, indicate a continued anti-phase rela-
tionship with a slight increase in productivity and amelioration in
conditions. Dinocysts are still relatively sparse, but several samples
have high relative abundances of Operculodinium centrocarpum and
Nematosphaeropsis labyrinthus (DAZ2, Fig. 8), two open-water
species very abundant in the North Atlantic Ocean and consid-
ered to have an affinity for relatively warmer and saltier conditions
(Rochon et al., 1999; Zonneveld et al., 2013, 2013de Vernal et al.,
2020). The relatively high abundances of heterotrophic Brig-
antedinium cysts in this interval is indicative of increased produc-
tivity (de Vernal et al., 2020). Although no diatoms were found
through this interval very low concentrations of IP25 were present
(<0.3 ng/g) indicating extensive sea-ice cover (Belt and Müller,
2013). The d13C signal from planktic foraminifera records rela-
tively high values supporting an interpretation of increased pro-
ductivity (Fig. 9). The relatively low d18O planktic values most likely
reflects an increase in meltwater in the surface waters (cf. Pados
et al., 2015). These surface water proxies indicate a transition
from relatively heavy to seasonal sea-ice cover with delivery of
meltwater and nutrients to the surface waters and variable influx of
Atlantic Water at the surface, but still rather harsh surface condi-
tions (Fig. 10g). The presence of some open water/sea-ice edge
conditions is also supported by the presence ofMelonis barleeanum
and the increase in abundance of S. feylingi e the former often
associated with an influx of organic matter (Corliss, 1991; Lloyd,
2006) and the later often associated with sea-ice edge conditions
with corresponding increase in surface productivity (Seidenkrantz,
2013). Sedimentation rates through this interval are very low
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(<2 cm kyrs�1) indicating a distal grounded margin (within 79N
fjord). A reduced RAC flow through Norske Trough at this time is
also indicated by cores DA17-092G and PS100-270 (Fig. 10c, e) and
this also coincides with a period of relatively cold bottomwaters in
Westwind Trough (Hansen et al., 2022) and reduced RAC advection
onto the continental shelf (Zehnich et al., 2020). This period also
coincides with cool subsurface ocean temperatures in Fram Strait
and gradual atmospheric cooing (Fig. 10a and b).

5.5. Late holocene (2.0e0.1 ka cal BP) e seasonal sea ice

The benthic foraminiferal assemblage indicates an increase in
RAC flow across the inner continental shelf (slight increase in
abundance of C. neoteretis as N. iridea increases to 20% and S. feylingi
reduces and the proportion of agglutinated taxa also reduces, FAZ6
through FAZ7, Figs. 6 and 7) (see Fig. 11g). The surface water proxies
indicate an increasingly seasonal sea ice regime (with a more
prolonged open water season, Fig. 10g), as evidenced by the in-
crease in Islandinium minutum subs. minutum and the appearance
of Islandinium? cezare (equating to DAZ3, Fig. 8) (Head et al., 2001,
2001de Vernal et al., 2020). The concentration of IP25 increases
slightly (more open water potentially) and the planktic foraminif-
eral d13C values continue to increase slightly indicating increasing
surface water productivity (Fig. 9). Increased surface water pro-
ductivity is also supported by the increase in total dinocyst con-
centrations. Surface air temperatures continue to cool during this
period, while subsurface ocean temperatures remain relatively low,
but with a slight increase (Fig. 10a and b).

5.6. Historical period (0.1 ka cal BP e present) e decreasing sea-ice
cover

The lithostratigraphy recording in the last c. 100 years remains
unchanged, massive silty clay, however, our proxies indicate sig-
nificant changes in both surface and bottom water conditions.
While sedimentation rates increase slightly over this period, all
proxies indicate an increase in productivity and/or preservation of
biogenicmaterial. The concentration of TOC, though still rather low,
reaches a peak of 0.6% (Fig. 9). Foraminiferal accumulation rates for
both planktics and benthics also reach relatively high values
(Fig. 6). The surface water proxies indicate a significant increase in
surface productivity, planktic d13C values reach the highest levels
through the core (Fig. 9), dinocyst concentrations also reach peak
values (through DAZ3, Fig. 8) and diatoms, though still sparse, reach
the highest levels through the core at the surface. The benthic
foraminiferal fauna indicate significant warming of subsurface
water reaching similar conditions to the early Holocene peak
(C. neoteretis increasing to 30e40%, N. iridea above 20%, uppermost
section of FAZ7, Fig. 6). The dinocyst assemblages indicate
continued seasonal sea-ice formation and melt; dominated by the
cold-water and sea-ice associated species I. minutum and other
species commonly associated with seasonal sea ice (e.g. I? cezare).
The IP25 concentration shows a significant increase through this
period rising to a peak of 9 ng/g at the surface. Taken together, the
increase in surface productivity and increasing concentration of
IP25 suggests a decrease in sea ice cover over the last 100 years
(Fig. 10g). Over the last 100 years there appears to have been a shift
with surface and subsurface proxies now in-phase and indicating
relatively warm conditions.

There are very few records with which to compare our recon-
struction of the last 100 years. We know from recent CTD casts that
there has been an increase in the temperature of Atlantic Water
reaching the cavity below the ice shelf of 79N Glacier from at least
1998 onwards (Mayer et al., 2018; Lindeman et al., 2020). While the
velocity and ice-front position of 79N Glacier has been relatively
16
stable over this period, Zachariae Isstrøm has accelerated and the
ice shelf has disintegrated since 2002e2003. The resolution from
our record is not high enough to identify this trend with confi-
dence. However, our surface proxies indicate conditions are at their
warmest in historical times (unprecedented over the past c. 9 ka cal
BP) and subsurface conditions are as warm as during the early
Holocene peak (immediately prior to the break-up of the ice shelf
within 79N fjord before c. 7.7 ka cal BP, Bennike andWeidick; 2001)
(see Fig. 11). This points to the susceptibility of the current ice shelf
within 79N fjord to break up if conditions persist.

5.7. Timing of deglaciation and rate of ice stream retreat

The timing of glacial retreat across the northeast Greenland
shelf from the Last Glacial Maximum (LGM) is still rather poorly
constrained. While the ice sheet is thought to have reached the
shelf edge through Westwind and Norske Troughs (presence of
mega-scale glacial lineations), there is no direct dating control on
this and the timing of retreat from this maximum position is un-
clear (Arndt et al., 2015, 2017; Larsen et al., 2018). However,
Rasmussen et al. (2022) suggest the shelf edge immediately south
of Westwind Trough (core 19, Fig. 1b) was not glaciated during the
LGM. Indeed, the benthic foraminiferal assemblage from this core
indicates the core site was influenced by Atlantic sourced water
through the LGM. One of the earliest dates on deglaciation has been
reported by Hansen et al. (2022) from a core in outer Westwind
Trough, DA17NG-ST03-039G. The basal age from this core of c. 13.3
ka cal BP is a minimum age on deglaciation for the outer Westwind
Trough. The signature of ice retreat across the shelf in both Norske
Trough and Westwind Trough is recorded in grounding zone
wedges and also moraines (Evans et al., 2009; Winkelmann et al.,
2010; Arndt et al., 2017). Based on core DA17-092G (Fig. 1b), the
timing of deglaciation through the southern section of inner Norske
Trough has been estimated to 13.4e12.5 ka cal BP (Davies et al.,
2022) (see Fig. 11 for estimated retreat of NEGIS through Norsk
Trough). The basal age reported here (c. 10.9 ka cal BP) acts as a
limiting age for deglaciation through inner Norske Trough. Syring
et al. (2020) record the retreat of the ice margin into the inner
shelf embayment in front of the current 79N ice shelf by c. 10.1 ka
cal BP. Radiocarbon dates from the outer coast near 79N Glacier
show the coast was ice free by 9.7 ka cal BP (Bennike and Bjorck,
2002). Cosmogenic surface exposure ages (10Be) from Bloch
Nunatakker, an island at the mouth of 79N fjord and currently
acting as a pinning point for the 79N ice shelf, indicate the ice shelf
retreating inland of the current position between 8.6 and 9.2 ka BP
(an average age of 9.0 ka BP based on three dates, Larsen et al.,
2018).

Taking the mid-point of the estimated ages of deglaciation it is
possible to produce a rough estimate of the rate of ice stream
retreat through inner Norske Trough (Fig. 9f). Between DA17-092G
and PS100-198 the ice stream retreated at approximately 40 m/yr
increasing to approximately 62 m/yr through to PS100-270, then
increasing again to 125 m/yr across the inner embayment to the
present-day coast near themodern ice shelf. The lack of clear glacial
depositional features on the seabed in this area (moraines or
grounding zone wedges) suggests that ice retreat was continuous
during this period. The ice margin then retreated inside of the
current margin during the early Holocene. Bennike and Weidick
(2001) dated molluscs and whale bones in the vicinity of Blåsø
Lake (located near the present day grounding line 70 km from the
current ice shelf edge, Fig. 1b) indicating 79N fjord was ice free by c.
7.7 ka cal BP. However, recent evidence based on dated molluscs
from raised marine deposits around Blåsø Lake (Smith et al., sub-
mitted) indicate an earlier ice-free fjord by c. 8.5 ka cal BP. Taking
the average 10Be age for ice shelf retreat from Bloch Nunatakker
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(current ice shelf pinning point) and the recent estimate of 8.5 ka
cal BP for ice free conditions at Blåsø Lake provides an estimate of
140 m/yr for retreat of the ice margin through 79N fjord. This is
significantly faster than previous estimates of 30e40m/yr based on
ice free conditions around Blåsø Lake by 7.7 ka cal BP (Bennike and
Weidick, 2001; Larsen et al., 2018). The trend of increasing retreat
rate from c.12 to 8.5 ka cal BP correlates with increasing subsurface
ocean temperatures recorded from inner Norske Trough also
reaching a peak at c. 8.5 ka cal BP (Fig. 9f). While there is no record
of how far the ice margin retreated, Smith et al. (2022) record the
ice shelf reforming at Blåsø by c. 5.3 ka cal BP reaching current
thickness by c. 4.0 ka cal BP. This is supported by earlier estimates of
ice shelf re-growth from c. 5.3 ka cal BP (Bennike and Weidick,
2001; Kjær et al., 2022). This advance and reformation of the ice
shelf through 79N fjord coincides with a period of reduced sub-
surface ocean temperatures through inner Norske Trough (Fig. 9e
and f). This supports a close link between the retreat dynamics of
NEGIS and ocean temperature. However, it must be noted that
topography and bathymetry could also play a role in ice stream
stability and retreat; a shallowing of water depths in the trough or a
narrowing of trough width both act to increase flow resistance
impacting on the rate of ice stream retreat (cf. Briner et al., 2009;
Jamieson et al., 2012). Notwithstanding the potential role of
topography the reconstructions presented here showing surface
and subsurface ocean conditions matching the peak in warm con-
ditions during the Holocene suggests the current ice shelf is sus-
ceptible to rapid collapse in the near future.
6. Conclusions

Awide-rangingmultiproxy study comprising severalmicrofossil
groups (benthic and planktic foraminifera, dinocysts, diatoms),
geochemistry (stable isotopes, sea ice biomarkers) and sedimen-
tological analysis from a spliced gravity and box core, PS100-198,
illustrates the interaction between NEGIS, ocean circulation and
sea ice cover during deglaciation and the Holocene on the inner
Northeast Greenland continental shelf.

1. The basal age of c. 10.9 (range 10.6e11.5) ka cal BP) from rapidly
deposited laminated sediments in a proximal glaciomarine
environment provides a limiting age on deglaciation at this core
site. Proximal glaciomarine conditions persisted below heavy
sea ice or potentially an ice shelf until c. 10 ka cal BP, but rela-
tively warm Atlantic Water, the RAC, was present at the core site
throughout this period.

2. During the early Holocene (10e9 ka cal BP) reducing sedimen-
tation rates and a change from well laminated to diffusely
laminated and bioturbated sediments marks a transition to
more distal glaciomarine conditions. This coincides with an in-
crease in RAC flow and warming subsurface ocean tempera-
tures, however, heavy sea-ice cover is still likely to dominate
surface conditions.

3. From 9 to 7 ka cal BP sedimentation rates continue to reduce as
sediments become bioturbated andmassive. This coincides with
the warmest subsurface water temperatures through the record
but continued harsh surface conditions with heavy sea-ice cover
indicating strong stratification likely the result of high melt-
water flux to the area.

4. During the mid-to late Holocene (7e2 ka cal BP) sedimentation
rates remain very low and subsurface ocean conditions cool
significantly. There is a continued anti-phase relationship be-
tween surface and sub-surface conditions as surface water
proxies indicate a shift from relatively heavy to seasonal sea-ice
cover.
17
5. During the late Holocene from2 ka cal BP there is a shift to an in-
phase relationship between surface and subsurface conditions
as subsurface waters start to warm again with continued sea-
sonal sea ice conditions and potentially an increase in open
water. This becomes more pronounced over the last c. 100 years
as surface conditions indicate lowest sea ice concentration over
the last c. 9 ka and subsurface conditions are as warm as the
peak during the early Holocene.

6. Based on a comparison with other records in the region there
appears to be a close connection between MTOG retreat/dy-
namics and subsurface ocean temperatures in this region of
northeast Greenland. Current subsurface and surface conditions
are similar or even more ameliorated in comparison to the early
Holocene, the last time the ice shelf within the 79N fjord dis-
integrated. This indicates the current ice shelf is likely to be
highly susceptible to disintegration in the near future.
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