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A B S T R A C T

This paper presents new marine geophysical data and radiocarbon dated sediment cores to reconstruct the 
maximum extent of the Northeast Greenland Ice Stream (NEGIS) during the last glaciation and the timing of its 
initial retreat from the continental shelf. The NEGIS is the largest ice stream to drain the Greenland Ice Sheet 
(GrIS) today, and holds a sea-level equivalent of 1.1–1.4 m. It has undergone recent retreat but the longer-term 
history of NEGIS on the adjoining continental shelf is still relatively poorly constrained. Two cross-shelf 
bathymetric troughs, Westwind and Norske troughs, acted as pathways for offshore-flowing ice during the last 
glaciation but little is known about the acoustic stratigraphy, sedimentology and chronology of ice sheet retreat 
in the outer shelf sections of both troughs. Multibeam swath bathymetry and acoustic data from both troughs 
show flow parallel and flow transverse glacial landforms in the outer shelf sections of both troughs. Mega-scale 
glacial lineations in Westwind Trough record former streaming flow towards the shelf-edge. Grounding-zone 
wedges record episodic stabilisation during retreat from the shelf-edge. Sediment cores recovered subglacial tills 
and grounding-zone proximal sediments overlain by glacimarine sediments. The slope beyond Norske Trough is 
characterised by glacigenic debris flows typical of submarine slopes offshore of shelf-edge terminating palaeo-ice 
streams. Radiocarbon dates indicate that initial retreat of the ancestral NEGIS from the northeast Greenland 
shelf-edge was underway by 21.5–21.6 cal ka BP in Norske Trough and c. ≥19.0 cal ka BP in Westwind Trough. 
Retreat rates across the outer shelf were slow at 19–23 m a− 1 but increased across the inner shelf. Our data 
provides the first direct chronological support for a shelf-edge terminating GrIS offshore of northeast Greenland 
during the last glacial maximum and demonstrates this sector of the GrIS underwent relatively early retreat from 
the shelf-edge.

1. Introduction

The Greenland Ice Sheet (GrIS) is the only extant ice sheet in the 
northern hemisphere today and contains a sea level equivalent of c. 7 m 
(Aschwanden et al., 2019). Over the last few decades many sectors of the 
ice sheet have experienced significant mass loss and rapid changes to 
flow dynamics in response to atmospheric and oceanic warming (e.g., 
Rignot and Kanagaratnam, 2006; Mouginot et al., 2015; Rignot et al., 

2016; Khan et al., 2014, 2022; Schaffer et al., 2020; An et al., 2021; 
Wekerle et al., 2024). One such sector is northeast Greenland where the 
Northeast Greenland Ice Stream (NEGIS), the largest ice stream of the 
contemporary GrIS, drains about 16 % of the ice sheet and contains a sea 
level equivalent of 1.1–1.4 m (Mouginot et al., 2015). The NEGIS ex
tends for about 700 km from the present coastline inland to the 
Greenland summit. It terminates in three outlets: 79N Glacier (also 
known as Nioghalvfjerdsfjorden Glacier), Zachariae Isstrøm (ZI) and 
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Storstrømmen. 79N Glacier is buttressed by a floating ice tongue which 
is the largest extant ice shelf in Greenland today. Recent observations 
show that it has thinned by c. 30 % between 1999 and 2014, with 
submarine melt proposed as a major driver of this thinning (Mayer et al., 
2018; Lindeman et al., 2020; Wekerle et al., 2024). The floating tongue 
of ZI disintegrated completely from 2005 to 2015 (Mouginot et al., 
2015).

Critical to understanding the longer-term trajectory of changes to the 
contemporary GrIS is an understanding of the ice sheet history for the 
period prior to instrumental records. Despite significant advances in 
reconstructing this history from both terrestrial (e.g., Bennike and 
Bjorck, 2002; Briner et al., 2010; Young et al., 2011; Roberts et al., 2013, 
2024; Lane et al., 2015, 2023; Larsen et al., 2018) and marine archives 
(e.g., Ó Cofaigh et al., 2004, 2013a; Hogan et al., 2016; Slabon et al., 
2016; Newton et al., 2017; Skov et al., 2020; Hansen et al., 2022; Lloyd 
et al., 2023; Callard et al. subm.) there remain major gaps in our un
derstanding of GrIS history during the last glacial maximum (LGM) 
when the ice sheet expanded onto the continental shelf around 
Greenland.

Early terrestrial work on GrIS history in northeast Greenland pro
posed that the ice sheet did not extend beyond the inner shelf at the LGM 
(see Funder et al., 2011). Subsequent marine geophysical investigations 
from the middle continental shelf, however, identified a number of flow 
parallel and flow transverse ice sheet landforms in the cross-shelf 
bathymetric troughs. Initial observations from Evans et al. (2009) and 
Winkelmann et al. (2010) identified mega-scale glacial lineations and 
recessional moraines in patches along central Westwind Trough. These 
were interpreted as recording a grounded GrIS that extended to at least 
as far as the mid-shelf as a fast-flowing palaeo-ice stream, which un
derwent subsequent episodic retreat. Moraines on the adjoining shallow 
banks were interpreted as a product of grounded, non-streaming, ice. 
Although undated, a last glacial age for these landforms was inferred on 
the basis of their well-preserved nature. A shelf-edge extent for the last 
ice sheet was inferred indirectly from the presence of glacigenic sedi
ments in the form of gravity flow deposits on the adjoining continental 
slope (Evans et al., 2009).

Subsequent mapping of seafloor landforms identified mega-scale 
glacial lineations that extended to the shelf-edge in both Norske and 
Westwind troughs, as well as large grounding-zone wedges on the mid- 
shelf (Arndt et al., 2015; Arndt, 2015). The lineations were incised into 
an acoustically transparent sediment unit with a sharp basal reflector 
interpreted as a subglacial till (cf. Evans et al., 2009). Collectively the 
seafloor geomorphology and acoustic stratigraphic evidence was inter
preted as recording streaming flow to the shelf-edge in both troughs 
during the LGM, but with a more restricted ice sheet on the intervening 
shallow banks, terminating inshore of the shelf-edge (Arndt, 2015). 
Further south, in Store Koldewey Trough, streamlined glacial landforms 
and basal till in sediment cores were similarly interpreted to record the 
former presence of grounded, streaming ice that terminated at the 
shelf-edge (Laberg et al., 2017; Olsen et al., 2020). Grounding-zone 
wedges and recessional moraines record episodic ice stream retreat 
along the trough and deglacial lithofacies in sediment cores show that 
this retreat occurred in a glacimarine environment (Olsen et al., 2020). 
Collectively therefore these marine geophysical and sedimentological 
data indicate an extensive GrIS which advanced to the shelf-edge in 
several of the major cross shelf troughs offshore of northeast Greenland. 
However, the inference of a LGM age for this advance has, to date, been 
more circumspect and was primarily based on the well-preserved nature 
of the landforms and the absence of a thick postglacial sediment drape.

More recently Rasmussen et al. (2022) studied a sediment core 
recovered from the shelf-edge south of the mouth of Westwind Trough at 
79.4◦N. These authors utilised foraminiferal abundance, sedimentology 
and geochemistry, combined with AMS radiocarbon dating, to recon
struct GrIS extent and palaeoceanography during and following the 
LGM. The dates indicate that the core preserves a record from LGM (25.5 
ka) to recent. The older part of the sequence comprises an iceberg 

turbate with a well-preserved marine microfauna throughout the en
tirety of the LGM section. Rasmussen et al. (2022) argued that this 
provided evidence for a restricted GrIS which did not reach the 
shelf-edge in this location at the LGM.

There are no direct dating constraints on the timing of ice sheet 
advance or retreat from the shelf-edge to outer shelf in any of the major 
cross-shelf troughs offshore of northeast Greenland. Recent observations 
of GZWs in Norske Trough record grounding-line retreat to the mid-shelf 
prior to 16.6 ka BP (López-Quirós et al., 2024), which is a minimum for 
the timing of initial ice pull-back from the shelf edge. Onshore in
vestigations from northeast Greenland using surface exposure dating 
and geomorphological mapping place the timing of initial ice sheet 
surface thinning to c. 22.9 ka (Roberts et al., 2024). Hence, while there is 
now an emerging picture of an extensive GrIS in the major troughs on 
the northeast shelf, a LGM interpretation for the age of this advance and 
the timing of initial retreat remain conjectural. The aim of this paper is 
therefore threefold: (1) to present new acoustic stratigraphic data and 
sediment cores from the mid- and outer shelf sectors of Westwind and 
Norske troughs; (2) to present new radiocarbon constraints on the 
timing of initial retreat of the GrIS from the shelf-edge offshore of 
northeast Greenland; and (3) to discuss the implications of these data for 
the ice sheet extent at the LGM, and the timing and rates of retreat.

2. Study area

The continental shelf offshore of northeast Greenland adjoins Fram 
Strait and is the widest part of the entire Greenland shelf at about 300 
km in width (Fig. 1). Fram Strait is a major deep-water conduit for the 
exchange of warm Atlantic Water and cold Polar Water between the 
Arctic and North Atlantic. The East Greenland Current transports cold, 
low salinity surface water, icebergs and sea ice southwards to Denmark 
Strait, as well as Atlantic Intermediate water at depth. This warmer 
Atlantic water has been proposed as the driver for increased submarine 
melt rates and GrIS outlet glacier retreat (e.g., Straneo and Heimbach, 
2013; Straneo et al., 2019; Wilson and Straneo, 2015; Mayer et al., 2018; 
Schaffer et al., 2020; von Albedyll et al., 2021).

The largest cross-shelf bathymetric troughs offshore of northeast 
Greenland are Norske and Westwind troughs (Arndt et al., 2015) 
(Fig. 1). These two troughs extend from the shelf-edge to the inner shelf 
where they connect and form a horseshoe-shaped arc around a shallower 
area of seafloor topography which includes the Belgica Bank and the 
Northwind Shoal. Westwind Trough is c. 300 km long, has an average 
width of c. 40 km and is about 300 m deep at the shelf-edge. From the 
shelf-edge and across the outer shelf the trough floor exhibits a relatively 
flat profile, a slight reverse bed from 300 to 250 km, then normal 
gradient across the inner shelf. Norske Trough has a length of c. 350 km; 
its width increases from 35 km on the inner shelf, to 90 km and 200 km 
on the mid-shelf and at the shelf-edge respectively (Arndt et al., 2015). 
In contrast to Westwind Trough, Norske Trough has a reverse gradient; 
water depths range from 320 m at the shelf-edge to over 500 m on the 
inner shelf (Fig. 1) Water depths across the intervening shallow banks 
are generally 20–100 m, with occasional deeper areas.

3. Data acquisition and methods

The marine geophysical and geological datasets were acquired dur
ing two cruises of the RV Polarstern to northeast Greenland in 2016 
(PS100) and 2017 (PS109) (Alfred-Wegener-Institut, 2017). The data 
presented in this paper are from the middle and outer shelf parts of 
Westwind and Norske troughs including the continental shelf-edge and 
upper slope.

Information on seafloor morphology was acquired using a hull- 
mounted Teledyne RESON Hydrosweep DS3 multibeam system with a 
transmitting frequency of 15.5 kHz and a vertical depth accuracy of 0.5 
% of the water depth. The multibeam data were collected continuously 
along the ships track during each cruise. The system was calibrated 
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Fig. 1. Bathymetry of the continental margin adjoining NE Greenland, ship tracks along which geophysical data were collected (black lines) and locations of cores 
and figures referred to in text. Note Westwind Trough and Norske Trough are separated by the shallow areas of Belgica Bank and Northwind Shoal. Also shown in 
lower panels are topographic profiles along Norske and Westwind troughs extending from the continental slope to the inner shelf (marked as orange dotted lines in 
plan view). (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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using sound velocity profiles from CTDs of the water column with data 
then cleaned and processed in CARIS HIPS and SIPS.

Sub-bottom profiler data on sediment thickness and acoustic stra
tigraphy were acquired using the hull-mounted PARASOUND system on 
the RV Polarstern. PARASOUND is a parametric system which employs 
two primary frequencies to generate a secondary pulse of lower fre
quency that is usually 5.5 kHz. Sub-seafloor penetration depth varies 
depending on the nature of the sediments but the system can penetrate 
up to c. 100 m of sediment with a vertical resolution of 0.3 m or better. 
The PARASOUND data were also used to identify suitable targets for 
sediment coring.

A gravity coring system was used to collect the sediment cores (Fig. 1
and Table 1). Barrel length was up to a maximum of 15 m but typically a 
barrel length of 5 m was used. Recovery was variable depending on the 
nature of the sediments. The sediment cores were used to sample 
different types of glacial, glacimarine and marine sedimentary envi
ronments across the shelf and slope in order to establish the nature of 
glacigenic sedimentation. A key objective of the coring was to recover 
material that would determine the timing of ice sheet retreat from the 
shelf-edge using radiocarbon dating. Following recovery the sediment 
cores were cut into 1 m long sections and the cores then split and 
described according to the following criteria: colour, texture, sorting, 
sedimentary and deformation structures, bedding contacts, clast abun
dance and shape, macrofaunal content. Measurement of sediment shear 
strength in kPa was recorded using a hand-held Torvane. The cores were 
stored on ship and subsequently in Durham University at +4 ◦C. Addi
tional information on sedimentary structures was obtained from the 
post-cruise examination of x-radiographs of the sediment cores using a 
GEOTEK MSCL-XCT scanner.

Samples of marine bivalves and benthic foraminifera were picked 
from the cores for radiocarbon dating. A total of 12 radiocarbon dates 
were acquired from cores on the mid- and outer shelf of Westwind and 
Norske troughs (Table 2). Wherever possible, sampling targeted lith
ofacies boundaries or, where the cores actually bottomed out in degla
cial sediment, the base of the core in order to obtain a minimum age 
constraint on the timing of ice sheet retreat. Samples were dated at the 
Natural Environment Research Council Radiocarbon Facility (NRCF- 
East Kilbride).

The radiocarbon dates were corrected for isotopic fractionation and 
then calibrated to calendar years (cal a BP) using Calib 8.20 (Stuiver and 
Reimer, 1993) and the Marine20 radiocarbon calibration curve (Heaton 
et al., 2020). In calibrating the radiocarbon dates presented here we 

follow the approach outlined in Heaton et al. (2023) for calibrating in 
polar regions. This takes into account the temporal uncertainties in the 
marine reservoir correction for high latitudes, specifically the larger 
reservoir correction needed for glacial periods. For radiocarbon dates 
with a calibrated age within the Holocene (taken here as starting from 
11,500 cal a BP) we calculate ΔR and ΔRerror based on the 8 closest 
samples from the Marine Reservoir Correction Database (http://calib.or 
g/marine/, Reimer and Reimer, 2001). This gives a marine reservoir 
correction (ΔRHol

20 ) of 2 ± 66 used in calibration (Table 2). For 
pre-Holocene aged samples we perform two calibrations to provide a 
more realistic estimate of the age and age uncertainty. The first cali
bration assumes minimal polar 14C glacial depletion and uses the ΔRHol

20 
estimate as above. The second calibration uses an estimated 
latitude-dependent maximal polar 14C glacial depletion from Heaton 
et al. (2023). This is added to the Holocene value to give the glacial 
correction: ΔRGS

20. We then take the conservative approach of using the 
full calibrated range from these two calibrations to calculate the median 
and range of ages used in the discussion (all calibrations are shown in 
Table 2).

4. Acoustic and sedimentary data

4.1. Westwind Trough - results

4.1.1. Acoustic data
Previous bathymetric studies in mid-to outer Westwind Trough have 

identified seafloor areas characterised by mega-scale glacial lineations 
and recessional moraines (Evans et al., 2009; Winkelmann et al., 2010; 
Arndt et al., 2015, 2017). Data collected during 2016 and 2017 on 
cruises PS100 and PS109 support these observations and show 
mega-scale glacial lineations in the outer shelf trough that are orientated 
parallel and sub-parallel to the trough long-axis (Fig. 2a). The lineations 
have amplitudes of c. 3m and are formed in an acoustically transparent 
sediment unit.

At the shelf-edge a sediment wedge occurs in 375–400 m water depth 
(Fig. 3a). The wedge is composed of acoustically semi-transparent and 
structureless sediment, 10–15 m thick, with a discontinuous basal 
reflector. It tapers seawards and overlies an acoustically transparent to 
semi-transparent structureless unit with a strong upper reflector and no 
visible basal reflector. Core PS109-25 was recovered from the seaward 
end of the wedge in a water depth of 397 m (Fig. 3a).

Two further sediment wedges are imaged in the sub-bottom data 
inshore of PS109-25. The more inshore of the two wedges is 1.9 km in 
length and up to 12 m thick. A second wedge occurs seaward and is c. 2 
km in length and c. 9 m thick (Fig. 3b). Sediment core PS109-22 was 
recovered from the seaward end of this second wedge. Internally the 
wedges consist of acoustically semi-transparent sediment with some 
weak internal reflectors. The wedges have a prominent seabed reflector 
that is incised in places by v-shaped depressions (Fig. 3a). They taper 
down-trough and overlie a massive semi-transparent to transparent 
acoustic unit with a sharp upper reflector.

4.1.2. Sedimentary data
Core PS109-25 is situated at the eastern end of Westwind Trough in 

397 m water depth (Fig. 1). It is 268 cm long and contains three main 
lithofacies. The lowermost lithofacies is 42 cm thick, and extends from 
the core base to 226 cm depth. It is a massive, matrix-supported, muddy 
dark brown (10 YR 4/2) diamicton, which is relatively clast-rich with 
subangular-subrounded clasts up to pebble size. Shear strength ranges 
from 10 to 20 kPa (Fig. 4). The massive diamicton grades upwards into 
stratified, clast-rich, matrix-supported diamicton from 226 to 138 cm 
core depth (Fig. 5a). The matrix of the latter varies from clay-rich to silt- 
rich and it contains subangular to subrounded, occasionally striated, 
clasts. Its colour varies from dark greyish brown (2.5 YR 4/2) to dark 
brown (10 YR 4/3–4/2). Stratification is imparted by textural variation 
in the matrix, as well as locally, more pronounced laminae and beds (up 

Table 1 
Location, water depth and recovery of sediment cores discussed in the text.

Core 
name

Location Latitude 
(N)

Longitude 
(W)

Water 
Depth 
(m)

Core 
recovery 
(cm)

PS109/ 
22-01- 
GC

Westwind 
Trough

80◦

11.018
07◦ 26.587 329 265

PS109/ 
25-01- 
GC

Westwind 
Trough

80◦

14.371
05◦ 55.803 397 268

PS109/ 
37-01

Westwind 
Trough

80◦

21.873
10◦ 32.686 324 124

PS100 
127- 
01 GC

Norske Trough 76◦

45.549
7◦ 28.353 312 183

PS100 
144- 
01 GC

Norske Trough 77◦

7.495
10◦ 34.239 496 217

PS109/ 
147- 
01

Continental 
slope offshore 
Norske Trough

76◦

33.024
07◦ 29.261 628 295

PS109/ 
155- 
01

Continental 
slope offshore 
Norske Trough

76◦

21.402
06◦ 34.401 2030 201
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to a few cm thick) of mud and sandy mud (Fig. 5a). Occasional discrete 
laminae of silt and clay up to 0.3 cm thick, and lacking clasts, are also 
present. Contacts with the surrounding diamicton range from sharp to 
gradual. Shear strength within the stratified diamicton range from 9 to 
17 kPa (Fig. 4). The stratified diamicton grades upwards into 9 cm of 
dark grey to dark greyish brown (2.5 YR 4/2–4/3) massive silty clay 
with a shear strength of 2 kPa. The upper 130 cm of the core comprises 
initially stratified and then massive clayey silt with dispersed pebbles 
and granules and darker mottled patches (Fig. 4). Shear strength 
through this uppermost unit ranges from 0.6 to 5.8 kPa (Fig. 4), and 
colour ranges from brown to dark yellowish brown (10 YR 4/4 - 4/3 - 4/ 
2). The darker mottles are very dark grey (10 YR 3/1).

Two samples for radiocarbon dating were obtained from core PS109- 
25. A sample of mixed benthic foraminifera from 218 to 219 cm depth 
within the stratified diamicton dated 41229 cal a BP (UCIAMS-211074) 
(Fig,5a). A second sample from 137 to 138 cm comprised a single Lima 
hyperborean valve from the unit of massive silty clay that overlies the 
stratified diamicton (Fig. 4). This dated 19058 cal a BP (SUERC-80919) 
(Fig. 4 and Table 2).

Core PS109-22 was collected in 329 m water depth about 30 km from 
the shelf edge (Fig. 1). It is 256 cm long and the majority of the core 
(256-53 cm depth) comprises a massive, matrix-supported and clast-rich 
diamicton. Clasts are subrounded to angular and are dispersed in a silty 
clay matrix. Matrix colour ranges from brown (7.5 YR 4/2–10 YR 5/3) to 
grey (7.5 YR 5/1) to reddish brown (5 YR 4/3) with gradational colour 
transitions. Shear strength ranges from 0 to 9.4 kPa but generally de
creases upwards (Fig. 4). From 160 to 124 cm depth clasts within the 
diamicton form aligned and inclined lineaments (Fig. 5b). There is also 
some localised stratification present due to thin (0.3–0.4 cm thick) sandy 
laminae with gradual boundaries at 124-122 cm depth. From 53 to 46 
cm depth the massive diamicton grades into a more stratified diamicton. 
Stratification is imparted by textural banding, is discontinuous and, in 
places, almost indistinct. The stratified diamicton grades upwards into 
10 cm of stratified gravelly mud which is, in turn, overlain by 38 cm of 
massive, dark greyish-brown (10 YR 4/2) clast-poor, silty clay (Fig. 4)). 

Shear strengths in the stratified diamicton vary between 2.5 and 4 kPa. 
The silty clay is predominantly massive, although in places there are 
diffuse boundaries reflecting slight textural changes. A sample of mixed 
benthic foraminifera from the stratified gravelly mud at 44–45 cm depth 
dated 10345 cal a BP (UCIAMS-216449) (Table 2 and Fig. 4).

Core PS109-37 was collected from the mid-shelf section of Westwind 
Trough about 92 km from the shelf edge (Figs. 1 and 4). The core was 
recovered from an acoustically-transparent sediment unit sitting over a 
strong basal reflector in 325 m water depth (Fig. 3c). The lower part of 
the core from 106 to 75 cm depth, comprises a massive, matrix- 
supported, muddy, dark grey (10 YR 4/1) diamicton with dispersed 
clasts in a silty matrix (Fig. 5c). There is some faint stratification in its 
uppermost 5 cm. Shear strengths within the diamicton increase with 
depth and range from 3.4 to 11.6 kPa. From 75 to 63 cm depth the 
massive diamicton is overlain by crudely stratified, dark greyish brown 
(2.5 YR 4/1–4/2), pebbly mud with sharp upper and lower contacts. 
Stratification is gently inclined and is imparted by variable clast con
centrations and textural variation (Fig. 5c). The upper contact of the 
stratified diamicton is relatively sharp. The upper 63 cm of the core 
comprises a clast-poor, silt/clay. Colour thorough this section of the core 
ranges from brown to dark greyish brown and dark grey (10 YR/1–4/2; 
2.5 YR 4/1–4/1). The muds are massive with occasional gritty laminae 
and clasts. Shear strengths in these muds are 0–3.6 kPa (Fig. 4). A sample 
of mixed benthic foraminifera from 65 to 61 cm depth, and thus across 
the transition from the stratified muds into the overlying massive muds, 
dated 14298 cal a BP (UCIAMS-211077) (Table 2 and Fig. 4).

4.2. Norske Trough - results

4.2.1. Acoustic data
Well-developed streamlined landforms can be traced along Norkse 

Trough from the inner shelf to the shelf-edge (Fig. 2b and c). Arndt et al. 
(2017) mapped lineations in the northern sector of the mid-to out
er-shelf trough. The lineations recorded are several tens of kilometres in 
length, are formed in an acoustically transparent sediment unit up to 20 

Table 2 
Radiocarbon dates from sediment cores discussed in the text. Estimation of marine reservoir correction follows the approach outlined for polar regions in Heaton et al. 
(2023). ΔR and ΔRerror for marine reservoir correction used in calibrating Holocene aged samples is estimated based on average of 8 nearest points from the 
radiocarbon reservoir correction database (Reimer and Reimer, 2001) giving a value for ΔRHol

20 of 2 ± 66. For pre-Holocene samples the maximal14C glacial depletion is 
taken from Heaton et al. (2023) and added to ΔRHol

20 to produce the glacial correction (ΔRGS
20). We then use the combined range and median age of that range in the 

discussion.

Laboratory 
code

Core Depth 
(cm)

Sample type 14C age ± 1σ 
(yrs BP)

Calibrated Age using ΔRHol
20 

(cal yrs BP)(2σ upper and 
lower range)

ΔRGS
20 Calibrated Age GS 

(cal yrs BP) 
(2σ upper and lower 
range)

Calibrated age 
combined range and 
median

UCIAMS- 
216442

PS100- 
127

6–10 Mixed benthic 
foraminifera

19160 ± 60 22236 (21965–22488) 872 ± 66 21175 
(20841–21543)

21664 (20841–22488)

UCIAMS- 
216444

PS100- 
127

40–44 Mixed benthic 
foraminifera

19020 ± 70 22102 (21815–22367) 872 ± 66 21001 
(20678–21360)

21522 (20678–22367)

UCIAMS- 
216445

PS100- 
127

133–134 Mixed benthic 
foraminifera

30630 ± 250 34276 (33741–34791) 872 ± 66 33425 
(32774–34069)

33782 (32774–34791)

SUERC- 
76493

PS100- 
127

172–173 Mixed benthic 
foraminifera

15146 ± 49 17517 (17203–17846) 872 ± 66 16438 
(16135–16758)

16990 (16135–17846)

UCIAMS- 
210585

PS100- 
144

72–73 Mixed benthic 
foraminifera

9370 ± 70 10003 (9663–10271) ​ ​ ​

SUERC- 
76494

PS100- 
144

104–105 Mixed benthic 
foraminifera

13622 ± 44 15586 (15284–15887) 832 ± 66 14361 
(14046–14771)

14966 (14046–15887)

UCIAMS- 
210586

PS100- 
144

174–175 Mixed benthic 
foraminifera

16520 ± 120 19042 (18705–19420) 832 ± 66 18184 
(17800–18572)

18610 (17800–19420)

UCIAMS- 
216449

PS109- 
22

44–45 Mixed benthic 
foraminifera

9625 ± 30 10345 (10136–10578) ​ ​ ​

SUERC- 
80919

PS109- 
25

137–138 Lima 
hyperborean 
valve

16897 ± 50 19485 (19179–19808) 762 ± 66 18636 
(18309–18863)

19058 (18309–19808)

UCIAMS- 
211074

PS109- 
25

218–219 Mixed benthic 
foraminifera

38230 ± 820 41646 (40553–42534) 762 ± 66 41182 
(39925–42179)

41229 (39925–42534)

UCIAMS- 
211077

PS109- 
37

61–65 Mixed benthic 
foraminifera

13070 ± 70 14839 (14410–15183) 762 ± 66 13666 
(13412–13975)

14298 (13412–15183)
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Fig. 2. Multibeam swath bathymetric images of streamlined landforms and ploughmarks on the sea floor of Westwind and Norske troughs. (a) Mega-scale glacial 
lineations from outer Westwind Trough; (b) and (c) Examples of streamlined seafloor bedforms Norske Trough; (d) Elongate rectilinear scours and ploughmarks 
incised into the seafloor of outer Norske Trough.
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Fig. 2. (continued).
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m thick, thinning to about 5 m at the shelf-edge, and which sit on top of a 
smooth and continuous basal reflector.

On the mid-shelf, a large 80 km long bathymetric sill is present in 
water depths as shallow as 360 m; this has been interpreted previously 
as a grounding-zone wedge (Arndt et al., 2015; López-Quirós et al., 
2024). The seaward (down-trough) end of this sediment wedge consists 
of an acoustically homogeneous sediment unit with a strong basal 
reflector. The unit thickens inshore from 3 to 4 m in the toe of the wedge 
to about 17 m (Fig. 6a). It is overlain by a 1–2 m thick drape of acous
tically transparent sediment at the distal edge of the wedge (Fig. 6a). The 
seafloor across much of outer Norske Trough is heavily dissected by 
rectilinear scours and plough marks which criss-cross the seafloor and 

disturb the upper seafloor sediment (Fig. 2d).
Beyond the shelf-edge, on the adjoining continental slope, lenticular 

units of acoustically homogeneous sediment are present on sub-bottom 
profiler records down to water depths of over 2000 m (Fig. 7). These 
lenticular units are generally up to a maximum of 10 m thick, taper 
downslope and, in places, can be seen to occur in a stacked pattern.

4.2.2. Sedimentary data
Core PS100-127 was collected at the shelf-edge from an area of 

prominently iceberg-ploughed seafloor in 312 m of water (Figs. 1, 2d 
and 4 and 6b). The core comprises 1.83 m of matrix supported, silty-clay 
diamicton that is brownish-grey in colour. Structurally the diamicton is 

Fig. 3. Parasound records of subseafloor acoustic stratigraphy in outer Westwind Trough. (a) Shelf edge GZW showing location of core PS109-25. (b) GZW from 
outer Westwind Trough from which core PS109-22 was recovered. (c) Sediment wedge in middle Westwind Trough from which core PS109-137 was collected.
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predominantly massive with clasts dispersed in the matrix. However, the 
x-radiographs show that in some places it has a ‘swirled’ or chaotic 
appearance with dipping lineaments and clast alignments (Fig. 5d). 
Shear strength in the lowermost 20 cm of the core ranges from 5 to 6.8 
kPa, increasing to 9–13.6 kPa from 155 to 100 cm before decreasing in 
the upper 70 cm from 1.5 to 5 kPa (Fig. 4).

Four samples comprising mixed benthic foraminifera were collected 
from PS100-127 for AMS radiocarbon dating. The dates are not in 
stratigraphic order and, from deepest to shallowest, are 16990 cal a BP 
(SUERC-76493), 33782 cal a BP, 21664 cal a BP (UCIAMS-216442) and 
21522 cal a BP (UCIAMS-216444), respectively (Table 2 and Fig. 4).

Core PS100-144 was collected ~100 km inshore from the continental 

Fig. 4. Lithofacies logs, shear strength plots and radiocarbon dates of cores from Westwind Trough and Norske Trough as discussed in this paper.
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shelf-edge in 496 m water depth (Figs. 1, 4 and 6c; Table 1). From the 
base of the core at 216 cm–190 cm the sediment comprises a 26-cm thick 
unit of very dark grey (5 YR 3/1), massive, matrix-supported diamicton 
(Fig. 5e). Shear strengths in the diamicton are low (0.8–1 kPa). This is 
overlain sharply by almost 100 cm of dark greyish brown, laminated 
silty clay grading into stratified silty clay in its uppermost 30 cm. 
Lamination is generally planar, horizontal to sub-horizontal and reflects 
changes in grain size from silty to more clay-rich horizons (Figs. 4 and 
5e). Shear strengths through these muds range from 1.5 to 4 kPa. From 
98.5 to 78 cm depth the laminated and stratified muds are replaced 
sharply by slightly stiffer (7.5 kPa) and more gritty, massive to crudely 
stratified muds with abundant granules and sand and occasional pebbles 
(Fig. 4). The gritty muds have a sharp lower contact and grade upwards 

into 49 cm of dark grey (7.5 YR 4/1) massive silty clay which is gritty 
towards the base. The upper 29 cm of the core comprises massive, silty 
clay that is mottled in places, contains occasional siltier pods and clay 
laminae, has a shear strength of 3.4–4 kPa and is predominantly brown 
to dark greyish brown in colour (10 YR 3/3, 10 YR 4/3, 2.5 YR 3/2 and 
10 YR 4/2) (Fig. 4).

Three samples comprising mixed benthic foraminifera were collected 
from PS100-144 for AMS radiocarbon dating (Table 2 and Fig. 4). A 
sample from 175 to 174 cm depth, within the laminated mud facies and 
14–15 cm above the contact with the underlying massive diamicton, 
dated 18610 cal a BP (UCIAMS-210586). A second sample from 105 to 
104 cm depth towards the top of the laminated-stratified muds dated 
14966 cal a BP (SUERC-76494). A final sample from 73 to 72 cm depth 

Fig. 5. X-radiographs of core lithofacies from Westwind and Norske troughs. (A) Core PS109-25, 168.5–268 cm depth. The lowermost 42 cm of the core comprises a 
massive, matrix-supported, clast-rich diamicton (‘Y’). This is overlain gradationally by stratified, clast-rich, matrix-supported diamicton. Stratification (arrowed) is 
imparted by textural variations in the matrix and by the presence of laminations of mud and sandy mud. Contacts with the surrounding diamicton range from sharp to 
diffuse. (B). Core PS109-22, 65–160 cm depth. The x-radiograph shows massive, matrix-supported and clast-rich diamicton with subrounded to angular clasts 
dispersed in a silty clay matrix. In places there are inclined clast alignments and lineaments (arrowed) as well as very subtle stratification (‘s’). (C) Core PS109-37, 
56–106 cm depth. The lower 31 cm of the core comprises a massive, matrix-supported, muddy diamicton with dispersed clasts in a silty matrix (‘X’). This is overlain 
by 12 cm of crudely stratified pebbly mud with relatively abrupt upper and lower contacts (arrowed). Note the gently inclined stratification. This stratified mud is 
overlain by 6 cm of clast-free massive silty and silty clay muds from 56 to 62 cm depth (‘Z’). (D) Core PS100-127, 91–183 cm depth. Massive, matrix-supported 
diamicton with dispersed clasts. Occasional discontinuities and clast lineaments (arrowed) impart a locally developed ‘swirled appearance to the sediment. (E) 
Core PS100-144, 46–116 cm depth. The lowermost ~118 cm of the x-radiograph shows laminated to stratified silty-clay muds with horizontal to sub-horizontal, 
planar parallel lamination (‘Y’). These are overlain by c. 20 cm of more gritty, massive to crudely stratified muds with abundant granules, sand and occasional 
pebbles (‘X’). The base and top (arrowed) of this more clast-rich facies are respectively sharp and gradational. The upper 29 cm of the x-radiograph is characterised 
by massive, silty clay (‘W’) with occasional zoophycos burrows (‘b’). (F) Core PS100-144, 116–216 cm depth. The lowermost 26 cm of the x-radiograph comprises a 
massive, matrix-supported diamicton (‘Z’) which is overlain sharply (contact is arrowed) by 74 cm of laminated silty clay with planar, parallel, horizontal to sub- 
horizontal laminae. (G) Core PS109-147, 96–196 cm depth. Massive matrix-supported diamicton with dispersed clasts in a silty clay matrix. The diamicton appears 
largely structureless with only occasional discontinuities and clast alignments (arrowed).
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and 5–6 cm above the upper contact with the massive gritty mud dated 
10003 cal a BP (UCIAMS-210585).

Sediment cores collected from the lenticular units of acoustically 
homogeneous sediment on the upper and lower slope (cores PS109-147- 
01-GC and PS109-155-01-GC from 644 m to 2030 m water depth 
respectively) bottomed out in 1–2 m of dark grey (10 YR 3/1-10 YR 4/1- 
10 YR 4/2) massive, matrix-supported, diamicton with dispersed clasts 
in a silty clay matrix (Fig. 5g). Shear strengths in this diamicton facies 
characteristically increase downcore and range from 0.8 to 18 kPa 
(Fig. 4). A sample of mixed benthic foraminifera from 8 to 9 cm depth in 
core PS109-155-01-GC dated 8462 cal a BP (SUERC-79889).

4.3. Westwind Trough – data interpretation

Streamlined landforms in the form of mega-scale glacial lineations 
formed in sediment and aligned parallel or sub-parallel to the axis of 
Westwind Trough have been described in several previous studies and 
were interpreted as a product of grounded, streaming ice, flowing along 
the trough to the shelf-edge (Evans et al., 2009; Arndt et al., 2015, 
2017). Similar landforms characterise many high-latitude shelf troughs 
and are typically related to the former presence of palaeo-ice streams (e. 
g., Ó Cofaigh et al., 2002, 2013a; Graham et al., 2009; Hogan et al., 
2016; Olsen et al., 2020). In the case of Westwind Trough they indicate 

Fig. 6. Parasound records of subseafloor acoustic stratigraphy mid-outer Norske Trough. (a) GZW middle Norkse Trough. Ice flow was from left to right in the image. 
Note the prominent wedge shape and acoustically transparent layer which stratigraphically overlies the wedge. (b) Iceberg ploughed seafloor outer Norske Trough. 
(c) Parasound record of core site PS100-144.
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an extensive GrIS that was grounded to the shelf-edge.
The outer shelf sediment wedges, including one at the shelf-edge, are 

characterised by an acoustically semi-transparent and homogeneous 
internal structure, a strong basal reflector, as well as a distinctly tapered 
distal end (Fig. 3). Occasional internal reflectors imply there may be 
variation in sediment physical properties and/or layering, suggesting, in 
turn, incremental sediment deposition. The semi-transparent and ho
mogeneous internal structure suggests the features are composed of 
diamicton (Ó Cofaigh et al., 2005; Dowdeswell and Fugelli, 2012; 
Batchelor and Dowdeswell, 2015), and this is confirmed by the sediment 
cores from these wedges (see above). Hence, these landforms bear 
similarities to grounding-zone wedges described from the literature on 
glaciated continental shelves (Batchelor and Dowdeswell, 2015; Callard 
et al., 2018; Bradwell et al., 2019; Ó Cofaigh et al., 2021). However, 
classic grounding-zone wedges are usually characterised by a distinct 
‘ramp-step’ profile which consists of a gentler ice-proximal ramp, and 
steeper, ice-distal, scarp face. This morphology reflects increased ac
commodation space with distance from the grounding line in an ice shelf 
cavity. As such these landforms are thought to be indicative of the 
former presence of an ice shelf.

In the case of the wedges from Westwind Trough, the tapering down- 
trough form, combined with the presence of internal reflectors and their 
diamictic composition, suggests formation by the progradation of 
poorly-sorted, diamictic sediment, in a down-ice direction. As such, we 
infer that the sediment wedges in Westwind Trough, while not being 
classic grounding-zone wedges (sensu stricto) (cf. Batchelor and Dow
deswell, 2015), were nonetheless produced at the grounding line and 
reflect the advection of poorly sorted, glacigenic sediment to the 
grounding line and beyond. Internal reflectors and an overall tapered 

profile suggests that debris flow processes were likely involved in their 
formation (Dowdeswell and Fugelli, 2012; Batchelor and Dowdeswell, 
2015). The tapered profile of the Westwind Trough sediment wedges 
further implies that their formation was not constrained by an ice shelf 
cavity. Their low amplitude (c. 9–15 m thick) is an order of magnitude 
smaller than the current cavity depth of c. 500 m beneath the floating 
tongue of 79N Glacier (Lindeman et al., 2020; Schaeffer et al., 2020). 
Hence, it is possible that while these sediment wedges are 
grounding-zone features associated with an ice shelf, it is equally 
possible that they were produced at a retreating tidewater glacimarine 
margin.

Core PS109-25 was recovered from the shelf-edge sediment wedge 
(Fig. 3). The core bottomed out in a massive diamicton which grades 
upwards into stratified diamicton and then massive silty clay (Fig. 4). 
We infer this sequence to record sedimentation in a progressively sub
glacial to deglacial environment with the lowermost massive diamicton 
with shear strengths up to 20 kPa representing a subglacial till and the 
overlying stratified diamicton with striated clasts most likely recording 
grounding-line proximal deposition from subaqueous, cohesive debris 
flows. The latter interpretation is supported by the presence of textural 
banding as well as laminae and beds within the matrix-supported 
stratified diamicton (Eyles and Eyles, 2000; Mulder and Alexander, 
2001; Talling et al., 2012). The overlying massive silty clay is inter
preted to record suspension settling of fine-grained glacimarine sedi
ment in a more ice distal glacimarine setting following grounding line 
retreat, with the brown to yellowish-brown mottled mud above repre
senting hemipelagic sedimentation in an open-marine setting. The 
darker mottled patches are most likely a product of bioturbation.

Two dates were obtained from this core (Table 2 and Fig. 4). The 

Fig. 7. Parasound records from continental slope adjoining Norske Trough. (a) Location of core PS109-147-01-GC. (b) Location of core PS109-155-01-GC. Note 
lenticular acoustic units interpreted as glacigenic debris flows (see text).
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lower date on mixed benthic foraminifera was from the stratified dia
micton facies and dated 41.2 cal ka BP. This provides a maximum age for 
formation of the stratified diamicton but is quite possibly non-finite 
(Walker, 2005). A second date on an intact valve of Lima hyperborean 
from the silty clay that overlies the stratified diamicton dated 19.0 cal ka 
BP. This constrains the timing of ice-distal glacimarine sedimentation 
following grounding-line retreat and is thus a minimum age for initial 
retreat of the GrIS from the shelf-edge in Westwind Trough.

Subsequent grounding-line retreat in Westwind Trough is con
strained by a date of 14.3 cal ka BP from core PS109-37 from the mid- 
shelf trough (Figs. 1, 3 and 4; Table 2). The upwards transition from 
massive, matrix-supported diamicton into crudely stratified, pebbly 
mud, and then massive mud, is once again inferred to record a subglacial 
to deglacial sequence with the stratified mud representing initial 
grounding-line retreat and transition to a deglacial setting. The date of 
14.3 cal ka BP from the stratified mud provides a minimum age for GrIS 
retreat in mid- Westwind Trough.

4.4. Norske Trough – data interpretation

Streamlined lineations formed in sediment and orientated parallel 
and sub-parallel to the long-axis of Norkse Trough record former flow of 
grounded ice to the shelf-edge, most likely as a fast-flowing palaeo-ice 
stream (cf. Ó Cofaigh et al., 2002; Ottesen and Dowdeswell, 2009; 
Graham et al., 2009; Arndt et al., 2017). A shelf-edge position is also 
implied by the lenses of acoustically homogeneous sediment on the 
continental slope offshore of the mouth of Norske Trough (Fig. 7). The 
lenticular geometry of these units, their downslope tapering, stacked 
pattern and internal homogeneous structure are compatible with an 
origin as glacigenic debris flows delivered onto the continental slope 
from a shelf-edge terminating ice stream (Laberg and Vorren, 1995, 
2000; Li et al., 2011). A glacigenic debris flow origin is also supported by 
the sediment cores which recovered dark-grey massive 
matrix-supported diamictons from the slope (Fig. 7) (Elverhøi et al., 
1997; Laberg and Vorren, 2000; Ó Cofaigh et al., 2013b; Ó Cofaigh et al., 
2018).

The stratigraphy and lithofacies preserved in core PS100-144 (Fig. 4) 
are interpreted as recording a glacial-deglacial sequence in outer Norkse 
Trough. The lowermost unit in the core comprises a massive, matrix- 
supported diamicton with very low shear strengths (0.8–1 kPa). 
Massive diamictons in glacigenic environments can be produced by a 
range of processes including subglacial till formation, cohesive debris 
flow deposition and iceberg rafting and turbation (Dowdeswell et al., 
1994; Eyles and Eyles, 2000; Evans, 2018). The low shear strengths 
imply the diamicton has not been over-consolidated. Such low shear 
strengths might be consistent with subaqueous sedimentation either in 
the form of an iceberg-rafted deposit or debris flow during 
grounding-line retreat. However, weak subglacial tills associated with 
former palaeo-ice streams have been documented in polar cross-shelf 
bathymetric troughs (e.g., Dowdeswell et al., 2004; Ó Cofaigh et al., 
2007); hence the shear strengths are not conclusive. We return to the 
origin of the basal diamicton below.

The facies sequence indicates a marked change in sedimentation 
above the diamicton with the transition to laminated, and then strati
fied, silty clay. The planar and horizontal to sub-horizontal nature of the 
lamination suggests that these deposits are a product of meltwater 
sedimentation with suspension settling of fine-grained sediment through 
the water column from turbid plumes (Mackiewicz et al., 1984; Powell 
and Domack, 1995; Ó Cofaigh and Dowdeswell, 2001; Lucchi et al., 
2013; Streuff et al., 2017). However, clasts are rare within these 
laminated-stratified silty clays. Such clast-poor laminated muds have 
also been described from below the modern ice shelf in Petermann Fjord 
(Jennings et al., 2022) and have been documented in sub-ice shelf 
sedimentary systems more widely (e.g., Domack et al., 1999; Evans 
et al., 2005; Kilfeather et al., 2011; Smith et al., 2019). We infer that the 
laminated muds in PS100-144 were deposited in an ice shelf cavity 

beyond the grounding line, such that the coarser-grained material 
melted out proximal to the grounding line during deglaciation, whereas 
finer-grained material was carried in suspension further, but still within 
the ice shelf cavity, before settling through the water column to produce 
the laminated muds.

The laminated and stratified muds are overlain sharply by a thin unit 
of poorly sorted, gritty mud with occasional pebbles. The sharp lower 
contact implies an abrupt change in depositional environment. This is 
also supported by a notably coarser component within the muds which 
suggest a marked change in the nature of sediment delivery to the core 
site reflected in a relatively abrupt increase in ice-rafted debris. We 
suggest that this reflects break-up of the fringing ice shelf and successive 
calving of icebergs from close to the grounding-line and rafting of 
coarse-grained subglacial sediment to the core site (cf. Pudsey and 
Evans, 2001; Lloyd et al., 2005; Kilfeather et al., 2011; Smith et al., 
2019). The gritty muds transition upwards into massive silty clay, which 
becomes progressively more brown in colour vertically upwards and is 
mottled in places. Such mottling is most likely a product of bioturbation, 
which combined with the massive structure, implies a more distal gla
cimarine setting, most likely in an open-marine environment (cf. Jen
nings et al., 2018). The facies sequence preserved in core PS100-144 in 
Norske Trough therefore represents a progressive change in depositional 
environment from: (i) subglacial (or grounding-line proximal) to (ii) 
deglacial glacimarine below an ice shelf, to (iii) ice shelf break and then 
to (iv) open-marine conditions.

A date of 18.6 ka BP from the lower part of the laminated mud facies 
provides a minimum date for deglaciation of the core site and, thus, 
outer Norske Trough. Two further dates bracket the age of the ice shelf 
break up to between 15 ka BP and 10 ka BP (Fig. 4 and Table 2).

The massive, matrix-supported diamicton in core PS100-127 has a 
chaotic or ‘swirled’ appearance in places along with dipping and sub- 
horizontal lineaments (Figs. 4 and 5d). Shear strengths are variable 
(1.5–13.6 kPa). The core was collected from an area of iceberg-scoured 
seafloor close to the shelf-edge (Fig. 2d and 6b). This, combined with the 
massive and chaotic structure of the diamicton, is compatible with an 
origin as an iceberg turbate deposit (Dowdeswell et al., 1994). The 
chaotic and ‘swirled’ lineaments within the matrix are a direct product 
of deformation due to scouring and ploughing processes (Dowdeswell 
et al., 1994; Kilfeather et al., 2010).

The radiocarbon dates from the diamicton in PS100-127 record the 
timing of open marine conditions on the shelf. Importantly, however, 
they are out of stratigraphic order and are thus likely to be reworked. If 
the diamicton was a subglacial till, the youngest age of 17 cal ka BP 
would provide the best constraint on the timing of till formation and 
thus ice advance. However, core PS100-144 is located inshore of 
PS100–127 and has a deglacial date of 18.6 cal ka BP (see above). A 
subglacial till interpretation for the diamicton in core PS100-127 would 
therefore require an ice readvance over the site of PS100-144 in order to 
deposit a younger till at the shelf edge. There is no evidence of such a 
readvance across the site of PS100-144, and we therefore reinforce the 
interpretation that the chaotic deformation structures in PS100-127 are 
a product of iceberg turbation (Vorren et al., 1983; Barnes and Lien, 
1988).

The four dates from PS100-127 record open marine conditions at the 
shelf edge and thus help to constrain the timing of the initial retreat of 
grounded ice in Norske Trough. As grounded ice was inshore of core site 
PS100-144 by 18.6 cal ka BP, the date of 17 cal ka BP from core PS100- 
127 must be younger than initial pull back of grounded ice from the 
shelf-edge. By 17 cal ka BP the shelf-edge was likely an ice distal gla
cimarine environment but was still receiving icebergs from a retreating 
GrIS further inshore in Norske Trough. We regard the date of 33.7 cal ka 
BP as too old for retreat of the last ice sheet from the shelf-edge of Norske 
Trough as this would imply the ice sheet took c. 15,000 years to retreat 
the c. 100 km from the shelf-edge to the site of core PS100-144. It is also 
unlikely given that initial retreat occurred much later at 19 kcal ka BP in 
the adjacent Westwind Trough. Rather, dates of 21.6 and 21.5 cal ka BP 
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from PS100-127 are interpreted as providing the best constraint on 
deglaciation from the shelf-edge of Norske Trough as they indicate open- 
marine conditions at the shelf-edge at 21.6–21.5 cal ka BP. The turbation 
of this deposit occurred after that time as icebergs affected the seafloor 
substrate long after initial retreat.

5. Discussion

An extensive body of work from the continental shelf offshore of 
northeast Greenland shows strong evidence for a shelf-edge terminating, 
grounded ice sheet in several of the cross-shelf troughs in this region, 

Fig. 8. Reconstruction of ice sheet extent at the LGM offshore NE Greenland and isochrones showing position of grounding line within Norske and Westwind troughs 
during deglaciation. ‘GZW-1’ and ‘GZW-2’ represent the positions and extents of grounding-zone wedges from the shelf and ‘LM’ represents the position of lateral 
moraines adjacent to Norske Trough (after Arndt et al., 2015; López-Quirós et al., 2024). The location of additional cores is also shown: core 135 (López-Quirós et al., 
2024), core 198 (Lloyd et al., 2023) and core 270 (Syring et al., 2020).
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including Westwind and Norske troughs. This evidence typically com
prises seafloor landforms in the form of flow parallel, streamlined, 
subglacial landforms, including mega-scale glacial lineations, as well as 
flow transverse features such as grounding-zone wedges and moraines 
(Evans et al., 2009; Winkelmann et al., 2010; Arndt et al., 2015, 2017; 
Laberg et al., 2017; Olsen et al., 2020; this study). The presence of these 
landforms in Westwind and Norske troughs are consistent with 
streaming flow in both troughs and thus an ancestral NEGIS which 
extended to the shelf-edge as a palaeo-ice stream. Indirect support for 
shelf-edge terminating ice is also present in the form of glacigenic debris 
flows from the continental slope offshore of the mouth of Norske Trough 
(Fig. 7). An extensive grounded ice sheet is further supported by sedi
ment cores from the outer shelf in both troughs which bottomed out in 
subglacial till and/or poorly-sorted, proximal grounding-line, glacigenic 
sediments. The sedimentary, acoustic stratigraphic and geomorpholog
ical record from the outer shelf of both troughs therefore supports 
shelf-edge terminating, grounded ice. Although several previous studies 
have proposed that this most recent shelf-edge advance dates to the LGM 
(e.g., Arndt et al., 2017), until the present study there has been no direct 
chronological control from the Northeast Greenland shelf to support 
this.

The radiocarbon dates presented in this paper provide the first direct 
chronological constraint on the age of the most recent phase of shelf- 
edge terminating ice in Westwind and Norske troughs. They date the 
timing of initial ice sheet retreat from the shelf-edge and across the outer 
shelf in both troughs. In Westwind Trough a date from a shelf-edge, 
grounding-zone wedge indicates that retreat was underway by ≥ 19 
cal ka BP, and the ice sheet had cleared the outer shelf by c. 14.3 cal ka 
BP (Fig. 8). In Norske Trough dates from an iceberg turbate at the shelf- 
edge indicate initial retreat in this trough was underway by 21.5–21.6 
cal ka BP. This is consistent with surface exposure dates from ice- 
moulded bedrock surfaces and erratic boulders which show that initial 
onshore thinning of NEGIS during deglaciation commenced at 22.9–22.5 
ka BP (Roberts et al., 2024). A subsequent date on deglacial glacimarine 
sediments from further inshore in the trough indicates the grounding 
line had cleared the outer shelf by 18.6 cal ka BP (Fig. 8). Hence, retreat 
of ice from the shelf-edge and outer shelf in both Norske and Westwind 
troughs took place during the last glaciation. This directly supports an 
extensive GrIS at the LGM in the cross-shelf bathymetric troughs 
offshore of northeast Greenland. Such early retreat of the northeast 
sector of the ice sheet contrasts with some other sectors, notably central 
west Greenland bordering Baffin Bay where shelf-edge retreat 
commenced several thousand years later at 16–17 cal ka BP (e.g., Jen
nings et al., 2017).

Rasmussen et al. (2022) present a palaeoceanographic study of a core 
collected from the shelf-edge at 79.4◦N, south of the mouth of Westwind 
Trough. The lower part of the core comprises a diamicton, interpreted as 
an iceberg turbate, with dates which span the LGM. Based on these data 
Rasmussen et al. (2022) argue that the GrIS did not reach the shelf-edge 
in this location during the LGM. Arndt et al. (2017) also argued on the 
basis of geomorphological and acoustic data that the LGM GrIS did not 
ground to the shelf-edge between Norske and Westwind troughs on the 
basis of extensive zones of iceberg ploughed terrain at the shelf-edge 
across the banks, although their study lacked dating control. Collec
tively, therefore, the new findings from our study, combined with this 
previous work, indicate that the ice-sheet configuration at the LGM was 
one in which fast-flowing ice was grounded to the shelf-edge in both 
Westwind and Norske troughs but ice may have been more restricted on 
at least parts of the intervening shallow banks. Palaeo-glaciologically 
therefore the grounded ice in both troughs may have been in the form 
of fast-flowing outlets, at least on the outer shelf, rather than ice streams 
sensu-stricto that were bordered by slower moving ice along the length 
of the troughs.

Initial retreat from the shelf-edge and subsequent recession across 
the outer shelf took place during Greenland Stadial 2.1 (22.9–17.4 ka 
BP). Atmospheric warming is therefore unlikely as a trigger for initial 

deglaciation from the shelf-edge. Rasmussen et al. (2022) presented 
microfaunal evidence for strong flow of relatively warm subsurface 
Atlantic Water at the shelf-edge south of Westwind Trough between 25 
and c. 17.5 ka. Devendra et al. (2022) also report a small increase in 
Atlantic Water advection on to the shelf between 18.5 and 16.5 ka. 
Hence, ocean warming is a more likely potential trigger for initial GrIS 
retreat in both troughs.

Our radiocarbon dates imply that the timing of retreat may have 
been asynchronous between the two troughs, with retreat underway by 
21.6 ka in Norske Trough but not until ≥19 ka in Westwind Trough. This 
implies that adjacent fast flowing outlets during the LGM on the 
northeast Greenland margin responded asynchronously to external 
forcing; an interpretation that is consistent with observations elsewhere 
in Greenland on the retreat of large marine-terminating outlet glaciers 
on the continental shelf following the LGM (e.g., Jennings et al., 2017). 
The asynchronous retreat may also be linked to variability in ocean 
forcing potentially driving initial retreat. While both Westwind and 
Norske troughs receive Atlantic sourced water at the present day, the 
Atlantic water in Westwind Trough (Arctic Atlantic Water) is cooler than 
the Atlantic Intermediate Water seen in Norske Trough (Schaffer et al., 
2017, 2020). If such a difference persisted during glacial times it might 
explain the earlier retreat in Norske Trough in comparison to Westwind 
Trough.

Grounding-line retreat across the shelf took place in a glacimarine 
environment in which the ice sheet appears to have terminated as a 
floating ice shelf rather than a grounded tidewater margin, although it is 
possible that the latter occurred in Westwind Trough. Retreat rates of 
grounded ice during this early phase of retreat were 23 m a− 1 and 19 m 
a− 1 for retreat in Norske and Westwind troughs, respectively. These are 
an order of magnitude slower compared with outer shelf retreat rates of 
other Greenland palaeo-ice streams such as Ummannaq and Jakob
shavns Isbrae (Roberts et al., 2013, Ó Cofaigh et al., 2013a), and 
although outer Norske Trough has a reverse bed-slope gradient it ap
pears that bathymetry did not exert a strong control on early retreat 
rates of the ancestral NEGIS. Based on radiocarbon dated cores from 
inner Norske Trough retreat rates then increase from the mid/outer to 
inner trough (Fig. 8). From the outer trough site of PS100-144 retreat 
rates increase to approximately 32 m a− 1 to core DA17/92G (Davies 
et al., 2022), then 40 m a− 1 through to PS100-198 and to 60 m a− 1 into 
the embayment in front of the current ice shelf, core PS100-270 (Fig. 8) 
(Lloyd et al., 2023). Lloyd et al. (2023) suggested this increased rate in 
retreat through the inner shelf may be linked to warming of the ocean 
waters through to the early Holocene.

6. Conclusions

Geomorphological, sedimentological and chronological data from 
two large cross-shelf bathymetric troughs are used to reconstruct the 
LGM history of the GrIS on the continental shelf offshore of northeast 
Greenland. 

• Landform and sedimentary evidence in the form of streamlined 
subglacial lineations, grounding-zone wedges, subglacial till and ice 
proximal grounding-line sediments indicate that the GrIS was 
grounded to the shelf-edge in Westwind and Norske troughs.

• Radiocarbon dates from this study provide the first direct chrono
logical constraints on the age of the most recent phase of shelf-edge 
glaciation offshore of northeast Greenland. Dates on deglacial sedi
ments on the outer shelf indicate a LGM age for this most recent 
shelf-edge advance in both troughs.

• Initial retreat of the GrIS from the shelf-edge took place at c. 
21.6–21.5 ka BP in Norkse Trough and 19 ka BP in Westwind Trough. 
This indicates that adjacent marine-terminating outlets of the GrIS 
responded asynchronously to external forcing during the last 
deglaciation of the northeast Greenland continental shelf.
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• Grounding-line retreat rates across the outer shelf during the last 
deglaciation were slow (19–23 m a− 1) in both Westwind and Norske 
troughs. In Norske Trough retreat rates then gradually increase 
(32–60 m a− 1) through to the inner-most shelf from c. 15 to 9 ka BP.

• Palaeo-glaciologically the LGM configuration of the GrIS on the 
continental shelf offshore of northeast Greenland was one of fast 
flowing outlets which extended to the shelf-edge but across the 
intervening shallower banks the ice sheet extent may have been more 
restricted.

Author contributions
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Cofaigh, C., 2019. Ice-stream demise dynamically conditioned by trough shape and 
bed strength. Sci. Adv. 5 (4) article No. eaau1380. 

Briner, J.P., Stewart, H.A.M., Young, N.E., Phillips, W., Losee, S., 2010. Using proglacial- 
threshold lakes to constrain fluctuations of the Jakobshavn Isbrae ice margin, 
western Greenland, during the Holocene. Quat. Sci. Rev. 29, 3861–3874.
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