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ARTICLE INFO ABSTRACT

Handling Editor: Dr Giovanni Zanchetta A better understanding of past extent and dynamics of the Greenland Ice Sheet (GrIS) is required to provide
context for present-day observations, to constrain numerical climate models and to predict future scenarios of

Keywords: ice-sheet response to recent climatic change. The presence of a grounded GrIS on the NE Greenland shelf during

Submarine landforms the Last Glacial Maximum (LGM) is supported by high-resolution seismic data combined with multi-proxy an-

Sediment cores

alyses of sediment gravity cores from Norske Trough. Our results indicate that an ice stream advanced to the
Paleoceanography

LGM ice extent outer shelf during the LGM. Recessional moraines and grounding zone wedges on the seafloor of the outer to

Ice retreat middle shelf show that initial retreat was episodic, punctuated by two major stillstands. Pinning points for

Holocene grounding-zone stabilization were controlled by pre-LGM trough topography. In contrast, preserved large-scale

Northeast Greenland glacial lineations on the seafloor of the inner shelf, formed during the advance, indicate that ice retreat from the
inner trough to the coast-proximal position was rapid in order to maintain the former carved morphology. Initial
ice retreat was underway before 16.6 cal Kyr BP, earlier than previously known for this sector of the NE
Greenland shelf. The inner shelf was free from grounded ice at least by 12.5 cal Kyr BP, and likely before. Retreat
occurred in a glaciomarine setting and the ice sheet was fringed by a floating ice shelf. There is no evidence of
grounded-ice readvances during the Younger Dryas, although a floating ice shelf with vigorous sea-ice and
iceberg rafting production occupied the inner shelf at 11.3 cal Kyr BP. C dates reveal initial stepwise ice retreat
followed by a fast retreat that coincides with Heinrich Stadial 1 and the Bglling-Allergd interstadial, respectively.
During both periods there was increased inflow of warm Atlantic Water, indicating a strong ocean/climate
control on the late deglaciation of Norske Trough. Following the late deglaciation, postglacial (Holocene)
sedimentation records a change from an ice-distal glaciomarine environment, to an open marine environment
and complete ice shelf disintegration. On the innermost shelf of the Norske Trough, the ice shelf disintegrated
and reformed once before the final break-up occurred at 9.6 cal Kyr BP.

1. Introduction Earth, storing ~7.4 m of potential global-mean sea-level rise equivalent
(Bamber et al., 2013; Morlighem et al., 2017). In the last decades, the
The Greenland Ice Sheet (GrIS) is the second largest ice sheet on GrIS has contributed to global mean sea-level rise at a rate of 0.7
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mm yr*1 (Fiirst et al., 2015; The IMBIE Team, 2020) as a result of runoff
of surface meltwater and by ice discharge into the oceans (van den
Broeke et al., 2016; Wood et al., 2021). The GrIS’s contribution to
global-mean sea-level rise during the 21st century is projected to in-
crease in speed, albeit with a large uncertainty range (Shepherd et al.,
2012; Church et al., 2013; Bamber et al., 2019). A significant feature of
the GrlS is the NE Greenland Ice Stream (NEGIS; Joughin et al., 2001;
Reeh et al., 2001), which comprises a ~600 km long ice stream that
drains ~12% of the interior GrIS via fast-flowing, marine-terminating
outlet glaciers: 79°-Glacier, Zachariae Isstrgm, and Storstrgmmen (Khan
et al., 2014; Mouginot et al., 2015) (Fig. 1A and B). NEGIS modeling
investigations applying the different warming scenarios, outlined by the
Intergovernmental Panel on Climate Change (IPCC), advocate that the
Zachariae Isstrgm will rapidly retreat by up to 30 km upstream from its
present-day location, adding ~16.2 mm to global-mean sea-level rise by
2100 (Choi et al., 2017). Accordingly, the ice stream will stabilize on a
topographic ridge unless frontal summer melt rates exceed 6 m day?,
which would possibly trigger a further inland retreat. This latter sce-
nario is within the range of likely future scenarios stated by the IPCC (see
IPCC, 2021).

The GrIS is known to have advanced to its furthest extent during the
Last Glacial Maximum (LGM; ~20 kyr ago), providing a significant
decrease in global sea-level at that time (e.g., Clark and Mix, 2002).
Several studies of terrestrial glacial and related deposits have confirmed
that ice advanced through the main fjord-systems of Greenland to reach
at least the outer coastal areas at the LGM (e.g., Funder et al., 2011;
Roberts et al., 2013). This consensus is sustained by numerical modeling
of isostatic rebound from past ice-sheet loading; estimates are based on
observations of dated raised beaches around coastal areas and offshore
islands of Greenland (e.g., Fleming and Lambeck, 2004). It is less
obvious, however, both where and how far the ice sheet may have
extended across the broad continental shelf around Greenland, and what
the nature of full glacial and deglacial ice-sheet dynamics may have
been. In NE Greenland (~76-81°N; Fig. 1A), the extent of the ice margin
during the LGM is particularly poorly constrained. Minimum
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estimations based only on a conceptual model, due to the lack of
seismo-acoustic morphological investigations, suggest that the ice
margin was located at the inner shelf (Funder et al., 2011, Fig. 1B).
Conversely, more recent seismo-acoustic evidence from the shelf
offshore of the NEGIS display a number of glacial seafloor features
(submarine landforms), such as recessional moraines, grounding zone
wedges and large-scale glacial lineations. Together, this suggests that
the ice margin extended to the shelf edge (Evans et al., 2009; Winkel-
mann et al., 2010; Arndt et al., 2015, 2017; Olsen et al., 2020, Fig. 1B).
This interpretation is reinforced by seismo-acoustic evidence of
mass-wasting and turbidite flow deposits interpreted as glacially influ-
enced sedimentary processes on the slope and deep basin offshore NE
Greenland (e.g., Evans et al., 2009; Garcia et al., 2012). However, recent
studies indicate that the LGM ice sheet did not reach the shelf edge along
the entire NE Greenland shelf (e.g., Spielhagen and Mackensen, 2021;
Rasmussen et al., 2022). Moreover, the age of the submarine landforms
is poorly constrained due to the absence of radiocarbon (*#C) dates from
marine sediment archives in this regional setting. It is suggested that
they were shaped during the LGM as they are not draped with a thick
sediment cover (Arndt et al., 2017).

Radiocarbon (14C) dates retrieved from the NE Greenland coastline
adjacent to the present-day NEGIS show that deglaciation of this area
likely occurred around 9.7-9.1 cal Kyr BP (Bennike and Bjorck, 2002),
whereas a combination of 1*C and 1°Be ages indicate that the outer coast
adjacent to the NE Greenland shelf was deglaciated by 11.7 + 4 cal Kyr
BP (Larsen et al., 2018) (Fig. 1A). This aligns with 14C dates from gla-
ciomarine deposits recovered close to the floating ice tongue of the
79°-Glacier on the inner NE Greenland shelf, indicative of postglacial
marine conditions at least as early as 10.9 cal Kyr BP (Syring et al., 2020;
Lloyd et al., 2023) (cores PS100/270 and PS100/198; Fig. 1A and B). In
contrast, on the inner shelf of Norske Trough (90 km east of the NEGIS;
Fig. 1B), Davies et al. (2022) evidenced that deglaciation in this area
started at least as early as 12.5 cal Kyr BP, and likely prior to 13.4 cal Kyr
BP. Other '*C dates collected from the outer shelf of Westwind Trough
reinforce deglacial conditions before 13.3 cal Kyr BP (Hansen et al.,
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Fig. 1. A) Simplified lithostratigraphic map of NE Greenland (modified from Henriksen, 2003; Dawes, 2009). Timing of deglaciation on the NE Greenland conti-
nental shelf (in cal. Kyr BP) is also shown (from Bennike and Bjorck, 2002; Ngrgaard-Pedersen et al., 2008; Larsen et al., 2018; Syring et al., 2020; Davies et al., 2022;
Hansen et al., 2022; Rasmussen et al., 2022; Lloyd et al., 2023). B) Geographical setting of the study area showing the position of sub-bottom (SBP) and multichannel
(MCS) seismic profiles and sediment cores involved in this study (white color). Ice velocities and major oceanographic currents are indicated. Inferred paleo-ice flow
pathways (gray arrows; Arndt et al., 2015) and proposed minimum (LGM min; Funder et al., 2011) and maximum (LGM max; Evans et al., 2009; Arndt et al., 2017)
last glacial maximum ice extents are also shown. Bathymetric map extracted from Arndt et al. (2015). Multiyear ice velocities (temporal coverage: December 1, 1995
to October 31, 2015) are from Joughin et al. (2018). EGC: East Greenland Current; AAW: Arctic Atlantic Water; RAW: Return Atlantic Water; NEGIS: Northeast

Greenland Ice Stream.
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2022, Fig. 1A). Further north at ~81°N (Independence Fjord system/-
Wandel Sea), marine sediment cores indicate that deglaciation of the
shelf here started as early as 20 cal Kyr BP (Ngrgaard-Pedersen et al.,
2008, Fig. 1A), while shelf areas further south at ~72-70°N (Kejser
Franz Josef Fjord/Scoresby Sund) evidenced regional deglaciation by
~17-19 cal Kyr BP (e.g., Stein et al., 1996; Evans et al., 2002; 0 Cofaigh
et al., 2004; Funder et al., 2011). Considering the vast area of this broad
shallow shelf, the marine evidence from the fjords and the shelf of NE
Greenland is very limited and the deglaciation history is very frag-
mented and thus remains uncertain.

This study is based on new data from an expedition to the NE
Greenland shelf in 2017 (NorthGreen 2017; Seidenkrantz et al., 2018)
that has yielded much new information on the extent, dynamics, and
timing of late Quaternary ice-sheet behavior (e.g., Pados-Dibattista
et al., 2022; Davies et al., 2022; Rasmussen et al., 2022; Jackson et al.,
2022; Hansen et al., 2022). We here present new marine seismic,
geochronological, and sedimentological data covering the largest glacial
trough on the NE Greenland continental shelf, i.e., the 350 km-long and
up to 200 km-wide Norske Trough (also known as Belgica Trough). The
main objective of this study is to provide new knowledge about the
maximum ice stream extent, influence of subglacial topography and the
pattern and timing of ice retreat of this sector of the GrIS overlying
Norske Trough during the LGM and the deglaciation. Accordingly, our
observations and discussion encompass the post LGM ice retreat across
the outer shelf of Norske Trough, to the area adjacent to the present
margin of Bourbon @er and Lambert Land, a major conjunction site of
the two fast-flowing marine terminating outlet glaciers (i.e., 79°-Glacier
and Zachariae Isstrgm) of the NEGIS (Fig. 1).

2. Regional setting

The study area is located on the NE Greenland shelf to the east of the
NEGIS (Fig. 1). The large-scale, ~300 km wide, NE Greenland shelf is
characterized by large cross-shelf troughs (Westwind, Norske/Belgica,
Store Koldewey, Dove Bugt, and Hochstetterbugten troughs), separated
by shallower inter-trough (banks/shoals) shelf areas (Arndt et al., 2015,
Fig. 1A). The troughs are characteristic features of formerly glaciated
continental shelves, interpreted as glacially over-deepened landforms
acting as pathways for fast-flowing ice streams eroding into the sub-
glacial bed (Batchelor and Dowdeswell, 2014, and references therein),
while inter-trough shelf areas are interpreted to have been covered by
slower flowing ice, experiencing less erosion (e.g., Ottesen and Dow-
deswell, 2009; Klages et al., 2013). Onshore, the bedrock topography
comprises Precambrian rocks, mostly Paleoproterozoic formations with
reworked Archean crystalline rocks, overlain by undeformed Paleo-
proterozoic to Silurian sedimentary/volcanic rocks formed during the
Caledonian Orogeny (e.g., Henriksen, 2003; Henriksen and Higgins,
2008; Dawes, 2009) (Fig. 1A). In addition, post-Caledonian sediments
(mid-Devonian to Mesozoic) and lower Paleogene volcanic rocks are
extensively exposed in the coastal areas (Fig. 1A; Henriksen, 2003;
Dawes, 2009).

The study area is at present primarily influenced by the southward-
flowing East Greenland Current (EGC), which carries cold, low-saline
surface Polar Water (PW) and local meltwater from the GrIS (e.g.,
Johannessen, 1986; Bourke et al., 1987; Hopkins, 1991; Willcox et al.,
2023). Below the PW, the water masses originate from Atlantic sources,
i.e., from submerged and recirculated Atlantic-sourced waters from the
Arctic (Arctic Atlantic Water: AAW; often referred as ‘Arctic Interme-
diate Water’) and from the ‘warmer’ Return Atlantic Water (RAW; often
referred as ‘Atlantic Intermediate Water’) transported by the Return
Atlantic Current (RAC) (Quadfasel et al., 1988; Rudels et al., 2005; de
Steur et al., 2009; Schaffer et al., 2017; Gjelstrup et al., 2022). Due to the
depth of the cross-shelf troughs in this area, they provide deep conduits
for warmer Atlantic waters to reach marine terminating glaciers (Arndt
et al., 2015); e.g., to the Zachariae Isstrgm glacier located at the western
end of Norske Trough (Bentley et al., 2023) (Fig. 1B). An increased
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inflow of warmer Atlantic waters into NE Greenland cross-shelf troughs,
and subsequently into fjords, is proposed to affect the submarine melt
rates, causing instability at the grounding line of marine-terminating
outlet glaciers (Khan et al., 2014; Mayer et al.,, 2018); e.g., the
79°-Glacier (Straneo and Heimbach, 2013; Wilson and Straneo, 2015)
(Fig. 1B).

Norske Trough, here subdivided into an inner-, middle- and outer-
trough (Fig. 1B), is a 350 km long, 35-200 km wide from inner to
outer shelf, and up to 590 m deep. The NW-SE-oriented cross-shelf
trough is located between ~79 and 76°N offshore NE Greenland
(Fig. 1B). It is characterized by reverse bed slopes with its deepest sec-
tion at the conjunction in front of 79°-Glacier and Zachariae Isstrgm
(Arndt et al., 2015) (Fig. 1B). Arndt et al. (2017). This is identified by an
assemblage of glacigenic submarine landforms in Norske Trough,
including megascale glacial lineations and one grounding zone wedge
(GZW). From the submarine landform assemblage, it was suggested that
during the LGM, grounded ice advanced to the shelf edge, while during
the Holocene deglaciation ice retreat was rapid, devoid of evidence for
phases of grounding line stabilization, but of a later, possibly during the
Younger Dryas (11.9-12.7 cal Kyr BP), ice readvance to a mid-shelf
position (Arndt et al., 2017). However, 14¢C dates from glaciomarine
deposits recovered on the inner Norske Trough (ST08-092G; Fig. 1B)
established that postglacial marine conditions prevailed in this setting
during most of the Younger Dryas (Davies et al., 2022).

3. Material and methods

This study is based on high-resolution seismic data and multi-proxy
analysis of three gravity sediment cores (DA17-NG-ST12-135G, DA17-
NG-ST10-117G, and DA17-NG-ST08-092G; hereafter 135G, 117G, and
92G; Fig. 1B) in a transect through Norske Trough. The integration of
seismic data and core-based multi-proxy analysis has great potential to
provide important information for paleoenvironmental reconstructions
in glaciated continental margins and timing and patterns of ice retreat/
advances (e.g., Nielsen and Rasmussen, 2018; Callard et al., 2020;
Hogan et al., 2020; Olsen et al., 2020; Lopez-Quiros et al., 2021). The
high-resolution seismic dataset and sediment gravity cores were
collected on board the RV DANA during the NorthGreen2017 expedition
(Seidenkrantz et al., 2018, Fig. 1B). Core 135G is 270 cm long and was
collected at 500.9 m water depth at 77°7.648, 10°40.539'W; core 117G
is 410 cm long and was obtained at 497.2 m water depth at 78°57.517,
15°26.966'W; core 92G is 585 cm long and was collected at 583 m water
depth at 78°30.054'N, 16°16.711'W. Onboard, the cores were cut into
1-m sections and stored cold. At the Department of Geoscience, Aarhus
University (Denmark), they were opened lengthwise and split into two
halves (working and archive), and subsequently stored at 3 °C at the core
repository. Non-destructive analyses (i.e., visual core description, X-ray
fluorescence scanning, and computed tomography (CT); see below) were
performed on the archive halves. Working halves were sampled for
radiocarbon dating, sedimentological and/or mineralogical and micro-
paleontological analyses. Additionally, rumohr cores recovered at the
same station as the gravity cores (DA17-NG-ST08-090 R,
DA17-NG-ST10-109 R, and DA17-NG-ST12-134 R), and with intact and
undisturbed sediment-water interface, were used to assess possible
core-top losses during coring (gravity) operations (S. Fig. 1).

3.1. Seismic datasets

High-resolution singlechannel seismic data were acquired with an
Innomar SES-2000 Deep Narrow-Beam Parametric Sub-Bottom Profiler.
The subbottom profiler (SBP) data were acquired with a 4 kHz low-
frequency pulse. The ping-rate was 0.97-1.70 pps (pings per sec.)
within the 300-600 m water depth range, and up to ca. 3.6 pps for water
depths around 150-200 m. SBP data was acquired both during transit
between planned sampling stations and during dedicated surveys at
these stations. Hence acquisition speed varied from 9 to 12 knots (during
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transit) to around 4-6 knots during surveys. The frequency of 4 kHz
gives a dominant pulse length of 37.5 cm, which assuming a sound ve-
locity of 1500 m/s in the shallow sediments (Rebesco et al., 2011),
provides a vertical resolution of ~19 cm (estimated as half the dominant
pulse length). Moreover, the horizontal resolution (estimated by the
width of the first Fresnel zone at water depths between 0.3 and 0.8 s of
two-way travel time (TWT) was in the range of 12-21 m. As the motion
sensor onboard the research vessel did not function during the North-
Green2017 cruise, the collected signal was post-processed following
standard processing (including heave-roll-pitch corrections) with
RadExPro software, which solved most of the problem with the lacking
heave-roll-pitch corrections during acquisitions. The resulting seismic
data were then converted and imported as SEG-Y files into S&P Global
Kingdom™ software for interpretation. About 500 km of SBP transects
available for this study (Fig. 1B) provided new observations about the
seismic stratigraphy of Norske Trough, where the SBP system could
penetrate up to 80 m, assuming a conservative seismic velocity con-
version of 1500 m/s for these shallow sub-seabed sediments (Rebesco
etal., 2011). For the seismic-to-core tie, a sediment velocity of 1500 m/s
was also used. Seismic unit thickness description is provided in seconds
(s) of TWT. Isochore maps of seismic units identified in this work were
constructed only for the total deglacial sediment pile, since this com-
bined unit was recognized in a higher number of seismic profiles.

Commercial 2D multichannel seismic (MSC) reflection data crossing
Norske Trough were made available by TGS-NOPEC Geophysical Com-
pany ASA. From these, selected profiles were used to correlate the sea-
floor reflection with SBP sections and to highlight the underlying control
of deep geological structures on the morphology of recent sedimentary
features (selected MCS profiles are shown in Fig. 1B). The MCS profiles
have a dominant frequency around 140 Hz giving a dominant pulse
length of 10 m and in turn a vertical resolution of about 5 m. Concerning
morphosedimentary evolution, only the upper part of the MCS record,
typically <1 s TWT, was studied in detail. This is considered sufficient to
cover the glacier-influenced Pliocene and Pleistocene parts of the sedi-
mentary record (Berger and Jokat, 2008, 2009; Newton et al., 2017).
The quality of the MSC seismic profiles is variable, but mostly of good
resolution.

3.2. Core chronology

A total of twenty-three new 1*C radiocarbon dates were made by
accelerator mass spectrometry (AMS) directly on gaseous samples
(Wacker et al., 2013a, 2013b) for the chronology of cores 135G and
117G (Table 1). The age-depth model of core 92G is the same as pre-
sented by Davies et al. (2022) (S. Fig. 2A). The age-depth model of core
117G is based on eleven AMS *C radiocarbon dates of mixed benthic
and planktic foraminifera (eight and three samples, respectively; S.
Fig. 2B). The age-depth model of core 135G is based on twelve AMS 14C
radiocarbon dates of mixed benthic and planktic foraminifera (eight and
four samples, respectively; S. Fig. 2C). Samples containing >50 pg car-
bon (core 92G; Davies et al., 2022) and between 24 and 49 pg carbon
(core 135G) were leached with diluted HCl (e.g., see Bard et al., 2015)
prior to the analysis (Table 1). The measured leach fractions were
consistently in good agreement with the corresponding main fractions,
confirming that samples from these cores were clean and homogeneous.
However, some samples were very small and could not be leached. The
AMS C dating was performed at the Laboratory of Ion Beam Physics at
ETH Ziirich (Switzerland) and all *4C ages were calibrated using CALIB
Radiocarbon Calibration Program 8.2 (Stuiver et al., 2021) and the
MARINE20 calibration curve (Heaton et al., 2020) (Table 1). As pro-
posed for this region in previous studies (e.g., Hakansson, 1973; Funder,
1982; Davies et al., 2022) and based on the Marine Reservoir Correction
Database (Reimer and Reimer, 2001), we have considered a local marine
reservoir age correction (AR) of 1 + 32 years in all samples (Table 1).
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3.3. Sedimentological analysis

Sedimentary units were defined on the basis of visual core de-
scriptions and sediment composition analysis (Tucker, 2001). Textural
classification of Folk (1954) was applied. Sediment characterization
included lithology, sediment texture and structure, sediment color using
the Munsell color chart, bioturbation intensity and grain size.

Macroscopic visual core observations were aided by (a) high-
resolution line scan digital images and 2D high-resolution X-radio-
graphic images obtained from archive halves using an ITRAX X-ray
fluorescence (XRF) core scanner (Cox Analytical) at the Department of
Geoscience, Aarhus University (Denmark), and (b) computed tomogra-
phy (CT) images obtained from archive halves using a Siemens Biograph
Vision 600 medical PET/CT scanner at the Department of Nuclear
medicine & PET, Aarhus University Hospital (Denmark). X-radiograph
analysis (voltage: 60 kV; current: 45 mA; exposure time: 2000 ms) were
conducted at 100 pm-interval resolution in a narrow (2 cm) track along
the long-axis (center) of surface core sections. CT scan parameters for
cores 135G and 117G were: 120 kV, 300 Eff mAs, 200 mm field of view,
slice thickness 0.6 mm, filter Br60, whereas details about the CT scan of
core 92G can be found in Davies et al. (2022). The resulting CT images
(~1800 images per section) were then imported into the image editing
software FIJI (ImageJ; Rueden et al., 2017) and the mean Hounsfield
units (HU) value extracted to calculate sediment density (Reilly et al.,
2017).

Bulk grain-size distribution was measured for cores 135G and 117G
using a laser diffraction particle sizer (Sympatec HELOS) at the
Department of Geoscience, Aarhus University (Denmark). Bulk grain-
size distribution for core 92G is from Davies et al. (2022). In addition,
the relative composition of terrigenous and biogenic grains and grain
size and shape were examined microscopically in core 117G, using a
digital microscope (DeltaPix) and a field emission scanning electron
microscope (FESEM). During the petrographic grain composition study,
several images were taken with an Invenio 6EIIl — 6.3 MP camera con-
nected to a 3D Digital Microscope (DeltaPix) and captured with the
InSight image-management software at the Department of Geoscience,
Aarhus University (Denmark). Secondary electron (SE) and
back-scattered electron (BSE) imaging were obtained with a GEMINI
(FESEM) CARL ZEISS microscope at the Scientific Instrumentation
Center, University of Granada (Spain), equipped with an
energy-dispersive X-ray spectroscopy system (EDX). Concentration of
clasts indicative of ice-rafted debris (IRD) was quantified by counting
the >2 mm clasts on CT images for cores 135G and 117G (Grobe, 1987;
Jennings et al., 2002). Clasts were counted within a 2 x 10 cm window
at 5 cm resolution using the image editing software FIJI. Clasts (>3 mm)
per 12 cm diameter core slice were counted at 2 cm resolution in core
92G (Davies et al., 2022). Additionally, concentration of clasts per gram
of dry sediment was counted in core 117G at 10 cm resolution following
standard methods of Bond and Lotti (1995) and Krissek (1995). Clast
counts were achieved on the 250-2000 pm fraction using a binocular
microscope, while petrographic grain composition was stablished by
using the subsequent groups: (a) crystalline rocks, quartz and feldspar;
(b) metamorphic and volcanic rocks, and olivine grains, mica and glass
shards; (c) clastic sedimentary rocks; and (d) carbonate sedimentary
rocks. This was done for comparison with the counted CT images, which
reproduce similar bottom-up trends.

A detailed analysis of the foraminiferal assemblages in core 92G has
previously been performed by Davies et al. (2022). For cores 117G and
135G we here only calculated the foraminiferal concentrations at
selected intervals within each sedimentary unit. For each of these
samples, the sediment was washed through sieves of mesh diameters of
0.1 and 1.0 mm and the dried 0.1-1.0 mm fraction was investigated for
the presence of foraminifera.
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Table 1

Radiocarbon dates from sediment cores DA17-NG-ST08-092G, DA17-NG-ST10-117G, and DA17-NG-ST12-135G. Dates from core 92G are from Davies et al. (2022).
The CALIB 8.1.0 software (Stuiver et al., 2021) and the MARINE20 dataset (Heaton et al., 2020) were used to convert the'*C ages to calendar ages with 2c precision,
applying a local marine reservoir age correction (AR) of 1 + 32 years following Hékansson (1973), Funder, 1982 and Davies et al. (2022). Samples marked with (#)
contained >50 pg carbon (core 92G) and between 24 and 49 g carbon (core 135G). These samples were leached for quality control (e.g., Bard et al., 2015), while the
rest of the samples were very small and could not be leached. Samples marked with (*) were ultra-small (<10 pg) to be considered realistic in this study. Note that the
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numbers in bold are the radiocarbon dates shown in the stratigraphic log/correlation of sediment cores (92G, 117G, and 135G) presented in Fig. 7.

Core depth (cm) Lab ID (ETH) Material Uncorrected age e yr BP) Error (+yr) Unmodelled calibrated age range (20) (cal. Yr BP) Source
Lower. Cal. Upper. Cal. Modelled median
Range Range age
DA17-NG-ST08-092G
0.5 113,890 (#)  Mixed planktonic 595 50 528 657 597 Davies et al.
foraminifera (2022)
60.5 110,857 (#)  Mixed planktonic 7130 60 7793 8156 7946 Davies et al.
foraminifera (2022)
90.5 110,859 (#)  Mixed planktonic 7865 60 8540 8984 8670 Davies et al.
foraminifera (2022)
130.5 110,860 (#)  Mixed planktonic 8505 70 9310 9658 9495 Davies et al.
foraminifera (2022)
186.5 95,393 Mixed benthic foraminifera 8855 70 9687 10,189 9919 Davies et al.
(2022)
240.5 110,862 Mixed planktonic 9090 70 9967 10,496 10,284 Davies et al.
foraminifera (2022)
320.5 110,865 Mixed planktonic 9400 70 10,410 11,067 10,748 Davies et al.
foraminifera (2022)
340.5 95,394 Mixed benthic foraminifera 9710 80 10,773 11,255 11,043 Davies et al.
(2022)
406 113,885 Mixed benthic foraminifera 10,080 120 11,240 12,425 11,640 Davies et al.
(2022)
451.5 113,886 Mixed benthic foraminifera 10,180 120 11,336 12,466 12,074 Davies et al.
(2022)
452.5 113,889 Shell fragment 10,220 130 11,355 12,480 12,062 Davies et al.
(2022)
464.5 95,395 Mixed benthic foraminifera 10,490 270 12,099 12,688 12,261 Davies et al.
(2022)
486.5 113,888 Mixed benthic foraminifera 10,200 190 11,268 12,595 12,473 Davies et al.
(2022)
Core depth Lab ID (ETH) Material Uncorrected age (*Cyr  Error (+ Corrected and calibrated age (26) (cal. Yr BP) Source
(cm) BP) ¥o) Lower. Cal. Upper. Cal. Median probability
Range Range
DA17-NG-ST10-117G
68 121069.1.1 Mixed planktonic 5920 70 5915 6335 6138 This study
foraminifera
68 121068.1.1 Mixed benthic foraminifera 6765 70 6841 7283 7071 This study
88 121070.1.1 Mixed benthic foraminifera 8310 90 8399 8960 8660 This study
98 121072.1.1 Mixed planktonic 9315 80 9632 10,196 9937 This study
foraminifera
98 121071.1.1 Mixed benthic foraminifera 9400 90 9704 10,327 10,043 This study
108 121073.1.1 Mixed benthic foraminifera 10,275 80 10,998 11,593 11,256 This study
125 121075.1.1 Mixed planktonic 10,070 100 10,624 11,248 10,962 This study
foraminifera
125 121074.1.1 Mixed benthic foraminifera 10,500 130 11,173 12,000 11,571 This study
140 127733.1.1 (*) Mixed benthic foraminifera 19,120 480 20,937 23,228 22,160 This study
272 127734.1.1 (*) Mixed benthic foraminifera 10,230 290 10,334 12,072 11,200 This study
329 127735.1.1 (*) Mixed benthic foraminifera 8570 310 8212 9764 8990 This study
DA17-NG-ST12-135G
65 126101.1.1 Mixed benthic foraminifera 2655 90 1891 2453 2175 This study
90 121065.1.1 Mixed planktonic 8760 120 8912 9532 9237 This study
foraminifera
100 121080.1.1 Mixed planktonic 8975 80 9246 9760 9486 This study
#) foraminifera
100 121054.1.1 Mixed benthic foraminifera 8915 90 9132 9676 9417 This study
#)
120 121066.1.1 Mixed planktonic 10,840 80 11,799 12,443 12,107 This study
#) foraminifera
120 121055.1.1 Mixed benthic foraminifera 11,575 90 12,695 13,111 12,900 This study
#*)
140 121067.1.1 Mixed planktonic 13,470 120 15,012 15,772 15,389 This study
#) foraminifera
140 121056.1.1 Mixed benthic foraminifera 13,400 100 14,968 15,638 15,299 This study
#)
170 121064.1.1 Mixed benthic foraminifera 14,070 130 15,756 16,584 16,172 This study
210 121063.1.1 Mixed benthic foraminifera 14,450 220 16,059 17,240 16,652 This study
222 126102.1.1 (*) Mixed benthic foraminifera 24,840 650 26,963 29,590 28,194 This study
274 126103.1.1 Mixed benthic foraminifera >41,000 43,088 This study
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3.4. Geochemical and physical properties

Elemental concentrations were measured on core surfaces of the
archive halves at 0.2-mm interval resolution, using an ITRAX X-ray
fluorescence (XRF) core scanner (Cox Analytical) at the Department of
Geoscience, Aarhus University (Denmark). All core sections were scan-
ned using a molybdenum tube (step size: 0.2 mm; exposure time: 10 s;
voltage: 30 kV, current: 30 mA). The results of the XRF scanning are
provided as element intensities in total counts per second (cps), which
are relative to the real chemical concentration of the measured elements
(Weltje and Tjallingii, 2008). More detailed information about the un-
derlying principles and operation of the ITRAX core scanner is available
in Croudace et al. (2006). Magnetic susceptibility (MS) was measured at
5-mm interval resolution using a Bartington MS2 fitted within the ITRAX
core scanner. The measured MS is a volume magnetic susceptibility k
with units of 107> SI and precision up to 2 x 10~ ° SI. For the present
study, besides MS profiles, we only report on the following elements and
elemental ratios: Manganese (Mn), Titanium (Ti), Aluminum (Al), Iron
(Fe), Silica (Si), Potassium (K), Calcium (Ca), Strontium (Sr), and
Barium (Ba), as well as the ratios Fe/K, K/Ti, Fe/Ca, Ca/Sr and Ca/K.
Elemental counts of Ti, Si, K, and Al, commonly used as proxies for
terrestrial detrital input (e.g., Rothwell and Croudace, 2015; Sala-
barnada et al., 2018; Evangelinos et al., 2020; Lopez-Quirés et al.,
2021), have been plotted against lithological logs to assess variations in
the influx of terrigenous materials to the study area. Elemental counts of
Fe have been similarly used as tracers of the influx of terrigenous ma-
terials (Rothwell and Croudace, 2015), though in combination with
elemental counts of Mn, they have been used as indicators of
paleo-oxidation fronts (e.g., Richter et al., 2006; Wolters et al., 2010).
Elemental counts of Ca and Sr have been strictly used as tracers of
biogenic origin among others (Zaragosi et al., 2006; Rothwell and
Croudace, 2015). Elemental counts of Ba are reported as sensitive in-
dicators of export paleoproductivity (Rohl et al., 2007; Ziegler et al.,
2010). K/Ti ratios are sensitive to glacial/interglacial fluctuations
(Bertram et al., 2018), as variations in K/Ti ratios indicate the source of
detrital particles (e.g., Monien et al., 2012; Bertram et al., 2018) and are
related with the amount of mica and illite phyllosilicates present (Die-
kmann et al., 2008). Ca/K ratios have been reported as tracers of
biogenic carbonate vs. illite variations (Hebbeln et al., 2006). Other
ratios have been previously used as proxies of terrigenous vs. biogenic
CaCOs sedimentation (e.g., Fe/Ca ratios, Rogerson et al., 2006; Rothwell
and Croudace, 2015). Furthermore, more specific interpretations con-
cerning detrital composition have been used (e.g., Fe/K rations indicate
changes in terrigenous mineralogy, Blanchet et al., 2009; while Ca/Sr
ratios are used for detection of detrital carbonate deposition, Hodell
et al., 2008). In addition to element concentration measurements,
measurements of molybdenum (Mo) incoherent and coherent scattering
were provided during XRF core scanning. The incoherent/coherent
scattering ratio (inc/coh) is dependent on the average atomic number of
materials in the sediment; organic carbon has a lower average atomic
mass than silica or aluminosilicate and carbonate minerals. This ratio
thus increases with greater organic carbon concentrations and has been
previously used as an indicator of organic matter content (e.g., Sdez
et al., 2009; Chawchai et al., 2016).

Shear strength measurements (undrained, KPa) were determined at
selected sediment core intervals of cores 135G and 117G with a hand-
held CONTROLS shear vane.

4. Results and interpretation

In this section, the description and interpretation of seismic datasets
(MCS and SBP transects; Sections 4.1., 4.2. and 4.3.) are followed by
analysis of sediment cores and their interpretation in terms of deposi-
tional processes (Sections 4.4. and 4.5.).
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4.1. Seismic stratigraphic framework of Norske trough

Two major seismic sequences (Seq-1 and Seq-2), bounded at the top
by the seabed and below by a pronounced erosional escarpment, are
defined from the MCS data based on stratal stacking patterns and seismic
reflection terminations (Fig. 2). A distinct, angular unconformity divides
the sequences into an underlying, mainly aggrading sequence (Seq-1)
and an overlying, eastward prograding ‘wedge’ sequence (Seq-2)
(Fig. 2B).

Observed stacking patterns and seismic reflection terminations in
Norske Trough, as previously interpreted in other NE Greenland shelf
domains (e.g., see Dgssing et al., 2016; Petersen, 2021), indicate a
prominent eastward shelf progradation along the trough, with the older
Seq-1 displaying a marked tectonic influence on their stacking patterns
(changing dips of the clinoforms and internal deformation; Fig. 2B and
C). In contrast, Seq-2 shows a normal regressive stacking pattern
(Fig. 2B), which is consistent with a passive infill of the margin (Berger
and Jokat, 2008, 2009). Seq-2 is interpreted as a prograding wedge and
is further sub-divided in seq-2a and seq-2b (Fig. 2B). The sequence ages
are poorly constrained due to the lack of longer sediment coring data
from the NE Greenland shelf. However, tentative ages are suggested
based on close-by available seismic-to-borehole ties at ODP-sites 909
and 913 (see Hull et al., 1996; Hamann et al., 2005; Berger and Jokat,
2008, 2009): Seq-1 is attributed to an upper Eocene to mid-Miocene age,
whereas Seq-2 is attributed to a mid-Miocene to Recent age. Accord-
ingly, the seismic unconformity (referred by Dgssing et al., 2016 as
intra-Miocene unconformity, ‘IMU reflection’; e.g., Fig. 2B) is attributed
to a middle to late Miocene (~15-10 Ma) age. Thus, seq-2a is attributed
to mid-Miocene to end-Pliocene age, while seq-2b corresponds to
post-Pliocene to Recent age (Fig. 2B).

Concerning morphosedimentary evolution, the upper part of the
studied MCS sections show a present-day morphology guided by the
underlying, glacier-influenced bed topography (Fig. 2B-F). For example,
we interpret the observed mid-shelf seafloor wedge-shaped depositional
systems ‘GZW-2’ (see Section 4.2) to have formed due to a prominent
topographic high (buried, pre-LGM, possibly GZW) in the underlying
bed topography (Fig. 2B-D). According to Batchelor and Dowdeswell
(2015), the favored formation of GZWs at topographic highs in
cross-shelf troughs may lead to the repeated placement of
grounding-zone lines and the establishment of complex GZWs. In
high-latitude cross-shelf troughs, a large number of GZWs occur in
relation with underlying topographic highs that have been suggested to
act as pinning points for grounding ice stabilization during retreat (e.g.,
Joughin et al., 2004; Ottesen et al., 2007; Dowdeswell and Fugelli, 2012;
Batchelor and Dowdeswell, 2015; Newton et al., 2017; Nielsen and
Rasmussen, 2018). Therefore, the pre-existing glacier-influenced bed
topography in Norske Trough could have provided pinning points for
grounding-zone stabilization during retreat (see below).

4.2. Shallow seismic facies and stratigraphic units

Within the upper part of Seq-2b, three major seismic facies are
distinguished based on the seismo-acoustic characterization using the
SBP data. The seismic facies are: (I) non-penetrative, (II) stratified, and
(1) transparent seismic facies. The description, interpretation and dis-
tribution of seismic facies are shown in Fig. 3A. Based on these seismic
facies, we have defined two seismic stratigraphic units (SU-1 and SU-2)
from the SBP data (Fig. 3B, C, D).

SU-2, the lower seismic stratigraphic unit, is structureless and
characterized by an irregular but relatively flat bottom reflection with
medium to high amplitude (Refl-b; Fig. 3B and C). The unit has an
acoustically semi-transparent to transparent signature (seismic facies
III) and an irregular top reflection with high amplitude and continuity
(Refl-a; Fig. 3B and C). In places, SU-2 shows a distinct mounded
morphology (e.g., Fig. 3B) defining trough-parallel grooves and ridges.
Where mounded, SU-2 reaches thicknesses of up to 25 m, and the
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Fig. 2. Seismic stratigraphic framework of Norske Trough. A) Location of multichannel seismic (MCS) profiles (in red) and mapped glacial seafloor features. For
complete information, see morphological map in Fig. 4. B) MCS profile showing significant regional tectonic and stratigraphic structures. Two major seismic se-
quences (Seq-1 (below) and Seq-2 (above)) separated by an angular intra-Miocene unconformity (IMU reflection; Dgssing et al., 2016), and bounded below by a
pronounced erosional escarpment, is identified. The Seq-2 sequence was further sub-divided in a lower seq-2a and upper seq-2b. Enlarged squared area show detailed
morphosedimentary features based on the upper part of the MCS record (e.g., GZWs and moraines). Note that a buried, pre-LGM, pre-existing topographic high
(possibly a GZW) is observed below an important surface GZW (GZW-2). C) and D) Detailed surface/buried pre-existing topographic highs (possibly GZWs) observed
above IMU reflection (see enlarged square areas). E) and F) Examples of other observed glacial seafloor features (e.g., lateral and recessional moraines).

individual ridges have widths of 120-900 m and reliefs between 5 and (Dowdeswell et al., 2004; Evans et al., 2009; O Cofaigh et al., 2005,

15 m. Their lengths likely cover several tens of kilometres. 2007). The structureless nature may also indicate that the till has a
The structureless and acoustically transparent nature of SU-2 is massive structure (Evans et al.,, 2009). In addition, the mounded
interpreted as subglacial till, comparable to the acoustic signature re- morphology of SU-2 is interpreted as glacial lineations (see below) based

ported from other cross-shelf troughs on high-latitude glaciated margins on its similarity to comparable landforms reported from other cross-shelf
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troughs, both in Greenland and Antarctica (e.g., 0 Cofaigh et al., 2005;
Evans et al., 2009; Arndt et al., 2017). The presence of glacial lineations
on SU-2, which form subglacially (e.g., O Cofaigh et al., 2005), provides
further constraints for a subglacial till interpretation. Furthermore, SU-2
correlates with massive, matrix-supported soft diamicton in cores 135G
and 117G, interpreted as subglacial basal till (i.e., lithological unit VII;
see below).

SU-1 is acoustically stratified (seismic facies II) in most of the inner
trough (Fig. 3B and C), while it shows semi-transparent to transparent
reflections (seismic facies I) in the outermost inner to middle and outer
trough (Fig. 3C). SU-1 is up to 37 m thick and occurs locally, either as
basin infill or as draping above the underlying mounded SU-2 unit in the
inner trough (Fig. 3D). In the innermost trough, unit SU-1 is further
subdivided by reflection Refl-a’ (Fig. 3B and C), which marks the tran-
sition from an upper low-amplitude stratified succession (SU-1a) to a
lower high-amplitude stratified succession (SU-1b). In some places, SU-
1b further comprises thin layers with a transparent to low-amplitude
acoustic signature.

Based on its stratification/infilling geometry, SU-1 is interpreted as a
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inpenetrable surface with a strong
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by iceberg keels or
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sediments reworked
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product of glaciomarine/hemipelagic sediment deposition during and
after ice stream retreat. Similar acoustic signatures have been reported
in other glaciated margins, and their formation is interpreted as a
product of glaciomarine suspension settling and/or turbidity and bottom
current deposition (e.g., o) Cofaigh and Dowdeswell, 2001; Dowdeswell
et al., 2004; O Cofaigh et al., 2005; Hogan et al., 2012; Lopez-Quiros
et al., 2021). In addition, the low-amplitude layers internally of SU-1b
(Fig. 3B) may be indicative of a diamictic-like composition, the gene-
sis of which may be related to debris flow activity (Hogan et al., 2012;
Callard et al., 2020). This suggests that SU-1b is composed of inter-
bedded suspension settling and debris-flow deposits. Furthermore, SU-1
is correlated with interpreted proglacial and distal glaciomarine sedi-
ments in cores 135G, 117G and 92G (i.e., lithological units VI to I; see
below). Accordingly, SU-1 is interpreted to reflect a gradual transition
from ice-proximal to distal environments.

4.3. Seabed geomorphology: submarine landforms

The SBP dataset from Norske Trough reveals glacial features
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Fig. 3. Acoustic characterization, seismic stratigraphy and deglacial (SU-1) sediment volumes in Norske Trough for the upper part of Seq-2b. A) Identified acoustic
seismic facies and corresponding facies distribution map. B) Defined seismic stratigraphic units. Example of an uninterpreted and interpreted SBP section displaying
the two main seismic stratigraphic units (SU-1 and SU-2). In the innermost trough, unit SU-1 is further subdivided by Refl-a’ in SU-1b and SU-1a. Profile location in
the inset map. C) High resolution seismic stratigraphy across Norske Trough plotted vs. two-way travel time (TWT). Two main seismic discontinuities (reflections
Refl-b and Refl-a) were identified as the base of the subglacial (SU-2) and proglacial to distal glaciomarine (SU-1) sedimentation. A third reflector (Refl-a’) was
recognized in the inner trough, delimiting SU-1b (glaciomarine/hemipelagic with interbedded debris-flow deposits) and SU-1a (glaciomarine/hemipelagic). The
location and penetration of sediment cores DA17-NG-ST08-092G, DA17-NG-ST10-117G and DA17-NG-ST12-135G are marked in dark red. Radiocarbon dates for the
cores are shown next to the cores. D) Isopach map of the deglacial sediment pile: SU-1b + SU-1a (using a sound velocity of 1500 m/s). Outline used for volume

calculation is indicated in orange.



A. Lopez-Quirés et al.

interpreted to reflect patterns of ice stream dynamics during the last
deglaciation (Fig. 4).

4.3.1. Glacial lineations

The streamlined, trough-parallel grooves and ridges of SU-2 occur
principally in the inner trough, terminating close to a major wedge-
shaped depositional system (GZW-2; Figs. 4 and 5). All of these paral-
lel to sub-parallel linear ridges are aligned with the centerline of the
trough (Fig. 4). Sparse subtle linear ridges have previously been re-
ported at the shelf edge (Arndt et al., 2017, Fig. 4).

Based on the spatial distribution, dimensions and orientation, the
trough-parallel grooves and ridges are interpreted as glacial lineations,
formed subglacially by deformation of a low shear strength basal till
layer (SU-2) at the base of a fast-flowing grounded ice stream advance
(e.g., Dowdeswell et al., 2004; King et al., 2009; Spagnolo et al., 2014;
Batchelor and Dowdeswell, 2015). Similar streamlined features have
been reported on the seafloor of other formerly glaciated continental
margins; here they have been interpreted to indicate the presence of
grounded ice streams (Canals et al., 2000; Evans et al., 2009; Rydningen
et al., 2013; Andreassen et al., 2014; Hogan et al., 2016; Arndt et al.,
2017; Arndt, 2018).

4.3.2. Grounding-zone wedges (GZWs)

Two asymmetrical wedge-shaped depositional systems are present
within the outer to middle trough (GZW-1 and GZW-2; Figs. 2, 4 and 6).
GZW-2 was originally mapped by Arndt et al. (2015). The GZWs, spaced
25 km from each other, are ~30-50 m high and several kms wide
(Figs. 2, 4 and 6). The two GZWs are observed within and otherwise
acoustically semi-transparent to chaotic unit (seismic facies I) (Fig. 6).
The base of the two wedge-shaped depositional systems is unfortunately
impossible to recognize on our SBP sections (Fig. 6D and E). However,
on the MCS data, the two GZWs are linked to a thick, ~180 m sedi-
mentary succession that occurs above dipping reflections (Seq-1) on the

Inner trough

Belgica
Bank’

-t lcedom

N
Mapped glacial seafloor features
Trough
Sill Grounding-zone wedge (GZW) Arndt, 2015;
Ridge/lateral morain Z Glacial lineations | Arndt et al. 2015,
Iceberg ploughmarks 2017
Tabular iceberg ploughmarks
¢ J Grounding-zone wedge (GZW)
 Glacial lineations/subtle glacial lineations
\ Inferred paleo ice flow
Transverse recesional moraines
% Iceberg ploughmarks; ‘tabular’

This study

Quaternary Science Reviews 325 (2024) 108477

prograding shelf of Norske Trough (Fig. 2). This observation rules out
that these features are bedrock sills.

Based on the seismo-acoustic morphological characterization, the
wedge-shaped depositional systems are interpreted as grounding-zone
wedges (GZWs) recording the position of the grounding line during
temporary stillstands (i.e., the relatively long-lasting halts during the
overall retreat; Dowdeswell et al., 2008; Batchelor and Dowdeswell,
2015). In our data, the observed GZWs are found superimposed on the
glacial lineations (at their base, Figs. 4 and 6B), providing evidence that
they were formed during a recessional trend. GZWs are more likely to
form in regions where the vertical accommodation space beyond the
grounding-zone is limited by the presence of floating ice shelves (e.g.,
Batchelor and Dowdeswell, 2015, and references therein). Thus, the
establishment of floating ice shelves in the study area most likely
contributed to the formation of GZWs. Moreover, the transparent char-
acter of these wedge-shaped depositional systems (Fig. 6E) indicates that
the GZWs most likely formed by the deposition of unconsolidated,
water-saturated subglacial till during such temporary stillstands as re-
ported in comparable settings (e.g., O Cofaigh and Stokes, 2008;
Rebesco et al., 2011).

4.3.3. Recessional moraines

A number of likely low-relief, transverse and/or semitransverse
ridges, with a low-amplitude to transparent seismic facies (seismic facies
I; Fig. 6D and E), are documented on the seafloor of the middle to outer
trough (Figs. 2, 4 and 6). The ridges are up to 1250 m wide, have reliefs
<45 m and have a spacing of ~100-600 m (e.g., enlarged area in
Fig. 6E). The ridges were predominantly mapped in the outer trough,
further east of GZW-1, while small ridges are also present between GZW-
1 and GZW-2 (Figs. 4 and 6D). Our limited available seismic data
coverage does, unfortunately, not allow a further description of the
ridges’ shape, orientation and spatial distribution.

Based on the seismo-acoustic morphological characterization, the
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Fig. 4. Morphological map showing the distribution of glacial seafloor features in Norske Trough, NE Greenland shelf in relation to our sediment cores. Proposed last
glacial maximum ice extents (LGM max; Evans et al., 2009; Arndt et al., 2017) is displayed. Bathymetric map extracted from Arndt et al. (2015). Ice dome outline is

from Arndt et al. (2017).



A. Lopez-Quirés et al.

Quaternary Science Reviews 325 (2024) 108477

Bose]

077
078 §
079 {!

0.80

Stratified basin infill
1 (inner Norske Trought)

SW-NE

Laminated parallel
to sub-parallel deposits

o d o=
. Dipping reflectors

TWT (s)

0.81

0.82

0.83

0.84

Laminated parallel
to sub-parallel deposits

_ flowideposits

Interbedded debris-flow dep:

<« Subtle lineations/

g bedforms \

P %,

i’

gt .
~ Basaltill "’

3 066 i
E o w ““”?m%w
0.67 i T
= £ Refl-b -
0 ‘ Reﬂ-a & £
1 1000 m S g

S-N

osits

and glaciomarine/hemipelagic sediments

to sub-parallel deposits 0.79 g
=
080

10.81

10.82

o
2l ‘1000m fos83
PRI st L LR

Subtle lineations S-N

W-E

Laminated parallel

Lineations

| 500 m
Lineations

i :
Transparent deposits

@ (basal till)
e

Basal till
,-0‘72
w073
L0.74
G
S0m Lors &
Lineations —, = Basaltill SN =
Sediment & ﬂ}f’iﬁ “’?(su-m L0.76
o COVEL <5 7 W sus\\ . zsu.1b
é’ - et L\\\\ \UT% < 4077
P g " e
i O.sa-w f Refl-b Basal
iS00 reflector 078
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observed underlying the deglacial sediment pile. D), E), F) and G) Examples of glacial lineations aligned with the centerline of the trough (detailed ice flow in Fig. 4),
note the length of lineations and the acoustically transparent facies (SU-2) interpreted as basal till suggest fast streaming ice. The location of SBP sections (in yellow)
is indicated in added bathymetric sections (a-1, a-2 and a-3), while the location of the sediment cores is marked in dark red.

transverse and/or semitransverse ridges are interpreted as recessional
moraines, formed at the grounding line during overall retreat with
repeated short-term stillstands (O Cofaigh et al., 2008; Batchelor and
Dowdeswell, 2015). Recessional moraines are typically associated with
tidewater ice-sheet margins, as they require almost unlimited vertical
accommodation space to build up at the grounding zone (e.g., Batchelor
and Dowdeswell, 2015). In our data, the observed recessional moraines
have a low-relief shape, suggesting that vertical accommodation space
immediately beyond the grounding line was limited (e.g., Dowdeswell
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and Fugelli, 2012). According to Batchelor and Dowdeswell (2015),
low-relief ridges are typically formed through restricting vertical ac-
commodation space at low-angle roofed, water-filled cavities that exist
between the seafloor and the base of ice shelves. Thus, the establishment
of a floating ice shelf limiting the vertical accommodation space beyond
the grounding line, as interpreted for the formation of GZWs, may have
prevented the aggradation of high-relief recessional moraines. More-
over, the acoustically transparent character of these moraine ridges
suggest a diamictic-like composition (Stewart and Stoker, 1990).
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Fig. 6. High resolution seismic stratigraphic characterization and observed glacial features of the middle to outer trough region. A) and B) Glacial lineations. C)
Iceberg ploughmarks. D) and E) Examples of the two observed grounding zone wedges (GZW-2 and 1), marking temporary ice stream stability during overall retreat.
Paleo-ice flow was from left to right. Poorly defined seafloor due to iceberg ploughing is shown across the GZW-2. The enlarged area in (E) display a set of transverse
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4.3.4. Iceberg ploughmarks

Incisions, ‘scours’, are present in shallow areas of Norske Trough (e.
g., overprinting GZW-2; Figs. 4 and 6D) and in the vicinity of the
prominent, southern lateral moraine where they occur in high density
(Figs. 4 and 6F). These scours mainly display characteristic U-shaped
profiles, but also rectangular (tabular) shapes with flat central domains,
often accompanied by adjacent berms (Fig. 6F). They are <500 m wide
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and ~5-20 m deep (Fig. 6F). Tabular shaped scours were documented
only in the southern section of the outer trough (Fig. 4). Similarly,
tabular shaped scours, interpreted as iceberg ploughmarks, were re-
ported in the northern section of the outer trough by Arndt et al. (2017).
The direction of the iceberg drift, as reported in detail by Arndt et al.
(2017), is ~N-S, with likely both NE-SW and NW-SE directions (Fig. 4).

Based on the seismo-acoustic morphological characterization, the
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mapped scours cross-cutting large-scale submarine landforms (e.g.,
GZW-2: Fig. 6D), are interpreted as iceberg ploughmarks formed later
during the overall retreat by keels of drifting icebergs that have
grounded into the uppermost sedimentary substrate of the seafloor (SU-
1) along its path (Dowdeswell et al., 1993; Jakobsson et al., 2014).
Moreover, documented tabular shaped ploughmarks in the outer trough
(Arndt et al., 2017, Figs. 4 and 6F), suggest the release of calving,
‘tabular’ icebergs from regional floating ice shelves (e.g., Dowdeswell
and Bamber, 2007). More recent scouring by icebergs originating from
the Arctic Ocean may also occur.

4.4. AMS *C dating of cores 92G, 117G and 135G

The chronology of core 92G has been presented in Davies et al.
(2022) (Table 1; S. Fig. 2A). The chronology for cores 135G and 117G is
based on AMS 4C measurements on both mixed species of benthic and
mixed species of planktic foraminifera (Table 1; S. Fig. 2B and C). Cas-
sidulina neoteretis, Cassidulina reniforme and Elphidium clavatum were the
primary benthic foraminiferal species used for the AMS '*C dating,
while Neogloboquadrina pachyderma and Globigerina bulloides were the
two planktic foraminiferal species used. In order to evaluate the po-
tential loss of core top sediment during coring operations, we conducted
a detailed stratigraphic/geochemical core-to-core correlation (i.e., be-
tween gravity and rumohr cores; S. Fig. 1), which indicated that ~9, ~9
and ~1 cm sediment was missing from the top of cores 92G, 117G and
135G, respectively.

The age-depth model of core 92G covers the last 13.4 cal Kyr BP
(Davies et al., 2022), with the upper 14c-dated sample retrieved at 0.5
cm depth (597 cal Yr BP; S. Fig. 2A).

The age-depth model of core 117G indicates that the upper sedi-
mentary succession covers the last 11.6 cal Kyr BP (i.e., the Holocene; S.
Fig. 2B). However, the upper '*C-dated sample was obtained at 68 cm
depth (7.07 cal Kyr BP; S. Fig. 2B). Absence of datable core material in
the upper part of the succession (68-0 cm depth, lithological units I and
I, S. Fig. 2B) does not allow precise middle-late Holocene in-
terpretations. In addition, one radiocarbon-dated sample at 140 cm
depth (i.e., the top of lithological unit VI), beyond the tie-point at 125
cm depth (11.57 cal Kyr BP), corresponds in age to the glacial period
(22.1 cal Kyr BP; Table 1). Based on depositional processes interpreted
for lithological unit VI (see below, Section 4.5.), we consider this 4c.
date as redeposited and/or reworked from older sediments transported
along debris flow deposits. In addition, and despite limited sample
availability, two complementary '*C-dates at 272 and 329 cm core
depth provided ages of 11.2 cal Kyr BP and 8.9 cal Kyr BP, respectively
(Table 1). The first young *C-date was obtained from lithological unit
VI, which includes redeposited sediments transported along debris flow
deposits. The second 14C_date, obtained from lithological unit VII, which
is also interpreted as redeposited diamictic sediments (see below, Sec-
tion 4.5.), provides an even younger *C-date than the overlying dates,
indicating a clear reversed pattern. Although it cannot be fully ruled out
that reversal in the ages is linked to various degrees of mixing of old
reworked and young in situ material, owing to the ultra-small sample
size (<10 pg available carbon), we consider these three anomalous T4c.
dates as unreliable and do not include them in our age model.

The age-depth model of core 135G covers the last 16.6 cal Kyr BP (i.
e., the very late Pleistocene and the Holocene; S. Fig. 2C). However, the
upper radiocarbon-dated sample was obtained at 65 cm depth (2.17 cal
Kyr BP; S. Fig. 2C). Absence of datable core material in the upper part of
the sedimentary succession (65-0 cm depth, mainly lithological unit I; S.
Fig. 2C), does not allow precise late Holocene interpretations. In
contrast, the radiocarbon-dated sample at 210 cm depth (16.65 cal Kyr
BP; S. Fig. 2C), right above lithological unit VII, allows us to interpret
major pre-Holocene events (i.e., the Bglling-Allergd warm period and
the Younger Dryas cold period). In addition, two radiocarbon-dated
samples in the bottom part of the sedimentary succession (i.e., within
lithological unit VII at depths of 222 and 274 cm) indicate Pleistocene
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deposition (~28.2 to >41 cal Kyr BP; S. Fig. 2C). Based on depositional
processes interpreted for lithological unit VII (see below, Section 4.5.),
we consider these pre-LGM *C-dates as redeposited and/or reworked
from older sediments transported along the base of an ice stream.

4.5. Lithostratigraphy of the uppermost trough strata

Seven lithological/sedimentological (lithofacies) units (LU) have
been defined from the core bottom upward based on lithological
composition, sedimentary structures and geochemical/physical prop-
erties changes: LU-VII, LU-VI, LU-V, LU-1V, LU-III, LU-Il and LU-I (Figs. 7
and 8 and S. Figs. 3-5).

4.5.1. LU-VII - massive, matrix-supported soft diamicton

LU-VII is the lowermost lithological unit observed in two of the three
investigated cores (135G and 117G). It comprises a distinctive reddish to
dark reddish brown, massive, matrix-supported diamicton with bimodal
distribution and a sandy mud matrix of <5 cm angular to sub-angular,
randomly oriented clasts (Figs. 7, 8 A-E). Crystalline rocks and grains
with hematite coatings (mainly quartz and feldspars), with minor
amounts of metamorphic and volcanic rocks (e.g., quartzites/basalt),
mica, olivine grains, and volcanic glass shards, characterize the dia-
mictic composition of LU-VII (Fig. 8B and C). Foraminifera occur very
rarely. The upper unit boundary is sharp and there are no signs of bio-
turbation (Fig. 7). The sediment grain size is dominated by the sand and
silt fractions, rather than clay, throughout this unit (S. Figs. 3 and 4).
Magnetic susceptibility (MS), density and shear strengths values (core
135G: 100-162; core 117G: 140-170 kPa) are comparatively higher
than in the overlying lithological unit (S. Figs. 3 and 4), suggesting
sediment over-consolidation. Terrigenous elements (Ti, K, Si, Al, Fe) and
Ca, Sr, Ba, and other elemental ratios (e.g., K/Ti, Ca/Sr or Ca/K), exhibit
a bottom-up decreasing trend up to 255 cm depth, followed by a general
increasing trend towards the top unit in core 135G (Fig. 7 and S. Figs. 3
and 4). In core 117G, the elements/elemental ratios show no significant
variability until the top 10 cm where terrigenous elements (e.g., Ti)
increase while Ca and Sr decrease (Fig. 7 and S. Fig. 4).

Petrographic grain composition, including XRF-measured elemental
composition, suggests mid-Devonian sand and siltstones (red beds) of
the NE Greenland hinterland as the source area of these diamictons
(Fig. 1A; Bond and Lotti, 1995; Hubberten et al., 1995; Stein, 2008; Stein
et al., 2016; Syring et al., 2020); previously interpreted as ‘diamictic
basal till’ deposited at the base of an ice stream in both the E and NE
Greenland shelf (e.g., Stein, 2008; Syring et al., 2020, respectively).
Moreover, the recognition of (diamictic) particle-size distributions with
a bimodal character, which is indicative of comminution processes
involving particle size reduction by crushing and abrasion, is a common
observation in subglacial tills (e.g., Dreimanis and Vagners, 1971; Hal-
dorsen, 1981; Larsen et al., 2004; Piotrowski et al., 2006; Madsen and
Piotrowski, 2012). Based on the diamictic composition, bimodal
grain-size distribution, large amounts of angular to sub-angular clasts
along with the homogeneity in the matrix material, high shear strength,
absence of bioturbation and the sharp contact with overlying sediments
(LU-VI), we interpret LU-VII as a diamictic subglacial basal till deposited
at the base of an ice stream (Anderson et al., 1980; Anderson, 1999;
Dowdeswell et al., 2004; o) Cofaigh et al., 2005; Evans et al., 2006; Stein,
2008; Evans, 2018). In addition, core 117G was recovered from a field of
glacial lineations, which is well known as a paleo-subglacial geomorphic
setting (Figs. 4 and 5D). Accordingly, seismo-acoustic morphological
results (Sections 4.2. and 4.3.) also support this interpretation.
Furthermore, the well-defined (red-colored; Fig. 7) diamictic composi-
tion rule out transport by single icebergs, which would result in a more
mixed type of sediment (Bond and Lotti, 1995; Stein, 2008).

4.5.2. LU-VI — massive sandy mud with interbedded matrix-supported,
diamictic-like horizons
This unit was only recovered in core 117G (Fig. 7). LU-VI is
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composed of dark gray massive sandy mud with interbedded reddish
brown, massive, matrix-supported diamictic-like horizons. The lower-
and upper-unit boundaries are sharp, while bioturbation and forami-
nifera occur very rarely (Fig. 7). Poorly sorted, sandy mud with <3 cm
sub-angular, randomly oriented clasts, and similar petrographic
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composition than underlying LU-VII, characterize the diamictic-like
horizons (Figs. 7 and 8F). Moreover, diamictic-like horizons are con-
torted by sharp to irregular (erosional) contacts (Fig. 8F). The sediment
grain size is slightly dominated by the silt fraction, with noticeable peaks
of sand comprising the diamictic-like horizons (S. Fig. 4). MS and
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supported soft diamicton (subglacial basal till). B) and C) Binocular microscope photomicrographs showing detailed, sieved (>250 pm) grains from the diamictic LU-
VII (core 117G; 413 and 333 cm depth, respectively). Crystalline rocks/grains with hematite coatings (e.g., quartz: white arrow; feldspars: yellow arrow), with minor
amounts of metamorphic/volcanic rocks and mica, olivine grains and volcanic glass shards, characterize the diamictic composition. D) CT scan example of LU-VII
(core 135G, 230-248.5 cm depth) showing massive, matrix-supported soft diamicton. E) Example of bimodal grain-size distribution of LU-VII (diamicton; core 117G).
F) CT scan example of LU-VI (core 117G, 225-250 cm depth) showing massive sandy mud with interbedded matrix-supported, diamictic-like horizons (debris-flow
deposits). G), H), I) and J) CT scan imageries of LU-V displaying detailed laminated mud with occasional IRD and/or bioturbated intervals (G: core 117G, 121-147
cm depth; H and I: core 135G, 170-193 and 186-226 cm depth; J: core 92G, 533-558 cm depth). Note that faint cross lamination is also observed in core 117G (133
cm depth). K) CT scan example of LU-IV (core 117G, 103-116 cm depth) showing matrix-supported iceberg rafted diamicton. L) Binocular glass photomicrograph
showing sieved (>250 pm) grains from the diamictic (iceberg rafted) LU-IV (core 117G, 108 cm depth). M) CT scan example of LU-III (core 92G, 133-146.3 cm
depth) displaying bioturbated, foraminifera bearing massive mud. N) SEM photomicrograph (SE) showing burrowed clayey mud of LU-II (core 117G, 40 cm depth).
0) SEM (BSE) photomicrograph and related energy dispersive X-ray (EDX) analysis of euhedral to sub-spherical (authigenic) barite observed in LU-II (core 117G, 40
cm depth). P) SEM photomicrograph (SE) of LU-I showing the clay-sized matrix dominated by illite/smectite (core 117G, 11 cm depth).

density values are comparatively much lower than in the underlying trends respectively (S. Fig. 4). In the diamictic-like horizons, terrigenous
lithological unit, with slightly higher values comprising the diamictic- elements (e.g., Ti) and other elemental ratios (e.g., K/Ti) decrease, while
like horizons (Fig. 7). Terrigenous elements (Ti, K, Si, Al, Fe) and Ca, Ca and Sr and other elemental ratios (e.g., Ca/Sr and Ca/K) increase.

Sr, and other elemental ratios (e.g., Fe/K, K/Ti, Ca/Sr or Ca/K) show no Textural and mineralogical similarities of interbedded diamictic-like
significant variability thorough, except for the diamictic-like horizons horizons within LU-VI and underlying diamictic subglacial basal till (LU-
(Fig. 7 and S. Fig. 4). Ba and Mo (incoherent/coherent scattering ratio; VII) leads us to the interpretation that these are debris flow deposits
inc/coh), however, exhibit a bottom-up increasing and decreasing originating from melt-out of englacial debris at the adjacent grounding
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line (Domack et al., 1999; Evans and Pudsey, 2002; Pudsey et al., 2006;
Smith et al., 2017, 2019; Prothro et al., 2018); which is comparable to
the sub-ice shelf sedimentary sequence ascribed as ‘stratified diamicton’
by Smith et al. (2019). Comparable sedimentary archives comprising a
basal overconsolidated subglacial till, overlain by mud with interbedded
diamictic-like horizons and interpreted as debris-flow deposits, have
been reported in the study area and regionally (e.g., Stein, 2008; Syring
et al., 2020). Alternatively, and taking into account that core 117G is
located 29 km behind GZW-2 (Fig. 4), stacking of successive debris flows
at LU-VI could be the result of gravity-driven downslope processes from
the earlier stages of adjacent GZW-2 topset. Another possible explana-
tion is that LU-VI reflects an ice-proximal setting with a glaciomarine
sedimentation containing large amounts of IRD associated to episodic
calving events. However, diamicton textural and mineralogic homoge-
neity (including XRF-measured elemental concentration) in LU-VII and
LU-VI rule out transport by single icebergs which would result in a more
mixed type of sediment (Bond and Lotti, 1995; Hubberten et al., 1995).

4.5.3. LU-V - laminated mud with occasional IRD and/or bioturbated
intervals

LU-V is found in all three cores, and it makes up the bottom unit of
core 92G. The unit consists of yellowish-to reddish-brown laminated to
stratified mud with occasional granule/pebble clasts and interbedded
bioturbated intervals (Figs. 7, 8G-J). Lamination, 4-10 mm thick, is
composed of parallel laminae with alternating coarse and fine mud,
which exhibit, respectively, lighter and darker X-ray attenuations
(densities) on the CT scan images (Fig. 8G-J). Faint cross lamination is
also observed in core 117G at 133 cm depth (Fig. 8G). Above 181 cm
depth (core 135G) and 135 cm depth (core 117G), respectively, laminae
thickness displays a slightly bottom-up decreasing trend, and the finer
laminae become thicker than their coarse counterparts (Fig. 8G and H).
However, in core 117G a thicker coarse lamina with large amounts of
sandy grains is noticed at 127 cm depth (Fig. 8G). Similarly, laminations
with fine grains become dominant above 390 cm depth in core 92G
(Fig. 7; Davies et al., 2022). Normally graded laminae are observed
throughout (Fig. 8G-J). The lower unit boundary is sharp, while the
upper unit boundary is gradational and display diffuse laminae (Figs. 7
and 8G). Sediments are composed of mostly terrigenous components,
including angular to sub-angular grains of quartz and feldspar with
subordinate, undifferentiated metamorphic and volcanic rock frag-
ments, olivine and mica. Foraminiferal occurrence is rare to moderate.
In cores 135G and 117G, the silt fraction dominates the sediment grain
size, while the clay fraction slightly predominates over the silt-sand
fractions in core 92G (S. Figs. 3-5). MS and density values in cores
135G and 117G are comparatively higher than in the underlying unit,
with noticeable peaks (Fig. 7 and S. Figs. 3 and 4). In core 92G, MS and
density values show no significant variability but increase from 350 cm
depth, coincident with a bioturbated interval (Fig. 7; S. Fig. 5). Terrig-
enous elements (Ti, K, Si, Al) and Ca, Sr, and other elemental ratios (e.g.,
K/Ti, Ca/Sr or Ca/K) fluctuate considerably, while even greater vari-
ability is found in core 135G (Fig. 7 and S. Figs. 3-5). In this core, ele-
ments/elemental ratios (Ti, Al, K, Si, Ca, Sr, K/Ti, Ca/Sr, Ca/K) display
an overall bottom-up increasing trend with minor fluctuations and
noticeable peaks from 195 to 170 cm depth, coinciding with the more
condensed laminated interval (Fig. 8H), followed by a general
decreasing trend toward the top unit (S. Fig. 3). Similarly, in core 117G a
slightly bottom-up increasing trend is followed by a decreasing trend of
elements/elemental ratios (Ti, Al, K, Si, Ca, Sr, Ca/Sr, Ca/K) (S. Fig. 4).

Several proxies indicate that LU-V is largely terrigenous in origin.
High elemental counts of terrigenous elements (Ti, K, Si, Al, Fe) and K/Ti
ratios have been related to higher supplies of detrital sediments (e.g.,
Rothwell and Croudace, 2015; Bertram et al., 2018; Lopez-Quirds et al.,
2021). Also, high K/Ti ratios indicate an increased influx of illite-rich
particles (e.g., Diekmann et al., 2008; Lopez-Quiros et al., 2021)
mostly supplied by physical weathering. Illite-rich clay fractions along
with higher MS and density values suggest a close relationship between
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grain size and physical properties, which also supports a dominantly
terrigenous depositional regime. LU-V is interpreted to contain proximal
glaciomarine sediments deposited from terrigenous suspension settling.
This is based on its fine-grained nature and largely rhythmic parallel
lamination imparted by alternating coarse and fine laminae of mud
(Domack et al., 1999; O Cofaigh and Dowdeswell, 2001; 0 Cofaigh et al.,
2001; Prothro et al., 2018; Smith et al., 2019). Laminated mud intervals,
related to suspension settling from meltwater plumes, are frequently
deposited in a grounding line proximal setting (e.g., Forwick and Vor-
ren, 2009; Streuff et al., 2018; Davies et al., 2022). The stratification of
sediments suggests variations in the current strength of the water masses
emanating from the ice margin. The bottom-up decrease in laminae
thickness as well as the decrease in thickness of coarse laminae, suggest
a reduced sedimentation rate triggered by minor grounding line retreat
and a gradually ice-distal sediment source (e.g., O Cofaigh et al., 2001;
Streuff et al., 2017, 2018), from which larger amounts of fine-grained
sediments possibly reached the studied core sites. Moreover, reported
foraminiferal species in core 92G (Davies et al., 2022), which are often
found beneath floating ice sheets or perennial sea ice (e.g., Jennings
et al., 2020; Polyak et al., 2002), further suggest deposition by suspen-
sion settling from meltwater plumes under a floating ice shelf. Although,
the thinner laminated sequence, when compared to other Arctic sub-ice
shelf records (e.g., in Nares Strait, where ice shelf laminated lithofacies
are up to 15 m thick; Jennings et al., 2022) suggests a limited or less
extensive depositional process by suspension settling from meltwater
plumes. The occurrence of diffuse faint cross lamination in core 117G
(Fig. 8G), which suggest sediment deposition from turbidity currents
alongside suspension settling, cannot be ruled out (Gilbert et al., 1993; O
Cofaigh and Dowdeswell, 2001; Talling et al., 2012). In addition, oc-
casional occurrence of granule and pebble clasts within laminated muds
likely indicate debris sourced from subglacial meltwater beneath the ice
shelf (Jennings et al., 2022).

4.5.4. LU-IV - matrix-supported marine diamicton (pebbly mud)

This unit was recovered only in two of the three inspected cores
(135G and 117G). LU-1V consists of brown to greenish-brown, matrix-
supported diamicton or ‘pebbly mud’ (Figs. 7 and 8K, L). Sediments are
mostly composed of terrigenous components, including sub-angular
grains of quartz/feldspar and undifferentiated metamorphic and volca-
nic rock fragments (Fig. 8L). The lower unit boundary is sharp-to-
irregular, whilst from 115 cm depth (core 135G) and 105 cm depth
(core 117G) upwards, the diamicton gradually fines upward into bio-
turbated, foraminifera bearing massive mud (overlying LU-III; Fig. 7).
Accordingly, moderate burrowing activity is observed at the upper part
of LU- IV (e.g., Fig. 8K). Benthic foraminifera (calcareous) are abundant
and diverse in the upper part of the unit toward the transition to the
overlying LU-III (Fig. 7). The sediment grain size is dominated by the silt
fraction, with conspicuous peaks of sand (S. Figs. 3 and 4). MS and
density values are relatively higher than in the underlying unit (Fig. 7
and S. Figs. 3 and 4). Terrigenous elements (Ti, K, Si, Al, Fe) and Ca, Sr,
and other elemental ratio (e.g., K/Ti, Ca/Sr, Ca/K) in core 135G exhibit
a general bottom-up increasing trend up to 121 cm depth, followed by a
decreasing trend towards the top of the unit, where increasing bio-
turbation is also observed (Fig. 7 and S. Fig. 3). Similarly, a bottom-up
increasing trend in terrigenous elements, followed by a slightly
decreasing trend in elements/elemental ratios (e.g., Si, K, Ca, Sr, Ca/Sr,
Ca/K), characterizes core 117G (S. Fig. 3).

Several proxies indicate that LU-IV is, as interpreted in the under-
lying unit, mainly terrigenous in origin. LU-IV is interpreted to have
been deposited in an ice-proximal glaciomarine environment by
vigorous iceberg rafting as the calving zone of a floating ice shelf passed
over core sites 135G and 117G (Domack et al., 1999; Kilfeather et al.,
2011; Yokohama et al., 2016; Smith et al., 2011, 2019). However, an
alternative interpretation would be that the deposition of pebbly muds
(LU-IV), overlying laminated muds (LU-V) may correspond to a period of
enhanced melting of debris-rich basal ice at the grounding zone as turbid
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meltwater plumes (e.g., Reilly et al., 2019), as suggested in other Arctic
ice shelf lithofacies records (e.g., at Petermann Fjord/northern Nares
Strait; Jennings et al., 2022). In this case, the retreating calving-line
hypothesis is favored relative to a period of basal melting due to dif-
ferences in petrographic composition between LU-IV and the underlying
lithological units, such as the diamictic-like horizons of LU-VI, inter-
preted to be deposited by melt-out of englacial debris (see above). For
example, the mineralogical composition of LU-1V is devoid of quartz and
feldspars with hematite coatings, which are the dominant grains found
in LU-VI and in the diamictic subglacial basal till (LU-VII). In contrast,
Ca/Sr spikes observed in LU-IV suggest an increased delivery of IRD rich
in detrital carbonate. Accordingly, we interpret LU-IV as an iceberg
rafted diamicton. This iceberg rafted diamicton (LU-IV), overlying
laminated muds deposited by suspension settling from meltwater
plumes (LU-V), is part of the idealized Antarctic sub-ice shelf lithofacies
model (Fig. 3 in Smith et al., 2019). Differences between Antarctic and
Arctic ice shelf lithofacies models are most likely due to the scale of the
ice shelves in each region, which may also limit depositional processes
such as sedimentation by turbid meltwater plumes (see Jennings et al.,
2022, for a thorough review of similarities and differences between
models). Given the size of Norske Trough, covering about 20% of the NE
Greenland shelf, compared to Greenland’s modern ice tongues that are
confined within fjords (e.g., Jennings et al., 2022), and the thinner and
less extensive nature of underlying laminated muds (LU-V) that suggest
limited meltwater processes in cores 135G and 117G, we consider the
Antarctic sub-ice shelf model of Smith et al. (2019) to be the more
conservative interpretation. Moreover, the deposition of biogenic muds
(LU-III) overlying LU-1V, interpreted to have been deposited in an
ice-distal glaciomarine to open marine environment (see below), sup-
ports retreat of the ice shelf calving front back from sites 135G and
117G.

4.5.5. LU-III - bioturbated, foraminifera-bearing massive mud

LU-II is composed of massive brown mud with moderate bio-
turbation (Figs. 7 and 8 M). High occurrence of IRD is observed in core
92G from 185 to 130 cm depth (S. Fig. 5), while only rare occurrences
are noticed in cores 117G and 135G (S. Figs. 3 and 4). Both the lower and
upper contact boundaries are gradational (Fig. 7). Well-preserved
benthic and planktonic foraminifera are abundant (Fig. 7). In addi-
tion, the lower part of LU-III in core 92G is dominated by the shallow-
infaunal benthic species Cassidulina neoteretis (Seidenkrantz, 1995), as
shown in Fig. 6 of Davies et al. (2022). In cores 135G and 117G, the silt
fraction dominates the sediment grain size, while in core 92G the clay
fraction slightly predominates over the silt fraction (S. Figs. 3-5). MS
and density values are lower than in the underlying unit and exhibit a
slightly bottom-up decreasing trend in cores 135G and 117G (Fig. 7 and
S. Figs. 3 and 4). In core 92G, MS and density values exhibit similar
decreasing bottom-up trends but with major fluctuations (e.g., density
values decrease up to 95 cm depth followed by an increasing trend to-
ward the top of the unit) (Fig. 7 and S. Fig. 5). Terrigenous elements and
Mo (inc/coh) and Ba, and other elemental ratios (e.g., Fe/K or Fe/Ca)
display an overall bottom-up increasing trend with minor fluctuations,
while greater variability characterizes core 135G (Fig. 7 and S. Figs. 3
and 4). Ca, Sr, and other elemental ratios (e.g., Ca/Sr and Ca/K) exhibit a
bottom-up decreasing trend (Fig. 7 and S. Figs. 3 and 4). Major fluctu-
ations characterize core 92G, although from 115 cm depth toward the
top unit Ca and Ca/Sr and C/K ratios decrease while Fe/Ca ratio increase
(Fig. 7 and S. Fig. 5).

LU-III is interpreted to reflect terrigenous suspension settling in an
ice-distal glaciomarine to open marine environment, with limited
contribution from iceberg or sea-ice rafting at middle to outer shelf
positions (e.g., Kilfeather et al., 2011; Hogan et al., 2016). Moreover,
reported dominance of Cassidulina neoteretis in core 92G (Davies et al.,
2022), which in Arctic settings is a well-known indicator of Atlantic
Water influx (e.g., Seidenkrantz, 1995; Hald and Korsun, 1997; Syring
et al., 2020; Davies et al., 2022; Rasmussen et al., 2022; Hansen et al.,
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2022; Cage et al.,, 2021), suggest an increased influence of Atlantic
Water at the seafloor after 11.2 cal Kyr BP (Fig. 7), either due to
increased influx of Atlantic water or decreased impact of the glacier melt
water. Based on our core-to-core comparison (Fig. 7), a similar increase
in Atlantic Water influence may have occurred from the outer to middle
shelf after 12.9 cal Kyr BP.

4.5.6. LU-II - highly bioturbated, massive clayey mud

LU-II consists of massive mud with moderate bioturbation and very
rare-to-absent occurrence of IRD (Fig. 7). The unit displays an olive gray
color in cores 135G and 117G, while in core 92G it is reddish-brown in
color (Fig. 7). Diverse vertical burrows and escape traces are observed
throughout all three cores (Figs. 7 and 8 N). Calcareous foraminifera are
absent in this unit (Fig. 7). The lower unit boundary is gradational in all
three cores while the upper unit boundary is sharp in cores 135G and
117G and gradational in core 92G (Fig. 7). Sediment grain size is largely
dominated by the silt fraction, which exhibit a bottom-up increasing
trend in cores 135G and 117G, while in core 92G the silt and clay
fractions display similar proportions (S. Figs. 3-5). Moreover, abundant
euhedral to sub-spherical barite grains were observed in core 117G
(Fig. 80). MS and density values are similar to the underlying top lith-
ological unit and also display a slightly bottom-up decreasing trend
(Fig. 7 and S. Figs. 3-5). Terrigenous elements (Ti, K, Si, Al, Fe) and Ca,
Sr, and other elemental ratios such as K/Ti, Ca/Sr or Ca/K in cores 135G
and 117G display no significant variability, while Ba and Mo (inc/coh)
exhibit a weak bottom-up increasing trend (Fig. 7 and S. Figs. 3 and 4).
No major fluctuations are observed in core 92G, although from the
bottom of the unit up to 45 cm depth terrigenous elements (e.g., Ti, Al,
Si, Fe and K) and Ca and Ca/Sr and C/K ratios decrease while Fe/K and
Fe/Ca ratios increase (Fig. 7 and S. Fig. 5).

LU-II is interpreted to have been deposited, as in LU-III, in an ice-
distal glaciomarine to open marine environment. However, with
increased distance from the grounding line, deposition from turbid
meltwater plumes typically grade into more bioturbated, massive clayey
muds (e.g., 0 Cofaigh and Dowdeswell, 2001; Prothro et al., 2018; Smith
et al., 2019). Accordingly, we interpret a more distal paleoenvir-
onmental setting dominated by hemipelagic/pelagic sedimentation
during deposition of LU-II. In addition, data from core 92G (Davies et al.,
2022) provide evidence for a period of increased perennial sea ice cover
and reduced marine productivity on the innermost shelf. In contrast,
several proxies in cores 135G and 117G indicate that LU-II was depos-
ited from inner to outer shelf positions under enhanced productivity
water conditions. Relatively higher elemental counts of Ba indicate that
primary productivity was enhanced in surface waters (e.g., Rohl et al.,
2007; Ziegler et al., 2010). Additionally, occurrence of authigenic barite
grains in core 117G (Fig. 80) likely indicate high levels of primary
productivity in surface waters, as the occurrence of marine (authigenic)
barite in oxic-pelagic sediments has been related to high-bio produc-
tivity regions (e.g., Dymond et al., 1992; Paytan and Griffith, 2007;
Lopez-Quirods et al., 2021). Also, the olive (greenish) coloration of LU-II
in cores 135G and 117G is diagnostic of deposition during a period of
higher biological productivity (Kilfeather et al., 2011; Smith et al.,
2011). This increased productivity could have been triggered by a rise in
ocean temperatures (Hogan et al., 2016). Likewise, the very rare
occurrence of IRD may likely be the effect of incursions of warm sub-
surface waters, triggering open-water conditions (Syring et al., 2020).

4.5.7. LU-I - bioturbated, massive mud

LU-I is composed of dark brown to yellowish-brown massive mud,
with moderate bioturbation and very rare to absent occurrence of IRD
(Fig. 7). Calcareous foraminifera are absent throughout, although
agglutinated foraminifera are observed at the very top of the unit near
the seafloor (Fig. 7). Sediment grain size is largely dominated by the silt
fraction, which shows a bottom-up increasing trend in cores 135G and
117G, while in core 92G the silt and clay fractions show equal pro-
portions (S. Figs. 3-5). MS and density values are similar to the



A. Lopez-Quirés et al.

underlying unit with no significant fluctuations (Fig. 7 and S. Figs. 3-5).
Terrigenous elements (e.g., Ti, K, Si, Al), Ca, Sr, and elemental ratios (e.
g., K/Ti, Ca/Sr, Ca/K) display no significant fluctuations, although a
prominent interbedded dark brown Mn-rich band is depicted in both
digital images and XRF data (Fig. 7 and S. Figs. 3-5). Moreover, a
number of ochre colored Fe-rich layers are observed underlying the Mn-
rich interval (Fig. 7). Also, noticeable peaks in Fe/K and Fe/Ca ratios are
recorded at the Fe-rich layers in cores 135G and 117G (S. Figs. 3 and 4).

LU-I was likely deposited in an open marine environment by hemi-
pelagic suspension settling. A major paleoredox change at the top ~20
cm of LU-I is interpreted from resulting buried Fe/Mn oxide disconti-
nuities as indicated by the elemental counts of Fe and Mn (e.g., Richter
et al., 2006; Wolters et al., 2010). The observation of comparable buried
Fe/Mn oxide discontinuities in the uppermost 50 cm of sediments from
the Atlantic, Pacific or Central Arctic oceans (e.g., Burdige, 1993; Marz
et al., 2011; Lowemark et al., 2014), have been attributed to warmer
(interglacial) climate conditions and related physical/biogeochemical
processes in the water column and seafloor. Macdonald and Gobeil
(2012) in their source-to-sink study with reference to periodic remobi-
lization and re-precipitation of Mn in basin sediments from the Arctic
Ocean, stated that almost all the non-lithogenic Mn, subject to redox
transformations, enters from land via riverine input or coastal erosion.
However, only a minor fraction of this Mn is trapped in surface shelf
sediments to form Mn-rich bands. Accumulation of Mn in these
enriched-bands results from reduction of Mn™ to soluble, mobile
Mn, facilitated by relatively high fluxes of labile Corg to sediments
consuming dissolved Oy through metabolism. Trapped Mn in surface
shelf to slope sediments is ultimately transported to and buried deeply in
the interior basin sediments where Coy, fluxes are extremely low to
account for reduction of available Mnﬁv). They proposed Holocene
sea-level rise as a likely forcing mechanism of Mn-rich banding forma-
tion in Central Arctic Ocean (Macdonald and Gobeil, 2012). Further
detailed investigations are required to interpret triggering factors of the
Fe/Mn oxide discontinuities found at our study site, but a comparable
environment of low-productivity and oxygenated bottom waters, with
deep O, penetration depths, and trapping of almost all settling Fe/Mn
oxides to our core site location is plausible.

5. Discussion
5.1. Maximum ice stream extent: new insights

Glacial lineations, extending almost to GZW-1 in the middle to outer
trough (this study), together with a set of recessional moraines on an
outer shelf position (Fig. 4), indicate that a grounded, fast-flowing ice
stream extended at least to an outer shelf position. Likewise, interpreted
subglacial basal till/debris in cores from the inner to outer trough (cores
117G and 135G; Figs. 7, 8 A-E), demonstrate that subglacial and sub-
aqueous processes adjacent to an ice stream grounding line were active
at those shelf positions. In addition, glacial landforms on either side of
the middle to outer trough appears continuous, suggesting that the
GZWs represent stillstands during one glacial cycle (i.e., during the
LGM; see below), rather than the separation of two distinct assemblages
from different glacial cycles. A date on the top of the interpreted sub-
glacial basal till in core 135G, located in front of the outer GZW-1
(Fig. 4), provides a maximum age for this advance, and indicates that
it occurred before 16.6 cal Kyr BP (Fig. 7), and thus likely during the
global LGM (26.5-19 cal Kyr BP; Clark et al., 2009). This contrasts with
an accepted conceptual model, missing morphological evidence, that
suggests an ice stream extent restricted to an inner trough position in the
study area during the LGM (Funder et al., 2011, Fig. 1B).

Sediment cores from the NE Greenland continental slope suggest that
the maximum glaciation, with highest amount of IRD and high input of
terrigenous material, occurred between 21 and 16 cal Kyr BP (Stein
et al., 1996; Spielhagen and Mackensen, 2021). In Norske Trough, our
combined seismic and sedimentological data suggest that during the
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LGM, the GrIS reached its maximum extent somewhere on the outer
shelf and may even have reached the shelf edge (Figs. 4 and 9A). Hence,
we suggest that Norske Trough was filled by grounded ice masses,
derived from the areas presently occupied by the floating ice tongue of
the 79°-Glacier (i.e., its adjacent bay) and the Jgkelbugten Fjord into
which the Zachariae Isstrgm drains today (Fig. 1B). Besides, the
remaining physiography at Germania Land (southwest of Norske
Trough) suggests that major areas of its ice cover were drained via
Skeerfjorden as a tributary to the southern Norske Trough (Landvik,
1994; Arndt et al., 2017) (Fig. 1B). The limited SBP sections that we
recovered from the outer Norske Trough (Fig. 1B), and the fact that the
sediments shown in these profiles have been almost entirely reworked
by the ploughing action of iceberg keels (e.g., Fig. 6D, F), means that we
at present can only provide little new information about the ice extent
and character on the continental shelf beyond the inner part of the outer
trough (Fig. 4). Thus, this is an obvious target for further studies.
Furthermore, since we do not have data coverage on the outermost shelf
to shelf edge (Fig. 4), we cannot provide further evidence as to whether
the GrIS reached a shelf break position in Norske Trough. Arndt et al.
(2017) reported the occurrence of sparse glacial lineations directly at the
shelf break on the northern edge of Norske Trough, providing some
morphological evidence for grounded ice conditions at this position
(Fig. 4). However, north of Norske Trough at 79.4° N (see location in
Fig. 1A), the finding of bryozoans/bivalve fragments with *C dates
spanning the whole global LGM-early deglaciation (25.5-17.5 cal Kyr
BP) may indicate that the GrIS only reached the shelf edge at the main
cross-shelf troughs, but not in the areas in between (Rasmussen et al.,
2022).

5.2. Ice stream dynamics during the last deglaciation

The distribution of glacial landforms in Norske Trough, encompass-
ing transverse wedge and ridge systems, displays, to a large degree, the
dynamic retreat of the ice margin during the last deglaciation. These
glacial landforms mark different retreat styles and periods of grounding
line stabilization during retreat (Figs. 4 and 9A, B).

Moraine ridges on the seafloor of the outer to middle trough indicate
that retreat of the Norske Trough ice stream was stepwise with episodes
of relatively short grounding line stabilizations, while the presence of
two large GZWs (GZW-1 and GZW-2; Fig. 2B-D and 6D, E) demonstrates
that the ice stream grounded for a longer time and contributed to the
formation of large-scale sediment wedges (Golledge and Phillips, 2008;
0o Cofaigh et al., 2008; Dowdeswell and Fugelli, 2012; Batchelor and
Dowdeswell, 2015). Since the formation of recessional moraines and/or
GZWs involve a grounded ice stream/glacier margin (e.g., Batchelor and
Dowdeswell, 2015), a fast and continuous ice stream retreat from the
outer to middle Norske Trough seems unlikely. In contrast, preserved
large-scale glacial lineations on the seafloor of the inner trough, origi-
nally formed during the ice stream advance (Figs. 4 and 5), suggest a
fast-grounding line retreat beyond the recent coastline in order to
maintain these former features (Fig. 9B and C). A fast-flowing paleo-ice
stream sited on the mid-shelf of Norske Trough has been discussed
previously (e.g., Evans et al., 2009; Winkelmann et al., 2010; Arndt
et al., 2017). Accordingly, we suggest that the late deglaciation in
Norske Trough was first characterized by a phase of stepwise ice retreat
punctuated by at least two stillstands followed by a second phase of
rapid and continuous grounding line retreat beyond the recent coastline
(Figs. 4 and 9). Similar ice retreat dynamics have been reported for other
paleo-ice streams in NE Greenland (e.g., at Westwind and Store Kolde-
wey troughs; Arndt et al., 2017; Olsen et al., 2020). In addition, the
landform assemblage may indicate the nature of the former ice
stream/glacier margin terminus (e.g., Ottesen and Dowdeswell, 2009;
Batchelor and Dowdeswell, 2015). In Norske Trough, the interpreted
landforms, including low-relief moraines and GZWs (Section 4.3.),
aligns with the conceptual model proposed by Batchelor and Dow-
deswell (2015). According to this model, the formation of such an
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Fig. 9. Extent, timing and nature of retreat of the Norske Trough ice stream. A) Reconstruction of the maximum known ice stream extent during the Last Glacial
Maximum. B) Reconstruction of the ice stream dynamics during the last deglaciation. Note that the ice margin positions during deglaciation are indicated. Sea ice and
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work (Fig. 7) were used as a proxy for the relative proximity of ice margin terminus to core sites 92G, 117G, and 135G.

association is preferentially initiated by the presence of ice streams
terminating as floating ice shelves. The presence of floating ice sheets in
Norske Trough has also been suggested on the basis of benthic forami-
niferal assemblages reported from core 92G (Davies et al., 2022).
Therefore, the formation of a floating ice shelf margin terminus in
Norske Trough during most of its retreat seems reasonable (Fig. 9B) (see
below).

These glacial landforms and their spatial distributions could be
attributed to the cross-shelf trough morphology, as it has been related in
other glaciated continental shelves. Ice streams with landward dipping
bed slopes (also referred as ‘reverse-bed slopes’) have shown fast
grounding line retreat (e.g., at Amundsen Sea, including the Pine Island
ice stream, in West Antarctica; Jenkins et al., 2010; Smith et al., 2011,
2017). However, observations both in west Antarctica (e.g., at
Marguerite Bay; Jamieson et al., 2012) and West Greenland (e.g., at
Disko Trought; Hogan et al., 2016) proved that grounding-line stability
can be maintained on reverse bed slopes due to increased lateral drag.
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Lateral constraints on ice flow stabilization have also been discussed in
other areas of West Greenland (e.g., at Petermann Fjord and northern
Nares Strait; Reilly et al., 2019; Jennings et al., 2022). Norske Trough
has a reverse bed slope with 320 m water depth at the shelf break that
increases to 560 m on the inner shelf (Arndt et al., 2015, Fig. 1B). In our
study area, the mid-shelf GZW (GZW-2) is observed immediately up-
stream of a converging large-scale glacial lineation field at the inner
shelf (Fig. 4), so it is conceivable that funneling of ice as the cross-shelf
trough narrowed by ~30 km may have led to increased lateral drag and
subsequently grounding-line stability. Moreover, if a former topo-
graphic high was present on the middle shelf, this could have acted as a
lateral pinning point for ice stabilization (Jamieson et al., 2012). In the
middle Norske Trough, the topography beneath GZW-2, which we
interpret as a possible buried pre-LGM GZW (Fig. 2B and C), provides
evidence for such a topographically-controlled scenario. Accordingly,
shorter periods of ice stability between GZWs may have been related to a
gradually grounding line decoupling from the bed as the ice margin
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retreated across deeper water, while the ice front again became groun-
ded and stable at topographic highs. Once the grounding line again
encountered water depths of less than ~460-560 m (i.e., the landward
boundary of the mid-shelf GZW-2; Fig. 4), a threshold was likely reached
on the reverse bed slopes of Norske Trough. Such a threshold is rein-
forced by the lack of ice marginal landforms throughout the inner shelf.
After the threshold was reached, increased grounding line instability on
the reverse bed slopes may have locally exacerbated ice retreat. There-
fore, inferred initial stepwise retreat at Norske Trough can be linked to
the exerted cross-shelf trough geometry (Fig. 9), which is also in line
with numerical simulations of ice sheet grounding line dynamics
(Schoof, 2007).

The sedimentary sequence starting with a basal till (LU-VII) overlain
by glaciomarine (LU-VI to LU-II) deposits demonstrates the transition
from subglacial to a grounding-zone proximal setting and then, to a
proximal to distal glaciomarine environment characterized by suspen-
sion settling from meltwater plumes and iceberg rain-out. A change to a
fully open marine environment is recorded at the upper sedimentary
sequence, characterized mainly by hemipelagic sedimentation (LU-I).
Vertical stacking patterns and proximal-to-distal variations in the
deglacial depositional architecture are also considered (Figs. 3, 7 and 9).
Radiocarbon dates from glaciomarine sediments in our sediment cores
constrain the timing of ice retreat across Norske Trough (Fig. 7). The
earliest date of marine inundation, following glacier retreat, is from core
135G from the outer trough in front of a moraine/GZW (GZW-1) system
(Fig. 4). Laminated muds, with occasional IRD, from the base of the
glaciomarine record (LU-V) dated 16.6 cal Kyr BP; this shows that the
outer shelf was ice-free by that time (Fig. 9B). This is significantly earlier
than the date of 15.5 to 12.3 cal Kyr BP accepted for initial retreat of the
inner/middle shelf in NE Greenland; though this estimate is based on a
limited number of offshore age constraints (see review by Larsen et al.,
2022, and references therein). In core 135G, deposition of laminated
muds with occasional IRD (LU-V) is related to suspension settling from
meltwater plumes in a grounding line proximal setting until 16.17 cal
Kyr BP. Although the exact timing of GZW-1 formation is uncertain, the
formation of GZWs include the stabilization of the ice margin for de-
cades to centuries (e.g., Dowdeswell and Fugelli, 2012). In Norske
Trough, grounding line stabilization at the outer-shelf GZW (GZW-1)
therefore likely lasted 500 cal Yr BP in line with sediment stacking of
deposited laminated muds in core 135G (Fig. 7). The timing of ice retreat
and following grounding-line stabilization at the GZW-1 further co-
incides with the Heinrich Stadial 1 that led to a period of (sub)surface
ocean warming associated with declining Atlantic meridional over-
turning circulation (AMOC) between 18 and ~15 cal Kyr BP (e.g., Hulbe
et al., 2004; Rasmussen and Thomsen, 2004, 2021; Marcott et al., 2011;
Hodell et al., 2017; Bassis et al., 2017). Overlying laminated muds, a
20-cm-thick matrix-supported diamictic interval (LU-IV) is interpreted,
as proposed for Antarctic sub-ice shelf lithofacies (Smith et al., 2019), to
have been deposited in an ice-proximal glaciomarine environment by
vigorous iceberg rafting as the calving zone of a floating ice shelf passed
over site 135G between 15.3 and 12.9 cal Kyr BP (Fig. 9B). This IRD-rich
lithological unit thus suggests the presence of an extensive ice shelf in
Norske Trough. On the basis of seafloor features, Arndt et al. (2017) also
suggested the presence of a thick ice shelf in Norske Trough releasing
tabular icebergs. The timing of major calving front instability, likely
derived from the outer-shelf GZW-1 (Fig. 9B), coincides with the
Bglling-Allergd interstadial that led to different well-known atmospheric
warming phases and massive intrusions of warm Atlantic Water beneath
Polar surface waters along the Svalbard margin-Fram Strait and
regionally (e.g., Rasmussen et al., 2007; Slubowska-Woldengen et al.,
2007; Aagaard-Sgrensen et al., 2014; Consolaro et al., 2018; Hansen
et al., 2022).

As discussed before, GZW-2 marks a major grounding line position
on the middle shelf of Norske Trough. However, the timing of this GZW
formation remains unclear. Previous discussions suggest that GZW-2
was formed by a re-advance of the GrIS during the Younger Dryas
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(Arndt et al., 2017). In contrast, our combined dataset and radiocarbon
ages indicate that re-advance during the Younger Dryas is unlikely. This
aligns with a recent re-investigation of deglacial ice margin features in
Greenland, which were formerly attributed to Younger Dryas ice margin
readvances, and which was subsequently shown to not be linked to the
Younger Dryas (Funder et al., 2021 and references therein). Moreover,
none of the recent *C- and 1°Be-dated records provide evidence for ice
margin response to the initial Younger Dryas cooling (Fig. 4 in Funder
et al.,, 2021). At the western side of the mid-shelf GZW-2 (Fig. 4),
radiocarbon dates from deglacial sediments (laminated muds of LU-V;
cores 117G and 92G; Fig. 7) demonstrate that much of the shelf in
Norske Trough was free from grounded ice by and likely before 12.5 cal
Kyr BP (Figs. 7 and 9B) (Lloyd et al., 2023). As in core 135G, laminated
muds (LU-V) in cores 117G and 92G are related to suspension settling
from meltwater discharges possibly below a floating ice shelf, while
deposition of overlying LU-IV (matrix-supported iceberg rafted dia-
micton) in core 117G indicate that the calving front of a floating ice shelf
passed over this site location at 11.3 cal Kyr BP in the early Holocene
(Fig. 9B). Therefore, because there is no evidence of a significant read-
vance of the ice stream onto the continental shelf during the Younger
Dryas, a widespread floating ice shelf with vigorous sea-ice and/or
iceberg rafting production occupied the inner Norske Trough (Fig. 9B).

On NE Greenland shelf, evidence of relatively warm water from the
North Atlantic Ocean, advected into the Fram Strait, is reported for the
initial phase of deglaciation (19.5-14.5 cal Kyr BP; Hebbeln et al.,
1994). Recent studies also reported evidence of a strong inflow of
Atlantic Water beneath Polar surface waters between 14.1 and 12.9 cal
Kyr BP; e.g., on the western Svalbard margin, eastern Fram Strait (e.g.,
Rasmussen et al, 2007; Slubowska-Woldengen et al.,, 2007;
Aagaard-Sgrensen et al., 2014), in the deeper eastern Fram Strait (e.g.,
Consolaro et al., 2018), and on NE Greenland shelf in the western Fram
Strait (e.g., Davies et al., 2022; Rasmussen et al., 2022; Hansen et al.,
2022; Jackson et al., 2022). Similarly, an increasing inflow of (sub)
surface Atlantic Water was reported during the Bglling-Allergd on the SE
Greenland shelf (e.g., Stein et al., 1996; Jennings et al., 2006). This
indicates that the timing of warm Atlantic water inflow to Fram Strait
matches with the initial phase of deglaciation from 19.5 to ~15 to
14.7-12.9 cal Kyr BP. It is therefore plausible that the intrusion of warm
Atlantic Water through the deep troughs of the NE Greenland shelf and
caused enhanced basal melting of the ice along the reversed bed slopes
of Norske Trough; ultimately triggering the initial stepwise retreat/i-
ceberg discharge before 16.6 cal Kyr BP. Furthermore, increasing inflow
of Atlantic Water during the Bglling-Allergd likely triggered fast ice
retreat in Norske Trough (Fig. 9B). Today, an analogous setting with
initial stepwise ice retreat along a reverse sloped bed at the grounding
line is reported in West Antarctica, beneath Pine Island Glacier. Here,
relatively warm Circumpolar Deep Water is upwelling onto the shelf,
following the cross-shelf troughs towards the main glacier cavity, where
it triggers basal melting and thus a fast-grounding line retreat (Jenkins
et al., 2010; Smith et al., 2011, 2017). The climatic and oceanographic
variations associated with both Heinrich Stadial 1 and the
Bglling-Allergd interstadial are thus potential external forcing mecha-
nisms on ice stream dynamics in Norske Trough. The GZWs and smaller
transverse recessional moraines that we document across the outer-to
mid-shelf point to stillstands interrupting the overall ice retreat
(Fig. 9B). Hence, it is most likely that the pre-existing shelf geometry in
Norske Trough was also an important controlling factor triggering initial
stepwise ice retreat.

5.3. Postglacial development

Postglacial sedimentary processes in Norske Trough are interpreted
to comprise terrigenous pelagic settling to hemipelagic deposition (LU-
III to LU-II) to mostly hemipelagic sedimentation (LU-I), indicating a
change from ice-distal glaciomarine to fully open marine environments
(Fig. 7). The low occurrence of IRD from LU-III to LU-I also suggest a
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limited contribution from iceberg and/or sea-ice rafting during sediment
deposition. This may indicate that Norske Trough ice stream had fully
retreated onto land during the early Holocene (Bennike and Bjorck,
2002). However, deposition of bioturbated foraminifera-bearing muds
(LU-II) with high concentrations of IRD in core 92G support the pre-
vious suggestion by Davies et al. (2022) of a return to ice-proximal
glaciomarine conditions, accompanied by the reformation of the ice
shelf on the innermost trough from 10.8 to 9.6 cal Kyr BP. This period
correlates with the onset of maximum Atlantic advection at both sub-
surface and surface depths in the eastern Fram Strait (e.g., Werner et al.,
2016) and the dominance of colder subsurface water conditions on the
NE Greenland shelf, with sustained influx of Atlantic Water flowing
beneath (Syring et al., 2020; Davies et al., 2022; Hansen et al., 2022;
Rasmussen et al., 2022). Debris particles entrapped in icebergs calving
off from this reformed ice shelf may have melted out quickly so that
icebergs rarely reached the middle to outer shelf of Norske Trough
during the early Holocene.

After a brief return to ice-proximal conditions on the innermost shelf,
the depicted increase in burrowing activity in LU-III, between 9.6 and
7.9 cal Kyr BP (Figs. 7 and 8 M, N), may again indicate a shift to a more
distal proglacial environment as the ice shelf fully break up and the ice
margin retreated on land. In core 92G, the dominance of Atlantic Water
foraminiferal species until 7.9 cal Kyr BP (Davies et al., 2022), confirms
the presence and influence of a subsurface warm water signal along
Norske Trough, and that it may have played a role in the total disinte-
gration of the ice shelf. This coincides with the early Holocene Climatic
Optimum (dated 9.5-7 cal Kyr BP; Johnsen et al., 2001; Vinther et al.,
2009) when temperatures in NE Greenland were 2-3 °C warmer than
present-day values (Fréchette and de Vernal, 2009; Klug et al., 2009;
Axford et al., 2013). It is proposed that this shift towards warmer con-
ditions probably forced the 79°-Glacier and Zachariae Isstrgm ice
margin to retreat behind its modern ice extent (Fig. 1B) (Syring et al.,
2020; Davies et al., 2022). This is supported by recently dated mollusks
from raised marine deposits around Blasp Lake (Smith et al., 2023), a
large epishelf lake located 2-13 km from the present grounding line of
79°-Glacier (Fig. 1B), confirming that the 79°-Glacier ice shelf was ~70
km inland of the present ice shelf margin between ~8.5 and 4.4 cal Kyr
BP. In addition, sea-ice formation on the NE Greenland shelf and the
Arctic Ocean was reduced during this period (e.g., Funder et al., 2011;
Miiller et al., 2012; Werner et al., 2016; Syring et al., 2020). Accord-
ingly, a rise in ocean temperatures may have triggered the deposition of
postglacial, mostly hemipelagic sediments of late LU-III in Norske
Trough.

Although uncertain, bioturbated massive clayey muds (LU-II) over-
lain by bioturbated massive muds (LU-I) deposited during the mid to late
Holocene are present, spanning the past ~7.9 cal Kyr B (Fig. 7). Our
proxy data in cores 135G and 117G suggest that bioturbated clayey
muds (LU-II) deposited in the outer to inner shelf under conditions of
enhanced productivity in open marine waters (Figs. 7 and 80). This is
also supported by the presence of some productivity-indicator forami-
niferal species at the bottom of LU-II in core 92G (at ~7.9 cal Kyr BP;
Davies et al., 2022). However, differences in depositional sediment
conditions characterize the innermost shelf of Norske Trough. In core
92G, a drop in sedimentation rates was evidenced during the mid to late
Holocene (Davies et al., 2022). Similarly, a reduced sediment flux from
land at 7.5 cal Kyr BP was recorded in core PS100/270, located 130 km
northwest of core 92G (Fig. 1B) (Syring et al., 2020). This reduction in
sediment accumulation rates has been linked to an increase in perennial
sea ice cover (Davies et al., 2022; Syring et al., 2020). Accordingly,
Norske Trough may have experienced an increase in surface water
productivity after 7.9 cal Kyr BP, except on the innermost shelf where
sea ice cover most likely triggered water stratification limiting marine
primary production.

Late Holocene sediments of LU-I may indicate deposition in an open
marine environment with short term fluctuations in sea ice/ocean pri-
mary production. However, the significance and precise timing of
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sedimentary processes recorded in the uppermost sedimentary sequence
require further work.

6. Conclusions

By integrating conventional 2D and high-resolution seismic data
with multi-proxy analyses of sediment gravity cores from Norske
Trough, the timing and dynamics of ice retreat after the LGM have been
reconstructed and conceptually illustrated in Fig. 9.

e During the LGM, a fast-flowing ice stream advanced to the outer shelf
in Norske Trough. The presence of glacial lineations extending
almost to a complex outer-shelf GZW/moraine system, and subgla-
cial till cored at the outer trough, confirm that grounded ice extended
to this shelf position. The grounded ice possibly originated from the
areas at present mostly occupied by the floating ice tongue of the
79°-Glacier and the Jgkelbugten fjord, in which the Zachariae
Isstrgm drains.

Initial retreat was underway before 16.6 cal Kyr BP, significantly
earlier than previously known for this sector of the NE Greenland
shelf. Recessional moraines and GZWs on the seafloor of the outer to
middle shelf indicate that initial retreat was episodic, punctuated by
stillstands. The outer-shelf GZW (GZW-1) marks the first known
grounding line position in Norske Trough by, and likely after, 15.3
cal Kyr BP. The last grounding line position is recorded by the
establishment of a major GZW (GZW-2) at the middle shelf before 13
cal Kyr BP. In contrast, preserved, large-scale glacial lineations on
the seafloor of the inner shelf indicate that retreat from the inner
trough to the coastline was rapid.

The lithostratigraphy of the uppermost trough strata includes sub-
glacial till covered with a drape of up to 37 m thick ice-proximal to
distal glaciomarine/hemipelagic sediments. Retreat occurred in a
glaciomarine setting and the ice sheet terminated mostly in a floating
ice shelf.

The results underscore the importance of former shelf geometry,
fostering pinning points for grounding-zone stabilization during ice
retreat through increased drag and reduced mass flow across the
grounding zone. In Norske Trough, pre-LGM shelf geometry played
an important role fostering pining points.

The shelf was free from grounded ice by, and likely before 12.5 cal
Kyr BP. There is no evidence of grounded-ice re-advances during the
Younger Dryas, although a floating ice shelf with vigorous sea-ice
and iceberg rafting production occupied the inner trough at 11.3
cal Kyr BP.

o 1%C dates revealed that pre-Holocene, initial stepwise ice retreat
followed by fast retreat coincide with two abrupt climatic events (the
Heinrich Stadial 1 and the Bglling-Allergd interstadial, respectively)
linked with inflows of warm Atlantic Water, indicating a strong
ocean/climate control on the late deglaciation of Norske Trough.
Postglacial (Holocene) depositional processes were mainly driven by
pelagic settling to hemipelagic sedimentation, evidencing a transi-
tion from an ice-distal glaciomarine to open marine environments.
From 10.8 to 9.6 cal Kyr BP, a shift in ocean circulation resulted in a
renewal of ice-proximal conditions and reformation of the ice shelf in
the innermost trough. After 9.6 cal Kyr BP, the ice shelf fully broke
up in Norske Trough. The mid to late Holocene record was likely
characterized by short-term fluctuations in sea ice production and
variations in ocean productivity.
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