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ARTICLE INFO ABSTRACT

Handling Editor: Prof Bethan Davies This study presents a geophysical and morphosedimentary framework for the reconstruction of the glacial history
of a fjord of Ellesmere Island, the Cape Norton Shaw Inlet. The reconstruction is based on a multimethod
approach combining high-resolution swath bathymetry, acoustic sub-bottom profiles, and a dated composite
sediment sequence (33BC/05GGC: 01CNS). The presence of at least five grounding-zone wedges and a large
cluster of moraines at the inlet entrance suggests a period of glacial stillstands and gradual retreat during the
Younger Dryas. A radiocarbon date of 10.4 cal ka BP from the mid-inlet provides a minimum age for the retreat of
the Innuitian Ice Sheet during the early Holocene. Mineralogical and geochemical signatures from core 01CNS,
along with low sedimentation rate, support the hypothesis of the gradual opening of Nares Strait between 9.6 and
8 cal ka BP. Until 1.9 cal ka BP, coarse-grained sediments rich in plagioclase and K-feldspar suggest a landward
retreat of glaciers bordering the inlet. A dense cluster of recessional moraines suggests a readvance into the inlet
of Cape Norton Shaw glaciers during the Little Ice Age, when they reached their Holocene maximum extent. Near
the modern glacier front, submarine landforms (including mega-scale glacial lineations, crevasse-squeeze ridges,
eskers, terminal moraines and retreat moraines) form a complete surge-type assemblage, confirming the surge
behavior of Cape Norton Shaw Glacier. The close correspondence between the terminal moraine position and the
1959 CE glacier front indicates that the most recent surge began around 1959 CE, with the glacier reaching its
maximum extent between 1959 and 1971 CE.
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1. Introduction Trujillo and Thurman, 2017). In contrast, the modern-day warming

trend is primarily attributed to anthropogenic greenhouse gas emissions

In 2011-2020, the mean global surface temperature reached 1.1°C
above the 1850-1900 baseline (IPCC, 2023). Although warm periods
comparable to the present have occurred in the past, the current rate of
warming is unprecedented. This rapid warming has led to dramatic re-
ductions in sea ice and widespread glacier retreat around the world,
especially in the Arctic (e.g., Serreze and Barry, 2011; Sharp et al., 2011;
Cohen et al., 2014; Huang et al., 2017; Geyman et al., 2022; IPCC, 2023).
Historically, climate fluctuations prior to the industrial era were driven
by natural factors such as variations in summer insolation, volcanic
eruptions, and solar activity (Ruddiman, 2001; Kaufman et al., 2009;
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(IPCC, 2023). In the Arctic, the phenomenon of Arctic amplification
(enhanced recent warming of the atmosphere at high latitudes) has
resulted in warming rates up to four times higher than the global
average, with some regions experiencing temperature increases
exceeding 4°C over the past ~30 years (e.g., Serreze and Barry, 2011;
IPCC, 2023; Rantanen et al., 2022).

Within the Arctic, excluding the Greenland Ice Sheet (GrIS), the
Canadian Arctic Archipelago (CAA) contains the largest area of land ice,
with ice caps and icefields covering over 100,000 km? (Sharp et al.,
2014). Nearly 300 tidewater glaciers are found in the CAA (Kochtitzky
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and Copland, 2022). Due to their direct contact with the ocean, tide-
water glaciers are more sensitive to environmental change than
land-terminating glaciers, as they are influenced by both atmospheric
and oceanic conditions (Noel et al., 2018; Cook et al., 2019). Although
direct oceanographic observations are limited in the CAA, studies from
Greenland indicate that ocean thermal forcing can significantly enhance
submarine melting and glacier retreat (Straneo et al., 2010; Jackson
et al., 2021). In Nares Strait region, ice arches variability and the
North Water Polynya can influence local ocean circulation and heat
transport, which may affect tidewater glacier melting in the CAA (e.g.,
Mundy et al., 2009; Jackson et al., 2021). The GlaMBIE Team (2025)
estimated that CAA glaciers have contributed 2.02 + 0.17 mm to global
sea level rise since the beginning of the 21st century (2000-2023). Even
under the most optimistic scenarios, where global temperature increase
is limited to +1.5°C, glaciers are expected to continue retreating, with
projections indicating that nearly half of the world's glaciers, including
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some in the CAA, could disappear by 2100 (Rounce et al., 2023). In this
context, reconstructing paleo-ice sheets and past glacier dynamics is
essential for understanding the long-term response and vulnerability of
ice masses in the CAA to ongoing and future environmental changes.
Since the 1970s, a series of Earth-observing satellite missions have
significantly improved our understanding of glacier responses to modern
global warming, such as changes in ice velocity, surface elevation, mass
balance, and retreat rates (e.g., Millan et al., 2017; Van Wychen et al.,
2020, 2022; Lauzon et al., 2023; Copland et al.,, 2024). However,
studies focusing on paleo-ice sheets and long-term glacier dynamics
remain limited and have primarily concentrated on western Greenland
and Baffin Island fjords (e.g., Brouard and Lajeunesse, 2019a, 2019b;
Funder et al., 2021; O'Regan et al., 2021; Jennings et al., 2022; Couette
etal., 2022; Batchelor et al., 2024; Belko et al., 2025). Due to significant
logistical challenges, such as persistent heavy sea-ice conditions, that
hinder access to remote coastal regions of Ellesmere Island, only a
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. Sverdrup Basin - Paleozoic and Mesozoic siliciclastic rocks, carbonates and evaporites

. Foxe Basin - Paleozoic siliciclastic rocks, carbonates with minor Mesozoic coal bed

Rae Craton (Greenland) - Archean gneisses and intermediate to mafic intrusions

I:‘ Canadian and Greenlandian Shields } Paleozoic sedimentary rocks (limestone, dolostone, shale,
|:| Ellesmere-North Greenland fold belt § evaporites, carbonate reefs)

. Ellesmerian Orogen - Neoproterozoic granites, granitoides and gneisses (low-grade metamorphism)
and Paleozoic sedimentary rocks and plutonic intrusions
- Thule Supergroup - Mesoproterozoic sedimentary rocks (red shales, siltstones, sandstones, carbonates)

|:| Ellesmere-Inglefield belt - Archean-Paleoproterozoic granites and gneisses (high-grade metamorphism)

(:,' Ice margin spanning the Younger Dryas (Dalton et al., 2024)

Fig. 1. (A) Map of Cape Norton Shaw Inlet. A Sentinel-2 image acquired on 14 September 2023 (Copernicus.eu) is overlain by the IBCAO topobathymetric map
(Jakobsson et al., 2020) and swath bathymetric data collected by the CCGS Amundsen and the S/Y Vagabond. Cross-profiles X-X' and Y-Y' are presented in Fig. 5. The
cores studied or cited in this paper are marked by circles: red for 33BC = AMD2303-33BC and 05GGC = AMD2303-05GGC, and purple for 02BC = AMD1803-02BC
and 01 PC=AMD1803-01 PC (Stevenard et al., 2022); Asterisks (*) identify surge-type glaciers. The circular map shows the geological setting of northern Baffin Bay
and the major surface currents (Harrison et al., 2015). The red arrows represent warm surface currents (>2°C), and the blue arrows represent cold Arctic Surface
Water (ASW) (<-1°C). Dashed line indicates the Younger Dryas (~12.1 cal ka BP) optimal ice margin (Dalton et al., 2024). Red circle represents Mittie Glacier. WGC
= West Greenland Current; CS=Cape Storm; DB = Dobbin Bay; DP = Darling Peninsula; JS = Jones Sound; KB=Kane Basin; KC=Kennedy Channel; MI = Makinson
Inlet; SB=Smith Bay; SS=Smith Sound; AIC=Agassiz Ice Cap; DIC = Devon Ice Cap; MIF = Manson Icefield;, POW= Prince of Wales Icefield; SIC=Sydkap Ice Cap. (B)
Temperature and salinity profiles from CTD casts taken during the 2023 Amundsen expedition at the core locations of 33BC-05GGC (24.09.2023). SW: Surface Water
and ASW: Arctic Surface Water. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)



E. Bracquart et al.

limited number of studies have addressed paleoclimate and paleo-
environmental reconstructions there since the last deglaciation (e.g.,
Chassiot et al., 2024; Stevenard et al., 2022; Bracquart et al., 2025).
Sediment-landform assemblages, along with their spatial configuration
and sedimentological structures, are preserved on the seafloor near
glacier margins (e.g., Dowdeswell et al., 2016). The geomorphological
record provides valuable archives of past glacier dynamics and can be
used to reconstruct their responses to climatic and oceanographic
drivers over time (e.g., Streuff et al., 2015; Dowdeswell et al., 2016;
Ottesen et al., 2017; Dowdeswell and Ottesen, 2024).

This paper aims at reconstructing the glacial history of Cape Norton
Shaw Inlet, a fjord in southeastern Ellesmere Island bordering north-
western Baffin Bay, since the Younger Dryas period (12.9-11.7 cal ka
BP; Briner et al., 2009), using a combination of high-resolution swath
bathymetry, acoustic sub-bottom profiles, and sediment core data
(Figs. 1 and 5 and Figs. 5 and 7). The inlet provides an ideal setting to
capture both local variations in glacial sediment discharge from the
nearby glaciers and broader regional signals from northern Baffin Bay,
extending beyond the instrumental record. Specifically, the objectives of
this study are to: 1) reconstruct the retreat history and dynamics of the
Innuitian Ice Sheet (IIS) margin and associated glacier systems in Cape
Norton Shaw Inlet since the Younger Dryas; 2) assess the influence of
climatic and oceanographic changes on glacier dynamics and sedimen-
tation patterns in the inlet throughout the Holocene, including the
impact of warming events, sea-ice variability, and the opening of Nares
Strait; 3) characterize the sedimentary and geomorphological signatures
of surge-type glacier behavior, particularly focusing on Cape Norton
Shaw Glacier.

2. Regional settings

Cape Norton Shaw Inlet is located along the eastern margin of
Manson Icefield, a ~6000 km? icefield on southeast Ellesmere Island (in
1999-2000; RGI 7.0 Consortium, 2023, Fig. 1A). The inlet is ~10km
wide and ~20km long and surrounded by seven modern tidewater
glaciers, as well as former tidewater glaciers that have transitioned to
land-terminating positions in recent decades (Kochtitzky and Copland,
2022). Among these glaciers a surge-type glacier (Cape Norton Shaw)
and a probable surge-type glacier (Unnamed-A) were identified by
Copland et al. (2003). Surge-type glaciers account for only ~1% of the
global glacier population and are characterized by cyclical variations,
with a long-lived quiescent phase of slow ice flow followed by a
short-lived active phase of significantly accelerated ice flow (e.g., Meier
and Post, 1969; Raymond, 1987; Dowdeswell et al., 1991; Copland et al.,
2003; Sevestre and Benn, 2015). The highest concentration of surge-type
glaciers in the CAA (~12%) is found on the north and east sides of
Manson Icefield (Copland et al., 2003, 2024). Cape Norton Shaw Glacier
is believed to have surged in approximately 1959, as evidenced by
widespread crevassing at its front and a looped moraine visible on its
west side in summer 1959 aerial photographs (Fig. S1; Copland et al.,
2003). The duration of its active phase is not known because of an
absence of aerial photographs or satellite images over the 1959-1974
period. Its quiescent phase is probably very long, as no repeat surge
has been observed since 1959. Unnamed-A Glacier is believed to have
been surging in 1959 and later in 1999, as evidenced by multiple looped
moraines along the glacier margin on 1959 aerial photographs and 1999
satellite images (Copland et al., 2003).

The ice-free areas exposed around the inlet are crystalline shield
rocks composed mainly of granite, granitoid, and paragneiss rich in
quartz, plagioclase, and K-feldspar (Fig. 1A; Brown, 1972; Harrison
et al., 2015). Archean to Paleoproterozoic in age, they are related to
the Ellesmere-Inglefield Mobile Belt. The sediments found on the sea-
floor are derived mainly from glacial erosion of the surrounding land
masses through various sedimentary processes, such as ice-rafted debris
(IRD), glaciogenic debris flows, meltwater plumes, and turbidity cur-
rents (Stevenard et al., 2022).
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The relative sea-level history of southern Ellesmere Island during the
Holocene is rather well constrained by raised beaches and radiocarbon
dating. Key sites include Cape Storm, the Darling Peninsula, Dobbin Bay,
and Makinson Inlet (Blake, 1975, 1993; Robertson, 1999). In Makinson
Inlet, marine shells indicate seawater entered the western arm by
8.93 +100 BP and the northern arm by 7.33 + 80 BP (Blake, 1975). At
Cape Storm and Darling Peninsula, radiocarbon ages from driftwood and
marine shells suggest a highstand at 8.5-8.0 ka BP (~90 m asl), followed
by emergence marked by ages of 7.5-7.0 ka BP (~80 m asl; Blake, 1993).
In Dobbin Bay, Robertson, (1999) reports a marine limit of ~71 m asl
(~7.3 ka BP) and lower shorelines at ~33 m (~6.0 ka BP), ~15m (~4.5
ka BP), and ~4m (~2.0 ka BP), reflecting progressive postglacial
emergence. These data indicate rapid coastal uplift during the early to
middle Holocene, with cumulative emergence locally ranging from 100
to 120m since ~9 ka BP, followed by slower late Holocene uplift,
demonstrating that relative sea-level in southern Ellesmere Island is
largely controlled by regional glacio-isostatic adjustment (Blake, 1993).

During the Last Glacial Maximum, the CAA was covered by the large
1IS, GrlIS and Laurentide Ice Sheet (LIS) (Dyke et al., 2002; Dalton et al.,
2023). The fjord systems and major marine channels, such as Nares
Strait, Smith or Lancaster Sounds, were fully blocked by ice until the
retreat of the ice sheets during deglaciation (e.g., Knudsen et al., 2008;
Jennings et al., 2011; Pienkowski et al., 2013; Furze et al., 2018). The
abrupt cold and arid phase of the Younger Dryas between 12.9 and
11.7 cal ka BP led to readvances or stabilizations of the ice sheets,
allowing the building of moraine systems across Baffin Bay (e.g., Briner
et al.,, 2009; Margreth et al., 2017; Young et al., 2020, 2021). The
ice-extent reconstructions from the last glaciation to the early Holocene
over the study area remain unclear, as there are no paleoclimate data
available spanning this period (Dalton et al., 2024). The establishment
of warmer temperatures during the early Holocene (Laskar et al., 2004)
promoted extensive ice-margin retreat, leading to the progressive
opening of oceanic connections between the Arctic Ocean and Baffin
Bay. Beginning with Lancaster Sound at 13.5 cal ka BP (Dalton et al.,
2023), deglaciation progressed from Smith Sound at approximately
11.15 to 10.4 cal ka BP, to the simultaneous opening of the Kane and
Hall Basins at approximately 9.0 cal ka BP (Jennings et al., 2011;
Georgiadis et al., 2018; Caron et al., 2019, 2020). With the separation of
the IIS and the GrIS, the final opening occurred in Kennedy Channel
between 8.5 and 8.3 cal ka BP (Jennings et al., 2011, 2019; Georgiadis
et al., 2018). In Nares Strait, the interval from 5.5 to 3 cal ka BP is
marked by the predominance of negative phases of the Arctic Oscillation
(Funder et al., 2011), which likely promoted the development of sea-
sonal ice arches in Kane Basin, as evidenced by elevated IPo5 biomarker
fluxes and shifts in benthic foraminiferal assemblages (Georgiadis et al.,
2020). Following decreasing insolation, proxy reconstructions reveal
gradual cooling in air temperatures during the middle to late Holocene
(Marcott et al., 2013), which culminated during the Little Ice Age
(~1300-1850 CE; Grove, 1988) and promoted the regrowth of glaciers
across northern Baffin Bay (Kaufman et al., 2009; Solomina et al., 2015;
Briner et al., 2016). Since the end of the 19th century a global and rapid
increase in air temperature, primarily driven by increased anthropo-
genic emissions of gas and aerosols (IPCC, 2023), has caused a recession
of CAA glaciers as well as a reduction in the duration and extent of sea
ice cover (e.g., Carr et al., 2013; Noél et al., 2018; Cook et al., 2019;
Ciraci et al., 2020; Van Wychen et al., 2020; Kochtitzky and Copland,
2022).

In the study area, summers (June-August) are short and cool, with an
average temperature of 2.1°C recorded in Ausuittuq (Grise Fiord) in
2024 (https://climate.weather.gc.ca/). In contrast, the remainder of the
year (January-May and September-December) is characterized by cold
conditions, with an average temperature for these months of —17.2°C in
2024 (https://climate.weather.gc.ca/). These temperature patterns
result in Cape Norton Shaw Inlet typically being covered by sea ice from
September to May, with ice breakup usually beginning in June.

The temperature-salinity profile in the study area indicates the


https://climate.weather.gc.ca/
https://climate.weather.gc.ca/

E. Bracquart et al.

presence of two main water masses, consistent with those identified by
Tang et al., 2004 in northern Baffin Bay (Fig. 1B; Amundsen Science,
2023). The Surface Water (SW) occupies the upper layer and is char-
acterized by relatively low salinity that increases with depth (~28-32
PSU), reflecting inputs of glacial meltwater from surrounding glaci-
erized catchments and sea-ice melting, as well as seasonal freshwater
discharge from tidewater glaciers. Below, the Arctic Surface Water
(ASW) extends from ~50 to 100 m depth and is characterized by colder
temperatures (—1 to —0.8°C) and higher salinity (32-33 PSU), reflecting
the influence of Arctic Ocean waters transported into northern Baffin
Bay.

3. Material and methods
3.1. Swath bathymetry and acoustic stratigraphy

Swath bathymetry data from the inlet and glacier front were
collected in 2019 onboard the S/Y Vagabond using a R2Sonic Sonic2026
(90-450 kHz) multibeam echosounder (MBES) (Hamilton et al., 2021).
A second dataset completing the inlet cover was collected in 2017, 2018
and 2023 onboard the CCGS Amundsen using a Kongsberg EM-302
(30kHz) and an EM-304 (30 kHz) MBES operated with the Seafloor
Information System (SIS) (Amundsen Science Data Collection, 2017a;
2018a; 2023a). In 2023, the glacier front was surveyed by the CCGS
Amundsen barge equipped with a Kongsberg EM-2040 MBES
(200-400 kHz). For the four datasets, the raw data were processed with
CARIS® Hips and Sips software to correct for anomalous data points,
navigation artifacts and tidal effects. The data were gridded at 10 m
(inlet-S/Y Vagabond), 3m (inlet-CCGS Amundsen), and 1m (glacier
front-CCGS Amundsen) grid resolutions for better interpretation and
analysis.

The acoustic sub-bottom survey undertaken in 2017, 2018 and 2023
onboard the CCGS Amundsen used a Knudsen 3260 CHIRP sub-bottom
profiler with a 3.5 kHz transducer (Amundsen Science Data Collection,
2017b; 2018b; 2023b). Acoustic images of sedimentary units were
extracted, processed and interpreted using the National Resources
Canada (NRCan) SegyJP2Viewer software (Courtney, 2007), with a
sound velocity of 1500 ms ",

3.2. Sediment coring and analyses

Two sediment cores, AMD2303-33BC and 05GGC (Table 1), were
recovered on the western side of Cape Norton Shaw Inlet during the
2023 ArcticNet expedition onboard the Canadian Coast Guard Ship
(CCGS) icebreaker Amundsen. Coring sites were determined via high-
resolution seismic profiles and swath bathymetric data to identify
areas with continuous sequences showing no mass movements or sedi-
ment disturbance.

Digital X-ray images of the sediment cores were acquired using a
GEOTEK X-ray computed tomography (X-CT) system prior to measuring
wet bulk density on the whole cores with a GEOTEK Multi-Sensor Core
Logger (MSCL), at 0.5 cm intervals for core 33BC and 1 cm intervals for
core 05GGC. Following these measurements, the sediment cores were
split, visually described, and high-resolution digital color photographs
(HRPs) were taken using a GEOTEK Geoscan IV imaging system. Mag-
netic susceptibility (kpp), diffuse spectral reflectance, and elemental
composition were also measured using the MSCL at the same intervals.
Sediment color reflectance was obtained with a portable Minolta CM-
2600d spectrophotometer integrated into the MSCL, and expressed

Table 1
Summary of core stations studied here. BC = box core; GGC = giant gravity core.
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according in the L* (black to white), a* (green to red), b* (blue to yel-
low) color space of the International Commission of Light (e.g., St-Onge
et al., 2007). Relative elemental concentrations (including Al, Si, Ti, Ca,
K, Fe, Mn, Zn, Rb, Sr, and Zr) were determined using a portable Olympus
Innov-X DELTA pXRF analyzer, equipped with a 40 kV rhodium anode
X-ray tube and integrated with the MSCL. The pXRF analysis was per-
formed using the GeoChem method with two beams (40 and 10 kV) with
a 60-s exposure time per beam. Prior to the analysis, 1-cm-wide sub-
samples were taken at every centimeter for core 33BC and at ~4 cm
intervals for core 05GGC.

Grain size analyses (<2 mm fraction) were performed with a Mal-
vern-Panalytical Mastersizer 3000 particle size analyzer equipped with a
HydroLV module following the instrumental conditions outlined in
Belzile and Montero-Serrano (2022). Before measurement, the samples
were pretreated with 10mL of hydrogen peroxide (H203 30%) to
remove organic matter, air-dried under a fume hood, diluted with 20 mL
of sodium hexametaphosphate (20% v/v), sieved at <2mm, and dis-
aggregated using an in-house rotator for 12 h prior to analysis. The grain
size composition (clay, silt, and sand) and statistical parameters (Dgo,
sorting) were extracted with GRADISTAT software version 9.1 (Blott and
Pye, 2001). The mean grain size of the noncohesive silt fraction
(10-63 pm), referred to as sortable silt (SS), along with its proportion
within the <63 pm fraction (SS%), was calculated to infer variations in
sediment transport driven by near-bottom currents (Fig. S6), following
the method outlined by McCave and Andrews (2019a). The abundances
of coarse sand (>400 pm) were used to identify layers of the high rafting
of coarse material by ice (e.g., ice-rafted debris or IRD and sea-ice
transport; Andrews, 2000; McCave and Andrews, 2019a). In addition,
the coarse IRDs abundance was quantified by counting gravel clasts
>2mm in size on X-CT scans of cores in contiguous 2-cm windows
(Grobe, 1987).

The quantitative X-ray diffraction mineralogy (qXRD) of the <2 mm
bulk sediment fraction was analyzed following the method developed by
Eberl (2003). The clasts >2 mm found in the ice-rafted debris-rich layers
(hereafter referred to as IRD1 to IRD5) were also analyzed, except for
IRD4, because of the insufficient quantity of material (Fig. 6B). Sample
preparation involved grinding 1 g of dry sediment spiked with 0.25 g of
corundum in a McCrone micronizing mill using 5mL of ethanol for
7 min. The resulting slurry was air-dried, after which 0.25 mL of Vertrel
was added to prevent agglomeration of fine particles. The samples were
then sieved (<500 pm), backloaded into sample holders, and analyzed
using a PANalytical X'Pert Powder diffractometer. The samples were
scanned between 5° and 65° two-theta with a step of 0.02° two-theta and
a count time of 2s per step. The quantification was established by
converting the intensity data into mineral weight percentages (wt.%) via
powdR software (Butler and Hillier, 2021). This fitting method quan-
tifies the mineralogy of a sample with an average absolute bias of 0.6%
for nonclay minerals, 2% for clay minerals and 5% for amorphous
phases (Omotoso et al., 2006; Butler and Hillier, 2021). The calculated
total mineral content (wt.%) was normalized to a sum of 100%. To gain a
quantitative understanding of the downcore changes in the bulk sedi-
ment provenance, we ran the nonlinear unmixing Excel macro SedUn-
Mix on the normalized data for the principal minerals (Pl, Kfs, Qz, Bt,
Chl, 111, Ms, Sme, Vm, Cal and Dol) that represented more than 85% of
the overall mineral concentration in the samples (Andrews and Eberl,
2012; Andrews et al., 2015, 2016).

The chronology of the sediment cores was established using seven
accelerator mass spectrometry (AMS) radiocarbon (14C) ages (Table 2),
analyzed at the A.E. Lalonde AMS laboratory (University of Ottawa,

Water depth (m)

Core length (cm) Date of collection (dd-mm-yyyy)

Core ID Latitude (°N) Longitude ("W)
AMD2303-33BC 76.5040 78.7973 129
AMD2303-05GGC 76.5041 78.7903 130

52 24-09-2023
300 24-09-2023
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Table 2
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Radiocarbon (1%C) ages obtained by accelerator mass spectrometry (AMS) for sediment cores 33BC and 05GGC. Calibrated ages were calculated using the rbacon
Bayesian age-depth modeling package (Blaauw and Christen, 2011) and the Marine20 calibration curve (Heaton et al., 2020).

Laboratory number  Core Material Depth in composite core 01CNS (cm) ~ '*C age uncalibrated (yr BP) AR =71 + 69 (cal yr BP)
Median probability (cal yr BP)  Range 20 (cal yr BP)

UOC-25412 33BC Shell fragment 52 745 +15 226 127-352
UOC-25413 05GGC  Shell fragment ~ 60.5-61.5 1150+ 15 471 298-588
UOC-25414 05GGC Shell fragment 73-74 1430+ 15 698 555-856
AWI-13869.1.1 05GGC Shell fragment 142-143 2269 + 66 1822 1584-2098
UOC-25415 05GGC  Shell fragment 238 5810 +20 5781 5599-5971
UO0C-25416 05GGC  Shell fragment  263-264 5910 +20 6208 6036-6403
UOC-25417 05GGC Shell fragment 298 9230 £ 25 9550 9319-9766

Canada) and the Alfred Wegener Institute - Helmholtz Centre for Polar
and Marine Research (Bremerhaven, Germany). The 1*C ages were
calibrated using the Marine20 calibration curve (Heaton et al., 2020),
with a local marine reservoir correction (AR) of 71 4+ 69 years, estab-
lished for the South Nares Strait region (Pearce et al., 2023). The recent
chronology (<150 years) was constrained using 2°Pb measurements on
dry sediment samples from core 33BC at 1-cm intervals (Table S1). 210py,
measurements were performed at the Geotop research center (Montréal,
Canada) by alpha spectrometry. Prior to analysis, samples were sieved
through 150-pm Nitex® mesh to minimize grain size-related biases,
oven-dried at 60°C, and homogenized by crushing.

Based on the correlation of the In(Ca/K) and b* profiles, we estimate
that ~40 cm of sediment at the top of 05GGC was lost during coring
(Fig. S2). Therefore, cores 33BC and 05GGC were combined into a
composite sequence: 01CNS (hereafter, only the composite sequence

was used). The upper 50 cm of 01CNS corresponds to core 33BC, and the
rest of the sequence corresponds to core 05GGC (50-337 cm). The age-
depth model was generated using the corrected composite depths.

The Short-Lived Radionuclide Chronology (SERAC) R package and
the constant flux constant sedimentation (CFCS) model, assuming no
mixing or Pb diffusion in the sediment (Bruel and Sabatier, 2020), were
used to construct the 21°Pb-based age model for core 33BC (Fig. S3).
These results, combined with radiocarbon dating, were then processed
via the R package ‘rbacon’ (version 3.3.1; Blaauw and Christen, 2011) to
generate the most robust age—depth model for the composite sequences
01CNS. The rbacon package estimates the best-fit (or weighted mean)
age for each depth with a 95% confidence interval using a Bayesian
approach.
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Fig. 2. (A) Swath bathymetry and 2023 Sentinel-2 satellite imagery (14/09/2023) of the modern glacier fronts in Cape Norton Shaw Inlet with cross profiles B-B', C-
C' and D-D’. The red boxes show the locations of Fig. 3A, B, C, D and G close-ups and Fig. 4. The cores studied or cited in this paper are marked by circles: red for
33BC = AMD2303-33BC and 05GGC = AMD2303-05GGC, and purple for 02BC = AMD1803-02BC and 01 PC = AMD1803-01 PC (Stevenard et al., 2022). (B) Inter-
preted submarine landform distribution across the inlet. The color code follows the GlaciDat database from Streuff et al. (2022). (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this article.)
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4. Results and interpretations
4.1. Submarine landform assemblage

Swath bathymetric imagery from Cape Norton Shaw Glacier front to
the entrance of the inlet revealed an asymmetric seafloor overprinted by
well-preserved landforms (Fig. 2). The inlet is relatively shallow with a
maximum depth of 260 m at the entrance (Fig. 1A). No evidence of a sill
restricting exchange of deeper waters with offshore was found at the
entrance of the inlet. The submarine landforms overprinting the seafloor
indicate that Cape Norton Shaw Inlet was occupied by an ice stream that
extended into northern Baffin Bay. The landforms were mapped and
regrouped under three environments (Fig. 2B): subglacial (mega-scale
glacial lineations or MSGL, crevasse-squeeze ridges or CSR, and eskers),
ice-marginal (grounding-zone wedges or GZW, terminal and recessional
moraine ridges) and glaciomarine (iceberg ploughmarks).

4.1.1. Subglacial environment

The three landforms described below are observed only between the
Cape Norton Shaw Glacier front and the terminal moraine described in
section 4.1.2.

Mega-scale glacial lineations. - Several positive landforms aligned
with the inlet topography and oriented NNE-SSW are observed near
Cape Norton Shaw Glacier front (Fig. 2and Fig. 3A). These elongated
ridges are parallel to subparallel to each other and measure 40-80 m in
width, 400-1000 m in length, and approximately 4 m in height. Their
elongation ratios (1:10) and overall metrics are consistent with those of
mega-scale glacial lineations, although they fall at the lower end of the
length range reported for this type of landform (e.g., Spagnolo et al.,
2014; Brouard and Lajeunesse, 2019a, 2019b; Couette et al., 2023;
Belko et al., 2025). Comparable features have been documented in fjords
and cross-shelf trough systems off Baffin Island, including ridges up to
7.1 km long and ~390 m wide (Brouard and Lajeunesse, 2019a, 2019b),
as well as ridges 50-500 m wide and up to 5km long (Couette et al.,
2023), and ridges 50-300 m wide, 2-4km long, and less than 10 m
high (Belko et al., 2025). Recognized across various regions of the
Arctic, mega-scale glacial lineations are commonly produced subgla-
cially by soft glaciogenic sediment deformation at the glacier-bed
interface. They are associated with fast ice flow, such as grounded ice
streams or surging glaciers, and their orientation provides an indicator
of former ice-flow direction (e.g., Clark, 1993; Dowdeswell et al., 2008;
Spagnolo et al., 2016; Ottesen et al., 2017; Brouard and Lajeunesse,
2019a, 2019b; Couette et al., 2023; Belko et al., 2025). The presence
of these mega-scale glacial lineations indicates that Cape Norton Shaw
Glacier experienced a rather recent episode of rapid advance.

Crevasse-squeeze ridges. - Swarms of small sharp-crested ridges
broadly oriented transverse to ice flows are found in association with the
mega-scale glacial lineations (Fig. 2and Fig. 3A). These ridges are linear,
parallel to subparallel, and occasionally form a distinctive rhombohe-
dral pattern. They are relatively small, with heights of 4-8 m, widths up
to 20 m, and lengths typically <100 m. The morphology of these land-
forms is typical of crevasse-squeeze ridges (Sharp, 1985; Evans and Rea,
1999). Recognized worldwide in submarine and terrestrial settings,
crevasse-squeeze ridges have been historically associated with
surge-type glacier behaviors (e.g., Sharp, 1985; Evans and Rea, 1999;
Ottesen et al., 2008; Streuff et al., 2015; Ingodlfsson et al., 2016;
Ben-Yehoshua et al., 2023; Osika and Jania, 2024). Crevasse-squeeze
ridges are produced during initial post-surge ice stagnation by soft
subglacial sediments squeezed upward into bottom-up crevasses when
the basal water pressure decreases under the weight of overlying ice
(Ottesen and Dowdeswell, 2006; Ottesen et al., 2008). More recently,
Crevasse-squeeze ridges have been identified on paleo-ice stream beds
and are associated with the final stages of ice streaming and deglaciation
(Evans et al., 2016; Kurjanski et al., 2019). The presence of multiple
crevasse-squeeze ridges close to Cape Norton Shaw Glacier front in-
dicates a past heavy crevassed front.
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Eskers. — A single sinuous, sharp-crested, and discontinuous ridge,
approximately 1.5 km long, ~100 m wide, and 10-20 m high, originates
close to the present-day grounded ice front (Fig. 2andFig. 4). This ridge
is interpreted as an esker formed near the ice margin through the
accumulation of gravel and sandy sediments deposited by meltwater
flowing within a subglacial R-channel (e.g., Rothlisberger, 1972;
Banerjee and McDonald, 1975; Brennand, 2000; Dowdeswell and
Ottesen, 2016; Lajeunesse, 2016. The esker therefore records the
former position of a subglacial meltwater channel beneath Cape Norton
Shaw Glacier.

The short and discontinuous shape of the esker could be explained by
several factors (Brennand, 2000 and references therein). However, given
its association with landforms diagnostic of surge-type glacier activity
preserved in the morpho-sedimentary record (e.g., mega-scale glacial
lineations, crevasse-squeeze ridges, recessional and terminal moraines),
the esker was most likely formed under active ice during a surge of Cape
Norton Shaw Glacier (Brennand, 2000; Evans and Rea, 2003; Ottesen
et al., 2008). In a surge-type glacier setting, the instability of the sub-
glacial drainage system plays a key role: rapid ice flow and elevated
basal water pressure promote frequent reorganization of meltwater
pathways (Rothlisberger, 1972). This mechanism limits the long-term
stability and persistence of R-channels and promotes the development
of short discontinuous eskers instead of long continuous ridge systems.

During the 2019 Vagabond and 2023 CCGS Amundsen expeditions, a
subglacial meltwater tunnel at the glacier front (Fig. 4B) and a sediment
plume (18/08/2023) were observed near the head of the esker, sup-
porting the interpretation of active or recent subglacial meltwater
discharge in this area.

4.1.2. Ice-marginal environment

Grounding-zone wedges. — At least four low-amplitude, asymmetric
wedges with sinuous crestlines are observed at the entrance of the inlet
at water depth of 180-210 m (Fig. 2andFig. 3B). These small wedges are
~300-650 m long in the former ice-flow direction, ~1-3 km wide, and
up to 10 m high, with gently dipping ice-proximal flanks and steeper ice-
distal flanks. A larger asymmetric wedge, overprinted by recessional
moraines, occurs in the inner inlet in front of Unnamed-B Glacier. This
wedge is at least 1.5 km long, ~5 km wide, and up to 30 m high, with a
minimum area extent of ~8 km2. These asymmetric wedges are inter-
preted as grounding-zone wedges. In the absence of exploitable sub-
bottom data (Fig. 5A), they are distinguished from recessional mo-
raines by their low-amplitude morphology and steeper ice-distal flanks.
Compared to 3-50 km long grounding-zone wedges observed in the CAA
on Beaufort Sea margins (Batchelor and Dowdeswell, 2015) and Baffin
Island shelves (Brouard and Lajeunesse, 2019a; Couette et al., 2023;
Belko et al., 2025), those in Cape Norton Shaw Inlet are relatively small.
This apparent size difference likely reflects a preservation bias, as the
full extent of the grounding-zone wedges may be masked by the stacking
of successive wedges and by recessional moraine ridges, which together
hinder the recognition of their maximum original dimensions.

Grounding-zone wedges form through the delivery of deformable
subglacial sediments where ice margins cease to be in contact with the
bed during stillstands and thus record former grounding-line positions
(Dowdeswell et al., 2008; Ottesen and Dowdeswell, 2009; Dowdeswell
and Fugelli, 2012; Batchelor and Dowdeswell, 2015; Lajeunesse et al.,
2019a). They are typically found in fjords occupied by fast-flowing ice
streams, marine-terminating glaciers and ice sheets located at high lat-
itudes in the Arctic (Brouard and Lajeunesse, 2019a, 2019b; Couette
et al.,, 2023; Belko et al., 2025) and Antarctic regions (Dowdeswell
et al., 2008; Simkins et al., 2018), as well as on previously glaciated
continental shelves (Batchelor and Dowdeswell, 2015; Lajeunesse et al.,
2019). In Cape Norton Shaw Inlet, the cluster of grounding-zone wedges
at the entrance suggests that the ice margin once extended into Baffin
Bay, with its retreat punctuated by multiple relatively short-lived still-
stands or minor readvances of the grounding zone, likely during the last
deglaciation. In contrast, the larger grounding-zone wedge in the inner
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Fig. 3. Close-ups of submarine landforms in Cape Norton Shaw Inlet. (A) Examples of mega-scale glacial lineations (MSGLs) and crevasse squeeze-ridges (CSRs)
landforms and cross-section profile A-A’ across a mega-scale glacial lineation. (B) Examples of grounding zone wedges (GZW) and retreat moraine landforms with
cross-section profile B-B' across prograding grounding zone wedges. (C) Examples of De Geer moraines with the cross-section profile C-C' associated with the seismic
profile (E). (D) Examples of the 1959 terminal moraine, debris lobe and De Geer moraines with cross-sectional profile D-D’ associated with the seismic profile (F). (G)
Examples of iceberg ploughmarks and pits at the mouth of the inlet. (For interpretation of the references to color in this figure legend, the reader is referred to the

Web version of this article.)
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Fig. 4. (A) Bathymetric surface of an esker located close to the modern Cape Norton Shaw Glacier front with swarms of crevasse squeeze-ridges on both sides. (B)
Photograph of the 2019 Cape Norton Shaw Glacier front showing the spatial relationship between the tunnel and the position of the esker in 2019. Location of the
figure is provided on Fig. 2A. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

inlet, located in front of Unnamed-B Glacier, records a distinct period of
grounding-line stabilization that postdates the formation of the outer
grounding-zone wedges.

Recessional moraine ridges. - Five clusters of low-amplitude, long,
narrow, and elongated ridges are observed across the inlet (Fig. 2and
Fig. 3C). These ridges are generally parallel to sub-parallel and oriented
transverse to the former ice-flow direction. In the inner inlet, two
distinct clusters are identified: one comprising ~10 ridges adjacent to
the modern Cape Norton Shaw Glacier front, and another consisting of
3-4 ridges located approximately 2km farther offshore. In this area,
ridge spacing averages ~30 m, with lengths ranging from tens of m to
~500 m and an average height of ~3 m. In the central part of the inlet, a
first set of ~8 ridges is overlain by a second denser cluster of 30-40
ridges. Here, the ridges are generally more continuous, with average
lengths of ~650 m and heights of ~5m. At the entrance of the inlet, 25-
28 ridges are less well defined and appear partially eroded. In this area,
spacing increases to ~90 m, with individual ridges measuring ~2m in
length and ~4 m in height.

On sub-bottom profiles, the ridges are clearly identifiable by their
sawtooth morphology and (semi-)transparent, acoustically massive

reflections, suggesting a mixed lithological composition of glaciogenic
origin (Figs. 3E and 5). These ridges are interpreted as recessional mo-
raines or De Geer moraines (De Geer, 1889). Such landforms typically
form annually through sediment squeezing and push processes during
minor winter readvances of the glacier terminus under overall retreat
conditions (Boulton, 1986; Ottesen and Dowdeswell, 2006, 2009;
Dowdeswell et al., 2008; Benn and Evans, 2010; Brouard and
Lajeunesse, 2019a, 2019b; Couette et al., 2023). The five distinct clus-
ters of moraines indicate at least five periods of overall grounding-line
retreat in Cape Norton Shaw Inlet.

Terminal moraine ridge and debris lobe. — A single large transverse
ridge is observed in the inner part of the inlet, extending laterally toward
the right margin, where it emerges above sea level and transitions into
an aerial landform (Fig. 2andFig. 3D). The submerged section of the
ridge, ~20 m in height and ~350 m in width, is characterized by a steep
proximal flank and a more gently sloping distal flank. Similar to the
recessional moraines, the ridge displays (semi-) transparent and acous-
tically massive reflections, indicative of a mixed lithological composi-
tion dominated by glaciogenic sediments (Fig. 3F). This landform is
interpreted as a terminal moraine formed either during a glacier
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advance or at the maximum extent of a surge event (e.g., Benn and
Evans, 2010; Dowdeswell et al., 2016; Couette et al., 2023). No other
large submarine moraine landforms were observed farther offshore. The
presence of typical surge-related landforms (mega-scale glacial linea-
tions, crevasse-squeeze ridges, esker, recessional moraines) between the
present-day glacier front and the terminal moraine suggests that this
ridge is probably associated with a surge event. Moreover, its position
closely matches the front location of Cape Norton Shaw Glacier on sat-
ellite imagery from summer 1959 (Fig. S1), suggesting that the moraine
marks the maximum extent reached during the ~1959 surge. A small
lobe-shaped deposit is visible downslope of the distal flank of the ter-
minal moraine (Fig. 3F). This lobe reaches ~500 m in width and ~200 m
in downslope length. This deposit is interpreted as a glaciogenic debris
flow, likely resulting from the rapid release and failure of soft subglacial
sediments at the former ice front of Cape Norton Shaw Glacier during the
~1959 surge (Couette et al., 2023).

4.1.3. Glacimarine environment

Iceberg ploughmarks. - The inlet seafloor is incised by linear to
curvilinear grooves, mostly located at the entrance of the Inlet to a
maximum depth of 160 m (Fig. 2). These landforms are relatively long
and narrow, in some cases terminating in pits, and are typically less than
800 m in length, 10 to 60 m width, and a few meters deep. Their dis-
tribution is highly irregular, with straight segments interspersed with
directional shifts and abrupt changes in orientation (Fig. 3G). The va-
riety of patterns and morphologies observed is similar to those described
as resulting from drifting iceberg keels scouring seafloor sediments after
calving from a marine-based glacier or ice-sheet terminus (e.g.,

Woodworth-Lynas et al., 1985; Syvitski et al., 2001; Dowdeswell and
Ottesen, 2013; Dowdeswell et al., 2016; Gales et al., 2016; Brouard
and Lajeunesse, 2019b; Couette et al., 2023); these landforms are
therefore interpreted as iceberg ploughmarks. In addition, small indi-
vidual, sub-rounded to rounded pits are observed (Fig. 3G). These
landforms are randomly distributed across the inlet, extending into
shallow waters at depths <200 m. The depressions are less than 5m
deep and range in diameter from tens to hundreds of meters. These pits
are probably the result of intermittent contact between iceberg keels and
the sedimentary seafloor, occurring as icebergs adjust their hydrostatic
equilibrium during melting or in response to changes in water depth
(Syvitski et al., 2001). Iceberg ploughmarks and pits are widely recog-
nized across many areas of the Arctic continental margins (e.g.,
Dowdeswell et al., 2010, 2016; Bjarnadottir et al., 2016; Jakobsson and
O’Regan, 2016; Montelli et al., 2018; Brouard and Lajeunesse, 2019b;
Couette et al., 2023; Dowdeswell and Ottesen, 2024).

4.2. Sub-bottom acoustic stratigraphy

From the 2017 and 2023 surveys of Cape Norton Shaw Inlet (Fig. 5),
five acoustic facies (AF1-AF5) were differentiated based on their
acoustic signatures, bounding reflectors and internal geometries. Their
characteristics are summarized in Table 3.

The AF1 facies is acoustically semi-transparent to transparent and
lack internal structure. It is bounded above by a hummocky reflector of
high amplitude. Within the inlet, AF1 mostly occurs as an irregular to
hyperbolic geometries underlying AF2. Its basal stratigraphic position
beneath all other identified acoustic facies indicates that it predates the
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overlying deposits, although no direct age constraints are available
because AF1 was not recovered in the sediment cores. Based on its
acoustic characteristics and stratigraphic position, the AF1 facies is
interpreted as the acoustic basement, likely representing either glacial
till or bedrock.

The AF2 facies is acoustically semitransparent, with weak and
chaotic internal reflections that tend to diminish with depth in some
areas. This facies is characterized by a strong, mostly continuous upper
reflector and a lower-amplitude basal reflector, which occasionally lacks
a clear delineation with the underlying AF1. AF2 is overprinted by
single- and multi-crested ridges of various sizes that lie directly on AF1
and are either covered by AF3 or exposed at the seafloor. These ridges
show discontinuous and chaotic internal reflections and correspond to
areas marked by moraines and crevasse-squeeze ridges identified on the
swath bathymetric imagery. Based on its acoustic characteristics and
correlations with moraines and crevasse-squeeze ridges, the AF2 facies is
interpreted as till deposited during periods of glacial stillstand and/or
readvances during deglaciation or episodic warming periods.

10

The AF3 facies is massive and ranges from acoustically semi-
transparent to stratified, with weak-amplitude internal reflectors. It is
bounded by a strong, continuous upper reflector and a strong, mostly
continuous basal reflector. AF3 occurs throughout the inlet and is
generally exposed at the seafloor, infilling the spaces between the multi-
crested AF2 ridges. It is also observed in a few basin-like areas beneath
AF4 (Fig. 5A). The thickness of AF3 typically ranges from 3 to 4 m. The
massive, semi-transparent to stratified acoustic character suggests a
mixture of depositional processes reflecting variations in lithology or
sediment density. Based on correlation with lithological data, we sug-
gest two main depositional processes for AF3: (1) an ice-proximal supply
of suspended sediment resulting in the deposition of laminated mud
corresponding to LF1 (Fig. 7 and Table 4), and (2) suspension settling
from ice-distal meltwater plumes resulting in the deposition of glacio-
marine sediments corresponding to LF2 (Fig. 7 and Table 4). The tran-
sition between AF3 and AF4 is not recorded in the sediment core 01CS as
there is no significant change in density (Fig. 7).

The AF4 facies is acoustically stratified, characterized by weak-
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amplitude internal reflectors. It ranges in thickness from 1.3 to 2.5m
and is bounded by a strong, continuous lower reflector and the seafloor.
AF4 conformably overlies AF3, but only in basin-like areas. Similar to
AF3, its stratification likely reflects variations in lithology or sediment
density. Based on its correlation with lithological data, AF4 is inter-
preted as a late Holocene glaciomarine mud deposited by suspension
settling from ice-distal meltwater plumes, corresponding to LF3 (Fig. 7
and Table 4).

The AFS5 facies is acoustically transparent to semi-transparent, with
chaotic and poorly defined internal reflectors. It displays a distinctive
lobe-shape geometry and appears interbedded with AF3. This facies is
observed exclusively on the distal flank of the terminal moraine in the
inner part of the inlet. Based on its geometry and correlation with
bathymetric data, AF5 is interpreted as a debris-flow deposit, possibly a
debris lobe.

4.3. Sediment cores

4.3.1. Elemental composition (pXRF) and mineralogical assemblage
(gXRD)

The boxplot of major element compositions (pXRF) for the bulk
sediment fraction of core 01CNS is dominated by Si (~0.85-14.1%), Al
(~0.5-4.2%), Fe (~1.1-3.6%), K (~0.3-2.2%), Ca (~0.2-4.4%), and Ti
(~0.06-0.5), with lower concentrations of Mn, Zr, Sr, Rb and Zn
(<0.1%) (Fig. 6A).

The mineralogical assemblage (@XRD) of the <2 mm bulk sediment
fraction, illustrated by both gXRD boxplots and a ternary plot (P1 + Kfs -
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Cal + Dol - Bt + Chl), indicates that core 01CNS is primarily composed
(>90%) of P1 + Kfs (28-43%), Qz (16-35%), Bt + Chl (7-20%), Ill + Ms
(6-11%), Sme (0-11%), Vm (0-6%), and Cal + Dol (0.6-14%), with
minor proportions (<5%) of Kln, Am, Px, and Fe-b minerals (Fig. 6A).
The mineralogical composition of the >2 mm fraction of four ice-rafted
debris-rich layers (IRD1 to IRD3 and IRD5) was also analyzed and
plotted on the ternary plot, except for IRD4 due to insufficient material
(Fig. 6B). IRD1 is composed of a mix of Pl + Kfs and Cal + Dol, IRD2 is
rich in Cal + Dol, and IRD3 and IRD5 are dominated by Pl + Kfs.
Mineralogical variations throughout the core (Fig. 7) show that it is
mainly composed of crystalline minerals, with average contents of 35%
Pl + Kfs (up to 42.6% at 210 cm) and 15% Chl + Bt (up to 20.3% at 6
cm). However, the base of the core records a detrital carbonate-rich
interval (282-306 cm), marked by a synchronous increase in the In
(Ca/K) ratio to 1.2 and a rise in Cal + Dol content to 13.5%. The
mineralogical signatures of the IRDs (Fig. 6B) support this source shift
observed at the base of the core. These results suggest that most of the
sediment originates from the Ellesmere-Inglefield Mobile Belt, with a
temporary shift to a more distal carbonate-rich source from eastern
Ellesmere Island (Nares Strait) during the deposition of the basal in-
terval (Fig. 7).

4.3.2. Sedimentary lithofacies

The sediment core record consists of three sedimentary lithofacies
(LF; Fig. 7 and S5) determined based on visual core descriptions, high-
resolution core photographic images (HRP), X-CT scan images, phys-
ical and chemical properties, grain size parameters, and mineralogical
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Table 3
Summary of the five acoustic lithofacies identified in Cape Norton Shaw Inlet with their associated descriptions and in-
terpretations.
Acoustic n— .
P Images Description Interpretations
éﬁ. Debris * semi-transparent to transparent : .
= == lobe * no internal structure Debris ﬂgw deposits
f‘ o (Debris lobe)
| = « distinctive lobate geometry
» stratified reflections
AF4 * strong and continuous upper and lower Glacimarine sediments
reflectors
» stratified reflections
+ strong and continuous upper reflector e ;
AF3 B  UER Glacimarine sediments
* continuous to discontinuous lower
reflector
* semi-transparent Glacimarine sediments
» weak and chaotic internal reflections reworked by pushing and
AF2 + overprinted by single- and multi-crested squeezing processes
ridges (moraines, MSGLs and
* overlaying AF1 CSRs)
* semi-transparent to transparent
AF1 o tioma structurf: i Acoustic basement
+ impenetrable and discontinuous upper
surface reflector of high amplitude
Table 4

Summary of the physical characteristics, average grain size data (Dgo) and interpretation of the depositional processes of the
lithofacies identified in core 01CNS.

Sedimentary Depositional

X-CT HRP Lithofacies Colour mlires Dyy (m) PECEsSES
25cm
*Massive mud
LF3 Silty mud 2.5Y 4/2 * Dispersed IRDs 53 * [ce rafting
with IRDs  Olive gray *Single IRD *Meltwater plumes
layer
45 cm
133 cm
*Dispersed IRDs
Sandy o 2.5Y 472 * Four IRD *Icc rafting
silty mud : ; 100 oy
s Olive gray layers with shell * Turbidity events
with IRDs
fragments
153 cm %=
315cm
Silty * Parallel
laminated 2:5Y'5/1 laminations, few 69 *Ice rafting
mud with Gray are oxidized ’ * Meltwater plumes
IRDs *Dispersed IRDs
335cm 335cm*”
assemblages of composite core 01CNS (Fig. 7). The results are summa- laminations range from brown to red, indicating iron oxidation. Several
rized in Table 4. centimeter-sized IRDs are interspersed in these laminations. The lith-
LF1 (337-310 cm; 9.8-10.4 cal ka BP) is characterized by grayish silty ofacies displays no variation in terms of the grain size distribution, the
sediments with millimeter- and centimeter-sized laminations associated geochemical or mineralogical compositions. The SS profile displays

with high kir values (226 SI x 107> Fig. 7). Visible on the HRP, few consistently low values (~24 pm), indicating stable near-bottom current
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intensity (Fig. S6). LF1 is interpreted as proximal glaciogenic sediments
deposited near the ice margin under calm conditions within a
meltwater-dominated depositional environment. These sediments
probably represent the early stage of the deglaciation phase of the inlet
during the early Holocene. The transition from LF1 to LF2 is charac-
terized by a noticeable change in sediment color, a decrease in ki, and
an increase in the proportion of coarser sediments and near-bottom
current intensity (Fig. 7 and S6).

LF2 (310-129 cm; 1.6-9.8 cal ka BP) is characterized by an olive-gray
color. The sediments are predominantly coarse, consisting of ~24%
sand and ~50% coarse silts, as indicated by the In(Zr/Rb) and Dgg
profiles, as well as grain-size distribution data. SS values increase
throughout the unit, reaching high values (up to ~30 pm), which sug-
gest the presence of intensified near-bottom current activity during this
interval (Fig. S6). Numerous centimeter-scale IRDs are scattered
throughout LF2, with their abundance increasing toward the top of the
unit. This lithofacies contains four distinct layers of coarser sediments
interpreted as IRDs (Fig. S4), located at 294-302 cm (IRD1), 281-287 cm
(IRD2), 205-218 cm (IRD3), and 132-141 cm (IRD4). These layers are
characterized by increases in Dgg and the sand content, along with de-
creases in ki y and a* values (Fig. 7 and S4). Broken shell fragments are
present in IRD1, IRD2 and IRD3. Overall, the lithofacies records low
sedimentation rates with rather high wet bulk density (1.9 g cm ™), kip
(132 SI x 107°) and a* (1.8).

From 306 to 282 cm, the sediments, rich in P1 + Kfs (~31%), show a
sudden increase in Cal + Dol (~9%) associated with the deposition of
IRD1 and IRD2. Sediment provenance analysis indicates a mixture of
proximal sources from the Ellesmere Inglefield Mobile Belt (~80%) and
a more distal contribution from eastern Ellesmere Island carbonates
(~20%). These results suggest a period of enhanced export of carbonate-
rich IRDs associated with deglaciation and the opening of Nares Strait
during the early Holocene (~9 cal ka BP; Jennings et al., 2011, 2019;
Georgiadis et al., 2018). From 282 to 129 cm, the lithofacies is charac-
terized by higher proportions of Pl + Kfs (~37%) and Chl + Bt
(~12.5%), along with a return to lower Cal + Dol content (~3%). The
sediment provenance during this interval is dominated by the Ellesmere
Inglefield Mobile Belt (~99%). The lowermost part of LF2 is interpreted
as a mixture of sediments: one component derived from surrounding
landmasses and deposited distal to the ice margin of the glacier, and
another from IRDs delivered by icebergs and sea ice coming from outside
Cape Norton Shaw Inlet. The upper portion of the unit provides evidence
that warmer conditions have led to an accelerated landward retreat of
the Cape Norton Shaw Inlet glaciers. The transition from LF2 to LF3 is
marked by a decrease in coarse sediments, wet bulk density, and k;r and
by an increase in the Chl + Bt content (Fig. 7).

LF3 (129-Ocm; 1.6 cal ka BP to present day) is characterized by
olive-gray silty sediments. Compared to LF2, it exhibits lower values in
physical parameters (wet bulk density, kip, a*), grain size (Dgg) and
elemental ratios In(Zr/Rb) and In(Ca/K), and PI1 + Kfs content (Fig. 7).
The generally decreasing SS values exhibit a short and rapid increase
coinciding with the deposition of IRD5, suggesting that this layer was
deposited during a short-lived event involving strong near-bottom cur-
rents and/or shift in provenance. Toward the top of the unit, the pro-
portion of coarse and medium silt decreases from 60 to 50%, while clay
content increases from 7 to 9%. Sand content remains relatively stable at
~7%. The highest concentration of IRDs (>2 mm) in the core is observed
between 26 and 83 cm (Fig. 7 and S4), with an average of ~9 IRDs and a
peak of 33 IRDs in IRD5 (26-33 cm). This peak indicates a marked in-
crease in ice-rafted debris input during this interval, reflecting enhanced
delivery of coarse-grained material to the site. IRD5 is further charac-
terized by an increase in coarser, poorly sorted material in the <2 mm
fraction (Fig. S4), along with elevated values of kg, In(Ca/K), and higher
percentages of Cal + Dol and Pl + Kfs. Sedimentation rates increase
progressively throughout LF3, reaching their highest levels in the up-
permost 40 cm. LF3 was probably deposited during a period of enhanced
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glacial meltwater
temperatures.

outwash, driven by increasing atmospheric

4.3.3. Chronology

The 21%Pb activity profile of core 33BC (Fig. S3) shows exponential
decay, with a?!°Pb-supported value of ~24 Bq kg~ !. This value is
consistent with those observed in the Smith Sound region ranging from
~20 to 30 Bq kg™! (e.g., Bailey et al., 2013; Ribeiro et al., 2021;
Bracquart et al., 2025; Koerner et al., 2025). Based on excess 210Pb, the
sediments in the upper 12 cm of the composite core present a typical
remobilization curve (Arias-Ortiz et al., 2018); the data from this in-
terval were thus not used to establish the chronology (Fig. S3). There-
fore, 01CNS spans the last 10.4 cal ka BP, with a median calculated
sedimentation rate of 50 cm ka (Fig. 8). The model reveals seven
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Fig. 8. Composite age-depth model for core 01CNS constructed using 2°Pb and
14C ages. The Bayesian age—depth model was constructed using the R package
rbacon (version 3.3.1; Blaauw and Christen, 2011). The gray shading represents
the chronological uncertainties (95% confidence interval). The black dotted
line represents the median of the data for the sedimentation rates. The esti-
mated sedimentation rates in cm ka~! are also shown. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web
version of this article.)
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major changes in sedimentation rates throughout the Holocene: 1) a
high sedimentation rate of 50cm ka ' during the early Holocene
(10.4-9.65 cal ka BP; 337-301 cm depth), 2) followed by a decrease to
10cm ka~! from the early to middle Holocene (9.65-6.3 cal ka BP;
300-266 cm depth), 3) a brief increase of 58 cm ka~! during the middle
Holocene (6.2-5.7 cal ka BP; 265-236 cm depth), 4) a long decrease to
24cm ka~! during the middle to late Holocene (5.7-1.9 cal ka BP;
235-146 cm depth), 5) an increase to 62 cm ka~! 6) followed by a short
decrease to 44 cm ka’lduring the late Holocene (1.9 cal ka BP to 1749
CE; 145-51 cm depth) and 7) a very high sedimentation rate to 328 cm
ka™? during the last ~270 years (50-0 cm).

5. Discussion

The combination of sediment cores, swath bathymetry imagery and
acoustic sub-bottom profiles allowed identifying a sedimentological,
mineralogical and geomorphological record typical of advances and
retreats of glaciers (e.g., Dowdeswell et al., 2016; Stevenard et al.,
2022). Here we discuss the evolution of the IIS and the glacier extents
and dynamics across the inlet linked to climate and oceanic changes
since the Younger Dryas which can explain the observed patterns (Fig. 9,
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Fig. 10, Fig. 11andFig. 12).

5.1. Transition from the IIS to the Manson Icefield (prior to 10.4-8.2 cal
ka BP)

Swath bathymetry at the entrance of Cape Norton Shaw Inlet reveals
at least four grounding-zone wedges followed by a cluster of moraines
(Fig. 2A-B). This assemblage reflects a stepwise style of deglaciation, in
which overall grounding-line retreat was modulated by episodic still-
stands or minor re-advances. The formation of grounding-zone wedges
implies sustained sediment delivery at the grounding line, likely sup-
ported by high subglacial sediment flux and a relatively stable ice
margin, enabling their formation over decadal to centennial timescales
(Dowdeswell et al., 2008; Dowdeswell and Fugelli, 2012; Batchelor and
Dowdeswell, 2015). Grounding-zone wedges are commonly interpreted
as evidence of Younger Dryas stillstands and readvances on Baffin Island
and Greenland coasts (e.g., Young et al., 2012, 2020; Larsen et al., 2016;
Funder et al., 2021). Although submarine Younger Dryas landforms
have not yet been specifically documented in the fjords of Ellesmere
Island, similar assemblages identified by Brouard and Lajeunesse
(2019a) and Belko et al. (2026) along Baffin Bay suggest that the ice

Age (cal ka BP)

0 1 2 3 4 5 6

7 8 9 10 11 12 13
I

Late Holocene

5 |
Middle Holocene Early Holocene YD

6D ® @
___ . Neoglaciation HTM_ Deglaciation
a
8.2 ka event
SEEE B[40
-3 21 July insolation
JJA temperature (°C) 520 5
Agassiz Ice Cap -5 (W T )
(Buizert et al., 2018) 500 75°N
(Laskar et al., 2004)
9l A Lago
&
36 S . r 30
C A € strengthening of _
324 e@vvq /\\\N near-bottom SS
SS O“@Q‘ __.—~—<_ current velocities L 26 Smith Bay
Cape Norton Shaw Inlet 284 \“\\ (Bracquart et al., 2025)
(O1CNS, this study) \ Smith Sound
(stevenard et al., 2022) ,, | 2 r22 (McCave and
‘)/ Andrews, 2019b)
=18
r55
L 9
PI+Kfs (%) 2 Z“'_(tfé")
Cape Norton Shaw Inlet r35 (Brac u::lt ot :Iy 2025)
(01CNS, this study) l25 a
(Stevenard et al., 2022) Kane Basin
! r15  (caronetal., 2019)
=5
r35
r30 o
Cal+Dol (%) [2 C:::i?: L;(a/u)
Cape Norton Shaw Inlet r2 (Bracquart et aly 2025)
(01CNS, this study) B i
r10
(Stevenard et al., 2022) [s (Caron et al., 2019)
-0
r350
300
250 SR (cm ka?)
CIRD :\:loutntsS(EZmln:)t 200 Cape Norton Shaw Inlet
ape Nor on. aw Inle 150 (01CNS, this study)
(01CNS, this study) 100
r50
0- =0
o1cns] |I]

0 1 2 3 4 5 6

7 8 9 10 11 12 13

Age (cal ka BP)

Fig. 9. Comparison of proxies used in this study (01CNS) with paleoenvironmental proxies. (A) Reconstructed summer temperature (°C) of the Agassiz Ice Cap
(Buizert et al., 2018). (B) 21 July insolation at 75°N (Laskar et al., 2004). (C) Mean size of sortable silt fraction (SS) from cores 01CNS (green, this study), 01MCS
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Fig. 10. Reconstruction of the sedimentary processes and environmental conditions in Cape Norton Shaw Inlet during the: (A) Younger Dryas (prior to 10.3 cal ka
BP), (B) early Holocene (10.3-8 cal ka BP), (C) middle Holocene (8-4 cal ka BP), and late Holocene (4 cal ka BP to present), with a distinction between (D) the Little

Ice Age (LIA; ~1300-1850 CE) and (E) the present day (2023 CE).

sheet margin stabilized near fjord mouths during this interval. In Cape
Norton Shaw Inlet, in the absence of direct chronological constraints,
the position of grounding-zone wedges at the inlet entrance leads us to
infer that these grounding-zone wedges represent the maximum extent
of the IIS during the Younger Dryas (Fig. 11A), although a more distal ice
limit cannot be excluded.

The moraine cluster (25-28 ridges), located further inland and
stratigraphically overlying the grounding-zone wedges, formed during
subsequent stages of ice-margin retreat. The transition from grounding-
zone wedges to a moraine cluster may indicate a shift in ice-margin
dynamics, with reduced sediment delivery and/or increased sensitivity
to external forcing, such as ocean-driven melt or changes in ice
discharge, promoting more frequent oscillations of the grounding line
(e.g., Dowdeswell et al., 2008). The relatively regular spacing and
morphology of these ridges suggest that they may correspond to closely
spaced retreat moraines, potentially analogous to De Geer moraine-type
landforms formed during successive ice readvances (e.g., Dowdeswell
et al., 2008; Benn and Evans, 2010). However, in the absence of direct
dating, it is not possible to confidently assign an annual origin. The
moraines are therefore interpreted as recording frequent,
short-readvances of the retreating ice margin. Sub-bottom profiles show
that the spaces between the moraines are infilled with sediments asso-
ciated with the Holocene facies AF2-3 (Table 3 and Fig. 5), suggesting
that the moraines predate the Holocene. Together, the grounding-zone
wedge-moraine succession provides a near-continuous record of
grounding-line behavior, capturing both decadal to centennial-scale
stability (grounding-zone wedges) and higher-frequency retreat oscil-
lations (moraines) from the Younger Dryas to the Early Holocene.

Following the Younger Dryas, the onset of the Holocene was marked
by warmer conditions than today (Fig. 9A), leading to the final collapse
of the IIS and LIS and their landward retreats in northeastern Baffin Bay
(e.g., Marcott et al., 2013; Lecavalier et al., 2017; Buizert et al., 2018;
Dalton et al., 2023). In Cape Norton Shaw Inlet, the base of core 01 PC
studied by Stevenard et al. (2022) reveals a sequence of
upward-thinning sandy laminations, ranging from centimeter to milli-
meter scale within Unit 1, closely resembling those observed in LF1 at
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the base of core 01CNS from this study (Fig. 7 and S5). These lamina-
tions were interpreted as hyperpycnal flow deposits and are thought to
document the retreat of the ice margin during deglaciation. This suc-
cession of ice-proximal sediments suggests that: (1) the ice margin
gradually retreated from the core site, (2) this retreat was relatively
continuous, and (3) it was not interrupted by any major glacier read-
vance. Although the thinner laminations described by Stevenard et al.
(2022) resemble those reported here, mineralogical correlations be-
tween the two sediment cores suggest that their proposed age model
yields older dates than this study (Fig. S7). The discrepancy is likely due
to the absence of a basal date in core 01 PC, which limits the accuracy of
their age model. Therefore, the basal date from core 01CNS is preferred,
as it provides the oldest documented age for the deglaciation and in-
dicates that half of the inlet was already ice-free before 10.4 cal ka BP.
The retreat sequence recorded in both cores is consistent with the
presence of moraines near the core sites (Fig. 2).

Between 10.4 and 9.7 cal ka BP, relatively high sedimentation rates
(~50cm ka’l), high ki values (~212 x 1075 SI), high coarse silt con-
tent (up to 37%), the presence of laminations, and sparse IRDs at the
base of LF1 suggest enhanced glacial activity and an increased supply of
suspended sediment during this interval (Fig. 7). The P1 4 Kfs-rich layer
probably reflects the release of local material derived from the Ellesmere
Inglefield Mobile Belt, associated with the retreat of the ice margin
(Fig. 7 andFig. 9D). At the base of LF2, between 9.7 and 8.4 cal ka BP,
elevated concentrations of detrital carbonates indicate that ~25% of the
sediments originated from carbonate-rich sources on eastern Ellesmere
Island (Figs. 7 and 9and Fig. 9E). Two distinct IRD-rich layers (IRD1 and
IRD2) composed of unsorted material are observed in this unit (Fig. S4).
Given the distance of core 01CNS from active glacier fronts at the time,
these IRD-rich layers are likely associated with major ice breakup events
and increased iceberg calving, reflecting episodes of climatic warming.
At this stage, the formerly extensive ice margin may have retreated
sufficiently to fragment into smaller, modern-style glacier systems
(Fig. 10B). IRD1 and IRD2 suggest that the sedimentation near core
01CNS was mainly influenced by ice-rafted material from the calving
fronts of Cape Norton Shaw Glacier, with minor contributions from
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Fig. 11. Reconstruction of the ice extent over Cape Norton Shaw Inlet for the (A) Younger Dryas, (B) 8.2 cal ka BP cold event, (C) Middle Holocene (8-4 cal ka BP),
and (D) Little Ice Age (~1300-1850 CE). Sentinel-2 image from 14 September 2023 (source: copernicus.eu) with swath bathymetric data from CCGS Amundsen and S/
Y Vagabond. The ice-extent limits were modified from Dalton et al. (2023). (For interpretation of the references to color in this figure legend, the reader is referred to

the Web version of this article.)

external sources. The increase in SS records from 10.4 to 8 cal ka BP
indicates a long-term strengthening of near-bottom current velocities
(Fig. 7, Fig. 9CFigs. 7 and 9 and S6). This trend suggests a shift in
depositional energy driven by climatic-induced changes during the Early
Holocene. At that time, warm temperatures triggered the retreat of the
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IIS, leading to enhanced meltwater discharge within Cape Norton Shaw
Inlet as evidenced by relatively high sedimentation rates, high coarse
content and laminations (Fig. 7). The increase in the SS records coincide
with the deposition of two IRD-rich layers and elevated concentrations
of detrital carbonates originating from the Nares Strait region,
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suggesting that change in regional circulation patterns following the
initial retreat of the IIS also had an impact on the strengthening of near-
bottom current velocities within the inlet. According to ice re-
constructions by Dalton et al. (2023), the Early Holocene sediments
were likely deposited during the final opening of Jones Sound and
deglaciation of Nares Strait (Jennings et al., 2011, 2019; Georgiadis
et al., 2018; Caron et al., 2019, 2020; Stevenard et al., 2022).

The abrupt 8.2 cal ka BP cold event recorded in Greenland ice cores
as a short-lived !%0 anomaly linked to Laurentide meltwater freshwater
discharge events into the northern North Atlantic is not recorded in core
01CNS (Fig. 7; Alley et al., 1997; Von Grafenstein et al., 1998; Barber
et al., 1999). However, the large grounding-zone wedge identified on
the swath bathymetry imagery in front of Unnamed B Glacier, which
formed after the outer grounding-zone wedges and was partly over-
ridden by younger moraines (Fig. 2B), likely marks the glacier front
during this brief climatic perturbation, before retreating gradually
(Fig. 11B). The timing remains uncertain but is broadly consistent with
regional evidence for glacier expansion during this cold period
(Solomina et al., 2015).

The absence of coalescence with an advance of Cape Norton Shaw
Glacier indicates differing glacier responses. Both glaciers are tidewater,
but available bathymetric data do not reveal clear contrasts in inlet
geometry that could account for this difference. Alternative explana-
tions remain therefore more speculative. One possibility is that Cape
Norton Shaw Glacier had retreated further inland prior to the 8.2 cal ka
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BP cold event, resulting in different initial glacier configurations at the
onset of cooling. Differences in catchment hypsometry may also have
influenced glacier sensitivity. However, no quantitative data are
currently available for either basin. As Manson Icefield is a known
hotspot for surge-type glaciers (Copland et al., 2003), a surge-type origin
for the grounding-zone wedge of Unnamed B Glacier cannot be entirely
excluded. However, given the absence of comparable or more recent
geomorphological evidence for repeated or cyclical surge activity in the
landform record in front of Unnamed B Glacier, a surge-type origin for
this grounding-zone wedge is considered unlikely. Therefore, the con-
trasting responses of the two glaciers most likely reflect differences in
pre-event glacier extent and initial dynamic configuration prior to the
onset of the 8.2 cal ka BP cooling.

5.2. Land-terminating glaciers during the Middle Holocene (8-2 cal ka
BP)

The decrease in the detrital carbonate content (Fig. 7) observed in
LF2 at the beginning of the middle Holocene suggests a reduced input of
carbonate-rich sediments from Nares Strait and Jones Sound into the
inlet due to reduced ice rafting transport. This period coincides with the
full opening of marine connections between the Arctic Ocean and Baffin
Bay (e.g., Jennings et al., 2011, 2019; Furze et al., 2018; Kelleher et al.,
2022; Dalton et al., 2023; Okuma et al., 2023), facilitating broader
oceanic circulation and sediment redistribution. This reduction in
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detrital carbonates input aligns with the onset of the Holocene Thermal
Maximum (HTM), a period of summer temperatures warmer than pre-
sent conditions throughout the Arctic, driven by high boreal summer
insolation around 8cal ka BP (Fig. 9A-B; e.g., Kaufman et al., 2004;
Mayewski et al., 2004; Marcott et al., 2013; Briner et al.,, 2016;
Lecavalier et al., 2017; Buizert et al., 2018). Between ~8 and 4.7 cal ka
BP, low sedimentation rates (Fig. 8) combined with an increase in coarse
silt and sand content (Fig. 7) suggest a decline in fine-grained sediment
delivery via sea ice, reflecting a landward retreat of surrounding glaciers
(Fig. 10C). The enrichment in Pl+Kfs in coarse-grained sediments
(Fig. 7) reflects an enhanced delivery of locally derived glacial material,
possibly linked to enhanced erosion and sediment transport from sur-
rounding landmasses during periods of glacier retreat. As suggested by
Stevenard et al. (2022), terrestrial glaciers can deliver gravel-sized
sediments across fan deltas. Given the proximity of the core site
01CNS to the coast, IRD3, composed of unsorted material and shell
fragments (Fig. S4), may reflect such a depositional process. In this
context, we infer that Cape Norton Shaw Inlet glaciers were either
actively retreating or had transitioned to land-based systems in response
to the mid-Holocene warming and the absence of the IIS (Figs. 10C and
11C). Such a retreat is consistent with the broader Arctic response to the
Holocene Thermal Maximum, during which glaciers and ice-sheet
margins commonly receded to extents smaller than today (e.g., Larsen
et al.,, 2015; McKay et al., 2018). From ~4.7 to ~2cal ka BP, a
gradual decline in coarse sediment content suggests a progressive return
to colder conditions (Fig. 7 and Fig. 9A) Figs. 7 and 9 that favored glacier
regrowth to near-modern extents during the initial phase of the
Neoglaciation.

5.3. Retreat of the glaciers during the late Holocene (2 cal ka BP to
present)

From ~1.9 cal ka BP to ~1850 CE, the general increase in sediment
rates, IRD content, and finer-grained sediments within LF3 (Figs. 7 and
9F-G) suggest an intensification of glacial erosion processes in Cape
Norton Shaw Inlet. The decrease in SS records, and therefore the
reduced near-bottom current velocity at that time, is consistent with the
interpretation that the late Holocene in Smith Sound region was char-
acterized by a gradual weakening of circulation associated with
declining insolation and reduced meltwater input (Fig. 9A-C; McCave
and Andrews, 2019b; Stevenard et al., 2022; Bracquart et al., 2025).
As evidenced by the temperature reconstructions from Agassiz Ice Cap
(Fig. 9A), the intensification of the glacial erosional processes is linked
to the extensive regrowth of the tidewater glaciers in the inlet during the
second phase of the Neoglaciation (Briner et al., 2009, 2016; Solomina
et al., 2015; McKay et al., 2018; Buizert et al., 2018), which culmi-
nated during the Little Ice Age (~1300-1850 CE; Grove, 1988). More-
over, a sediment core collected ~40 km south-east of Cape Norton Shaw
Inlet (Core AMD19-2.5BC) by Koerner et al. (2025), shows stable
geochemical signals and consistently low total dinocyst fluxes between
1670 and 1920 CE, suggesting a prolonged seasonal sea ice cover.
Similar findings, including high fluxes of the sea ice biomarker IPss,
have been reported in Nares Strait (Georgiadis et al., 2020), further
supporting the presence of favorable conditions for glacier regrowth in
the region during this period (Fig. 10D).

Swath bathymetry imagery reveals a prominent cluster of 30-40
morainic ridges aligned with the modern front of Cape Norton Shaw
Glacier (Fig. 2), suggesting a direct association with this glacier system.
This moraine cluster overlies both the Younger Dryas-Early Holocene
moraine assemblage and the grounding-zone wedge attributed to the
8.2 cal ka BP event, confirming its relatively young age. A smaller cluster
of moraines is also visible in front of Unnamed-B Glacier (Fig. 2). In
northern Baffin Bay, the Little Ice Age was the only late-Holocene period
with sufficiently cold conditions to drive extensive glacier readvances
and consequently produce such a large number of retreat moraines
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(Fig. 9A; Briner et al., 2016). Therefore, we interpret this moraine
cluster as marking the maximum Little Ice Age extent of Cape Norton
Glacier and its subsequent retreat toward its present-day position
punctuated by likely annual short-lived readvances. The moraine dis-
tribution suggests that during the Little Ice Age the glacier advanced
nearly to the middle of the inlet, approaching its Early Holocene extent
(Figs. 10D and 11D), highlighting the sensitivity of the glacier to rela-
tively brief climatic perturbations.

Since approximately 1900 CE, the onset of a markedly warmer
period associated with glacier retreat is evidenced by high sedimenta-
tion rate (368 cm ka’l) in the upper 40 cm of core 01CNS (Fig. 9G). A
similar trend is observed in Smith Bay, where sedimentation rates range
from 163 to 223 cm ka ™! (Bracquart et al., 2025), attributed to increased
runoff from snowmelt and meltwater plumes. In southern Nares Strait,
sedimentation rates of ~400-700 cm ka~! have been recorded, reflect-
ing shorter ice-arch durations or their failure in Kane Basin (Jackson
et al., 2021; Ribeiro et al., 2021). IRD5 is enriched in both Pl + Kfs
and Cal + Dol, indicating a mixed provenance (Fig. 7 and S4). Given the
distance of the coring sites from active glacier fronts and their proximity
to inlet cliffs (Fig. 1A), the presence of gravel-sized sediments rich in PI
+ Kfs is most probably related to increased runoff from snowmelt and/or
rockslides from the cliffs. Satellite imagery shows that icebergs from
Nares Strait enter the inlet (Fig. S8A-C), potentially transporting
gravel-sized sediments rich in Cal + Dol to the coring sites. Concur-
rently, the generally decreasing SS record exhibits an abrupt increase
(Fig. 7), suggesting an intensification of near-bottom currents during a
period of enhanced snowmelt inputs.

Overall, the observed glacial retreat is largely attributed to rising
temperatures (Fig. 9A; Buizert et al., 2018), driven by the rapid and
intense emission of anthropogenic greenhouse gases and aerosols since
the onset of the Industrial Period (~1900 CE; Kaufman et al., 2009),
despite a continued decrease in boreal summer insolation (Fig. 9B;
Laskar et al., 2004; Kaufman et al., 2009). In the Arctic, warming is
occurring up to four times faster than in the global average, leading to a
significant reduction in the duration and extent of sea-ice cover (Kwok,
2018). Tidewater glaciers, which are common throughout the CAA and
particularly in Cape Norton Shaw Inlet, are especially vulnerable to
climate change due to their exposure to both atmospheric and oceanic
forcings (Noél et al., 2018; Cook et al., 2019). Based on the spacing
(~30m) of the ten moraines closest to the modern ice front (Fig. 12), a
minimum retreat rate of ~30m yr ! is inferred for the decade
2013-2023. This estimate assumes that the moraines formed annually
and does not account for potential gaps in the record or variability in the
timing of moraine formation.

5.4. Historical surge of Cape Norton Shaw Glacier

Approximately 4 km from the present-day front of Cape Norton Shaw
Glacier (Fig. 12), the seafloor is covered by numerous submarine land-
forms formed under varying glaciological conditions. These landforms
reflect different phases of ice flows and glacier dynamics. Given their
proximity to the modern frontal position of Cape Norton Shaw Glacier
and the absence of overprinting by younger landforms, this assemblage
likely marks the recent glacier activity.

Along the NNE-SSW axis of the inlet, elongated ridges interpreted as
mega-scale glacial lineations record a phase of fast glacier flow. mega-
scale glacial lineations are bounded by two clusters of relatively
evenly spaced De Geer moraines, indicating slower retreat periods
before and after this episode, and are locally crosscut by shorter,
rhombohedral crevasse-squeeze ridges, reflecting subsequent stagnation
and slow retreat under a heavily crevassed ice margin. Together, these
landforms are truncated by a prominent transverse ridge interpreted as a
terminal moraine, marking a maximum glacier extent, while a sinuous
ridge extending from the glacier front, interpreted as an esker, indicates
a subglacial meltwater channel that remains active today, as suggested



E. Bracquart et al.

by the presence of a tunnel and associated sediment plume observed
during the 2019 Vagabond and 2023 Amundsen expeditions (Fig. 4B).
This assemblage of mega-scale glacial lineations, crevasse-squeeze
ridges, eskers, terminal and retreat moraines have been widely docu-
mented in association with surge-type glaciers, particularly in regions
such as Svalbard and Iceland. They are considered diagnostic indicators
of surge activity (e.g., Evans and Rea, 2003; Streuff et al., 2015;
Dowdeswell and Ottesen, 2016; Ingolfsson et al., 2016; Ottesen et al.,
2017; Flink and Noormets, 2018; Osika and Jania, 2024).

Cape Norton Shaw Glacier was described as surge-type by Copland
et al. (2003). The identification was based on the observation of
distinct surge landforms such as a looped moraine on the west side of the
glacier and the presence of numerous crevasses at its terminus on aerial
photographs from the summer of 1959 CE (Fig. S1), as well as a retreat of
~2km between 1959 and 1999 CE (Copland et al., 2003). Collectively
the submarine landforms mapped in this study confirm the surge-type
behavior of Cape Norton Shaw Glacier. The complete surge cycle can
be reconstructed, beginning with a phase of rapid glacier advance
forming mega-scale glacial lineations during the active phase of the
surge, which lasted until ~1959 CE. The rapid glacier advance was
followed by maximum extent marked by the terminal moraine at the end
of the surge ~1959 CE, and subsequent stagnation and slow retreat
recorded by crevasse-squeeze ridges and retreat moraines during the
current quiescent phase. Although precise dates for the beginning and
the end of the surge cannot be determined due to the lack of aerial
photographs before 1959 CE, and the absence of satellite images be-
tween 1959 and 1974 CE, the position of the terminal moraine on the
bathymetric image is ~250 m beyond the glacier front observed in the
summer of 1959 (Fig. 12), indicating that the glacier was still advancing
or had recently started retreating at that time. Between the terminal
moraine and the 1974 ice front position (Fig. 12), when the first
LANDSAT images became available, three retreat moraines were iden-
tified. Assuming an annual retreat, we estimate that at least three years
of retreat occurred prior to 1974, which implies that the glacier entered
its active phase before 1959 and reached its maximum extent between
the summers of 1959 and 1971 CE. The active surge phase therefore
lasted at least 15 years, a duration comparable to, although slightly
shorter than, the ~20-year cycle reported for other surge-type glaciers in
the CAA (e.g., Copland et al., 2003, 2024; Millan et al., 2017; Van
Wychen et al., 2020, 2022; Lauzon et al., 2023). The 1959 ice front
also corresponds to a lateral aerial moraine on the east side of the glacier
(Fig. 12). Dating both the terminal and lateral moraines would provide a
more precise age for the end of the active phase. No evidence of a pre-
vious surge is visible in the bathymetric images, nor is there any indi-
cation of a more recent surge in satellite images. The glacier is today in
its quiescent phase, with an estimated retreat of ~44m yr ' between
1974 and 2023 CE.

Bracquart et al. (2025) proposed that the 1992-2007 surge of Mittie
Glacier may have been associated by increased precipitation in 1991 CE.
However, Cape Norton Shaw Glacier did not experience a surge around
2000, as shown by satellite images and the absence of characteristic
post-1959 submarine landforms. Similarly, Mittie Glacier does not
appear to have surged ~1959 CE, based on aerial photographs. These
observations indicate that, despite their geographic proximity, the
timing of the surge initiation differs between the two glaciers. This
asynchrony suggests that surge initiation is primarily controlled by in-
ternal glacier dynamics, while external climatic factors may modulate
glacier mass balance and influence long-term system preconditioning,
rather than directly triggering surge events. We acknowledge that dis-
entangling internal variability from potential indirect climatic in-
fluences remains challenging given the available temporal constraints.

6. Conclusions

In this paper, we provide a detailed reconstruction of sedimentary
dynamics and ice margin positions in Cape Norton Shaw Inlet since the
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Younger Dryas based on an approach combining sediment cores with
swath bathymetry imagery and sub-bottom acoustic stratigraphy. These
results lead to the following key conclusions:

The swarm of 30-40 large recessional moraines overlying the
grounding-zone wedges at the inlet entrance indicates a retreat of the
ice margin following the Younger Dryas cold event.
Between 10.4 and 9.7 cal ka BP, millimeter-to centimeter-scale
laminations lacking grain-size grading, along with the presence of
IRDs in LF1, indicate a depositional environment dominated by
meltwater outwash and suspensions settling in a distal ice-proximal
setting within Cape Norton Shaw Inlet.
e The combined evidence of increased detrital carbonate content in
both mineralogical and geochemical records, low sedimentation
rates (~20 cm ka’l), and enhanced near-bottom current velocity
support the hypothesis of a gradual opening of Nares Strait between
9.6 and 8 cal ka BP.
The low sedimentation rates (<30 cm ka’l) recorded in LF2 between
8 and 1.7cal ka BP, along with the coarse-grained sediments
enriched in Pl and Kfs, indicate local sediment discharge associated
with the landward retreat of glaciers bordering the inlet.
The presence of recessional moraines across the inlet supports a
gradual retreat of the ice margin from the Younger Dryas through to
the Neoglacial period.
During the Neoglacial period, the increase in IRD content and finer-
grained sediments in LF3, combined with the presence of a large
swarm of recessional moraines, suggests a readvance of Cape Norton
Shaw Glacier into the inlet, reaching its Holocene maximum extent.
e The near-glacial submarine landform assemblage, including mega-
scale glacial lineations, crevasse-squeeze ridges, eskers, terminal
and retreat moraines, represents a complete surge-cycle signature
and confirm the surge-type behavior of Cape Norton Shaw Glacier.
e The close correspondence between the terminal moraine position
and the 1959 glacier front confirms that a surge initiated around
1959 CE, with the glacier reaching its maximum extent between
1959 and 1971 CE.
The landforms imprinted on the seafloor of Cape Norton Shaw Inlet
outline processes associated with subglacial (mega-scale glacial lin-
eations, crevasse-squeeze ridges, eskers), ice-marginal (grounding-
zone wedges, terminal moraine ridges, recessional moraine ridges),
and glaciomarine (iceberg ploughmarks) environments.
Based on the position of the grounding-zone wedges and the swarms
of recessional moraines across the inlet, the ice extent positions for
the Younger Dryas and the Holocene periods previously proposed
have been updated.

By building on previous paleoclimate and paleoenvironmental re-
constructions in the inlet, these results provide new insights into the past
dynamics of surrounding glaciers and refine the retreat history of the IIS
in the Cape Norton Shaw Inlet, including glacier extent reconstructions.
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