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Based on sediment cores and geophysical data collected from Petermann Fjord and northern Nares Strait,
NW Greenland, an Arctic ice shelf sediment facies is presented that distinguishes sub and pro ice shelf
environments. Sediment cores were collected from sites beneath the present day Petermann Ice Tongue
(PIT) and in deglacial sediments of northern Nares Strait with a focus on understanding the glacial and
oceanographic history over the last 11,000 cal yr BP. The modern sub ice shelf sediment facies in
Petermann Fjord is laminated and devoid of coarse clasts (IRD) due to strong basal melting that releases
debris (debris ﬁltering) from the basal ice at the grounding zone driven by buoyant subglacial meltwater
and entrained Atlantic Water. Laminated sediments in the deep basin proximal to the gounding zone
comprise layers of ﬁne mud formed by suspension settling from turbid meltwater plumes (plumites)
interrupted by normally graded very ﬁne sand to medium silt layers with sharp basal contacts and rip-up
clasts of mud, interpreted as turbidites. An inner fjord sill limits distribution of sediment gravity ﬂows
from the grounding zone to the deep inner fjord basin, such that sites on the inner sill and beyond the ice
tongue largely only comprise plumites. Bioturbation and foraminiferal abundances increase with distance from the grounding zone. The benthic foraminiferal species, Elphidium clavatum is absent beneath
the ice tongue, but dominant in the turbid meltwater inﬂuenced environment beyond the ice tongue. The
very sparse IRD in sediments beneath the PIT and in the fjord beyond the PIT derives mainly from
englacial debris in the ice tongue, side valley glaciers, rock falls from the steep fjord walls and sea ice.
We use the modern ice shelf sediment facies characteristics to infer the past presence of ice shelves in
northern Nares Strait using analyses of sediment cores from several cruises (OD1507, HLY03, 2001LSSL,
RYDER19). On bathymetric highs, bioturbated mud with dispersed IRD overlies a 10e15 m thick,
distinctly laminated silt and clay unit with rare coarse clasts and sparse foraminifera which forms a
sediment drape of nearly uniform thickness. We interpret these laminated sediments to represent glaciomarine deposition by meltwater plumes emanating from ice streams that terminated in ﬂoating ice
shelves. IRD layers, shifts in sediment composition (qXRD, MS and XRF) and faunal assemblage changes
in the laminated unit document periods of ice-shelf instability sometimes, but not always, coupled with
grounding zone retreat. Our deglacial reconstruction, including ice shelves, begins ~10.7 cal ka BP, with
conﬂuent ice streams grounded in Hall Basin fronted by the Robeson Channel ice shelf. Ice shelf breakup
and grounding zone retreat to relatively stable grounding zones at Kennedy Channel and the mouth of
Petermann Fjord was accomplished by 9.4 cal ka BP when the Hall Basin ice shelf was established. This
ice shelf broke up and reformed once prior to the ﬁnal break up at 8.5 to 8.4 cal ka BP marking ice stream
collapse, separation of Greenland and Innuitian ice sheets, and the opening of Nares Strait for Arctic-
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Atlantic throughﬂow. The Petermann ice shelf remained in Hall Basin until the Petermann Glacier
retreated from the fjord mouth ~7.1 cal ka BP. The resilience of these northern ice streams to strong early
Holocene insolation and subsurface Atlantic Water advection is attributed to their northern aspect,
buttressing by narrow passages, and high ice ﬂux from the Greenland Ice Sheet (GIS).
© 2022 Elsevier Ltd. All rights reserved.

uncovered seaﬂoor during the Petermann 2015 Expedition on
Icebreaker Oden to survey the Petermann Glacier system and understand its response to climate change from the Last Glacial
Maximum (LGM) to present. Deployment of the British Antarctic
Survey (BAS) hot water drill through the Petermann Ice Tongue
(PIT) at 3 sites (DS1-3) accessed the sub ice tongue cavity for hydrographic measurements and recovery of sediment cores (Fig. 1B
and C).
We use the data and cores collected by the Petermann 2015
Expedition to describe the characteristics of the modern ice shelf
sediment facies deposited beneath the PIT and on the newly uncovered seaﬂoor in the fjord beyond the ice tongue. We use lithofacies descriptions based on visual core descriptions, linescan
photographs and computed tomography (CT) scans, grain size analyses, sediment provenance studies (quantitative X-ray diffraction
(qXRD) mineralogy, scanning X-ray ﬂuorescence (XRF) and magnetic susceptibility (MS)) and foraminiferal analyses to understand
the dominant sedimentary processes and environmental conditions that produce distinct sub and pro ice shelf sediment facies and
that delineate the characteristic facies proximal and distal to the
grounding zone in Petermann Fjord. The cores include OD1507-02/
03UW and 05/06UW collected beneath the ice tongue at 25 and
15 km from the grounding zone, respectively, (Makinson and Anker,
2014), and ‘03CC’, the composite of OD1507-O3TC, 41 GC
and 03PC from the outer fjord near the historical maximum position of the ice tongue about 80 km from the grounding zone
(Figs. 1B and 2A; Supp. Table 1) (Reilly et al., 2019).
The second part of the paper applies the modern ice shelf
sediment facies characteristics to interpret the presence and
behavior of ice shelves during deglaciation of the wider area of
northern Nares Strait. We use the term grounding zone to describe
the junction between ice sitting on the bed and any ﬂoating components (ice shelves/tongues). We develop detailed stratigraphies
from cores OD1507-18GC/Ryder 24PC-1, OD1507-31 PC, HLY0305 GC, 2001LSSL-11PC/OD1507-21 PC and OD1507- 03CC in outer
Petermann Fjord (Figs. 1B and 2A; Supplemental Table 1). The paleo
reconstruction provides a full view of the processes and rates of
change involved in early Holocene ice retreat of marine terminating
ice streams buttressed by ice shelves with drivers including
advection of subsurface Atlantic Water and strong summer solar
insolation.

1. Introduction
Ice shelves and ice tongues extending from polar ice sheets are
features of extremely cold climates (Mercer, 1978; Alley et al., 1989).
Modern large ice shelves on the East and West Antarctic ice sheet
margins govern the ﬂux of inland ice to the sea by providing an
important buttressing effect (Pritchard et al., 2012) and protect the
ice sheet grounding zones from the erosive power of warm ocean
water (Scambos et al., 2017). However, under modern warming
conditions, several ice shelves on the Antarctic Peninsula have
disintegrated (c.f. Scambos et al., 2003; Vaughan et al., 2003)
resulting in accelerated ice ﬂow upstream (Rignot et al., 2004).
Continued disintegration of ice shelves, particularly around West
Antarctica where warming is concentrated would lead to increased
rates of sea-level rise (Fox-Kemper et al., 2021). Ice shelves have
been proposed to have covered large areas of the high northern
latitude seas during glacial periods (e.g. Mercer, 1970; Hughes et al.,
1977), but the arguments for large Arctic ice shelves were based
mainly on theory, and reconstruction of large Arctic paleo ice
shelves relied more upon modeling of ice sheet dynamics than on
direct geological or ﬁeld evidence. There is rare ﬁeld evidence for
Arctic ice shelves. For example, terrestrial mapping of glacial
landforms on the northern Greenland coastal plain has revealed
compelling evidence for an extensive LGM ice shelf ﬂowing eastward from grounded ice in Nares Strait deﬂected to the east by thick
Arctic Ocean sea ice (Dawes, 1986; Larsen et al., 2010). In addition,
ice shelf sole marks observed at 1000 m depth in the Arctic Ocean
have been interpreted as clear evidence of thick ﬂoating ice
impinging on bathymetric highs in the Amerasian Basin (Jakobsson
et al., 2014, 2016). However, a modern sediment facies to base interpretations of the past presence of ice shelves in the Arctic and to
better understand the role that ice shelves played in past glacialinterglacial cycles has not been developed largely because there
are few remaining Arctic ice shelves and because these areas are
difﬁcult to access. Around the Antarctic margins, both seaﬂoor
sampling in areas recently covered by ice shelves (cf. Evans and
Pudsey, 2002), and sub ice shelf seaﬂoor accessed by hot water
drilling through ice shelves, for example beneath the Amery Ice
Shelf (Post et al., 2014) have allowed deﬁnition of comprehensive
Antarctic ice shelf sediment facies, which include sedimentological
and biological components (e.g. Smith et al., 2019; McKay et al.,
2016). Fortunately, recent marine expeditions to northern
Greenland outlet glaciers with ﬂoating ice margins has begun to
build a better understanding of Arctic ice shelf sediment facies
based on empirical data (Mix et al., 2015; Reilly et al., 2019; Syring
et al., 2020; Jennings et al., 2020; O'Regan et al., 2021).
At present, the Greenland Ice Sheet (GIS) retains three outlet
glaciers with signiﬁcant ﬂoating ice tongue termini, all are conﬁned
within fjords and located in northern Greenland: Petermann, Ryder
and 79 N. They exhibit waning resiliency in the face of enhanced
modern warming as shown by the recent loss of ﬂoating ice
tongues from several northern outlet glaciers (Hill et al., 2017, 2018)
(Fig. 1A). Petermann Glacier experienced large iceberg calving
events in 2010 and 2012 which reduced the length of its ice tongue
by c. 25 km (Fig. 1), allowing shipborne exploration of the newly

2. Background and previous work
2.1. Modern environmental setting
The sediment cores used in this study are from northern Nares
Strait (Kennedy Channel, Hall Basin and Robeson Channel) and
Petermann Fjord (Fig. 1A and B, 2A). The complex bathymetry of the
seaﬂoor arises from bedrock topography overprinted by erosional
and depositional processes of conﬂuent ice streams that extended
into Nares Strait during previous glaciations (England, 1999;
Jakobsson et al., 2018; Hogan et al., 2020) (Fig. 1B; Fig. 2A). Hall
Basin is the 40e60 km wide area that lies at the intersection of
Kennedy Channel, Robeson Channel, Archer Fjord and Petermann
2
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Fig. 1. A. Index map showing the location of the study area in the NW of Greenland and the outlet glaciers named in the text. Smith Sound (SS). B. Detailed location map with
multibeam bathymetry and the locations of cores mentioned in the text. White dots denote OD1507 cores taken from IB Oden; red dots denote OD1507 UWITEC cores taken through
holes drilled into the Petermann Ice Tongue; black dots denote the 2001LSSL-11PC and HLY03-05 GC cores; yellow dot denotes the RYDER19-24PC-1 core (at same location as
OD1507-18 GC). Also shown outlined in white is the ice-tongue margin prior to major calving events in 2010 and 2012. Surface ﬂow of Polar Water from the Arctic Ocean is shown
by white arrows. Subsurface ﬂow of Atlantic Water shown by red arrows. S1-4 are shoals named in Jakobsson et al. (2018). GZW stands for grounding zone wedge. 3CC is the site of a
composite core made of OD1507-03 TC, 41 GC and 03PC from Petermann Fjord just beyond the historical extent of the Petermann Ice Tongue. C. Schematic proﬁle of Petermann
Fjord showing locations of drill sites and associated UWITEC cores and CTD proﬁles and the extent of the PIT (after Tinto et al., 2015).

et al., 2018). Robeson Channel is the deep area that lies north of
S4 where the transition from S4 to the smooth seabed likely marks
the location of the Wegener Transform Fault between Greenland
and Ellesmere Island (Tessensohn et al., 2006; Jakobsson et al.,
2018). Kennedy Channel seaﬂoor is marked by mega-scale glacial

Fjord (Fig. 1B). Hall Basin has a rough seabed that is in general
400e800 m deep. It is marked by 4 shoals, the shallowest of these,
S4, is only 200 m deep with a more peaked crest than the other ﬂattopped shoals and it has been interpreted to mark a grounding zone
of conﬂuent ice streams during the last deglaciation (Jakobsson
3
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Fig. 2. Bathymetric setting and shallow sediment stratigraphy for cores sites used in this study. A. 3D view of the seaﬂoor bathymetry (viewed from the East) with locations of core
sites (white arrows) and sub-bottom proﬁles (SBP; yellow lines) also given. Black labels denote the 2001LSSL-11PC and HLY03-05 GC cores, white labels denote OD1507 cores and
yellow label denotes the RYDER19-24PC-1 core. BeF. SBP proﬁles showing typical acoustic stratigraphies for: B. Middle Petermann Fjord close to core sites GC04 and GC12 showing
a dominant conformable, acoustically-stratiﬁed unit mantling the topography; C. Zoom in of the stratiﬁed unit with parallel, conformable reﬂections on SBP proﬁles (dashed box in
4
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The water column in the northern Nares Strait region is stratiﬁed with cold, low salinity Polar Water from the Arctic Ocean
forming the upper ~50e135 m in Nares Strait and the upper 50 m in
Petermann Fjord beyond the PIT. Relatively warm and saline
(~0.3  C, 34.8 psm) Atlantic Water forms the bottom water
throughout much of the study area (Fig. 3A and B) (Johnson et al.,
2011; Münchow et al., 2011). The Atlantic Water enters Nares
Strait from the Arctic Ocean (Rudels et al., 2013), passes over the
deepest part of the sill (443 m) at the mouth of Petermann Fjord
(Fig. 1B) (Jakobsson et al., 2018) and ﬁlls the fjord at depths greater
than ~450 m (Münchow et al., 2011, 2016; Johnson et al., 2011;
 et al., 2017; see Fig. 2 of Jennings et al., 2020). Three conHeuze
ductivity, temperature and density (CTD) casts taken through the
ice tongue in 2015, conﬁrm that Atlantic Water ﬁlls the sub icetongue cavity and has potential temperatures close to 0.3  C
(Washam et al., 2019) (Figs. 1C and 3).
The upper water column beneath the ice tongue and extending

lineations from the fast-ﬂowing Nares Ice Stream during the last
glaciation (Jakobsson et al., 2018). A grounding-zone wedge at
450 m water depth near the threshold with Hall Basin marks a
stable grounding zone of the Nares Ice Stream during deglaciation;
its surface is iceberg scoured (Hogan et al., 2020). There is a <400 m
deep sill across the entrance to Petermann Fjord which is formed in
part by a grounding zone wedge deposited when the Petermann
Glacier was grounded in the fjord and had a ﬂoating ice shelf
extending from its terminus (Jakobsson et al., 2018; Reilly et al.,
2019; Hogan et al., 2020) (Fig. 1 B). Water depths in Petermann
Fjord increase rapidly south of the outer sill forming an
800e1000 m deep deep basin (Fig. 1B and C; 2 A). An inner sill has
been modeled by Tinto et al. (2015). It is not clear whether this is a
feature that extends fully across the fjord. Drill site (DS) 1 indicates
that the inner sill shallows to at least 570 m (Fig. 1C). Behind the
inner sill is an inner deep basin that is at least 840 m deep at the
location of DS3 (Fig. 1C). At the grounding zone of Petermann
Glacier ice thickness is about 600 m and the ice is grounded between 410 and 480 m below sea level.
Overlying the glacially-sculpted seaﬂoor in Petermann Fjord,
Hall Basin and Kennedy Channel are 0e70 m of unconsolidated
glacigenic sediments deposited after ice had retreated through the
area. These were documented in detail by Hogan et al. (2020) who
deﬁned 6 seismo-acoustic facies formed by different depositional
processes including bedrock surfaces, subglacial till deposition,
deposition from meltwater plumes and icebergs, subglacial and
redeposition in grounding-zone proximal settings and deposition
by gravity-ﬂow processes. By far the dominant acoustic facies,
which is mapped throughout Petermann Fjord and Hall Basin, is
material deposited from meltwater plumes and icebergs (Fig. 2)
(Facies III of Hogan et al., 2020). This 5e20 m thick unit is
acoustically-stratiﬁed (Fig. 2B and F), has a clear conformable geometry meaning that it has a consistent thickness on all but the
steepest slopes (Fig. 2A and D), and was correlated in Petermann
Fjord to Units 1 and 2 of Reilly et al. (2019), and in Hall Basin to the
laminated clay of Jennings et al. (2011). It comprises predominantly
ﬁne-grained muds with absent to common clasts and sand grains
interpreted to have formed dominantly by suspension settling from
turbid glacial meltwater plumes in ice distal settings accompanied
at times by melting ice bergs. Much more localized gravity-ﬂow
deposits were most commonly associated with grounding-zone
proximal settings in front of the Peterman Glacier (Reilly et al.,
2019) and Kennedy Channel (cf. Fig. 2A, D) and in the deep, often
steep-sided basins formed in the rough bottom topography (Fig. 2B,
E).
Petermann and Humboldt glaciers are the main modern glaciers
involved in the Holocene paleoenvironmental history in northern
Nares Strait, although Humboldt Glacier does not feed meltwater or
icebergs into northern Nares Strait today (Fig. 1A). These two are
fast ﬂowing outlet glaciers that share the largest catchment area of
the northern region of the GIS (Rignot and Mouginot, 2012),
together draining 10.6% of the area of the GIS (Hill et al., 2017). For
most of the last millennium, the PIT terminated near the mouth of
Petermann Fjord, extending about 80 km from the grounding zone
(Reilly et al., 2019; Münchow et al., 2016) until large calving events
in 2010 and 2012, reduced the ice tongue to c. 47 km in length
(Münchow et al., 2014) (Fig. 1B and C). Several marine terminating
side glaciers descend from the steep fjord walls to merge with the
PIT and add sediment to the margins of the PIT as well as calve
directly into the fjord (Fig. 1B).

Fig. 3. Sub ice tongue CTD and photos of water column sub ice tongue. A. Sub ice
tongue temperature and B. salinity beneath the ice tongue at the three ice shelf drill
sites (DS). C. image of turbid water column from suspended sediment load in meltwater beneath the ice tongue and D. ﬂoccules in relatively clear Atlantic Water at the
sea bed.

A); D. A SBP proﬁle where gravity-ﬂow processes have moved material down-slope (transparent lenses, green arrows); E. Hall Basin with similar but thicker acoustically-stratiﬁed
package over rugged terrain; F. Zoom in of the stratiﬁed unit in Hall Basin (dashed box in E). SBP proﬁles are located in A. See Hogan et al. (2020) for more detailed discussion of
regional acoustic facies.
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distinctive and abundant pink granite, but there is likely a diverse
group of lithologies under the ice sheet with banded iron formations, porphyritic volcanic, dolerite, granites, gneisses, and ultramaﬁc rocks all documented in Hall Land and Washington Land
glacial deposits (Dawes et al., 2000b).

into Nares Strait reﬂects the contributions of glacial meltwater and
surface runoff from the ice tongue (Fig. 3A and B) (Washam et al.,
2018). Atlantic Water is entrained in buoyant subglacial meltwater that rises near the grounding zone, delivering ocean heat and
driving powerful undermelt of the PIT (Münchow et al., 2016; Cai
et al., 2017; Washam et al., 2019). Undermelt of the ice tongue releases coarse basal debris near the grounding zone while the rising
meltwater plumes transport suspended ﬁne material toward the
surface where it spreads beneath the ice tongue and travels toward
the fjord mouth depositing the ﬁne material along the way (Fig. 3A,
B, C). The release of coarse debris by undermelting of an ice shelf
has been termed the ‘debris-ﬁlter’ action of ice shelves (e.g. Alley
et al., 2005) and it results in calving ice bergs from the PIT that
are free of the sediment rich basal debris layer (Reilly et al., 2019).
By contrast, the Atlantic Water that ﬁlls the fjord to depths greater
than c. 450 m receives settling ﬂoccules and agglomerates of suspended material that settle to the seabed (Fig. 3D).
Landfast sea ice covers northern Nares Strait for 8e9 months of
the year, generally from October to June, followed by a 3- to 4month period from July through September of mobile pack ice.
The mobile vs. landfast sea-ice regime is governed by ice arches
that form in late fall and early winter by consolidation of thick
multi-year Arctic Ocean sea-ice ﬂoes in the Lincoln Sea at the
northern end of Nares Strait (Kozo, 1991), and/or in Kane Basin at
the southern end. Ice-arch failure in mid-July to mid-August, allows
sea ice to move through Nares Strait toward Bafﬁn Bay (Kwok,
2005) driven by strong northerly winds (Samelson et al., 2006).
In some years no ice-arches form, resulting in a longer or continuous mobile sea-ice season (Kwok et al., 2010; Ryan and Münchow,
2017). Modeling results suggest that during the mobile sea-ice
season, intermediate-depth Atlantic Water upwells along the
eastern side of Nares Strait and ﬂows over the sill into Petermann
Fjord potentially leading to increased basal melting of the ice
tongue (Shroyer et al., 2017; Cai et al., 2017). Warmer water (>0  C)
of Atlantic origin was documented to enter Petermann Fjord in
2020 as well as the Sherard Osborn Fjord where Ryder Glacier
drains further north along Greenland's coast (Jakobsson et al.,
2020). Regional Holocene sea-ice reconstructions indicate the late
Holocene reestablishment of the PIT around 2200 cal yrs BP and its
subsequent growth to pre-2010 extent in the last millennium was
preceded by the formation of a more persistent southern ice arch
with landfast sea ice in Nares Strait, also suggesting that sea ice is
important when considering ice tongue stability in this setting
(Detlef et al., 2021).

2.3. Previous work on Holocene deglacial history
The study area was covered by conﬂuent Greenland and Innuitian ice sheets that ﬂowed north toward the Arctic Ocean in
northern Nares Strait during the LGM (England, 1999; Dyke et al.,
2002; England et al., 2006; Jakobsson et al., 2018). Ice sheet reconstructions were originally based on onshore glacial geologic
data from Greenland and Ellesmere Island (England, 1999; Bennike,
2002). The progression of deglaciation compiled by England (1999)
presents the ice margins at multiple time periods, culminating in
the opening of Nares Strait as a throughﬂow between the Arctic
Ocean and Bafﬁn Bay as early as 10 or as late as 8.3 cal ka BP
(England, 1999; Jennings et al., 2011; Georgiadis et al., 2018; Zreda
et al., 1999). The elevation of the marine limit is greater in northern
than southern Washington Land indicating a north to south pattern
of deglaciation (Bennike, 2002). Geophysical and sediment core
data collected during the Petermann 2015 Expedition illustrate how
the three mapped terrestrial ice margins connect to conﬂuent
Humboldt and Petermann glacier ﬂow as indicated by ice-ﬂow
indicators on the seaﬂoor, grounding zone wedges and sedimentation patterns in northern Nares Strait and Petermann Fjord
(Jakobsson et al., 2018; Reilly et al., 2019; Hogan et al., 2020).
Jakobsson et al. (2018) show that the GIS advance involved
conﬂuent Humboldt and Petermann glaciers converging with the
Innuitian Ice Sheet in Hall Basin with ice streams ﬂowing toward
the Arctic Ocean.
€ ller et al.
In northernmost Greenland, Larsen et al. (2010) and Mo
(2010) reconstruct glacier ice ﬂow eastward along the coastal plain,
with at least one source being conﬂuent ice ﬂowing from Nares
Strait into the Lincoln Sea and terminating in an ice shelf (Dawes,
1986). Heavy perennial sea-ice cover in the Arctic Ocean north of
Greenland is thought to have deﬂected the shelf-based ice eastward
along the north coast of Greenland (Larsen et al., 2010). The ice shelf
built up prior to the LGM and began to recede by 16 cal ka BP to 10.3
cal ka BP, ﬁnally breaking up close to 10.1 cal ka BP. A radiocarbon
date within laminated distal glaciomarine sediments in core
HLY03-05 GC from outer Hall Basin indicated that outer Hall Basin
was deglaciated as early as 10.2 cal ka BP (DR ¼ 0 yr) or 9.7 cal ka BP
(DR ¼ 335 yr) (Jennings et al., 2011; calibrated using the Marine13
curve, Reimer et al., 2013). Based on Marine13 calibrated radiocarbon ages of the ice margins established by England (1999), the
Petermann Glacier was grounded on the outer sill of Petermann
Fjord between 8.7 and 7.6 cal ka BP and was most likely fronted by
an ice shelf based on the presence of a large grounding zone wedge
there (Jakobsson et al., 2018). Ice retreated rapidly into Petermann
Fjord but an ice shelf reformed for a brief time at an advanced
grounding zone position before the Petermann Glacier retreated to
the inner fjord c. 6.9 ka BP (Reilly et al., 2019). Both the Petermann
and the Ryder glaciers regrew ﬂoating ice tongues in the Late Holocene that had disintegrated in the Middle Holocene (Reilly et al.,
2019; O'Regan et al., 2021).
The Smith Sound ice stream at the southern end of Nares Strait
was in retreat by 11.2 cal ka BP (Jennings et al., 2019). Georgiadis
et al. (2018) indicate that retreat of Humboldt Glacier deﬁned by
exposure age dating of thinning at its lateral moraine (Reusche
et al., 2018) coincides with the opening of Nares Strait c. 8.3 cal
ka BP. In the south, glaciomarine conditions continued until c. 7.2
cal ka BP as ice margins retreated into the fjords and onto land
(Jennings et al., 2019).

2.2. Regional geology
The bedrock geology surrounding Nares Strait is Lower Paleozoic sedimentary rocks of the Franklinian Basin (Dawes et al.,
2000a). The Wegener Transform Fault is hypothesized to run
through the center of Nares Strait, separating folded sedimentary
units on Ellesmere Island, Canada and unfolded sedimentary units
across Nares Strait in Greenland (Dawes, 1971). The deformed
sedimentary units on the Ellesmere Island side of Nares Strait are
dominated by siliciclastic lithologies while the undeformed rocks of
the Greenland side are dominated by carbonate lithologies (Dawes
et al., 2000a). The Franklinian basin overlies crystalline basement
rock (Dawes, 2009; Nutman et al., 2008). While not exposed in the
visible bedrock geology of the Nares Strait region, crystalline rocks
are a common component of marine and terrestrial glacial deposits
of Petermann Fjord, Nares Strait, Hall Land, Washington Land, and
easternmost Ellesmere Island (Ceperley et al., 2020; England, 1999;
Kelly and Bennike, 1992; Reilly et al., 2019; Reusche et al., 2018),
suggesting that these crystalline rocks make up a signiﬁcant proportion of the inland sub-GIS geology. These lithologies contain a
6

A. Jennings, B. Reilly, J. Andrews et al.

Quaternary Science Reviews 283 (2022) 107460

104e105.5 cm), allowing us to quantify the offset in age between
surface water and bottom water in Nares Strait of 240 ± 20 years in
the early Holocene. Based on this offset, we assume a constant
DR ¼ 510 ± 90 years when calibrating benthic foraminiferal dates
with the Marine13 curve (Reimer et al., 2013). For the interval
constrained by radiocarbon dating, age models for every site were
generated using the Bayesian age modeling software BChron
(Haslett and Parnell, 2009), assuming a core top age of zero cal ka
BP.
In the case of 2001LSSL-11PC, the radiocarbon-based age model
was further constrained via a lithofacies transition at 95 cm in the
core, reﬂecting a transition from laminated mud to massive mud
with dispersed IRD, likely associated with an abrupt decrease in
sedimentation rates. In this instance the underlying sedimentation
rates constrained by radiocarbon dates in the laminated mud unit
were extrapolated upward to the boundary. Similarly, in the case of
OD1507-31 PC, a distinctive IRD unit from 63 to 45 cm, marking the
transition from laminated mud to bioturbated mud identiﬁed in the
Nares Strait is used as a chronostratigraphic tie point, and these
depths were assigned the calibrated ages from the equivalent IRD
interval (base, peak IRD and top) in HLY03-05 GC, where the ages of
the IRD event are best constrained (Table 1). Downcore linear extrapolations of overlying sedimentation rates were used to provide
an estimate of the basal ages of sediment cores.

3. Methods
3.1. Sediment coring
Sediment cores collected during the Petermann 2015 Expedition
are given the preﬁx OD1507. Cores were collected from the sub iceshelf cavity through a channel feature in the ice tongue at two sites,
DS1 and DS3 (Fig. 1B and C). No core was recovered at DS2 (2 km
from the grounding zone) because the corer encountered a hard
seabed. To gain access to the sea ﬂoor, 25-cm diameter boreholes
were made through the ice tongue using a BAS hot-water drill
(Makinson and Anker, 2014) and a modiﬁed UWITEC manual percussion corer was lowered through the drill hole to recover cores
up to 3-m long. Piston and trigger cores and gravity cores were
collected from IB Oden. All cores were split, visually described and
photographed using a GEOSCAN III Line Scan Camera System either
onboard Oden or at the Oregon State University Marine and Geology Repository (OSU-MGR). Core 2001LSSL-11PC and TC were
sampled at the Geological Survey of Canada-Atlantic (GSC-Atlantic)
core repository. The grain size data from 2001LSSL-11PC and TC are
presented in Soenarjo (2003) and Mudie et al. (2006).
For OD1507 and HLY03 cores, CT scans were made on a Toshiba
Aquilion 64 Slice Medical CT Scanner at the OSU College of Veterinary Medicine at 120 kV, converted into 2-mm thick coronal slices
with an effective in plane resolution of about 0.5  0.5 mm, and
processed using SedCT MATLAB tools (Reilly et al., 2017). Coarse
material interpreted as ice-rafted detritus (IRD) in CT scans was
quantiﬁed and expressed as a >2 mm clast index as described in
Reilly et al. (2019). For the core 2001LSSL-11PC, counts of >2 mm
clasts in a 2 cm-long window continuously along the core provide
the >2 mm counts (Grobe, 1987). The >2 mm material is interpreted as IRD. A CT scan of 2001LSSL-11PC was made for this paper
by Alex Normandeau, GSC-Atlantic. A U-channel had been taken
from the archive half, so we retained the original IRD count from
the x-radiographs.
For OD1507 cores, Physical properties analyses (including MS) of
whole-round cores was accomplished by logging whole round core
sections using a GEOTEK Multi-Sensor Core Logger (MSCL) within a
few days of core recovery. Volume MS only was available for
2001LSSL-11PC, which was made on the archive core halves in the
GSC-Atlantic core repository at Bedford Institute of Oceanography
(Mudie et al., 2006).

3.4. Grain size analysis
The <2 mm fraction of core samples was treated with hydrogen
peroxide to oxidize organic matter and disaggregated using Sodium
Metaphosphate before particle size analysis (0.02e2000 mm) on the
Malvern Mastersizer 3000 laser diffraction particle size analyzer at
INSTAAR, University of Colorado. The grain size dataset includes
283 analyses that encompass analyses from all of the cores and
surface samples of this project, including the OD1507 multicore
tops (Jennings et al., 2020), the sub ice tongue cores, OD150705UW and 03UW, the composite core (OD1507-3CC: 03 TC, 03 PC
and 41 GC) in the outer fjord (Reilly et al., 2019), OD150718 GC, 31 PC, 2001LSSL-14 PC and TC from the southern end of
Nares Strait (Jennings et al., 2019) and 2001LSSL-11PC (Soenarjo,
2003). Grain size data from 2001LSSL-11PC were made on a
FRITSCH Laser Particle Sizer (Soenarjo, 2003). There are no grain
size data for HLY03-05 GC.
In order to include the 2001LSSL-11PC data in our analysis of
grain size characteristics, we entered all the data (N ¼ 283) into the
computer program, Gradistat (Blott and Pye, 2001) and extracted
the % data for the 10 grain size bins between 1000 mm and 2 mm. We
follow Curray (1961) in arguing that differences in sedimentary
processes are best captured by evaluation of the full grain size
spectra, rather than a focus on other parameters such as the mean
grain size, or on the partitioning of the spectra searching for “end
members” (Paterson and Heslop, 2015). In order to deﬁne “grain
size modes” (GSMs) (Curray, 1961) we used the medoids, that is “k
representative objects” (Kassambara, 2017) and determined that the
283 individual spectra could be efﬁciently deﬁned by 4 distinct
GSMs (Andrews et al., 2016). The GSM identiﬁcation (#1, #2 etc) is
purely nominal and has no interpretative meaning. Fig. 4 shows the
characteristic grain size distributions of GSM 1 through 4 based on
the average % data in each grain size category. We evaluated the
robustness of the GSMs by the calculation of the silhouette index
that “… measures how similar an object is to the other objects in its
own cluster versus those in the neighbor cluster “(Kassambara, 2017,
p. 145)—the values range between 1 and -1. Only 11/283 samples
had negative values indicating assignment to another GSM, and 34/
284 had silhouette indexes <0.1, thus indicating that 88% of the
grain size spectra are well-positioned in one of the 4 GSMs (Fig. 4C).

3.2. X-ray ﬂuorescence (XRF)
XRF scanning of all cores except for 2001LSSL-11PC were done at
the OSU-MGR using an ITRAX XRF core scanner with methods and
settings as detailed by Reilly et al. (2019).
3.3. Radiocarbon dating and age modeling
Radiocarbon samples from the sediment cores in Hall Basin
were analyzed either at the Keck Carbon Cycle AMS Facility at UC
Irvine (UCIAMS-) or at the Australian National University Radiocarbon Laboratory (SANU-). Most of the radiocarbon dates were
obtained from foraminifera: the benthic species Cassidulina neoteretis and planktic species Neogloboquadrina pachyderma (Nps)
(Table 1). Planktic dates were calibrated on Marine13 (Reimer et al.,
2013) using a surface ocean DR ¼ 270 ± 80 years, consistent with
radiocarbon ages of museum collections of mollusk shells to calibrate the ages of England (1999) ice margins used by Jakobsson
et al. (2018). For two sites we were able to obtain paired singlespecies dates on benthic (C. neoteretis) and planktic (Neogloboquadrina pachyderma (Nps) foraminifera from the same
stratigraphic horizon (OD1507-18 GC 29e31 cm and HLY03-05 GC
7
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Table 1
Radiocarbon ages and other age constraints used to build age models in this study.
Sample ID

Run #

Core

Material

Depth
(cm)

±
14C Age
(cm) (years)

±
DR
(years) (years)

±
Marine13 Calibrated Age
(years) (years)

±
(years)

2001LSSL-11PC_4653
2001LSSL11PC_Litho95
2001LSSL-11PC_126135
2001LSSL-11PC_266273
2001LSSL-11PC_456465

UCIAMS
163871
N/A

mixed benthics

49.5

7

5070

15

510

90

5430

41

lithology boundary

95

4

N/A

N/A

N/A

N/A

7530

35

UCIAMS
163872
UCIAMS
163870
UCIAMS
163869

2001LSSL11PC
2001LSSL11PC
2001LSSL11PC
2001LSSL11PC
2001LSSL11PC

mixed benthics

130.5

9

7250

20

510

90

7708

34

mixed benthics

269.5

7

7960

25

510

90

8412

32

mixed benthics

460.5

9

8555

25

510

90

9195

55.5

HLY03_05 GC_0-2C

AA-81309

mollusc

1

2

530

52

510

90

Post-bomb

N/A

N. pachyderma s.

9

2

3100

35

270

80

2570

115

N. pachyderma s.

29

2

5040

40

270

80

5040

115

N. pachyderma s.

59

2

6870

45

270

80

7110

110

N. pachyderma þ C.
neoteretis
N. pachyderma s.

69

2

7300

60

390

170

7410

160

97

2

8290

50

270

80

8490

100

C. neoteretis

104.75

1.5

8405

30

510

90

8360

105

N. pachyderma s.

104.75

1.5

8180

30

270

80

8370

90

N. pachyderma þ C.
neoteretis

347

4

9320

45

390

170

9650

225

N. pachyderma s.

30

2

6740

30

270

80

6970

115

C. neoteretis

30

2

6990

30

510

90

6980

125

C. neoteretis

69.5

3

7950

40

510

90

7900

105

C. neoteretis

112.5

3

8510

40

510

90

8470

100

C. neoteretis

271

2

8910

40

510

90

8990

150

lithology boundary

45

0.5

8349

50

lithology boundary

50

0.5

8443

50

lithology boundary

63

0.5

8525

50

C. neoteretis

63.5

3

9019

62

510

90

9140

138.5

C. neoteretis

102

4

9067

44

510

90

9196

132

C. neoteretis

95

4

9056

33

510

90

9183

126

C. neoteretis

254

4

9349

44

510

90

9503

108

C. neoteretis

323

2

9288

42

510

90

9437

100

C. neoteretis

533

2

10,013

158

510

90

10,367

214.5

HLY03_05 GC_8-10 P
HLY03_05 GC_28-30 P
HLY03_05 GC_58-60 P
HLY03_05 GC_68-70 P
HLY03_05 GC_96-98 P
HLY03_05 GC_104105.5 B
HLY03_05 GC_104105.5 P
HLY03_05 GC_345349

HLY0305 GC
NOS-71686 HLY0305 GC
NOS-71687 HLY0305 GC
NOS-71688 HLY0305 GC
AA-81310
HLY0305 GC
NOS-72574 HLY0305 GC
SANU-56626 HLY0305 GC
SANU-56625 HLY0305 GC
NOS-71689 HLY0305 GC

SANU-56609 OD1507OD1507_18 GC_2918 GC
31 P
OD1507_18 GC_29SANU-56607 OD150731 B
18 GC
OD1507_18 GC_68-71 SANU-56610 OD150718 GC
OD1507_18 GC_111- SANU-56611 OD1507114
18 GC
OD1507_18 GC_270- SANU-56612 OD1507272
18 GC
OD150731 PC_45_HLY
OD150731 PC_50_HLY
OD150731 PC_63_HLY
OD1507_31 PC_62-65
OD1507_31
104
OD1507_31
134
OD1507_31
256
OD1507_31
324
OD1507_31
534

N/A
N/A
N/A
SANU-56627

PC_100-

SANU-56629

PC_130-

SANU-56630

PC_252-

SANU-56631

PC_322-

SANU-56632

PC_532-

SANU-17238

OD150731 PC
OD150731 PC
OD150731 PC
OD150731 PC
OD150731 PC
OD150731 PC
OD150731 PC
OD150731 PC
OD150731 PC

Channel and conﬂuent on the west with the Innuitian ice sheet)
could be distinguished from those emanating from the Petermann
Glacier, conﬂuent with the Kennedy Channel ice. The qXRD of
<2 mm milled samples was accomplished using a D5000 S unit
with a 40-sample carousel using methods described in Eberl
(2003). Sediment provenance was evaluated using cluster analysis of the qXRD data. The performance indicators suggested that
the most efﬁcient number of distinct sediment sources (clusters)
was 2 (Kassambara, 2017), reﬂecting the two major ice stream
sources (Jakobsson et al., 2018) (Supplemental Figure 2). Investigation of which minerals control the two-part division of the

3.5. Quantitative X-ray mineralogy (qXRD)
Mineralogy was established using the whole-pattern qXRD
method (Eberl, 2003) of 341 samples from OD1507-18 GC, 31 PC,
and 03CC, HLY03-05 GC and 2001LSSL-011PC plus a selection of
OD1507 core cutter samples representing the stratigraphically
deepest and therefore, most ice proximal sediments (Supplemental
Figure 1). The mineralogy of the <2 mm fraction was used to test for
changes in sediment provenance. The application in the study area
was to determine whether sediments emanating from the Nares Ice
Stream (Humboldt Glacier source ﬂowing northward in Kennedy
8
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Fig. 4. A. CT images of sub ice tongue OD1507-05UW from DS3 and grain size spectra from selected levels. Number designations above grain size spectra indicate the GS mode that
these samples belong to as deﬁned by cluster analysis of the full grain size dataset. B. CT images and grain size spectra from samples Unit1A in OD1507-03UW at DS1 and -03TC from
site just outside of the historical limit of the PIT. All samples in Unit 1 A belong to GS mode 3. C. spectra of the 4 grain size modes based on all samples from the region and including
2001LSSL-14PC from Smith Sound/northern Bafﬁn Bay. D. downcore plots of the grain size modes from outer Petermann Fjord composite core, OD1507/3 TC, 41 GC, 3 PC ¼ 3CC;
2001LSSL-11PC ¼ 11 PC, OD1707-18 GC ¼ 18 GC, and OD1507-31 PC ¼ 31 PC. Horizontal line in 2001LSSL-11PC, OD1507-18 GC, and 31PC marks the boundary between bioturbated
mud at the top and laminated mud beneath and sediment facies boundaries deﬁned in Reilly et al. (2019) for OD1507-3CC.

thin-walled calcareous and fragile agglutinated specimens and is
thought to result in more complete faunal counts (Lloyd, 2006;
Jennings et al., 2020). A wet splitter that divided a sample into
eighths was used to provide a representative split to achieve an
optimum count of 300 specimens (cf. Jennings et al., 2020). Faunal
data for HLY03-05 GC (Jennings et al., 2011) was based on dried
samples. In this paper benthic and planktic foraminifera per gram
and the percentages of Elphidium clavatum and Cassidulina neoteretis are presented; full assemblage data will be published
elsewhere.

samples used the non-parametric Classiﬁcation Decision Tree
approach (Andrews, 2019; Veermeech, 2006), which indicated that
binary limits on muscovite and dolomite successfully deﬁned the
two provenance compositions with the Pettermann Glacier source
being low in muscovite (<5%) and high in dolomite (>13%)
compared to samples associated with the Nares Ice Stream.
3.6. Foraminiferal analysis
Foraminiferal analysis of sediment core samples at 10 cm intervals was completed in the Micropaleontology Laboratory at
INSTAAR, University of Colorado. The samples were washed
through a sieve with 63 mm mesh size. The >63 mm fraction was
stored in a buffered solution (70% distilled water and 30% alcohol,
by weight, and 1 g baking soda) to keep the pH close to 8.4. Foraminiferal assemblage analysis of these samples was carried out in
the buffered solution in a foraminiferal picking tray under a
binocular microscope. Wet analysis improves the preservation of

4. Results: modern ice shelf sediment facies in Petermann
Fjord and comparison with lithofacies data from northern
Nares Strait
4.1. Lithofacies characteristics in Petermann Fjord
The upper lithofacies in Petermann Fjord, termed Unit 1 A
9
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out of basal debris from the Petermann Glacier at the grounding
zone by vertical, buoyant meltwater plumes (i.e. debris ﬁltering). In
addition, the extensive ﬂoating ice tongue protects the core sites
from other IRD sources, like sea ice, englacial/supraglacial sediments entering the ice shelf from side valley glaciers and ice bergs
from other glaciers.
Based on the CT images of DS3 cores, sediment gravity ﬂow
deposits exhibiting GS Modes 1 and 2 are common in the deep
basin in front of the grounding zone. The sharp basal contacts,
ﬁning upward sequences and rip-up clasts noted for GS Mode 1
layers, is consistent with deposition by turbidity currents which can
be initiated by sediment-enriched subglacial meltwater jets and or
sediment failures of rapidly accumulating sediments near the
 Cofaigh et al., 2018) However, as
grounding zone (Powell, 1990; O
the only grain size mode in Unit 1 A in OD1507-03UW and 03CC
was GS Mode 3, interpreted as reﬂecting deposition from suspended sediment plumes, we infer that the inner sill inhibits the
widespread distribution of sediment gravity ﬂows emanating from
the grounding zone of the Petermann Glacier.
Rare, dispersed IRD in sub-ice tongue Unit 1 A can be attributed
to input to the fjord by side glaciers and by melt out of englacial or
supraglacial debris, while Unit 1 A of core OD1507-03CC located
near the edge or just beyond the PIT would have more diverse
sources of IRD from beyond the PIT and outside the fjord. We infer
from the lack of coarse sediments, especially >2 mm clasts, that the
ice tongue acts as an efﬁcient debris ﬁlter. Were the ice tongue to
break up and the Petermann Glacier to become a calving tidewater
glacier, IRD would be dispersed widely in the fjord (c.f. Reilly et al.,
2019), as is the case for Greenland fjords containing tidewater
glaciers with no ﬂoating ice tongue (e.g. Andresen et al., 2010;
Mugford and Dowdeswell, 2010).

represents the last c. 400e900 years (Reilly et al., 2019). It is found
beneath the ice tongue and throughout much of the upper 50 cm of
sediments in the fjord, occurring as laminated mud below the ice
shelf and in the inner fjord to more bioturbated mud in the outer
fjord (Fig. 4A and B). It is interpreted to represent deposition governed by an extensive PIT since the Little Ice Age (Reilly et al., 2019).
Laminated sediments also are widespread in Hall Basin, but they
are buried beneath an upper facies of bioturbated mud and thus
represent and older time period (Figs. 5 and 6).
Cores from DS3, in the 840 m deep basin 15 km from the
grounding zone of Petermann Glacier (Fig. 1B and C) are strongly
laminated both visually and in CT scans and are devoid of coarse
clasts (Fig. 4A). Samples for grain size analysis representing the
various types of sediment layers in 05UW (DS3) were chosen based
on density variations in the CT image (Fig. 4A). The densest intervals (white on CT image) are ﬁne to very ﬁne sand and coarse to
medium silt layers with sharp basal contacts (Fig. 4A). These layers
classify as GS Modes 1 and 2 (Fig. 4A). The less dense laminations
(dark on CT images) are medium to very ﬁne silt and very ﬁne silt
and clay which classify into GS Modes 3 and 4 (Fig. 4A) and range in
thickness from mm to cm scale. Sand and coarse silt layers are less
frequent than the ﬁne-grained laminations. The sand layers can be
over 15 cm thick, are normally graded and often contain rip-up
clasts of laminated silt and clay ‘ﬂoating’ within them indicating a
high energy depositional environment near the grounding zone
(Fig. 5D). Based on the core recovery, at least 250 cm of laminated
sediment lies in the deep basin in front of the grounding zone at
DS3.
Cores from DS1 on the inner sill (570 m water depth) 25 km
from and elevated 270 m above DS3 (Fig. 1C) contain bioturbated
sediments that are less distinctly laminated than DS1 cores and
contain no sand layers (Fig. 4B and A). The thickness of Unit 1 A at
DS1 is no more than 50 cm, suggesting that sediments accumulate
at a slower rate at DS1 than at DS3 (Fig. 1). The sediments are
classiﬁed as poorly sorted, medium to very ﬁne silt with very rare
coarse clasts (interpreted to be IRD) (Fig. 4B). The upper 48 cm of
OD1507-03UW from the inner sill (DS1) and the upper 50 cm of
OD1507-03CC from just beyond the historical PIT front both were
classiﬁed into Lithologic Unit 1 A by Reilly et al. (2019). Comparison
of the CT scans and grain size distributions of these two Unit 1 A
cores show very similar grain size distributions and thicknesses.
Unit 1 A of core OD1507-03CC is more bioturbated but it retains
some of the density stratiﬁcation seen in 03UW. The grain size
spectra from Unit 1 A in OD1507-03UW and 03CC are classiﬁed as
GS Mode 3 (Fig. 4B).

4.1.2. Modern foraminifera in relation to the PIT
Foraminiferal assemblage analysis of modern seabed (0e2 cm)
sediment samples taken in the study area during the Petermann
2015 Expedition (Jennings et al., 2020) provides insight into modern foraminiferal assemblage characteristics of sub ice tongue and
pro ice tongue environments in Petermann Fjord as well as those of
the modern mobile sea-ice environment of northern Nares Strait.
The modern assemblages were generated from biologically stained
multicore tops and only provide foraminiferal abundances per
volume of sediment (Jennings et al., 2020) rather than numbers per
gram as is presented in the core samples. Surface sediment beneath
the PIT had foraminiferal assemblages with very low abundances 4
and 14 benthic foraminifers per ml of sediment at DS3 and DS1, 35
and 25 km from the ice shelf front (also known as the calving line)
respectively. The sub-ice tongue foraminifera subsist on very
limited food advected into the sub-ice tongue cavity by ocean
currents, and on the degradation products of the advected organic
matter (Jennings et al., 2020). Benthic and planktic foraminiferal
abundances per gram of sediment in Unit 1 A of OD1507-03UW
(DS1), representing the most recent period of extensive PIT,
average 22.4 (range 6.4e29.6) benthic and 0.6 (range from 0.4 to
0.9) planktic foraminifers per gram; these numbers provide context
to identify sub ice tongue faunal abundances in the paleo record of
Hall Basin. In the fjord beyond the ice tongue, modern (2015)
foraminiferal faunas were more abundant (up to 52 foraminifers
per ml) and outside of the fjord abundances rose by an order of
magnitude or more (up to 1900 benthic foraminifera per ml)
(Jennings and Andrews, 2019). In Unit 1 A of OD1507-03CC
collected from very close to the PIT front (Fig. 1B) benthic and
planktic abundances average 63.4/g and 2.7/g, respectively; these
values provide modern context for pro-ice tongue faunal abundances in Hall Basin cores where the foraminiferal data are
expressed in numbers per gram (Fig. 6).

4.1.1. Sedimentary processes that form the laminated sediments in
Petermann Fjord
Buoyant plumes of turbid meltwater were observed in the upper
water column beneath the ice tongue (Fig. 3C) (Washam et al.,
2019). These plumes rise from the grounding zone to the base of
the ice tongue where they spread laterally and deposit their suspended sediment load beneath and beyond the PIT. Deposition of
suspended sediments from turbid meltwater plumes is the likely
source of the ﬁne-grained sediments of GS Modes 3 and 4 in DS3
cores and at DS1 (OD1507-03UW) and the outer fjord core OD150703CC (Fig. 4A). Failure to retrieve a core because of the hard bottom
encountered at DS2, 2 km from the grounding zone, may have been
caused by accumulation of coarse material from melt out of basal
debris near the grounding zone (cf. Domack and Harris, 1998; Smith
et al., 2019). Video taken during the descent of the UWITEC corer
through the ice tongue showed clean ice throughout at all three
sites, even at DS2, 2 km from the grounding zone. The paucity of
coarse grains in the DS1 and DS3 cores and in Unit 1 A throughout
Petermann Fjord (Reilly et al., 2019) is attributed to enhanced melt
10
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Fig. 5. CT image examples of laminated and bioturbated facies. A. laminated and bioturbated Unit 1 A at DS1, OD1507-02UW; B. laminated silt and clay with bioturbation from near
the transition to bioturbated mud in Hall Basin core HLY03-05 GC; C. bioturbated sediments in HLY03-05 GC; D. laminated facies proximal to grounding zone at DS3 core OD150706UW including examples of rip-up clasts in a turbidite (^); E. laminated sediments with sand, silt and clay layers representing a combination of turbidites and plumites, in Kennedy
Channel core OD1507-50 TC; F. laminated silt and clay from near the base of Hall Basin core HLY03-05 GC with one example of distal turbidite (^); G. paired examples of laminated
mud and H. laminated mud with IRD in line scan image (left) and CT scan image (right) from OD1507-31 PC; I. transition from laminated mud (LM), through transitional unit with
IRD, to lower bioturbated mud with rare IRD (BM) in HLY03-05 GC.
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Fig. 6. Core Summary Figure showing lithofacies, CT images, IRD clasts per cm3, Provenance indicators (MS, ln(Ti/Ca), and Muscovite wt. %), Forams per gram: red ¼ planktic forams
and blue ¼ benthic forams, Percentages of E. clavatum and C. neoteretis; and Bayesian age models with linear extrapolation to bases of cores (black ¼ calibrated radiocarbon age
constraints; red ¼ additional age constraints and extrapolated basal ages; **Note, extrapolated age of 11 PC is likely too old, as discussed in the text). Top to bottom: A. OD150731 PC, B. HLY03-05 GC, C. OD1507-18 GC, D. 2001LSSL-11PC. BM ¼ Bioturbated Mud with rare IRD. B,I ¼ Bioturbated Mud with common IRD. I ¼ IRD interval. LM ¼ Laminated Mud.
FLM ¼ Finely Laminated Mud. SLM ¼ Strongly Laminated Mud. See Supplementary Figures 3-5 for clearer comparison between lithofacies and CT images.

Petermann Fjord along with the age models and provenance indicators to interpret the environments of deposition and to
reconstruct the deglacial history manifested in cores from northern
Nares Strait (Fig. 6). Foraminiferal parameters (planktic and benthic
foraminiferal abundances/g sediment, % Elphidium clavatum and %
Cassidulina neoteretis) that distinguish the modern sub ice tongue
from pro ice tongue environments and oceanographic conditions
(glacial meltwater and Atlantic Water advection) are used to test
whether the laminated lithofacies in the paleo record in northern
Nares Strait represent ice shelf inﬂuenced environments and to
distinguish sub ice shelf from pro ice shelf environments, and
detect the presence of Atlantic Water. Sediment provenance data
from qXRD, XRF and MS are used to test sediment contributions
from two ice streams: the Petermann Ice Stream extending from
Petermann Glacier and a Nares Ice Stream ﬂowing in Kennedy
Channel (Jakobsson et al., 2018).

Planktic foraminifera were limited to the Arctic species Neogloboquadrina pachyderma (Np) (Jennings et al., 2020). Their very
rare occurrence (0 and 0.3 specimens/ml sediment at DS3 and DS1,
respectively) in the sub ice tongue cavity is attributed to advection
by ocean currents. Planktic foraminiferal abundances increase
slightly in the fjord beyond the ice tongue (0.5e4 specimens/ml
sediment) and are much higher outside the fjord in northern Nares
Strait (10e523 specimens/ml). Elphidium clavatum, a benthic species common in glaciomarine environments characterized by
turbid glacial meltwater (Hald et al., 1994), was the dominant
species living in Petermann Fjord, but this species was absent from
samples beneath the ice tongue (Jennings et al., 2020). Another
benthic species, Cassidulina neoteretis, was rare beneath the ice
tongue, but abundant in the outer fjord and in northern Nares
Strait. C. neoteretis is common in Arctic areas where chilled Atlantic
Water is stratiﬁed beneath colder and fresher Polar Water (Jennings
and Helgadottir, 1994; Cage et al., 2021). This species is associated
with the Atlantic Layer in the Arctic Ocean (Wollenburg et al.,
2004).

4.2. Northern Nares Strait cores - lithofacies characteristics
Subbottom proﬁles and sediment cores from the Kennedy
Channel grounding zone wedge sampled Acoustic Unit V, an
acoustically transparent facies, which represents gravity ﬂow deposits (Fig. 2) (Hogan et al., 2020). Visual core descriptions and CT
images taken from several Kennedy Channel cores (OD1507-

4.1.3. Comparison of PIT sediment facies to northern Nares Strait
lithofacies
We apply the lithofacies, grain size modal analyses, IRD, and
foraminiferal parameters deﬁned from recent sediments in
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ﬁltering by meltwater. Hogan et al. (2020) interpreted the acoustic
signature of Acoustic Unit V, and the shifts from debris ﬂows to
laminated sediment intervals to reﬂect phases of grounding zone
adjustments and ice shelf instabilities.
The four main Nares Strait cores in this study were selected to
provide undisturbed sediment records for paleoenvironmental reconstructions. The cores come from Acoustic Unit III of Hogan et al.
(2020), an acoustically stratiﬁed, conformable facies interpreted to
have formed by suspension settling and iceberg rafting in distal
glaciomarine and hemipelagic environments (Fig. 2). Two main
lithofacies are found in the cores that sample Acoustic Unit III:
laminated mud and bioturbated mud (Figs. 4 and 5; Supplemental
ﬁgures 3-5). The upper unit throughout Hall Basin is bioturbated
mud (ex. Fig. 5C; 7). It overlies laminated mud with an intervening
IRD layer, except in 2001LSSL-11PC (Fig. 5I; Fig. 6; 7). Cores
RYDER19-24PC-1, taken from the same site as OD1507-18 GC,
sampled visually structureless diamicton and OD1507-21 PC taken
near site 2001LSSL-11PC penetrated stratiﬁed diamicton at its base
as well (Fig. 8). These units are not interpreted as subglacially

48 PC, 49 GC, 50 TC and PC, and 52PC (Fig. 2A, D) conﬁrm the
dominance of sediment gravity ﬂow deposits related to Acoustic
Unit V, including structureless diamictons with sharp basal con
tacts and dispersed clasts typical of glacigenic debris ﬂows (cf. O
Cofaigh et al., 2013) interbedded with laminated mud and sandy
mud, coarse IRD layers, turbidites and plumites (Fig. 2) (Hogan
et al., 2020). Strongly laminated sediments without coarse IRD
similar to the laminated DS3 sediments occur in several of the
Kennedy Channel cores taken from the grounding zone wedge (e.g.
Fig. 5E). The laminations comprise coarse silt and sand layers
forming sharp, often wavy basal contacts (Fig. 5E) and ﬁning upward sequences as would result from turbidity currents either from
slope failures or sediment-enriched subglacial meltwater jets (cf.
Powell, 1990). The sand content indicates that these layers likely
would fall within GS Mode 1. The dominance of sediment gravity
ﬂow deposits in Kennedy Channel is consistent with sedimentation
in the grounding zone (Fig. 2A,D), and the absence of IRD in the
strongly laminated facies (Fig. 5E) supports periods of a sub ice
shelf environment in front of the grounding zone with active debris

Fig. 6. (continued).
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deposited sediments, but rather likely belong in Acoustic Unit III as
an ice proximal facies. Despite efforts to do so, no cores penetrated
through Acoustic Unit III into Acoustic Unit II, acoustically homogeneous, non-conformable facies interpreted as subglacial till
(Hogan et al., 2020).
4.2.1. Laminated mud
Laminated mud is ubiquitous in northern Nares Strait. It occurs
from 45 cm to base in OD1507-31 PC; 96 cm to base in OD150718 GC, 105 cm to base in HLY03-05 GC; 95 cm to base in 2001LSSL11PC (Fig. 6). Sedimentation rates in the laminated lithofacies are
rapid, ranging between 0.113 cm/a in OD1507-18 GC to 0.368 cm/a
in OD1507-31 PC; these likely are minimum estimates as the most
ice-proximal deposits of Acoustic Unit III are undated due to low
faunal abundances (Fig. 6). Similar to DS1 and DS3 cores, the
northern Nares Strait paleo laminated mud is mostly devoid of
coarse IRD (Fig. 4A and B; Fig. 5 A, D,E, F, G). However, the paleo
laminated units contain layers and intervals of ﬁne-grained, very
rare dispersed ice-rafted sand grains (Fig. 5B, F). In addition there
are rare >2 mm IRD-rich intervals (Fig. 6) in which the IRD can be
dispersed (Fig. 5H) or concentrated into layers (ex. Fig. 5I).
The four GSM (Fig. 4C) and their downcore distributions are
shown in Fig. 4D. In cores 2001LSSL-11PC, OD1507-18 GC
and 31PC the laminated mud is comprised of GSM 3 (N ¼ 125) and
GSM 4 (N ¼ 100) (Fig. 4C), which classify with the plumites of Unit
1 A and B in Petermann Fjord interpreted to reﬂect the presence of
the PIT (Reilly et al., 2019) (Fig. 4). GSM 2 is much less common in
the dataset (N ¼ 46) (Fig. 4C and D). It is represented by the coarse
to medium silt turbidites in DS3 core OD1507-05UW (Fig. 4A) but
also characterizes the laminated ice retreat facies of the outer fjord
in core OD1507-03CC (Unit 2 of Reilly et al., 2019) and a sample
near the base of OD1507-31 PC (Fig. 4D). GSM 1 is the rarest mode,
represented by only 12 analyses, several of which come from the ice
proximal part of the deglacial record in northern Bafﬁn Bay core
2001LSSL-14PC (Jennings et al., 2019) and one from DS3 core
OD1507-05UW representing turbidites in the deep basin 15 km
from the modern Petermann Glacier grounding zone (Fig. 4A). It
also records the grounding zone retreat phase in the outer fjord
core OD1507-03CC (Unit 4; Reilly et al., 2019).
None of the cores that we selected for stratigraphic analyses had
repeated sand layers of this type as we were aiming to analyze
cores from sheltered sites with hemipelagic sediments of Acoustic
Unit III (Fig. 5B, F, G). Strongly laminated sediments in the basal 2 m
of OD1507-31 PC (Fig. 5G) are visually comparable to the ice
proximal units of DS3 (Fig. 5D) and the laminated unit of OD150750 TC in Kennedy Channel (Fig. 5E) suggesting that they are ice
proximal, but the lack of rip-up clasts and the paucity of sand
suggest that they are protected from sediment gravity ﬂows by the
core site position in the lee of a ridge (Fig. 2A). Very thin (mm scale)
ﬁne to very ﬁne sand layers with erosive bases and ﬁning upward
sequences were reported deep in the laminated unit of HLY0305 GC (Fig. 5F) as revealed in thin sections (Jennings et al., 2011).
These were attributed to distal turbidites related to instability and
failure of rapidly deposited ﬁne-grained sediments during deglaciation, rather than to close proximity to a grounding zone.
Coarse (>2 mm) IRD in the laminated sediments of the four
northern Nares Strait cores studied in detail is generally absent or
very rare and dispersed. However, several intervals with increased
IRD (e.g. Fig. 5H) or spikes in IRD concentration (e.g. Fig. 5I)
punctuate the overall low IRD laminated sediments. The laminated
interval is capped by an IRD peak in three of the four cores (Figs. 6
and 7). The IRD layers and intervals are part of the laminated unit
and tend to coincide with signiﬁcant changes in sediment provenance and increased foraminiferal abundances such that radiocarbon dates were often obtained in association with the IRD spikes

Fig. 7. CT images of the IRD interval (marked by black rectangle) at the top of the
laminated mud in OD1507-18 GC, HLY03-05 GC and OD1507-31 PC. Based on the
similar stratigraphy we reason that the IRD interval is an isochron; we assigned the
ages of the interval shown in HLY03-05 GC to the matching interval in OD1507-31 PC
to perform the ﬁnal Bayesian age modeling of 31PC.

(Fig. 6).
Core OD1507-31 PC has low IRD occurrences (<0.05 clasts per
cm3) in the strongly laminated sediments below 395 cm (~9.9 ka
BP) (except for a thin layer at 460 cm; 10.1 cal ka BP) (Fig. 6A;
Fig. 5G). An interval of abundant IRD dispersed within laminated
sediments between 395 and 213 cm is estimated to date between
9.9 and 9.4 ka BP (Fig. 5H; 5 A). Between 213 and 60 cm (9.4e8.6 ka
BP) there is very rare IRD in the laminated sediments, but an IRD
interval between 60 and 45 forms the top of the laminated unit. The
laminated unit in OD1507-31 PC is overlain by bioturbated mud
with dispersed IRD, including a disturbed mud unit lacking IRD
between 45 and 40 cm.
In HLY03-05 GC, an IRD spike between 125 and 112 cm (8.5e8.4
cal ka BP) occurs at the top of the laminated mud (Figs. 6B and 7).
This IRD unit has been interpreted in previous work to mark the
retreat of ice from Kennedy Channel and opening of Nares Strait
(Jennings et al., 2011).
OD1507-18 GC has two distinct IRD spikes, one between 315 and
275 cm (c. 9.1 cal ka BP) constrained by a radiocarbon date at 272270 cm of 9.0cal ka BP (8.8e9.1 cal ka BP) (Fig. 6C), and a second IRD
peak occurs between 115 and 96 cm (8.5e8.2 cal ka BP), marking
the top of the laminated mud. This is similar in age to the IRD spike
marking the top of the laminated lithofacies in HLY03-05 GC
(Fig. 6B).
In OD1507-31 PC the IRD layer marking the top of the laminated
unit has poor age constraints as there are no dates in the overlying
bioturbated mud. Using the available radiocarbon dates in this core
resulted in a median age estimate of 8.1 ka BP for the IRD layer.
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Fig. 8. Comparison of cores collected from Hall Basin along Hall Land. OD1507-18 GC and RYDER19-24PC-1 are very comparable but 24PC-1 extends deeper into the section into
structureless diamicton. Farther south, the pair of cores 2001LSSL-11PC and OD1507-21 PC shows that 21PC extends deeper into the section.

4.3. Application of sediment provenance data to distinguish two ice
stream sources in northern Nares Strait

Given the consistent regional stratigraphy and similar ages for the
IRD event at the top of laminated sediments in HLY03-05 GC and
OD1507-18 GC, we assumed that the IRD layer in OD1507-31 PC
marks the same event as in the other cores, essentially representing
an isochron that marks the opening of Nares Strait (Fig. 7). With
that assumption, we assigned the ages modeled for the base, peak
and top of the IRD unit from HLY03-05 GC, where the IRD event is
best dated, to the IRD event between 60 and 45 cm in OD150731 PC. The Bayesian modeling was redone with this approach
leading to age estimates of the base and top of the upper IRD layer
of 8.6 and 8.3 ka; we adopted this age model for OD1507-31 PC
(Fig. 6A).
The laminated ﬁne sediment unit in 2001LSSL-11PC extends
from the base of the core until 95 cm (~9.6e7.05 cal ka BP) (Fig. 6D).
In 2001LSSL-11PC, the end of laminated sediment coincides with
increased IRD, but this increase is not a spike or layer, but rather
onset of increased dispersed IRD c. 7e7.2 cal ka BP and a decline in
sedimentation rates, signiﬁcantly later than the IRD layers near the
tops of the laminated units in the other northern Nares Strait cores.

We use MS, XRF Ti/Ca ratios and qXRD mineralogy to understand variations in sediment sources in the northern Nares Strait
cores (Figs. 9 and 10; Supp. Fig. 1, 2). Geographic variations in

4.2.2. Bioturbated mud
The bioturbated mud comprises GSMs 2 and 3 (Fig. 4C and D). It
is a two-part lithofacies in all cores except 2001LSSL-11PC (Fig. 6).
In OD1507-18 GC, the lower part of the bioturbated mud (96-40 cm;
7.2e8.2 cal ka BP) and HLY03-05 GC (59e112 cm; 7.1e8.4 cal ka BP)
and in OD507-31 PC (40e45 cm; 7.4e8.3 cal ka BP) has low
numbers of >2 mm clasts (IRD) and sedimentation rates taper off
gradually in this interval. Above the lower bioturbated mud unit,
bioturbation is intense and the numbers of dispersed >2 mm grains
increase; sedimentation rates decline rapidly toward the core tops.
In OD1507-31 PC the lower bioturbated mud is only 5 cm thick
(45e40 cm) and the bioturbated mud with IRD extends from 40 cm
to the core top. In 2001LSSL-11PC, the upper unit is massive mud
with dispersed IRD; bioturbation is poorly resolved but this is
considered to be an equivalent sediment unit to the bioturbated
mud with dispersed IRD (Fig. 6D).

Fig. 9. Scatter plot showing the relation between volume MS and ln(Ti/Ca) in regional
cores from the Archer Fjord Mouth, Kennedy Channel, Hall Basin, and Petermann Fjord.
Stars indicate average values of the lower 25 cm of sediments to reﬂect the average
value of the most ice proximal sediments. Data were smoothed and interpolated to a
comparable resolution using a gaussian ﬁlter (sigma ¼ 5 cm) and resampled from each
core (all facies) at 5 cm.
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Fig. 10. Box plot of the mineral weight percentages for the two source areas, Peterman Ice Stream and Nares Ice Stream. The box encloses 50% of the distribution; the solid
horizontal line represents the median wt.%. The vertical lines on either end of each box deﬁne the limits of the variation in wt. %.

depth in core and lithofacies. Cluster membership is a more
powerful distinguisher of source than muscovite alone as it relies
on all of the minerals (Fig. 10), however we chose to use the wt. %
muscovite in Fig. 6 for comparison with variations in the MS and
the ln(Ti/Ca) to guide interpretation of the sediment source
changes at the four sites. Often there is a close relationship between
relative changes of these three parameters in the Hall Basin laminated deglacial facies (Fig. 6).
In core OD1507-31 PC, off Archer Fjord, all provenance indicators suggest dominance by the Nares Ice Stream source
throughout the core. qXRD shows a nearly 20% peak in Petermann
Ice Stream source at 123 cm (9.2 cal ka BP) and the Petermann
source increases slightly within the upper IRD layer at the top of the
laminated unit and in the overlying bioturbated mud (Fig. 11).
In HLY03-05 GC, the laminated mud is dominated by the Nares
Ice Stream source until 237 cm as indicated by high muscovite wt.
%, and high ln(Ca/Ti) and MS values. Above 237 cm (9.1 cal ka BP),
sediment provenance shifts to a mixture of Petermann and Nares
Ice Stream sources, coincident with increasing bioturbation within
the laminated unit. The IRD event and overlying mud unit from 106
to 125 cm is dominantly a Nares Ice Stream source, but the overlying bioturbated mud with rare IRD shifts to a dominance of
Petermann Ice Stream source (Figs. 6 and 11). The onset of bioturbated mud with dispersed IRD at 7.1 cal ka BP marks absence of
Petermann Ice Stream source (Fig. 11).
Comparing of provenance signals in cores collected along Hall
Land (Fig. 8), the massive and stratiﬁed diamictons found at the
base of RYDER19-24PC-1 and OD1507-21 PC have the very negative
ln(Ti/Ca) and MS values distinct to the Petermann Ice Stream
source. Overlying sediments shift to a Nares Ice Stream source
feeding deposition of the laminated mud. However, the ﬁrst IRD
layer from 318 to 244 (9.2e9.0 cal ka BP) as best characterized in
OD1507-18 GC demonstrates a clear shift to Petermann Ice Stream
source, with declining muscovite, more negative ln(Ti/Ca), and
higher mass MS (Figs. 6, 8 and 11). Above the IRD layer the laminated mud shifts back toward a mixture of the Petermann and
Nares ice stream sources, with a rather continuous trend towards

bedrock geology relative to ice stream pathways (cf. England, 1999;
Jakobsson et al., 2018) suggest that we should see distinct sediment
provenances controlled by the ﬂow of Nares Ice Stream northward
in Kennedy Channel and along Ellesmere Island (sites near Archer
Fjord), and Petermann Ice Stream in Hall Basin via Petermann Fjord.
Glacial erosion of crystalline bedrock is a potential component in
both sources. For example, Reilly et al. (2019) showed that in
Petermann Fjord cores, XRF ln(Ti/Ca) and MS variations reﬂect
variations in the contributions of sedimentary and carbonate rocks
that form the walls of Petermann Fjord vs the crystalline granitic
gneiss that forms the inland Greenland craton. Fig. 9 shows the
association between volume MS and ln(Ti/Ca) in regional cores and
the inﬂuence of the geographic distributions of bedrock sources.
Petermann Fjord sediments have distinct low MS and highly
negative ln(Ti/Ca) values, as shown by post-glacial retreat sediments in cores OD1507-37 PC and 04GC (Fig. 9). Sediments from
the mouth of Archer Fjord (Ellesmere Island), particularly the
deglacial laminated sequences of OD1507-31 PC and 33GC, have
low MS similar to Petermann Fjord but have much less negative
ln(Ti/Ca) values (Fig. 9). Kennedy Channel sediments, like those
found in OD1507-52 PC and 44PC, have higher MS values probably reﬂecting crystalline basement rocks, but the ln(Ti/Ca) values
fall between the two other sources. Similarly, basal deglacial sediments from in and just outside Petermann Fjord at OD1507-04 GC
and 46PC, respectively, also contain high MS values. The cores
from more central Hall Basin generally fall between these end
members most likely reﬂecting mixtures of the primary sediment
sources (Fig. 9).
The two ice stream sources are spatially distinct in terms of
mineral clusters (Supp Fig. 1), with muscovite, Na feldspar and K
feldspar (orthoclase and anorthoclase) being the most important
minerals for this purpose (Fig. 10). Samples with high values of
muscovite are associated with preeminence of Nares Ice Stream
source and samples with low muscovite are associated with a
Petermann Ice Stream source (Supp Figure 1).
Fig. 11 shows how the cluster membership (Nares vs Petermann)
for the four primary cores of this study in Hall Basin changes with
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Fig. 11. Downcore 2 source cluster memberships in each of the 4 cores against depth and core lithofacies. The Petermann Ice Stream source is in brown and the Nares Ice Stream
source is in purple. BM ¼ Bioturbated Mud with rare IRD. BM,I ¼ Bioturbated Mud with IRD. I ¼ IRD interval. LM ¼ Laminated Mud. FLM ¼ Finely Laminated Mud. SLM ¼ Strongly
Laminated Mud.

much lower faunal abundances, ranging from barren to as high as
200/g benthic foraminifera, with planktic foram abundances rising
and falling in parallel with the benthic foram abundances but with
much lower values (Fig. 6). There are intervals in all cores of such
low abundance that there were too few forams present to allow
calculation of species percentages (counts <50 forams are only
presented in terms of forams/g). As a guide for comparison with the
modern assemblages, ~20 benthic forams/g is the average faunal
abundance beneath the ice tongue at OD1507-03UW in Unit 1 A,
with a range of 6e30 benthic forams/g (Jennings and Andrews,
2019) and ~60 benthic forams/g is the average pro-ice tongue
values in Unit 1 A of core OD1507-03CC, with a range of 19e130
benthic forams/g). We recognize that there are likely differences in
sedimentation rates and other factors that inﬂuence these average
values, but the main idea is that we expect the foraminiferal
abundances to be lower many km under an ice shelf than near the
ice shelf front. Supplemental Figure 6 shows how the Petermann
Fjord Unit 1 A foram abundances compare to the average foraminiferal abundance values in the Hall Basin lithofacies in terms of
ﬂuxes within lithostratigraphic units. As HLY03-05 GC foraminiferal
assemblages were analyzed from dried samples, its numbers per
gram are lower than they would have been had the samples been
analyzed wet, but the relative changes in faunal abundance are still
useful for evaluating sub vs pro ice shelf environments.
In OD1507-31 PC, foraminiferal abundances are very low (<~20/
g) in the strongly laminated mud below 382 cm (>~9.9 cal ka BP)
but rise in abundance over the interval 372 to 242 cm (9.8e9.4 cal
ka BP) within the interval of laminated mud with dispersed IRD.

an increasing Petermann Ice Stream contribution; this is illustrated
by qXRD as a mixing of the two sources until 1.4 m (8.6 cal ka BP),
where the sediments shift to a Petermann Ice Stream source that
continues through the upper IRD layer and through the overlying
bioturbated mud with rare IRD (Figs. 6 and 11). The upper bioturbated mud with dispersed IRD shows a return to mixed sources,
with rising muscovite, less negative ln(Ti/Ca), and lower mass MS
(Fig. 6).
2001LSSL-11PC is dominated by the Petermann Ice Stream
source (Figs. 6 and 11). In the laminated mud below 499 cm there is
a slight contribution by the Nares Ice Stream source, but between
499 and 95 cm the sediment is completely sourced from the
Petermann Ice Stream; this slight shift is marked by an abrupt
reduction in muscovite wt% (Fig. 6D). An increase in muscovite in
the upper unit, massive mud with dispersed IRD occurs above
95 cm.

4.4. Foraminifera in laminated and bioturbated facies of northern
Nares Strait cores
Downcore benthic and planktic foraminiferal abundances per
gram of sediment and the percentages of E. clavatum and
C. neoteretis are shown in Fig. 6 against lithofacies, provenance
indicators and the age models. Foraminiferal abundances (#/g dry
sediment) show that the upper, IRD-rich part of the bioturbated
mud lithofacies has high abundances of benthic and planktic
foraminifera in all 4 cores, similar to modern samples in northern
Nares Strait (Jennings et al., 2020). The laminated lithofacies has
17

A. Jennings, B. Reilly, J. Andrews et al.

Quaternary Science Reviews 283 (2022) 107460

IRD, and grain-size distributions between the modern sub ice shelf
sediment facies in Petermann Fjord and the early Holocene deglacial laminated sediments in Nares Strait support a similar origin for
these facies. We conclude that the laminated units that are common in northern Nares Strait represent deposition of ﬁne-grained
sediments from meltwater plumes emanating from the
grounding zones of ice streams that were buttressed by ﬂoating ice
shelves. The cores selected for detailed analysis of the Holocene
paleoceanography and glacial history sampled Acoustic Unit III,
sediments dominated by suspension settling and iceberg rafting in
distal glaciomarine and hemipelagic environments, and thus were
not impacted by sediment gravity ﬂows generated at the grounding
zones. An ice-proximal ice shelf sediment facies would express
exposure to subglacial discharge at the grounding zone and would
include laminated sediments with and without IRD, turbidites with
rip-up clasts, and debris ﬂows (cf. Figs. 4A and 5D, E; Hogan et al.,
2020).
Beyond the grounding zone inﬂuenced environment, variations
in the IRD content, especially IRD peaks, attest to periods of iceshelf instability/break up, resulting in the loss of the debrisﬁltering process of the ice shelf and the release of debris-laden
icebergs. In the distal setting of Unit III, periods of ice-shelf instability manifested by IRD layers may also coincide with grounding
zone retreat.
When benthic foraminifera are present, C. neoteretis is dominant
in the laminated unit assemblages, which supports the presence of
relatively warm subsurface Atlantic Water during the deglaciation.
Entrainment of Atlantic Water in the sub-ice shelf circulation could
amplify the erosive power of subglacial meltwater rising from the
grounding zone (Straneo et al., 2012). High percentages of
E. clavatum occur on the Greenland side of Hall Basin suggesting
turbid meltwater routing along Hall Land.
It has long been recognized from terrestrial glacial landforms
that ice shelves were present in Nares Strait during the last glaciation, but the details of these ice shelves are limited by where these
landforms are expressed in ice-free areas, and by what materials
are available to constrain their ages (England et al., 1978; Dawes,
1986; England, 1999; Larsen et al., 2010; Jakobsson et al., 2018).
Here, with radiocarbon dated marine sediments, we document the
presence, estimated extents, and timing of extensive ice shelves
fronting the Petermann and Nares Strait ice streams and their
disintegration.

Elphidium clavatum also occurs in this interval, but never in very
high percentages. Faunal abundances fall below 20/g in the interval
232-142 cm (9.4e9.3 cal ka BP) coinciding with laminated mud
with low IRD. Benthic faunal abundances make a step rise by
132 cm (9.2 cal ka BP) still within the laminated mud with low IRD.
The fauna throughout the core is dominated by C. neoteretis,
reﬂecting presence of subsurface Atlantic Water. Both benthic and
planktic abundances rise by 42 cm (7.7 cal ka BP) associated with
slow sedimentation rates and deposition of bioturbated mud with
dispersed IRD.
HLY03-05 GC had relatively low benthic and planktic faunal
abundances in the laminated mud with rare IRD. There were sufﬁcient benthic and planktic foraminifers from 345 to 349 cm (9.7
cal ka BP), near the base of the core to allow a mixed C. neoteretis
and Np radiocarbon date. E. clavatum is present in low percentages
in several samples while C. neoteretis is consistently the dominant
species reﬂecting consistent presence of subsurface Atlantic Water
(Jennings et al., 2011). A pronounced peak in planktic foraminifers
coincides with the IRD peak between 125 and 112 cm (8.5e8.4 cal
ka BP). Benthic and planktic abundances increase in the lower part
of the bioturbated mud and have consistent presence of E. clavatum
but are dominated by C. neoteretis. An increase in benthic and
planktic forams per gram and reduced percentages of E. clavatum
occur as sedimentation rates decline coinciding with the lithofacies
change to bioturbated mud with dispersed IRD.
In the laminated mud with rare IRD, core OD1507-18 GC has
very low foraminiferal abundances of less than 10/g, with many
barren samples and planktic abundances <1/g. In the samples with
sufﬁcient forams to calculate percentages, C. neoteretis was the
dominant species indicating presence of subsurface Atlantic Water.
By 302 cm (9.1 cal ka BP), within the IRD spike (320-275 cm),
benthic and planktic abundances increase, with many benthic
samples well above 50/g. C. neoteretis is the dominant species. In
the overlying laminated mud, benthic and planktic abundances
ﬂuctuate but remain relatively high; E. clavatum is present at nearly
15% but is variable and C. neoteretis is the dominant species. At
113 cm (8.5 cal ka BP) and continuing through the 115-96 cm
(8.5e8.2 cal ka BP) IRD peak at the top of the laminated unit both
benthic and planktic abundances increase dramatically. Above the
IRD peak, in the lower unit of the bioturbated mud, planktic
abundances fall signiﬁcantly and benthic assemblages are dominated by E. clavatum and C. neoteretis. Both benthic and planktic
foraminifers increase in the upper unit of bioturbated mud beginning at 40 cm (7.2 cal ka BP) as sedimentation rates decline and
E. clavatum falls below 10%.
Core 2001LSSL-11PC shows sequential step rises in foraminiferal
abundances going from barren/nearly barren in the laminated mud
from the base until 490 cm (8.6 cal ka BP) to foraminiferal abundances near to or exceeding the modern sub ice tongue abundances
in the overlying ﬁnely laminated mud between 490 and 95 cm
(8.6e7.0 cal ka BP) with Elphidium clavatum and C. neoteretis codominating, reﬂecting the inﬂuences of both subsurface Atlantic
Water and meltwater plumes. Foraminiferal abundances increase
in an abrupt step at 95 cm (7.0 cal ka BP), at the boundary between
laminated and massive mud with increased >2 mm clasts and
slower sedimentation rates (Fig. 6D). E. clavatum decreases significantly at this boundary while C. neoteretis continues at high
percentages.

5.2. Reconstruction of Nares Strait ice shelves based on ice shelf
lithofacies
We apply the characteristics of modern sub ice tongue lithofacies and faunal characteristics beneath and in front of the
modern PIT to the sediments in four Hall Basin sediment cores
(Figs. 6, 12 and 13) to infer the progression of deglacial events in the
area. The processes and concepts involved in production of the
deglacial ice shelf lithofacies are illustrated in Fig. 14. The deglacial
events are illustrated in a series of 8 schematic maps (Fig. 12), based
on the sediment-core data converted to age (Fig. 13). The maps use
the ice margins from Jakobsson et al. (2018) adapted from England
(1999) to tie the events in the cores to the spatial evidence of ice
extent on land. The characteristics in the cores used to construct the
map series are: 1. was there an ice shelf present (laminated facies
without IRD) or had the ice shelf disintegrated (coarse IRD layers);
2. was a site near the grounding zone (very strong laminations) or
distal to it (ﬁner laminations); 3. are the sites beneath an ice shelf
(very low foraminifera per gram) or in front of an ice shelf (>~30/g
and including E. excavatum); and 4. were the ice margins distal to
the core site (bioturbated mud with dispersed IRD, abundant
planktic and benthic foraminifera/g and slower sediment

5. Discussion
5.1. Origin of the laminated unit and signiﬁcance of the IRD spikes
in northern Nares Strait
The strong similarities in sedimentary structures, absence of
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Fig. 12. A two-page ﬁgure in 8 panels, A-H, showing the events we interpret from our core records. See 5.2 in text for discussion. Grounded glacier ice is opaque and white; ice shelf
is transparent and white; grounding zones are black; Petermann Ice Stream ﬂow lines are brown and Nares Ice Stream ﬂow lines are purple; on panel B, dashed black arrow lines
pointing away from the grounding zone denote grounding zone retreat; cores from OD1507 and Ryder19 are yellow; cores from HLY03 and 2001LSSL are black.

5.2.2. 9.6e9.4 cal ka BP. Fig. 12B
In OD1507-31 PC, a lithofacies change to laminated with IRD
layers, a faunal abundance increase to 20e60/g, and E. clavatum
being consistently present, as well as planktic foraminifera, all
suggesting break-up of an ice shelf extending over Robeson Channel from conﬂuent Nares and Petermann ice streams. Dispersed IRD
in these laminated sediments continues to ~9.4 cal ka BP. We infer
that ice shelf break up was associated with retreat of the grounding
zone of the Nares Ice Stream to Kennedy Channel where there is a
distinct grounding-zone wedge (Hogan et al., 2020) and terrestrial
glacial reconstructions (England, 1999) suggest the ice stream stabilized there (Fig. 12C).
In RYDER19-24PC-1 the structureless diamicton represents iceproximal sedimentation and grounding zone retreat. Based on
correlation with OD1507-18 GC, this retreat was accomplished by
~9.5 cal ka BP which is the estimated age of the base of OD150718 GC (Fig. 6). A stratiﬁed diamicton forms the base of OD150721 PC, which is correlated to nearby core 2001LSSL-11PC. We infer
that this stratiﬁed diamicton is equivalent to the diamicton in the
RYDER19-24PC-1/OD1507-18 GC site and marks ice retreat back to
the grounding zone outside the mouth of Petermann Fjord
(Fig. 12C).
In this interval we reconstruct retreat of both ice stream
grounding zones to stable positions where they remain, with minor/local variability until ice retreat as shown in Fig. 12F, G, and H.
Our chronology indicates the Kennedy Channel grounding zone

accumulation) (Fig. 14). We supplement this information with
sediment provenance data to assess whether the sediments were
supplied by Nares Ice Stream, Petermann Ice Stream, or conﬂuent
ice streams (Jakobsson et al., 2018), interpreting provenance shifts
as reﬂections of changes in ice margin conﬁguration.

5.2.1. ~10.7 - ~9.6 cal ka BP. Fig. 12A
This period is captured in full in OD1507-31 PC, and the later
part is captured in HLY03-05 GC. Strongly laminated mud with a
Nares Ice Stream provenance, and with very low faunal abundances
suggest that the site was sub ice shelf in this interval, and fairly
proximal to the grounding zone. The HLY03-05 GC record is estimated to begin at ~9.8 ka with laminated sediments essentially
devoid of IRD, and low faunal abundances consistent with a sub ice
shelf environment and receiving sediments from the Nares Ice
Stream source.
In this time period the Petermann Ice Stream was grounded over
site OD1507-18 GC. Cores OD1507-18 GC and RYDER19-24PC-1
were taken at the same site, but RYDER19-24PC-1 extended
deeper into the section and recovered structureless diamicton at its
base that is interpreted to be a meltout unit deposited very close to
the grounding zone (Fig. 8). The ln(Ti/Ca) values are very low,
indicating a Petermann Ice Stream source for the sediments
deposited in this interval.
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wedge was active from ~9.4/9.2 to 8.5 (a little less than 1000 years)
and the Petermann Ice Stream was grounded at the fjord mouth
until ~7.1 (a little longer than 2000 years).
5.2.3. ~9.4e9.2 cal ka BP. Fig. 12C
This is an interval reﬂecting the inﬂuence of an extensive Hall
Basin ice shelf extending from both Nares Ice Stream grounded at
Kennedy Channel and the Petermann Ice Stream grounded at the
mouth of Petermann Fjord, as represented by laminated mud with
very low to low foraminiferal and IRD content in all 4 cores. Cores
OD1507-18 GC and 2001LSSL-11PC are sub ice shelf based on very
low benthic and planktic foraminifera per gram throughout this
interval. All cores except 2001LSSL-11PC are dominated by the
Nares Ice Stream sediment source and 2001LSSL-11PC, while
dominated by the Petermann Ice Stream source, shows a component of Nares Ice Stream sediments (Fig. 13).
5.2.4. 9.2e9 cal ka BP. Fig. 12D
An IRD event with a sediment source tied to the Petermann Ice
Stream deﬁnes this interval. The event is found in OD1507-18 GC
and is correlated to RYDER19-24PC-1 and OD1507-21 PC on the
basis of MS and ln(Ti/Ca) (Fig. 8). As there is not an equivalent event
in 2001LSSL-11PC, we infer that the extrapolated age to ~9.6 cal ka
BP in 2001LSSL-11PC is probably too old (Figs. 6 and 7). We suggest
rapid sedimentation in the basal laminated mud unit of this core
such that the base of the core is < 9.1 and >8.7 ka BP (Figs. 6 and 12).
Rapid sedimentation is realistic in this glaciomarine setting, but
unfortunately cannot be tested with radiocarbon data due to the
very low faunal abundances. The cause of the IRD event is not clear.
It may have been a ﬂuctuation of the Petermann grounding zone
and a brief instability in the ice shelf, but we can detect no major
grounding zone retreat in our sediment core data or based on
terrestrial landforms. However, the increased faunal abundances of
both benthic and planktic foraminifera coincident with the event
supports retreat of the ice shelf edge to a position south of OD150718 GC. The increased Petermann Ice Stream source within the
laminated facies prior to the IRD event in map Fig. 12C indicates
that there was an increase in meltwater issuing from the grounding
zone prior to the ice shelf breakup (Fig. 12C and D; Fig. 13).
Nares Ice Stream does not issue an IRD event during this time
period. Laminated sediments continue in both HLY03-05 GC and
OD1507-31 PC. However, both cores show an increase in the
Petermann Ice Stream sediment source, indicating a greater relative
contribution of Petermann sourced ﬁne sediments transported
along with meltwater to these more distal sites (Fig. 13). OD150731 PC faunal abundances also increase following this event indicating a less extensive Hall Basin ice shelf that no longer covers the
OD1507-31 PC core location. Fig. 12D shows breakup of the entire
Hall Basin Ice shelf, but, although the overall ice shelf is less
extensive following the event, it is clear that the main sediment
signal and destabilization emanates from the Petermann Ice
Stream. The lack of IRD in OD1507-31 PC and HLY03-05 GC may be
explained by heavy sea ice that blocked debris-laden ice bergs from
tracking westward and over these sites, or perhaps that an ice shelf
persisted in front of the Nares Ice Stream.
5.2.5. 9.0e8.5 cal ka BP. Fig. 12E
In this interval the Hall Basin ice shelf is present in front of both

Fig. 13. Key data on age for interpreting the deglacial history of Nares Strait. From top
to bottom. Time intervals that correspond to the maps in Fig. 12. Mean June insolation
(black line; Laskar et al., 2004). Key regional constraints on deglaciation, including the
oldest deglacial shell age from Northern Nares Strait (England, 1999), the three glacial
landform ages discussed by Jakobsson et al. (2018), and ﬁnal early Holocene ice tongue
collapse of Petermann Glacier (Reilly et al., 2019). Temperature reconstructions based
on the d18O (red) and melt layers (blue) of the Agassiz Ice Core (Lecavalier et al., 2017).
Proxy data for the four primary cores discussed in this paper, including: radiocarbon
ages (brown circles) and additional age constraints (red circles, see text); XRF ln(Ti/Ca)

(light blue) and qXRD percent muscovite (purple); fuzzy cluster qXRD percent Petermann source (brown with yellow ﬁll); ice rafted debris counts (black); benthic (red)
and planktic (blue) foram abundance; and visual lithologic description (SLM ¼ Strongly
Laminated Mud; LM ¼ Laminated Mud; FLM ¼ Finely Laminated Mud; I ¼ IRD layer;
BM ¼ Bioturbated Mud with rare IRD; BM w/I ¼ Bioturbated Mud with IRD). Proxy data
with darker shading indicate data that are better constrained by each core's age model.
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Fig. 14. Schematic model of depositional processes and sedimentary lithofacies under a Greenland ice shelf or ice tongue. Glacial setting and depositional processes for A. an
extensive ice shelf; and B. an ice shelf break-up event. C. Idealized lithofacies deposited under a retreating Greenland ice shelf/tongue. Note that lithofacies 4a only occurs in a 2 or
more-ice shelf system in which one remains after the other has disintegrated. D. Size comparison of the Nares-Petermann ice shelf at c. 9 ka with the modern Amery Ice Shelf, East
Antarctica (location on inset of Antarctica). Note that the Nares-Petermann ice shelf system was more than 200 times smaller (by area) than the modern Amery.
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grounding zone back into Petermann Fjord (Reilly et al., 2019). This
is marked in 2001LSSL-11PC as the end of laminated sediments and
beginning of deposition of massive mud with dispersed IRD. Across
Hall Basin sedimentation rates decrease and faunal abundances
rise. Based on the modeled ages of the transition to bioturbated
mud with dispersed IRD in 3 cores, the age of disintegration of the
Petermann ice shelf is 7.1 ka BP, with a one sigma range of 6.9e7.3
cal ka BP.

ice streams, as evidenced by laminated sediments without IRD, but
the ice shelf is less extensive. Sites OD1507-31 PC and 18GC
emerge in front of the ice shelves based on increased benthic and
planktic foraminiferal abundances and increase in E. clavatum in
OD1507-18 GC; E. clavatum is present but rare in OD1507-31 PC.
Both HLY03-05 GC and OD1507-18 GC show increases in Petermann Ice Stream source over this period while laminated sediments continue. Site 2001LSSL-11PC is sub ice shelf during this time
based on very low foraminiferal abundances.

5.3. Summary of events during the Holocene leading to the opening
of Nares Strait

5.2.6. 8.5e8.4 cal ka BP. Fig. 12F
This IRD event marks break-up of the Hall Basin ice shelf
coupled with grounding zone retreat resulting in collapse of the
Nares Ice Stream and the opening of Nares Strait to Arctic/Atlantic
oceanic throughﬂow by the end of the interval. In HLY03-05 GC,
OD1507-31 PC and 18GC this event marks the transition between
extensive laminated sediments and bioturbated mud (Fig. 7). It is
best dated in HLY03-05 GC and we take the time interval from that
core where the mean age of the top and base of the IRD event is 8.5
to 8.4 ka BP and the full ±1 sigma range is 9.1 to 8.4 cal ka BP. In
OD1507-18 GC the age model puts the event between 8.5 and 8.2
ka, with the ±1 sigma ranges also from 8.5 to 8.2 ka. We consider
the stratigraphic signiﬁcance of this event compelling evidence
that it is an isochron in Hall Basin (Fig. 7).
In 2001LSSL-11PC, a shift to fully Petermann sediment source at
509.5 cm (8.7 cal ka BP) and a rise in planktic and benthic foraminifera per gram within laminated sediments at 489.5 cm (8.6 cal
ka BP) are interpreted to mark this event as a loss of the Nares Ice
Stream but persistence of the Petermann Ice shelf in a less extensive form. The linear interpolation below dating control in
2001LSSL-11PC gives an age estimate of 9.6 cal ka BP which is too
old based on comparison with core OD1507-18 GC and correlation
with RYDER19-24PC-1 and OD1507-21 PC (Fig. 8) which suggest
the site of 2001LSSL-11PC is subglacial at 9.6 cal ka BP and that the
base of the core is < 9.1 and >8.7 cal ka BP.

Our reconstruction begins with disintegration of the Robeson
Channel ice shelf and signiﬁcant retreat of the grounding zones of
the previously conﬂuent Nares Strait and Petermann ice streams
(Fig. 12). A Hall Basin ice shelf reformed twice without signiﬁcant
retreat of the grounding zone. However, a subsequent ice-shelf
disintegration coincided with a major retreat of the grounding
zone from Kennedy Channel at 8.5e8.4 cal ka BP, separating
Greenland and North American ice and opening Nares Strait to
Arctic-Atlantic throughﬂow. Following this, the Petermann Ice
Stream, fronted by a small ice shelf, remained at its grounding zone
at the slightly constricted fjord mouth for an additional c. 1300
years before retreat into Petermann Fjord around 7.1 ka (Jakobsson
et al., 2018; Reilly et al., 2019). Petermann Glacier appears to have
regrown an ice tongue immediately after its initial rapid retreat
(Fig. 12H), but this ice tongue was a short-lived feature that was
able to form while Petermann Glacier was grounded on the inner
sill (Reilly et al., 2019). By the middle Holocene the ice tongue had
disintegrated and the Petermann Glacier had retreated to approximately its current grounding zone where it remained as a tidewater calving glacier with no ice tongue for c. 5000 years (Reilly
et al., 2019). Ryder Glacier and NEGIS also lost their ice tongues
in the early Holocene (Fig. 1A). All three of these northern
Greenland outlet glaciers regrew ice tongues in response to late
Holocene cooling and expanded sea-ice cover (Reilly et al., 2019;
O'Regan et al., 2021; Syring et al., 2020). Such reconstructions
illustrate how the paleo responses of Greenland outlet glaciers to
climate and ocean change provide key perspectives on the potential
future responses of these last outlet glaciers with ﬂoating margins.

5.2.7. 8.4e7.1 cal ka BP. Fig. 12G
During this interval, the Petermann Ice Stream is grounded at
the mouth of Petermann Fjord and retains a relatively small ice
shelf. In 2001LSSL-11PC ﬁnely laminated sediments with very rare
IRD, moderate benthic and planktic foraminifera per gram and high
percentages of E. clavatum provide evidence for deposition in front
of the Petermann Ice Shelf with turbid meltwater plumes entering
Hall Basin between 499 and 95 cm (7.0e8.6 cal ka BP). In OD150718 GC, 54 cm of bioturbated mud with some stratiﬁcation and very
rare IRD (7.2e8.2 cal ka BP) and in HLY03-05 GC, a 51 cm interval of
laminated and bioturbated mud with rare IRD and a very high
proportion of Petermann Ice Stream source (7.1e8.4 cal ka BP) likely
represent continued release of meltwater plumes from the Petermann Ice Stream while it was grounded at the fjord mouth with an
ice shelf acting as a debris ﬁlter. There is a step rise in foraminifera/g
in these cores that probably reﬂects both increased productivity,
and lower sedimentation rates, while high percentages of
E. clavatum in 2001LSSL-11PC and OD1507-18 GC indicate
continued turbid meltwater plumes from the Petermann Ice
Stream. In OD1507-31 PC, a 5-cm thick disturbed mud unit overlying the IRD interval has a signiﬁcant signal of Petermann source
sediments. However, because there is very little sediment in
OD1507-31 PC above the IRD layer forming the top of the laminated
unit we assume that the IRD layer represents disintegration of the
Nares Ice Stream.

5.4. Drivers of mass loss of marine terminating glaciers with ice
shelves: Applications to northern Nares Strait deglaciation
At present, increasing mass loss from the GIS is underway in
response to modern climate change (Catania et al., 2020; FoxKemper et al., 2021), with as much as 2/3 of the associated sea
level rise attributed to mass losses from its marine-terminating
outlet glaciers (Mouginot et al., 2019). Rising air temperatures
leading to increased surface runoff as well as warmer ocean waters
accessing grounding zones are driving increases in mass loss via
calving processes. However, physiographic aspects of individual
outlet glacier drainages (geometry), fjord bathymetry, and sea-ice
conditions all modulate the responses of various marineterminating outlets to modern climatic change (Scambos et al.,
2017; Catania et al., 2020). Given this wide range of behaviors of
Greenland's marine terminating glaciers, there are large uncertainties in estimates and predictions of the rates of mass loss
from different glacier outlets and thus the contributions they will
make in the future to global sea level rise (Moon et al., 2012;
Enderlin et al., 2014).
Reconstruction of paleo-ice sheet behavior telescopes our
viewpoint out from the limits of modern observations to understand how ice sheets responded to past large climatic warming
trends, such as the warming events during the last deglaciation. In

5.2.8. 7.1 cal ka BP. Fig. 12H
A ﬁnal lithofacies shift involving IRD in Hall Basin marks demise
of the Petermann Ice Shelf and retreat of Petermann Glacier
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process as accumulation of surface meltwater would be likely on
these large ice shelves during summer months, just as it is today on
the Peterman ice tongue (Washam et al., 2018; Li et al., 2021). In
addition, rising meltwater plumes result in channelized melt on the
undersides of ice shelves as well as at the grounding zone, further
weakening and thinning ice shelves and promoting ice-shelf breakup. The rising plumes cause under-melting and can carve out crevasses that can meet surface crevasse features and weaken the ice
such that it breaks by buoyant, ﬂexure driven calving (Catania et al.,
2020).
Advection of Atlantic Water into the sub ice tongue cavity and
surface melting of the Petermann Glacier are related mechanisms
that are destabilizing the PIT today. Buoyant meltwater plumes
rising from the grounding zone, fed by surface melt to the base of
the ice, drives the estuarine circulation of the fjord and draws in
subsurface Atlantic water towards the grounding zone (Cai et al.,
2017). Via enhanced surface melting and transport of meltwater
to the bed, greater early Holocene summer solar insolation would
be likely to increase the basal melt emanating from the northern
Nares Strait ice streams. The continuous presence of C. neoteretis as
the dominant benthic foraminiferal species in Hall Basin demonstrates that subsurface Atlantic Water was present throughout the
deglaciation. Although we cannot explicitly demonstrate that
relatively warm subsurface Atlantic Water was advected to the
grounding zones in Nares Strait, the lack of coarse IRD in ice-shelf
facies suggests that basal ice-shelf melting from rising meltwater
plumes with entrained Atlantic Water was an active process.
Therefore, we consider the laminated facies in cores from Nares
Strait as evidence of turbid meltwater plumes emanating from the
deglacial ice margins. Based on its modern distribution in the region today, E. clavatum is taken as an indicator of turbid glacial
meltwater and a lack of perennial sea ice/ice-shelf cover (Jennings
et al., 2020). This species is clearly more abundant in the cores
reﬂecting the Petermann Ice Stream: 2001LSSL-11PC and OD150718 GC (Fig. 6C and D). Percentages are much lower in OD1507-31 PC
and HLY03-05 GC (Fig. 6A and B). The low percentages of
E. clavatum in those cores may reﬂect greater sea-ice cover to the
west, as well as routing of meltwater plumes toward the cores
along Hall Land coast (Heuze et al., 2017; Jennings et al., 2020).
Thus, we associate this spatial distribution of E. clavatum with
persistent delivery of meltwater plumes from the Petermann
Glacier margin when it was situated at the fjord mouth and the
depocenter shifted away from the western part of Hall Basin, such
as OD1507-31 PC, towards cores off Hall Land at c. 9.2 ka BP.

effect paleo glacier and ice-sheet reconstructions are windows into
the potential outcomes of ongoing warming and mass balance
change (cf. DeConto et al., 2021). Northern Nares Strait outlet glaciers with their ﬂoating ice tongues represent a cold endmember
among modern Greenland outlet glaciers, but also along the climatic continuum for all glacial marine settings (cf. Dowdeswell
et al., 2016). This reconstruction provides a view of how northern
Greenland outlets responded to ocean and atmospheric warming
during the last deglaciation in the early Holocene. Deglaciation of
northern Nares Strait was underway by at least 11.4 cal ka BP based
on a shell age from northernmost Ellesmere Island (England, 1999;
recalibrated after Jakobsson et al., 2018; Bennike, 2002), but the
ﬁnal collapse of the Nares Ice Stream in Kennedy Channel lagged
peak summer insolation and the peak in summer temperatures
reconstructed from the Agassiz Ice Core (Lecavalier et al., 2017) by
nearly 3000 years (Fig. 13).
The Nares Strait and Petermann ice streams were governed by
opposing forces and processes that acted, in part, to maintain a
stable grounding zone with buttressing ice shelf but were countered by processes favoring ice shelf break-up and grounding zone
retreat. Stability or change in the position of the grounding zone
and ice shelf front reﬂect a shift in the balance between ice ﬂux
toward the terminus and ablation, including calving and melting
(Catania et al., 2021). Ice shelves slow the seaward ice ﬂow by
buttressing and by providing structural support to upstream ice (cf.
Hughes, 2011; DeConto et al., 2021). The physiography of the region
also promotes stability as the narrow Nares Strait and Petermann
Fjord (<40 km and 15 km, respectively) and an upstream canyon
that channels ice to the fjord from the divide (Bamber et al., 2013)
all help to constrain ﬂow, along with sills and moraines (Akesson
et al., 2018; Catania et al., 2018; Enderlin, 2013). Ice shelves in
Nares Strait must have been strengthened by lateral conﬁnement
from the adjoining land areas and possibly from shoals in Hall Basin
and grounding zone wedges at the grounding zone, effectively
reinforcing the ice shelves from all sides. This conﬁnement would
have lessened the extensional stresses on the ice shelves and
improved their buttressing inﬂuences on the ice streams (e.g.
Dupont and Alley, 2005; Pegler, 2018; DeConto et al., 2021). In
lange (or sikkusuaq) in front of the terminus
addition, an ice me
would have suppressed calving (Dwyer, 1995; Robel, 2017). The
northward facing glacier embayment formed in Hall Basin also
lange formation as ice bergs would
would have promoted ice me
have difﬁculty escaping from the glacier embayment formed by the
glacier fronts. Icebergs would anneal with sea ice in winter to form
lange (cf. Amundson et al., 2010) that could buttress ice
an ice me
ﬂow and slow thinning, perhaps allowing reformation of the ice
shelf which was fed by continued ﬂow from the Nares Strait and
Petermann ice streams. This conﬁguration persisted until the ﬁnal
failure of the Hall Basin ice shelf at 8.5e8.4 cal ka BP that opened
Nares Strait and allowed icebergs to exit to the south.
Although the Nares and Petermann ice streams showed resilience to deglaciation, climatic warming tipped the scales toward
the drivers of glacier thinning, ice-shelf disintegration, ice-ﬂow
acceleration, and grounding-line retreat. By analogy with̊ observations from modern marine-terminating glaciers, surface and
subsurface (ice front) melt driven by atmospheric and ocean
warming, respectively, are the two likely drivers of break-up of the
Hall Basin ice shelves. Loss of an ice shelf leads to accelerated upstream ice ﬂow and can lead to ice retreat if other stabilizing forces
are overcome (Straneo, 2013). Observations of Larsen B ice shelf in
West Antarctica indicate that it succumbed to brittle failure as melt
ponds and water-ﬁlled crevasses penetrated into the ice shelf
leading to hydrofracturing and ice shelf break up (Scambos et al.,
2003). Given the strong solar insolation in the high Arctic during
the early Holocene, it is likely that hydrofracturing was an active

5.5. Similarities and differences between Antarctic and Arctic ice
shelf facies
A conceptual model of Antarctic ice shelf facies by Domack and
Harris (1998) shows an ideal lithofacies succession that would
result from retreat of a coupled Antarctic ice sheet-ice shelf system
relative to retreat of the grounding zone and the ice shelf front or
calving line. The full sequence involves a basal diamicton representing subglacial sedimentation (till) and stratiﬁed diamicton
deposited in the grounding zone (Smith et al., 2019), overlain by an
ice proximal ‘granulated facies’ containing till pellets that melt
from the ice shelf base. Although the granulated facies has been
thought to be diagnostic of deposition in a sub ice shelf cavity
(Domack et al., 1999), recent research suggests its presence is not
limited to this environment (Smith et al., 2019). With grounding
zone retreat, ﬁne-grained sediments, including well sorted ﬁne
sands are deposited under the dual inﬂuence of the melt-out of
grains from basal ice and the circulation of ocean currents under
the ice shelf forming laminated and massive marine muds. This
sequence ﬁnes upward as the grounding zone retreats toward a
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‘null zone’ where only the ﬁnest sediments remain to be deposited
and the sediment accumulation rates are very low. Coarsening
above the null zone signals approach of the ice shelf front and
arrival of sediments from outside of the system along with
increased biogenic content. A pebbly mud unit (dropstone mud)
with increased biogenic content characteristic of open marine
conditions caps the sequence, indicating retreat of the ice-shelf
front, and the concentration of icebergs (to supply the pebblesized clasts) by winds near the calving line. In a recent and
comprehensive review of Antarctic ice shelf lithofacies, Smith et al.
(2019) suggested that this idealized succession has withstood
further research ﬁndings, but caution that the full facies sequence is
rarely found in Antarctic cores.
The Hall Basin ice shelves were deglacial features that extended
tens of kilometers from the grounding zones of ice streams to the
ice shelf fronts and were conﬁned by land areas on both sides of
Nares Strait (Fig. 12C, E). While these paleo ice shelves were large
compared to Greenland's modern ice tongues conﬁned within
fjords, they are small by modern Antarctic standards (Fig. 14D). For
example the Hall Basin Ice Shelf at 9.4e9.2 cal ka BP was 105 km
and 45 km long in front of the Nares and Petermann ice streams,
respectively. In Antarctica the Amery Ice Shelf which is conﬁned
laterally, is 570 km while the fringing Ross Sea (Mercer/Whillans) is
824 km, and the Ross Sea (Bindshcandler/MacAyeal) is 566 km long.
In Hall Basin, sediments deposited under the paleo-ice shelves are
thick laminated muds produced by turbid meltwater plumes that
distributed sediments widely and contain only rare IRD (Fig. 14).
Sedimentation rates are typically on the order of meters per
thousand years and there is no evidence for a null zone of very low
sediment supply such as is seen beneath Antarctic ice shelves
(Domack and Harris, 1998). Due to the thickness of these laminated
muds, shallow-penetrating coring devices rarely capture sediments
deposited during the initial ice stream retreat including basal diamicton, stratiﬁed diamicton or granulated facies (e.g. Fig. 14C).
Coarse clasts from englacial debris, supraglacial debris, or medial
moraines from side glaciers joining the ice streams could supply
the rare IRD found in the laminated facies, as suggested for Antarctic sub-ice shelf facies (Smith et al., 2019). Particle size is variable
in the laminated sediments, with distal facies being very ﬁne
grained and more proximal facies containing sorted sand layers.
Some of these sand layers have erosive bases and are normally
graded indicating turbidity currents generated as slope failures or
sediment-enriched subglacial meltwater jets entering from the
grounding zone (1 in Fig. 14). We infer that the coarsest subglacial
sediment is released by basal melting very close to the grounding
zone where melt rate is the highest, consistent with the debris ﬁlter
concept (Alley et al., 1989; Reilly et al., 2019, Fig. 14A). In Petermann
Fjord and Hall Basin, we selected cores from topographic highs and
areas protected from gravity ﬂows generated at the grounding zone
in order to develop the ice-shelf and ocean history.
We consider that the differences between the Antarctic and
Arctic ice shelf facies likely are due to the scale of the ice shelves
and the role of turbid meltwater in each setting. Both systems are
characterized by laminated to massive muds with rare or absent
coarse IRD. However, the relatively limited meltwater in the Antarctic setting yields thinner and less extensive laminated mud units
and the long ice shelves (from grounding zone to ice-shelf front)
lead to null zones beyond where the meltwater plumes are
exhausted. In Nares Strait the laminated facies is up to 15 m thick
and corresponds to acoustically stratiﬁed, conformable seismoacoustic facies (Facies III of Hogan et al., 2020), representing
widespread deposition via suspension settling from turbid meltwater plumes that even persist beyond the ice-shelf front. The
Antarctic facies model interprets increased concentration of IRD to
reﬂect retreat of the ice shelf calving front back from a site. Such

IRD-rich units are thought to reﬂect concentrations of icebergs
from multiple sources over a wide area after the ice shelf has
retreated (Domack and Harris, 1998). By contrast, in the Nares
Strait, the IRD layers form part of the laminated facies and they
record coarse material sourced from one or both of the two local ice
streams. Thus, the IRD layers in Nares Strait deglacial sediments are
interpreted to reﬂect periods of ice-shelf instability or disintegration and loss of the ice shelf debris ﬁlter (Fig. 12B, D, F; Fig. 14B) with
either subsequent ice shelf regrowth and return to laminated facies
(Fig. 12C, E) or as a terminal event leading to much slower deposition of bioturbated mud (Fig. 12F; 4 b in Fig. 14). However, if
Northern Hemisphere ice shelves were more extensive and/or melt
rates were lower during full glacial periods, for example the ice
shelves proposed to extend over large areas of the Arctic Ocean
(Jakobsson et al., 2016), their sediment facies might be more similar
to those of the Antarctic.

6. Conclusions
We describe a deglacial Greenland ice shelf sediment facies
using observations of modern hydrographic processes, sedimentary
structures, particle size measurements and foraminiferal contents
of sub and pro ice-shelf sediments from the Petermann Glacier
system (Fig. 14A). The key process that distinguishes the ice-shelf
facies from lithofacies produced by other marine-terminating
outlet glaciers is debris ﬁltering, or enhanced melting of debris
rich basal ice at the grounding zone as turbid meltwater plumes,
sourced from subglacial meltwater, rise vertically in the ice-shelf
cavity (Fig. 14A). This process causes meltout of subglacial debris
at or near the grounding zone, leading to calving of clean icebergs
from the ice shelf front. Thus, the dominant lithofacies in this
setting are laminated muds without IRD deposited by suspension
settling from widespread meltwater plumes beneath the ice shelf
and beyond the calving line (Fig. 14AeC). Strongly laminated sediments deposited near the grounding zone from sediment-enriched
subglacial meltwater jets and turbidity currents have ﬁne sand and
coarse silt basal layers and contain rip-up clasts. Such features
distinguish grounding zone proximal (ice shelf) facies from the
ﬁner laminated sediments deposited more distally or in areas
protected by bathymetry from the downslope processes near the
grounding zone. Low biological activity characterizes the
grounding zone proximal facies. Bioturbation and foraminiferal
abundances increase with distance from the grounding zone.
Beyond the ice-shelf front bioturbation and benthic and planktonic
foraminiferal abundances and diversity increase.
By analogy to the modern lithofacies in Petermann Fjord, thick,
laminated, ﬁne grained (meltwater plume derived) sediments
barren of foraminifera in northern Nares Strait are interpreted as
sub ice shelf sediments issuing from the Petermann and Nares ice
streams that terminated in ice shelves when conﬂuent Innuitian
and Greenland ice sheets were retreating from Hall Basin. Four
periods of Ice shelf formation and instability/collapse during the
Holocene deglaciation of Hall Basin were identiﬁed from the
presence of IRD within the laminated facies, shifts in sediment
provenance, and changes in foraminiferal abundances. Collapse of
the Nares Ice Stream c. 8.5 to 8.4 cal ka BP was the 3rd of the 4 IRD
events. This event severed the connection between Greenland and
Canadian ice, and led to opening of Nares Strait to Arctic-Atlantic
throughﬂow by 8.4 cal ka BP. Petermann Glacier retained an ice
shelf until its retreat at c. 7.1 cal kyr BP.
Laminated, ﬁne-grained sediments, lacking IRD and foraminifera represent a meltwater dominated northern Hemisphere ice
shelf facies that likely is present in other Arctic margin settings.
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