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ABSTRACT

Multiple proxies in three sediment cores from Northwestern Baffin Bay document the timing of Lancaster
Sound Ice Stream (LSIS) retreat that led to Arctic—Atlantic throughflow in Parry Channel, an important
source of freshwater that can impact the Atlantic Meridional Overturning Circulation. The Late Glacial to
Holocene timing of ice retreat and channel opening and the responses of the regional ocean environment
to these events are presented. We use quantitative mineral composition, foraminiferal assemblages,
biogenic silica, ice-rafted debris (IRD), and '“C-based age models to document and date the events and
environmental changes occurring during deglaciation of this major marine channel. Findings show that
retreat of the LSIS into Lancaster Sound occurred before ~15.3 cal ka BP, about 800 years before the onset
of major iceberg calving events from the LSIS, named the Baffin Bay Detrital Carbonate events (BBDC 1 and
BBDC 0). The end of BBDC 0 occurred at ~10.6 cal ka BP, which coincides with the opening of Parry
Channel. A marine environment productive of calcareous benthic and planktic foraminifera, with dimin-
ished meltwater, seasonal sea ice, warmer summer temperatures, and inflowing, nutrient-rich Arctic
surface water characterizes the interval between the opening of Parry Channel and the opening of
Nares Strait. Paired planktic and benthic "C ages over this 2,200-year interval show diminishing age
offsets suggesting progressive mixing of the upper ~850-900 m of the water column. The opening of
Nares Strait by ~8.2 cal ka BP coincides with increased biogenic silica in the form of abundant, large centric
diatoms and dissolution of CaCOs. The paucity of calcareous organisms after 8.2 cal ka BP resulted in poor
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chronological control in the cores to interpret changing environments after 8.2 cal ka BP.

Introduction

Freshwater flows out of the Arctic Ocean as sea ice and
Arctic surface water (ASW) and enters the North
Atlantic through Fram Strait, east of Greenland, and
through Nares Strait and the channels of the Canadian
Arctic Archipelago (CAA) west of Greenland and from
there into the regions of overturning ocean circulation
(Figure 1). It has been argued that variations in the
northern sourced freshwater have significant conse-
quences for the Atlantic Meridional Overturning
Circulation (Curry and Mauritzen 2005; Serreze et al.
2006; Curry, Lee, and Petrie 2011; Yang et al. 2016).
Modern high-volume freshwater export events are docu-
mented as salinity anomalies in the North Atlantic and
have been attributed to outflow through both Fram
Strait (Dickson et al. 1988) and the channels of the
CAA (Belkin et al. 1998; Belkin 2004), including Parry

Channel, Jones Sound, and Nares Strait (Figure 1).
Modeling suggests that freshwater export through
Nares Strait and the CAA channels will increase as
Arctic sea ice declines allowing unchecked solid and
liquid freshwater transport into Baffin Bay (Koenigk et
al. 2007; Vavrus et al. 2012; Jahn and Holland 2013).
Fram Strait is over 2,500 m deep and was open to
throughflow throughout the last glaciation, but the
much shallower Nares Strait and the channels of the
CAA were blocked completely by grounded ice sheets
(Dyke et al. 2002; England et al. 2006). Recent research
suggests that Nares Strait, the largest present-day con-
tributor of freshwater west of Greenland (0.7 Sv; Rudels
2019), opened to Arctic-Atlantic throughflow by 8.3-8.4
ka BP (Georgiadis et al. 2020; Jennings et al. 2022). Parry
Channel, the second largest freshwater contributor (~0.5
Sv; Rudels 2019), is thought to have opened much earlier
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Figure 1. Map showing study area location and the channels through the CAA and Nares Strait connecting the Arctic Ocean to northern
Baffin Bay and the general ocean circulation with Polar water/Arctic surface water depicted by white arrows and Atlantic water currents
shown as red arrows. M'S = M'Clure Strait; VS = Viscount Melville Sound; BS = Barrow Strait; LS = Lancaster Sound; JS = Jones Sound; SS
= Smith Sound; BC = Baffin Current; WGC = West Greenland Current, AIC = Agassiz Ice Core. (b) Green box shows area of Figure 2a.
Bathymetry data from the International Bathymetric Chart of the Arctic Ocean (Jakobsson et al. 2012).
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Figure 2. (a) Location map of the study area showing the cores of this study in red: 59=2008029-59CC, 49=2008029-49CC,
64=2013019-64PC and cores mentioned in the text shown in yellow: 04=97022-004, 144=86027-144, 154=86027-154, 10=2011804-
0010, 34=2008029-034, 11=LSSL2001-014PC, and TC; 2B = AMD14-Kane2B. NBI = Navy Board Inlet; BT = Buchan Trough; ST = Scott
Trough. Squares surrounding core sites denote site studies of multibeam bathymetry data at each core site. Dashed black line shows
the average June extent of the NOW. Dashed yellow line denotes maximum ice extent mapped for the LGM after Li, Piper, and
Campbell (2011) and Brouard and Lajeunesse (2017). Solid yellow lines in outer Lancaster Sound (Furze et al. 2018) and in Barrow Strait
(Pienkowski et al. 2012, 2014) mark inferred LSIS retreat positions. Bathymetry data from the International Bathymetric Chart of the
Arctic Ocean (Jakobsson et al. 2012). (b) Site study for 64PC showing the grounding zone wedge formed by the Pond Inlet Ice Stream
and retreat moraines from ice retreat that occurred prior to the results shown in the upper 441 cm of core 64PC in this article. (c) Site
study for 49CC showing iceberg scours. Conductivity, temperature, depth profile taken 430 m SE of 49CC (48CTD) during the 2008029
CSGS Hudson cruise (Campbell and de Vernal 2009). WGIW = West Greenland Intermediate Water. (d) 59CC site study showing the
locations of the two grounding zone wedges in Lancaster Sound west of the core site.

(c. 10.4 cal ka BP) based upon terrestrial glacial recon-
structions (Dyke et al. 2002; Dalton et al. 2020) and
proximal marine sediment records (Pienkowski et al.
2012, 2014; Pienkowski et al. 2014), but the timing of
Parry Channel opening and the environmental condi-
tions in the interval between the opening of Parry
Channel and the opening of Nares Strait are not well
documented.

The successive opening of the two main channels, Parry
Channel and Nares Strait, resulted from the retreat of

confluent Innuitian, Greenland, and Laurentide ice sheets
(England 1999; Dyke et al. 2002; England et al. 2006). The
channels experienced ~135 m of glacial isostatic uplift after
opening (Blake 1992; Williams et al. 1995; Simon, James,
and Dyke 2015). The shallowing of the channels through
isostatic uplift would have affected the composition of water
masses transiting from the Arctic Ocean to the Atlantic
(Pientkowski et al. 2014). Nares Strait opening ushered in
the modern ocean circulation in Baffin Bay (Jennings et al.
2011) and likely impacted the composition and flow strength
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of the Baffin Current and transport of ASW to the Labrador
Sea, but the impact of Parry Channel opening has not been
documented.

In this article, we investigate the timing and paleoenvir-
onmental consequences of the opening of Parry Channel
using multi-proxy analyses from two sediment cores
(2008029-49CC and 2008029-59CC) in Lancaster Sound,
the easternmost segment of Parry Channel, and one in
northwestern Baffin Bay, 2013029-64PC (Figures 1 and
2a). We focus on four major events described in the region:
(1) glaciation of Lancaster Sound, (2) retreat of the Lancaster
Sound Ice Stream (LSIS) as evidenced by the Baffin Bay
Detrital Carbonate (BBDC) events and glaciomarine condi-
tions associated with the retreating ice margin, (3) onset of
Parry Channel Arctic-Atlantic throughflow and environ-
mental conditions prior to opening of Nares Strait, and (4)
opening of Nares Strait (Figure 1). The two cores in outer
Lancaster Sound are in sensitive positions to capture the full
sediment sequence deposited during retreat of the LSIS that
culminated in the opening of Parry Channel and the poten-
tial changes in circulation and water masses associated with
the period between the opening of Parry Channel and open-
ing of Nares Strait. The core on the northwestern (NW)
Baffin Island slope, downstream from those cores, is posi-
tioned to receive sediments from the retreating LSIS and to
record changing ocean circulation in northern Baffin Bay.
Radiocarbon dating, lithofacies analysis, foraminiferal
assemblages, sediment provenance, and relative diatom
abundances are used to reconstruct the timing of environ-
mental and oceanographic changes that accompany these
major natural events during deglaciation and the transition
toward modern conditions.

Physical setting

Ocean circulation in Baffin Bay is cyclonic, with the West
Greenland Current (WGC) carrying warm, saline Atlantic
water of the Irminger Current and low-salinity, cold, polar
waters of the East Greenland Current northward along
Greenland and the Baffin Current comprising cold (<0°C),
low-salinity ASW flowing southward along the Baffin Island
margin (Figure 1; Tang et al. 2004; Miinchow, Falkner, and
Melling 2006; Miinchow et al. 2015). The Arctic outflow
joins the Baffin Current and forms the upper 100 to 300 m of
surface water in Baffin Bay, with a greater thickness in
western Baffin Bay, whereas the West Greenland Current
dominates in southeastern Baffin Bay (Tang et al. 2004;
Figures 1 and 2c). The Atlantic water is cooled and freshened
during its transit north and it underlies the fresher ASW as
an intermediate water mass (300-800 m) called West
Greenland Intermediate Water (Tang et al. 2004; Figure
2¢). ASW has low saturation states with respect to aragonite
and calcite (Qcal <1.8 and Qarg <1.2) and is associated with

low calcium carbonate preservation, whereas Atlantic water
has much higher saturation states (Qcal >2.4 and Qarg >1.6;
Azetsu-Scott et al. 2010).

Parry Channel is the long, shallow main channel through
the Canadian Arctic Archipelago that connects the Arctic
Ocean and Baffin Bay (Figures 1 and 2a). It trends east to
west with component segments of Lancaster Sound, Barrow
Strait, and Viscount Melville Sound that complete the con-
nection to the Arctic Ocean through M’Clure Strait (Figures
1 and 2a). Many subsidiary channels enter Parry Channel,
and these provide additional shallow connections to the
Arctic Ocean (Figure 1). Lancaster Sound reaches depths
of over 900 m at its eastern end and shallows toward Barrow
Strait finally reaching its shallowest depths of ~125 m at the
Lowther Island sill near the western end of Barrow Strait
(Pierikowski et al. 2012; MacLean et al. 2017; Figure 2a). The
present-day shallow sill depths along Parry Channel govern
the composition of inflowing ASW to the carbonate-under-
saturated polar mixed layer, comprising high-nutrient
Pacific water that enters the Arctic Ocean over the Bering
Strait (Azetsu-Scott et al. 2010; Figure 1), although the water
masses may have been different immediately after deglacia-
tion when the channel depths were as much as 135 m deeper
due to isostatic depression (Pierikowski et al. 2014). The flow
of ASW was also governed by the flooding history of Bering
Strait. Radiocarbon-dated Pacific mollusks were present in
the western end of the CAA channels by 13.5 cal ka BP,
suggesting that there was at least some Pacific water entering
the Arctic Ocean over Bering Strait by that time (England
and Furze 2008). Recent work has shown that Bering Strait
was definitely flooded by 11.2 cal ka BP (Pico, Mitrovica, and
Mix 2020), which would allow Pacific water to flow through
Parry Channel with the ASW once Barrow Strait was
deglaciated.

The modern sea-ice edge extends southwest to northeast
within Baffin Bay, marking the boundary between the Baffin
Current and the WGC (Tang et al. 2004; Miinchow et al.
2015). Sea ice begins to form in September and reaches
maximum coverage in March and is thickest along the
Baffin Island coast where the ASW flow is concentrated
(Tang et al. 2004). Where the channels of the CAA and
Nares Strait open into Baffin Bay, biological productivity is
enhanced by the 85,000 km” North Water Polynya (NOW)
or Pikialasorsuaq (Figure 2a; Dunbar 1969; Melling,
Gratton, and Ingram 2001; Klein et al. 2002; Ribeiro et al.
2021). The ice-covered area decreases between April and
August, initiated in the NOW region, and expands westward
into Lancaster Sound, generally by June (Figure 2a). Pacific
water that enters the Arctic Ocean over the Bering Strait is a
major component of the ASW (Figure 1). It has twice the
nitrogen and phosphorus and seven times the silica of
Atlantic Water (Jones et al. 2003). The high nutrient content
of the ASW, along with higher light levels and stratification



in the NOW, fuels high phytoplankton productivity, parti-
cularly of diatoms that are exported to the sediment (Lewis
et al. 1996; Ingram et al. 2002; Tremblay et al. 2002).

Onshore bedrock geology along Parry Channel is mostly
lower Paleozoic carbonate and siliciclastic rocks, Devonian
sandstones, and Archean plutonics and gneisses (Miall,
Balkwill, and Hopkins 1980; Harrison, Brent, and Oakey
2011; Furze et al. 2018). The Paleozoic carbonate rocks
dominate onshore in western Lancaster Sound from
Admiralty Inlet westward (Figure 2a). The offshore bedrock
geology of Lancaster Sound has not been directly sampled,
but it has been inferred to comprise crystalline basement
rocks overlain by lower Paleozoic carbonate and siliciclastic
bedrock, based on the high detrital carbonate composition
of glacigenic debris flows on the Lancaster Sound trough
mouth fan (Li, Piper, and Campbell 2011) and from the
detrital carbonate composition of BBDC events produced by
glacial erosion in Lancaster Sound and iceberg transport and
melting in Baffin Bay (Parnell et al. 2007; Andrews, Eberl,
and Scott 2011; Q. Simon et al. 2014). Cretaceous-Tertiary
siliciclastic rocks with high organic carbon content have
been mapped on Bylot Island, near the mouth of Lancaster
Sound (Miall, Balkwill, and Hopkins 1980; Harrison, Brent,
and Oakey 2011; Atkinson et al. 2017). It is inferred that
Cretaceous strata are present on the seafloor of eastern
Lancaster Sound, in Eclipse Sound, and in the sediment
depocenter in northern Baffin Bay east of Lancaster Sound
called the Baffin Bay Fan (Harrison, Brent and Oakey 2011).
Upper Cretaceous bedrock cores comprising dark gray silt-
stone were described by MacLean and Falconer (1979) oft-
shore in Buchan Trough and Scott Trough, south of
Lancaster Sound (Figure 2a).

Previous work on regional glacial history

Confluent Innuitian and Laurentide ice sheets advanced
over much of the CAA during the Last Glacial Maximum
(LGM) (Dyke et al. 2002; Margold, Stokes, and Clark 2015),
blocking the channels in the CAA to throughflow between
the Arctic Ocean and Baffin Bay (Dyke 1999; England 1999;
Dyke et al. 2002; England et al. 2006). A paleo-ice stream
more than 1,600 m thick, the LSIS, filled Lancaster Sound
during the LGM (Klassen and Fisher 1988; Dyke, Moore,
and Robertson 2003; MacLean et al. 2017) and advanced
eastward 270 km into northwestern Baffin Bay grounding in
1,300-m water depth (Li, Piper, and Campbell 2011; Figure
2a). The LSIS was confluent with the Pond Ice Stream (aka
Eclipse Sound Ice Stream; Margold, Stokes, and Clark 2015)
as it rounded Bylot Island (Brouard and Lajeunesse 2017;
Figure 2a). Further evidence for a large paleo-ice stream
comes from megascale glacial lineations and drumlinoid
ridges mapped east to west along the seafloor of Lancaster
Sound (Bennett, Campbell, and Furze 2013; Bennett et al.
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2014; Furze et al. 2018; MacLean et al. 2017). Ice streaming
from the Laurentide Ice Sheet converged in Lancaster Sound
via Peel Sound (MacLean et al. 2010), Prince Regent Inlet,
Admiralty Inlet, and Navy Board Inlet (De Angelis and
Kleman 2005, 2007; Margold, Stokes, and Clark 2015;
Bennett et al. 2016; Figure 2a). The Laurentide ice converged
with ice flowing from the Innuitian Ice Sheet, joining a fast-
flowing ice stream in Wellington Channel fed by ice from
Cornwallis, Devon, and Bathurst Islands (MacLean et al.
1989, 2017; Dyke 1999; Figure 2a). After the LGM, the
LSIS retreated from east to west (Figure 2a); grounding
zone wedges imply that westward ice retreat was stepwise
(Bennett, Campbell, and Furze 2013; Bennett et al. 2014;
Furze et al. 2018).

Post-LGM retreat of the LSIS with possible contributions
from other northern Baffin Bay ice streams produced BBDC
events rich in dolomite (Aksu and Piper 1987; Andrews et al.
1998; Parnell et al. 2007; Simon et al. 2014, 2016). The main
contributor of the dolomite-rich BBDC events was the LSIS,
because this was the largest ice stream and it was surrounded
by dolomitic Paleozoic carbonate bedrock, whereas other
major ice stream channels, such as Smith Sound, have less
extensive Paleozoic carbonate bedrock (Georgiadis et al.
2018; Jennings et al. 2019). Ages of BBDC 1 (~14.2-13.7
cal ka BP) and BBDC 0 (~12.7-11 cal ka BP), most recently
defined by Jackson et al. (2017), are the youngest of the
BBDC events that are widespread in Baffin Bay. They are
best represented along Baffin Island and in the deep basin
and occur as much thinner layers along west Greenland
(Andrews et al. 1998; Simon et al. 2014, 2016; Sheldon et
al. 2016; Jackson et al. 2017; Jennings et al. 2018). The age
estimates of these two events have varied slightly as more
records have been dated in Baffin Bay, and it seems reason-
able that the timing of the events also would differ slightly
due to variable transit paths, iceberg melting, and the quality
of the dating control.

Jenner, Campbell, and Piper (2018) interpreted two
intervals of tan calcareous mud with high Ca/Ti ratios in
64PC as BBDC 1 and BBDC 0. Reconstructions of the
extent of the LSIS during BBDC 1 show it beyond the
mouth of Lancaster Sound until ~12.8 cal ka BP and
retreating into Lancaster Sound by ~12.1 cal ka BP
(Dyke, Moore, and Robertson 2003; Li, Piper, and
Campbell 2011; Dalton et al. 2020). Based on stratigra-
phy and dating in core 2011804-0010 in outer Lancaster
Sound it was suggested that the LSIS was thinning and
reached flotation in eastern Lancaster Sound, forming
an ice shelf c. 13.2 cal ka BP (Bennett et al. 2014; Furze et
al. 2018; Figure 2a). There is broad agreement that the
LSIS extended onto the Baffin Bay slope at the LGM and
that it retreated after that time, but the location of the ice
margin of the LSIS during BBDC 1 and BBDC 0 has not
been established.
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Sediment cores in western Lancaster Sound (86027-154),
in eastern Barrow Strait (86027-144), and at the mouth of
McDougal Sound (9722-004; Figure 2a) constrain the timing
of progressive westward retreat from ~11.5 to 10.8 cal ka BP
(Piertkowski et al. 2012, 2014; Pieritkowski et al. 2013; Dalton
et al. 2020). A rise in planktic foraminiferal abundances
associated with postglacial conditions at 10.3 cal ka BP
indicates that a deep Arctic throughflow (Pierikowski et al.
2013) was established by that time and that the throughflow
was established well after the flooding of Bering Strait (cf.
Pico, Mitrovica, and Mix 2020).

Methods and materials
Baffin Bay cruises and core sampling

Sediment cores were taken from the CCGS Hudson at sites
in Northern Baffin Bay during cruises 2008029 (Campbell
and de Vernal 2009) and 2013029 (Campbell et al. 2017)
(Table 1). For the 2008029 cores, we used multiple lines of
evidence from the visual core descriptions, x-radiographs,
foraminiferal data, biogenic silica (diatom) relative abun-
dances, magnetic susceptibility and radiocarbon dates to
choose the box core (BC), trigger core (TC), and piston
core (PC) splice depths in order to display the sediment
core data on composite depth and to develop age models.
The splice depths and how they were selected are detailed in
Table S1. Composite core (CC) 2008029-59 includes the TC
and PC from a site inside Lancaster Sound at 74.259623°N,
82.38415°W at 791-m water depth. Core 49CC from the
mouth of Lancaster Sound represents a composite of the
trigger and piston cores (74.026178°N, 77.125263°W at 868
m water depth) plus 47BC (870-m water depth) from a site
430 m to the southeast (Table 1). The cores were taken very
close together in order to capture sediments within (49PC
and TC) and just outside of (47BC) a large iceberg scour that
dates from the last deglaciation of Lancaster Sound (Bennett,
Campbell, and Furze 2013). A CTD (conductivity, tempera-
ture, and depth) cast (48CTD) was taken at the same loca-
tion as 47BC (Figure 2¢; Table 1). Core 64PC was taken on
the Baffin Island upper continental slope (72.426113°N,
72.769305°W) north of Buchan Gulf in 875-m water depth
(Figure 2a; Campbell et al. 2017). We focused sampling of
the three cores on the end of glaciomarine sedimentation
and through the postglacial interval on the basis of previous
work by Bennett et al. (2013, 2014) and Jenner, Campbell,
and Piper (2018) to constrain the timing of the opening of
Parry Channel and subsequent environmental development
at the sites. Thus, we took 2-cm-wide subsamples every 10
cm from the uppermost clast-rich glaciomarine sediments
and in the overlying postglacial mud. We took additional 2-
cm-wide samples from the Lancaster Sound cores to capture
specific lithofacies and mud intervals within the

glaciomarine and till lithofacies. In a previous study, samples
from 64PC had been provided every 20 cm from the entire
core and analyzed for quantitative X-ray diffraction (XRD)
mineralogy (Jenner, Campbell, and Piper 2018; Andrews,
Jenner, and Campbell 2020). Only samples from the upper
220 cm were analyzed for foraminifera and other aspects for
this study, but analysis of the foraminiferal assemblages of
the full core are underway. Samples were stored at 4°C until
processed.

Core descriptions

Core logs were made from sedimentary characteristics in
visual core descriptions, photographs, and x-radiographs
taken when the cores were opened and described at the
Geological Survey of Canada-Atlantic (GSCA) (Bennett,
Campbell, and Furze 2013; Campbell et al. 2017;
Expedition database website https://ed.gdr.nrcan.gc.ca).
The photographs were taken with a Nikon D100 megapixel
digital camera. X-radiographs were acquired using a stan-
dard veterinary X-ray unit. The images were acquired via
cassette using a Konica Digital Imaging system via custom
Image Pilot software. Clasts >2 mm are interpreted as ice-
rafted detritus (IRD). IRD was quantified by counting >2
mm clasts from x-radiographs in continuous 2-cm depth by
10-cm diameter (inner diameter of the core liner) windows
(Grobe 1987). In some intervals the number of >2-mm clasts
were too high for accurate counts. In these intervals we
determined a saturation number to indicate that the number
of >2-mm clasts was greater than we could count using this
technique. When the cores were first opened and logged
onshore, spectral reflectance was acquired at a 5-cm interval
using a handheld Konica Minolta CM-2002 spectrophot-
ometer at the Atlantic Geoscience Center. We used the
lightness data (L*) to provide a closer core-to-core compar-
ison than our sampling strategy allowed. Spectral reflectance
and Multi-Sensor Core Logger (MSCL) data are available
from the GSCA Expedition database: https://ed.gdr.nrcan.
gc.ca.

Radiocarbon dating and age modeling

Twenty-six new Accelerator Mass Spectrometry (AMS)
radiocarbon dates and five published *C dates (Bennett et
al. 2014; Jenner, Campbell, and Piper 2018) provide the age
data for this study (Table 2). Materials dated were benthic
and planktic foraminifera tests (including five benthic-
planktic pairs picked from the same samples), seaweed
macrofossils, and mollusks. Paired benthic and planktic
foraminifera dates from 2008029-34PC (Northeastern
Baffin Bay: 76.32905, —71.418998) are included because
they form part of our local reservoir age calculations
(Figure 2a). Radiocarbon dates were calibrated using the
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Table 1. Core site information and core top correlations. Splice depth determination info in Table S1.

Composite  Composite WD
core length (cm) Cores Overlap Latitude Longitude Location (m) Described by:
59CC 839 59TC 59PC A130 cm 74.259623°N 82.38415°W Inside Lancaster 791 Bennett et al. (2013)
Sound
49CC 760 47BC A10 cm 74.023275°N 77.116198°W Mouth Lancaster 870 Bennett et al. (2013)
49TC 49PC A155 cm 74.026178°N 77.125263°W Sound 868
64PC 713 64PC N/A 72.426113°N 72.769305°W N Baffin Slope 875 Jenner, Campbell,

and Piper (2018)

Marinel3 (Calib 7.0.2) calibration curve (Reimer et al. 2013).
Calibrations were made using new information on the age
difference between benthic and planktic (near sea surface)
paired dates. In northeast (NE) Baffin Bay we apply a 140-
year (+60 years) local reservoir age (AR) to 14C dates on
planktic foraminifera and seaweed after McNeely and
Brennan (2005) and also adopted by Jackson et al. (2021).
In NW Baffin Bay (49CC, 59CC, and 64PC) we apply a 220-
year (+20 years) AR after (Coulthard et al. 2010; Bennett et
al. 2014; Jenner, Campbell, and Piper 2018) to the near-
surface ocean "*C ages. We assume that the AR corrections
on planktic organisms are constant through time. The addi-
tional reservoir age corrections needed to calibrate benthic
foraminifer and mollusk ages were determined using the age
differences between five benthic and planktic paired dates
from 59CC, 49CC, 64PC, and 34PC, combined with planktic
AR estimates. The resulting benthic AR values decrease over
the temporal span of the paired dates (10.2 to 8.1 '*C ka
benthic conventional radiocarbon ages; Figure S1).
Assuming all of our sites share the same bottom water
ventilation history, we estimate benthic AR as a function of
benthic conventional radiocarbon age using a linear fit to the
five observations (1 = 0.81), with AR decreasing from 550 +
50 years at 10.2 ka to 235 + 50 years at 8.1 ka. For benthic
ages older and younger than these bracketing paired dates,
we hold benthic AR constant at 550 and 235 years, respec-
tively. We used a combination of Bayesian age modeling
(Bacon) and linear extrapolation to develop the age-depth
models for the cores (Blaauw and Christen 2011).

Foraminiferal assemblages and statistical analyses

Foraminiferal — analyses were completed in the
Micropaleontology Laboratory at INSTAAR, University of
Colorado. The 2-cm-wide samples ranged from 11 to 60 g
but on average were 20 to 30 g wet sediment weight.
Equivalent dry weights were calculated using the relation
between the wet and dry weights of sediment samples from
the same depths. Samples were washed through a sieve with
63-um mesh size. The >63-um fraction was stored in a
buftered solution (70 percent distilled water and 30 percent
alcohol, by weight, and 1 g baking soda) to keep the pH close
to 8.4. Foraminiferal assemblages were counted wet (in the

buffered solution) under a binocular microscope. The target
count for analysis was 300 specimens, although this number
frequently was exceeded; a wet splitter was used to provide a
representative split of samples containing abundant forami-
nifera. The full sample was counted for samples with less
than 300 specimens. Percentage calculations were made on
all samples except for three samples in 2008029-59CC,
which had counts fewer than 60 specimens. Poorly pre-
served foraminiferal tests that could not be identified to
genus were grouped as “unidentifiable agglutinated” or “uni-
dentifiable calcareous.”

Multivariate Statistical Package (Computing Services
1998) was used to run principal component analysis
(PCA) and cluster analysis (CA) for each core on square
root-transformed total benthic (agglutinated and calcar-
eous taxa combined) species assemblage data using all
species with percentages of at least 2 percent in one
sample. PCA is a method used to simplify complex
assemblage data and thereby aid paleoenvironmental
interpretations. Known environmental associations of
the most important benthic species on the PCA axes
from each core provide the basis for the environmental
interpretations (Table 3). Constrained CA (i.e., consid-
ered in stratigraphic order) by minimum variance was
run on each core to provide downcore faunal zonation
of the benthic foraminiferal assemblage data.

Estimation of the biogenic silica abundance

Fourier transform infrared (FTIR) spectroscopy was used to
estimate the biogenic silica content of the sediment samples
(cf. Vogel et al. 2008). Spectroscopy grade potassium bro-
mide (KBr) was ground to a fine powder and dried in an
oven at 78°C for 2 hours to be used as a blank in between
sediment measurements. KBr (0.4998-0.5002 g) and dry
sediment (0.098-0.102 g) were combined, ground with a
mortar and pestle, and oven-dried for at least 2 hours at 78°
C. The samples were placed in a desiccator and cooled
completely prior to measurement on a Bruker Vertex 70
machine linked to OPUS software (Tiedemann 2012; www.
opus-repository.org). The area under the absorbance spec-
tral peak from 1090-1100 cm™" contains both opal and
quartz. We used methods described in detail in the
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Supplemental Information (Figure S2) to develop an abun-
dance scale for the opal (mainly diatom) content.

Mineralogy and compositional groups

A total of 139 samples from the three cores (1 g samples, <2
mm fraction) were prepared for the quantitative determina-
tion of the weight percentage of non-clay and clay minerals
using the X-ray diffraction whole-pattern approach (Eberl
2003), similar to previous studies from the area (Andrews
2019; Jennings et al. 2019; Andrews, Jenner, and Campbell
2020). Discussion of the accuracy and precision of mineral
weight percentage estimates have been given in the above
papers. We use the quantitative mineralogy to test for
changes in sediment provenance over the time period repre-

Table 3. Benthic foraminifera environmental preferences.

sented by the cores using programs in the R library (https://
www.r-project.org/web/packages) (Kassambara and Mundt
2020) to estimate the number of clusters or groups in a data
set (Kassambara 2017). The validity and robustness of the
selected classifications was then tested by processing the
results through a classification decision tree (CDT; programs
“rpart” and “rpartplot”) and calculating the number of mis-
classifications (Vermeesch 2006; Andrews, Jenner, and
Campbell 2020). The CDT plots a number of binary deci-
sions that result in samples being assigned to a specific
group. The “predict” command in “rpart” produces an #n x
m matrix (n = number of samples, m = number of groups),
which assigns m probabilities to each sample and sums to
1.0. We calculate a “confusion index,” H%, using the max-
imum entropy calculation (Miller and Kahn 1962), where 0

Species

Environmental preferences

References

Calcareous species

Brizalina pseudopunctata
(Hoglund, 1947)

Buccella frigida (Cushman,

column stratification.

1922) and seasonal sea ice. Tolerates lower salinity.
Oligotropic, assumed to feed on algal blooms associated with

Buliminella elegantissima
(Lagoe, 1977)

Cassidulina neoteretis
(Seidenkrantz, 1995)

Cassidulina reniforme
(Nervang, 1945)

Cibicides lobatulus (Walker &
Jacob, 1798)

Elphidium clavatum
(Cushman, 1930)

Epistominella arctica (Green,
1959) ice and water-column stratification.

Glomulina oculus (Jennings,
Seidenkrantz, & Knudsen,
2020)

mobile pack ice.

Strong bottom currents, sandy substrates.

seasonal sea ice.

marine terminating glaciers.

Islandiella norcrossi (Cushman, Seasonally open water, shelf and upper slope; mixing areas of
1933) polar water/freshwater and Atlantic water; stable bottom

salinities.
Melonis barleeanus
(Williamson, 1858)
Nonionellina labradorica
(Dawson, 1860)
Stainforthia concava
(Hoglund, 1947)
Stainforthia feylingi (Knudsen
and Seidenkrantz 1994)
Stetsonia horvathi (Green,

organic flux at polar front.

sea-ice edge retreat.

Agglutinated species

Adercotryma glomerata
(Brady, 1878)

Cuneata arctica (Brady, 1881)  Arctic species associated with polar water.

Lagenammina difflugiformis ~ Generally associated with Atlantic water.
(Brady, 1879)

Portatrochammina bipolaris
(Bréonnimann & Whittaker,
1980)

Spiroplectammina biformis
(Parker & Jones, 1865)

Textularia earlandi (Parker,
1952) polar water. Can survive with little food.

Textularia torquata (Parker, Low salinity, polar water
1952)

Trochammina quadriloba
(Hoglund, 1948)

Generally associated with Atlantic water.

blooms.

environments.

Low trophic requirements

Episodic marine productivity associated with sea ice and water-

Stratified water column with chilled but saline Atlantic water
stratified beneath polar/freshwater/sea-ice lid.

Glaciomarine environments, cold bottom water with reduced
salinity, chilled Atlantic water; seasonal sea ice.

Glaciomarine environments, marine terminating glaciers;

Arctic species associated with glaciomarine environments and

Productivity indicator; infaunal in fine-grained sediments with
stored/partly degraded or reworked organic matter.

Episodic marine productivity associated sea ice edge and high

Productivity associated with seasonal sea ice and sea-ice edge.

Opportunistic species feeding on algal blooms associated with

Opportunistic/oligotrophic species feeding on algal blooms
1959) associated with melting sea ice. Found under perennial sea ice.

Arctic species; probably oligotropic, and opportunistic on algal

Arctic species associated with polar water and glaciomarine

Stratified water column with chilled Atlantic water underlying

Rytter et al. (2002) and Jennings et al. (2004)

Widespread Arctic accessory species associated with productivity Polyak and Solheim (1994), Steinsund (1994), and Polyak

et al. (2002)
Jennings et al. (2020)

Jennings and Helgadéttir (1994), Jennings et al. (2020)
and Cage et al. (2021)

Hald and Korsun (1997), Hald et al. (1994), Jennings and
Helgadottir (1994), and Jennings et al. (2020)

Korsun and Polyak (1989) and Wollenburg and
Mackensen (1998)

Hald and Korsun (1997), Hald et al. (1994), Jennings and
Helgadottir (1994), and Jennings et al. (2020)

Episodic marine productivity associated with mobile/seasonal sea Wollenburg and Mackensen (1998) and Jennings et al.

(2020)
Jennings, Seidenkrantz, and Knudsen (2020)

Steinsund (1994), Korsun and Hald (1998), Jennings et al.
(2004), Lloyd (2006), and Cage et al. (2021)

Caralp (1989), Corliss (1991), Jennings et al. (2004), and
Wollenburg and Mackensen (1998)

Korsun et al. (1995), Hald and Steinsund (1996), Polyak et
al. (2002), Rytter et al. (2002), and Jennings et al. (2004)

Jennings and Helgadéttir (1994), Steinsund (1994), and
Polyak et al. (2002)

Seidenkrantz (2013)

Wollenburg and Mackensen (1998) and Jennings et al.
(2020)

Lloyd (2006), Hald and Korsun (1997), and Jennings and
Helgadéttir (1994)

Schafer and Cole (1988) and Lloyd (2006)

Schafer and Cole (1988) and Scott and Vilks (1991)

Jennings and Helgadottir (1994), Schroder-Adams et al.
(1990), and Jennings et al. (2020)

Jennings and Helgadéttir (1994) and Schafer and Cole
(1988)

Jennings and Helgadéttir (1994), Schafer and Cole (1988),
Lloyd (2006), and Jennings et al. (2020)

Lloyd (2006)

Jennings et al. (2020)
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confusion is when a sample belongs to only one group and
maximum confusion exists when the probabilities are 1/m.

Results
Lithofacies

Bennett, Campbell, and Furze (2013) and Bennett et al.
(2014) described three basic sediment units in a series of
nine piston cores from Lancaster Sound, including cores
2008029-59PC and -49PC of this study. The units were
correlated to the acoustic units presented from farther
south on the eastern Baffin Island Shelf in the region of
Buchan Trough (Figure 2a) by Praeg, Maclean, and
Sonnichsen (2007). The cores terminate in an ice-contact
till unit correlated with the Baffin Shelf Drift (Bennett,
Campbell, and Furze 2013; Bennett et al. 2014). The till is
very dark brown/dark brownish gray in 49PC and 59PC.
The till is overlain by glaciomarine sediments equivalent to
the Davis Strait Silt. The glaciomarine sediments are either
much lighter colored, tan, calcareous pebbly mud either
immediately above the till or as a transitional very dark
brown/dark brownish gray unit that gradually transitions
to the calcareous pebbly mud. The uppermost unit is bio-
turbated olive gray postglacial mud of the Tiniktartuq Mud.
We use the x-radiographs and visual core descriptions of the
piston and trigger weight cores to provide more detailed
lithofacies descriptions for the composite cores 49 and 59,
but we retain the original interpretations of Bennett,
Campbell, and Furze (2013, 2014; Figures 3a, 3b). The
lithofacies of 2013029-64PC are taken from Jenner,
Campbell, and Piper (2018; Figure 4) and pebbles were not
counted.

In core 59CC (Figure 3a), the basal unit from 833 to 768
cm is stiff, massive diamicton (Figure 5e; Bennett, Campbell,
and Furze 2013; Bennett et al. 2014). It is overlain by
laminated sandy mud with dispersed granule-sized clasts
and rarer small pebbles between 768 and 730 cm (Figure
5e). Sieved foram samples revealed clasts of very dark brown
siltstone with occasional red flecks, red mudstone clasts, and
coal fragments in both the till and overlying proximal gla-
ciomarine very dark brown units. A flame structure at 745
cm attests to rapid sedimentation in the proximal glacio-
marine unit. Between 730 and 710 cm is laminated very dark
brown pebbly mud with increasing size and quantity of
clasts that transitions upward to increasingly lighter color
layers that are overall grayish brown or “tan” (Figure 5d).
From 710 to 438 cm the sediments comprise tan, color-
banded, massive to laminated, stiff pebbly mud (Figures 3a
and 5d). From 438 to 370 cm tan pebbly mud has layers of
dark gray to dark grayish brown and dark brown mud
(Figure 3a). After a gap due to an unsplit interval of whole
round core from 370 to 345 cm, there is a lithofacies change

ARCTIC, ANTARCTIC, AND ALPINE RESEARCH 405

to wavy laminations, in very dark gray to dark gray sandy
mud with rare, dispersed granules and small pebbles
(Figures 3a and 5c). This unit is capped by a dark gray
thin pebbly mud unit (320 to 310 cm) with pebbles dimin-
ishing in abundance upwards (Figures 3a and 5c). The
contact with the wavy laminated unit is angled (Figure 5c).
Overlying the thin pebbly mud is a distinct lithofacies
change to olive gray massive, bioturbated mud with rare
clasts (Figures 3a and 5c¢). Bioturbation is not obvious in the
first 30 cm (310-280 cm). Bright, pyritized burrows occur
between 280 and 180 cm (Figure 3a). From 180 to 0 cm is
bioturbated olive gray mud with black mottling indicating
bioturbation with some gas expansion cracking (Figure 3a).

In core 49CC (Figure 3b), the basal unit from 760 to 680
cm is very hard, very dark brown, sandy diamicton (Figures
3b and 5h) interpreted as till (Bennett et al. 2014). Sieved
samples contained clasts of very dark brown siltstone. This
unit is overlain in a very sharp contact with a distinct color
change to tan, calcareous, stiff, stratified, pebbly, sandy mud
with color banding interpreted as glaciomarine sediment
(Figures 3b and 5h; Bennett, Campbell, and Furze 2013;
Bennett et al. 2014). The unit becomes softer and biotur-
bated beginning at 625 cm with burrows increasing toward
the unit top at 560 cm (Figure 3b). Overlying the pebbly
mud is laminated gray silty clay with rare coarse clasts (IRD)
and black organic streaks and mottles (bioturbation). X-
radiography shows distinct burrows often arranged verti-
cally or nearly so (Figure 3b). The laminations change from
millimeter scale initially to centimeter scale above 535 cm
and continue to the unit top at 510 cm (Figure 3b). From
510 to 460 cm the sediment is very dark gray and dark gray
massive, highly bioturbated mud (black burrows) with com-
mon dispersed clasts and gas expansion cracks (Figure 3b).
The lithofacies unit between 460 and 390 cm is marked by
burrows that are bright on x-radiography, denoting pyritiza-
tion (also observed as pyrite casts of burrows in the foram
samples); coarse clasts are uncommon (Figures 3b and 5b).
The uppermost unit, 390 to 0 cm, is soft, olive gray, biotur-
bated silty clay (Figure 5a) with gas expansion disturbance
included in postglacial bioturbated mud by Bennett,
Campbell, and Furze (2013, 2014; Figure 3b).

Jenner, Campbell, and Piper (2018) described the litho-
facies in 2013029-064PC as part of a major study of late
Quaternary sedimentary environments and glacial history
along the Baffin Island continental margin. The full core
extends to 713 cm. Jenner, Campbell, and Piper (2018)
showed on the basis of high Ca/Ti values and tan color
that 64PC contains both BBDC 1 and 0 (183-385 cm),
separated by a 15-cm interval of carbonate poor, dark gray,
pebbly mud (285-300 cm; Figure 4). BBDC 1 extends from
300 to 385 cm and is directly underlain by dark gray to black
to very dark gray sediments that are distinctly different from
the overlying tan calcareous pebbly mud of the BBDC units
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(Figures 4 and 5g). A black to very dark gray structureless  units are limited in distribution to 64PC and other NE Baffin
diamicton (402-440 cm) is overlain by dark gray pebbly  Slope cores between Scott Trough and Lancaster Sound
mud from 385 to 402 cm (Figure 5g). The black to dark gray ~ (Jenner, Campbell, and Piper 2018). The black to dark gray



units have been considered to represent sediment supplied
laterally by glaciers extended onto the NE Baffin Shelf
(Jenner, Campbell, and Piper 2018; Andrews, Jenner, and
Campbell 2020). Andrews, Jenner, and Campbell (2020)
showed that the dark gray pebbly mud and black to very
dark gray units in 64PC are typified by relatively high
kaolinite content suggesting contributions from Cretaceous
bedrock sources on the adjacent shelf (MacLean, Falconer,
and Clarke 1978; Harrison, Brent, and Oakey 2011). Our
results from the stratigraphic analyses in the two Lancaster
Sound cores led us to use spectrophotometer data and
mineralogy to extend our study of 64PC to 440 cm to
include the black to dark gray sediment units and the
complete interval of the overlying BBDC events 1 and 0
(Figure 4). However, our detailed study using all proxies is
limited to the upper 220 cm of 64PC. In the upper 220-cm
interval, weakly stratified, light tan calcareous pebbly mud
within BBDC 0 is the lowest interval for which we did
detailed analyses in this study (222-183 cm; Figures 4 and
5f). Above 183 cm pebbles become less frequent although
dispersed clasts persist until 105 cm. The upper unit (105-0
cm) is medium brown, bioturbated mud with less than 5
percent sand (Jenner, Campbell, and Piper 2018; Figure 5f).

Age-depth modeling

The age model in 59CC was constructed by Bayesian age
modeling of nine calibrated ages (including two benthic/
planktic pairs) between 140 cm to the base of the
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glaciomarine sediments (768 cm). The Bayesian model
extends from the deepest age in the glaciomarine sediments
of 11.6 cal ka BP at 394 cm to the glaciomarine/till boundary
(Figure 3a) resulting in a 20 age estimate for onset of
glaciomarine conditions (ie., deglaciation of the area) of
14.6-16.1 cal ka BP, with a mean age of 15.3 cal ka BP
(Figure 3a). We consider the 11.6 cal ka BP age to be reliable
as it was obtained from 7.5 mg of large, very well-preserved
specimens of Cassidulina neoteretis. However, extension of
the age model monotonically to the till boundary does not
account for changing sedimentation rates which likely
become more rapid toward the boundary. In the upper
core, there were no dateable materials above 155 cm, so
the ages above this depth are based on linear extrapolation
of the sedimentation rate defined by the upper two ages to
the Y-axis, yielding a core top age estimate of 6.8 cal ka BP.

The age model of 49CC (Figure 3b) is based on Bayesian
age modeling from the box core top that is assigned the age
of collection (2008 = —58 a BP) with a long extension to the
next date on seaweed macrofossils at 360 cm (8.7 cal ka BP).
The age model between 360 and 490 cm is well constrained
by seven calibrated ages between 8.7 and 11.0 cal ka BP. Two
mollusk dates were excluded from the age model because
they were out of stratigraphical order (Table 2). The cause of
this stratigraphic reversal is not known but may reflect
reworking of the shells from older deposits or be an expres-
sion the “Portlandia effect” (England et al. 2013). By extra-
polating the sedimentation rate defined by the two deepest
dated levels in the glaciomarine sediments (490 cm and the

2013029-64PC, Northern Baffin Island Slope, 875 m Wd&
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Figure 4. Basic stratigraphy and proxies for 64PC. The blue box denotes glaciomarine sediments. The yellow and green boxes denote postglacial
sediments. The data are presented left to right as core log, calibrated radiocarbon dates (Marine13 data) on benthic foraminifera (red), planktic
foraminifera (pink), mollusks (blue), and seaweed macrofossils (green), followed by benthic forams/g, planktic forams/g, agglutinated forams
percentage, calcareous forams percentage, the diatom abundance category, the calcite and dolomite weight percentages, and the age model
with 20 errors and showing one age that is not included in the age model (gray circle).
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Glaciomarine

670

Figure 5. Examples of key lithofacies in cores 49CC, 59CC, and 64PC. (a) X-radiograph of bioturbated mud from 0 to 30 cm in 49CC, b = examples
of burrows. (b) X-radiograph of bioturbated mud, examples of pyritized burrows = p, 390-420 cm in 49CC. () X-radiograph of transition to
bioturbated mud marking open Parry Channel in 59CC, 300-330 cm. (d) Photograph showing transition from very dark brown glaciomarine
sediments to tan calcareous pebbly mud of BBDC 1; 59CC 690-710 cm. (e) Transition from very dark brown till to very dark brown glaciomarine
sediments in 59CC 755-784 cm, photo, left and x-radiograph, right. (f) Transition from tan calcareous pebbly mud of BBDC 0 to bioturbated mud
in 64PC, 173-205 cm, marking opening of Parry Channel. (g) Very dark gray pebbly mud transition to tan calcareous pebbly mud of BBDC 1 at
385 cm in 64PC interval from 361 to 392 cm shown in photo, left, and x-radiograph, right. (h) Abrupt transition at 680 cm in 49CC from very dark
brown till to tan calcareous pebbly mud of BBDC 0 marking the start of glaciomarine sedimentation after iceberg scour to till; shown is interval

from 660 to 690 cm with photo, left, and x-radiograph, right.

average of two dates at 573 cm) to the boundary, we esti-
mated the age of the till/glaciomarine boundary to 11.5 cal
ka BP.

The age model of 64PC (Figure 4) is based on six radio-
carbon dates including one benthic/planktic pair and
excluding one age that is out of stratigraphic order (Figure
4 and Table 2). Above the uppermost date (8.7 cal ka BP at
111 cm) the age model was extended linearly to its intersec-
tion with the Y-axis yielding a piston core top age of 6.0 cal
ka BP. Similarly, the age model was extended past the dated
intervals to obtain Bayesian age estimates to 440 cm.

Detrital carbonate and mineral facies

Detrital carbonate in Baffin Bay is an important proxy for
glacial erosion by the Lancaster Sound Ice Stream (Andrews
et al. 1998; Jenner, Campbell, and Piper 2018; Andrews,
Jenner, and Campbell 2020). In the Lancaster Sound cores,
detrital calcite and dolomite are very low in the till compared
to the overlying glaciomarine and early postglacial units
(Figures 3a, 3b). In 59CC, the detrital carbonate remains
quite low in the lower interval of very dark brown glacio-
marine sediments where >2 mm clast content is also low.



Otherwise, the detrital carbonate varies around 40 percent in
the glaciomarine sediments and declines in upper 150 cm of
59CC and in the upper 350 cm of 49CC. Though calcite is
nearly absent in these uppermost intervals, dolomite retains
a steady background of around 15 percent. In 64PC, detrital
calcite and dolomite also decline after BBDC 0 in the over-
lying granule-rich mud, reaching an absence of calcite and
fairly stable low dolomite values of 10 to 15 percent by 101
cm (Figure 4). This sequence is very similar to the two
Lancaster Sound cores but below our studied interval (440
cm) this core extends into black to very dark gray glacio-
marine diamicton sediments rather than till (Jenner,
Campbell, and Piper 2018; Figure 4), forming a similar
sequence to the basal sequences in 49CC and 59CC
(Figures 3a, 3b).

Five distinct mineral facies (MF) were defined (Figure
S3). The CDT plot (Figure S4) indicates that these five MF
were defined after four binary choices, with dolomite,
quartz, and calcite being the most important minerals in
the classification (Figures S3, S4). The number of samples
that were misclassified only totaled 3 out of 140 and the
confusion index was low for the vast majority of samples
suggesting that the five MF reflect coherent changes in
compositions and thus probably reflect changes in both
sediment transport and provenance.

Downcore MF membership is used to evaluate changes
in sediment provenance (Figure 6). Till and the overlying
sample at the base of the 59CC are assigned to MF1, which
has <11 percent dolomite and <20 percent quartz (Figure
S§4). The upper meter of 59CC is also assigned to MF1. We
note that these two intervals at the base and top of the core
differ in their kaolinite content; the deep samples have 7 to
11 percent kaolinite, whereas kaolinite is <2 percent in the
upper unit of MF1 and throughout all other core samples in
the study except for the three samples in the black to dark
gray units underlying the tan calcareous pebbly mud units in
64PC (386-440 cm). These samples, also with relatively high
kaolinite, were assigned to MF1 (Figure 6). In 49CC, the till
is assigned to MF4, which is characterized by <20 percent
dolomite and >20 percent quartz. However, this till sample
comprises 47 percent quartz, the highest value in the data set
(Figure S5), causing it to be assigned to MF4. The glacio-
marine sediments are most frequently MF5, which is defined
as >21 percent dolomite and >7 percent calcite (Figures 3a,
3b and 6). Several glaciomarine sediment samples also clas-
sify into MF4 and MF2, especially in 59CC (Figure 6). MF2
differs from MF1 by having 11 to 21 percent dolomite
instead of <11 percent dolomite. At the boundary between
the glaciomarine (blue interval) and the early postglacial
(vellow interval), the MF transition in all cores to MF3.
This facies differs from MF5 by having slightly lower calcite
weight percentage (<7 percent calcite rather than >7 percent
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calcite). The sediments transition to MF2 as calcite and
dolomite continue to decline in the upper parts of the
cores, especially in the later postglacial (green) interval
where a slight reduction in dolomite to <11 percent classifies
these sediments in 59CC into MF1, although the mineral
assemblages are not otherwise different.

Biogenic silica estimates

Biogenic silica abundance ascertained by FTIR is expressed
as diatom abundance categories ranging between 0 and 6,
with 6 being the highest (Supplemental Information and
Figure S2). The pattern of diatom abundance is similar in
all three cores. High abundances are registered in the upper
part of the postglacial bioturbated mud, denoted by the
green color (upper 140 cm in 59CC; upper 340 cm in
49CC; upper 101 cm in 64PC; Figures 3a, 3b and 4).
Abundant, large centric diatoms were observed in the >63
um foraminiferal samples in these intervals. We presume
that the increased abundance of the large diatoms is respon-
sible for the relative increase in diatom abundance shown by
FTIR. Biogenic silica abundances are generally lower to
absent in the glaciomarine sediments and the till (Figures
3a, 3b). In the dark gray and black units (385-440 cm) of
64PC the biogenic silica is up to category 2 but the source of
the biogenic silica is unlikely to be large centric diatoms
because these were not observed in the >63 um fractions
(Figure 4). Intervals with relatively high values outside of the
upper parts of the cores where large centric diatoms were
observed may register small diatom species or siliclastic
minerals that we cannot account for precisely but that over-
lap the absorbance peak of biogenic silica.

Foraminiferal assemblages

In the Lancaster Sound cores, benthic foraminiferal abun-
dances (#/g dry sediment) ranged between 0 and 6,000 per
gram (Figures 3a, 3b). Benthic faunal abundances were low
in the pebbly mud and diamicton immediately above the till
but rise toward the top of the glaciomarine unit (Figures 3a,
3b). Calcareous taxa form nearly 100 percent of the fauna in
the glaciomarine section. Benthic abundances increase sig-
nificantly in the overlying bioturbated mud unit, beginning
c. 10.5 ka in both cores (Figures 3a, 3b). The planktic
foraminiferal abundances also rise c. 10.5 cal ka BP in both
cores. Foraminiferal abundances remain high until 150 cm
(c. 8.3 cal ka BP) in 59 CC and until 310 cm in 49CC
(Figures 3a, 3b). A gradual decline in the calcareous taxa
percentages coincides with increasing agglutinated forami-
nifera and worsening preservation of calcareous fauna
shown by pitted and fragmented calcareous tests (Figures
3a, 3b). An abrupt shift to nearly 100 percent agglutinated
fauna with low faunal abundances and loss of planktic



410 (&) R KELLEHER ET AL.

59CC 49CC 64PC
Ot: E 3 07 0 T
183 H 1 .
13 3 4 1
13 3 Post J .
1004 N | Glacial . a
B 1007 ] Post
1 : ] Post ] Glacial
4 . . i
20(%7.’,/,,.4t il Glacial 100
Aé 200 ]
300 ] .
5 : 300 ]
£ 4007 | 200 -
3 1l i ]
° ] : 1 — ]
) 400 |
5007 ~_ Glacio- 1 .
: R Marine | i E R
i 300 Marine
600j 1
] Glacio- ]
i :J Marine S
600 *‘ 1
] 400 —
] i 7 Dark gray PM
Till il l ] Black
700 ] o
17 Till Diamict
0O 0.4 0.8 ]
MF Proportions e 0O 0.4 0.8
P 0O 04 0.8 :ME; MF Proportions
MF Proportions MF3
MF4
* MF5

Figure 6. Mineral cluster membership shown as proportions for each mineral facies presented alongside the four basic intervals
denoted by the color boxes. The five mineral clusters denote the five mineral facies (MF) in the three cores.

foraminifers occurs in the bioturbated mud above 145 cm,
~8.2 cal ka BP, in core 59CC (Figure 3a). A more gradual
transition to dominantly (60 percent) agglutinated forami-
nifera occurs by 290 cm in 49CC, loosely constrained to ~7
cal ka BP (Figure 3b).

In 2013029-64PC, benthic foraminiferal abundances
ranged between 19 and 1,125 per gram (Figure 4).
Benthic faunal abundances are low in the tan calcareous
pebbly mud of BBDC 0 until 191 c¢m, 10.66 ka BP, and
they increase in the overlying granule-rich bioturbated
mud to reach maximum values of benthic and planktic
fauna at 171 cm at 10.22/10.32 ka BP. Calcareous fauna
are dominant until 121 cm. Planktic foraminifera are
absent in the tan calcareous pebbly mud but rise in
abundance in the bioturbated mud with granules litho-
facies, reaching peak abundance at 171 cm, 10.22/10.32
ka BP; the rise in planktic foraminiferal abundances

begins at 181 cm, ~10.5 cal ka BP (Figure 4). As calcar-
eous benthic and planktic fauna decline in abundance,
the agglutinated foraminifera increase proportionally.
Agglutinated fauna become consistently dominant by
91 cm, 20 cm above the uppermost '*C date in the
core of 8.72 cal ka BP.

PCA biplots show the foraminiferal species loadings on
the first two PCA axes along with the sample scores, which
show the strength of association between downcore samples
and the axes (Figures 7a-7c and Table S1). We limit our
interpretations to the first two PCA axes. Faunal zones (FZs)
based on CA of the foraminiferal assemblages are shown on
the right side of the faunal diagrams (Figures 8-10 and S6).
Environmental preferences of important species are shown
in Table 3.

PCA results were very similar for the two Lancaster
Sound cores (Figures 7a, 7b). Axis 1 explains over half of



the variance in the data. It separates agglutinated and calcar-
eous species. High negative scores on Axis 1 coincide with
samples from the agglutinated faunal zone that forms the
upper part of the cores (Figures 3a, 3b). PC Axis 2 explains
about 15 percent of the variance in the faunal data in both
cores. PCA Axis 2 sample scores separate samples from the
pebbly mud and diamicton that form the glaciomarine
lithofacies from samples in the overlying bioturbated mud
lithofacies (Figures 7a, 7b). Axis 2 species loadings separate
foraminiferal species associated with glacial meltwater, heavy
sea-ice cover, and glaciomarine environments (Stainforthia
feylingi, Elphidium clavatum, Glomulina oculus, and
Stetsonia horvathi) from species that reflect episodic marine
productivity and mobile sea-ice or sea-ice edge conditions
such as Nonionella labradorica, Brizalina pseudopunctata,
and Epistominella arctica and seasonally open-water condi-
tions, such as Islandiella norcrossi and Cassidulina reniforme
in samples from farther up core (Table 3).

Three FZs in 59CC (Figure 8) and two FZs in 49CC
(Figure 9) were defined by CA (Figure S6). 59-FZ1 (765-
481 cm) occurs in the glaciomarine pebbly mud and
diamicton above the till. It is defined by Glomulina
oculus, Cassidulina reniforme, and Elphidium clavatum,
all species associated with marine-terminating glaciers
and turbid glacial meltwater (Hald et al. 1994; Jennings
et al. 2020; Jennings, Seidenkrantz, and Knudsen 2020)
and oligotrophic species such as Stetsonia horvathi, a
species associated with perennial sea-ice cover in the
Arctic Ocean (Wollenburg, Knies, and Mackensen
2004; Table 3). 59-FZ2 (434-135 cm) forms two sub-
zones. 59-FZ2a (434-265 cm) is defined by addition of
Cassidulina neoteretis and increased percentages of
Stainforthia feylingi. Epistominella arctica, a species
associated with episodic productivity and under mobile
sea-ice conditions (Jennings, Seidenkrantz, and
Knudsen 2020), enters the assemblages near the top of
this zone as C. neoteretis declines. Near the top of 59CC-
FZ2a, Epistominella arctica becomes dominant relative
to S. feylingi. This shift is captured by negative scores on
PCA Axis 2 (Figure 8). However, a reversal in PCA Axis
2 scores at the top of 59CC-FZ2a is caused by a strong
increase in S. feylingi. 59-FZ2b (265-145 cm) is marked
by an abrupt decrease in S. feylingi to low values and
significant increase in Islandiella norcrossi, an arctic
species associated with modified (chilled and reduced
salinity) Atlantic water (Cage et al. 2021). Axis 2 scores
become consistently negative as species associated with
marine productivity, such as Nonionellina labradorica,
enter the assemblages (Figure 8). Agglutinated species
begin to increase within 59-FZ2b. The uppermost FZ,
59-FZ3 (135-1 cm), is marked by loss of calcareous
fauna and rise in the agglutinated species such as
Textularia torquata as the faunal abundances decline
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(Figures 3a and 8). Adercotryma glomerata and
Textularia earlandi enter the assemblages in 59-FZ3.

Faunal zone 49-FZ1a (674-480 cm) coincides with the
pebbly mud and diamicton lithofacies overlying till (Figure
9). Only the sample immediately above the till contains
Glomulina oculus and Stetsonia horvathi. Glacial meltwater
indicator species S. feylingi, E. clavatum, and C. reniforme
become the dominant species above the deepest sample. C.
neoteretis is present in this zone. Similar to 59-FZ2a, 49-
FZ1b (470-310 cm) begins near the top of the glaciomarine
sediments and is marked by increasingly negative loadings
on PCA Axis 2 supported by increased E. arctica, C. reni-
forme, and I norcrossi and much-diminished meltwater
species S. feylingi and E. clavatum (Figure 9). There is a
marked reversal in the trend toward more negative scores on
PCA Axis 2 associated with an abrupt rise in S. feylingi to
very high percentages at the base of 49-FZ1b. Subsequently,
49-FZ1b is dominated by I norcrossi and C. reniforme.
Productivity indicator species, E. arctica, N. labradorica,
and Brizalina pseudopunctata are consistently present in
49-FZ1b. Cibicides lobatulus, a current indicator species
(Wollenburg and Mackensen 1998), and C. neoteretis are
consistently present at low percentages in 49-FZ1b. E. cla-
vatum returns to the assemblage near the top of 49-FZ1b.
Although the agglutinated species are present in 49-FZ1b,
they occur in higher percentages in 49-FZ2a (300-115 cm).
Calcareous benthic foraminifers are poorly preserved. They
linger in low percentages or disappear completely and faunal
abundances decline (Figure 3b) and scores on PCA Axis 2
trend toward positive values (Figure 9). 49-FZ2b (105-0
cm), which is made up nearly exclusively of agglutinated
species, is marked by dominance of Textularia torquata and
is very similar to 59-FZ3.

In 64PC, PCA Axis 1 explains 55 percent of the variance
in the data. It separates agglutinated and calcareous species
(Figure 7c). High negative scores on Axis 1 coincide with
samples from the agglutinated faunal zone that forms the
upper meter of the core (Figures 4 and 10). PCA Axis 2
explains 14.9 percent of the variance in the faunal data; it
separates samples from the tan carbonate-rich pebbly mud
from samples in the overlying bioturbated mud with dis-
persed IRD lithofacies up to 95 cm (Figure 10). Species with
negative high loadings on Axis 2 are a mixture of those
associated with glacial meltwater, sea-ice cover, and water
column stratification with subsurface Atlantic water and
episodic marine productivity associated with mobile sea-ice
(Stainforthia feylingi, Elphidium clavatum, C. reniforme, S.
horvathi, C. neoteretis, C. reniforme, E. arctica). Islandiella
norcrossi and Melonis barleeanus have positive loadings on
Axis 2; I norcrossi has extremely high loadings on this axis
(Figure 7c). I norcrossi is associated with modified Atlantic
water or Arctic intermediate water formed from mixing of
Atlantic water and freshwater of polar or meltwater origin
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(Cage et al. 2021) and suggests stable bottom salinities and
seasonally open water (Figure 10).

CA of the assemblages produced two main faunal
zones, each of which is divided into two subzones
(Figure 10 and S6). 64-FZla (211-191 cm) coincides
with tan calcareous pebbly mud. It is dominated by C.
neoteretis, C. reniforme, and S. feylingi; C. neoteretis was
abundant and well preserved and provides the radio-
carbon age of 10.6 kaBP at the top of the zone. 64-F1b
(181-131 cm) is marked by the rise of I. norcrossi as the

dominant species and reduction in glacial meltwater
species E. clavatum and S. feylingi. Nonionellina labra-
dorica occurs in low percentages in this subzone. The
overlying zone, 64-FZ2a (121-101 c¢m), occurs within
the lower postglacial bioturbated mud. 64FZ2b (91-1
cm) is dominated by agglutinated foraminifera.
Calcareous specimens are rare and poorly preserved.
The most abundant species are Portatrochammina bipo-
laris and T. torquata. Adercotryma glomerata occurs for
the first time in 64FA2b (Figure 10).
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Discussion

Comparison of the stratigraphies of the cores shows consis-
tent patterns in the key proxies that demonstrate changes in
the LSIS retreat positions (Figure 12) related to the four
major paleoenvironmental intervals denoted by colored
boxes in Figures 3, 4, 8-11, and 13. The timing of the
beginning and end of these four intervals is shown in
Table 4 and Figure S7. The gray interval in 59CC and
49CC represents ice-contact sediments (till); in 64PC, till
does not occur in the upper 440 cm of the core. The blue
interval in all cores demarcates glaciomarine sedimentation,
which in 64PC includes the black diamicton and very dark
gray pebbly mud (Figure 4). In all cores this interval records
LSIS retreat and glaciomarine sedimentation while Parry
Channel was still closed by glacier ice. The overlying yellow
interval begins with the opening of Parry Channel and
marks early postglacial conditions. The green interval
marks the opening of Nares Strait in the later postglacial
period. The ages of the start and end of these four paleoen-
vironmental intervals and other key events is provided in
Table 4 and Figure S7, with their 20 age limits. We interpret
the LSIS retreat history and its relation to BBDC events in
Baffin Bay, the evolution of marine environments in front of
the retreating LSIS margin leading to opening of Parry
Channel, followed by opening of Nares Strait in terms of
the four zones.

Provenance of till units and the timing of initial
retreat of the Lancaster Sound Ice Stream: >~15.3
cal ka BP

In order to investigate the origin of the very dark brown
till units, to explore the absence of ice-proximal glacio-
marine sediments in 49CC, and to define the transition
to the tan calcareous pebbly mud at higher resolution,
we plotted the lightness data (L*) data for all three cores
against total carbonate and kaolinite weight percentage
versus age (Figure 11). This comparison shows that the
transition from very dark brown till to overlying dark
brown stratified ice-proximal glaciomarine sediments in
core 59CC at 768 cm is estimated to ~15.3 cal ka BP
(16.1-14.6 cal ka BP at 20). The transition to the over-
lying tan, calcareous, glaciomarine sediments at 710 cm
is estimated to be 14.7 cal ka BP (15.5-14.0 cal ka BP at
20; Figures 5 and 11). By contrast, the sharp transition
from the very dark brown diamicton directly to tan,
calcareous, glaciomarine sediments in 49CC lacks a
dark brown stratified ice-proximal unit, and the age of
the till/glaciomarine boundary is much younger, extra-
polated to ~11.5 cal ka BP (Figures 5 and 11). We there-
fore argue that the divergent age estimates of the till/

glaciomarine boundary in 49CC and 59CC are due to an
unconformity between the calcareous glaciomarine sedi-
ments and the till in 49CC (Figure 11). Sub bottom
profiles and multibeam bathymetry data over the 49CC
core site (Figure 2c) show that ice scour disturbance
removed part of the glaciomarine sediment package
(the Davis Strait silt; Bennett, Campbell, and Furze
2013; Bennett et al. 2014). The till/glaciomarine age
estimate of ~11.5 cal ka BP indicates the timing of
formation and infilling of the iceberg scour rather than
the timing of grounded ice-stream retreat from the site
of 49CC (Figure 11). Therefore, the till/glaciomarine
transition occurred prior to 11.5 cal ka BP. Multibeam
bathymetry shows that the NW to SE iceberg scour was
formed by an iceberg calved within Lancaster Sound and
the basal age estimate of the core indicates that this
occurred during the time of BBDC 0 as defined by the
64PC age model (Figure 11). This would have been a
large iceberg with a draft deep enough to scour into the
seabed in 850-m present-day water depth (Bennett,
Campbell, and Furze 2013; Figure 2c¢).

The transition from kaolinite bearing, carbonate
poor, black glaciomarine diamicton to very dark gray
pebbly mud in 64PC is very similar in estimated age and
mineralogy to the estimated age of the till/glaciomarine
boundary in 59CC (Figure 11). Relatively high kaolinite
and low carbonate content occur in these units (Figures
6 and 11), suggesting a common provenance. The most
recently mapped LGM ice margins for confluent
Lancaster Sound and Pond Inlet ice streams (Li, Piper,
and Campbell 2011; Brouard and Lajeunesse 2017) and
for outlets in the Scott and Buchan troughs (Brouard
and Lajeunesse 2017) show that the LGM maximum ice
extent was situated on the slope beyond 64PC (Figure
12). Based on data from 59CC, the LSIS had retreated to
the site of 59CC by ~15.3 cal ka BP and then began to
deposit ice-proximal very dark brown sediments with
kaolinite and coal as it retreated, suggesting glacial ero-
sion of underlying Cretaceous and younger bedrock
within Lancaster Sound. However, we interpret the
Pond Inlet ice stream to have remained grounded near
64PC at ~15.5 cal ka BP, indicating that the LSIS had
retreated far inland while ice remained on the shelf from
lateral sources such as Pond Inlet/Eclipse Sound and
Buchan Trough (Figure 12). Cretaceous and younger
bedrock underlying Eclipse Sound is inferred to be the
origin of the black color and kaolinite content of the
black diamicton and very dark gray pebbly mud in
64PC. These units in 64PC are attributed to glaciomar-
ine sedimentation related to retreat of the Pond Inlet ice
stream from a grounding zone wedge (Figure 2b) ~15.5
cal ka BP, after the LSIS had retreated into Lancaster
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Figure 11. Lightness (L*), total carbonate, and kaolinite weight percentage against age in the three cores. Age control is shown by
black triangles. Box colors as defined in Figures 2a, 2b and 3. The brown bars indicate the mean ages of the beginning and end of BBDC

1 and BBDC 0 on the 64PC age model.

Sound (Figure 12). These transitions in 59CC and 64PC
overlap in age at 20 (Figure 11 and Table 4).

Timing and significance of BBDC events relative to
Lancaster Sound Ice Stream retreat: ~14.5-10.6 cal
ka BP

Based on the age model for 64PC and the Ca/Ti, L*, and
mineralogy determinations of BBDC 1 and 0 in 64PC
(Jenner, Campbell, and Piper 2018), we estimate the
mean age of the onset of BBDC 1 in 64PC at ~14.5
(15.1-14.0 ka BP at 20). A similar sequence in 59CC
also shows that L* values increase as total carbonate con-
tent rises and kaolinite content falls over the course of the
transition into the tan calcareous glaciomarine sediments
marking the start of BBDC 1. The estimated mean age of
the onset of BBDC 1 in 59CC is slightly older (200 years)
than the estimate in 64PC but overlaps at 20 (Figures 11,
S7 and Table 4). In addition, based on the clear strati-
graphic comparisons of the till/glaciomarine boundaries

and the timing of the onset of BBDC 1 in 64PC and 59CC,
we suggest that the LSIS must have retreated west of
59CC, much farther into Lancaster Sound than has pre-
viously been assumed (e.g., Dalton et al. 2020) when
BBDC 1 began (Figure 12). We place the 14.5 cal ka BP
grounded ice margin west of Admiralty Inlet near the
boundary between the Cretaceous and younger bedrock
and the Paleozoic bedrock, which also matches the posi-
tions of two grounding zone wedges that indicate stabili-
zation of the LSIS grounding line (Bennett, Campbell, and
Furze 2013; Furze et al. 2018; Figure 12). These strati-
graphic relations indicate that the onset of BBDC 1 post-
dates the initial retreat of the LSIS into Lancaster Sound
(59CC) by ~800 years. Core 2011-804-010 in outer
Lancaster Sound adjacent to Bylot Island has been inter-
preted to indicate that the LSIS had lifted from the seabed
prior to 13.2 cal ka BP, but the chronology in 59CC
suggests that the LSIS was not a direct contributor to the
ice shelf history off Bylot Island (Furze et al. 2018).

By ~11.5 cal ka BP, the LSIS grounding line had
retreated west of core 86027-154 in western Lancaster
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Table 4. Event timeline and boundary ages.

Depth Mean age Minage 206 Max age 20

Core Event (cm) (cal ka BP) (cal a BP) (cal a BP) Notes
2013019-64PC Initial ice retreat from pond inlet 440 15.5 14,806 16,365 Blue interval start

grounding zone wedges
2013019-64PC BBDC 1 onset 385 14.5 13,960 15,080 BBDC 1 duration = 1,700 years
2013019-64PC BBDC 1 end 300 12.8 12,364 13,155
2013019-64PC BBDC 0 onset 285 12.5 12,052 12,898 BBDC 0 duration = 2,200 years
2013019-64PC BBDC 0 end (Open Parry) 183 10.5 10,325 10,665 Yellow interval start (Climatic Optimuum)
2013019-64PC Nares Strait open 100 8.5 8,193 8,821 Green interval start
2008029-59CC Ice retreat 768 15.3 14,587 16,143 Blue interval start
2008029-59CC BBDC 1 onset 710 14.7 14,045 15,486
2008029-59CC BBDC 1 end ? ? ? ? Poor age constraint
2008029-59CC BBDC 0 onset ? ? ? ? Poor age constraint
2008029-59CC BBDC 0 end (Open Parry) 310 10.6 10,445 10,785 Yellow interval start (Climatic Optimuum)
2008029-59CC Nares Strait open 140 8.2 8,004 8,427 Green interval start
2008029-49CC Iceberg scour during BBDC 0 680 1.5 — — Unconformity age
2008029-49CC BBDC 1 onset ? ? ? ? Missing strata
2008029-49CC BBDC 1 end ? ? ? ? Missing strata
2008029-49CC BBDC 0 onset ? ? ? ? Missing strata
2008029-49CC BBDC 0 end (Open Parry) 465 10.6 10,485 10,787 Yellow interval start (Climatic Optimuum)
2008029-49CC Nares Strait open 305 73 6,680 7,867 Green interval start; poor age constraint
2011804-0010 Deglaciation >13.2 ka Furze et al. (2018)
86027-154 Deglaciation >11.5 ka Pienkowski et al. (2014)
86027-144 Deglaciation >10.8 ka Piertkowski et al. (2012)
97022-004 Deglaciation ~10.8 ka Pienkowski et al. (2013)
Outcrop Shells Deglaciation ~10.4 ka Dyke et al. (1993) and recalibrated by

Lab # GSC-322

Pienkowski et al. (2013) with AR = 335

Sound (Pienkowski et al. 2014; Figure 12). The Prince
Regent Inlet moraine marks a large ice advance that
postdates the ice retreat west of core 86027-154
(MacLean et al. 2017). MacLean et al. (2017) suggested
that the Gulf of Boothia ice stream (Margold, Stokes,
and Clark 2015), feeding ice through Prince Regent
Inlet, was a major component of the LSIS. Its re-advance
post 11.5 cal ka BP likely contributed significant detrital
carbonate during BBDC 0 until ~10.9 cal ka BP (Dalton
et al. 2020) and possibly through ~10.3 ka when it had
retreated far to the south, into the Gulf of Boothia
(Figure 1; Hooper 1996; Dalton et al. 2020). The ice
margin in Lancaster Sound at 10.9 cal ka BP (Figure
12) from Dalton et al. (2020) summarizes the work of
Pieftkowski et al. (2012, 2014) on cores 86027-144 and
97022-004PC. At this time, the final glacier ice blocking
the connection between the Arctic Ocean and Baffin Bay
was grounded in Barrow Strait with Innuitian ice
extending into Lancaster Sound through Wellington
Channel and Laurentide ice retreating back into Prince
Regent Inlet. Retreat of the last grounded glacial ice
occurred soon after 10.9 cal ka as marked by ice retreat
from 97022-004PC at the mouth of McDougall Sound
(Pienkowski et al. 2013). Marine throughflow was estab-
lished by 10.3 cal ka BP based on the age of the marine
limit on Lowther Island at the western end of Barrow
Strait (Dyke 1993; Pienkowski et al. 2013; Dalton et al.
2020; Figure 12).

The proposed map of LSIS retreat into Lancaster Sound
shown in Figure 12 provides a significant update to the most

recent maps summarizing ice extent of the LSIS since the
LGM (cf. Dalton et al. 2020). It illustrates that the ice margin
had retreated into Lancaster Sound by ~15.3 cal ka BP
(Figure 12). The LSIS continued to retreat during the
Belling/Allered interstadial and through the Younger
Dryas (Figure 13). We envision the ice margin retreat in
Lancaster Sound during the BBDC events to be similar to
that in the Laurentian Channel (southeastern Canada) after
the LGM with extensive ice retreat via a calving bay leaving
the adjacent land areas ice covered (cf Shaw et al. 2006) and
with lateral ice streams extending into Lancaster Sound as
the LSIS retreated.

Our Lancaster Sound reconstruction is consistent in tim-
ing with records documenting retreat of the Greenland Ice
Sheet. In central West Greenland, LGM ice margin retreat
from positions at or near the shelf edge had begun ~16-17
cal ka BP and the ice margin experienced extensive retreat by
calving by ~15.1 cal ka BP, potentially initiated by relatively
warm, submerged Atlantic water of the WGC (Slabon et al.
2016; Jennings et al. 2017). The large calving event of BBDC
1 was occurring while the Greenland Ice Sheet also was
retreating by calving (Jennings et al. 2017). Several of the
west Greenland cross-shelf troughs show evidence of a still-
stand or re-advance of the Greenland ice sheet margin
during the Younger Dryas (O’Cofaigh et al. 20133
Dowdeswell et al. 2014; Hogan et al. 2016; Sheldon et al.
2016; Slabon et al. 2016) followed by renewed rapid ice
retreat in the early Holocene (Lane et al. 2014; Sheldon et
al. 2016). The occurrence of BBDC 1 and 0 sediments on the
central West Greenland margin during its deglacial interval
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Figure 12. LSIS retreat within Lancaster Sound. Ice retreat positions are interpreted from mapped glacial features and radiocarbon dating of
sediment core lithofacies. Bedrock geology is adapted from Harrison, Brent, and Oakey (2011). Superscript letters beside ice retreat ages attribute
the ages to the following publications: 1 = Dalton et al. (2020); 2 = McNeely et al. (2013); 3 = MacLean et al. (2017); 4 = Piertkowski et al. (2014); 5
= Brouard and Lajeunesse (2017); 6 = Li, Piper, and Campbell (2011). Glacier features first published in this study and ice retreat ages defined in
this study have no superscript designation. PRI = Prince Regent Inlet; LI = Lowther Island. Red dotted line and gray solid lines demarcate ice
margins at 10.9 and 11. 8 cal ka BP, respectively, from Dalton et al. (2020).

indicates that some of the icebergs calved from LSIS were
free to drift across Baffin Bay to central West Greenland and
suggests that the timing of deglaciation on the two margins
was more similar than previously thought.

Paleoenvironments during ice retreat and
deposition of BBDC 1 and 0: ~14.5-10.6 cal ka BP

In 59CC, cluster analysis provides two faunal zones in the
glaciomarine sediments (blue interval) suggesting changing
environments during deglaciation. 59CC-FZ1 aligns with ice
proximal sediments and early BBDC 1, and 59CC-FZ2a
aligns with BBDC 0 (Table 4). 59CC-FZ1 assemblages indi-
cate proximal glaciomarine conditions consistent with a
nearby calving ice margin in Lancaster Sound; the western
of the two grounding zone wedges that are assigned to onset
of BBDC 1 are 80 km from 59CC, providing context for the
term “proximal” (Figure 12). S. horvathi, present at high
percentages (up to 60 percent) in 59CC-FZ1, suggests per-
iods of heavy sea ice and low food supply. Dominance of E.
clavatum at other intervals is a signal of turbid meltwater
and some periods with less sea-ice cover (Vilks 1980;
Jennings et al. 2020). In BBDC 0 (FZ2a) of 59CC, forami-
niferal abundances increase and assemblages are consistent

with increasingly ice distal conditions and water column
stratification by meltwater in an ice-distal glaciomarine
environment. The presence of large and numerous C. neo-
teretis provides clear evidence that Atlantic water from the
WGC entered Lancaster Sound during BBDC 0 and could
have played a role in forcing ice retreat (Figure 8; cf. Wood et
al. 2018).

Consistent with the idea that BBDC 1 sediments were
removed from 49CC by an iceberg, this core has only a
single faunal zone (FZ1) in the glaciomarine sediments
above till (blue interval; Figures 3b and 9). The assem-
blages are similar to those of BBDC 0 (FZ2a) in 59CC
and signify increasingly ice-distal glaciomarine condi-
tions, with water column stratification due to meltwater
continuing throughout the faunal zone but accompanied
by episodic marine productivity near the top of the zone
as evidenced by more negative values on PCA Axis 2
(Figure 9).

The upper part of BBDC 0 analyzed in 64PC is also
represented by a single faunal zone (64PC-FZ1a) with gla-
ciomarine fauna and increasing C. neoteretis suggesting a
stratified water column with Atlantic water that must have
entered Baffin Bay from the West Greenland Current filling
the water column on the upper slope beneath a glacial
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BBDC 1 and 0 from core 64PC (this article) in brown and the timing of ice retreat from various core sites along Lancaster Sound as
shown in Figure 12. PCh = Parry Channel opening; NSt = Nares Strait opening.

meltwater lid (Figure 10). Faunal abundances begin to rise
near the end of BBDC 0 indicating ameliorating conditions
and decreasing meltwater influence (Figure 10).

Open Parry Channel climatic optimum: 10.6 cal ka
BP to 8.2 cal ka BP

We interpret the end of BBDC 0 to mark the opening of
Parry Channel (Figures 11-13). This event is indicated
in all cores by a decrease in IRD and introduction of

planktic foraminifera (Figures 3a, 3b and 4). It is
denoted by the yellow interval, which is dated to begin
at 10.5 cal ka BP in 64PC and at 10.6 cal ka BP in 59CC
and 49CC (Table 4) and to end between 8.6 and 7.3 cal
ka BP, with the best constraint on the age of the end of
the yellow interval being in core 59CC at ~8.2 cal ka BP
(8.0-8.4 cal ka 2 o; Figures 11, 13, Table 4 and S7). The
end of the yellow interval corresponds well in time with
the opening of Nares Strait c. 8.4 cal ka BP (Georgiadis et
al. 2018; Jennings et al. 2022).



The yellow interval captures environmental conditions in
the >2,000-year interval between the opening of Parry
Channel and the opening of Nares Strait, making it a period
with no modern analog. This interval is defined by relatively
high abundances of well-preserved planktic and benthic
foraminifera that are dominated by calcareous foraminifers
(>80 percent), low IRD (clasts >2 mm) counts, low-to-
moderate diatom (biogenic silica) abundances, and a steady
decrease in calcite and total carbonate as ice margins
retreated onto land (cf. Dalton et al. 2020). During this
interval, Parry Channel was the primary outlet of ASW
into Baffin Bay. Continued delivery of finely comminuted
detrital carbonate in meltwater as the ice margins retreated
onto land may be responsible for the good preservation of
calcareous foraminifera and mollusk shells, but this may also
be attributed to Atlantic water flow into northern Baffin Bay
in the WGC. Progressive decline in detrital calcite and
dolomite coincides with worsening preservation upward in
this zone, and the proportion of ASW likely was increasing
as the channels shallowed by isostatic adjustment (cf.
Pienkowski et al. 2014).

The transition from the glaciomarine environments of
the blue interval to the early postglacial environments of
the yellow interval is marked by significant changes in key
benthic foraminiferal species (Figures 8-10). In 64PC, C.
neoteretis is a dominant species near the end of BBDC 0,
indicating that subsurface chilled Atlantic water from the
WGC was present in NW Baffin Bay beneath a surface-
water lid of iceberg-laden glacial meltwater, noted in
other Baffin Bay records (Knudsen et al. 2008; Jackson
et al. 2017; Jennings et al. 2017, 2018, 2019; Figure 10). In
both Lancaster Sound cores, ameliorating conditions
began near the end of the glaciomarine “blue interval”
(top of FZ1a) as shown by declining percentages of S.
feylingi and E. clavatum and increasing E. arctica, indicat-
ing productivity associated with mobile sea ice (Figures 8
and 9). Islandiella norcrossi became consistently the
dominant benthic foraminiferal species in the yellow
interval of all three cores until c. 9 cal ka BP. Although
there is no modern setting that we are aware of that has
upwards of 50 percent I norcrossi, the closest modern
analog is north of Iceland where ASW mixes with winter-
cooled Atlantic water to form colder and less saline, dense
upper Arctic intermediate water (Jennings et al. 2004;
Cage et al. 2021). The paired benthic and planktic age
differences in our study indicate a decreasing A age from
the base (A = 330 years) to the middle (A = 215 years) to
the top (A = 90 years) of the yellow interval (Figure S1).
The dominance of I. norcrossi and the A values may
indicate progressive water column mixing to the depths
of the cores (<900 m) and formation of chilled and slightly
freshened Arctic intermediate water in Baffin Bay during
this 2,000-year period.
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The appearance of species associated with mobile sea ice
such as E. arctica and frontal conditions between Arctic and
Atlantic water masses, such as N. labradorica, support the
interpretation of an environment in the early Holocene with
glacial meltwater declining and nutrient-rich ASW begin-
ning to enter Baffin Bay to mix with Atlantic water of the
WGC. This interval coincides nearly exactly with the early
Holocene thermal maximum defined from reconstruction
of surface air temperature in the Agassiz ice core record
(Lecavalier et al. 2017) and with the early Holocene period of
high summer insolation (Figure 13). The presence of for-
aminiferal species related to marine productivity, abundant
pyritized burrows, and high foraminiferal abundances indi-
cates that this interval is a period of relatively increased flux
of organic carbon to the seabed (Figure 13). Ameliorated
marine conditions are indicated by strongly negative scores
on PCA Axis 2 in 49CC and 59CC (Figures 8, 9 , and 13)
recording a shift from sea ice and meltwater-dominated
paleoenvironments to mobile sea ice and seasonally open
water conditions after 10.6 cal ka BP (Figures 8, 9, and 13).
The paleo record of abundant bowhead whales (Balaena
mysticetus) reconstructed from radiocarbon-dated bowhead
whalebones in early Holocene raised marine sediments in
the eastern Canadian Arctic (~10.5-9 ka) has been inter-
preted to indicate dispersed sea-ice conditions in an area of
seasonal ice cover (Dyke et al. 1996), consistent with the
foraminiferal records and is interpreted to reflect a climatic
optimum in northern Baffin Bay (Figure 13).

Nares Strait opening: <8.2 cal ka BP

The best constraint on the timing of the opening of Nares
Strait in this study is from 59CC where paired benthic and
planktic "*C dates were acquired at 155 cm and 15 cm below
the top of the early postglacial yellow interval provide an age
estimate of the boundary of ~8.2 cal ka BP (8.0-8.4 cal ka BP
20 range; Table 4). The increase in relative diatom abun-
dance at or near the boundary is attributed, at least in part, to
greater production and export to the seabed of large centric
diatoms, associated with the enhanced Si and phosphate
nutrient content provided by the greater inflow of ASW
through Nares Strait (Jones et al. 2003). We attribute the
coincident, nearly complete loss of calcareous foraminifera
and the foraminiferal assemblage dominance by aggluti-
nated taxa coinciding with low benthic and planktic forami-
niferal abundances to accentuated CaCO; dissolution.
Quantitative XRD analysis shows nearly absent calcite and
a steady background of ten to fifteen weight percentage
dolomite. These observations fit with the known undersa-
turation of calcite and aragonite in ASW (Azetsu-Scott et al.
2010). CaCOs dissolution also is accentuated by production
and burial of organic matter and acidification of pore waters.
Jackson et al. (2021) attributed periods of agglutinated fauna
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in northeastern Baffin Bay to corrosive brines formed when
the NOW polynya is strong and better preservation of
CaCO; foraminifera when the NOW polynya is weak.
NOW-associated processes may explain the shifts from
nearly 100 percent agglutinated to periods with up to 25
percent calcareous benthic foraminifera in the later postgla-
cial interval (green). Unfortunately, altogether, processes
that drive CaCOj dissolution are preeminent after ~8.2 cal
ka BP at these northwestern Baffin Bay sites and the cores do
not contain enough well-preserved calcareous foraminifera
for radiocarbon dating to ascertain the timing of the minor
calcareous intervals in the post 8.2 cal ka BP sediments. This
interval involves establishment of the modern oceano-
graphic circulation after opening of Nares Strait, including
formation of the NOW polynya, but the lack of dating
control makes it difficult to determine when the NOW
began in these cores.

Conclusions

We studied the retreat history of the LSIS leading to opening
of Parry Channel and the paleoceanography accompanying
ice retreat and opening of the throughflows between the
Arctic Ocean and Baffin Bay that led to the modern ocean
circulation. We focused on four environmental intervals in
three cores to uncover how the environments in northern
Baffin Bay responded to deglaciation resulting in the open-
ing of the Parry Channel and the later opening of Nares
Strait. By providing new radiocarbon dates, our study refines
the timing of retreat of the LSIS, showing significant ice
retreat into Lancaster Sound ~15.3 cal ka BP. This new
timing indicates that BBDC events 1 and 0 did not begin
until the LSIS had retreated ~450 km from its maximum
LGM position offshore. The BBDC events 1 and 0 began
once the LSIS had retreated back to the Paleozoic bedrock
and began to calve icebergs laden with Paleozoic carbonate.
Previous lack of recognition of glacial erosion of Cretaceous
and younger mudstones suggests that there is a lot to learn
about the ice stream history with the knowledge that kaoli-
nite as well as detrital carbonate is a product of glacial
erosion in Lancaster Sound and along the Baffin Island
shelf (Harrison, Brent, and Oakey 2011; Jenner, Campbell,
and Piper 2018; Andrews, Jenner, and Campbell 2020).
Using the best age constraint in core 64PC, the updated
age for BBDC 1 is 14.5 to 12.8 cal ka BP and for BBDC 0,
12.5-10.5 cal ka BP (Table 4). These ages differ slightly from
previously proposed ages for the onset and end of BBDC 1
of 15-14 cal ka BP (Q. Simon et al. 2016), 14.2-13.7 cal ka
BP (Jackson et al. 2017), and 14.4-13.8 (Sheldon et al. 2016;
Jennings et al. 2017) and the onset and end of BBDC 0 of
12.2-10.7 cal ka BP (Q. Simon et al. 2016) and 12.7-11 cal ka
BP (Jackson et al. 2017). There are several detrital carbonate

events in central West Greenland slope cores that partially
coincide with BBDC 0, but carbonate deposition is not
continuous throughout BBDC 0’s full age range: 13-12.3
cal ka BP and 11.6-11.4 cal ka BP (Jennings et al. 2017) as
well as a detrital carbonate event on the shelf dating between
11.6 and 10.6 cal ka BP (Jennings et al. 2014). We find it
reasonable that the ages of the BBDC events vary slightly in
Baffin Bay and are discontinuous due to the likelihood that
iceberg transit and melt would not be consistent throughout
Baffin Bay. Core 64PC should have the most complete
record of the full duration of BBDC events 1 and 0 because
it was proximal to the LSIS outlet and in the path of other
northern Baffin Bay potential ice stream sources of detrital
carbonate, such as Smith Sound.

The end of BBDC 0 is marked by the opening of Parry
Channel to Arctic-Atlantic throughflow in all three
cores at 10.5/6 cal ka BP (Figures 11 and 13). We con-
sider this interval between 10.6 and 8.2 cal ka BP, with
an open Parry Channel and closed Nares Strait as the
Holocene climatic optimum in northern Baffin Bay. It is
expressed by abundant planktic and benthic calcareous
foraminifera with species assemblages expressive of sea-
ice edge productivity and mixing of Atlantic water and
ASW. Other regional climate records indicate warmer
summer seasonal sea ice
(Lecavalier et al. 2017; Figure 13). The progressively
decreasing A of paired benthic and planktic dates within

air temperatures and

this zone and the dominance by I norcrossi suggests
increased mixing of Atlantic water and ASW in the
upper ~850 m of the water column and potential forma-
tion of intermediate water in Baffin Bay during this
period. Increasingly poor preservation of calcareous for-
aminiferal taxa in the upper part of the early postglacial
interval is attributed to loss of the buffering effect of
detrital carbonate and possibly the increasing inflow of
ASW as Parry Channel shallowed.

The prominent increase in diatom abundance and
shift to agglutinated fauna after ~8.2 cal ka BP is inter-
preted to reflect the opening of Nares Strait and influx of
additional, nutrient-rich, corrosive ASW that marks the
shift toward modern ocean circulation in Baffin Bay.
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