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a b s t r a c t

Reconstructing former ice sheet history and glaciogenic sediment fluxes surrounding Baffin Bay during
and since the Last Glacial Maximum (LGM) is a major scientific challenge. Here, a new multi-proxy
analysis of sediments from a central Baffin Bay (BB) sediment core reveals two dominant sediment/
discharge sources: 1) a detrital carbonate (BBDC; dolomite-rich) source that represents increased
discharge from the NE Laurentide Ice Sheet (LIS) and southern Innuitian Ice Sheet (IIS), and 2) a radio-
genic, felsic provenance likely from a west Greenland Ice Sheet (GIS) source, although a contribution
from the Baffin Island LIS cannot be ruled out. By utilising a new method for radiocarbon calibration in
high latitude polar environments we provide updated age constraints on BBDC1 (14.1e13 cal ka BP) and
BBDC0 (12.0e10.9 cal ka BP). This coupled with our sediment analysis shows the BBDC layers to be
coincident with the Bølling-Allerød (BBDC1) and the recovery from the Younger Dryas (BBDC0). The
timing of BBDC1 also further supports the theory of an ice shelf covering northern Baffin Bay from the
LGM and during initial deglaciation.
© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The geological similarities of Baffin Island and Greenland has
hampered sediment provenance identification of Holocene and
Late Pleistocene-aged sediments of Baffin Bay. Although some
progress has been made, it has proven challenging and hence
makes understanding the temporal relationships of ice sheet dy-
namics between the LIS, IIS, and GIS during the last glacial cycle
difficult (Aksu and Piper,1979; Andrews, 2019; Andrews et al., 2014,
2018; Andrews and Eberl, 2011; Briner et al., 2006; Harrison et al.,
2011; Jackson et al., 2017; Jennings et al., 2018; Knutz et al., 2022; �O
Cofaigh et al., 2013a, 2013b; Simon et al., 2014; St-Onge et al., 2009).
Ownsworth).
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The majority of chronologies and correlations of Holocene and
Late Pleistocene-aged sediments of Baffin Bay rely on layers of
carbonate-rich sediments, termed Baffin Bay Detrital Carbonate
(BBDC) layers that were deposited in response to increased ice
discharge, mainly through the Lancaster Sound ice stream, from the
NE LIS and southern IIS that covered areas of Paleozoic-age car-
bonate-rich rocks during the MIS2 to MIS4 (Fig. 1) (Andrews, 1987;
Andrews et al., 1998; Andrews and Eberl, 2011; Dalton et al., 2020;
Kelleher et al., 2022; Simon et al., 2014). Ice rafted debris (IRD) from
the LIS and the GIS, which covered areas of mainly Archean to
Paleoproterozoic granites, gneisses, and metasedimentary units
may also have contributed to the BBDC layers (Aksu and Piper,
1987; Harrison et al., 2011; Henriksen and Higgins, 2009; Simon
et al., 2012, 2014). Detailed lithostratigraphic analysis on the Baf-
fin Island shelf have shown that changes in the lithofacies represent
changes in the transport and provenance of sediments into the area
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Fig. 1. Baffin Bay map, cross section, and geology. (A) Baffin Bay and surrounding ice sheets with estimated Last Glacial Maximum (LGM) ice margins and the simplified surrounding
geology. Core 12 PC is core HU2008029e12 PC (Jennings et al., 2018). Base map from ArcGIS. Geology, circulation patterns and ice sheet extents extracted from (Harrison et al., 2011)
and (Simon et al., 2014) and references therein (England et al., 2006; Gregersen et al., 2016; Knutz et al., 2022; �O Cofaigh et al., 2013b; Tang et al., 2004). GIS ¼ Greenland Ice Sheet,
IIS ¼ Innuitian Ice Sheet, LIS ¼ Laurentide Ice Sheet. On west Greenland the geology includes Archean gneisses and granites of the North Atlantic Craton and Aasiaat Domain, and
Archean to Paleoproterozoic metasediments, gneisses and granites of the Rae Craton (Gregersen et al., 2016; Harrison et al., 2011; Henriksen and Higgins, 2009; Knutz et al., 2022;
Simon et al., 2012, 2014). Similarly, east Baffin Island comprises metamorphosed clastics, granites, gneisses and volcanics of the Rae Craton, Foxe Fold Belt, and Cumberland
Batholith. The central abyssal plain mainly comprises fan-delta sandstones and interbedded mudstones (Harrison et al., 2011). Paleozoic carbonate and clastic outcrops in N/NW of
Baffin Bay continue through the Canadian Arctic Channels, seafloor and smaller islands through Lancaster and Jones Sound. Paleocene volcanic outcrops include basalts and picrites
(Harrison et al., 2011; Henriksen and Higgins, 2009; Simon et al., 2012, 2014). Dominant, present-day anti-clockwise circulation results from the Irminger Current (IC) and East
Greenland Current (EGC) combining into the West Greenland Current (WGC) flowing through the Davis Strait into Baffin Bay where in the north it mixes with colder Arctic waters
becoming the Baffin Island Current (BIC) and heading back south, eventually flowing back out the Davis Strait into the Labrador Current (LC), with some recirculated back towards
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linked to the movements of the major ice sheets surrounding Baffin
Bay over the last glacial cycle (Andrews et al., 2020; Jenner et al.,
2018).

To provide an improved understanding of transport and prov-
enance of sediments, and glacial movements of the three major ice
sheets that surrounded Baffin Bay over the last ~40 kyrs, we present
a multi-proxy study that includes the first osmium (Os) isotope
(187Os/188Os) record of Baffin Bay. Osmium isotope data of sedi-
ments has been applied to understand the interplay between sili-
cate weathering, and palaeoceanographic processes during the
Holocene, Pleistocene glacial-interglacial cycles, Oligocene, Silu-
rian, Late Ordovician and Neoproterozoic glacial events (Burton
et al., 2010; Dalai et al., 2005, 2006; Dalai and Ravizza, 2006;
Finlay et al., 2010; Oxburgh, 1998; Oxburgh et al., 2007; Paquay
et al., 2009; Paquay and Ravizza, 2012; Peucker-Ehrenbrink and
Ravizza, 2000; Rooney et al., 2014, 2016; Sproson et al., 2022;
Williams and Turekian, 2004). The hydrogenous 187Os/188Os
composition of organic-rich sediment units is used to establish a
high-resolution record of the water column at the time of deposi-
tion. The 187Os/188Os of present day seawater (187Os/188Os of ~1.0) is
relatively similar across the Earth's oceans and reflects a balance of
radiogenic Os from continental inputs (187Os/188Os average ¼ ~1.4,
but old crystalline rocks can be much higher, >2) (Peucker-
Ehrenbrink and Jahn, 2001) and unradiogenic Os from mantle/hy-
drothermal inputs (187Os/188Os ¼ ~0.12) (Peucker-Ehrenbrink and
Ravizza, 2000). Specific to this study, 187Os/188Os data from
Holocene-age sediments in the Disko Bugt-Uummannaq region
demonstrate the ability to identify shifts in the flux of glacially
eroded material from the GIS and thus track ice sheet advance and
retreat patterns which broadly correlate with the known deglacial
history of the Jakobshavn Isbræ ice stream (Rooney et al., 2016).
Moreover, the application of Os isotope stratigraphy revealed
greater detail of the ice sheet calving history of Jakobshavn Isbrae
than previously recorded by the biostratigraphy and that Os isotope
data has the potential to better decode the dynamic behaviour of
ice sheets at millennial timescales. Coupled with the osmium
isotope data, major, trace, and rare element data can be a useful
sediment provenance discriminator (Bhatia and Crook,1986; Taylor
and McLennan, 1985).

Here we aim to improve our understanding of the sediment flux
contributions from the GIS, IIS and LIS and its relation to climate
and ocean forcing scenarios (Jennings et al., 2014, 2017; Sheldon
et al., 2016; Simon et al., 2014). To achieve this, we investigate a
central Baffin Bay gravity core (JR175-GC01 e referenced as GC01)
presenting high-resolution, multi-proxy data including core sedi-
mentology coupled with microfossil and geochemical data (XRF,
XRD and REE, and osmium isotopes) together with new radio-
carbon dates to provide a Bayesian age model, and additional data
from a core south of Davis Strait near the entrance to Baffin Bay
(DA04-31 P, referenced as 31 P) (Knutz et al., 2011). We also utilise a
newmethod for calibration of radiocarbon dates from high latitude
polar locations, trying to address longstanding issues with uncer-
tainty in the reservoir corrections in these areas (Heaton et al.,
2020, 2022, 2023; Reimer et al., 2013, 2020; Stuiver et al., 2020),
and in doing so aim to be able to provide updated age constraints
for BBDC1 and BBDC0.
2. Regional setting and glacial history

Baffin Bay is a narrow (max width ¼ 650 km) ocean basin
Greenland (Aksu and Piper, 1979; Andrews, 1987; Jackson et al., 2017; Sheldon et al., 2016; T
Island to the west coast of Greenland. Line of the cross section is shown in part (A). Cross s
2011).
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connected to the Atlantic Ocean through the Davis Strait and Lab-
rador Sea with a number of interlinking present-day currents
creating an anti-clockwise circulation in the bay (Fig. 1a) (Aksu and
Piper, 1979; Andrews,1987; Andrews et al., 1998, 2014; Simon et al.,
2012; Tang et al., 2004). The central abyssal plain of Baffin Bay is ca.
2 km deep, shallowing towards the north and south and mainly
comprising Neogene-aged sediments, fan-delta sandstones and
interbedded mudstones (Aksu and Piper, 1979; Harrison et al.,
2011; Li et al., 2011). The west Greenland continental shelf is rela-
tively wide (135e200 km) and is bisected by a number of troughs
leading to large trough mouth fans (Henriksen and Higgins, 2009;
Knutz et al., 2019; �O Cofaigh et al., 2013a, 2013b). On the western
side of the bay, the Baffin Island shelf is narrower (25e50 km) with
onlyminor troughmouth fan development (Fig.1b) (Andrews et al.,
2014; Li et al., 2011). Prior to the formation of Baffin Bay through
rifting during the Cretaceous-Paleocene, Greenland and Baffin Is-
land were joined and as a result share very similar geologies (Fig. 1)
(Andrews et al., 2018; Harrison et al., 2011; Henriksen and Higgins,
2009; Knutz et al., 2022; St-Onge et al., 2009). The geology of both
western Greenland and Baffin Island largely comprises Archean-
and Paleoproterozoic-aged crystalline units, with some Paleocene-
aged basalts and extensive Tertiary-aged volcanics on and around
Disko Island, Uummannaq Fjord, Svartenhuk and also Cape Dyer on
Baffin Island (Gregersen et al., 2016; Harrison et al., 2011;
Henriksen and Higgins, 2009; Simon et al., 2014). In the northern
and north-eastern regions of Baffin Bay, the crystalline basement is
overlain by Paleozoic marine carbonate and clastic successions
(Fig. 1a) (Gregersen et al., 2016; Harrison et al., 2011; Knutz et al.,
2022; Simon et al., 2014).

The recent Quaternary sediments found within Baffin Bay
largely originate from glacial erosion of the surrounding bedrock,
transported into the basin by debris flows, meltwater plumes and
icebergs (Aksu and Piper, 1979; Andrews and Eberl, 2011; Jenner
et al., 2018; �O Cofaigh et al., 2018). On the Greenland Shelf, the
main sediment contribution is delivered by ice rafting and melt-
water from the GIS (Andrews et al., 2018; Hogan et al., 2016;
Hudson et al., 2014). On the Baffin Island shelf, transport of sedi-
ments is mainly through meltwater, with some fluvial inputs in the
fjords (Andrews et al., 2018). Carbonate-rich sediments (predomi-
nantly dolomite) are mainly found in the north, north-west and
down the central portion of Baffin Bay, with contributions thinning
southwards along the bay (Andrews et al., 1998, 2018; Andrews and
Eberl, 2011). Sediments enriched in basaltic rock detritus are found
in localised ares of the Greenland Shelf near Disko Island (Andrews
et al., 2018; Andrews and Eberl, 2011).

At the Last Glacial Maximum (LGM), Baffin Bay was surrounded
by major ice sheets including the Greenland Ice Sheet (GIS) to the
east, the Innuitian Ice Sheet (IIS) to the north, and the Laurentide
Ice Sheet (LIS) to the west (Fig. 1) (Dyke et al., 2002; England et al.,
2006; Jackson et al., 2017; Simon et al., 2012, 2014). However, the
exact timings of when these ice sheets advanced and retreated
from the continental shelves since the LGM remains uncertain
(Andrews et al., 2018; Briner et al., 2006; �O Cofaigh et al., 2013b).
The ice sheets are generally thought to have reached their
maximum extent during the LGM (Andrews et al., 2014; Briner
et al., 2006, 2003; Clark et al., 2009; Dalton et al., 2022, 2020;
Jenner et al., 2018; �O Cofaigh et al., 2013b; Simon et al., 2014). The
retreat of the GIS is gradual and diachronous along its margins, with
the beginning of ice retreat around central-west Greenland varying
between 17.1 and 16.2 cal ka BP depending on location (Jennings
ang et al., 2004). (B) Cross section and simplified geology across Baffin Bay from Baffin
ection profiles obtained from GoogleEarthPro. Geology modified from (Harrison et al.,
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et al., 2017). The timing of retreat of the LIS is less well constrained
and in general is thought to have been underway by 16 cal ka BP
(Brouard and Lajeunesse, 2017; Dalton et al., 2020), andwith retreat
of the Lancaster Sound ice stream underway by ~15.3 cal ka BP
(Furze et al., 2018; Kelleher et al., 2022). Less constrained timings
are, in part, due to slow sedimentation rates and poor preservation
of biogenic carbonate during deglaciation into the Holocene,
especially in deeper sedimentary records, as well as limited
research on the LGM, which means that well-dated sedimentary
records from within Baffin Bay are lacking (Andrews et al., 2018,
1998; Briner et al., 2006; Jackson et al., 2017; Jenner et al., 2018;
Jennings et al., 2018; �O Cofaigh et al., 2013b; Simon et al., 2012). The
build up and retreat of the IIS is even less well studied, with build
up as late as 19 cal ka BP, andwith retreat after 11 cal ka BP (England
et al., 2006).

3. Materials and methods

3.1. Cores and samples

Cores from two locations were analysed to provide different
background information. The main core analysed using all the
proxies listed below is from a central Baffin Bay position to decipher
glacial related events (GC01). A second core, analysed only for its
osmium isotope composition, is from the Davis Strait and is used to
track ocean input into Baffin Bay and to represent an open ocean
setting away from the immediate influence of grounded ice (31 P).

The 1.68 m gravity core (GC01) and associated boxcore (BC06)
were collected during cruise JR175 of the RRS James Clark Ross
(AugusteSeptember 2009) at a latitude of 69�5600100N and longi-
tude of 63�030400W, and a water depth of 2034 m (Fig. 1; S1).
Additional analysis of a second 8.78m long piston core (31 P) is also
presented (Fig. 1; S1), collected from a water depth of 2525 m at a
latitude of 62�3307800N and longitude of 54�220Wduring a cruise of
the R/V Dana in 2004 (Knutz et al., 2011). Twelve AMS radiocarbon
dates on this core indicate c. 31 kyrs of sedimentation (Knutz et al.,
2011).

A series of carbonate rock samples of the Paleozoic (Cambrian to
Silurian) succession were also sampled and analysed for their
187Os/188Os signature to provide clearer detail on the potential
source of the 187Os/188Os in the sediment cores (Fig. 1). These rocks
were collected from north-west of Baffin Bay through Lancaster
Sound on Somerset Island and Devon Island and are considered
representative of the Paleozoic carbonate geologies of north and
north-west Baffin Bay (Fig. 1; S1).

3.2. Particle size analysis (PSA)

Particle size analysis (PSA) was undertaken using ~0.5 g of
sediment at 4 cm intervals through GC01 and following pre-
established methods (Blott et al., 2004). In brief, organic matter
and calcareous foraminifera were removed using hydrogen
peroxide and hydrochloric acid, respectively. Sodium hexameta-
phosphate solution is added before analysis on a Coulter LS 13,320
laser diffraction PS analyser equipped with Polarisation Intensity
Differential Scattering (PIDS). The data was then analysed using
GRADISTAT (Blott and Pye, 2001).

3.3. X-ray imagery

AGeotek Vertical X-Ray CT systemwas used to produce 2DX-ray
images of GC01 at� 100 mm resolution. X-ray imageswere analysed
at 2 cm intervals to identify clasts and sedimentary structures, and
to count ice rafted debris (IRD clast >2 mm).
4

3.4. Total organic carbon

Total carbon (TC), total organic carbon (TOC) and total inorganic
carbon (TIC) were measured in GC01 using an Analytik Jena Multi
Elemental Analyser 4000. At ~4 cm intervals 20 g of sediment was
freeze-dried, and ball milled. A 20e30 mg aliquot of every sample
was used for the TC analysis, with 40e50 mg of sample used for the
TIC run that was further treated with 40% orthophsphoric acid (to
remove any organic component). Both were then combusted at
1000e1500 �C in the presence of O2 and no catalyst, and the
resulting gas was analysed by a Non-Dispersive Infrared (NDIR)
detector. TOC was calculated as TOC ¼ TC e TIC.

3.5. Foraminifera

Foraminiferal analysis (Feyling-Hanssen, 1964; Lloyd, 2006) was
carried out at a sampling resolution of 1 or 2 cm from core GC01. For
each sample, 1 cm3 of sediment was soaked in distilled water
overnight to disaggregate the sediment before washing through a
500 and 63 mmmesh (Scott et al., 2001). Specimens were identified
and counted under suspension in distilled water using a Leica light
microscope.

3.6. Radiocarbon dating

Twelve radiocarbon dates were determined from core GC01. The
position of radiocarbon dates was chosen based on presence of
calcareous foraminifera as well as targeting specific sections of the
core showing clear changes in proxies measured. Depending on
abundance of foraminifera, either benthic species (predominantly
Cassidulina neoteretis) or planktonic species (Neogloboquadrina
pachyderma) were used for dating. For one sample only
(126e128 cm) that had low foraminiferal abundance, a date was
obtained from a mix of benthic and planktonic species.

Accelerator mass spectroscopy (AMS) radiocarbon analysis on
graphite (BETA Analytic) was undertaken where foraminifera were
more abundant using between 4 and 10 mg of foraminifera, after
pre-treatment with sonication in de-ionised water. Radiocarbon
dating where foraminifera were less abundant was undertaken at
the Laboratory for the Analysis of Radiocarbon (University of Bern)
using between 0.4 and 1.5 mg of sample utilising the MIni CArbon
DAting System (MICADAS) AMS. The latter allows analysis in gas
form (CO2), without the need for graphitisation, and hence allows
for much smaller sample sizes whilst still being accurate and
reproducible (Gottschalk et al., 2018; Missiaen et al., 2020; Szidat
et al., 2014).

Direct radiocarbon age calibration was performed in Calib 8.2
software using the MARINE20 calibration curve (SM 2). It has been
noted that there are issues regarding using the MARINE20 cali-
bration in polar locations (Heaton et al., 2020; Reimer et al., 2013,
2020; Stuiver et al., 2020). In order to acknowledge this issue in the
development of our age-depth model, we calibrate using both a
Holocene reservoir correction (DR) consistent with previous
studies (upper age boundary) and a glacial reservoir correction
(DRG) based on a model re-creating reservoir ages at higher latti-
tudes (lower age boundary) (Heaton et al., 2022, 2023).

To do this we create two separate age-depth models using the
BACON age modelling package in R (SM 3) (Blaauw and Christen,
2011; Reimer et al., 2013; Stuiver et al., 2020). The first age-depth
model was calibrated to MARINE20 using a DR of �10 ± 30 years.
The choice to use a DR of�10 ± 30 years was made to be in keeping
with previous regional studies using the MARINE13 calibration
curve and a DR of 140 ± 30 years, which was done by subtracting
150 years to account for the mean offset between MARINE13 and
MARINE20 (Heaton et al., 2023; Jackson et al., 2017; Jennings et al.,
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2014, 2018). The second age-depth model was calibrated to MA-
RINE20 and included all ages older than 11,500 cal years (i.e. all pre-
Holocene ages) (Heaton et al., 2022) using a DRG of 1240 ± 30 years.
This is calculated by adding an additional 1250 to the original DR
of �10 ± 30 years based on a latitude of ~70� N (Fig. 3 of Heaton
et al., 2022). Using these upper and lower age boundaries a single
age-depth model was developed by averaging the mean ages from
both the Holocene and glacial reservoir corrected age-depth
models (SM 2, 3).

In both scenarios the BACON models included boundaries
placed at 22 cm and 122 cm to distinguish between estimated
average sedimentation rates (480, 30, 350 yr per cm). Due to low
foraminifera abundances, this study uses samples of both benthic
and planktonic foraminifera, with some mixed samples, to achieve
enoughmaterial for dating. In a previous study from Baffin Bay, this
issue is investigated through varying reservoir ages whilst also
looking at the difference between benthic and planktonic forami-
nifera ages (Jackson et al., 2017). The authors found that, while this
led to changes in calibrated ages, they were still within the 95%
confidence limits of the BACON-derived age model (Jackson et al.,
2017). Therefore, we consider that the choice to use the same
reservoir age correction for the benthic and planktonic foraminifera
samples used in this study is justified, and in keeping with previous
studies in the area (Jackson et al., 2017; Jennings et al., 2014, 2018).
Although we attempt to address the calibration issues associated
with high lattitudes, caution should still be used when comparing
the age model here with other studies and proxies (Blaauw, 2012).

3.7. Lithogeochemistry

A Geoteck multi-core scanner (Dept. Geography, Durham) was
used to obtain X-ray fluorescence (XRF) data on core GC01 at a
resolution of �100 mm. The core surface XRF data was obtained by
the bombardment of high energy x-rays (15 W/50 kV) generated in
a rhodium x-ray tube, with x-ray detection using a Canberra Silicon
Drift Detector. To improve the sensitivity of light element de-
terminations (e.g., calcium, magnesium, aluminium, and silicon),
the measurement cell was flushed with helium.

A representative suite of 1 cm stratigraphic intervals (N ¼ 23)
from GC01 were analysed for major, trace and rare earth elements
(REEs) to aid in determining sediment provenance. These were
analysed using a combination of fusion inductively coupled plasma
mass spectrometry (ICP-MS) and total digestion (TD) ICP-MS by
Activation Laboratories following standard analytical protocols
(4Lithores e research). The same set of analysis was also under-
taken for 10 Paleozoic carbonate rock samples (Fig.1) to understand
the chemical composition of the carbonate detritus. Detection
limits for the 4Lithores research analysis are low ppm/ppb for most
trace elements. Standards and duplicates analyses are within a few
ppm for most of the elements.

qXRD analysis was performed using established protocols in
order to reveal potential sediment sources (Andrews, 2019;
Andrews et al., 2018; Andrews and Eberl, 2011; Eberl, 2003). In
brief, qXRD was determined on the <2 mm sediment fraction of 25
samples over the length of GC01with an interval spacing between 4
and 9 cm. The samples were measured on a Siemens D5000 XRD
unit between 5 and 65 2-theta at a 0.02 2-theta step with a 2 s
count, resulting in 3000 data points. The XRD data was imported
into the Excel macro-program Rockjock v6 to quantify the wt. % of
thirty-three nonclay and clay minerals including alkali-feldspars,
plagioclase, dolomite and illite minerals, which were then nor-
malised to sum to 100%. This method is ranked 3rd in the inter-
national Reynold Cup, whereby the results are tested against
artificial known mineral mixtures (McCarty, 2002). The average
bias on amixture of 11 commonminerals (bias¼ abs [Measuredwt.
5

% e Estimated qXRD wt. %]) was ±1 wt %.

3.8. Rhenium-osmium (ReeOs) isotope analysis

Rhenium-Os analysis was carried out from the cores of GC01
(N ¼ 77), BC06 (N ¼ 1) and 31 P (N ¼ 21). The ReeOs analysis is
based on established procedures (Selby and Creaser, 2003) and
conducted in the Durham Geochemistry Centre (Dept. Earth Sci-
ences) to obtain the hydrogenous (sequestered from water) Os
isotopic composition (187Os/188Os) of the sediment sample, which
records the 187Os/188Os of seawater at the time of deposition. In
brief, ~1 g of dried, sieved and powdered sample (recording 1 cm of
stratigraphy) is sealed into a Carius tube with 8 mL CrO3 4 N H2SO4
and a known amount of tracer solution (185Re þ 190Os) and heated
at 220 �C for 48 h. The Carius tubes are opened, and a solvent
extraction using 9 mL chloroform (CHCl3) separates the Os that is
then back extracted into 3 mL HBr. The Os fraction is further pu-
rified by H2SO4eCrO3eHBr microdistillation. The Re fraction is
obtained from the Os extracted CrO3eH2SO4 solution using a NaOH
(5 N) -acetone extraction and is purified using HCleHNO3 anion
bead chromatography.

Two samples from core GC01 that represent the peak in Ca and
187Os/188Os at 67.5 cm and 32.5 cm were also analysed following
removal of the carbonate matrix. Two aliquots of each sample
depth were analysed (2 � 67.5 cm and 2 � 32.5 cm). One aliquot
from each depth was reacted with 1 N HCl and the other aliquot
from each depth with 2 N HCl, 1 mL at a time, and shaken until the
reaction ceased (5 mL total). The samples were centrifuged and the
HCl was then removed, and the remaining sediment washed 3
times using 2 mL MQ. The remaining dried sediment then under-
went ReeOs analysis as described above.

The Re and Os fractions were loaded onto Ni and Pt filaments,
respectively and analysed using a ThermoScientific TRITON mass
spectrometer using negative thermal ionisation mass spectrometry
(NTIMS).

Seven of the Paleozoic carbonate rock samples (Fig. 1) and five
larger clasts found within core GC01 (both carbonates and granites/
gneisses), were also analysed to establish the whole rock ReeOs
abundance and isotope composition. This followed the same
method as described above using inverse aqua regia (3 mL 11 N HCl,
6 mL 15.5 N HNO3) to permit whole rock digestion, with sample
digestion at 220 �C for ~72 h to aid full digestion (Shirey and
Walker, 1998).

Total analytical protocol blanks are similar throughout the study
(Re ¼ 15.97 ± 6.26 ppt, Os ¼ 0.10 ± 0.07 ppt, with a187Os/188Os of
0.23 ± 0.22; 1 S.D., N ¼ 8), as are aqua regia blanks
(Re ¼ 4.48 ± 0.68 ppt, Os ¼ 0.03 ± 0.02 ppt, with a187Os/188Os of
0.14 ± 0.02; 1 S.D., N¼ 3). To monitor the long-term reproducibility
of the ReeOs isotope composition determinations, Re and Os so-
lution standards were routinely analysed. A 50 pg osmium standard
solution (DROsS - Durham Romil Osmium Standard) gives
187Os/188Os values of 0.16074 ± 0.00026 (1 S.D., N ¼ 26), which is in
agreement with proposed values for the solution and the labora-
tory running average (0.16082 ± 0.00063 1 S.D; N ¼ 816; (Luguet
et al., 2008). The 125 pg rhenium standard solution (Restd) yields
185Re/187Re values of 0.59855 ± 0.00096 (1 S.D., N ¼ 26), which
agrees with the laboratory running average (0.59861 ± 0.0015
1 S.D; N ¼ 720).

3.9. Mixing model

The discussion refers to a mixing model to help determine
whether the radiogenic 187Os/188Os values recorded in core GC01
could be achieved with a sediment source from the Paleozoic car-
bonate rocks analysed in this study (Fig. 1). The two-component
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mixing model uses seawater and carbonate rock as end members.
The model requires input of both the 187Os/188Os value and Os
concentration in each component. Using equations 2 to 11 listed on
page 7 of van der Ploeg et al. (2018), the model calculates what
percentage of osmium flux into Baffin Bay would be needed from a
carbonate rock source to increase the seawater 187Os/188Os and
total Os values to the highly radiogenic 187Os/188Os intervals
recorded in the core sediments.
3.10. Carbonate correction

In this study, some of the major element, oxide and REE data is
carbonate corrected over the detrital carbonate layers recorded in
the Baffin Bay core (GC01). This was done to remove the effect of
carbonate dilution on the datasets to see any trends in the data not
caused by a large influx of carbonate material. To do this, the per-
centage carbonate of each peak and the background carbonate
percent must be known, as well as the average element/oxide/REE
concentration/% in the carbonate rocks and the core sediments. The
effect of the carbonate dilution is then removed using the equation:

�ð100� AÞ � ððB� 100Þ � ðC � DÞÞ
ð100� CÞ þ ðA� DÞ

�
÷100¼ E

where: A ¼ the background carbonate %; B ¼ chosen element value
(ppm/%) at a chosen core depth (to be corrected); C ¼ % carbonate
at chosen core depth; D ¼ the average chosen element value (ppm/
%) of the carbonate rock, E ¼ carbonate corrected chosen element
value (ppm/%).
4. Results

4.1. Core sedimentology and PSA

Between 168 and 120 cm GC01 consists of brown to dark brown
massive sandy silt. Between these depths the grain size is the most
variable, with sand content between 0.4 and 82%, silt content be-
tween 35 and 91%, and clay content between 3.5 and 18% (Fig. 2;
S4). Moving up the core the sedimentology alters to light-brown
massive clayey-silts (122e108 cm) followed by a sharp, curved
contact to mid-to dark brown sandy silty sediments up to 86 cm.
Between 86 and 76 cm light brown massive, clayey and silty sedi-
ments are found before a distinct change to light brown to cream
coloured massive diamicton (76e59 cm). Between 59 and 42 cm
the sediments consist of grey to mid-brown, lightly laminated
sandy to clayey silts before a change back to light brown to cream
coloured diamicton between 42 and 22 cm. From here to the core
top the sediments are mid-brown, lightly laminated sandy silts
moving to darker brown, lightly laminated more clay rich sedi-
ments. Between 120 cm and the core top, the sand contant varies
between 10 and 38%, the silt content between 51 and 76% and the
clay content between 9 and 33%.
4.2. X-ray and IRD

The X-ray images reveal density variations relating to the sedi-
mentology as discussed above (Fig. 2). For example, a darker x-ray
image is seen between 76 e 59 cm and 42e22 cm corresponding to
the lighter coloured diamicton and the curved contact is clearly
seen ~108 cm. Between 168 and 105 cm, no IRD is present except for
small amounts between 130 and 120 cm. An increase in IRD, up to 6
clasts per 2 cm slice are found between 105 and 86 cm (Fig. 2). After
a distinct absence (86e76 cm) IRD between 76 cm and the core top,
with peaks between 76 and 59 cm and between 42 and 22 cm.
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4.3. TOC

TOC values remain fairly constant through the core at ~0.1e0.6%
with the exception of two peaks between 76 and 59 cm (2.8%) and
between 42 and 22 cm (3.8%).

4.4. Foraminifera

The target foraminiferal count was 300 specimens per sample,
however, for many samples this was not possible, with many
samples having less than 100 specimens and some being barren.
The benthic and planktic species diversity is very low. The benthic
foraminiferal fauna is dominated by Cassidulina neoteretis, with
Trioculina spp also common. Planktonic foraminifera are also
common in some sections of the core dominated by Neo-
globoquadrina pachyderma (S5) (Codling, 2017). Foraminifera
abundance is generally low between 168 and 120 cm and very low
to zero from 25 to 0 cm (Fig. 2). Increased foraminifera abundance
occurs between 120 and 95 cm (>2000 individuals per 4 mL; pre-
dominantly planktics), 75 and 55 cm (up to ~560 individuals per
4 mL; predominantly planktics), and between 45 and 25 cm (up to
~680 individuals per 4 mL; predominantly benthics).

4.5. Radiocarbon dates and age modelling

The age-depth model developed indicates GC01 records ~36
kyrs of sedimentation from the Late Quaternary through the Ho-
locene to the present day (Fig. 3; S2, 3). The sedimentary record
covers several significant events in the Baffin Bay region including
the LGM, BBDC 4 to 0, the Bølling-Allerød, the Younger Dryas and
the transition to the Holocene (Jackson et al., 2017; Rasmussen
et al., 2006; Simon et al., 2014).

4.6. Lithogeochemistry

4.6.1. Core GC01
All data for XRF, XRD, REE and trace element analysis can be

found in the supplementary materials (S6-12). From the full range
of XRF data, here we present and discuss only the calcium (Ca) data
as a direct proxy for carbonate content to identify the BBDC layers.
The Ca counts per second (cps) vary between 1500 and 25,000 cps
(Fig. 4). Between 164 and 80 cm Ca cps are relatively low and
constant (approximately 5000 cps) with the exception of peaks
between ~146 and 136 cm (13,000 cps), ~134 and 128 cm (10,000
cps), ~127 and 123 cm (9400 cps), ~111 and 101 cm (7700 cps), and
101 and 90 cm (7500 cps). At ~76 cm a peak to 15,400 cps leads to
the highest peak in Ca (25,000 cps) between ~77 and 60 cm. The
second largest peak in Ca (20,000 cps) occurs in between ~42 and
24 cm. From 22 cm to present day, Ca cps gradually decrease
(7300e1900 cps). The two large Ca peaks at ~77e60 and
~42e24 cm are matched by peaks in CaO% of 15 and 17%, respec-
tively (Fig. 4), and peaks in XRD calcite and dolomite % to 33.5 and
37.5%, respectively (Fig. 4).

The major-element oxide, trace element and REE data is car-
bonate corrected for the sediments taken from the Ca-rich depths
(~77e60 cm and ~42e24 cm). The carbonate correction is based on
the average elemental-oxide values and average REE values for the
analysed Palaeozoic carbonate rocks (see methods) which are
considered representative of the Paleozoic carbonates on the Ca-
nadian Islands and inter-island marine channel floors, represent
the most likely origin of the detrital carbonate layers in Baffin Bay
(Fig. 1) (Andrews, 1987; Andrews et al., 1998; Andrews and Eberl,
2011; Simon et al., 2014).

The La/Sc ratio mirrors Ca concentration, being relatively con-
stant (3.5e2.5) with the exception of two peaks to 5.6 (77e60 cm)



Fig. 2. Physical properties of core GC01. Properties include core and X-ray photos, grain size (%), IRD (n > 2 mm per 2 cm core slice), foraminifera (counts per 4 mL) and TOC (%)
against depth (cm) for GC01. Position of radiocarbon dates also indicated (cal ka BP). Dark coloured diamonds next to the radiocarbon age indicate calibrated 14C AMS ages and light-
coloured diamonds indicates calibrated 14C MICADAS AMS ages. The ages are an average of the Holocene (DR ¼ �10 ± 30) and glacial (DRG ¼ 1240 ± 30) calibrated ages for each
depth (S2).
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and 5.0 (45e21 cm) (Fig. 4), indicative of a predominantly felsic
detrital provenance (Bhatia and Crook, 1986; Selby et al., 1999;
Taylor and McLennan, 1985). Similarly, both SiO2/Al2O3 and K2O/
Na2O are relatively stable across GC01 (~4.4e3.6 and 0.7 to 1.4,
7

respectively) except for peaks between 76 and 58 cm (5.8 and 1.4,
respectively) and 44 and 20 cm (5.7 and 1.3, respectively; S13). The
SiO2/Al2O3 and K2O/Na2O data predominantly indicate a greywacke
composition, with a few depth intervals bearing a more litharenite



Fig. 3. Age model developed for core GC01. Calibrated using the MARINE20 curve and
the Bayesian modelling of radiocarbon dates using the BACON software (see methods).
The dark grey dashed lines labelled DR ¼ �10 ± 30 and DRG ¼ 1240 ± 30 represent the
age-depth models developed individualy by BACON using the two different reservoir
corrections, the Holocene and glacial corrections, respectively. The solid black line,
labelled average, is the average of these two age models, and therefore the age-depth
model used in discussion in this study. The outer lighter grey dashed lines represent
the upper age boundary of the Holocene reservoir correction, and the lower age
boundary of the glacial reservoir correction, in order to show a greater range of ages.
Dashed vertical grey lines indicate boundaries placed at 22 cm and 122 cm in the
BACON model to distinguish between averaged sedimentation rates and a potential
hiatus at ~122 cm. Between 0 and 22 cm the average sedimentation rate is 2.6 cm/kyr,
between 22 and 122 cm this increases to 23.5 cm/kyr, and between 122 cm to the core
bottom this decreases back to 2.0 cm/kyr.

Fig. 4. Multiproxy datasets for GC01 presented against depth. Ca (cps),
Calcite þ dolomite (%), CaO (%), 187Os/188Os, and La/Sc for GC01 plotted against depth.
Shaded areas represent areas of significant peaks. See text for discussion.
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composition (e.g., 98.5, 72.5, 70.5 and 67.5 cm) (Pettijohn et al.,
1987).

Carbonate corrected REE values for GC01 samples are normal-
ised to upper continental crust and chondrite values (McLennan,
2001). All sediments analysed illustrate light REEs (LREEs) enrich-
ment relative to upper crust and chondrite values, with Eu anom-
alies (Fig. 5). Overall, the REE and trace element (e.g., La/Sc) data
support a felsic, continental crust provenance. The slight variations
relative to average upper continental crust may imply slight dif-
ferences in the felsic detrital provenance.

4.6.2. Paleozoic carbonate rocks
The carbonate rocks from Somerset and Devon Islands contain

on average high CaO (31.7%), MgO (16.8%), with low SiO2 (4.92%),
and <1% of TiO2, Fe2O3, Al2O3, P2O5, Na2O, K2O, and MnO. The La/Sc
ratio average is 3.8 (range 2.6e4.8) based on the three samples
where Sc was above detection (1 ppm). Except for four samples, the
REE data exhibit flat profiles relative to chondrite and upper con-
tinental crust, with the remaining four samples displaying mod-
erate enrichment in LREE relative to HREE.

4.7. Re and Os abundance and Os-isotope composition

For GC01, the Re abundance ranges between ~0.2 and 0.4 ppb,
with the exception for two peaks of 4e5 ppb between ~98 and
71 cm and ~62 to 39 cm. The total Os abundance ranges between
8.9 and 111 ppt, with abundances commonly between ~20 and
50 ppt, except for intervals between 164 and 157 cm, at 117 cm,
between 92 and 77 cm, ~44 cm and 14 to 0 cm where values are
between 75 and 111 ppt (S13; S14A).

Given the relatively young age and low rhenium abundance of
the sediments of all core samples, the correction for any ingrowth
of radiogenic 187Os to the measured present-day 187Os/188Os
composition is less than that of the minimum 187Os/188Os uncer-
tainty (~0.01). Therefore, the uncorrected, measured present-day
187Os/188Os compositions are discussed. The 187Os/188Os composi-
tions range between 0.99 and 2.44 (Figs. 4 and 6).

For GC01, the 187Os/188Os values from the bottom of the core to
~125 cm gradually decrease except for an abrupt increase to 1.7 at
142 cm and decrease to a more unradiogenic value of 0.99 at
~131 cm. Between 125 and 78 cm, 187Os/188Os values gradually
increase (1.2e1.5). Between ~78 and 60 cm, the 187Os/188Os rapidly
peak to highly radiogenic values of 2.44 before abruptly returning
to 1.43 (Figs. 4 and 6). Values remain relatively stable at approxi-
mately 1.3e1.4 from 60 to 50 cm. Between ~50 and 19 cm
187Os/188Os show a rapid increase to 2.21, followed by an abrupt
decrease to 1.65 (~32 cm), before a steady decrease to 1.33. Between
19 cm and the core top, 187Os/188Os values gradually decrease from
1.33 to 1.15.

To ascertain if the carbonate matrix of the high Ca intervals is
the cause of the highly radiogenic compositions of the GC01 sedi-
ments (above), a leach experiment was undertaken. For the sample
at 67.5 cm, the 1 N and 2 N HCl leach removed 26 and 42% of the
carbonatemass, which is similar to the determined carbonate value
of the interval (Fig. 4; S14C). The 1 and 2 N HCl leached sediment is
more enriched in Os (29.0 and 24.6 ppt total Os; 9.1 and 7.6 ppt
192Os), and slightly more radiogenic (187Os/188Os ¼ 2.60 and 2.67),
in comparison to the non-leached sediment analysis (Total
Os ¼ 20.1 ppt, 192Os ¼ 6.4, 187Os/188Os ¼ 2.40; S14A, C). For the
sample at 32.5 cm, the 1 N and 2 N HCl removed 27 and 46% of the
carbonatemass, which is similar to the determined carbonate value
of the interval (Fig. 4; S14C). The 1 N HCl leached sediment is more
enriched in Os (34.3 ppt total Os; 11.4 ppt 192Os/the 2 N sample was
lost during processing), and slightly less radiogenic
(187Os/188Os ¼ 1.99) in comparison to the non-leached sediment



Fig. 5. Normalised REE data for GC01 and carbonate rocks. REE data normalised to upper crust plotted for the depths corresponding to (A) Pre-LGM and LGM (linked together as
other data sets such as Ca and 187Os/188Os are relatively similar in comparison to other intervals), (B) BBDC1, (C) the transition from the end of the Bølling-Allerød into the Younger
Dryas, inbetween BBDC layers, (D) BBDC0, (E) the Holocene, (F) REE data for each carbonate sample analysed from Somerset and Devon Islands. (G) the europium anomaly values
(Eu/Eu*) in GC01, and (H) the light rare earth element/heavy rare earth element (LREE/HREE) ratio in the form of La/YbN and Gd/YbN for GC01. The grey shaded region denotes
BBDC1 (76e59 cm) and BBDC0 (42e22 cm).
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Fig. 6. Osmium isotope data, carbonate proxy data, and ice core oxygen isotope data presented against age. 187Os/188Os, Ca (cps), IRD (no. clasts �2 mm per 2 cm core slice) and
foram (counts per 4 mL) data from core GC01, 187Os/188Os for core 31 P, and ice core d18O values from NGRIP and GISP2 plotted against the age model determined in Fig. 3. NGRIP and
GISP2 ages were corrected from years B2k to years BP to fit with the age model (Rasmussen et al., 2014; Seierstad et al., 2014; Stuiver and Grootes, 2000). The width of the blue
diamonds show the age range between the median probabilities of the Holocene reservoir correction and the glacial reservoir correction (S2). Dashed lines are previous
approximate ages of the Baffin Bay detrital carbonate layers BBDC4, BBDC3 and BBDC2 (Andrews et al., 1998; Jackson et al., 2017; Simon et al., 2014). The dashed lines and black
arrows of BBDC0 and BBDC1 respresent our new proposed timings for these layers, lighter grey arrows underneath show their approximate ages based on previous literature as a
comparison. Horizontal dashed line shows the open ocean average value for 187Os/188Os of 1. The grey and white bar and shading shows the approximate timings of the pre-Last
Glacial Maximum (LGM), LGM, post LGM, the Bølling-Allerød, Younger Dryas and the Holocene (Clark et al., 2009; Jennings et al., 2017; �O Cofaigh et al., 2019, 2013b). See text for
discussion.
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analysis (Total Os ¼ 20.1 ppt, 192Os ¼ 6.5, 187Os/188Os ¼ 2.20; S14A,
C).

The carbonate clasts recovered from GC01 at depths of 70, 38,
29.5 and 8.5 cm range in Re and Os abundance between 0.04 and
0.18 ppb, and 5.3e48.8 ppt, respectively, with 187Os/188Os between
0.40 and 3.34 (Table 1). A single granitic clast (comprising feldspar
and quartz) from 71 cm possesses a Re abundance of 0.09 ppb and
Os of 16.5 ppt, with a187Os/188Os of 1.29.
Table 1
ReeOs data of rocks and clasts around Baffin Bay.187Os/188Os data from Paleozoic carbona
from clast samples found within core GC01 analysed in this study. Also shown is a m
Uummannaq Fjord, west Greenland (Rooney et al., 2016). Uncertainty is ±2 SE. See S14B

Type Sample Depth (cm) Re (ppb)

Carbonate AB18e01 466.9 e 0.36
rock AB18e01 320.2 e 0.03

AB18e01 383.95 e 0.05
18HR251 e 0.08
18HR226 e 0.27
77108 e 0.04
77156 e 0.23

Carbonate clast 8-9 cm W Carb 8.5 0.04
Carbonate clast 29e30 cm A Carb 29.5 0.06
Carbonate clast 38 cm W Carb 38 0.14
Carbonate clast 70 cm W Carb 70 0.18
Granite clast 71 cm A Granite 71 0.09

Uummannaq Metagreywacke e 0.04
Fjord Gneiss e 0.00
samples Basalt e 0.20

Samples between 40 and 160 cm (15.3e9.1 cal ka BP) from core 31 P possess Re and total O
with 187Os/188Os between 0.93 and 1.17 (Fig. 6).
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The Paleozoic carbonate rock samples possess Re and total Os
abundances between 0.03 and 0.36 ppb, and 1.21 and 16.48 ppt,
respectively, with 187Os/188Os between 1.03 and 9.51 (Table 1). The
average 187Os/188Os of these samples is 2.85 ± 2.49, although this
reduces to 2.19 ± 1.21 if the single most radiogenic sample of 9.51 is
removed.
te rock samples from Somerset and Devon Islands (Fig. 1) analysed in this study, and
etagreywake, basalt (average of two repeats) and gneiss from areas surrounding
for complete data synopsis and S1 for location information.

± Os (ppt) ± 187Os/188Os ±

0.00 11.43 0.27 2.40 0.14
0.00 5.52 0.15 3.64 0.23
0.00 16.48 0.40 2.91 0.17
0.00 7.49 0.16 1.03 0.06
0.00 7.99 0.19 2.26 0.14
0.00 1.21 0.06 3.60 0.48
0.00 4.54 0.17 9.51 0.72

0.00 12.81 0.26 0.73 0.04
0.00 48.82 0.91 0.40 0.02
0.00 5.28 0.16 3.34 0.25
0.00 14.63 0.32 1.55 0.09
0.00 16.53 0.35 1.29 0.07

0.00 85.80 1.60 0.44 0.03
0.00 1.60 0.00 2.82 0.16
0.00 19.00 0.30 1.34 0.05

s abundances between 0.45 and 11.4 ppb, and 30.2 and 74.5 ppt, respectively (S14A),
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5. Discussion

5.1. Pre-Last Glacial Maximum (LGM; 36e30 cal ka BP)

Between ~36 and 30 cal ka BP the 187Os/188Os values (1.3e1.5)
are more radiogenic than the open ocean at the time (~1; Fig. 6)
(Paquay and Ravizza, 2012; Peucker-Ehrenbrink and Ravizza, 2000)
suggesting some limited flux of radiogenic materials from the
surrounding old, continental geologies (Fig. 1) (Rooney et al., 2016).
At this time ice sheets surrounding Baffin Bay were yet to reach
their most extensive position at the continental shelf edges
(Andrews et al., 2015; Briner et al., 2003; Dalton et al., 2020; Knutz
et al., 2019; �O Cofaigh et al., 2013b). During this time 187Os/188Os
values and Ca counts are relatively stable, no IRD is present and
foraminiferal abundances are generally low (Fig. 6). These factors
suggest a steady outwash of material into Baffin Bay through
meltwater and glacio-fluvial sediment delivery, with no evidence of
significant ‘events’ such as major iceberg rafting associated with ice
sheet dynamics. This time period also covers the proposed timing
of BBDC4 (~37e31.9 cal ka BP) (Jackson et al., 2017; Simon et al.,
2014), as well as a number of fluctuations in d18O seen in the ice
core records (Fig. 6) (Rasmussen et al., 2014; Seierstad et al., 2014;
Stuiver and Grootes, 2000). Based on the wide range of proxies
presented here (and taking into account age differences due to
different radiocarbon calibration methods), there is no evidence of
BBDC4 in the sedimentary sequence of GC01. However, it is possible
that this may be due to relatively low sampling resolution with a
less well constrained age model in this section of the core.
5.2. LGM (~30e19 cal ka BP)

At ~28 cal ka BP there is an abrupt increase and then more
gradual decrease in 187Os/188Os values to the end of the LGM
(~19 cal ka BP; Fig. 6). This abrupt change indicates an influx of
more radiogenic Os, most likely from the Archean and Proterozoic
aged gneisses and granites of west Greenland and Baffin Island,
covered by the Greenland and Laurentide ice sheets, respectively
(Fig. 1). This 187Os/188Os peak coincides roughly with the timing of
maximum ice sheet advance onto the continental shelves of Baffin
Bay (Batchelor et al., 2019; Briner et al., 2003; Clark et al., 2009;
Dalton et al., 2022). At this time the core sitewould have beenmore
proximal to the ice margins and affected by ice stream discharge
into central Baffin Bay. A similar rise in 187Os/188Os composition in
response to advance of a GIS ice stream (Jakobshavns Isbrae) has
been reported during the Holocene in Disko Bugt (Rooney et al.,
2016). Therefore, advance of the GIS/LIS ice margins to their LGM
positions is the likely cause of the rise in 187Os/188Os composition
(Fig. 6). The trend to less radiogenic 187Os/188Os from ~27 to 19 cal
ka BP (Fig. 6) implies the gradual reduction in the flux of glacially
eroded radiogenic 187Os/188Os material into the water column.

Minor increases in calcium occur during the LGM between 26.5
and 25.6 cal ka BP and 24.5 and 21.8 cal ka BP (Fig. 6). Previously
dated timings of BBDC3 (~27.7e26.4 cal ka BP) and BBDC2
(~25e24.7 cal ka BP) are close to this range (Jackson et al., 2017;
Simon et al., 2014). Taking into account the differences between age
calibration in this study and the previous BBDC dates, the two Ca
peaks identified may relate to these BBDC layers. However the age-
model in this section is less well constrained due to low forami-
niferal abundance. Low foraminiferal abundance suggests relatively
low productivity during the LGM due to strong/stable, year-round
sea ice cover and, hence, harsh sea surface conditions would be
expected (Jennings et al., 2018). This also might explain the lack of
IRD seen through this period (Figs. 4 and 6).
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5.3. Post-LGM, Pre Bølling-Allerød (~19e14.7 cal ka BP)

The timing of the retreat of the GIS from the LGM maximum
position is gradual and is considered diachronous across different
outlets (Jennings et al., 2017; Sheldon et al., 2016; Simon et al.,
2014). Retreat in the Uummannaq Trough is proposed to have
been underway by 17.1 cal ka BP, whereas retreat in the Disko
Trough (approx. 200 km south; Fig. 1) did not begin until 16.2 cal ka
BP (Jennings et al., 2017). In the GC01 core, there is an abrupt in-
crease in foraminiferal abundance, particularly planktic forami-
nifera, at ~15.7 cal ka BP (Fig. 6), indicating increased surface
productivity potentially due to a reduction in sea ice concentration
and also increased nutrient flux from melting/retreating ice sheets
(Jennings et al., 2018). A similar large peak in both benthic and
planktic foraminifera abundance preceding the Bølling-Allerød
(~18 cal ka BP) has also been noted in a core from northern Disko
trough mouth fan (core HU2008029e12 PC; Fig. 1) (Jennings et al.,
2018). The difference in timing of the foraminifera peak from core
GC01 is, in part, due to the altered radiocarbon calibration, but
could also reflect the diachronous retreat of the sea ice margin/ice
sheet(s) between Disko Bay (~18e17.5 cal ka BP) (Jennings et al.,
2018) and the location of GC01 in central Baffin Bay (~15.7 cal ka
BP) (Fig. 1).

IRD also increases at this time (~15.2 cal ka BP; Fig. 6) suggesting
increased iceberg flux and melting to central Baffin Bay. This is
further supported by 187Os/188Os compositions which begin to
steadily increase from ~15.5 cal ka BP, implying an enhanced
release of radiogenic Os from nearby Greenland sources (e.g.,
Uummannaq Fjord gneiss, 187Os/188Os¼ 2.82; Table 1; Rooney et al.,
2016).

Post-LGM Ca values do not correlate with variations in
187Os/188Os (Figs. 4 and 6). Assuming Ca can be used as a proxy for
Paleozoic carbonate flux, the lack of significant variation in Ca
counts supports relative stability along ice streams covering a
predominantly carbonate geology in comparison to the GIS at this
time (Jackson et al., 2017; Simon et al., 2014). This suggests different
temporal ice sheet dynamics between ice streams from the IIS, LIS
and the GIS. At this time it appears the northern LIS and southern
IIS did not begin to deliver large quantities of icebergs carrying
carbonate material to south Baffin Bay until after the initial GIS
retreat at c. 17.1 cal ka BP. Perhaps remaining relatively stable for
longer, or sea-ice in northern Baffin Bay could have prevented de-
livery of icebergs further south.

5.4. Bølling-Allerød (~14.7e12.9 cal ka BP), Younger Dryas
(~12.9e11.7 cal ka BP) and early holocene (~11.7e10 cal ka BP)

A large peak in Ca occurs in GC01 during the Bølling-Allerød
centred at ~13.5 cal ka BP (Fig. 6). This coincides with the previously
dated timings of BBDC1 (14.2e13.7 cal ka BP) (Andrews, 1987;
Andrews et al., 1998; Jackson et al., 2017; Simon et al., 2014). The Ca
peak in GC01 coincides more tightly to the BBDC1 timings when
calibrated to theMARINE13 curve (See S16 for comparison between
MARINE13 and 20 age models) and hence this Ca peak is defini-
tively identified as BBDC1. Using our updated age-depth model that
takes into account the issues of polar calibrations (Heaton et al.,
2022), we can now provide a new and improved age range for
BBDC1 of 14.1e13.0 cal ka BP (Fig. 6). A second large Ca peak occurs
just after the Younger Dryas, centred at ~11.2 cal ka BP (Fig. 6). This
is coincident in timing with the latter part of the age range for
BBDC0 of between ~12.7 and 12.4 cal ka BP lasting until ~11 cal ka
BP (Andrews et al., 1998; Jackson et al., 2017). As with BBDC1, using
our new age-depthmodel (Heaton et al., 2022) we can define a new
age range for BBDC0 of ~12.0e10.9 cal ka BP. This new age range
now defines BBDC0 as occurring synchronous with the end of the
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Younger Dryas, rather than with the onset of the Younger Dryas as
previously thought (Andrews et al., 1998; Jackson et al., 2017;
Jennings et al., 2017; Rasmussen et al., 2006).

Coincident with both the Ca peaks over BBDC1 and BBDC0, there
are also peaks in IRD, TOC, La/Sc, foraminifera and radiogenic
187Os/188Os (Figs. 4 and 6). Foraminifera abundance peaks at
13.0 cal ka BP after the initial decline in Ca and 187Os/188Os over
BBDC1, and at ~11.2 cal ka BP coincident with BBDC0 (Fig. 6). The
predominantly planktic BBDC1 peak could represent an increase in
productivity in the surface waters due to the increased sediment
and nutrient flux into Baffin Bay that occurred during BBDC1 and
correlates to a similar peak in abundance in core
HU2008029e12 PC at ~14 cal ka BP (Fig. 1) (Jennings et al., 2018).
The predominantly benthic peak during BBDC0 indicates increased
productivity most likely driven by increased nutrient delivery from
glacial meltwaters. The increase in benthic productivity is most
likely associated with an increased flux of food supply from surface
productivity.

Pre ~15 cal ka BP, trends in 187Os/188Os and Ca are not syn-
chronous, but for BBDC1 and BBDC0 there is a good correlation
between the peaks in Ca and 187Os/188Os. This could indicate the
radiogenic 187Os/188Os signal is derived from the carbonate (car-
bonatemineralogy in core sediment is digested by ReeOs analytical
protocol). Indeed, ReeOs analysis on carbonate rocks (Somerset
and Devon Islands) yielded an average 187Os/188Os of 3.6 (range
~1.0e9.5; Table 1), which is more radiogenic than the highest
187Os/188Os value (2.44) recorded in the BBDC1 section of GC01
(Fig. 6). In the BBDC intervals, carbonate accounts for ~30e40% of
the mineralogy (calcite þ dolomite %; Fig. 4). Mass balance calcu-
lations using a two component mixing model (van der Ploeg et al.,
2018) consider a carbonate sample with the most radiogenic
187Os/188Os composition (~9.5) and highest recorded Os abundance
(16.5 ppt; Table 1), together with a seawater 187Os/188Os of ~1.3
(recorded prior to BBDC1 onset; Fig. 6). The results of this show that
the carbonate content of the sediments over the BBDC intervals
would have to exceed 71% to reach the most radiogenic values
recorded in GC01 (2.44), significantly higher then the 30e40%
shown by XRD. Thus, given the predominantly less radiogenic
187Os/188Os compositions, coupled with a lower Os abundance, of
the carbonate lithologies from Somerset Island and IRD clasts in the
core, an alternate source of more radiogenic osmium is required to
account for the peak seen within the BBDC sediment layers in the
core. Evidence of differing sources can also be inferred from the
187Os/188Os and Ca peaks themselves. Whilst for BBDC1 the
187Os/188Os and Ca peaks are broadly synchronous, during BBDC0
the 187Os/188Os decreases midway through the peak in Ca (Fig. 6).
The initial rise in Ca is coupled with the 187Os/188Os rise suggesting
a significant flux of material from the Paleozoic carbonates as well
as ice streams from central-west GIS (and/or Baffin Island). How-
ever, at ~11.3 cal ka BP there is an abrupt decrease in 187Os/188Os
followed by amore gradual decrease through to the early Holocene.
In contrast, Ca levels remain high until ~11.0 cal ka BP, abruptly
decreasing to their lowest values by 10.8 cal ka BP. The diverging
trends between Ca and 187Os/188Os suggests a reduction in flux of
material from radiogenic terranes (potentially from the GIS and/or
Baffin Island LIS) and as sustained flux of detrital carbonate (NE LIS
and S IIS). In addition to the mass balance modelling and a-syn-
chronicity, REE data supports an additional source for the hydrog-
enous osmium signature, given that all REE abundances are
significantly lower (most cases ~90% lower) in the carbonate rocks
than they are across the whole core and the two BBDC layers
(Fig. 5). The carbonate rocks also display no, or very little LREE
enrichment, whereas the REE profiles during BBDC1 and BBDC0 in
GC01 show high LREE enrichment (Fig. 5). Additional analysis of
sediment leached of carbonate show that even after carbonate
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removal, samples GC01 67.5 cm and 32.5 cm retain radiogenic
187Os/188Os values of 2.60e2.67 and 1.99, respectively (S14C). Thus,
the radiogenic 187Os/188Os values recorded during BBDC1 and
BBDC0 cannot be as a result, at least wholly, of the carbonatematrix
in sediment core sourced from Paleozoic carbonate rocks in the
north and north-east of Baffin Bay (Fig. 1). Together, these differ-
ences between the analysed sediments and carbonate rocks sug-
gest a significant additional provenance during this period, other
than the dominant Paleozoic carbonate source. This provenance
must therefore be from ice streams either of western Greenland
(GIS) or Baffin Island (LIS). The geology of these areas, however, is
very similar and, therefore, it is difficult to differentiate between
sources (Aksu and Piper, 1979; Andrews et al., 2014; Harrison et al.,
2011; Henriksen and Higgins, 2009; Jennings et al., 2018; Simon
et al., 2014).

The 187Os/188Os record from core 31 P, further south in Davis
Strait, records markedly less radiogenic values (0.9e1.2) compared
to GC01 (1.4e2.4) over the same period covering BBDC1 and BBDC0
(Fig. 6). The lower 187Os/188Os values recorded in 31 P suggests a
greater open ocean influence with less continental derived osmium
input through the influence of advancing and retreating ice sheets,
as noted at the same core site during the Holocene (Rooney et al.,
2016).

5.5. Holocene (from ~11.0 cal ka BP e present)

After BBDC0, the Ca content in GC01 decreases abruptly, and
then more gradually to the present day (Fig. 6). The 187Os/188Os
values decrease more gradually but reach relatively unradiogenic
and stable values by the early Holocene, with a gradual decrease to
the present day, moving closer to open ocean values of ~1.0. This
likely reflects a combination of an increased influence of open
ocean waters through Davis Strait from the Atlantic via the West
Greenland Current (similar 187Os/188Os values to those measured
from 31 P at the onset of the Holocene) and a reduction in more
radiogenic glacially erodedmaterial as the ice sheets retreated back
across the continental shelves around Baffin Bay (Hogan et al.,
2016; Jennings et al., 2014; �O Cofaigh et al., 2013b; Rooney et al.,
2016). Further, the REE pattern during the Holocene does not re-
cord a positive Eu anomaly (relative to upper continental crust;
Fig. 5) as seen in pre-Holocene lithofacies, suggesting reduced
plagioclase and alkali feldspar input, and reduced glacial flux as the
GIS and LIS retreat to, or inside of their current positions.

6. Provenance and significance of sediments during BBDC
layers

It has previously been shown that the detrital carbonate in BBDC
layers is sourced from the Paleozoic carbonate successsions located
in the north of the bay, previously overlain by the NE LIS and
southern IIS (Andrews, 1987; Andrews et al., 1998; Andrews and
Eberl, 2011; Simon et al., 2014). Due to the size of the Lancaster
Sound ice stream, it is thought that most of the carbonate material
entered Baffin Bay via this ice stream (and other smaller ones in the
north) with retreat into Lancaster Sound occurring by ~15.3 cal ka
BP, preceding both BBDC1 and BBDC0 (Dalton et al., 2020, 2022;
Furze et al., 2018; Kelleher et al., 2022).

However, based on the mixing model results discussed above,
the source of radiogenic 187Os/188Os values during BBDC1 and
BBDC0 cannot be wholly sourced from the Paleozic deposits sup-
plying the carbonate material via e.g., the Lancaster Sound ice
stream. Hence, there must be an additional source of radiogenic
material most likely originating from the radiogenic terranes of
west Greenland and/or Baffin Island, which again are difficult to
differentiate due to similar geologies (Andrews et al., 2018;
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Harrison et al., 2011; Henriksen and Higgins, 2009; Knutz et al.,
2022; St-Onge et al., 2009).

Larger IRD clasts found in GC01 over BBDC1 and BBDC0 include
both carbonate and granite/gneiss lithologies (Table 1). The granite/
gneiss clast is less radiogenic (187Os/188Os ¼ 1.3) than the host
sediment (187Os/188Os ¼ 2.2), which is also less radiogenic than the
Archean orthogneiss from Salliaruseq Storøen Island
(187Os/188Os ¼ 2.8) (Rooney et al., 2016). However, the clast com-
prises only quartz and feldspar, and it is the preferential weathering
of minerals such as biotite in crustal units that can ultimately lead
to a water column possessing a radiogenic Os composition
(Peucker-Ehrenbrink and Blum, 1998). The average 187Os/188Os of
the carbonate clasts over these intervals is 1.76, lower than that in
GC01 sediments and the clasts also contain lower abundances of Re
and Os than the surrounding sediment (S13B).

The GC01 sediments over the BBDC layers also display LREE
enrichment, positive Eu anomalies (relative to upper continental
crust), and high La/Sc, SiO2/Al2O3 and K2O/Na2O ratios compared to
the carbonate rocks from Somerset and Devon Islands (Figs. 4 and
5; S13). This indicates a predominantly felsic provenance domi-
nated by plagioclase and alkali feldspar (Bhatia and Crook, 1986;
Taylor and McLennan, 1985) similar to the Precambrian crystalline
rocks along the west coast of Greenland (Fig. 1). Sediment (with
minimal carbonate) deposited proximal to the Jakobshavn Isbrae
ice margin in Disko Bugt possesses a hydrogenous 187Os/188Os
composition of ~2.0e2.4 during ice proximal conditions in com-
parison to ~1.3 to 1.8 during times when the ice margin was more
distal (Rooney et al., 2016). This supports an interpretation that the
radiogenic 187Os/188Os values of ~2.0e2.5 recorded during BBDC1
and BBDC0 in GC01 could be achieved solely by a western
Greenland source. Further supporting this interpretation, a previ-
ous study using XRD and SedUnMix has linked the mineralogy of
finer-grained glaciomarine sediments found within coarser BBDC
layers to a west Greenland source, potentially linked to the Uum-
mannaq trough ice stream (Simon et al., 2014). A study investi-
gating the provenance of central Baffin Bay sediments based on
lead, neodymium and strontium radiogenic isotopes determined
that the isotope values during the last deglaciation (since the LGM)
indicate source areas of central-west and south-west Greenland,
mainly from the Nagssugtoqidian Mobile Belt and the Archean
Block (Kirillova, 2017), again indicating the potential of a west
Greenland source.

The physiography of Baffin Bay also indicates that ice streams
from west Greenland are the most likely source of radiogenic
sediment delivery to the core site. The continental shelf of west
Greenland is wide (135e200 km), with a number of troughs leading
to large trough mouth fans, compared to the narrower Baffin Island
Shelf (25e50 km) with comparatively fewer and smaller troughs
and trough mouth fans (Andrews et al., 2014; Harrison et al., 2011;
Henriksen and Higgins, 2009; Knutz et al., 2019; Li et al., 2011; �O
Cofaigh et al., 2013a). There were more major ice streams origi-
nating fromwest Greenland than Baffin Island (Fig. 1) (Brouard and
Lajeunesse, 2017; Jennings et al., 2017; Margold et al., 2018; �O
Cofaigh et al., 2013b; Simon et al., 2014). A wider shelf dissected
by larger trough and fan systems suggests a dominant delivery of
sediments into Baffin Bay via major west Greenland ice streams,
which would have had a longer ice stream flow path with greater
opportunity for erosion (�O Cofaigh et al., 2013a; Simon et al., 2014).

The BBDC events are noted to occur during both warmer inter-
stadial and cooler stadial conditions, suggesting that the North
Atlantic climate may not be the dominant driver of deglaciation of
the LIS, GIS and IIS (Jackson et al., 2017). Laurentide Ice Sheet
discharge events have been linked to mainly stadial periods,
whereas sediment delivery from the GIS has been linked to retreat
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driven by warmer atmospheric and oceanic temperatures within
Baffin Bay (Jennings et al., 2011; Simon et al., 2014). The updated
timings for BBDC1 and BBDC0 (Fig. 3) both now correspond to the
relatively warmer periods of the Bølling-Allerød interstadial period
and potentially MWP1A (Deschamps et al., 2012; Rasmussen et al.,
2006) and the warming and recovery from the Younger Dryas as
seen in the NGRIP and GISP2 ice core data (Fig. 6) (Rasmussen et al.,
2006). The presence of an ice shelf blocking southern Baffin Bay has
been debated in the past, but recent studies suggest this is unlikely
during this time period (Jennings et al., 2018; Marcott et al., 2011;
and references therein). A recent study, however, has shown evi-
dence of a large ice shelf instead spanning the north of Baffin Bay
during the LGM and subsequent deglaciation (Couette et al., 2022).
It is thought the ice shelf started to develop and advance ~26 to
24.7 cal ka BP, before its rapid collapse by ~14.2 cal ka BP (Couette
et al., 2022). The collapse of the ice shelf resulted in the unbut-
tressing of ice streams in the north and north-eastern Baffin Island,
as well as the Lancaster Sound ice stream. It thus accelerated their
breakup and retreat, with increased delivery of carbonate material
into Baffin Bay signifying the final collapse of the ice shelf (Couette
et al., 2022). The timing of this breakup is coincident with the
revised date of 14.1 cal ka BP from this study for the start of BBDC1,
and so would appear to support the ice shelf theory. Although not
as extensively studied, it is also possible that the proposed ice shelf
covering northern Baffin Bay reached a similar extent across the
width of the bay (which could therefore have reached ice streams of
central west Greenland, with the likelihood of at least fringing ice
shelves along the margin) and so could have been associated with
ice streams from the GIS (Couette et al., 2022). Therefore the
collapse of the ice shelf could also have unbutressed ice streams of
the GIS, accelerating break up and contributing to the more
radiogenic 187Os/188Os. It is likely therefore that the Ca and radio-
genic 187Os/188Os rich sediments of BBDC1 are linked to a northeren
Baffin Bay ice shelf collapse and subsequent accelerated ice stream
discharge (i.e. Lancaster Sound ice stream and central-west
Greenland ice streams) during the Bølling-Allerød. The relative
reduction in reduced Ca and 187Os/188Os (Fig. 6) proceeding BBDC1
may then represent the end of this ice shelf breakup. The Ca and
radiogenic 187Os/188Os rich sediments of BBDC0 are then likely due
to the subsequent warming and recovery from the Younger Dryas
cold period causing increased iceberg discharge after the tempo-
rary re-advance or pause in ice stream retreat (e.g., Furze et al.,
2018; Jackson et al., 2017; Jennings et al., 2017; Margold et al.,
2018; �O Cofaigh et al., 2013b). However, there is a-synchronicity
of the Ca and 187Os/188Os levels as the 187Os/188Os signature de-
creases c. 300 years before the decrease in Ca, suggesting the de-
livery of radiogenic material from a West Greenland (and/or Baffin
Island) source ceased or significantly decreased before the flux of
carbonate material from northern Baffin Bay ice streams.

The radiogenic Os signature can be linked to a west Greenland
source, however, a partial Baffin Island source cannot be defini-
tively ruled out. Although smaller thanwest Greenland ice streams,
a number of ice streams existed along the Baffin Island shelf and
flowed into Baffin Bay including for example, Home Bay, Scott Inlet,
Buchan Gulf and Merchants Bay (Briner et al., 2003; Brouard and
Lajeunesse, 2017; Margold et al., 2018). A sediment provenance
reconstruction using qXRD data with SedUnMix has suggested that
short pulses of coarse Baffin Island sediment occur within BBDC
layers (Simon et al., 2014). However, a recent study has shown that
the northeast Baffin Island slope and Baffin Island shelf receives
sediments delivered from the smaller Baffin Island ice streams,
whereas sediment deposition in central Baffin Bay is supplied via
larger ice streams from, for example, Lancaster Sound (Jenner et al.,
2018).
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7. Conclusions

In summary we applied a multi-proxy suite of analyses
including 187Os/188Os, Ca, REE, mixing model, leach experiments
and a new radiocarbon calibrationmethod to investigate the timing
and provenance of sediment delivery during BBDC layers from a
core in central Baffin Bay. The results show that radiogenic peaks in
187Os/188Os are highly coincident with BBDC1 and BBDC0 but are
not sourced from the same carbonate rocks as the BBDC layers. High
187Os/188Os values and REE profiles point to a radiogenic, felsic
sediment source. They must therefore originate from the Archean
to Paleoproterozoic aged terranes of central-west Greenland and/or
Baffin Island, but distinguishing between the two sources is diffi-
cult. The physiography of Baffin Bay and surrounding ice streams,
and a previous study using 187Os/188Os around central-west
Greenland (Rooney et al., 2016) indicate that central-west GIS ice
streams were the more likely source of radiogenic material along-
side the carbonate material in BBDC layers.

Additionally, we use a new, updated method for calibration of
radiocarbon dates taken from marine polar latitudes, taking into
account the difficulties of reservoir correction in these localities.
Through this we can provide new age constraints for BBDC1 of
14.1e13.0 cal ka BP, and BBDC0 of 12.0e10.9 cal ka BP. Both BBDC
layers are now contemporaneous with relatively warmer climates
as BBDC1 is coincident with the Bølling-Allerød interstadial and
BBDC0 is coincident with the warming and recovery from the
Younger Dryas cold period. It is likely that the Ca and radiogenic
187Os/188Os rich sediments of BBDC1 are a response to break up of
an ice shelf covering northern Baffin Bay and subsequent acceler-
ation of ice streams and sediment flux from Lancaster Sound and
the GIS. The Ca and radiogenic 187Os/188Os rich sediments of BBDC0
are most likely the result of the subsequent warming and recovery
from the Younger Dryas cold period causing increased iceberg
discharge and sediment delivery from ice streams on the shelf.
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