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a b s t r a c t

Understanding the history of continental ice-sheet growth on North America, and in particular that of the
Laurentide Ice Sheet (LIS), is important for palaeoclimate and sea-level reconstructions. Information on
ice-sheet extent pre-dating the Last Glacial Maximum (LGM) is heavily reliant, though, on the outputs of
numerical models underpinned by scant geological data. Important aspects of LIS history that remain
unresolved include the timing of its collapse during Termination 2, the first time that it expanded
significantly during the Last Glacial Cycle, and whether its volume was significantly reduced during
marine isotope stage (MIS) 3. To address these issues and more, we present authigenic iron-manganese
(FeeMn) oxyhydroxide-derived high-resolution records of Pb isotope data and associated rare earth
element profiles for samples spanning the past ~130 kyr from northwest North Atlantic Labrador Sea,
IODP Site U1302/3. We use these new data to track chemical weathering intensity and solute flux to the
Labrador Sea associated with LIS extent on the adjacent highly radiogenic (high Pb isotope composition)
North American Superior Province (SP) craton since the Penultimate Glacial Maximum (PGM). Our new
records show that relatively high (radiogenic) values characterise warm marine isotope stages (MIS) 5, 3
and 1 and the lowest (most unradiogenic) values occurred during cold stages MIS 6, 4 and 2. The
radiogenic Pb isotope excursion associated with Termination 2 is short-lived relative to the one docu-
mented for Termination 1, suggesting that LIS retreat during the PGM was relatively fast compared to the
LGM and that its collapse during the last interglacial occurred ~125 ka. Highly radiogenic inputs to the
Labrador Sea during MIS 5d-a, ~116e71 ka, most likely reflect a spin-up in Labrador Current vigour,
incipient glaciation and renewed glacial erosion of high grounds of the eastern SP craton by localised
wet-based ice-caps. A large decrease in Pb isotope values towards unradiogenic LGM-like compositions
between ~75e65 ka across the MIS 5/4 transition likely reflects a slow-down in Labrador Current vigour,
an increase in subaerial deposition of aeolian dust and a significant advance of the LIS across Hudson Bay
caused a strong reduction or even abandonment of Pb sourcing from the SP. The relatively radiogenic Pb
isotope composition of bottom-waters bathing our study site during MIS 3, 57e29 ka, is unlikely to
support a recently proposed major reduction in LIS extent for this time. Instead, we argue these values
are better explained by southern Greenland Ice Sheet retreat, increased chemical weathering of the
Ketelidian Mobile Belt and subsequent Pb runoff from Greenland.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
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1. Introduction

The growth and decay of continental ice sheets has resulted in
major fluctuations in global sea-level during the Quaternary
(Rohling et al., 2014). Accurate reconstructions of past ice-sheet
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extent are necessary to understand the cause and timing of glacial
terminations, rates of sea-level change and ice-sheet-ocean-
atmosphere interactions. Knowledge of where ice-sheets grew
during past glacials facilitates a firmer understanding of factors that
drive their mass balance (e.g., astronomical cycles, atmospheric
pCO2 and associated feedbacks) and is also required to correct
interglacial sea-level reconstructions accurately for glacial isostatic
adjustment (GIA; so crustal loading and unloading) when ice-
sheets grow or melt (e.g., Dendy et al., 2017). Yet we have only a
rudimentary understanding of northern hemisphere continental
ice-sheet histories prior to the Last Glacial Maximum (LGM),
especially for the largest of these ice sheets, the North American Ice
Sheet complex.

It has been shown that GIA-based corrections of Last Interglacial
(MIS 5e, ~129e116 ka) sea-level records are highly sensitive to
uncertainties in the distribution of Northern Hemisphere ice-sheets
during preceding glacial maxima to the order of up to ~5 m (Dendy
et al., 2017; Dwyer et al., 2021), a figure equivalent to the lower-end
estimate and range of sea-level rise reported for this interglacial
(þ6.6 ± 2 m; Kopp et al., 2013; Hibbert et al., 2016). Yet GIA models
used to correct MIS 5e records for such factors mainly assume LGM
ice-sheet distributions and volumes for the Northern Hemisphere
during the PGM (~155e140 ka) and older glacial maxima (Dendy
et al., 2017). Multiple lines of indirect evidence suggest, however,
that the North American Ice Sheet complex during the PGM may
have been considerably smaller than its LGM counterpart (e.g.,
Potter and Lambeck, 2003; Svendsen et al., 2004; Rabineau et al.,
2006; Colleoni et al., 2011, 2016; Wainer et al., 2017; Rohling
et al., 2017). Uncertainty in our knowledge of the North American
Ice Sheet complex history is not just restricted to the PGM and older
times. Our understanding, for instance, of when a large North
American Ice Sheet Complex first grew during the Last Glacial Cycle
(LGC) is poorly constrained by empirical data (compare Batchelor
et al. (2019) to Pico et al. (2017)).

Considerable debate also exists about the extent of North
American Ice Sheet complex reduction during the LGC warm
interstadial MIS 3, ~29e57 ka (e.g., Pico et al., 2017; Dalton et al.,
2019; Miller and Andrews, 2019; Gowan et al., 2021; Kerr et al.,
2021). Uncertainty in MIS 3 ice-sheet extent is rooted in the spar-
sity of well dated terrestrial glaciomorphological evidence of pre-
LGM age (e.g., Miller and Andrews, 2019). Much of our knowledge
of the history of the North American Ice Sheet complex prior to the
LGM is thus reliant on either numerical modelling experiments
(e.g., Lambeck et al., 2006, 2010, 2017; Abe-Ouchi et al., 2013; de
Boer et al., 2014; Colleoni et al., 2016) or indirect sedimentolog-
ical evidence from glacially-derived terrigenous sediments depos-
ited in marine ice-proximal Quaternary settings (e.g., Hemming,
2004; Hodell et al., 2008; Bailey et al., 2013; Lang et al., 2014).
One proxy that has great potential to reveal important new insights
into these issues is the Pb isotope composition of oceanic waters
recorded in the FeeMn oxyhydroxide fraction of marine sediments.
Owing to the particle-reactive nature and short seawater residence
time of Pb (20e30 years), the Pb isotope compositions of authigenic
FeeMn oxyhydroxides have been proposed to track regional
weathering intensity and solute flux associated with glacial extent
on adjacent continental landmasses (e.g., Crocket et al., 2012; Foster
and Vance, 2006; Gutjahr et al., 2009; Kurzweil et al., 2010; Süfke
et al., 2022). A short Pb isotope record from Integrated Ocean
Drilling Program (IODP) Site U1302/3, recovered from North
Atlantic Orphan Knoll proximal to northeast America, is most
unradiogenic (so is characterised by its lowest 206Pb/204Pb,
207Pb/204Pb and 208Pb/204Pb) during the LGM and becomes more
radiogenic (so increases) in response to increased continental
chemical weathering of highly reactive glacial debris as the Lau-
rentide Ice Sheet (LIS) retreated in the Hudson Bay region of
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northeast North America during the last deglacial (Crocket et al.,
2012). Yet, this record, and other available North American-
proximal Pb isotope FeeMn oxyhydroxide datasets (e.g., Gutjahr
et al., 2009; Kurzweil et al., 2010; Süfke et al., 2022) are currently
temporally limited to the past ~37 kyr.

To improve our understanding of LIS extent over the past ~130
kyr, we present new authigenic FeeMn oxyhydroxide-derived Pb
isotope and rare earth element profiles of 87 samples from IODP
Site U1302/3 reaching back to MIS 6. We examine the history of
change in this new Pb isotope record and discuss the significance of
its variability over this time in terms of LIS evolution.

2. Background

2.1. How are changes in FeeMn oxyhydroxide-derived Pb isotope
ratios from site U1302/3 related to changes in ice-sheet extent on
North America?

The Pb isotope composition of seawater bathing Orphan Knoll in
the geological past was controlled by input from threemain sources
e the Mid Atlantic Ridge, the adjacent continents through chemical
weathering and runoff and dust generation and its subaerial
deposition in the Labrador Sea (Frank, 2002; Klemm et al., 2007).
Given the high particle reactivity of Pb (Henderson and Maier-
Reimer, 2002), an influence from chemical weathering and runoff
of continental landmasses further afield than North America and
Greenland seems unlikely for this region of the North Atlantic
Ocean.

The Pb isotope composition of seawater can be determined by
analysing the authigenic fraction of marine sediments. Lead has
four naturally occurring isotopes. Three of these (206Pb, 207Pb 208Pb)
are the radiogenic daughter products of 238U (t1/2 ¼ 4.5 Ga; 206Pb),
235U (t1/2 ¼ 704 Ma; 207Pb), or 232Th (t1/2 ¼ 14 Ga; 208Pb) respec-
tively, while the other one (204Pb) is a stable isotope. In our study
we focused on using 206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb ratios
to track the Pb isotope composition of seawater bathing our study
site. Due to the origin of the numerator isotope from U and Th
decay, relatively high values for these ratios are described as being
radiogenic, whereas low isotopic ratios are described as unradio-
genic. Crocket et al. (2012) proposed that the relatively unradio-
genic Pb isotope values bathing U1302/3 during LGM (~19.2
206Pb/204Pb) predominantly reflect a reduction in North American
chemical weathering and runoff under a spatially extensive LIS and
a dominance of a dust and Mid-Atlantic Ridge Pb isotope signal.
They further argue that the subsequent trend towards more
radiogenic values from ~19 ka records increased continental
weathering intensity on these landmasses as well as increased
runoff during Termination 1 as these ice sheets retreated under a
warming climate. The peak radiogenic values obtained during the
early Holocene (~8 ka, ~20.3 206Pb/204Pb) are attributed by these
authors to incongruent weathering of highly reactive weakly
chemically altered glacial debris exposed following ice-sheet
retreat. In this model, the decay towards unradiogenic values of
~19.6 206Pb/204Pb from ~7 ka is suggested to reflect a reduction in
weathering intensity and release of unradiogenic Pb as the expo-
sure age of this glacial debris increased and its supply was dimin-
ished (see also Harlavan et al., 1998; Foster and Vance, 2006).
Crocket et al. (2012) argued that incongruent weathering processes
must have a major control on the Pb isotopic composition of
seawater bathing U1302/3 over the past ~37 ka because the values
recorded are much too radiogenic to be controlled by regional
variations in the chemical weathering of continental crust. This
assertion is based on two observations: (1) the Pb isotope compo-
sition of U1302/3 detrital sediments, which may provide a well-
mixed measure of the bulk composition of the potential
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weathering source(s) from the adjacent continents, is much less
radiogenic (~16e17 206Pb/204Pb) than the seawater signal (~19e21
206Pb/204Pb); and (2) a lack of co-variance exists between authi-
genic and detrital Pb isotope ratios at this site (Crocket et al., 2012).

Blaser et al. (2020) suggest, however, that the Pb isotope
composition of detrital sediments at U1302/3 is much less radio-
genic than the authigenic record because outside of Heinrich (H)
events the authigenic radiogenic Pb signal recorded at Orphan
Knoll must be dominated by dissolved and colloidal transport and
subsequent scavenging into deep water and not terrigenous inputs.
Recent laboratory experiments and observations from an enclosed
Alpine lake challenge the notion that incongruent weathering can
account for highly radiogenic Pb isotope ratios reported for U1302/
3 during Termination (T) 1 and the early Holocene (see Dausmann
et al., 2019; Süfke et al., 2019). Any incongruent weathering signal
may take tens of thousands of years to decay (Harlavan et al., 1998;
Süfke et al., 2019), which does not match the timescale of change
observed during the Holocene at Orphan Knoll (~5 kyr) and else-
where (e.g., Süfke et al., 2019). Instead, Blaser et al. (2020) argue
that changing provenance may be a key factor. In other words, the
Pb isotope signal at Orphan Knoll could also be generated by con-
tinental runoff transporting a congruent chemical weathering
signal to the Labrador Sea and NWAtlantic. Through reference to a
compilation of whole-rock Pb isotope data for circum-North
Atlantic cratons assembled by Fagel et al. (2002), they suggest
that the only regional continental source with Pb isotope ratios
high enough to explain the variability in the U1302/3 Pb isotope
record is the Superior Province (SP) of the Canadian Shield (mean
206Pb/204Pb ¼ 25.7, median 206Pb/204Pb ¼ 22.7; Table 1). During the
LGM, the SP formed a central part of the foundation of the LIS south
and east of Hudson Bay (Figs. 1 and 2). Today, the dissolved trans-
port products of SP craton continental runoff are routed to the
Labrador Sea through Hudson Bay and its straits (see hatched area
in Fig. 1). This source area of Pb would have been significantly
diminished, however, when Hudson Straits was cut off from the
Labrador Sea by advance of the LIS in northeast North America
during the LGM, resulting in relatively unradiogenic seawater Pb
isotope ratios at Site U1302/3. In this interpretation, the most
radiogenic ratios characteristic of bottom waters bathing U1302/3
during T1 and the early Holocene are attributed to enhanced supply
of dissolved and colloidal radiogenic weathered material from the
SP craton exposed following LIS retreat (Blaser et al., 2020).

2.2. Updating our understanding of the isotope composition of
regional sources of Pb runoff to the Labrador Sea

We followed Innocent et al. (1997) and Fagel et al. (1999; 2002,
2004, 2011) in using the mean and median of available whole-rock
Pb isotope data to define regional source end-members of Pb runoff
from North American and Greenland to the Labrador Sea. We used
this approach because we want to compare authigenic Pb isotope
data from U1302/3 to estimates of the average weathering signal of
regional sources. The mean and median are twoways of estimating
this average and the degree of disparity or agreement between
them can be used as a first-order-estimate of uncertainty in our
understanding of each end-member's average Pb isotope compo-
sition (Fagel et al., 2002). Our update to the Fagel et al. (2002)
whole-rock Pb isotope compilation (Table 1) refines, however, our
understanding of the potential role that changes in Pb provenance
may have played in influencing variability in the Pb isotope
composition of Orphan Knoll seawater during the LGC.

The heterogenous composition of SP geology reflects its origin
as an accretionary orogen composed of many geologically distinct
continental and oceanic terranes (Percival, 2007; 2012). The highly
radiogenic Pb isotope signal for SP bedrock reported by Fagel et al.
3

(2002) is based onwhole-rock records from its southeastern Abitibi
Subprovince (Gariepy and Allegre, 1985; Vervoort et al., 1993) - a
greenstone-granite belt that has an oceanic-arc origin (Thurston
et al., 1991) and is rich in gold and massive sulphide deposits
(Mathieu et al., 2020). We lack whole-rock Pb isotope records from
most subprovinces of the SP. An examination, though of those that
are available for its western and central regions (from the Abitibi,
Wawa and Wabigoon subprovinces and Minnesota River Valley
terrane) highlights the following: (1) A broad region of the south-
ern SP is on average highly radiogenic (206Pb/204Pb mean ¼ ~22.7;
median ¼ ~19.4) in comparison to other North American and
Greenland cratonic bedrock, but the SP as a whole is unlikely to be
as radiogenic as the Abitibi Greenstone Belt (Fig. 2; 206Pb/204Pb
mean ¼ ~25.7; median ¼ ~22.7); (2) The average Pb isotope
weathering signal of other SP greenstone belts with oceanic-arc
affinities (e.g., the western Wabigoon terrane and Wawa Sub-
province; see those sectors of the SP highlighted green in Fig. S1)
may be as radiogenic as the Abitibi (Table 1; 206Pb/204Pb
mean ¼ ~29.6; median ¼ ~20.4 and 206Pb/204Pb mean ¼ ~21.1;
median ¼ ~17.5).

Based on the available evidence, it therefore seems likely that
changes in the provenance of Pb runoff could be responsible for at
least a portion of the LGM-Holocene radiogenic trend in the Pb
isotopic composition of the authigenic FeeMn oxyhydroxide frac-
tion of Orphan Knoll sediments. By the same token, it is not clear
whether chemical weathering of the Abitibi Greenstone Belt alone
could be solely responsible for the most radiogenic early Holocene
Pb isotope values reported by Crocket et al. (2012) for our study site.
This is because the drainage basins that sample this region of the SP
(and host the Nottaway, Harricana, Moose and Albany rivers of
Quebec and Ontario) are responsible for only ~22% of modern
annual freshwater river discharge to Hudson Bay (D�ery et al.,
2011)). Yet over 60% of river discharge into Hudson Bay comes
from catchment areas that exclusively drain the SP (D�ery et al.,
2011). It is possible that SP runoff took a different route to the
Labrador Sea during the last deglacial. SP runoff into Hudson Bay
during T1 would have been restricted by the Hudson Bay Ice Saddle
until ~8.1 ka (Dalton et al., 2020). Alternatively, isostatic rebound of
North America during T1 could have altered geomorphologic gra-
dients and re-routed SP runoff more directly eastwards into the
Labrador Sea. A better appreciation of the magnitude of the role
that changes in Pb provenance plays in setting the Pb isotope
composition of bottom-waters bathing Orphan Knoll awaits the
generation of whole-rock Pb isotope data from awider region of the
SP than is currently available, especially for its greenstone-granite
belts with oceanic affinity and similar ore-deposit compositions
to the Abitibi Subprovince (see those sectors highlighted green in
Fig. S1). In the meanwhile, we discuss the potential role of both Pb
provenance and incongruent chemical weathering in driving any
radiogenic trends in our datasets.

2.3. Penultimate Glacial Maximum and Last Glacial Cycle ice sheet
reconstructions of the Laurentide Ice Sheet

Global sea-level change is a primary indicator of global ice
volume and is reasonably well constrained for the past ~130 kyr by
data from fossil corals (e.g., Deschamps et al., 2012; Hibbert et al.,
2016), submerged speleothems (e.g., Bard et al., 2002; Dorale
et al., 2010; Antonioli et al., 2021), planktic foraminiferal d18O
from restricted basins (e.g., Grant et al., 2014) and benthic fora-
miniferal d18O (e.g., Elderfield et al., 2012), albeit with well-known
caveats (e.g., Skinner and Shackleton, 2005; Lisiecki and Raymo,
2009). The history of the individual continental ice-sheets that
determines the changes in global sea-level that these records
monitor is, however, much less well constrained.



Table 1
Average Pb isotope signature of regional end-members.

Regional source end members Variable 206Pb/204Pb 207Pb/204Pb 2068 b/204Pb Data Sources

Superior Province (SP) Number of data 200 1e9
Mean 22.724 16.305 42.096
Median 19.432 15.780 39.381

Abitibi Subprovince (SP) Number of data 55 1e2
(Greenstone Belt) Mean 25.700 16.999 44.524

Median 22.719 16.226 42.831
Wawa Subprovince (SP) Number of data 62 3e4
(Greenstone Belt) Mean 21.132 16.136 40.684

Median 17.532 15.572 37.519
Western Wabigoon terrane (SP) Number of data 25 5e6
(Greenstone Belt) Mean 29.576 17.636 48.989

Median 20.374 15.842 40.357
Minnesota River Valley terrane (SP) Number of data 2 9

Mean 18.464 15.799 42.165
Median 18.464 15.799 42.165

Churchill Province Number of data 24 4, 10e11
Mean 16.495 15.334 36.667
Median 16.664 15.303 36.290

Nain Province Number of data 49 12e14
Mean 15.078 14.731 35.517
Median 14.697 14.593 35.619

Grenville Number of data 185 14e17
Mean 17.463 15.483 37.526
Median 17.433 15.521 37.232

Ketilidian Mobile Belt Number of data 76 18e19
Mean 20.670 15.584 38.765
Median 20.252 15.555 38.312

Archean Block Number of data 316 19e24
Mean 14.543 14.475 35.584
Median 14.016 14.440 34.527

Nagssugtoqidian Mobile Belt Number of data 223 25e28
Mean 17.220 15.278 38.259
Median 16.571 15.260 37.014

East Caledonides Number of data 12 29e32
Mean 17.538 15.314 38.620
Median 17.960 15.439 38.630

Paleogene Volcanics Number of data 81 33e38
Mean 17.710 15.331 37.861
Median 18.025 15.401 38.010

North American aeolian dust Number of data 52 39e40
Mean 18.865 15.655 38.907
Median 18.880 15.655 39.053

Here, we follow Innocent et al. (1997) and Fagel et al. (1999; 2002, 2004, 2011) in using the mean and median of whole-rock data to define the Pb isotope composition of
regional source end-members (see Fig. 2 and Figs. S4-16). This approach provides us with two estimates of the average weathering Pb isotope signal of each source based on
the available whole-rock data. The degree of disparity between themean and themedian can be used as a first-order estimate of uncertainty in our understanding of each end-
member's average Pb isotope composition. The true average composition for each source likely falls somewhere between these two parameters. Data sources: (1) Gariepy and
Allegre (1985); (2) Vervoort et al. (1993); (3) Smith (1988); (4) Thorpe (2008); (5) Wu et al. (2016); (6)Foland (1982); (7) Richardson et al. (2005); (8) Stevenson et al. (1999);
(9) Doe and Delevaux (1980); (10) Peterson et al. (1994); (11) Thorpe (1982); (12) Baadsgaard et al. (1979); (13) Schiøtte et al. (1993); (14) Ashwal et al. (1986); (15) Scharer
(1991); (16) Arcuri and Dickin (2018); (17) Sinha et al. (1996); (18) Kalsbeek and Taylor (1985); (19) Taylor and Upton (1993); (20) Moorbath et al. (1981); (21) Taylor et al.
(1992); (22) Taylor et al. (1984); (23) Taylor et al. (1980); (24) Baadsgaard et al. (1986); (25) Kalsbeek et al. (1984); (26) Kalsbeek et al. (1988); (27) Kalsbeek et al. (1987); (28)
Kalsbeek et al. (1993); (29) Hansen and Friderichsen (1989); (30) Thrane (2004); (31) Jensen (1994); (32) Ellam and Stuart (2000); (33) Andreasen et al. (2004); (34) Barker
et al. (2006); (35) Hansen and Nielsen (1999); (36) Farmer et al. (2003); (37) Saunders et al. (1999); (38) Holm (1988); (39) Jardine et al. (2021); (40) Aleinikoff et al. (2009).
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The LIS was the largest continental ice-sheet in the northern
hemisphere at the LGM. Its spatial extent at that time is widely
documented by glaciomorphological evidence (e.g., Dyke et al.,
2002) and inverse modelling (e.g., Lambeck et al., 2014). Our un-
derstanding of the evolution of its spatial extent prior to the LGM is,
nevertheless, rudimentary (Ehlers et al., 2011). In this study, we
focus on reconstructing LIS history prior to the LGM and as far back
asMIS 6. Limited terrestrial glaciomorphological evidence exists for
LIS extent for this time because any evidence would likely have
been destroyed during its Last Glacial advance and what remains is
challenging to date. Instead, most inferences of LIS evolution prior
to the LGM are based on numerical models underpinned, where
available, by scant empirical data (e.g., Colleoni et al., 2016; Stokes
et al., 2012). This combined approach forms the basis of a recent
4

synthesis by Batchelor et al. (2019) that arguably provides our
current best constraints on pre-LGM ice sheet configurations in
terms of a ‘minimum’, ‘maximum’ and ‘best-estimate’ for LIS ex-
tents for all isotope stages. Herewe test these estimates for the past
~130 kyr, alongside insights provided by selected subsequently
published research (e.g., Dalton et al., 2019; Kerr et al., 2021) using
our new Pb isotope data (Figs. 3 and 4). We focus on reconstructing
chemical weathering and runoff flux of North American bedrock
adjacent to Hudson Bay because they underly a key sector of the LIS
that is home to the biggest ice-stream of the Last Glacial (the
Hudson Bay Ice Stream) and freshwater runoff from these land-
masses represents the dominant source today of dissolved Pb that
is ultimately routed to our study site via the Labrador Current.



Fig. 1. Map showing location of IODP Site U1302/3 and other sites discussed in the text, and relevant surrounding cratonic (bedrock) geology. Geology of North America and
Greenland redrawn from Reed et al. (2005) and White et al. (2016). Grey hatched region denotes modern area of watershed drainage into Hudson Bay and its straits (Natural
Resources Canada, 2006). Arrows denote paths of key modern deep (solid grey) and surface (dashed grey) ocean currents relevant to this study (redrawn from Blake-Mizen
et al., 2019). GIS ¼ Greenland Ice Sheet. ISOW ¼ Iceland-Scotland Overflow Water. DSOW ¼ Denmark-Scotland Overflow Water. NEADW ¼ Northeast Atlantic Deep Water.
WBUC ¼ Western Boundary Undercurrent. LC ¼ Labrador Current. LSW ¼ Labrador Sea Water. NADW ¼ North Atlantic Deep Water. WGC ¼ West Greenland Current. EGC ¼ East
Greenland Current.
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3. Methods

3.1. Site description, sampling and age model

IODP Site U1302 (50� 100N, 45� 38.30W, water depth: 3560 m)
and Site U1303 (50� 12.40N, 45�41.20W, water depth: 3520 m) are
located on the SE flank of Orphan Knoll within the Labrador Sea,
proximal to the coast of Newfoundland (Channell et al., 2006). They
are positioned on a rise between two canyons that help to protect
these sites from debrite and turbidite deposition by funnelling
gravity flows down slope (Aksu and Hiscott, 1992). They are only ~3
nautical miles apart and have remarkably similar sedimentology
(Expedition 303 Scientists et al., 2006). The similarity of strata
between the two sites permitted the creation of a continuously
spliced composite record using both sites based on correlation of
physical property data down to 104 m composite depth (mcd;
Expedition 303 Scientists et al., 2006).

To extend the previously published record of the Pb isotopic
composition of the FeeMn oxyhydroxide fraction of sediments
deposited at Site U1302/3 spanning the last ~37 kyr (Crocket et al.,
2012) back to ~130 ka (MIS 3e6), 5-cc samples were taken every
10e50 cm (83 in total) between 0.45 and 23.38 mcd. The same
samples were also used to determine the elemental concentrations
of the seawater derived FeeMn oxyhydroxide fraction. A subset of
these samples (n ¼ 18) were used to determine the Pb isotope
composition and elemental composition of the detrital fraction. A
further four samples were taken between 0.45 and 4.71 mcd to
5

evaluate the reproducibility of our new datawith those reported by
Crocket et al. (2012). Highly radiogenic Pb isotope excursions in
authigenic FeeMn oxyhydroxide data derived from detrital car-
bonate (Heinrich) layers deposited at Site U1302/3 are suggested to
represent exceptionally high inputs of detrital particles containing
a “pre-formed” coating sourced from Hudson Bay during destabi-
lisation of the LIS (Crocket et al., 2012). Not all past episodes of
enhanced detrital inputs to the Labrador Sea are expressed in the
Site U1302/3 stratigraphy by clear sedimentological layers. Because
we are only interested in the evolution of seawater Pb isotope
compositions in the Labrador Sea over the past ~130 kyr, we
therefore used the XRF-derived detrital-layer stratigraphy for Site
U1302/3 (Channell et al., 2012) to minimise sampling the pre-
formed signal of the detrital carbonate layers.

The age model for our record was generated by Channell et al.
(2012), based on matching relative palaeointensity (RPI) and d18O
data from Neogloboquadrina pachyderma (sin.) to the PSIO-1500 RPI
stack (Channell et al., 2009) and the LR04 benthic d18O stack
(Lisiecki and Raymo, 2005). The detrital layer stratigraphy for our
study site (Channell et al., 2012) also permits confident correlation
of our datasets to those of other North Atlantic marine cores where
Heinrich event iceberg rafting events have been identified.
3.2. Pb isotope analysis

All sample processing and laboratory analyses were conducted
at the School of Ocean and Earth Science, University of



Fig. 2. The Pb isotope composition of cratonic bedrock adjacent to Orphan Knoll Site
U1302/3: (A) 206Pb/204Pb versus 207Pb/204Pb and (B) 206Pb/204Pb versus 207Pb/204Pb.
Based on a whole rock data compilation by Fagel et al. (2002), supplemented by
additional datasets (see Table 1, Figs S4-16). The Pb isotopic composition of the
authigenic FeeMn oxyhydroxide fraction of U1302/3 sediments is also shown for the
late Holocene (green circles), Termination 1 (purple circles), MIS 3 (blue circles), MIS
5d-a (red circles), Termination 2 (yellow circles) and MIS 4, 2 (orange circles). See Fig. 1
for craton locations. We defined the average weathering Pb isotope signal of each
source following Innocent et al. (1997) and Fagel et al. (1999; 2002, 2004, 2011) by
using the mean and median of the whole-rock data available for each craton. The
degree of disparity between the mean and the median can be used as a first-order
estimate of uncertainty in our understanding of each end-member's average Pb
isotope composition. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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Southampton. We extracted Pb from the authigenic FeeMn oxy-
hydroxide fraction in sediments of each sample closely following
Blaser et al. (2016). Briefly, between 25 and 30 mg of dried,
homogenised sediment was washed with ultra-pure water
(18.2 MU) for 20 min on a vertical tube rotator, centrifuged at
3200 rpm for 7 min and decanted. The samples were then exposed
to a leaching solution to extract only the seawater derived FeeMn
oxyhydroxide fraction of sediment. The leaching solution (here-
after HH-leach) was a mixture of 3 mM Na-EDTA, 5 mM
hydroxylamine-hydrochloride, 1.5% acetic acid and buffered to pH 4
using 0.04 M NaOH. Following addition of 10 ml HH-leach, samples
were resuspended using a vortex mixer, degassed to release any
carbon dioxide from carbonate dissolution and placed on a vertical
tube rotator for 20 min to ensure all sediment was exposed to the
6

reductive complexing solution. Samples were further centrifuged at
3200 rpm for 7 min and the solution pipetted into vials and pre-
pared for analysis.

To ensure 200 ng of Pb was obtained for column chemistry, an
aliquot of each leached solution was screened on a Thermo Scien-
tific X-Series 2 ICP-MS. Based on the Pb concentration obtained
through the above screening, an aliquot of leached solution was
evaporated to dryness in Teflon pots, followed by the addition of
0.5 ml concentrated HNO3 and left overnight on a hot plate at
130 �C to react. The samples were left to evaporate to dryness fol-
lowed by the addition of 0.5 ml 0.5 M HBr and left on a hotplate at
130 �C for at least 1 h. The Pb fraction was separated from the
matrix using EichromAG1-X8 200e400mesh anion exchange resin
(Strelow, 1978). The resultant aliquots were screened on a Thermo
Scientific X-Series 2 ICP-MS to measure the Pb concentration to
allow accurate spiking for isotope analysis.

To confirm that the above procedure was successful at extract-
ing a seawater Pb signal, 30 of the same samples spanning the re-
cord were analysed for detrital (residual fraction) Pb isotopes.
Samples were exposed to a second HH-leach with 10 � solution
strength for 24 h on a vertical tube rotator to ensure complete
removal of FeeMn oxyhydroxides following Gutjahr et al. (2007).
The samples were then centrifuged, decanted, washed in Milli-Q
water and decanted again. After drying, 100 mg of homogenised
sediment was weighed into Teflon pots and subject to 3 ml aqua
regia overnight to remove organic compounds, evaporated to dry-
ness and redissolved in concentrated HNO3. The remaining silicates
were digested in 2 ml of HF for 48 h at 130 �C. Finally, HClO4 was
added and left overnight at 130 �C. Once dried, a few drops of 6 M
HCl were added for 24 h at 130 �C, dried and repeated. Stock so-
lutions were comprised of the sample, ~10 ml 6 M HCl and Milli-Q.
These detrital fraction solutions were prepared for column chem-
istry following the same procedure as outlined above for the
FeeMn oxyhydroxide fraction solutions.

Pb isotope ratios were measured using a Thermo Neptune MC-
ICP-MS, after the samples were diluted with 3% HNO3 to obtain
~20 ng/ml of Pb. A double spike run for each sample was used to
correct for instrumental mass fractionation where the 207Pbe204Pb
SBL74 spike (Taylor et al., 2015) was added such that 204Pbsam-

ple/204Pbspike was 0.09 ± 0.03. Procedural blanks for FeeMn oxy-
hydroxide and detrital fraction samples averaged 0.028 ng (n ¼ 14)
and 0.001 ng Pb (n ¼ 1), respectively with samples being blank-
corrected. Blanks were treated in the same way as sediment sam-
ples to determine possible contamination from reagents and gen-
eral handling. Authigenic Pb masses range from ~36 to 198 ng.
Reproducibility of Pb isotope ratios was estimated based on 17
measurements of the standard SRM NBS 981 run from 2018 to
2020. This analytical period yielded average ratios and un-
certainties at 2s (relative to the values of Baker et al. (2004) as
shown in parentheses): 206Pb/204Pb ¼ 16.9424 ± 0.00044
(16.942 ± 0.00006), 207Pb/204Pb ¼ 15.4982 ± 0.00097
(15.501 ± 0.00006) and 208Pb/204Pb ¼ 36.7182 ± 0.00276
(36.730 ± 0.00019). All accuracies are <1%. To monitor reproduc-
ibility of Pb isotope ratios further, an internal replicate of an
authigenic FeeMn oxyhydroxide sample from IODP Site U1302/3
was measured in every run (n ¼ 5), producing average ratios of
206Pb/204Pb ¼ 19.1946 ± 0.000416 (2s;
variance ¼ 0.0057 ± 0.0008), 207Pb/204Pb ¼ 15.6341 ± 0.000859
(2s; variance ¼ 0.0042 ± 0.0001) and
208Pb/204Pb ¼ 3.5237 ± 0.00205 (2s;
variance ¼ 0.000071 ± 0.0008).

3.3. Rare and trace elements analysis

Trace element concentrations of the FeeMn oxyhydroxide



Fig. 3. Reconstructions of Laurentide Ice Sheet and Greenland Ice Sheet extents following Batchelor et al. (2019). Maximum (black line), minimum (red line) and best-estimate
(blue) ice-sheet extents for: (A) marine isotope stage (MIS) 6 (132e140 ka); (B) MIS 5d/b (108e117; 86e92 ka, respectively); (C) MIS5c/a (92e108; 72e86 ka); (D) MIS 4
(58e72 ka); (E) MIS 3 (29e57 ka) where minimum estimate is at peak warmth (40e45 ka; red line) and maximum estimate achieved following a period of LIS growth (30 ka; black
line); (F) Last Glacial Maximum (26e19 ka). Black cross-hatched area denotes geographical extent of Superior Province craton (Montsion et al., 2018). Red stars highlight location of
IODP Site U1302/3 on Orphan Knoll. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

R.L. Parker, G.L. Foster, M. Gutjahr et al. Quaternary Science Reviews 287 (2022) 107564
fraction stock solutions were also used to evaluate the fidelity of
our seawater Pb isotope data. To generate these data,100 ml aliquots
of the above mentioned stock solutions were dried in Teflon pots,
then concentrated HNO3 was added to remove HH-leach chemicals.
The samples were dried and dissolved in 3% HNO3 spiked with In
(5 ppb), Re (5 ppb) and Be (20 ppb) to achieve a 100 � dilution.
7

Analyses were conducted on the Thermo Scientific X-Series 2 ICP-
MS. Measurements were calibrated using a suite of international
rock standards; JB-1a, JGB-1, BIR-1, BHVO-2, JB-3, JB-2, BCR-2, AGV-
2 that were diluted with 3% HNO3 spiked with In (5 ppb), Re (5 ppb)
and Be (20 ppb) to achieve an ~4000 � dilution for the trace ele-
ments. An additional set of standards were run with



Fig. 4. Reconstructions of Northern Hemisphere ice-sheet extents for marine isotope stage (MIS) 3 (29e57 ka): (A) following Batchelor et al. (2019) where minimum estimate
shown in (A) (red line) is at peak warmth (40e45 ka) and maximum estimate shown (black line) is during a subsequent period of LIS growth (30 ka); (B) peak warmth (40e45 ka)
following Pico et al. (2017), Dalton et al. (2019) and Kerr et al. (2021) where dashed red line is inferred ice extent. Black cross-hatched area denotes geographical extent of Superior
Province (Montsion et al., 2018). Grey circles (n ¼ 35) represent locations of 14C and optically stimulated luminescence geochronological dates of marine and fluvial strata from the
Hudson Bay Lowlands used by Dalton et al. (2016, 2017; 2019) to infer a marine incursion into this area (and its deglaciation) between 52e42 ka. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of this article.)
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~80,000 � dilution for Al and Fe. In-house reference materials
BAS206 and BRR-1 and international reference material JA-2 were
also run after the standards. Long term accuracy of JA-2 relative to
the reference value (Jochum et al., 2016) is better than 5% except for
Cu and Pb which are 6% and 7%, respectively.

Rare earth element (REE) concentrations of the samples were
expressed relative to the REE profile of the Post-Archean Australian
Shale (PAAS), which is a good approximation of the upper conti-
nental crust (Taylor and McLennan, 1985). To characterise REE
patterns, ratios of PAAS-normalised concentrations were used
following Martin et al. (2010) and Blaser et al. (2016, 2019) and
shown in Eqs. (1)e(6):

Light REE: LREE ¼ Lan þ Prn þ Ndn (1)

Heavy REE: HREE ¼ Ern þ Ybn þ Lun (2)

Middle REE: MREE ¼Gdn þ Tbn þ Dyn (3)

REE slope: HREE = LREE (4)

REE bulge: MREE=MREE* ¼ MREE=0:5ðHREE þ LREEÞ (5)

where REEn ¼ ¼ REEsample

.
REEPAAS (6)

4. Results and discussion

4.1. New LGC Pb isotope data from site U1302/3

In Fig. 5 we integrate our new and published data to present the
first high resolution LGC records of authigenic FeeMn
oxyhydroxide-derived Pb isotopes from the subpolar North
Atlantic that spans both the last (T1) and penultimate (T2) de-
glaciations. Comparable values, where overlap exists (for the LGM
to Holocene), between our new data fromOrphan Knoll Site U1302/
3 and those previously published by Crocket et al. (2012) for this
site, confirm the validity of splicing these two records together (see
8

overlap of filled andwhite circles between 37 and 0 ka in Fig. 5cee).
The new longer record from Site U1302/3 confirms the sug-

gestion of Crocket et al. (2012) that the U1302/3 authigenic signal of
sediments deposited at our study site is characterised by short-
lived highly radiogenic excursions during the deposition of
Heinrich-like layers in the Labrador Sea (see Pb data within green
and light yellow vertical bars in Fig. 5cee). However, on orbital
timescales, Pb isotope ratios typically vary between ~19 and 21.5
(206Pb/204Pb), ~15.6 to 16 (207Pb/204Pb) and ~40.5 to 42
(208Pb/204Pb) with relatively radiogenic values occurring during
warm stages MIS 5, 3 and 1, and the least radiogenic values
occurring during cold stages MIS 6, 4 and 2 (Fig. 5cee). While only
the oldest datapoints in our Pb isotope records capture MIS 6, they
suggest that the Pb isotope composition of seawater bathing
U1302/3 during this time was likely just as unradiogenic as during
MIS 4 and 2 (Fig. 5cee). The magnitude of change in Pb isotope
ratios across T2 is comparable to its evolution across T1 (compare
Pb isotope zones b & g to q & i in Fig. 5cee), but this pattern of
change occurs more rapidly across T2 (~7 kyr) vs. T1 (~17 kyr).
Strikingly, from MIS 5d to 5a, ratios become progressively more
radiogenic (from ~19.5e21.7 for 206Pb/204Pb; Pb isotope zone d in
Fig. 5cee; also see Fig. S2). LGM-like values are first recorded
during the LGC in MIS 4 (Pb isotope zone ε in Fig. 5cee) but return
to ratios closest to late Holocene compositions (~19.6 206Pb/204Pb)
during MIS 3 (Pb isotope zone z in Fig. 5cee). By contrast, the
detrital fraction Pb isotope record shows different absolute ratios
(e.g., ~16e18 for 206Pb/204Pb) and contrasting temporal trends to
that recorded by the authigenic records (compare Fig. 5cee to 5fh;
also see Fig. S3).

4.2. Fidelity of the authigenic FeeMn signal from Site U1302/3 as a
record of Labrador Sea seawater Pb isotope composition

To assess the integrity of the seawater Pb isotope record
extracted from the authigenic FeeMn oxyhydroxide sediment
fraction, we employ a series of tests to check for the possible release
of non-seawater-derived Pb from the detrital sediment fraction.
These tests are: (1) examination of detrital and authigenic Pb
isotope trends for evidence of covariance, (2) evaluation of REE data
to identify what material was leached (Haley et al., 2004; Martin



Fig. 5. Pb isotope and d18O records from IODP Site U1302/3 spanning marine isotope stage (MIS) 6e1: (A) Relative sea-level (RSL) record from the Red Sea with data points (blue
crosses), 95% probability interval for the RSL data (dark grey envelope) and 95% probability interval for the probability maximum (light grey envelope; Grant et al., 2012). Also
shown is a benthic foraminiferal-derived RSL record from Ocean Drilling Program Site 1123 (red line; Elderfield et al. (2012)) and the PGM-LGM difference in global sea-level
(horizontal dashed lines); (B) U1302/3 planktic d18O (black line; Hillaire-Marcel et al., 2011) and the LR04 benthic d18O stack (blue line; Lisiecki and Raymo, 2005); Pb isotope
ratios of authigenic FeeMn oxyhydroxides: (C) 206Pb/204Pb; (D) 207Pb/204Pb; (E) 208Pb/204Pb; Pb isotope ratios of detrital sediment fraction: (F) 206Pb/204Pb; (G) 207Pb/204Pb; (H)
208Pb/204Pb ratios of Site U1302/3. “Detrital” refers to the full digestion of the authigenic-free fraction of marine sediment. Solid circles/stars ¼ this study; open circle/stars ¼ Crocket
et al. (2012). MIS cold (warm) stages are shown by vertical light grey (white) bars. Heinrich (detrital) layers preserved in both the Labrador Sea (identified using core-scanning-
derived XRF Ca/Sr ratios by Channell et al. (2012)) and subpolar North Atlantic sediments (Hemming, 2004; Hodell et al., 2008) are shown by labelled vertical light green bars.
Labelled vertical light-yellow bars highlight Heinrich-like detrital layers where deposition was restricted to the Labrador Sea (Channell et al., 2012; Hodell et al., 2008). Star-shaped
symbols denote Pb isotope data from U1302/3 detrital layers. Horizontal dashed lines in (C) (D) and (E) highlight Pb isotopes values at U1302/3 during the late Holocene and Last
Glacial Maximum. Horizontal black bars and arrows in (C) highlight intervals over which we infer enhanced supply of dissolved radiogenic weathered material from the Superior
Province craton exposed following Laurentide Ice Sheet retreat in the Hudson Bay region during Terminations 2 and 1 (data symbols in CE with black outlines). Greek symbols a-i
labelled in (C) correspond to Pb isotope data zones referred to in main text. See Fig. 1 for site locations. (For interpretation of the references to colour in this figure legend, the reader
is referred to the Web version of this article.)
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Fig. 6. Post-Archean Australian shale (PAAS) normalised rare earth element (REE) multi-element plots for paired authigenic FeeMn oxyhydroxide (solid lines) and detrital (dotted
lines) samples deposited at IODP Site U1302/03 during (A) marine isotope stage (MIS) 3, (B) MIS 4, (C) MIS and (D) MIS 6.
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et al., 2010) and, (3) comparison of Al/Nd, Al/Pb and Al/Th ratios of
the authigenic and detrital fractions of our samples and abyssal
ocean FeeMn crusts (Gutjahr et al., 2007).

The absence of any significant covariance between trends in the
authigenic and detrital Pb isotope records (compare panels cee to
fh in Fig. 5; Fig. S3) strongly suggests that detrital sediment
leaching during sample processing does not control temporal
variability in our leachate record. This is confirmed by the presence
of a distinct PAAS-normalised mid-REE (MREE) enrichment in our
leachate samples that is not characteristic of the distribution of REE
in our detrital samples (Fig. 6; Piper, 1974). This MREE enrichment
is somewhat different from water column REE concentration pat-
terns (e.g. Patton et al., 2021) and considered characteristic of
marine pore waters because particulate Fe3þ oxides are reduced
and dissolved in pore waters to release REE scavenged in the water
column (Haley et al., 2004). It has been shown that the REE
signature of HH-extracted leachate seawater signals plots sepa-
rately from that of the residual detrital fraction in cross plots of the
REE slope (HREE/LREE) and MREE bulge (MREE/MREE*) (Haley
10
et al., 2004; Martin et al., 2010). Most of the samples analysed in
this study plot in this region (Fig. 7). Yet some of our MIS 5 authi-
genic data (n ¼ 18 out of 83) encroach on the detrital field (red and
yellow triangles in Fig. 7aeb) consistent with incomplete removal
of oxides, partial leaching of the detrital component during sedi-
ment processing (Martin et al., 2010) or potentially by pore waters
in the sediment pile (i.e., in situ chemical weathering at the seafloor
after deposition; Blaser et al., 2020). The presence of positive Ce
anomalies in some MIS 5 authigenic data may record contributions
of detritally-sourced Ce to the leachate signal (Fig. 6). It may also
reflect highly elevated early-deglacial trace metal input into the
Labrador Sea due to generally highly elevated chemical weathering
rates following the LGM (compare with Vance et al., 2009).

These MIS 5 data are characterised by some of the most radio-
genic Pb isotope values in our records (of ~21.5 206Pb/204Pb;
Fig. 5cee). The general absence of detrital H-layer deposition at
U1302/3 during this interval (green/light yellow bars in Fig. 5) rules
out leaching of preformed radiogenic coatings from sediments
sourced fromHudson Bay for the origin of this signal (Crocket et al.,



Fig. 7. Comparison of PAAS normalised rare earth element (REE) slope (HREE/LREE)
and mid-REE bulge (MREE/MREE*) of detrital sediment samples and their authigenic
FeeMn oxyhydroxides coatings deposited at IODP Site U1302/3 during marine isotope
stages (MIS) 6e1 (0e145 ka). Corresponding 206Pb/204Pb ratios are shown in the bot-
tom panel. Seawater, pore fluids, foraminifera and authigenic phase fields shown are
from Blaser et al. (2020): defined using foraminiferal REE data from core top to Last
Glacial Caribbean, Northwest Atlantic and Equatorial Pacific sediments (purple,
Osborne et al., 2017), seawater data from the eastern subpolar North Atlantic (Crocket
et al., 2018), equatorial Atlantic (Zheng et al., 2016), and the Atlantic sector of the
Southern Ocean (Hathorne et al., 2015), all blue), and pore water data of three sites
from the Oregon margin (green, Abbott et al., 2015b). Northeast Atlantic leaches
comprise Holocene and LGM data from Blaser et al. (2019), generated with the same
leach method used in this study. The curved dashed line defines a potential “authigenic
array” following Du et al. (2016). It is defined by mixing of the most HREE enriched
seawater included with the most MREE enriched diagenetic ferromanganese Nodule
reported by Bau et al. (2014) from Pacific Ocean Clarion-Clipperton Fracture Zone. The
solid black curved lines define a detrital mixing array between Mid Ocean Ridge Ba-
salts (MORB; Gale et al., 2013), Greenland Archean Crust (GAC; Wedepohl et al., 1991),
and Canadian Precambrian shield cratonic rocks (CPS; Shaw et al., 1986) following
Blaser et al. (2020). (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)

R.L. Parker, G.L. Foster, M. Gutjahr et al. Quaternary Science Reviews 287 (2022) 107564
2012). We cannot rule out the possibility that the detrital fraction
itself was partially leached during the processing of our MIS 5
samples but consider it unlikely (see below). The relatively low
MREE/MREE* ratios for many of these samples also suggest in-situ
chemical weathering of sediments (i.e., they encroach on the
detrital field; see red and yellow triangles in Fig. 7aeb& 8b). Blaser
et al. (2020) observed that the Nd isotope composition of the
authigenic fraction of U1302/3 sediments can be modified by
sediment leaching in pore waters at times of enhanced supply of
glacially-eroded materials from Hudson Bay to the Labrador Sea.
While sand-sized IRD deposition on Orphan Knoll is negligible
during MIS 5 (Fig. 8dee), XRF-scanning-derived Ca/Sr-ratios,
11
indicative of Hudson Bay-sourced mud, are regularly high
throughout MIS 5 (Fig. 8a). While we cannot rule out that in-situ
weathering of seafloor sediments occurred at our study site dur-
ing this time, we contend that the 206Pb/204Pb values of ~20.5e21.5
that characterise it must reflect that the Pb isotope composition of
seawater bathing our study site during MIS 5d-a was unusually
radiogenic in the context of the past ~130 kyr. This is because the Pb
isotope composition of the detrital fraction deposited at U1302/3
during MIS 5 is muchmore unradiogenic than the authigenic signal
(by ~3e4 units), so its partial leaching through in-situ weathering
would make seawater and authigenic Pb isotope compositions
more unradiogenic. In-situ weathering would therefore act to mask
a radiogenic seawater signal, not artificially imprint one. Given that
Pb is much more particle-reactive than most REE, we also note that
partial release of terrigenous REE during in-situ weathering at the
seafloor does not necessarily result in the release of comparable
quantities of Pb (Henderson and Maier-Reimer, 2002).

The IRD records from Orphan Knoll leave open the possibility
that the onset of LGM-like unradiogenic authigenic Pb isotope ra-
tios in our new data during MIS 4 was influenced by in-situ pore-
water leaching of old (unradiogenic) cratonic materials delivered to
our study site via iceberg rafting (Fig. 8dee). While we cannot rule
out that in-situ chemical weathering of IRD influenced the Pb
isotope composition of seawater bathing our study site to some
extent during the Last Glacial, we consider it unlikely that it is
responsible for the major trends in our records. The highest
deposition rates (and sediment concentrations) of IRD on Orphan
Knoll occurred during MIS 2 (Fig. 8dee; Zhou et al., 2021), meaning
that if in-situ chemical weathering of IRD controlled the trends in
our authigenic Pb isotope records the values we observe for MIS 4
should be more radiogenic than those reported for the LGM, but
they are not (Fig. 8c). In any case, the Al/Nd, Al/Th and Al/Pb ratio
compositions of the authigenic fraction for all our samples are
closest to those of deep ocean FeeMn crusts that represent a
pristine seawater signal and are significantly lower than the Al/Nd,
Al/Th and Al/Pb ratios of their detrital counterparts (Fig. 9). We
therefore conclude that the major trends in U1302/3 authigenic Pb
isotope data are not dominated by release of Pb from sediments
deposited in the Labrador Sea during the LGC.

4.3. What does the evolution of authigenic Pb isotopes at U1302/3
reveal about Laurentide Ice Sheet extent over the past ~130 kyr?

An increase in (i) physicochemical weathering intensity, (ii)
incongruent weathering of highly reactive weakly-chemically
altered glacial debris on North America (Crocket et al., 2012) and
(iii) enhanced sourcing of weakly-weathered SP radiogenic mate-
rial (Blaser et al., 2020) have been proposed to explain how the Pb
isotope composition of bottomwaters bathing U1302/3 can become
more radiogenic following LIS retreat. Regardless of which of these
mechanism prevail, our new Pb isotope records from U1302/3
provide a way to shed new light on the evolution of the spatial
extent of the LIS back to T2.

4.3.1. MIS 6 and Termination 2 LIS history
The Batchelor et al. (2019) reconstruction for MIS 6 suggests

Hudson Bay was glaciated throughout the PGM, but no accurately
dated empirical data exist that can be used to ground-truth this
suggestion. While only the oldest datapoints in our Pb isotope re-
cords were recovered from the end of MIS 6 according to our RPI-
based age model, they suggest that the Pb isotope composition of
seawater bathing U1302/3 just prior to Termination 2 were just as
unradiogenic as during the LGM at this site (compare Pb isotope
zones a & h in Fig. 5cee; Fig, 10). Our new data therefore suggest
that the spatial footprint of the LIS in Hudson Bay and the degree to



Fig. 8. Palaeoclimate records spanning marine isotope stages (MIS) 6e1: (A) Orphan Knoll IODP Site U1302/3 XRF scanning Ca/Sr ratios (Channell et al., 2012) with late Holocene
and LGM values highlighted by horizontal dashed lines; (B) MREE/MREE* elemental ratios of authigenic FeeMn oxyhydroxides fractions of Site U1302/3 sediments. Data symbols
correspond to those plotted in Fig. 8; (C) Site U1302/3 authigenic FeeMn oxyhydroxides 206Pb/204Pb isotope ratios; (D) IRD concentrations (Zhou et al., 2021) and (E) IRD flux (Zhou
et al., 2021) for Orphan Knoll sediment cores JPC37 (blue) and GVY001 (orange); (F) North American-sourced aeolian dust deposition at IODP Site U1313 (~41�N) as tracked by n-
alkane accumulation rates e the organic fraction of dust (Naafs et al., 2012). Trends in both 206Pb/204Pb and 208Pb/204Pb are consistent with the Pb isotopic composition of North
American aeolian dust. Solid circles/stars ¼ this study; open circles/stars ¼ Crocket et al. (2012). MIS cold (warm) stages highlighted by vertical light grey (white) bars. Heinrich
(detrital) layers preserved in both the Labrador Sea (identified using core-scanning-derived XRF Ca/Sr ratios by Channell et al. (2012) and subpolar North Atlantic sediments
(Hemming, 2004; Hodell et al., 2008) are shown by labelled vertical light green bars. Labelled vertical light-yellow bars highlight Heinrich-like detrital layers where deposition was
restricted to the Labrador Sea (Channell et al., 2012; Hodell et al., 2008). Star-shaped symbols denote Pb isotope data from U1302/3 Heinrich layers. See Fig. 1 for site locations. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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which it suppressed the delivery of weathered Pb from the interior
of North America to Site U1302/3, at least immediately prior to the
end of the PGM, were comparable to that of its LGM counterpart.

The radiogenic peak in the U1302/3 record during the last
deglaciation is argued either to reflect incongruent weathering of
highly reactive weakly-chemically altered glacial debris exposed
following ice-sheet retreat (Crocket et al., 2012) or enhanced
sourcing of weakly-weathered SP radiogenic material exposed
following LIS retreat (Blaser et al., 2020). The overprint of H-layer
deposition during T2 (the ‘so-called’ H11) in our Pb isotope data
partially masks the equivalent weathering and runoff signal for the
MIS 6/5e transition (Pb isotope zone b in Fig. 5cee; Fig.10). There is,
however, no evidence in our records that the radiogenic supply of
Pb from the interior of North America continued beyond ~122 ka.
This is because the Pb isotope values in all our authigenic records
return to compositions observed during the late Holocene by this
time (as recorded at the transition between Pb isotope zones b and
g in Fig. 5c). The restriction of H-layer deposition to the Labrador
Sea during MIS 6 (Naafs et al., 2013; Obrochta et al., 2014) points
towards large differences in ice-mass distribution and ice-stream
dynamics between the PGM and LGM LIS in the Hudson Bay area.
12
The absence of detrital limestone-bearing H-layers in the central
subpolar North Atlantic during MIS 6 has been attributed to a
relatively thin (and therefore less voluminous) LIS that was cold-
based and unable to generate H-events through surging of its
Hudson Bay ice-stream (Obrochta et al., 2014). In this scenario,
physical erosion of the SP terrane would have been reduced during
the PGM relative to the LGM, leaving behind comparatively less-
weakly weathered radiogenic material available to be chemically
weathered following LIS retreat during T2. This may therefore
explain the shorter time over which radiogenic values are a feature
of our record during the MIS 6/5 transition (over no more than ~7
kyr) compared to the last deglaciation (~17 kyr) (compare width of
horizontal black bars in Fig. 5c; Fig. 10).

The relatively short time over which radiogenic values are a
feature of authigenic Pb isotope records during T2 and T1 support
the idea that incongruent weathering did not play a leading role in
changes in the Pb isotope composition of seawater bathing Orphan
Knoll during LIS retreat. This is because it has been shown that any
incongruent weathering signal should take tens of thousands of
years to decay (Harlavan et al., 1998; Süfke et al., 2019), not ~3e5
kyr as we observe at U1302/3 (Fig. 5cee). Furthermore, leaching



Fig. 9. Elemental ratios of: (A) Al/Nd, (B) Al/Pb and (C) Al/Th of leachate (blue) and
detrital sediment (green) fractions from IODP Site U1302/3. Note the log scale of y-axis.
Grey boxes define the range of elemental ratios associated with Atlantic and Pacific
FeeMn crusts (Hein et al., 1999). (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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experiments on granitic rock from the Swiss Alps show that in-
creases in the 208Pb/204Pb ratios of the solute products of incon-
gruent weathering should also lag those in 207Pb/204Pb because the
main source of radiogenic 208Pb (Th-bearing minerals) is more
resistant to dissolution than (U-bearing) mineral sources of 206Pb
and 207Pb (Dausmann et al., 2019; Süfke et al., 2019). Yet, all three
authigenic Pb isotope ratios from U1302/3 increase at the same
time during both T2 and T1 (Fig. 5cee).

Independent reconstructions of LIS extent since the LGM high-
light that while it began to retreat from ~20 ka (and seemingly first
in Long Island Sound, Connecticut), a significant proportion of the
SP was likely to have remained glaciated during T1 until ~12 ka
(e.g., Dalton et al., 2020). If enhanced chemical weathering of SP
craton was responsible for the radiogenic trends in U1302/3
authigenic Pb isotope data during T2 and T1, we might therefore
expect these data to record only the more advanced stages of LIS
retreat. Yet during T1, authigenic Pb isotope values at U1302/3 first
began to increase ~20 ka (Fig. 5cee). This disparitymay highlight an
important role for incongruent weathering in driving changes in
the Pb isotope composition of bottom-waters bathing Orphan Knoll
during the early stages of LIS retreat. Alternatively, the onset of
radiogenic values at U1302/3 from ~20 ka and at ~130 ka during T2
may reflect an increase in microorganism-mediated chemical
weathering of the SP beneath the LIS (cf. Wadham et al., 2010) and
13
its runoff as it shifted from a cold-based to warm-based ice sheet
(cf. Gutjahr et al., 2014). We infer that if there is an incongruent
weathering influence on the Pb isotope composition of seawater
bathing Orphan Knoll during LIS deglaciation its role may have
been subordinate to that of changes in Pb provenance.

The T2 radiogenic spikes in our authigenic Pb isotope records
correlate with the deposition at our study site of a red detrital layer
sourced from Hudson Bay during a glacial outburst flood (Nicholl
et al., 2012). This layer is argued to be the product of extensive
deglaciation of the Hudson Bay region (Nicholl et al., 2012). We
further note that the peak of radiogenic Pb supply to U1302/3
during the early Holocene is also broadly coincident with the final
outburst of glacial Lake Agassiz-Ojibway south of Hudson Bay that
most recent estimates suggest to have occurred between 8.7
(Dalton et al., 2020; Süfke et al., 2022) and 8.15 ka (Brouard et al.,
2021). While these radiogenic spikes in Pb runoff to our study
site cannot provide us with a precise understanding of the regional
history of LIS retreat during T1 and T2, their respective durations
may actually therefore provide us with a stratigraphic marker for
the timing of collapse of the Hudson Bay Ice Saddle (or at least a
likely latest possible date for it). This is argued to have occurred
faster following the PGM than it did following the LGM, and in
response to greater boreal summer insolation forcing (Carlson et al.,
2008).

4.3.2. MIS 5 LIS history
The sudden return to elevated radiogenic Pb isotope values

between ~115 and 75 ka during MIS 5d-a following the start of the
LGC is arguably the most notable feature of our new dataset (Pb
isotope zone d in Fig. 5cee). If a change in Pb provenance is
involved, it cannot be attributed to, e.g., an increase in chemical
weathering of exposed Greenland bedrock (e.g., the Ketilidian
Mobile Belt) due to a diminished Greenland Ice Sheet. This is
because the only circum-North Atlantic bedrock sufficiently
radiogenic to explain these values is the greenstone belts of the SP
(Fig. 2). Numerical ice-sheet modelling also shows that Greenland
Ice Sheet regrowth following MIS 5e would have been relatively
rapid (Kleman et al., 2013; Colleoni et al., 2014). Furthermore, it is
challenging to explain the origin of this highly radiogenic interval
by invoking continued chemical weathering (incongruent or
otherwise) of weakly-chemically altered glacial debris on North
America exposed following PGM LIS retreat because Pb isotope
values recover to late Holocene-like values during the latter half of
MIS 5e (by ~122 ka; compare Pb isotope zones g & i in Fig. 5cee).
This observation shows that the radiogenic weathering signal
sourced from North America during T2 had already been exhaus-
ted. Instead, we consider that twomechanisms acting in concert are
likely responsible for the observed radiogenic increase: (1) MIS 5
Labrador Current invigoration and, (2) incipient LIS glaciation.

The Labrador Current contributes to the transport of dissolved
Pb to U1302/3 and its flow was likely reinvigorated following MIS
5e (Mao et al., 2018). The elevated radiogenic Pb isotope signal that
we observe between ~115 and ~75 ka may therefore reflect a long-
term increase in Labrador Current flow speed. An increase in Lab-
rador Current vigor would supply more Pb from inner parts of the
Labrador Sea that under less vigorous flow rates would not make it
to U1302/3 given the particle-reactive nature and short seawater
residence time of Pb. While our knowledge of Pb isotope compo-
sitions of the SP remain somewhat limited, the highly radiogenic
signal preserved by our records for the MIS 5d-a may itself provide
indirect evidence that SP rocks are on average highly radiogenic.
Numerical modelling by Batchelor et al. (2019) propose that the
high grounds of the SP terrane (the Quebec/Labrador region) were
glaciated during MIS 5. The highly radiogenic values in our records
may therefore also reflect renewed glacial erosion of the SP in high



Fig. 10. The evolution of the Pb isotope composition of authigenic FeeMn oxy-
hydroxides from IODP Site U1302/3 during (A) Termination 2 and (B) Termination 1.
(C) Laurentide Ice Sheet dynamics during Termination 1. Horizontal black bars high-
light the duration of enhanced supply of dissolved radiogenic weathered material from
the Superior Province craton exposed following Laurentide Ice Sheet following the
onset of each termination. Dark grey horizontal bars highlight major evolution of the
Laurentide Ice Sheet, where 1 ¼ Dalton et al. (2020), 2 ¼ Brouard et al. (2021),
3 ¼ Margold et al. (2018), 8 ¼ Dyke et al., 2002. Red layer depicted by red horizontal
bar; 4 ¼ Barber et al. (1999), 5 ¼ Lajeunesse and St-Onge (2008), 6 ¼ Jennings et al.
(2015), 7 ¼ Lochte et al. (2019). Solid circles/stars ¼ this study; open circle/
stars ¼ Crocket et al. (2012). MIS cold (warm) stages are shown by vertical light grey
(white) bars. Heinrich (detrital) layers preserved in both the Labrador Sea (identified
using U1302/3 core-scanning-derived XRF Ca/Sr ratios by Channell et al. (2012) and
subpolar North Atlantic sediments (Hemming, 2004; Hodell et al., 2008) are shown by
labelled vertical light green bars. Labelled vertical light-yellow bars highlight Heinrich-
like detrital layers where deposition was restricted to the Labrador Sea (Channell et al.,
2012; Hodell et al., 2008). Horizontal dashed lines in (A) and (B) highlight Pb isotopes
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regions where glaciation was not extensive enough to prevent
chemical weathering of their glacial outwash products and the
dissolved transport of its signal to the Labrador Sea. The delivery of
such highly radiogenic material to the Labrador Sea would have
been facilitated by Labrador Current invigoration, but also by the
fact that these early glacial ice-caps were wet-based (so were not
frozen to the substrate), which may have resulted in the highest
delivery rates of dissolved SP materials to our study site the past
~130 kyr. If this argument is correct, it implies that both retreating
and expanding continental ice-sheets are capable of facilitating
elevated physicochemical weathering rates and associated runoff
provided they coincide with relatively high precipitation rates as
we might still expect during the relatively warm climate of MIS 5.
We further note that this argument would hold up if the resultant
elevated freshwater runoff at this time did notweaken the Labrador
Current to the extent that it reduced the overall supply of radio-
genic Pb to Orphan Knoll.

4.3.3. MIS 4 LIS history
The pronounced decline in Pb isotope values across theMIS 5a/4

transition from ~20.6 to ~19.3 206Pb/204Pb (Pb isotope zone ε in
Fig. 5c) most likely reflects a decrease in Labrador Current vigour
(Mao et al., 2018). This decline also likely reflects an increase in
deposition of North American-sourced aeolian dust (Fig. 8f), which
has a relatively unradiogenic source signature (Lang et al., 2014;
Jardine et al., 2021, Fig. 2) and a significant reduction in the supply
of weathered Pb from the SP craton as the spatial footprint of the
LIS increased notably for the first time during the LGC. This decline
in Pb isotope ratios is also associated with the first sea-level low-
stand of the LGC (compare panels a and c-e in Fig. 5) so likely
documents a significant advance of the LIS across the SP and
Hudson Bay. The 75 cm (~5.2 kyr) gap in our record spanning
10.05e10.80 mcd prevents us from establishing the exact timing of
LIS advance in Hudson Bay during MIS 4. Regardless, the unradio-
genic trend in our Pb isotope records at this timemost likely reflects
the westward advance of the Quebec-Labrador dome over Hudson
Bay inferred for this time from till fabrics and lineation swarms in
the Hudson Bay Lowlands (Kleman et al., 2010; Gauthier et al.,
2019). Using GIA modelling, Pico et al. (2017) conclude that rela-
tive high MIS 3 sea-level along the US mid-Atlantic is most
consistent with a scenario where the eastern Labrador (Quebec)
sector of the LIS is ice-free between ~80 and 44 ka (MIS 5a toMIS 3).
Our data strongly imply, however, that the eastern LIS expanded
significantly over the SP craton across the MIS 5/4 transition and
that their choice of ice-sheet configuration for MIS 4 in northeast
North America is likely to be incorrect.

4.3.4. MIS 3 LIS history and implications for H-event mechanisms
The subsequent increase in U1302/3 Pb isotope ratios across the

MIS 4/3 transition (e.g., of ~0.3 in 206Pb/204Pb; Pb isotope zone ε in
Fig. 5c) shows that the onset of MIS 3 is associated with increased
delivery of radiogenic Pb to the Labrador Sea relative to MIS 4,
perhaps enhanced by a strengthened Labrador Current (Mao et al.,
2018). Excluding H-events, the values in our 206Pb/204Pb and
208Pb/204Pb records are persistently late Holocene-like (e.g., ~19.5
in 206Pb/204Pb and ~40 in 208Pb/204Pb) throughout MIS 3 (see Figs. 2
and 5) before decreasing towards an LGM unradiogenic minima
(e.g., of ~19.2 206Pb/204Pb and ~39.5 208Pb/204Pb) over ~5 kyr from
~25 ka. These relatively radiogenic MIS 3 values were also recorded
in the Crocket et al. (2012) Pb isotope records for Site U1302/3
between 25 and 37 ka, and have previously been interpreted by
values. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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Blaser et al. (2020) to mean that Hudson Bay was ice-free during
this time.

Widespread deglaciation of Hudson Bay, the Hudson Bay Low-
lands and the eastern Quebec-Labrador-sector of the LIS has also
been hypothesized for MIS 3 by Dalton et al. (2019) based on a new
stratigraphic fraemwork for the Hudson Bay Lowlands and their
synthesis and re-interpretation of late Pleistocene geochronological
data largely assembled by Dyke (2002). If the spatial extent of the
LIS was significantly reduced at this time, we might expect to see
clear evidence of a large spike in radiogenic Pb runoff during the
MIS 4/3 transition (i.e., as is recorded for T2 and T1 at U1302/3,
Fig. 10) in response to an increase in chemical weathering rates
inland on North America. A short-lived radiogenic spike is poten-
tially evident in our Pb isotope records at ~61 ka (see black stars in
Fig. 5cee), but it is much smaller than those associated with our
study site for the last two deglaciations. This observation may
indicate LIS retreat across MIS 4/3 reflects a failed termination of
sorts (see also Schaefer et al., 2015) but the hydrological cycle
remained largely sluggish resulting in a diminished chemical
weathering response in North America, whether incongruent or
otherwise. Yet, the corresponding 207Pb/204Pb isotope ratios of deep
water bathing our study site during MIS 3, which are more unra-
diogenic than their late Holocene counterparts (by ~0.1, Fig. 5d),
may highlight that a different explanation is required.

If the LIS did not retreat markedly during the MIS 4/3 transition
(as argued by, e.g., Miller and Andrews, 2019), the only non-North
American-based regional source that could potentially explain the
Pb isotope composition of the deep-waters bathing our study site
during MIS 3 is the Ketilidian Mobile Belt of southern Greenland
(Fig. 2). West Greenland Ice Sheet retreat during MIS 3 has recently
been inferred from a multi-proxy study of southern Davis Strait
sediments (Siedenkrantz et al., 2019). Our data may therefore
suggest that Greenland Ice Sheet retreat during this time could
have also included the deglaciation and intensification in chemical
weathering of the southern tip of this landmass.

5. Conclusions

We present new high-resolution records of authigenic FeeMn
oxyhydroxide-derived Pb isotopes from Orphan Knoll IODP Site
U1302/3 for the past ~130 kyr. We combine these new records with
previously published Pb isotope data from this site spanning MIS
3e1 (Crocket et al., 2012) to track temporal variability in the input
of Pb sourced from chemical weathering of the adjacent land-
masses and its runoff to the Labrador Sea over the past ~130 kyr,
which we argue predominantly varied as a function of Laurentide
Ice Sheet extent in Hudson Bay.

We propose that the relatively short duration over which
FeeMn authigenic Pb isotope compositions of bottom waters at
U1302/3 during the MIS 6/5e transition are characterised by highly
radiogenic values most likely reflects that Laurentide Ice Sheet
retreat northwards across the Superior Province during Termina-
tion 2 was relatively rapid compared to Termination 1, and in
response to greater boreal summer insolation forcing. The renewed
existence and runoff of radiogenic Pb to the Labrador Sea during
MIS 5d-a is recorded by the highest Pb isotope values in our data,
which we argue most likely reflects invigoration of the Labrador
Current and incipient glaciation and renewed glacial erosion of
high grounds of the eastern Superior Province craton by wet-based
localised ice-caps, most probably in the Quebec/Labrador region.

A subsequent large decrease in Pb isotope values towards
unradiogenic LGM-like compositions between ~75 and 65 ka across
theMIS 5/4 transition reflects an increase in North American glacial
aeolian dust deposition, Labrador Current slow-down and a
reduction in chemical weathering and runoff of Pb from North
15
America due to westward advance of the Laurentide Ice Sheet
across Hudson Bay. The relatively radiogenic Pb isotope composi-
tion of bottom-waters bathing our study site reported by Crocket
et al. (2012) for MIS 3 has previously been argued to reflect that
Laurentide Ice Sheet extent in Hudson Bay was significantly
reduced at this time compared to the Last Glacial Maximum (Blaser
et al., 2019). The relatively unradiogenic composition of authigenic
207Pb/204Pb ratios for our study site during MIS 3 (~0.1 lower)
relative to the late Holocene highlights, however, that this inter-
pretation may be incorrect. Instead, we propose that Laurentide Ice
Sheet extent in Hudson Bay, and the Pb composition of runoff from
this region of North America into the Labrador Sea, may not have
changed significantly during MIS 3 compared to MIS 4 (cf. Miller
and Andrews, 2019). Under this scenario, only southern
Greenland Ice Sheet retreat, as recently inferred for this interval
(Siedenkrantz et al., 2019), could explain the Pb isotope signature of
seawater bathing U1302/3 during this time through increased
chemical weathering of the Ketilidian Mobile Belt and Pb runoff
from Greenland.
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