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Beryllium-10 has become the premiere cosmogenic nuclide for quantifying Earth-surface process. Routine
measurement of 10Be at the  2e3% precision level, coupled with precise 10Be production-rate calibrations, now allow for 10Be-based records of glacier and ice-sheet change to be reliably compared to independent records of climate variability. Here, we review efforts over the last 10þ years to characterize
the Holocene behavior of ice sheets and glaciers fringing Bafﬁn Bay using in situ 10Be. Hundreds of 10Be
measurements present a detailed picture of ice-margin migration through the early Holocene. Widespread net deglaciation was interrupted by ice-margin readvances or stillstands, marked by modes of
moraine deposition, near the end of the Younger Dryas (12.9e11.7 ka BP), 10.4e10.2 ka BP, 9.3 ka BP, and
8.2 ka BP, with perhaps additional widespread moraine deposition occurring ca. 9.7 ka BP and 7.3 ka BP.
Modes of moraine deposition encompass independent and glaciologically distinct ice masses e the
Greenland and Laurentide ice sheets and local alpine glaciers situated on Bafﬁn Island and western
Greenland e providing a robust, albeit discontinuous, record of widespread climatic changes in the Bafﬁn
Bay region in the early Holocene. Periods of glacier advance coincide with abrupt cooling events documented in Summit Greenland ice cores indicating that i) Bafﬁn Bay ice masses largely followed the pattern
of temperature change displayed in Greenland ice cores, ii) abrupt cooling events were of sufﬁcient
magnitude and duration to brieﬂy synchronize the behavior of independent and glaciologically distinct ice
masses across Bafﬁn Bay despite varying degrees of dynamical inﬂuence, and iii) centennial-scale synchronization of ice masses requires that abrupt temperature changes recorded at Summit Greenland also
occurred during the summertime within glacier ablation zones. Advancements in 10Be methodology
combined with an environment conducive towards developing 10Be-based records of ice-margin change
has resulted in ice-margin reconstructions that identify a potentially fundamental negative feedback
mechanism inherent to melting ice sheets in the Bafﬁn Bay region e elevated and episodic meltwater
delivery into the Labrador Sea results in a decrease in the Atlantic meridional overturning circulation and
regional cooling, which, in turn, drives a brief reversal of deglaciation. Under the right conditions 10Be can
be used to develop centennial-scale, climatically relevant records of glacier and ice-sheet change.
© 2021 Elsevier Ltd. All rights reserved.
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1. Introduction
Over the past three decades the cosmogenic isotope community

has made signiﬁcant methodological advances that have transformed our ability to characterize past changes in glacier dimensions (Granger et al., 2013; Balco, 2020). Pioneering efforts
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applied 10Be with sufﬁcient resolution to distinguish between
glacial landforms (i.e., moraines) deposited during Marine Isotope
Stage (MIS) 6, MIS 2, and the late-glacial period (Gosse et al., 1995a,
1995b; Licciardi et al., 2001), whereas recent endeavors suggest
that 10Be can be used to develop records of glacier change that can
be correlated to millennial- and even centennial-scale climate
events recorded in independent archives (Schaefer et al., 2009;
Kaplan et al., 2010; Putnam et al., 2012; Young et al., 2015, 2019;
Levy et al., 2016; Marcott et al., 2019). Moraines are an attractive
target for dating because they unequivocally mark past glacier
extent and are globally distributed. As alpine glacier extent is
driven almost exclusively by changes in only two variables e
temperature and precipitation e records of glacier length serve as a
relatively unambiguous proxy for past climate, although stochastic
ﬂuctuations in glacier length are perhaps possible in a stationary
climate (e.g., Roe, 2011). Nonetheless, the strong relationship between glacier length and climate has placed a premium on characterizing the total uncertainties in 10Be measurements needed to
assess the feasibility of using 10Be-dated moraines to develop
millennial-to centennial-scale records of climate.
Much of the progress in 10Be dating over the last few decades
can be attributed to improvement in analytical capabilities. Typical
10
Be samples are now routinely measured at the  2e3% precision
level (e.g., Rood et al., 2010, 2013) and, excluding geological uncertainties, this level of analytical precision theoretically allows for
individually dated moraines to be correlated to millennial-scale
climate events. For example, because measurements can be made
with such a high degree of precision, it is often possible to develop
moraine records within a single alpine valley where moraines that
are relatively close in age can still be resolved with 10Be (e.g.,
Putnam et al., 2012; Kaplan et al., 2013). Relying on a single 10Bedated moraine or suite of moraines from one location, however,
could lead to spurious correlations between moraine ages and
known climate events. To avoid this potential pitfall, arguments
centered on the geographic expression of climate events should
probably not be based on a single 10Be-based record and instead
10
Be-based moraine chronologies should be replicated in several
locations (Balco, 2020). For most applications in glacial settings,
analytical errors are no longer the primary limiting factor in
developing high-resolution 10Be-based records of glacier change.
Instead, difﬁcult to quantify geologic-geomorphic uncertainties
(e.g., Kelly et al., 2008; Crump et al., 2017) and systematic uncertainties (i.e., 10Be production-rate calibrations and spatiotemporal scaling of 10Be production), collectively referred to as total
uncertainty, perhaps limit our ability to correlate moraines to
climate events (Balco, 2020).
We can develop 10Be-based records of glacier change that are
resolved at millennial and centennial timescales, but it is unclear if
these records can be conﬁdently correlated to millennial- or
centennial-scale climate events that are recorded in highresolution climate archives (e.g., ice cores or speleothems). Key
approaches toward characterizing the total uncertainty in 10Bebased datasets and assessing their relationship to millennial- or
centennial-scale climate events are to increase the number of records from a geographic region or geologic setting and develop
robustly constrained local-to regional-scale 10Be production-rate
calibrations. Developing several 10Be-based records from independent glaciers addresses concerns over record reproducibility,
and systematic uncertainties on 10Be ages should be minimized if
measurements are made across several ﬁeld sites within a particular region and if measurements from site to site have similar
exposure durations. Coupling record reproducibility across a
geographic region with local production-rate calibrations can lead
to lower total uncertainties and facilitate a more straightforward
comparison to independently dated climate archives. Several

recent efforts have resulted in local-to regional-scale productionrate calibrations with 5% uncertainties (e.g., Balco et al., 2009;
Putnam et al., 2010a; Kaplan et al., 2011; Young et al., 2013b; Kelly
et al., 2015; Martin et al., 2015; Putnam et al., 2019) that have been
strategically combined with large 10Be-based datasets to link
glacier change to millennial- and centennial-scale climate events
(Putnam et al., 2010b; Garcia et al., 2012; Levy et al., 2016; Martin
et al., 2020; Young et al., 2020a).
Here, we review 10Be datasets developed over the last decade
from several sites on Bafﬁn Island and western Greenland that
constrain the behavior of the Laurentide and Greenland ice sheets
(LIS; GrIS) and independent alpine glaciers during the early Holocene, and we summarize decades of traditional radiocarbon constraints that preceded 10Be-based chronologies. Additionally, we
present new 10Be ages from moraines deposited by two alpine
glacier systems on the Cumberland Peninsula, Bafﬁn Island (Fig. 1;
Fig. 2). We couple these 10Be-based datasets with radiocarbon
constraints to outline how the chronology of moraine deposition
and its climatic signiﬁcance has evolved over the last several decades as the source of chronological constraints on ice-margin
change has transitioned from radiocarbon to 10Be measurements.
Hundreds of 10Be measurements from moraines deposited by the
LIS, GrIS, and alpine glaciers across southwestern Greenland and
Bafﬁn Island, calculated with a regionally constrained 10Be
production-rate calibration, offer the opportunity to use an atypically large 10Be dataset to 1) characterize ice-margin changes in
Bafﬁn Bay during the early Holocene, 2) determine if 10Be-dated
moraines can be correlated to millennial- and centennial-scale
climate events, 3) assess the suitability of using several 10Bebased moraine records in the aggregate to constrain regional
climate dynamics in the early Holocene, and 4) evaluate the relationship between regional climate dynamics in the early Holocene
deﬁned by the regional moraine record and canonical records of
early Holocene LIS discharge (i.e., Jennings et al., 2015) and North
Atlantic Ocean circulation (i.e., Bond et al., 2001).
To help guide the reader, we outline the structure of manuscript.
We ﬁrst provide an overview of decades of radiocarbon constraints
and 10Be ages from Bafﬁn Island and western Greenland and assess
how these constraints have led to an evolving picture on the timing
of moraine deposition from opposite sides of Bafﬁn Bay. We next
present new 10Be ages from Bafﬁn Island that constrain the timing
of moraine deposition by alpine glaciers in the early Holocene. Our
new 10Be ages are combined with previously published 10Be-based
chronologies of ice sheet and glacier change fringing Bafﬁn Bay to
evaluate the timing of several ice-margin advances in the region
through the early Holocene. Next, we use a combined chronology of
ice-margin change in the Bafﬁn Bay region to pinpoint intervals of
regional cooling and their likely driving mechanisms. Lastly, we
compare the timing of early Holocene glacier advances to the
timing of Bond events and discuss their possible driving mechanisms, the phasing between the two, and how glacier advances and
Bond events may be related.
1.1. Bafﬁn Island: the moraine record and traditional radiocarbon
constraints
Moraines dispersed across Bafﬁn Island have long been of interest. Early reconnaissance work identiﬁed an extensive northsouth trending moraine complex running parallel to the heads of
east-west trending ﬁords dissecting Bafﬁn Island (Ives and
Andrews, 1963; Falconer et al., 1965; Blake, 1966). These moraines
were deposited during the Cockburn Substage, originally deﬁned
between 9,000 and 8,000 14C yr BP (Miller and Dyke, 1974; Andrews
and Ives, 1978). We acknowledge that because the Cockburn Substage is an interval of time, moraines of this era should technically
2
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Fig. 2. (A) Cumberland Peninsula region with locations of 10Be-dated early Holocene
moraines (pink dots; Fig. 6) and the location of the Tugaq and Southwind ﬁeld sites.
Qikiqtarjuaq is the modern Inuit community whereas Kivitoo is a now abandoned
Distant Early Warning line site. Qaqulluit can be seen in Fig. 8. (B) Southwind and Boas
ﬁords with the locations of our target moraines (Fig. 5).

Cockburn moraine.
Cockburn moraines were initially thought to delimit the late
Wisconsin maximum extent of the LIS based on their morphostratigraphic relationship to fossiliferous marine deposits; the
Cockburn moraine system generally marks a boundary between
raised marine sediments dated to <10,000 14C yr BP and >40,000
14
C yr BP (Falconer et al., 1965; Miller and Dyke, 1974; Andrews and
Ives, 1978; Ives, 1978). Moraines resting in alpine valleys located
beyond the Little Ice Age/historical maximum moraine were
thought to be Cockburn-equivalent features deposited by independent mountain glaciers or small ice caps (Andrews and Ives,
1978; Briner et al., 2009a). Offshore work in the 1990s in the
Cumberland Sound, however, suggested that the LIS extended
farther than previously thought during MIS 2 (Jennings, 1993;
Jennings et al., 1996), which had also been previously proposed
based on the overall magnitude of isostatic rebound in the region
(Dyke, 1979). Strengthening the argument for a more extensive LIS
were initial efforts using 10Be in the early 2000s on Bafﬁn Island to
investigate LIS dynamics, which revealed that the Bafﬁn sector of
the LIS extended farther eastwards than previously thought and
covered most of the eastern Bafﬁn Island lowlands and extended
out beyond the modern coastline during MIS 2 (e.g., Marsella et al.,
2000; Kaplan et al., 2001; Miller et al., 2002; Briner et al., 2006;
Davis et al., 2006). With these additional constraints revealing that
the LIS covered most of Bafﬁn Island and likely terminated in Bafﬁn
Bay during MIS 2, it thus became apparent that the Cockburn
moraines were deposited during overall net retreat of the LIS from
its MIS 2 maximum.
The precise chronology of early Holocene moraine deposition on
Bafﬁn Island, however, remained ambiguous. Until recently, almost
all chronological constraints on the timing of moraine deposition
were maximum- or minimum-limiting radiocarbon ages from

Fig. 1. (A) North Atlantic region with surface currents and marine core locations discussed in the text. NAC e North Atlantic Current, IC e Irminger Current, EGC e East
Greenland Current, WGC e West Greenland Current, BC e Bafﬁn Current, LC e Labrador Current. MD99-2236 (Jennings et al., 2015), GGC22 (Bond et al., 2001), VM29-191
(Bond et al., 2001). HB e Hudson Bay, and white arrow marks the Hudson Strait. (B)
Bafﬁn Bay region with early Holocene moraine chronologies discussed in the text
(yellow dots) and place names (blue dots). SFF e Sam Ford Fiord, AYR e Ayr Lake valley,
NQ e Naqsaq valley, CI e Clyde Inlet, NS e Nuusuaq, JI e Jakobshavn Isbræ, OPQ e
Orpissoq, SI e Søndre Isortoq, QS e Qamanaarsuup Sermia, KNS e Kangiata Nunaata
Sermia, KNG e Kangerlussuaq, HT e Humboldt glacier, SIS e Sisimiut, NK e Nuuk, TH
e Thule.

be referred to as “moraines of Cockburn age” and, in the strictest
sense, any moraine not deposited between 9,000 and 8,000 14C yr
BP should not be considered a moraine of Cockburn age. For
simplicity and based on our updated review on the timing of early
Holocene moraine deposition across Bafﬁn Island presented here,
we colloquially refer to these moraines as Cockburn moraines even
if their age does not fall strictly between 9,000 and 8,000 14C yr BP;
we refer to any moraine deposited during the early Holocene as a
3
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when combined with 10Be measurements, allowed for a local 10Be
production-rate calibration (Balco et al., 2009; see Section 2.3).
Slightly north of Clyde Inlet in Ayr Lake, Young et al. (2012) used
10
Be to directly date adjacent moraines deposited by alpine ice to
~8.2 ka BP, which are thought to be equivalent to nearby ﬁord-head
moraines (Fig. 1).

bivalves found in raised marine deposits; there are relatively few
direct age constraints (Andrews and Ives, 1978; Dredge, 2004;
Briner et al., 2009a). In addition to these ages providing only
maximum or minimum constraints, this typical sample setting
presents two additional challenges: 1) radiocarbon ages from marine organisms are susceptible to often poorly constrained reservoir
corrections, and 2) the relationship between the radiocarbon-dated
material and a bonaﬁde ice limit is sometimes unclear (Andrews
and Ives, 1978). These limitations make it difﬁcult to precisely
constrain the timing of any single ice limit or to correlate ice limits
across the region. An assortment of minimum-, maximum-limiting,
and direct radiocarbon constraints span ~9.5 to 8.5 cal ka BP
(n ¼ 16; Fig. 3; Table 1; Andrews and Ives, 1978; Briner et al.,
2009a).
Although the chronology of Cockburn moraine deposition has
remained relatively unchanged over the last four decades, recent
efforts have improved the chronological framework of Cockburn
moraine deposition. In Clyde Inlet (Fig. 1), deposition of a
Cockburn-aged ice-contact delta is constrained to ~8.4 to 8.0 cal ka
BP based on bracketing radiocarbon ages. Of particular interest is
that these radiocarbon constraints employ a locally constrained
marine reservoir correction (Briner et al., 2007). In Sam Ford Fiord
(Fig. 1), one ﬁord north of Clyde Inlet, this same locally constrained
reservoir correction was applied to new and existing radiocarbon
ages from marine bivalves associated with an ice-contact delta to
constrain an advance of the Sam Ford Fiord outlet glacier to ~8.2 ka
cal BP (Andrews and Drapier, 1967; Briner et al., 2009b).

1.2. Western Greenland: the moraine record and traditional
radiocarbon constraints
Moraines dispersed across western Greenland have been studied for decades (e.g., Weidick, 1968). The western margin of the GrIS
terminated somewhere off the modern coastline during MIS 2 and
moraines found across southwestern Greenland have classically
been interpreted to represent stillstands or readvances of the ice
margin during overall retreat from the LGM ice margin (Roksandic,
1979; Funder et al., 2011). Moraines generally span between ~64
and 70 N and are most concentrated in the Jakobshavn Isbræ
(Sermeq Kujalleq) foreﬁeld, between Sisimiut and Kangerlussuaq,
and in the Kangiata Nunaata Sermia (KNS) region east of Nuuk
(Fig. 1). Of these regions, perhaps the most well-known moraines
are the Fjord Stade moraines in the Jakobshavn Isbræ region (Fig. 1;
Weidick, 1968). Early descriptions hypothesized that the Fjord
Stade moraines were formed over a signiﬁcant amount of time and
could be divided into the outer Marrait and inner Tasiussaq
moraine systems associated with marine limits of c. 75e65 and c.
45-40 m asl, respectively (Weidick, 1968; Kelly, 1985; Weidick and
Bennike, 2007). Similar to the Cockburn moraines, the ﬁrst chronological constraints were mainly radiocarbon ages from raised
fossiliferous marine deposits. Radiocarbon ages from the eastern
shores of Disko Bugt are generally between ~10 and 9 cal ka BP and
serve as maximum-limiting ages for the Fjord Stade moraines,
particularly the Marrait moraine system (Weidick, 1968, 1972a,
1973, 1974a, 1972a, 1974a; Weidick and Bennike, 2007). Unlike the
chronological constraints on the Cockburn moraines, however,
several radiocarbon ages from non-marine sources, mainly basal
lake sediments, provide additional constraints on the timing of
Fjord Stade moraine deposition. Between the Jakobshavn Isbræ
region and Orpisoq to the south (Fig. 1) basal radiocarbon age from
lakes located slightly inboard of the Tasiussaq moraine range from
~8.2 to 7.6 cal ka BP, with a single older age of ~8.8 cal ka BP (Fig. 3;
Table 2; Long and Roberts, 2002; Long et al., 2006; Weidick and
Bennike, 2007). Considering all of these radiocarbon ages constrains deposition of the Fjord Stade moraines to between ca. 108 cal ka BP.
Moraines between the present coastline and the modern ice
margin in the Sisimiut-Kangerlussuaq region were initially
described by Weidick (1974b) and Ten Brink (1975). This region is
the widest ice-free section in Greenland allowing for the longest
terrestrial-based chronology of ice sheet change. Here, the GrIS
deposited several north-south trending moraine systems (listed
^q-Avatdleq, Fjord, Umîvîtoldest to youngest): Taserqat, Sarfarto
Keglen, and Ørkendalen. Initial age constrains were, again, provided by radiocarbon ages from shells in raised marine deposits.
Deglaciation of the outer coast is constrained by minimum-liming
radiocarbon ages between ~11 and 10 cal ka BP. Additionally, a
radiocarbon-dated local relative sea level curve combined with
minimum-limiting radiocarbon ages from raised marine deposits
^q-Avatdleq, Umîvîtconstrain deposition of the Taserqat, Sarfarto
Keglen, and Fjord moraine systems to ca. >10.7, 9.8, 9.1, and 7.6 cal
ka BP, respectively (Table 2; Ten Brink and Weidick, 1974; van
Tatenhove et al., 1996). The Ørkendalen moraine system near
Kangerlussuaq is particularly well-dated; radiocarbon ages from
basal lake sediments within Ørkendalen drift constrain moraine
deposition to ca. 7.3e7.0 cal ka BP (Fig. 3; Table 4; van Tatenhove

1.1.1. 10Be constraints
Most efforts to directly date early Holocene LIS or alpine limits
have occurred on the Cumberland Peninsula (Fig. 1; Fig. 2). Bierman
et al. (1999), Marsella et al. (2000), and Kaplan et al. (2001) presented dozens of 10Be ages from the region that largely focused on
LIS dynamics and the broad timing of deglaciation. Most relevant
here, however, are 10Be ages from boulders resting atop what are
locally referred to as the Duval (and equivalent) moraines reported
in Marsella et al. (2000) and re-interpreted by Corbett et al. (2016).
Twelve 10Be ages from moraine boulders are largely too old and
likely pre-date the true timing of moraine deposition, but Corbett
et al. (2016) suggested that the four youngest 10Be ages could
constrain moraine deposition to ca. 11.2 ka BP. In a similar fashion,
Margreth et al. (2017) presented several new 10Be ages across
Cumberland Peninsula that broadly constrain the timing of regional
deglaciation, but ﬁve 10Be ages from moraine boulders across two
separate moraines tentatively suggest episodes of moraine deposition occurred ca. 11.2 and 10.2 ka BP.
More recent efforts in the Cumberland Peninsula region have
aimed to directly date several moraines deposited by the LIS and
alpine ice. Young et al. (2020a) presented 61 10Be ages from the King
Harvest site, which uniquely hosts moraines deposited by the LIS
directly adjacent to moraines sourced from alpine ice. Combined,
10
Be ages revealed that LIS outlet glaciers and alpine ice advanced
in unison ca. ~11.8e11.6, 10.4, and 9.3 ka BP. Crump et al. (2020)
reported 33 10Be and 3 in situ 14C ages from 6 moraines deposited
by alpine ice at Narpaing, Sulung, and Narmak (Fig. 2) to constrain
modes of alpine glacier advance to ca. 9 and 8 ka BP. Dated moraines from Crump et al. (2020) were interpreted as likely coeval
with the 9.3 and 8.2 ka cooling events and synchronous with LIS
and alpine advances reported in Young et al. (2020a).
In north-central Bafﬁn Island, Briner et al. (2007) used 10Be
measurements from boulders atop an ice-contact delta at the head
of Clyde Inlet to constrain a likely stillstand or readvance of the LIS
in the early Holocene. Notably, this same ice-contact delta had
existing radiocarbon constraints that allowed for the development
of a locally constrained marine reservoir correction (see above), and
4

N.E. Young, J.P. Briner, G.H. Miller et al.

Quaternary Science Reviews 270 (2021) 107179

Fig. 3. Radiocarbon constraints on moraine deposition generated prior to the widespread use of 10Be in the Bafﬁn Bay region. Radiocarbon details are listed in Table 1 (Bafﬁn Island)
and Table 2 (Greenland); t marks a radiocarbon age from a terrestrial source. Radiocarbon ages are calibrated using Oxcal 4.4 and the INTCAL20 and MARINE20 databases (Bronk
Ramsey, 2009; Reimer et al., 2020; Heaton et al., 2020) Shown are the median and 2s calibrated age range. Blue shading marks the 9.3 ka BP and 8.2 ka BP cooling events.

1.2.1. 10Be ages
Applications of 10Be across western Greenland range from
broad-scale deglaciation histories to efforts explicitly targeting the
timing of moraine deposition. Here, we brieﬂy outline, chronologically, the progression of 10Be-based studies along western
Greenland. The ﬁrst applications of 10Be in western Greenland
helped constrain MIS 2 ice-sheet thickness and the general timing
of deglaciation following the MIS 2 maximum extent (Rinterknecht
et al., 2009; Roberts et al., 2009). Following these initial efforts,
several studies have focused almost exclusively on pinpointing the
timing of moraine deposition across western Greenland. Young
et al. (2011a, 2011b, 2013a) combined direct 10Be ages from
moraine boulders and limiting 10Be ages from immediately outside
and inside well-preserved moraines in the Jakobshavn Isbræ foreﬁeld and at Orpissoq to constrain readvances of the GrIS to ca. 9.3
and 8.2 ka BP (Fig. 1). Notably, Corbett et al. (2011) reported
maximum- and minimum limiting 10Be ages on moraine deposition
at Jakobshavn Isbræ that were statistically identical to those of
Young et al. (2011a, 2011b), thereby increasing conﬁdence in the
10
Be method and the ice-margin chronology at this site. To the
south in the Kangerlussuaq region (Fig. 1), Levy et al. (2012) and
Carlson et al. (2014) used 10Be ages from moraine boulders to

et al., 1996). The Ørkendalen system comprises numerous moraine
crests and radiocarbon ages are likely either maximum- or
minimum-limiting constraints depending on which exact moraine
crest the radiocarbon age is being compared to.
In the KNS region, the Kapisigdlit Stade moraine system is the
most prominent feature marking a stillstand or readvance of the ice
margin during overall deglaciation. Dozens of radiocarbon ages,
marine and terrestrial, extending from the outer coast to just
beyond the Kapisigdlit Stade moraine suggest that the moraine
cannot be older than ca. 10.4 cal ka BP (Weidick, 1972b, 1975, 1975,
1976, 1975; Fredskild, 1983, Larsen et al., 2015). One estimate links
the Kapisigdlit Stade moraine with a marine limit of 50 m asl,
constraining deposition to ~8.3e8.1 cal ka BP (Weidick et al., 2012),
whereas another estimate associates the Kapisigdlit Stade moraine
with a marine limit between 100 and 80 m asl, placing the age of
the moraine between ca. 10.1e9.6 cal ka BP (Larsen et al., 2015). The
most direct age constraint is a maximum-limiting radiocarbon age
from 10.17 ± 0.34 cal ka BP from reworked marine sediments
indicating that deposition of the Kapisigdlit Stade moraine
occurred via a readvance of the ice margin (Table 2; Weidick et al.,
2012; Larsen et al., 2015).

5
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Table 1
Radiocarbon ages from Bafﬁn Island relating to Cockburn moraines.
Calibrated
ageuncertainty
(2s; yr)

Reference

8200

460

40

7890

150

Andrews and Draiper
(1967)
Briner et al. (2007)

7820

140

8110

320

marine bivalves

7890

160

8650

420

70.4667

marine bivalves

7940

130

8710

360

69.6333

70.0333

marine bivalves

7970

340

8780

830

Ice contact
Minimum
Unknown

70.2100
69.8500
71.2576

71.2900
72.5200
73.7485

marine bivalves
marine bivalves
marine bivalves

8000
8050
8090

20
35
160

8290
8350
8890

130
150
440

CURL20189
I-1933

Minimum alpine
Maximum

67.7266

65.5946

terrestrial moss

8130

25

9070

90

70.3333

71.1333

marine bivalves

8210

130

9060

370

GSC-462

63.4248

68.4500

marine bivalves

8230

290

9080

740

GaK-3092

Ice contact/
minimum
Ice contact

67.9167

65.7500

marine bivalves

8290

340

8690

820

I-724

Ice contact

72.0000

79.2500

marine bivalves

8350

300

9230

790

GSC-1638

Ice contact

67.9333

66.0500

marine bivalves

8410

340

9310

900

Y-1830

Ice contact/
maximum
Maximum

68.9800

68.9800

marine bivalves

8430

140

8820

390

68.6333

68.4000

marine bivalves

8435

105

8820

320

68.9583

68.5667

marine bivalves

8630

190

9590

520

Lab
Number

Calibrated Age
Radiocarbon
Radiocarbon
(cal yr BP)
Age (14C yr BP) age uncertainty
(yr; ± 1SD)

Relationship to
ice limit

Latitude (N)

Longitude
(W)

Material Dated

I-1553

Ice contact

70.2100

71.2900

marine bivalves

7500

200

CURL-7038

Ice contact/
minimum
Icecontact

69.8333

71.5000

marine bivalves

7620

68.6333

68.4000

marine bivalves

GSC-1064

Unknown

71.4500

75.1333

I-1932

Minimum

69.8500

I-1673

Minimum

SF07-SH01
CURL-7046
GSC-1060

Y-1834

GX-0930
GSC-813
GSC-2183
St-3816
GaK-5479

Ice contact/
maximum
Ice contact/
minimum
Ice contact

66.5583

66.2667

marine bivalves

8660

110

9610

320

67.9500

65.7667

marine bivalves

8760

350

9250

910

Unknown

67.6167

65.1667

marine bivalves

8930

180

9450

490

69.8166

69.1440

terrestrial
plants

9170

25

10,310

110

CURL-8272 Minimum- alpine

Andrews and Ives
(1978)
Andrews and Ives
(1978)
Andrews and Ives
(1978)
Andrews and Ives
(1978)
Briner et al. (2009b)
Briner et al. (2007)
Andrews and Ives
(1978)
Crump et al. (2020)
Andrews and Ives
(1978)
Andrews and Ives
(1978)
Andrews and Ives
(1978)
Andrews and Ives
(1978)
Andrews and Ives
(1978)
Andrews and Ives
(1978)
Andrews and Ives
(1978)
Andrews and Ives
(1978)
Andrews and Ives
(1978)
Andrews and Ives
(1978)
Andrews and Ives
(1978)
Thomas et al. (2010)

Radiocarbon ages for terrestrial samples and are calibrated using Oxcal 4.4 and the INTCAL20 dataset (Bronk Ramsey, 2009; Reimer et al., 2020).
Marine samples are calibrated using Oxcal 4.4 and the MARINE20 database (DR ¼ 0; R ¼ 550 years; Heaton et al., 2020). This resevoir correction is similar to the locally
constrained resevoir correction of Briner et al. (2007; 540 years).
We added 400 years to older marine samples with I- and GSC- lab abbreviations because they were originally reported with an assumed d13C value of 25 per mille instead of
0 per mille.
Samples CURL-7038 and CURL-7046 (Briner et al., 2007) serve as bracketing ages for the Clyde Inlet 10Be dataset (Fig. 6; Table S1).

Isortoq, Lesnek and Briner (2018) combined 10Be ages from moraine
boulders and boulders located immediately inboard and outboard
of moraine segments deposited by the GrIS, to constrain intervals of
moraine deposition at ca. 9.7 and 9.0 ka BP. In northwestern
Greenland adjacent to Humboldt glacier (outlet glacier), 10Be ages
from a lateral moraine complex constrain moraine deposition to ca.
8.2 ka BP (Reusche et al., 2018). Lastly, Young et al. (2021) directly
dated two prominent moraine segments deposited by the GrIS in
the broader KNS region to ca. 10.2 and 9.6 ka BP.

directly date moraines within the Ørkendalen moraine complex to
ca. 7.3e7.0 ka BP. In the KNS region, the ﬁrst efforts using 10Be did
not date early Holocene moraines directly, but an extensive 10Be
dataset across the region was used in part to suggest that a
prominent moraine in the KNS glacier foreﬁeld likely cannot be any
older than ca. 10.4 ka BP (Larsen et al., 2015).
Building upon this initial wave of 10Be-based moraine chronologies, Winsor et al. (2015) and Levy et al. (2018) directly, and
independently, dated the same segments of the Keglen moraine to
ca. 8 ka BP in the Kangerlussuaq region. Most recently in the
Kangerlussuaq region, Young et al. (2020a) used 62 10Be ages to
constrain episodes of moraine deposition by the GrIS to ca. 11.6,
10.4, 9.1, 8.1, and 7.3 ka BP. Cronauer et al. (2016) applied a limited
10
Be dataset to constrain the age of 3 moraines directly adjacent to
the modern GrIS margin in central-west Greenland to ca. 8.6 to 7.6
ka BP, and at a nearby location, moraines deposited by alpine ice
independent of the GrIS were robustly dated with 10Be to ca. 10.4 ka
BP (O'Hara et al., 2017). South of the Kangerlussuaq at Søndre

1.3. Correlation of moraine systems on opposing sides on Bafﬁn Bay
Hypotheses surrounding the correlation and climatic signiﬁcance of moraines deposited across Bafﬁn Island and western
Greenland have evolved as chronologies of moraine deposition
have been modiﬁed. Bafﬁn Island's Cockburn moraines were
initially linked to prominent moraine systems in the Keewatin and
Labrador sectors (Falconer et al., 1965). In a similar fashion, Weidick
6
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Table 2
Radiocarbon constraints on moraine depostion in western Greenland.
Lab Number

Latitude (N)

Longitude (W)

Jakobshavn Isbræ (Sermeq Kujalleq)
Fjord Stade moraines: maximum-limiting ages
AA-37711
69.1757
51.8230
AA-39655
68.6170
52.1103

Material Dated

Radiocarbon
Age (14C yr BP)

Radiocarbon
age uncertainty
(±1s; yr)

Calibrated Age
(cal yr BP)

Calibrated age
uncertainty
(±2s; yr)

Reference

9485
9180

65
80

10,170
10,360

220
190

Lloyd (2005)
Long et al. (2003)

8795

65

9290

210

Weidick and
Bennike (2007)
Weidick and
Bennike (2007)
Weidick and
Bennike (2007)
Weidick and
Bennike (2007)
Long and Roberts
(2002)

Ua-1086

69.2000

51.0667

foraminifera
basal lake sediments;
bulk
marineshells

K-1818

69.1000

51.0667

marine shells

8630

65

9550

210

Ua-4574

69.0000

51.1167

marine shells

9180

75

9740

280

K-2023

69.0167

51.1333

marine shells

8680

70

9610

230

AA-39659

68.6674

51.1220

basal lake sediments;
bulk

8585

86

9580

210

8225

20

9200

130

8180

25

9110

140

8245

20

9210

130

8210

20

9180

140

7110

70

7790

190

7650

70

8350

200

8140

50

8440

160

8215

40

8520

170

7690

60

8390

180

7960

40

8830

200

Young et al.
(2011b)
Young et al.
(2011b)
Weidick and
Bennike (2007)
Weidick and
Bennike (2007)
Weidick and
Bennike (2007)
Weidick and
Bennike (2007)
Weidick and
Bennike (2007)
Long et al. (2006)

6910

40

7740

100

Long et al. (2006)

6750

40

7610

70

Long et al. (2006)

6760

40

7620

70

Long et al. (2006)

6810

40

7640

70

Long et al. (2006)

7220

40

8020

120

Young et al. (2013a)

7030

25

7870

80

Young et al. (2013a)

6975

25

7810

100

Young et al. (2013a)

7733

56

8510

110

7414

72

8240

180

7059

62

7880

130

7210

85

7890

220

Long and Roberts
(2002)
Long and Roberts
(2002)
Long and Roberts
(2002)
Donner and Junger
(1975)

Maximum-limiting ages on Marrait moraine deposition
CURL-11376
69.1088
51.0283
lake sediments; plant
macrofossils
CURL-11061
69.1088
51.0283
lake sediments; plant
macrofossils
Minimum-limiting ages on Marrait moraine deposition
CURL-12594
69.1088
51.0283
lake sediments; plant
macrofossils
CURL-11374
69.1088
51.0283
lake sediments; plant
macrofossils
K-992
69.0333
51.0167
marine shells overlain
by Tasiussaq outwash
K-993
68.9333
50.9667
marine shells overlain
by Tasiussaq outwash
Ua-4575
69.0333
50.9333
marine shells overlain
by Tasiussaq outwash
Ua-4573
68.9333
50.8833
marine shells overlain
by Tasiussaq outwash
K-2022
69.0500
51.1333
marine shells overlain
by Tasiussaq outwash
Beta-178168
69.1176
50.6333
basal lake sediments;
bulk
Beta-178170
69.1235
50.5853
basal lake sediments;
bulk
Beta-178169
69.1167
50.6167
basal lake sediments;
bulk
Beta-178165
69.1220
50.6744
basal lake sediments;
bulk
KIA-23028
69.4789
50.7051
basal lake sediments;
bulk
OS-85087
68.6209
50.9593
basal lake sediments;
plant macrofossils
CURL-12698
68.6371
50.9840
basal lake sediments;
plant macrofossils
CURL-12693
68.6371
50.9840
basal lake sediments;
plant macrofossils
AA-39665
68.6375
50.9860
basal lake sediments;
bulk; N3
AA-39664
68.6286
50.9587
basal lake sediments;
bulk
AA-39661
68.6243
50.9352
basal lake sediments;
bulk
Hel-369
68.6167
50.8667
marine shells

Young et al.
(2011b)
Young et al.
(2011b)

Sisimiut - Kangerlussuaq
Taserqat moraine
RSL curve extraploation

9500

RSL curve extraploation

8750

10,720

Ten Brink and
Weidick (1974)

^q-Advedtleq moraine system
Sarfarto
50

9690

220

Ten Brink and
Weidick (1974)
(continued on next page)
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Table 2 (continued )
Lab Number

UW-172

Latitude (N)

Longitude (W)

Material Dated

Radiocarbon
Age (14C yr BP)

Radiocarbon
age uncertainty
(±1s; yr)

Calibrated Age
(cal yr BP)

Calibrated age
uncertainty
(±2s; yr)

Reference

66.6300

52.4200

marine shells

8670

100

9610

300

Ten Brink and
Weidick (1974);
van Tatenhove et al.
(1996)

RSL curve extraploation

8250

150

9110

410

marine shells

8230

140

9090

390

Ten Brink and
Weidick (1974)
Ten Brink and
Weidick (1974);
van Tatenhove et al.
(1996)

RSL curve extraploation

6900

400

7620

860

Fjord moraine

K-1663

67.0200

51.4000

Umîvît-Keglen moraine

I-5512

67.0000

50.6900

marine shells;
minimum-limiting age

7025

120

7710

260

UtC-3522

67.0000

50.6800

7500

70

7780

190

CURL-11000

66.9782

50.9186

7625

15

7900

130

AAR-3507

66.9883

50.6433

7210

60

8020

140

Bennike (2000)

K-1664

67.0167

50.6833

marine shells;
minimum-limiting age
marine shells;
minimum-limiting age
basal lake sediments;
bulk; minimumlimiting age
marine shells;
minimum-limiting age

Ten Brink and
Weidick (1974)
Ten Brink and
Weidick (1974);
van Tatenhove et al.
(1996)
van Tatenhove et al.
(1996)
Storms et al. (2012)

7140

130

7820

290

Weidick (1972c);
€ rck,
Bennike and Bjo
2002

basal lake sediments
within moraine system;
bulk
basal lake sediments
within moraine system;
bulk

6380

100

7300

220

van Tatenhove et al.
(1996)

6090

50

6960

180

van Tatenhove et al.
(1996)

Marine bivalve
Marine bivalve
Marine bivalve
Marine bivalve
Marine bivalve;
reworked

9860
9460
9230
9355
9490

140
140
135
140
105

11,240
10,680
10,370
10,530
10,170

450
440
390
430
330

Weidick (1976)
Weidick (1976)
Weidick (1976)
Weidick (1976)
Weidick (1972b);
Weidick et al.
(2012)

Ørkendalen moraine system: direct
Ut-1987
67.0900

50.2900

Ut-1990

50.3400

67.0900

Kapisigdlit moraine: maximum-limiting
I-8565
64.3000
I-8493
64.2200
I-8566
64.3300
I-8490
64.1200
Ua-3476*
64.2800

ages
52.0667
51.9500
51.8800
51.7000
50.1100

Radiocarbon ages for terrestrial samples and are calibrated using Oxcal 4.4 and the INTCAL20 dataset (Bronk Ramsey, 2009; Reimer et al., 2020).
Marine samples are calibrated using CALIB 8.2 and the MARINE20 database (DR ¼ 0; R ¼ 550 years; Heaton et al., 2020). We added 400 years to older marine samples with Hel-,
I-, K-, and UW- lab abbreviations because they were originally reported with an assumed d13C value of 25 per mille instead of 0 per mille.
Samples CURL-12698, -12693, and AA-39665 are all basal radiocarbon ages from the same lake. CURL-samples are from macrofossils, whereas AA is from bulk sediments and
appears to be slightly too old.
The extrapolated moraine ages from Ten Brink and Weidick (1974) are based on the elevational relationship between moraines and a radiocarbon-constrained relative sealevel curve. All of the original radiocarbon ages reported in Ten Brink and Weidick (1974; see their Table 1) used to construct the RSL curve are I-, K-, and UW- labeled marine
shell samples that were reported with an assumed d13C value of 25 per mille instead of 0 per mille. The original authors then estimated the age of each moraine expressed as
uncalibrated 14C yrs BP (see Table 2 in Ten Brink and Weidick, 1974). To account for the assumed d13C values, we add 400 years to the moraine age estimates provided by Ten
Brink and Weidick (1974), and then calibrate the ages as described above. I- samples in the Nuuk region are only loosely related to the Kapisigdlit moraine. These ages are
minimum-limiting ages on the timing of coastal deglaciation located ~100 km west of the Kapisigdlit limit. Sample Ua-3476 is likely the only close radiocarbon constraint on
the timing of moraine deposition; only Ua-3476 is shown in Fig. 3.

(1968) ﬁrst suggested that moraines in southwestern Greenland
marked the coeval behavior of different sectors of southwestern
GrIS because moraines spanned at least 6 degrees of latitude.
Building on these Canada- and Greenland-centric viewpoints, Ten
Brink and Weidick (1974) argued that the simple existence of
extensive moraine systems on opposing sides of Bafﬁn Bay
deposited by neighboring ice sheets suggested that these moraines
were equivalent (synchronous) features because widespread climatic change was the only mechanism that could synchronize

glaciers over such a large area. Moreover, these authors speculated
that: 1) widespread readvances of the LIS and GrIS margins must
have been driven by regional changes in summertime temperatures
(versus precipitation) because only changes in temperature would
be uniform over such a large area, and 2) based on preliminary d18O
data emerging from the Camp Century ice core that revealed a
climatically volatile early Holocene (i.e., Dansgaard et al., 1971),
moraines could, in the future, potentially be correlated to speciﬁc
changes in d18O seen in Greenland ice.
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Despite changing viewpoints surrounding the climatic or nonclimatic origins of moraines found on Bafﬁn Island and western
Greenland, driven by evolving ice-margin chronologies, a few clear
themes have emerged: 1) moraine systems on both sides of Bafﬁn
Bay formed over a several-thousand-year window and were not
deposited solely because of glacier response to any single climate
event, 2) the relatively long period of moraine deposition does not
necessarily preclude the synchronous behavior of Bafﬁn Bay ice
masses through the early Holocene (i.e., Andrews and Ives, 1978),
and 3) glacier response to the 8.2 ka BP and 9.3 ka BP cooling events
is likely part of the Bafﬁn Island and western Greenland moraine
systems with perhaps additional intervals of synchronous glacier
behavior. Building on this decades-long progression of chronological constraints on Bafﬁn Island and western Greenland moraine
deposition, we present new 10Be-dated records of glacier change
from the Cumberland Peninsula, Bafﬁn Island, that further add to
the early Holocene evolution of glaciers and ice sheets in Bafﬁn Bay.
These new 10Be ages are combined with the 10þ years of 10Bebased direct moraine chronologies in Bafﬁn Bay to generate a
composite record of early Holocene glaciation that is compared to
benchmark records of LIS behavior and meltwater production,
regional climate, North Atlantic Ocean surface hydrography.

As the number of radiocarbon constraints relating to moraine
systems on Bafﬁn Island and western Greenland increased, the
prevailing view shifted from moraines fringing Bafﬁn Bay being
equivalent features towards the asynchronous behavior of the LIS
and GrIS during the early Holocene (Andrews and Ives, 1978). It was
quickly realized that despite the sometimes-ambiguous relationship between radiocarbon-dated material and a paleo-ice limit on
Bafﬁn Island, the range in radiocarbon ages (~9.5e8.5 cal ka BP;
Fig. 3) required that not all moraines were deposited at the same
time and instead reﬂect numerous ice sheet advances (Andrews
and Ives, 1978); dating and morphostratigraphic uncertainties
likely cannot explain an ~1 kyr range in calibrated ages (Briner et al.,
2009a). In western Greenland, maximum- and minimum-limiting
radiocarbon ages also suggested that not all moraines were
deposited in unison. If moraines segments within Bafﬁn Island and
western Greenland could not be correlated based on emerging
chronological constraints (i.e., Long et al., 2006), then moraines
systems could likely not be correlated across Bafﬁn Bay. This transition from synchronous towards asynchronous moraine deposition occurred prior to the existence of high-resolution ice-core
records from Summit Greenland. Without these now-canonical
climate records, there were no known climate events in the region that could be invoked to synchronize the behavior of independent ice masses across Bafﬁn Bay.
Hypotheses focusing on the role of dynamical processes and
topography were instead used to explain the broad range in
radiocarbon constraints. For example, in western Greenland, moraines appear to be more concentrated in regions dominated by
topographically restricted fjords (Warren and Hulton, 1990). Here,
moraine deposition would occur at topographic pinning points that
would temporally stabilize the retreating ice margin, and applied at
a larger scale, this hypothesis could explain the large range of
radiocarbon constraints on both sides of Bafﬁn Bay. With the
establishment of Greenland ice-core records and the subsequent
discovery of the 8.2 ka BP abrupt cooling event (Alley et al., 1997;
Barber et al., 1999), however, there was renewed interest in relating
the timing of moraine deposition to climate. Despite some radiocarbon constraints from western Greenland suggesting a possible
link to the 8.2 ka event (e.g., Long and Roberts, 2002), highly
resolved relative sea-level histories revealed that different moraine
segments were associated with different marine limits and therefore moraines cannot be the same age (Long et al., 2006).
The idea that moraines on both sides of Bafﬁn Bay might reﬂect
the synchronous behavior of Bafﬁn Bay ice masses, once again,
became re-established with 10Be-based chronologies. The ﬁrst efforts using 10Be to directly date moraines on Bafﬁn Island and
western Greenland perhaps shifted the focus back towards regional
changes in climate e particularly the 8.2 ka event e as the primary
driver of glacier behavior (Fig. 4; Young et al., 2011a, 2011b, 2012).
Additional 10Be datasets suggested a possible link between GrIS
behavior and the 9.3 ka cooling event (Young et al., 2011b, 2013a,
2013a). Further proliferation of direct 10Be-based moraine chronologies on Bafﬁn Island and western Greenland suggested modes
of moraine deposition at ca. 11.8e11.6 ka BP, 10.4e10.2 ka BP,
9.2e9.0 ka BP, and 8.2e8.0 ka BP (Winsor et al., 2015; Cronauer
et al., 2016; O'Hara et al., 2017; Lesnek and Briner, 2018; Reusche
et al., 2018, Crump et al., 2020; Young et al., 2020a), with perhaps
additional modes of moraine deposition at 9.7e9.6 ka BP and
7.3e7.0 ka BP (Lesnek and Briner, 2018; Levy et al., 2012; Carlson
et al., 2014; Young et al., 2020a, 2021). Although the link between
the timing of moraine deposition and known cooling events at
times other than ca. 9.3 and 8.2 ka BP is tenuous, synchronous
moraine deposition at these times across Bafﬁn Bay is suggestive of
changes in regional climate driving synchronous ice mass behavior
(Young et al., 2020a; see Section 5.2).

2. The Cumberland Peninsula and Naqsaq Valley, Bafﬁn Island
2.1. Overview and setting
Located in southern Bafﬁn Island, the Cumberland Peninsula is
on the uplifted eastern rim of the Canadian Shield and hosts
numerous independent ice caps and mountain glaciers, as well as
the Penny Ice Cap, one of the few lasting vestiges of the LIS. Summer warming over the last few decades has driven sustained mass
loss for glaciers and ice caps on Cumberland Peninsula (Gardner
et al 2012; Miller et al., 2013). Originally, it was thought that
much of Cumberland Peninsula escaped glaciation during the LGM
(e.g., Miller and Dyke, 1974). Yet, studies employing radiocarbondated lake sediments and cosmogenic nuclides over the last few
decades have revealed that most of Cumberland Peninsula was
likely covered largely by cold-based ice during the LGM with ﬁords
funneling warm-based, fast-ﬂowing narrow ice outlets onto the
continental shelf (Kaplan et al., 2001; Miller et al., 2002); perhaps
only high elevation coastal peaks remained as nunataks (Miller
et al., 2002; Margreth et al., 2016; Pendleton et al., 2019). Retreat
of the LIS margin was interrupted by a series of stillstands or readvances slightly prior to, or during the late-glacial period
(Kaplan et al., 2001; Corbett et al., 2016; Margreth et al., 2017).
Boas and Southwind ﬁords are north-south trending ﬁords
located southeast of the Penny Ice Cap (Fig. 2). During the LGM
these ﬁords likely hosted outlets of a co-mingled Laurentide-alpine
ice complex (e.g., Margreth et al., 2017), but today, neither ﬁord is
occupied by ice. At the southern limit of the Southwind Fiord, an
outlet glacier emanating from an alpine ice complex terminates at a
large sandur (Fig. 2). Along each ﬁord are numerous alpine valleys
trending perpendicular to the ﬁord axes, which host independent
cirque glaciers or small outlets extending from upland ice ﬁelds
(Fig. 2). At our Southwind and Boas ﬁord (hereafter referred to as
the Tugaq Peak site) ﬁeld sites, we targeted moraines resting in
alpine valleys that are positioned beyond Little Ice Age/historical
maximum moraines (Fig. 5). Historical moraines are easily identiﬁed by their generally close proximity to modern glacier termini,
fresh nature, and lack of vegetation cover and soil development.
Moraines thought to be of Cockburn age are located downvalley of
historical moraines, have more subdued topography, and are much
more vegetated. At the Tugaq Peak site, three coeval moraine sets
are preserved on the landscape beyond historical moraines, each
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deposited by a separate alpine glacier (Fig. 5). Our target moraine
set was deposited by alpine ice sourced from the south, and the end
moraine at this site is linked to a submerged ice-contact delta at
~37 m bsl (Miller, 1975; Forbes et al., 2012; Cowan, 2015) At our
Southwind Fiord site, one prominent set of lateral moraines are
located beyond the historical moraines and grade to below present
sea level.
Lastly, we present results from a separate area of central-east
Bafﬁn Island where targeted an early Holocene moraine in Naqsaq valley (alpine ice; Fig. 1). The full site description for the Naqsaq
site can be found in Young et al. (2015), but the morphostratigraphic context is the same as our two Cumberland Peninsula sites:
a moraine thought to be of Cockburn age located downvalley of the
historical moraine. Notably, Naqsaq hosts a ﬂight of late Holocene
moraines that are dated with 10Be to ~CE 1000-CE 1600 (Young
et al., 2015).

dating on Bafﬁn Island in the spring, the time of maximum snow
cover in the region, and we have not observed any signiﬁcant snow
accumulation on boulder surfaces. We do not correct the potential
effects of isostatic rebound on nuclide production because the
production-rate calibration sites and the sites of unknown age
presented here, as well as 10Be ages reviewed below, have experienced similar exposure and uplift histories (see Young et al., 2020a,
2020b; see Section 2.3). Individual 10Be ages are ﬁrst presented and
discussed with 1s analytical uncertainties and moraine ages do not
include the 10Be production-rate uncertainty when comparing ages
of 10Be-dated moraines across Bafﬁn Bay. When moraine ages are
compared to independent climate records, we propagate through
the production-rate uncertainty (1.8%) in quadrature. All 10Be ages
are presented in thousands of years BP (CE 1950); exposure ages
relative to the year of sample collection are reported in
Supplementary Tables 1 and 2

2.2. Methods

2.3. Using the Bafﬁn Bay

Fieldwork on the Cumberland Peninsula was completed in CE
2015, and samples from Naqsaq valley were collected in CE 2013.
Moraine crests were mapped prior to ﬁeldwork and updated in the
ﬁeld. Samples for 10Be dating were collected using a Hilti-brand
AG500-A18 angle grinder-circular saw with diamond bit blades,
and a hammer and chisel. Sample coordinates and elevations were
collected with a handheld GPS device with a vertical uncertainty of
±5 m, and GPS units were calibrated to a known elevation (sea
level) each day. Topographic shielding was measured using a
handheld clinometer.
We completed 28 new 10Be measurements. All samples were
processed at the Lamont-Doherty Earth Observatory (LDEO)
cosmogenic dating laboratory following well-established protocols
for quartz separation and Be isolation (Tables 3 and 4; Schaefer
et al., 2009). We also report 2 10Be measurements that were
completed in CE 2001 and only reported in Briner (2003); these
samples were processed at the University of Colorado. AMS analysis
was split between the Purdue Rare Isotope Measurement (PRIME)
Laboratory (n ¼ 25) and the center for Accelerator Mass Spectrometry at Lawrence Livermore National Laboratory (LLNL-CAMS;
n ¼ 5). All LDEO processed samples collected during the CE 2013
and 2015 ﬁeld seasons were measured relative to the 07KNSTD
standard with a10Be/9Be ratio of 2.85  1012 using a10Be half-life of
1.387 Ma, and the 1s analytical error ranged from 1.9% to 6.6% with
an average of 3.6 ± 1.0% (Nishiizumi et al., 2007; Chmeleff et al.,
2010, Table 3). The two older samples from CE 2001 were
measured at LLNL-CAMS relative to KNSTD and have 1s analytical
errors of 5.8% and 8.8%, respectively (Table 3). Process blank corrections were applied by using the batch-speciﬁc blank value,
expressed as number of atoms, and subtracting this value from the
sample atom count (Table 4). We propagate through a 1.5% uncertainty in the carrier concentration when calculating 10Be
concentrations.
New and previously published 10Be ages are calculated using the
Bafﬁn Bay 10Be production-rate calibration dataset (Young et al.,
2013b). Ages are reported using the time-variant ‘Lm’ scaling (Lal,
1991; Stone, 2000), which accounts for changes in the magnetic
ﬁeld although these changes are minimal at the high latitudes
considered here. All ages are calculated in MATLAB using code from
version 3 of the exposure age calculator found at https://hess/ess/
washington.edu/, which implements an updated treatment of
10
Be production by muons (Balco et al., 2009; Balco, 2017). We do
not correct nuclide concentrations for snow-cover or subaerial
surface erosion because samples are primarily from windswept
locations (moraine crests) and many surfaces still retain primary
glacial features. Our group has collected many samples for 10Be

Absolute 10Be ages that can be directly compared to Greenland
ice core records or marine archives rely on which production-rate
calibration is used to calculate 10Be ages. Several production-rate
calibrations now exist (e.g., Balco et al., 2009; Putnam et al.,
2010a; 2019; Kaplan et al., 2011; Borchers et al., 2016), but the
Bafﬁn Bay production-rate calibration includes several local to
regional considerations that likely make it the most appropriate
calibration for the Bafﬁn Bay region (Young et al., 2013b). A subset
of 10Be ages in the Bafﬁn Bay region are uniquely intertwined with
the Bafﬁn Bay 10Be production-rate calibration. Initially, it was
noted that 10Be ages in the Jakobshavn Isbræ region were inconsistent with existing radiocarbon constraints when calculated using
a global calibration dataset. Instead, use of the lower northeastern
North America production-rate calibration dataset yielded older
10
Be ages (NENA; Balco et al., 2009) that satisﬁed radiocarbon
constraints (Briner et al., 2012). Following this effort, the existing
radiocarbon constraints and 10Be concentrations from the Jakobshavn Isbræ region discussed in Briner et al. (2012) were re-cast as a
production-rate calibration dataset linked to the Tasiussaq moraine
(Fig. 4). This calibration was combined with 1) a calibration dataset
from Bafﬁn Island that was included within the NENA dataset, but
where the 10Be concentrations were remeasured with higher precision (Clyde Inlet; Fig. 6), and 2) a second calibration dataset from
Jakobshavn Isbræ based on new radiocarbon constraints and 10Be
measurements linked to the Marrait moraine (Young et al., 2013b).
These three calibration datasets were subsequently combined to
generate the Bafﬁn Bay production-rate calibration dataset (18 10Be
measurements and 24 14C constraints in total).
Key to the merged Bafﬁn Bay production-rate calibration dataset
is that it is weighted towards the Marrait moraine calibration. The
Marrait calibration dataset offers measured 10Be concentrations
with minimal scatter (n ¼ 5), coupled with the most wellconstrained independent (radiocarbon) age for the geological
feature targeted among the three calibration datasets (Young et al.,
2013b). Using the Bafﬁn Bay production-rate calibration in the
immediate Jakobshavn Isbræ region, however, introduces some
degree of circularity where moraines dated with radiocarbon to
~9.3 ka BP and ~8.2 ka BP are used to develop a10Be production-rate
calibration, which is in turn used to 10Be date these same moraines
to ~9.3 ka BP and 8.2 ka BP (albeit with additional samples). We
note, however, that the Marrait and Tasiussaq moraines can likely
be constrained to 9.3 ka and 8.2 ka BP based on the radiocarbon
constraints alone (Fig. 4). In addition, use of the statistically identical NENA production-rate calibration (Balco et al., 2009), which
does not include the calibration datasets from Jakobshavn Isbræ
region, or the recent high-latitude calibration from the Scottish
10

10

Be production-rate calibration dataset

N.E. Young, J.P. Briner, G.H. Miller et al.

Quaternary Science Reviews 270 (2021) 107179

Highlands that yields a comparable production rate (Putnam et al.,
2019), would result in nearly identical 10Be ages for not only the
Jakobshavn Isbræ region, but across Bafﬁn Bay.
To a lesser extent, 10Be ages from Clyde Inlet are susceptible to
circularity where a10Be production-rate calibration is then used to
constrain the age of the ice-contact delta. The calculated 10Be age of
the ice-contact delta (Table S1; Fig. 6), however, is based on the
Bafﬁn Bay calibration, which is, again, strongly weighted towards
the Marrait calibration dataset. Rather, the Clyde Inlet productionrate calibration samples do not dominate the calculated 10Be age of
Clyde Inlet ice-contact delta and use of recent high-latitude production-rate calibrations would result in nearly identical 10Be ages.
To summarize, in the strictest sense, the Bafﬁn Bay 10Be productionrate calibration may not be appropriate for constraining the ages of
early Holocene moraines in the Jakobshavn Isbræ foreﬁeld with
10
Be but substituting in any of these well-constrained high-latitude
production-rate calibrations will result in statistically identical 10Be
ages. Across the broader Bafﬁn Bay region, however, where there
are no links or minimal links (Clyde Inlet) between the productionrate calibration and existing radiocarbon constraints, the Bafﬁn Bay
calibration can be applied without reservation (Fig. 4; Fig. 6; Fig. 7).
Applying the Bafﬁn Bay calibration across the broader Bafﬁn Bay
region offers perhaps a few advantages over alternative calibrations. In general, the exposure duration of the calibration sites is
comparable to sites of unknown age (up to ~9.2 kyr), and because
the calibration sites and unknown sites are from high latitude,
uncertainties in the scaling of 10Be production with latitude are
likely minimal. In other words, the calculated Bafﬁn Bay sea-level/
high-latitude (SLHL) production-rate calibrations are derived from
SLHL locations. Calibration datasets from higher elevations or lower
latitudes must be scaled to SLHL, which could incorporate
geographical scaling errors if applied in Bafﬁn Bay. In addition, the
Bafﬁn Bay calibration sites underwent varying degrees of isostatic
rebound following local deglaciation. Although the competing effects of rebound and redistribution of atmospheric pressure are
difﬁcult to properly quantify (e.g., Staiger et al., 2007; Young et al.,
2020b), these outstanding uncertainties are indirectly accounted
for as sites of unknown age in Bafﬁn Bay have, with few exceptions,
undergone similar amounts of isostatic rebound as the calibration
sites (Young et al., 2020b).
The uncertainty in a reference production rate establishes absolute uncertainties on a 10Be moraine chronology and allows for
direct comparison to independent climate archives. The primary
drawback of using regional or local 10Be production-rate calibration
datasets is the risk of incorporating an artiﬁcially low productionrate uncertainty into the age of a 10Be-dated feature. By their very
nature, local and regional calibrations typically contain a smaller
number of calibration datasets than larger compilations and thus
the minimal scatter in 10Be measurements and typical high precision in regional calibration datasets may simply be an artifact of
fewer data (Balco, 2020). As mentioned above, the Bafﬁn Bay calibration comprises three independent datasets and does not just
rely on a single calibration dataset. The stated uncertainty in the
Bafﬁn Bay calibration is 1.8% (Young et al., 2013b) and although this
uncertainty is lower than the uncertainties of other individual
production-rate calibrations, it could be considered a conservative
value as the weighted mean used to arrive at this value results in a
higher uncertainty than taking a straight mean of all three calibration datasets (Young et al., 2013b). While we do not advocate for
combining regional calibrations, other high-latitude calibrations
(NENA; Scottish Highlands) are statistically identical to the Bafﬁn
Bay calibration, and if combined with the Bafﬁn Bay calibration, a
back-of-the-envelope calculation results in a production rate that is
only ~1% lower with an uncertainty of <2%.

Fig. 4. Relationship between 10Be ages and radiocarbon ages at two sites in southwestern Greenland. At Sermeq Kujalleq (Jakobshavn Isbræ), 10Be ages from the Marrait
(blue) and Tasiussaq (green) moraine are consistent with bracketing radiocarbon
constraints. The Bafﬁn Bay 10Be production-rate calibration used to calculate 10Be ages
relies on the direct radiocarbon constraints for the Marrait moraine (Young et al.,
2013b); 10Be ages from the Marrait moraine shown here are the actual productionrate calibration samples. Using an alternative high-latitude production-rate calibration such as the NENA (Balco et al., 2009) or Scottish Highlands calibrations (Putnam
et al., 2019), would yield 10Be ages that vary by <2% and still satisfy the radiocarbon
constraints (e.g., Briner et al., 2012). In the Kangerlussuaq region, 10Be ages are
consistent with limiting radiocarbon ages. 10Be ages from the Umîvît-Keglen moraine
includes those from Winsor et al. (2015), Levy et al. (2018), and Young et al. (2020a).
The exact relationship between the Ørkendalen radiocarbon constraints and 10Be ages
is slightly ambiguous. Based on their location and original description (van Tatenhove
et al., 1996), they are likely contemporaneous or minimum age constraints for the 10Be
ages presented in Young et al. (2020a) from the outer Ørkendalen moraine (magenta).
These same radiocarbon ages are likely maximum ages for the moraine crests sampled
by Levy et al. (2012) and Carlson et al. (2014), which are inboard of the outer
Ørkendalen limit sampled by Young et al. (2020a); 10Be ages presented in Levy et al.
(2012) and Carlson et al. (2014) shown in light purple. Although there are several
radiocarbon constraints related to early Holocene moraine deposition on Bafﬁn Island
(Fig. 3; Table 1), these constraints are geographically scattered and rarely paired with
robust 10Be datasets; the exception is the Clyde Inlet dataset (see Table 1 and Fig. 6).
Details for radiocarbon and 10Be ages can be found in Table 2 and S1.

3. Results
Eleven 10Be ages from our Tugaq Peak site (Boas Fiord) range
from 29.70 ± 0.88 ka BP to 7.08 ± 0.26 ka BP (Fig. 5; Table 3). Three
of these 10Be ages are from boulders perched on bedrock surfaces
located outboard of our target moraine and have overlapping 10Be
ages at 1s uncertainties of 12.58 ± 0.39 ka BP, 12.35 ± 0.45 ka BP,
and 12.06 ± 0.40 ka BP. Combined, these 10Be ages average
12.33 ± 0.26 ka BP, which serves as a maximum-limiting age for our
target moraine. 10Be ages for moraine boulders range from
29.70 ± 0.88 ka BP to 7.08 ± 0.26 ka BP, but we calculate an arithmetic mean age of 9.21 ± 0.34 ka (n ¼ 6) after discarding a single
11
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dataset, including those from the morphostratigraphically older
moraine and landscape located beyond the moraine; this 10Be age is
likely inﬂuenced by isotopic inheritance. The younger 10Be age of
8.98 ± 0.38 ka is statistically identical to the direct moraine age of
9.05 ± 0.30 ka BP and serves as a minimum-limiting age on the
moraine. Excluding three outliers, 10Be ages from our Southwind
Fiord site reveal that LIS-sourced ice in the main fjord retreated
behind the alpine valley mouth ca. 9.4e9.3 ka BP, which also represents a maximum-limiting age on moraine deposition, followed
by moraine deposition at 9.05 ± 0.30 ka BP and retreat shortly
thereafter.
At Naqsaq valley, ﬁve 10Be ages from moraine boulders are
25.58 ± 2.88 ka BP, 10.27 ± 0.25 ka BP, 10.27 ± 0.25 ka BP,
10.05 ± 0.27 ka BP, and 9.57 ± 1.14 ka BP (Table 3). The oldest age is
almost certainly inﬂuenced by isotopic inheritance as it is much
older than the timing of local deglaciation that occurred ca. 10e8 ka
BP (i.e., Briner et al., 2007). The remaining ages all overlap at 1s
uncertainties, but the age of 9.57 ± 1.14 ka BP, measured in CE 2001,
has a signiﬁcantly larger analytical uncertainty than our more
recent samples. To account for this larger uncertainty from a prior
generation of 10Be analysis, we calculate a weighted-mean age of
10.19 ± 0.25 ka as best estimate for the timing of moraine deposition (Table 3; Fig. 6).
4. Timing of moraine deposition across Bafﬁn Bay
10
Be measurements from eighteen sites across Bafﬁn Island and
western Greenland constrain advances of the LIS, GrIS, and independent alpine glaciers on Bafﬁn Island and western Greenland
through the early Holocene (Fig. 6; Fig. 7; see captions for full
citation list). On the Cumberland Peninsula, our new 10Be ages
reveal that alpine moraines at the Tugaq Peak and Southwind Fiord
sites are coeval features with glacier advances culminating at
9.21 ± 0.34 ka BP and 9.05 ± 0.30 ka BP, respectively (Fig. 6). Across
11 sites on Bafﬁn Island with 10Be dated moraine systems, 5 of them
record culminations of both alpine glacier and LIS advances
centered at ~9.2e9.0 ka BP (Fig. 6; Table S1). Additional modes of
moraine deposition on Bafﬁn Island occur ca. 11.8e11.6 ka BP (1
site; Fig. 6), ca. 10.3e10.2 ka BP (2 sites, including the newly dated
Naqsaq site), and 8.2e8.0 ka BP (4 sites; Fig. 6). The King Harvest
site on the Cumberland Peninsula appears to record the most detail
on Bafﬁn Island hosting moraines dated to ~11.8e11.6 ka BP,
10.4e10.2 ka BP, and 9.2e9.0 ka BP, but lacks the 8.2e8.0 ka BP
mode of moraine deposition seen at other sites on Bafﬁn Island
(Young et al., 2020a). No single site on Bafﬁn Island contains each
pulse of moraine deposition as deﬁned by the collective 10Be-dated
moraine record, but no matter the number of moraines preserved
at each site, each dated moraine falls into a well-deﬁned mode of
moraine deposition when considering the entire Bafﬁn Island
dataset (Fig. 6).
The record of moraine deposition in western Greenland is
similar to that of Bafﬁn Island (Fig. 7). 10Be ages from eight sites in
western Greenland constrain advances of the GrIS and alpine glaciers at ca. 11.6 ka BP (1 site), 10.4e10.2 ka BP (3 sites), 9.7e9.6 ka BP
(2 sites), 9.2e9.0 ka BP (4 sites), 8.2e8.0 ka BP (3 sites), and 7.3e7.0
ka BP (1 site). The longest record of moraine deposition is from the
Sisimiut-Kangerlussuaq region (a GrIS moraine sequence), which
hosts moraines dated to ca. 11.6 ka BP, 10.3 ka BP, 9.2 ka BP, 8.2e8.0
ka BP, and 7.3e7.0 ka BP (Young et al., 2020a and references
therein). As on Bafﬁn Island, whereas no single site in Greenland
hosts each pulse of moraine deposition, each dated moraine has an
equivalent moraine at least at one other site. Considering all sites
on Bafﬁn Island and western Greenland, four intervals are identiﬁed where moraine deposition occurs on both sides of Bafﬁn Bay:
11.8e11.6 ka BP, 10.4e10.2 ka BP, 9.2e9.0 ka BP, and 8.2e8.0 ka BP

Fig. 5. (A) Tugaq peak ﬁeld site at Boas Fiord with pre-Little Ice Age moraines preserved on the landscape (pink). 10Be ages are shown in two morphostratigraphic
groups (ka BP ± 1s analytical uncertainty; outliers are in italics): 1) outboard of the
target moraine, which serve as maximum-limiting ages on the moraine (black text),
and 2) moraine boulders (red). (B) Southwind Fiord site with a pre-Little Ice Age
moraine (pink), the Little Ice Age moraine (orange) and the modern glacier. Little Ice
Age moraines on Bafﬁn Island are easily identiﬁable via their position as typically the
ﬁrst moraine in front of modern glacier termini and their unvegetated nature. 10Be ages
are shown in three morphostratigraphic groups: 1) outboard of the target moraine
(black text), which provides a maximum-limiting age on the target moraine and
constraints the timing of deglaciation of ice through Southwind Fiord, 2) moraine
boulders (red), and 3) inboard of the target moraine, which serve as minimum-limiting
ages on the moraine (white text). Contour interval is 50 m.

older outlier (29.70 ± 0.88 ka BP) and a single younger outlier
(7.08 ± 0.26 ka BP; Fig. 4). The older outlier is > 2s older than the
mean of the remaining 10Be ages, pre-dates the LGM, and is likely
inﬂuenced by isotopic inheritance. The younger outlier is > 2s
younger than the mean of the remaining 10Be ages and is likely
inﬂuenced by some degree of boulder exhumation. Excluding these
two outliers, our 10Be ages reveal that initial site deglaciation
occurred at 12.33 ± 0.26 ka, followed by a glacier readvance
culminating at 9.21 ± 0.34 ka BP (Fig. 5; Fig 6).
At Southwind Fiord, 10Be ages range from 15.48 ± 0.59 ka BP to
5.10 ± 0.20 ka BP (n ¼ 14; Fig. 5; Table 3). Two 10Be ages from
boulders perched on bedrock located outboard of our target
moraine are 9.34 ± 0.45 ka BP and 9.32 ± 0.52 ka BP, and likely
provide a robust maximum-constraining age on the timing of
moraine deposition (Fig. 5). Ten 10Be ages from moraine boulders
have a mean age of 9.05 ± 0.30 ka BP after excluding two younger
outliers of 6.76 ± 0.29 ka BP and 5.10 ± 0.20 ka BP that are >2s
younger than the mean 10Be age and are likely inﬂuenced by
boulder exhumation. Two 10Be ages from boulders perched on
bedrock located immediately inboard of the moraine are
15.48 ± 0.59 ka BP and 8.98 ± 0.38 ka. The older of these two 10Be
ages is older than any other 10Be age in our Southwind Fiord
12
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Fig. 6. Left panels e normal kernel density estimates for new 10Be ages from moraine boulders. Three moraine boulder samples from Naqsaq valley (Fig. 1) were collected in CE 2013
and combined with a previous 10Be age from the same moraine reported in Briner (2003); site description can be found in Young et al. (2015). Because of the low analytical
resolution of this previous 10Be age, we present a weighted mean as the most likely age of moraine deposition. Right panel e normal kernel density estimates for 10Be-dated
moraines across Bafﬁn Island presented from north to south (see Fig. 1 for locations). Each estimate displays individual 10Be ages (thin lines) and the summed distribution (thick
line); yellow shading is the mean age ± 1 S.D. of the entire dataset. Ayr Lake (Young et al., 2012), Naqsaq (this study), Clyde Inlet (Briner et al., 2009b), King Harvest alpine and
Laurentide (Young et al., 2020a). Datasets from Narpaing, Sulung, Narmak, Qik, and Tugaq are from Crump et al. (2020); the Sulung dataset includes 3 in situ 14C ages (Crump et al.,
2020; Young et al., 2014). At the Narpaing and Sulung sites, recessional moraines were also dated with 10Be (grey). While morphostratigraphically younger, 10Be ages are statistically
indistinguishable from the primary moraine (color) and all 10Be ages are combined as part of the stacked moraine record (Fig. 7). Note that Clyde Inlet is further constrained by
independent bracketing 14C ages of 7890 ± 150 and 8350 ± 150 and serves as a10Be production-rate calibration site (CURL-7038 and CURL-7046; Table 1; see Section 2.3). Unless
otherwise noted, moraines at each site were deposited by alpine (non-Laurentide) ice; moraines attributed to Laurentide ice were deposited by fast-ﬂowing outlet glaciers. Although
cold-based ice is widespread across Bafﬁn Island, especially at high elevations, warm-based erosive ice needed for moraine formation and cold-based ice is likely not a dominant
feature at the sites hosting 10Be-dated moraines depicted here.
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LLNL-CAMS
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66.7682
15BAC-02
66.7706
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62.6741
62.6752
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219
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1.98
3.44
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25.8448
22.7741
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64,385
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12.58
12.35
12.06
Mean ± 1
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0.39
0.45
0.40
12.33 ± 0.26
(0.34)

PRIME
PRIME
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Moraine boulders
15BAC-04
66.7692
15BAC-05
66.7659
15BAC-06
66.7697
15BAC-07
66.7717
15BAC-08
66.7735
15BAC-09
66.7598
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1.2897E-13
1.1985E-13
7.5030E-14
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2.7400E-15
5.5100E-15
4.6700E-15
3.1100E-15
5.1400E-15

41,916
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42,699
39,661
38,796
24,018
44,804
45,224
32,388
39,512

1619
1541
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1432
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8.50
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9.38
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9.03
5.10
9.05
9.36
6.76
9.28
Mean ± 1
S.D.

0.33
0.33
0.33
0.32
0.31
0.20
0.62
0.56
0.28
0.45
9.05 ± 0.30
(0.34)

PRIME
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Inboard erratics
15BRR-08
66.7621
15BRR-10
66.7584

62.2987
62.3002

16
14

3.08
1.87

0.990
0.990

26.7883
34.6426

0.2003
0.2029

7.2710E-14
1.6108E-13

2.8500E-15
5.5000E-15

37,500
64,838

1578
2444

8.98
15.48

0.38
0.59

PRIME
PRIME

a

Quartz and carrier weights for samples CI11-01-1 and CI11-01-2 were made on 2-digit balance.
Samples were spiked with LDEO carriers 5.1 and 6 with evaporation-corrected 9Be concentrations ranging from 1032.4 to 1035.5 ppm (see Table 4). Samples CI11-01-1 and CI11-01-2 were spiked with a 1000 ppm SPEX
brand carrier.
c
Samples were measured at either the Lawrence Livermore National Laboratory - Center for Accelerator Mass Spectrometry (LLNL-CAMS) or the Purdue Rare Isotope Measurement Laboratory (PRIME). Ratios are not corrected
for 10Be detected in procedural blanks, except for samples CI11-01-1 and CI11-01-2.
b
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Southwind Fiord
Outboard erratics
15BRR-16
66.7545
15BRR-18
66.7543
Moraine boulders
15BRR-01
66.7656
15BRR-03
66.7658
15BRR-04
66.7658
15BRR-05
66.7659
15BRR-06
66.7655
15BRR-07
66.7566
15BRR-11
66.7569
15BRR-12
66.7569
15BRR-13
66.7567
15BRR-15
66.7564
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Bafﬁn Island
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d
Concentrations are blank corrected by subtracting the total number of 10Be atoms in the process blank (Table 2); ratios for samples CI-01-1 and CI-01-2 are blank-corrected.
Ages are calculated using version 3 of the exposure age calculator found at https://hess.ess.washington.edu/(wrapper: 3.0, muons: 1 A, consts: 3.0.3), which implements an updated treatment of muon-based production (Balco
et al., 2009; Balco, 2017). All ages are calculated using ‘Lm’ scaling and a Bafﬁn Bay production rate of 4.04 ± 0.07 atoms g-1 yr-1 (Young et al., 2013a). This value has been updated from the CRONUS v2 value of 3.96 ± 0.07 atoms g-1
yr-1; the calibration dataset is the same. All samples use a density of 2.65 g cm-3, standard air pressure ‘std’, and an effective attenuation length of 160 g cm-2.10Be concentrations are reported relative to 07KNSTD with a reported
ratio of 2.85  10e12 using a 10Be half-life of 1.36  106 years.

(Fig. 6; Fig. 7). Moraines dated to ca. 9.7e9.6 ka BP (2 sites) and ca.
7.3 ka BP (Sisimiut-Kangerlussuaq) on western Greenland are the
only intervals of moraine deposition not recorded on Bafﬁn Island.
The site-to-site variability in the number of moraines hosted at
individual locations throughout Bafﬁn Bay is in part dictated by the
nuances of moraine preservation. The moraine record at any individual site is inherently discontinuous as any moraine sitting on the
landscape has the potential to be overrun and destroyed by a later
advance of the ice margin (e.g., Gibbons et al., 1984; Young et al.,
2011c). In the absence of cold-based ice, a moraine can only be
preserved on the landscape if any subsequent advance of an ice
margin is less extensive than the position of the previously
deposited moraine. Sites that only host a moraine(s) correlative
with a younger mode in Bafﬁn Bay moraine deposition could in part
be explained by this younger glacier advance overrunning and
destroying older moraines. For example, the Ayr Lake site in northcentral Bafﬁn only hosts moraines dated to ~8.2 ka BP (Fig. 6),
allowing for the possibility that moraines pre-dating 8.2 ka BP (e.g.,
the common 9.2e9.0 ka moraines) did exist, but glacier advance ca.
8.2 ka BP overran them. In contrast, the Naqsaq valley site only
hosts moraines dated to ca. 10.2 ka BP (Fig. 6) and the last millennium (Young et al., 2015). Here, any 9.2 ka BP or 8.2 ka BP moraine
that may have existed would have been overrun by glacial phases
dating to the last millennium. Interestingly, the Ayr Lake and
Naqsaq sites rest in neighboring valleys only ~25 km apart and
differences in centennial-scale climate likely cannot explain the
site-to-site differences in moraine preservation. If solely the Ayr
Lake and Naqsaq valley 10Be chronologies existed, one might invoke
non-climatic dynamic factors or geomorphic factors (e.g., accumulation area, hypsometry) to explain the apparent asynchronicity
in glacier behavior in neighboring valleys. When evaluated within
the context of moraine deposition across Bafﬁn Island or Bafﬁn Bay,
however, both valleys appear to record changes in regional climate,
but with localized ice dynamical factors leading to glacier responses of varying proportion, and thus moraine preservation, but
ice dynamical factors are not affecting the timing of moraine
deposition.
Another factor that inﬂuences the number of moraines preserved at a single site is the location of the ice margin with respect
to the ocean and the modern ice margin at any given time. At
Jakobshavn Isbræ, the ice margin did not retreat out of Disko Bugt
until ca. 10.2 ka BP and had retreated behind the modern margin by
ca. 7.5 ka BP (Young et al., 2011a; Corbett et al., 2011). Thus, only
moraines deposited between ca. 10.2e7.5 ka BP can be preserved on
the modern landscape and, accordingly, only moraines dated to ca.
9.2 ka BP and 8.2 ka BP are found in the Jakobshavn Isbræ foreﬁeld.
At 11.8e11.6 ka BP and 10.4e10.2 ka BP when moraines are being
deposited at other Bafﬁn Bay locations, the ice margin in the
Jakobshavn Isbræ region still terminated offshore, whereas if a
moraine was deposited ca. 7.3 ka BP, it has since been overrun by
late Holocene re-expansion of the GrIS. In contrast, the GrIS margin
in the Nuuk-KNS region was likely offshore until ca. 11.2e10.7 ka BP
and had already retreated behind the modern margin by ca. 10.2 ka
BP, offering a relatively narrow window for moraine preservation
(Larsen et al., 2015; Young et al., 2021). The only moraine in the
immediate KNS foreﬁeld was deposited at 10.24 ± 0.36 ka BP and
any younger moraine that may have once existed would have been
overrun by the late Holocene readvance of the GrIS (Young et al.,
2021).
Despite the discontinuous nature of the moraine record at any
single location, two sites on opposing sides of Bafﬁn Bay host the
most comprehensive records of glacier change in the region. The
King Harvest site on the Cumberland Peninsula hosts moraines
dated to ~11.8e11.6 ka BP, 10.4e10.2 ka BP, and 9.2 ka BP (Fig. 6).
Notably, each of these modes of moraine deposition at King Harvest
15
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Table 4
Process blank

10

Be data.

Sample ID
LDEO Carrier 5.1
BLK_1_2013Nov04
BLK_1_2014Feb17
LDEO Carrier 6
BLK_2018Jan25
BLK_2018Feb02
BLK_2018Mar09
All

10
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Carrier added (g) Carrier concentration

10

Be/9Be ratio ± 1s
(10e16)

0.1812
0.1805

1032.4
1035.5

1.770 ± 3.588
2.491 ± 0.832

0.2027
0.202
0.2023

1033.1
1033.5
1034.8

0.800 ± 0.800
1.100 ± 1.150
10.040 ± 5.600

10

Be atoms

Samples applied to (Table 3):

2213 ± 4487 13ELB-21, -22
3111 ± 1039 13ELB-23
1120 ± 1120 15BAC-01, -02, 03
1535 ± 2093 15BAC-04, -06, 07, 08, 10, 12; 15BRR-01, -03, 05, 06, 07, 08
14,553 ± 7836 15BAC-05, -09; 15BRR-04, -10, -11, -12, -13, -15, -16, -18

Be concentrations are reported relative to 07KNSTD with a reported ratio of 2.85  10e12 using a

10

Be half-life of 1.36  106 years (Nishiizumi et al., 2007).

propagate the uncertainty in the 10Be production-rate calibration in
quadrature. In doing so, we constrain regional culminations of
glacier advance to 11.68 ± 0.22 ka BP (n ¼ 23), 10.28 ± 0.19 ka BP
(n ¼ 40), 9.58 ± 0.19 ka BP (n ¼ 18), 9.04 ± 0.17 ka BP (n ¼ 65),
8.09 ± 0.15 ka BP (n ¼ 52), and 7.24 ± 0.17 ka BP (n ¼ 6; Fig. 7B;
Table S2). We note that this composite glaciation curve only includes moraine boulders and does not include what are often
closely limiting maximum or minimum constraining 10Be ages from
samples located immediately inboard or outboard of a directly
dated moraine (Fig. 7).

record advances of both a glaciologically independent alpine glacier
and LIS outlets. The repeated synchronous advances of these ice
masses requires changes in regional climate as the driving mechanism behind glacier advance and subsequent moraine deposition
(Young et al., 2020a). The only remaining mode of moraine deposition on Bafﬁn Island not seen in the King Harvest record is at ca.
8.2e8.0 ka BP (Fig. 6). In southwestern Greenland, moraines
deposited between the coast and the modern ice margin in the
Sisimiut-Kangerlussuaq region are dated to ca. 11.6 ka BP, 10.4 ka BP,
9.2 ka BP, 8.2 ka BP, and 7.3 ka BP, which serves as both the longest
moraine record in western Greenland and across Bafﬁn Bay (Fig. 7).
The Sisimiut-Kangerlussuaq region is the widest swath of ice-free
terrain in western Greenland, likely facilitating the preservation
of a >4 kyr record of ice-margin change that is not possible at other
Bafﬁn Bay locations where the ice margin either terminated in the
ocean or had already retreated behind the eventual present-day ice
margin position. For example, at 11.6 ka BP most of the southwestern GrIS margin still terminated off the modern coastline, and
by ca. 8.0e7.5 ka BP, with few exceptions, nearly all the southwestern GrIS margin had retreated behind the modern ice margin
(Carlson et al., 2014; Larsen et al., 2015; Young and Briner, 2015;
Young et al., 2021). The similarity between the King Harvest and
Sisimiut-Kangerlussuaq moraine records indicates that both sites
are recording regional changes in climate through the early Holocene (Young et al., 2020a). We consider 10Be-dated moraines at
King Harvest and in the Sisimiut-Kangerlussuaq region as the
principal moraine records that track changes in climate across
Bafﬁn Bay. Although the remaining sites across Bafﬁn Bay with
10
Be-dated moraines only capture certain pieces of the primary
King Harvest and Sisimiut-Kangerlussuaq records, moraines at
these sites are no less climatically signiﬁcant (Fig. 6; Fig. 7).
Statistically identical moraine ages, deﬁned as overlapping
mean ± S. D. moraine age from site to site, at 11.8e11.6 ka BP,
10.4e10.2 ka BP, 9.7e9.6 ka BP, 9.2e9.1 ka BP, 8.2e8.0 ka BP, and
7.3e7.0 ka BP indicate that regardless of ice-margin type and its
response time to a climate perturbation, ice-margin changes are
coeval within the resolution of our chronologies (Fig. 6; Fig. 7;
Table S1); any asynchrony in ice-margin change cannot be detected
with the 10Be chronometer. We capitalize on this large dataset by
merging 10Be ages from each individual site at each interval of
moraine deposition to best constrain the timing of synchronous
advances of Bafﬁn Bay ice masses and therefore regional climate
perturbations across Bafﬁn Bay (Fig. 7). Prior researchers have
traditionally presented the mean ± S.D. of a10Be population from
moraine boulders as the best estimate for the timing of moraine
deposition that accounts for all measurements, while not emphasizing any single sample that is part of a relatively small population
size (e.g., Southwind and Boas ﬁord sites). To account for signiﬁcantly larger 10Be populations, we present the mean ± standard
error of the mean (S.E.M.) for each mode in moraine deposition and

5. Discussion
5.1.

10

Be dating in Bafﬁn Bay

The regional efﬁcacy of sub-glacial erosion and ﬁeld sampling
strategies are likely the primary factors driving the internal consistency in 10Be ages at any individual site and across Bafﬁn Bay.
Southwestern Greenland appears particularly suitable for developing 10Be-based records of GrIS and alpine glacier change. A 2016
survey revealed that only ~14% of all 10Be measurements made in
southwestern Greenland up to that point were inﬂuenced by isotopic inheritance as deﬁned by the original authors (Young et al.,
2016). This percentage decreases to ~6% when only considering
low-elevation samples (<600 m asl), which is the typical elevation
range for 10Be measurements used to constrain Holocene ﬂuctuations of the GrIS. As perhaps an extreme example of the overall lack
of isotopic inheritance in southwestern Greenland is the landscape
fronting Jakobshavn Isbræ, and across the broader Disko Bugt region, which is virtually inheritance free (Corbett et al., 2011; Young
et al., 2011; Young et al., 2013a; Kelley et al., 2013, 2015). Epicenters
of isotopic inheritance on southwestern Greenland are largely
restricted to two environments. Inheritance is slightly more common at the highest elevations between Sisimiut and Kangerlussuaq
(e.g., Rinterknecht et al., 2009; Roberts et al., 2009; Winsor et al.,
2015), and inheritance also appears to be more prevalent in the
KNS region (e.g., Larsen et al., 2015; Young et al., 2021, Fig. 1). Highelevation landscapes in the Sisimiut-Kangerlussuaq region are
likely ice covered for shorter durations during glacial cycles and
more susceptible to non-erosive cold-based ice cover than lower
elevations. The KNS region is characterized by a dense fjord
network likely promoting selective linear erosion (i.e., Sugden,
1978).
Southwestern Greenland is heavily inﬂuenced by the relatively
warm West Greenland Current, whereas Bafﬁn Island, despite
occupying the same latitude range as southwestern Greenland, is
characterized by a colder climate due to the Bafﬁn Current transporting cold Arctic waters along the Bafﬁn Island coast (Fig. 1).
Compared to other polar locations, the relatively warm climate of
southwestern Greenland likely helps facilitate the consistent
16
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presence of erosive warm-based ice (Young et al., 2016). The
combination of widespread warm-based ice, lack of extensive fjord
networks, and a landscape that rests well inboard of the GrIS
margin during glacial maxima (i.e., longer durations of ice cover per
glacial cycle), makes it more likely that any 10Be accumulated on the
landscape during previous ice-free periods is removed through
subglacial erosion. The widespread occurrence of cold-based Laurentide ice, in part dictated by the inﬂuence of the Bafﬁn Current on
regional climate, and a landscape that rests comparatively closer to
LIS margin during glacial maxima (i.e., shorter durations of ice
cover per glacial cycle) contributes to a Bafﬁn Island landscape
where isotopic inheritance is more common (Young et al., 2016).
Many 10Be datasets that explicitly target the early to late Holocene
histories of the LIS and alpine glaciers (versus LIS dynamics during
the LGM), however, appear to be less inﬂuenced by inheritance
(Crump et al., 2020; Young et al., 2012, 2015, 2020a; Table S1).
Indeed, these datasets tend to be concentrated within ﬁords or at
ﬁord heads (e.g., Briner et al., 2009a), or in alpine valleys (e.g.,
Young et al., 2020a) and largely avoid inter-ﬁord uplands or coastal
lowlands where ice tends to be less erosive (Briner et al., 2006;
Davis et al., 2006; Margreth et al., 2016).
Supplementing 10Be ages directly from moraines with minimum- and maximum-limiting 10Be ages from samples beyond and
within targeted moraines has proven useful, particularly in southwestern Greenland where this approach has been widely applied
(Fig. 7). While 10Be ages from moraine boulders directly date the
moraine itself, moraine boulders can be susceptible to exhumation,
producing a 10Be age that post-dates the true age of moraine
deposition (e.g., Applegate et al., 2012; Crump et al., 2017), or
suitable moraine boulders for sampling may not exist. 10Be ages
from moraine boulders in southwestern Greenland tend to display
minimal scatter, yet in many instances dedicated efforts to sample
boulders perched on bedrock or bedrock surfaces immediately
inboard or outboard of a moraine help constrain the timing of
moraine deposition (Young et al., 2013a). 10Be ages in the Disko
Bugt region best illustrate the relationship between 10Be-dated
moraines and limiting 10Be ages. At Jakobshavn Isbræ 10Be ages
from the Tasiussaq moraine and from bedrock and erratic boulders
located immediately inboard of the moraine are statistically identical (Corbett et al., 2011; Young et al., 2011a, 2011b, Fig. 7). In this
case, either of these two datasets can be used to constrain the age of
the Tasiussaq moraine, but erratic boulders perched on bedrock
located immediately inside a moraine are not susceptible to landscape degradation that can affect moraine boulders. In the southern
Disko Bugt region at Orpissoq, both the Marrait and Tasiussaq
moraines are preserved on the landscape, but neither hosts boulders suitable for 10Be sampling. Yet, 10Be ages from boulders
perched on bedrock outboard and inboard of Marrait moraine
provide close bracketing ages on the moraine itself, and 10Be ages
from immediately inside the Tasiussaq moraine constrain moraine
deposition to ~8.2 ka BP (Fig. 7). 10Be ages from outboard of moraine
provide maximum-limiting 10Be ages on a moraine, but these 10Be
ages need not be close maximum-limiting ages if moraine deposition was the result of a signiﬁcant ice-margin re-advance (Young
et al., 2013a). 10Be ages from erratic boulders perched on bedrock
immediately inboard of a moraine, however, should always provide
a close-minimum constraining age for the moraine, or should be
statistically identical to the moraine age derived from moraine
boulders (Fig. 7).

Fig. 7. (A) Normal kernel density estimates for 10Be-dated moraines across western
Greenland presented from north to south (see Fig. 1 for locations). Humboldt (Reusche
et al., 2018), Nuusuaq (O'Hara et al., 2017), Sermeq Kujalleq (Young et al., 2011a, 2013a,
2013b; Corbett et al., 2011), Orpissoq (Young et al., 2013a), Kangerlussuaq (Winsor
et al., 2015; Levy et al., 2018; Young et al., 2020a), Søndre Isortoq (Lesnek and
Briner, 2018), Qamanaarsuup Sermia (Young et al., 2021), Kangiata Nunaata Sermia
(Young et al., 2021). Boxes mark maximum-limiting (right pointing arrows) and
minimum-limiting (left pointing arrows) 10Be ages from erratic boulders or bedrock
located immediately outboard or inboard of each target moraine. Maximum- and
minimum-limiting constraints are shown as the average 10Be age of each dataset
(n ¼ number within each box; see Table S1). For the Humboldt 10Be age distribution,
we excluded two older 10Be ages of 11.35 ± 0.74 ka BP and 11.16 ± 0.71 ka BP that were
originally included in a weighted-mean age estimate for this moraine (Table S1:
Reusche et al., 2018). Subsequent work suggests these ages likely pre-date the timing
of regional deglaciation (i.e., isotopic inheritance) and therefore we exclude them from
the population (Ceperley et al., 2020). Young et al. (2020a) dated a moraine to ~8.6 ka
BP that is stratigraphically bracketed by moraines dating to ca. 9.0 and 8.0 ka BP as part
of the Kangerlussuaq moraine sequence. These 10Be ages are not plotted, however, as
this age assignment is based on only three 10Be ages. Unless otherwise noted, moraines
at each site were deposited by the GrIS; Humboldt, Sermeq Kujalleq, Qamanaarssup,
and Kangiata Nunaata Sermia are outlet glaciers. (B) 10Be ages from moraines on Bafﬁn
Island and western Greenland stacked to form a composite record of Bafﬁn Bay
moraine deposition; shading marks the mean ± standard error of the mean with the

production-rate uncertainty propagated through in quadrature (Section 4; Table S2).
Listed above each normal kernel density estimate is the number of ﬁeld sites and 10Be
ages comprising each composite curve. Note that the composite curves only include
moraine boulders and do not account for the minimum- and maximum-limiting 10Be
age from outboard and inboard of moraine segments.
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et al., 2020). Similar to the 8.2 ka cooling event, the 9.3 ka cooling
event has also been interpreted to be driven by the release of
freshwater into the North Atlantic (Yu et al., 2010; Jennings et al.,
2015). Although uncertainties remain surrounding the exact
magnitude of freshwater release for both the 8.2 ka and 9.3 ka
cooling events (e.g., Aguiar et al., 2021), these events are clearly
recorded in Greenland ice and, arguably, provide the most unambiguous relationship between the input of freshwater into the
western North Atlantic region, its effect on Atlantic meridional
overturning circulation (AMOC), and regional-to hemispheric-scale

 ttir, 2005). With a well-established
o
cooling (Alley and Agústsd
sequence of events e freshwater release into the Labrador Sea region, AMOC reduction and likely sea-ice expansion, and regional
cooling e the 8.2 ka and 9.3 ka cooling events provide a consistent
framework in which to 1) gauge the sensitivity of Bafﬁn Bay ice
masses to known abrupt climate change, and 2) assess the potential
drivers of glacier advance in the Bafﬁn Bay region that are not
associated with the 8.2 ka or 9.3 ka cooling events.
The 9.3 ka event is characterized by 2e3  C mean-annual
cooling over ~100 years, whereas the ~160-year-long 8.2 ka event
is characterized by 3e4  C of mean-annual cooling based on gasphase temperatures from Greenland ice (Kobashi et al., 2007,
2017). Moraines in the Bafﬁn Bay region deposited by the LIS, GrIS
and alpine glaciers at ca. 9.2e9.0 and 8.2e8.0 ka BP provide evidence that both cooling events were of sufﬁcient magnitude and
duration to elicit responses from Bafﬁn Bay ice masses. While
perhaps unsurprising that Bafﬁn Bay glaciers advanced in response
to regional cooling, the subtleties of the moraine and gas-phase
temperature records provide additional details on the nature of
regional cooling during the 9.3 and 8.2 ka BP cooling events and the
processes that allow glaciers and ice sheets to respond to this
cooling. Gas-phase temperature reconstructions from Greenland
ice reﬂect mean annual temperatures which, in turn, are likely
biased towards winter temperatures, in particular during episodes
of abrupt climate change in the North Atlantic region (Buizert et al.,
2014). This wintertime bias is driven by the rapid expansion of
winter sea ice during periods of freshwater induced AMOC reduction, resulting in exceptionally cold winters (i.e., seasonality hypothesis; Denton et al., 2005). The response of Bafﬁn Bay ice masses
to the 8.2 ka and 9.3 ka events, however, requires that these cooling
events included some degree of summertime cooling as the position of glacier and ice-sheet margins is dictated by summer temperature. Increased wintertime precipitation also drives
ﬂuctuations in ice-margin position, but snowfall in glacier and ice
sheet accumulation zones must be propagated down-ice to the
terminus, which, for ice sheets, takes several centuries to millennia
(e.g., Lowell et al., 1999). The combination of temperature reconstructions from Greenland ice and the Bafﬁn Bay moraine record reveals that the freshwater-forced 8.2 ka and 9.3 ka abrupt
cooling events, which are characterized by reduced AMOC and
expanded winter sea ice, included a component of summertime
cooling despite being primarily wintertime phenomena (Fig. 8;
Fig. 9).
Regional cooling centered at ca. 10.5e10.4 ka BP in Greenland ice
cores, combined with a distinct pulse in moraine deposition across
Bafﬁn Bay at this time, shares the same characteristics as the 8.2
and 9.3 ka cooling events which are also characterized by regional
cooling and a distinct pulse in moraine deposition (Fig. 9; Kobashi
et al., 2017). Moreover, the link between freshwater input into the
Labrador Sea region, AMOC reduction, and attendant cooling at ca.
10.5e10.4 ka BP is supported by a record of iceberg discharge
through Hudson Strait which provides compelling evidence for the
consistent freshwater forcing of cold climate events during the
early Holocene (Fig. 9; Jennings et al., 2015). O'Hara et al. (2017)
proposed a connection between the record from Jennings et al.

Fig. 8. (A) Photograph taken on August 26th, 1972, looking to the southeast across
Qaqulluit and a sea-ice-covered southern Bafﬁn Bay (see Fig. 2A; Photo credit: G.
Miller). Sea ice along Bafﬁn Island typically breaks up by early July followed by ice-free
conditions through the remainder of the summer and into early autumn. In 1972, sea
ice from the previous winter never broke up during the summer. (B) Top row e
summer (JAS) temperature anomalies at 2 m for 1972 (center) compared to the preceding (1971) and following (1973) years; the Bafﬁn Island region is characterized by a
temperature anomaly of ~4e7  C in 1972. Bottom row e 850 hPa geopotential height
anomaly over the same period. Anomalies are relative to the 1960e1990 average using
the NCEP/NCAR reanalysis version 1 dataset (U. Maine Climate Reanalyzer, www.ccireanalyzer.org). Figure is not meant to suggest that expanded sea ice in 1972 is a
result of a freshwater anomaly, only that expanded sea ice in the summer season can
contribute to summer cooling.

5.2. Early holocene freshwater discharge, regional cooling, and
glacier advance in Bafﬁn Bay
The synchronous behavior of the GrIS, LIS, and alpine glaciers is
most readily explained by changes in temperature because it is
unlikely that synchronous changes in winter precipitation would
occur across such a large area (i.e., Ten Brink and Weidick, 1974;
Young et al., 2020a). The most compelling evidence that synchronous advances of Bafﬁn Bay ice masses were driven by changes in
temperature, however, is the coherency between 10Be-dated moraines, freshwater outburst events, and early Holocene temperatures recorded in Greenland ice. The 8.2 ka cooling event is the
most well-known abrupt climate perturbation of the Holocene and
is thought to have been driven by the sudden drainage of icedammed lakes at the southern margin of the LIS, with perhaps
contributions from the collapse of the Hudson Bay ice saddle, into

 ttir, 2005;
the Labrador Sea (Alley et al., 1997; Alley and Agústsd
o
Barber et al., 1999; Wagner et al., 2013; Matero et al., 2017; Gauthier
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Fig. 9. (A) Greenland mean-annual temperatures reconstructed using gas-phase d15NeN2 measurements (purple; ±1s; Buizert et al., 2014). (B) Greenland mean-annual temperatures reconstructed using gas-phase dAr-N2 measurements (red; ±2s; Kobashi et al., 2017). (C) Bafﬁn Bay moraine stack from Fig. 7B; shading is the mean moraine age ±1 S.E.M.
including the 10Be production-rate uncertainty. (D) Ice-rafted detritus stack from Bond et al. (2001). This stack comprises 4 records including GGC22 in panel F. Numbers mark
previously identiﬁed Bond events. (E) Carbonate weight percentage from core MD99-2236 positioned on the Cartwright Saddle (Jennings et al., 2015). DCP - detrital carbonate peak.
(F) Detrital carbonate percentage from core GGC22 located southeast of Newfoundland (Bond et al., 2001). To help orient the reader, bullseyes on panel E mark the mean age
±1 S.E.M. including the 10Be production-rate uncertainty of each moraine from panel C and Fig. 7B. The tentative datapoint at 8.6 ka BP is a 10Be-dated moraine reported in Young
et al. (2020a) and Briner et al. (2020) based on only 3 10Be ages.

freshwater release associated with 8.2 ka and 9.3 ka events
(Jennings et al., 2015). DCP2 is centered at 10.5 ka BP and provides a
plausible link to brief cooling seen in Greenland ice cores and
coeval moraine deposition across Bafﬁn Bay (Fig. 9). In this regard,
freshwater discharge through the Hudson Strait, brief regional
cooling, and moraine deposition ca. 10.5e10.4 ka BP shares the

(2015) and GrIS and Greenland mountain glacier phases, and this
was later expanded upon with a much larger dataset by Young et al.
(2020a). Seven peaks in detrital carbonate (DCP) deposition between ca. 11.5e8.0 ka BP are interpreted to reﬂect the episodic
release of icebergs and freshwater into the Labrador Sea (Jennings
et al., 2015, Fig. 8). DCP7 and DCP4 are thought to mark
19
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deposition and pulses of freshwater input occurs ca. 10.5e10.4 ka
BP, 9.3 ka BP, and 8.2 ka BP, likely corresponding to DCP 2, DCP 4,
and DCP 7 (Fig. 9; Jennings et al., 2015; Young et al., 2020a).
Additional pulses in moraine deposition ca. 11.6 ka BP and 9.7e9.6
ka BP are perhaps linked to DCP 1 and DCP 3 (Fig. 9). Of the welldeﬁned DCPs sourced from the Hudson Strait, DCP 5 and DCP 6
do not have an obvious pairing within the Bafﬁn Bay moraine record. Whereas the timing of DCP 5 overlaps with a pulse of moraine
deposition linked to the 9.3 ka BP event, DCP 4 slightly precedes
moraine deposition and is thus a better candidate as the 9.3 ka BP
event trigger (Jennings et al., 2015). DCP 6 does not appear to be
reﬂected in the moraine record, however, a recessional moraine in
the Kangerlussuaq region of southwestern Greenland dates to ca.
8.6 ka BP, but this age is based on only 3 10Be ages and has not been
reproduced at any other location; it remains unknown of there was
widespread glacier advance and/or stillstand at this time in the
Bafﬁn Bay region (Fig. 9; Young et al., 2020a; Briner et al., 2020).
Nonetheless, there exists a striking similarity between the Bafﬁn
Bay composite moraine record and the record of detrital carbonate
peaks (freshwater) sourced from Hudson Strait. Because the
moraine record is inherently discontinuous (see Section 4), it is
perhaps not surprising that each DCP is not reﬂected in the moraine
record; one possibility is that moraines correlating to DCP 5 may
have once existed on the landscape but were overrun by readvances triggered by DCPs 6 and 7, or these moraines do indeed
exist, but have yet to be identiﬁed and well dated.
The 8.2 ka event provides a known template for the relationship
between freshwater input into the Labrador Sea via the Hudson
Strait, regional cooling, and glacier response. Although the exact
timing of this sequence of events at each of our identiﬁed phases of
moraine deposition is difﬁcult to pinpoint when considering the
inherent chronological uncertainties in each proxy, treating these
intervals as near-duplicates of the 8.2 ka event serves a consistent
mechanistic framework to explain the origins of early Holocene
cooling events and the attendant response of the cryosphere.
Critical to this framework is the likely involvement of expanded sea
ice cover enhancing abrupt cooling. Expanded sea ice magniﬁes
wintertime temperature depressions (i.e., Denton et al., 2005), but
we hypothesize that summertime temperatures are also susceptible to the effects of winter sea ice because changes in summer
temperature are needed to drive synchronous changes in Bafﬁn Bay
glacier change. One possible mechanism allowing expanded winter
sea ice to inﬂuence summer temperatures is a reduction in the
length of the summer ablation season. Expanded and/or thicker
winter sea ice would either take longer to break up in the following
spring and early summer or would develop earlier in autumn
preceding a year of extreme winter sea ice; either scenario would
shorten the cumulative summer ablation season (Fig. 8). As glaciers’
mass balance is sensitive to the cumulative effects of the summer
ablation season, lingering summer sea ice is one mechanism that
could reduce overall summer glacier melt needed to facilitate
glacier re-advances in response to freshwater-forced abrupt cooling
events.

same characteristics as the 8.2 ka and 9.3 ka cooling events.
The link between freshwater input into the Labrador Sea region,
AMOC reduction, and attendant cooling near the YD termination is
likely not as straightforward as for the 8.2 and 9.3 ka events and
cooling centered ca. 10.5e10.4 ka BP. DCP1 is centered at 11.6 ka BP
and is correlative with a pulse of moraine deposition in Bafﬁn Bay
(Fig. 9), but it is unclear which episode of cooling is linked to this
episode of freshwater discharge and moraine deposition. DCP1
occurs at the YD termination and it is tempting to link this episode
of freshwater discharge to end-of-YD warming and Bafﬁn Bay
moraine deposition at the culmination of the YD. Freshwatertriggered cooling, however, requires that freshwater injection
precedes both the cooling event and the episode of moraine
deposition. Therefore, it is unlikely that the pulse of moraine
deposition ca. 11.6 ka BP in Bafﬁn Bay is linked to the 1200-yr-long
YD cooling event. A second possibility is that DCP1 is the trigger for
the Preboreal oscillation (PBO) at ca. 11.4 ka BP (Fig. 9; Kobashi et al.,
2017) and subsequent moraine deposition in Bafﬁn Bay. This scenario would satisfy the requirement that a freshwater injection
event precedes the cooling event, but the timing of moraine
deposition (11.68 ± 0.22 ka BP) appears to pre-date the PBO (Fig. 9).
Although the uncertainties in the timing of moraine deposition
overlap with the PBO, 10Be ages across Bafﬁn Bay at 10.5e10.4 ka BP,
9.3 ka BP, and 8.2 ka BP are tied more closely with a cooling event,
sometimes slightly post-dating a cooling event, which is consistent
with the phasing needed to relate regional cooling and moraine
deposition (Fig. 9). A third possibility is that DCP1 marks an episode
of freshwater discharge within the late YD that triggered a brief
cooling event at the YD termination, which in turn led to brief
readvances of Bafﬁn Bay glaciers. It is unlikely that the age of DCP1
can be shifted to the beginning of the YD, and thus DCP1 is almost
certainly not the YD triggering mechanism. We cannot yet determine if DCP1 and moraine deposition across Bafﬁn Bay is related to
the PBO or a brief episode of cooling around the YD termination.
Yet, remaining 10Be ages in the region consistently fall within or
slightly post-date cooling centered at ca. 10.5, 9.3, and 8.2 ka BP
(Fig. 9), whereas 10Be ages of 11.8e11.6 ka BP consistently pre-date
the PBO. We suspect that moraine deposition in Bafﬁn Bay near the
YD termination does not relate to the PBO, although we acknowledge that a link between the Jennings et al. (2015) LIS detrital
carbonate record, the Bafﬁn Bay moraine record, and the PBO
would be consistent with the phasing of later events centered at
10.5, 9.3, and 8.2 ka BP.
Advances of the GrIS at ca. 9.7e9.6 ka BP and 7.3e7.0 ka BP are
more difﬁcult to characterize. DCP3 is centered at 9.7 ka BP, which,
again, provides a plausible and consistent link between freshwater
discharge through Hudson Strait and an advance of the GrIS. Unlike
cooling centered ca. 10.5 ka BP, 9.3 ka BP, and 8.2 ka BP, however, no
distinct cooling episode ca. 9.7 ka BP is recorded in Greenland ice
cores (Fig. 9). Moraine deposition ca. 7.3e7.0 ka BP (Ørkendalen) is
perhaps linked to centennial-scale cooling is observed in Greenland
ice cores ca. 7.4e7.2 ka BP (Fig. 9). There is not a well-deﬁned peak
in carbonate deposition at this time, but the overall level of carbonate deposition between ca. 8e7 ka BP is above the baseline
carbonate values that are recorded prior to ca. 12 ka BP and after 7
ka BP (Fig. 8), suggestive of enhanced iceberg and freshwater delivery during at this time. We also note that unlike the older
moraine systems in the Kangerlussuaq region that are more isolated and clearly deﬁned, the Ørkendalen ice limit is a broad
moraine system characterized by hundreds of undifferentiated
moraine crests. This distinct morphology suggestive of a stagnating
ice margin (versus an ice-margin readvance) could perhaps represent the response of the GrIS to a more low-amplitude, rather than
abrupt, episode of cooling.
The clearest relationship between an episode of moraine

5.3. The Bafﬁn Bay moraine record and Bond events
Bond events are deﬁned by ocean sediment layers with elevated
levels of ice-rafted grains that have classically been interpreted as
reorganizations of North Atlantic Ocean surface hydrography and
climate during the Holocene (Bond et al., 2001). Considered a canonical record of Holocene climate variability, Bond events were
originally attributed to variations in solar output with a cyclicity of
~1500 years. Several alternative forcing mechanisms have been
proposed, but no single unifying theory on the origins of Bond
events has been established (Wanner et al., 2011 and references
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reconcile with freshwater-forced cooling events in the North
Atlantic region. The 8.2 ka event is the product of the random
intersection of a retreating LIS margin, proglacial topography favoring the creation of a large ice-dammed lake, and a drainage
outlet adjacent to a region where perturbations to ocean circulation
can drive large-scale climate variability. Assuming the 8.2 ka event
was indeed triggered by the drainage of ice-dammed lakes (i.e.,
Barber et al., 1999; Roy et al., 2011; Jennings et al., 2015), the exact
timing of this event is inconsequential. The ~1500-yr cycle of Bond
events through the Holocene is calculated from the timing of only 8
events through the Holocene (Bond et al., 2001); by not including
one of these events because it is the product of a random freshwater discharge event controlled largely by topography would
result in an apparent periodicity of something other than 1500
years. Another possibility is that the 8.2 ka event was a randomly
timed occurrence that coincided with a solar-driven Bond event
that was bound to occur approximately every 1500 years. It is
conceivable that the timing of a single freshwater-forced cooling
event driven by the sudden drainage of a proglacial lake and a Bond
event is a coincidence, but the synchronous occurrence of 2 or more
suspected freshwater-driven cooling events and Bond events seems
unlikely.
Included in the original Bond petrologic tracer stack, and
perhaps most relevant here, is the record of carbonate deposition
off the Newfoundland coast (GGC22; Fig. 1; Fig. 9). This record was
partly interpreted to reﬂect drift ice sourced from Bafﬁn Bay and
delivered to the core site via the Bafﬁn and Labrador Currents (Bond
et al., 2001). The location of GGC22, however, also occurs down
current of the Cartwright Saddle and the mouth of Hudson Strait
(Jennings et al., 2015). Any Hudson Strait discharge events should
carry carbonate-bearing icebergs ﬁrst over the Cartwright Saddle
followed by across the GGC22 coring location via a branch of the
Labrador Current (Reverdin et al., 2003; Fratantoni and McCartney,
2010; Condron and Winsor, 2011; Lewis et al., 2012; Jennings et al.,
2015). The original interpretation of the GGC22 record as a proxy
for drift-ice ﬂux sourced from Bafﬁn Bay and the southwards
migration of colder surface waters allows for a consistent interpretation of carbonate ﬂux through the entire Holocene. Yet, this
approach makes no distinction between early Holocene discharge
events sourced from the Hudson Strait and subsequent carbonate
deposition in the middle to late Holocene, which likely cannot be
sourced from the Hudson Strait due to there no longer being an ice
source there. At the time of the original identiﬁcation of Bond
events, it had long been suspected that extreme iceberg and
freshwater discharge events sourced from eastern Canada and the
Hudson Strait had occurred repeatedly during the last glacial period
(e.g., Broecker et al., 1992; Bond et al., 1992; Bond and Lotti, 1995),
but this concept had yet to be established for the early Holocene.
Peaks in carbonate deposition on the Cartwright Saddle are
strikingly similar to the record of carbonate deposition southwest
of Newfoundland (GGC22), suggesting that both records track
discharge events through the Hudson Strait (Fig. 1; Fig. 9). In turn,
the Cartwright Saddle carbonate record is similar to the record of
Bond events as identiﬁed by the trans-Atlantic marine stack (Fig. 9).
Linking Bond events and freshwater-forced cooling events, however, is further complicated when considering the exact source of
each pulse of carbonate deposition recorded on the Cartwright
Saddle. Jennings et al. (2015) reasoned that a variety of mechanisms
could result in the delivery of freshwater and detrital carbonate
through Hudson Strait. Based on independent radiocarbon constraints, Jennings et al. (2015) attributed 7 primary peaks in detrital
carbonate to a variety of plausible mechanisms: 1) an increase of
iceberg production associated with an ice stream advance, 2) an
increase of iceberg production associated with the break-up of an
ice stream, 3) sudden drainage events (e.g., 8.2 ka event), and 4)

therein). Contributing to the uncertainty surrounding the origins of
Bond events has been difﬁculty in reproducing Bond events in
marine archives (e.g., Alonso-Garcia et al., 2017; Bradley and Bakke,
2019; Zielhofer et al., 2019) while at the same time, Bond-like
events do seem to appear in certain terrestrial archives of climate
variability (e.g., Hu et al., 2003; Wang et al., 2005; Balascio et al.,
2015; Cheng et al., 2015). Our newly created record of Bafﬁn Bay
glacier advances, coupled with arguably the most direct and wellresolved record of early Holocene iceberg and freshwater production via the Hudson Strait (Jennings et al., 2015), warrants a new
assessment of the possible origins of early Holocene Bond events.
We speculate that Bond events in the early Holocene are the
product of Hudson Strait discharge events deﬁned by the Cartwright Saddle and GGC22 records of carbonate deposition (Fig. 9).
In this scenario, carbonate-bearing icebergs and freshwater
released through Hudson Strait follow the Labrador Current ﬁrst
over the MD99-2236 core site on the Cartwright Saddle followed by
the GGC22 site, which was included in the original petrologic stack
used to identify Bond events (Fig. 1). Freshwater becomes entrained
in the North Atlantic current and subpolar gyre, which drives brief
AMOC reduction, sea-ice expansion, regional cooling, and subsequent short-lived readvances advances of the LIS, GrIS, and alpine
glaciers in the Bafﬁn Bay region. Spikes in eastern Atlantic petrologic tracers do track the southward and eastern advection of cooler
Labrador and Nordic surface waters as originally proposed (Bond
et al., 2001). In this scenario, advection is likely not driven by low
amplitude variations in solar output, but instead facilitated by the
expansion of winter sea ice accompanying each freshwater-driven
cooling event. Freshwater-driven abrupt cooling events in the
early Holocene and the last glacial cycle almost certainly included
the expansion of sea ice in the North Atlantic region, which in turn
forced cooling recorded in Greenland ice cores (Alley and

ttir, 2005; Denton et al., 2005; LeGrande and Schmidt,
Agústsd
o
2008; Morrill et al., 2013; Buizert et al., 2014; Li and Born, 2019).
Expanded sea ice in the North Atlantic would result in lower
regional temperatures, but a more southerly sea-ice extent would
also drive the southward movement of the polar front as was
thought to have occurred during Dansgaard-Oeschger events of the
last glacial period (i.e., Barker et al., 2015). The southward shift of
the polar front via sea-ice expansion is a plausible mechanism that
would result in the southward and eastern advection of Labrador
and Nordic surface waters needed to produce the record of petrologic tracers from the eastern North Atlantic that deﬁne Bond
events.
Bond events were initially identiﬁed based on petrologic tracers
sourced from Iceland, Jan Mayen, and eastern Greenland found in
eastern North Atlantic sediments, and carbonate deposition off
Newfoundland. Because of their similarity spanning opposite sides
of the North Atlantic, these records were stacked to serve as an
overarching proxy for the southward advection of cooler IRD-laden
Nordic and Labrador Sea surface waters (Fig. 1; Fig. 9; Bond et al.,
2001). In the original description of Holocene Bond events, it was
noted that either event 5a or 5b was likely linked to the newly
discovered 8.2 ka cooling event (Alley et al., 1997; Bond et al., 1997).
Although changes in thermohaline circulation were suspected as
playing a role in the 8.2 ka event at the time (Alley et al., 1997), the
exact 8.2 ka triggering mechanism had yet to be identiﬁed.
Following the identiﬁcation of the suspected 8.2 ka event outburst
ﬂood (Barber et al., 1999), subsequent discussion of Holocene Bond
events no longer correlated event 5 (a or b) to the 8.2 ka cooling
event (Bond et al., 2001). Rather, Bond events were attributed to a
~1500-yr cycle in solar variability, including events 5a and 5b, one
of which was previously associated with the 8.2 ka event. The hypothesis that changes in surface-ocean hydrography are triggered
by subtle and quasi-periodic variations in solar output is difﬁcult to
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waterway openings during the ﬁnal phase of LIS deglaciation (e.g.,
Tyrell Sea). Whereas the initial mechanism of freshwater delivery
may vary, the result is the same once freshwater enters the Labrador Sea region. To explicitly link Bond events to pulses of detrital
carbonate and their suspected solar origins would require a
mechanism that is able to drive glacier advance and retreat, trigger
topographically controlled discharge events, and pace the ﬁnal
openings of waterways as the LIS retreated. Attributing peaks in
detrital carbonate to low amplitude solar variability would perhaps
be easier if each episode of carbonate deposition were the result of
the same process (e.g., ice stream advance or retreat). Yet, the
overall variety of freshwater delivery mechanisms, with particular
emphasis on the seemingly random interplay between a retreating
ice margin and topography required to facilitate the sudden
drainages of proglacial lakes, makes it unlikely that distinct pulses
of detrital carbonate through the Hudson Strait are manifestations
of a solar-driven process.
Alternatively, the record of carbonate deposition on the Cartwright Saddle (and at the GGC22 site) does not reﬂect IRD and
meltwater sourced from the Hudson Strait. Instead, IRD is from a
more northerly carbonate source, perhaps consistent with the
original description of carbonate sources and their link to surface
ocean hydrography proposed by Bond et al. (2001). The Cartwright
Saddle carbonate record, however, is dominated by calcite with
relatively low abundances of dolomite consistent with the relative
percentages of these minerals found in the Paleozoic carbonate
bedrock ﬂooring Hudson Strait (Andrews and Tedesco, 1992;
Andrews et al., 1999; Hillaire-Marcel et al., 2007; Rashid et al.,
2011). IRD sourced from more northerly Bafﬁn Bay ice streams
would likely contain high percentages of dolomite (Andrews et al.,
2012; Jennings et al., 2015).
Freshwater discharge through Hudson Strait as a trigger for
AMOC reduction, sea-ice expansion, regional cooling, glacier
advance in Bafﬁn Bay, and southwards migration of the polar front
provides a consistent mechanism to explain early Holocene Bond
events 8 through 5. The caveat of this hypothesis is that freshwater
discharge through Hudson Strait cannot explain Bond events 4
through 1 occurring in the middle and late Holocene. Retreat of the
LIS out of the Foxe Basin by ~7.1 ka BP would shut off the ﬁnal
supply of icebergs through Hudson Strait, which is supported by a
signiﬁcant drop in detrital carbonate deposition at this time on the
Cartwright Saddle (Fig. 9; Dyke, 2004; Jennings et al., 2015). LISsourced meltwater from beyond Hudson Strait could have acted
as a triggering mechanism for middle Holocene Bond events via
river discharge, but the LIS had retreated out of Bafﬁn Island ﬁords
by ~8 ka BP (Dyke, 2004; Briner et al., 2009a, 2009b), thus likely
removing the primary source for carbonate IRD, which in turn is
needed to identify Bond events in marine sediments. Retreat of the
southwestern GrIS margin through the early and middle Holocene
(e.g., Young and Briner, 2015; Larsen et al., 2015; Lesnek et al., 2020;
Young et al., 2021) could have acted as a freshwater source, but
peaks in carbonate deposition off Newfoundland through the late
Holocene point to increased drift-ice ﬂux from the Canadian sector
of Bafﬁn Bay that must have accompanied any potential GrISmeltwater forcing. Solely a western GrIS freshwater source would
likely not yield episodes of increased carbonate deposition because
western Greenland is composed almost entirely of crystalline
bedrock with only minor carbonate outcrops in northern
Greenland adjacent to the Nares Strait. It is possible that a combination of GrIS meltwater and alpine glacier melt from the Canadian
sector of Bafﬁn Bay could serve as a freshwater trigger for mid-to
late Holocene Bond events, but this scenario would suggest
AMOC sensitivity to freshwater ﬂuxes that are likely much smaller
than the large freshwater outburst events thought to be needed to
signiﬁcantly perturb AMOC (e.g., Morrill et al., 2013; Wagner et al.,

2013). Nonetheless, Bond events in the late Holocene are thought to
involve perhaps small changes in AMOC strength (e.g., Lund et al.,
2006), and it remains plausible that Bond events in the Holocene
were the result of several triggering mechanisms (Wanner and
Bütikofer, 2008; Wanner et al., 2011).
A variety of hypotheses have been invoked to explain the origins
of Bond events and no single hypothesis appears to be able to
explain the occurrence of Bond events through the entire Holocene
(Wanner et al., 2011). Moreover, it remains unclear if Bond events
follow a solar-driven ~1500-yr cycle as originally proposed, or if this
~1500-yr cycle relates more so to oceanic circulation, or if Bond
events instead are the product of several competing periodicities
that are each reﬂected in North Atlantic marine archives (Debret
et al., 2007). Because of the difﬁculty in attributing the lowamplitude solar variability to widespread changes in North
Atlantic climate, it has long been suggested that changes in climate
must have involved changes in ocean circulation (McManus et al.,
1999; Broecker et al., 2001). Attributing early Holocene Bond
events to repeated freshwater discharge through the Hudson Strait
provides a hypothesis that bypasses any solar-related triggering
mechanism while emphasizing the likely important role of ocean
circulation driving early Holocene climate variability in the North
Atlantic region.
6. Conclusions
Prominent moraine systems on western Greenland and Bafﬁn
Island have been of interest to glacial geologists and paleoclimatologists for over half a century. Early researchers proposed that
widespread moraines on opposing sides of Bafﬁn Bay were equivalent features and climatic in origin. Decades of traditional radiocarbon constraints, however, supported a scenario where moraine
deposition did not occur synchronously across Bafﬁn Bay and could
not be attributed to widescale changes in regional climate. The
prevailing view of asynchronous moraine deposition, and therefore
non-climatic in origin, remained largely unchanged for decades,
but traditional radiocarbon ages did constrain a relatively narrow
window of time in which moraine deposition could occur. Over 10þ
years of focused 10Be-based chronologies in the Bafﬁn Bay region
have produced a detailed picture of LIS, GrIS, and alpine glacier
change that is consistent with the broad timing of moraine deposition provided by decades of radiocarbon constraints. 10Be ages
have identiﬁed pulses of moraine deposition at ca. 11.8e11.6 ka BP,
10.4e10.2 ka BP, 9.3 ka BP, and 8.2 ka BP, with perhaps additional
moraine deposition occurring ca. 9.7 ka and 7.3 ka. Because these
modes encompass moraines deposited by the LIS, GrIS, and independent alpine glaciers, moraine deposition is likely the result of
widespread changes in regional climate at these times. Moreover,
pulses of moraine deposition in Bafﬁn Bay are likely correlative
with 10Be-dated moraines deposited by the Labrador sector of the
LIS further supporting changes in regional climate drove widespread synchronous glacier advances (i.e., Ullman et al., 2016). Early
researchers were incorrect in surmising that moraines distributed
on Bafﬁn Island and western Greenland were the product of a single
climate event, yet they were likely correct in that moraines are
indeed equivalent features, but instead are the product of several
climatic events.
The timing of moraine deposition across Bafﬁn Bay coincides
with repeated pulses of IRD and meltwater via the Hudson Strait in
the early Holocene, including during the 8.2 ka BP event (i.e.,
Jennings et al., 2015). The relatively well-constrained dynamics of
the 8.2 ka BP event provide a template for assessing Bafﬁn Bay icemargin behavior. Freshwater discharge through the Hudson Strait
associated with the 8.2 ka cooling event triggered brief AMOC
reduction, sea-ice expansion, and regional cooling which in turn
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