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Understanding patterns of ice-sheet deglaciation is key for predicting the rate of future ice-sheet melt,
yet the processes underlying deglaciation remain elusive. The early Holocene (11.7 ka to 8.2 ka;
Greenlandian Stage) represents the most recent period when the Laurentide and Greenland ice sheets
underwent large-scale recession. Moreover, this ice-sheet recession occurred under the backdrop of
regional temperatures that were similar to or warmer than today, and comparable to those projected for
the upcoming centuries. Reconstructing Laurentide and Greenland ice sheet behavior during the early
Holocene, and elucidating the mechanisms dictating this behavior may serve as a partial analog for
future Greenland ice-sheet change in a warming world. Here, we present 123 new '°Be surface exposure
ages from two sites on Baffin Island and southwestern Greenland that constrain the behavior of the
Laurentide and Greenland ice sheets, and an independent alpine glacier during the early Holocene. On
Baffin Island, we focus on a unique area where moraines deposited by the Laurentide Ice Sheet rest
directly adjacent to moraines deposited by an independent alpine glacier. Sixty-one '°Be ages reveal that
advances and/or stillstands of the Laurentide Ice Sheet and an alpine glacier occurred in unison around
11.8 ka, 10.3 ka, and 9.2 ka. Sixty-two 10ge ages from southwestern Greenland indicate that the Greenland
Ice Sheet margin experienced re-advances or stillstands around 11.6 ka, 10.4 ka, 9.1 ka, 8.1 ka, and 7.3 ka.
Our results reveal that ice sheets respond to climate perturbations on the same centennial timescale as
small alpine glaciers. We hypothesize that during the warming climate of the early Holocene, freshening
of the North Atlantic Ocean induced by ice-sheet melt resulted in regional cooling and brief periods of
ice-sheet stabilization superimposed on net glacier recession. These observations point to a negative
feedback mechanism inherent to melting ice sheets in the Baffin Bay region that slows ice-sheet
recession during intervals of otherwise rapid deglaciation.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

The early Holocene in the North Atlantic region was character-
ized by a warming climate when temperatures were similar to or
exceeded modern (e.g. Briner et al., 2016; Pendleton et al., 2019).
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The general warmth of the early Holocene, however, was punctu-
ated by abrupt, multi-decadal to centennial-scale cooling events
that likely involved alteration of Atlantic Meridional Overturning
Circulation (AMOC) driven by freshwater input into the North
Atlantic Ocean via rapidly melting ice sheets (Thornalley et al.,
2009; Renssen et al., 2009). The most widespread and therefore
well-known of these cooling events occurred ca. 9.3 and 8.2 ka
(Alley et al., 1997; Barber et al., 1999; Yu et al., 2010), but several
additional freshwater events in the North Atlantic region likely
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occurred during the early Holocene (Jennings et al., 2015). Char-
acterizing the behavior of the Laurentide and Greenland ice sheets
(LIS and GrlS) during the early Holocene provides key insights into
how these ice sheets retreat in a warming climate, the timescales at
which these ice sheets might respond to climate, their role in
AMOC-driven climate change, and the potential of the modern
Greenland Ice Sheet to drive and/or respond to AMOC-driven
climate change.

During the last glaciation most of the currently ice-free fringe
that surrounds Baffin Bay was covered by the Laurentide and
Greenland ice sheets (Fig. 1). Following the Last Glacial Maximum
(LGM; ~26—19.5 ka; Clark et al., 2009), net retreat of the LIS and
GrlS was interrupted by numerous ice sheet re-advances or still-
stands, the evidence for which can currently be found along the
continental margins surrounding Baffin Bay. On Baffin Island, Arctic
Canada, a series of moraines delimit the former margins of the LIS
as it retreated out of Baffin Bay towards what is now the Barnes Ice
Cap (Fig. 1; Falconer et al., 1965; Andrews and Ives, 1978). In
southwestern Greenland, distinct moraine systems were deposited
as the GrlIS retreated eastwards out of Baffin Bay and towards the
present GrlIS configuration (Fig. 1; Weidick, 1968, 1974). The age of
deposition of these moraine systems on Baffin Island and south-
western Greenland has long been assigned to the early Holocene
based largely on the loose association with radiocarbon-dated
marine deposits (e.g. Andrews and Ives, 1978; Ten Brink, 1975).
Yet, the low temporal resolution of these moraine chronologies
prevents a critical assessment of the mechanisms causing moraine
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Fig. 1. Baffin Bay region with locations discussed in the text. AYR — Ayr Lake, BIC —
Barnes Ice Cap, CP — Cumberland Peninsula, BC — Baffin Current, LC — Labrador Cur-
rent, WGC — West Greenland Current, IC — Irminger Current, EGC — East Greenland
Current.

deposition during the deglaciation. Was moraine deposition forced
by stochastic processes, or did Holocene climate variability drive a
pattern of moraine deposition imprinted on large-scale net ice-
sheet recession?

In this paper, we describe an extensive effort to characterize, in
detail, the early Holocene behavior of the Baffin Bay margins of the
LIS and GrlS, and an independent alpine glacier. We present 123
new 1°Be ages from two sites in Baffin Bay, located on Baffin Island
and southwestern Greenland (Fig. 1). On Baffin Island, we selected a
unique field site where moraines deposited by two LIS outlet gla-
ciers rest directly adjacent to moraines deposited by an indepen-
dent alpine glacier. This allows us to reconstruct the response of
two independent ice masses of varying size to the same climate
forcing. In southwestern Greenland, we reconstruct the timing of
eastward retreat of the GrlS across what is presently Greenland’s
largest ice-free land area (Fig. 1). We combine these datasets to
address the following questions: 1) do ice sheets and alpine glaciers
respond to climate forcing on the same time scale? 2) are patterns
of early Holocene ice-sheet recession consistent between the LIS
and GrIS, or are there key differences? 3) did known short-lived
cooling events in the early Holocene affect patterns of ice-sheet
recession, 4) what role, if any, did the LIS and GrIS play in forcing
these abrupt cooling events, and 5) broadly, do ice sheets react
abruptly to multi-decadal to centennial-scale climate forcing, or are
millennial-scale climate trends required to elicit a significant ice-
sheet response?

2. Deglaciation of Baffin Island and the King Harvest site,
Cumberland Peninsula

During the LGM, alpine glaciers merged with major LIS outlet
glaciers on Baffin Island, with maximum LGM ice extending to at
least the outer eastern coast and perhaps out onto the continental
shelf (Miller et al., 2002; Kaplan and Miller, 2003; Dyke, 2004;
Briner et al., 2006) During deglaciation, eventual separation of LIS
and alpine ice allowed each to independently deposit a series of
moraines across Baffin Island, generally referred to as the Cockburn
Moraines (Andrews and Ives, 1978). The outermost Cockburn Mo-
raines were originally mapped as the late Wisconsin maximum
extent of alpine glaciers and the LIS (Falconer et al., 1965); however,
subsequent work has revealed that Cockburn Moraines were
deposited during overall ice recession long after the classic LGM.
Cockburn moraines are broadly centered at the heads of fjords (LIS
ice), and beyond the Little Ice Age/historical maximum moraine in
alpine valleys (Andrews and Ives, 1978; Briner et al., 2009). Based
on the geomorphic relationship between fossiliferous marine de-
posits and moraines, deposition of the Cockburn moraines is
broadly and indirectly constrained with radiocarbon to between
~9.5 ka and 8.5 ka (Briner et al., 2009). In one location, mapped
Cockburn moraines deposited by alpine glaciers have been directly
dated with '°Be to ~8.2 ka (Young et al., 2012). Following deposition
of the Cockburn moraines, continued retreat of the LIS culminated
in what is now the Barnes Ice Cap, one of the last remaining vestiges
of the LIS (Fig. 1).

Located in southern Baffin Island, the Cumberland Peninsula
hosts the Penny Ice Cap, numerous smaller mountain ice caps and
cirque glaciers, and deep fjords that once contained LIS outlet
glaciers (Fig. 1; Fig. 2A). During the LGM, the Cumberland Peninsula
was largely inundated with ice, with a few areas of the modern
coastline, and perhaps some nunataks, remaining ice free as ice
concentrated in fjords (Miller et al., 2002). Situated between Nar-
paing Fjord and Okoa Bay on the Cumberland Peninsula (Fig. 2A),
the King Harvest field site (informal name) contains several small
cirque glaciers that, when expanded, converge into one primary
alpine glacier (Fig. 2B). At the mouth of the King Harvest valley lie
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Fig. 2. (A) Study region on the Cumberland Peninsula, Baffin Island. OB — Okoa Bay,
N — Narpaing Fjord. Bullseye marks the location of the up-fjord lateral moraine (Fig. 7).
(B) King Harvest site located between Okoa Bay and Narpaing Fjord. OL — Okoa lateral
moraine, VF — valley-floor moraine, NL — Narpaing lateral moraine. Individual '°Be
ages are presented in thousands of years with the 1-sigma analytical uncertainty only;
outliers are in italics (Table 1; Figs. 7 and 8). The valley-floor moraine and the Narpaing
lateral moraine were deposited by ice emanating from Narpaing Fjord (Fig. 4). K1—K3
are alpine moraines deposited by the King Harvest glacier system. Stated moraine ages
are the arithmetic mean + 1SD (Table 1).

well-defined lateral and end moraines resting directly next to
moraines deposited by LIS outlet glaciers that once occupied Nar-
paing Fjord and Okoa Bay (Fig. 2B; Miller, 1973). Moraines pre-
served in the King Harvest region have classically been considered
part of the Cockburn moraine system (Miller, 1973, Fig. 2B), and the
uniqueness of the King Harvest moraine sequence where LIS mo-
raines rest adjacent to alpine moraines in the same glacier forefield
has long been recognized (Miller, 1973; Briner et al., 2009). Within a
relatively restricted area, the King Harvest region provides access to
moraine systems deposited by independent ice masses — inde-
pendent ice masses that were influenced by the same climatic
regime.

3. Southwestern Greenland ice sheet

During the LGM, the western margin of the GrIS extended
beyond the modern coastline out onto the continental shelf (Fig. 1;
Funder; O Cofaigh et al., 2013). However, it is unknown if the GrlS
extended to the shelf edge or terminated somewhere on the inner
shelf (Funder et al., 2011). Submerged moraines on the continental
shelf include the Hellefisk (~100 km offshore) and Sisimiut moraine
complexes (~20 km offshore), and have been tentatively assigned to

the LGM and lateglacial period, respectively, but no direct age
constraints exist (van Tatenhove et al., 1996; Funder et al., 2011).
Recession of the GrIS within the modern coastline is thought to
have occurred between ~11 and 10 cal ka BP based on several
minimum-limiting coastal radiocarbon ages (Bennike and Bjorck,
2002) and in the immediate Sisimiut region, the oldest coastal
radiocarbon age is ~10.8 cal ka BP (Bennike et al., 2011). Moreover,
these age constraints serve as minimum-limiting ages for the
offshore Hellefisk and Sisimiut moraine systems.

Quaternary surficial deposits on the landscape between the
present coastline and modern ice margin were initially mapped in
detail by Weidick (1974), and further refined by Ten Brink (1975)
and van Tatenhove et al. (1996), and these efforts provide a firm
foundation for which to characterize the recession of the GrliS.
Following ice-sheet recession within the present coastline, the GrIS
deposited a series of N—S trending moraines between the coastline
and modern ice margin: Taserqat, Sarfartoq-Avatdelq, Fjord, Umi-
vit-Keglen, and @rkendalen (Fig. 3; Weidick, 1974; van Tatenhove
et al,, 1996). Of these moraine systems, the drkendalen system is
perhaps the most well-dated paleo ice margin; a series of brack-
eting radiocarbon ages constrain the @rkendalen system to ~6.8 cal
ka BP (van Tatenhove et al., 1996). Notably, the radiocarbon-based
age of the @rkendalen Moraine was duplicated by Levy et al.
(2012) and Carlson et al. (2014) who directly dated the
@rkendalen Moraine with °Be to ~6.8 and ~6.9 ka, respectively.
Based on existing age constraints, deposition of the Taserqat,
Sarfartoq-Avatdelq, Fjord, and Umivit-Keglen moraines is broadly
constrained to between ~11 ka to 6.8 ka, and age of the drkendalen
Moraine is robustly constrained to 6.9—6.8 ka. We also note that a
number of investigators have attempted to further refine the GrIS
deglaciation chronology between the modern coast line and ice-
sheet margin with 1°Be (Rinterknecht et al., 2009; Roberts et al.,
2009; Winsor et al., 2015; Levy et al.,, 2018). We discuss these
19Be ages in detail within the context of new °Be ages presented
here in Section 6.3 during the early Holocene (Weidick, 1974; van
Tatenhove et al,, 1996). Shown are all individual °Be ages (ka +
1SD analytical uncertainties) from erratic boulders perched on
bedrock located beyond and between moraine systems (white
boxes and black text; outliers in italics), and the arithmetic
mean + 1SD '°Be age for each moraine (colored boxes and white
text; Table 1; Fig. 15; Fig. 16). (B) Same as panel A, but includes all
previously published '°Be ages from region discussed in section 6.3
(Table S1).

4. Methods
4.1. Field methods

Bedrock in the King Harvest region, Cumberland Peninsula,
primarily consists of Precambrian crystalline rocks (gneisses) of the
Churchill Province (Wheeler et al., 1997; De Angelis and Kleman,
2007), whereas bedrock in the Kangerlussuaq region, south-
western Greenland, consists primarily of Archean orthogneiss
(Garde and Marker, 2010). In the King Harvest region, moraine
crests were mapped prior to fieldwork using aerial photographs
and satellite imagery, and then checked in the field. In south-
western Greenland, we relied on the original extensive mapping of
Weidick (1974) to pinpoint moraines for '°Be sampling. In addition
to the original mapping of Weidick (1974), we relied on aerial and
satellite imagery to further characterize the surficial geology of the
region. Ultimately, our moraine mapping is slightly modified from
Weidick (1974); we made a pointed effort to differentiate between
each moraine system versus the original mapping where moraines
were undifferentiated (Fig. 3). We note that van Tatenhove et al.
(1996) broadly distinguished between each moraine system and
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Fig. 3. (A) Moraines deposited by the GrIS between Baffin Bay and the modern ice margin during the early Holocene (Weidick, 1974; van Tatenhove et al., 1996). Shown are all
individual 10Be ages (ka + 1SD analytical uncertainties) from erratic boulders perched on bedrock located beyond and between moraine systems (white boxes and black text;
outliers in italics), and the arithmetic mean + 1SD 10Be age for each moraine (colored boxes and white text; Table 1; Fig. 15; Fig. 16). (B) Same as panel A, but includes all previously
published 10Be ages from region discussed in section 6.3 (Table S1).

this differentiation further guided our mapping and sampling regions that have not been directly checked in the field. In Fig. 3,
strategies. At every 1°Be sampling location (see sample locations; well-defined moraines and drift limits are marked by a solid bold
Fig. 3), we confirmed the original mapping of Weidick (1974), line, whereas inferred limits between well-preserved moraine
thereby increasing our confidence in the mapping accuracy in sections are marked with dashes. We emphasize that we only
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Fig. 4. (A) View to the northeast looking down the crest of the OL moraine (Fig. 2B),
with representative samples 15BKH-53 (7.01 + 0.17 ka) and 15BKH-54 (12.09 + 0.25
ka). (B) View to the southeast looking into Narpaing Fjord (Fig. 2B) showing the NL
moraine (arrows). The NL moraine was deposited by ice filling Narpaing Fjord. All '°Be
samples from the NL moraine were collected on the southwest side of the river
channel cutting through the moraine.

targeted well-defined moraine crests or associated drift limits for
moraine boulder '°Be sampling.

Field work in the King Harvest moraine complex, Baffin Island,
and in southwestern Greenland occurred in 2015 and 2016. In both
regions '°Be sampling was conducted via helicopter ground stops
and by establishing several basecamps where °Be sampling was
conducted over the course of several days by foot. Previous °Be
sampling in southwestern Greenland has relied primarily on the
field access provided by the towns of Sisimiut and Kangerlussuaq,
and previous 'Be ages are largely concentrated in these regions.
Here, our helicopter access allowed our team to systematically visit
and sample each moraine system extending from the present
coastline to the ice margin (Fig. 3). Samples were collected using a
Hilti brand AG500-A18 angle grinder/circular saw with diamond bit
blades, and a hammer and chisel. Sample locations and elevations
were collected with a handheld GPS device with a vertical uncer-
tainty of +5 m, and a handheld clinometer was used to measure
topographic shielding by the surrounding topography. Handheld
GPS units were calibrated to a known elevation each morning,
typically sea level or the stated elevation of a lake derived from
topographic maps. The GPS unit elevation uncertainty of ~5 m

corresponds to <1% change in calculated 1°Be age and does not
affect our interpretations or conclusions.

4.2. Geochemistry and AMS measurements

All samples from the King Harvest region (n = 61), and 53 of 62
samples from southwestern Greenland were processed at the
Lamont-Doherty Earth Observatory (LDEO) cosmogenic dating
laboratory (Tables 1 and 2). The remaining 9 samples from south-
western Greenland were processed at the University at Buffalo
Cosmogenic Isotope Laboratory (Tables 1 and 2); in both labora-
tories, quartz separation and Be isolation followed well established
protocols (Schaefer et al., 2009). AMS analysis for King Harvest
samples was completed at the Center for Accelerator Mass Spec-
trometry at Lawrence Livermore National Laboratory (LLNL-CAMS;
Table 1). For samples from southwestern Greenland, AMS analysis
for 48 of the 62 samples was completed at the Purdue Rare Isotope
Measurement (PRIME) Laboratory, and the remaining 14 samples
were measured at LLNL-CAMS. In total, 75 samples were measured
at LLNL-CAMS and 48 samples were measured at PRIME Lab
(Tables 1 and 2). All samples, regardless of accelerator facility, were
measured relative to the 07KNSTD standard with '°Be/’Be ratio of
2.85 x 10~ 12 (Nishiizumi et al., 2007). For King Harvest samples, the
1o analytical error ranged from 1.6% to 4.3%, with an average of
24 + 0.6% (Table 1). For southwestern Greenland samples, 1c
analytical error ranged from 1.7% to 3.2%, with an average of
2.5 + 0.4% for samples measured at LLNL-CAMS (n = 14; Table 1).
For samples measured at PRIME Lab, 1c analytical error ranged
from 2.8% to 5.1%, with an average of 3.5 + 0.6% (n = 48; Table 1).

Process blank corrections for all LDEO samples were applied by
taking the batch-specific blank value (expressed as # of °Be atoms)
and subtracting this value from the sample '°Be atom count
(Table 2). For samples processed at U. Buffalo, we used a long-term
lab average blank value due to building renovation that
commenced in the middle of the sample dissolution (Table 2). We
note that for LDEO blank BLK_2018Jan25, measured at PRIME Lab,
the measured °Be/°Be ratio is 0.000 + 8.000~'6, which equates to
0 + 1120 °Be atoms - effectively no detectable background '°Be
(Table 2). However, we use a conservative approach and apply a
blank correction of 1120 '°Be atoms for the 4 geologic samples this
blank applies to (Table 2). Choosing to not apply a blank correction
for the geologic samples processed with BLK_2018Jan25 does not,
within rounding, change our reported '°Be ages. Lastly, we propo-
gate through a 1.5% uncertainty in the carrier concentration when
calculating '°Be concentrations

4.3. 9Be age calculations

19Be surface exposure ages were calculated using the Baffin Bay
19Be production-rate calibration dataset (Young et al., 2013), and
‘Lm’ scaling (Lal, 1991; Stone, 2000) as the effects of changes in the
geomagnetic field are minimal at this high latitude. The Baffin Bay
production-rate calibration benefits from three independent and
statistically identical calibration datasets that are combined into
one calibration dataset (Briner et al., 2012; Young et al., 2013). Two
of the calibration sites are from early Holocene deposits in the
Jakobshavn Isbra forefield, western Greenland, located ~200 km
north of our southwestern Greenland field site (Fig. 1). The third
calibration site, also from early Holocene glacial deposits, is located
in north-central Baffin Island, ~300 km northwest of our King
Harvest site. Ages are calculated using version 3 of the exposure age
calculator found at https://hess.ess.washington.edu/, that imple-
ments an updated treatment of muon-based nuclide production
(Balco et al., 2008; Balco, 2017). We do not correct nuclide con-
centrations for snow-cover or surface erosion; samples are almost
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Table 1
Baffin Island and southwestern Greenland'°Be sample information.

Sample Latitude Longitude Elevation Thickness Shielding Quartz  Carrier '°Be/Be ratio +lo Blank-corrected°Be Blank-corrected!°Be conc. Age ka (Lm) Age ka AMS
(m asl) (cm) (g) added (g)* (107'4)P° Uncertainty  concentration (atoms g~ ')° uncertainty (atoms g~ )¢ uncertainty Facility
(10-19)

Baffin Island - King Harvest
Valley floor moraine (VF)

15BKH- 67.8315 —65.7186 99 243 0.995 15.0398 0.1809 13.8366 22284 116,090 1879 2548 0.42 LLNL-
01 CAMS
15BKH- 67.8313 —65.7189 109 1.47 0.995 15.0246 0.1803 8.1541 1.4053 68,095 1185 14.62 0.26 LLNL-
02 CAMS
15BKH- 67.8301 —65.7196 113 1.10 0.995 16.2948 0.1809 7.2399 1.4709 55,089 1132 11.73 0.24 LLNL-
03 CAMS
15BKH- 67.8297 —65.7198 128 1.04 0.995 16.8382 0.1820 7.6984 1.5618 57,056 1169 11.94 0.25 LLNL-
05 CAMS
15BKH- 67.8299 —65.7209 128 2.39 0.995 13.0090 0.1817 5.8347 1.3597 56,587 1335 11.98 0.28 LLNL-
06 CAMS
15BKH- 67.8291 —65.7196 130 145 0.995 20.7932 0.1831 15.8212 2.6479 95,966 1624 20.16 0.34 LLNL-
07 CAMS
15BKH- 67.8291 —65.7196 129 1.97 0.996 20.0691 0.1832 15.0257 2.8181 94,463 1790 19.99 0.38 LLNL-
09 CAMS
15BKH- 67.8271 —65.7210 147 1.48 0.995 21.9316 0.1802 9.9174 1.8511 56,764 1067 11.68 0.22 LLNL-
11 CAMS
15BKH- 67.8246 —65.6950 137 3.46 0.998 21.6251 0.1813 9.4130 1.7567 54,961 1033 11.58 0.22 LLNL-
12 CAMS
15BKH- 67.8245 —65.6958 137 2.19 0.998 22.3214 0.1806 17.4460 3.3621 98,531 1905 20.60 0.40 LLNL-
13 CAMS
15BKH- 67.8244 —65.6967 137 3.69 0.998 22.1298 0.1797 9.8568 1.8123 55,754 1032 11.77 0.22 LLNL-
14 CAMS
15BKH- 67.8242 —65.6973 136 2.57 0.998 93870 0.1800 4.1873 1.7858 56,022 2402 11.73 0.51 LLNL-
15 CAMS
15BKH- 67.8242 —65.6974 136 1.70 0.998 18.0574 0.1834 8.0005 1.9790 55,782 1408 11.60 0.29 LLNL-
16 CAMS
Mean + 1 S.D. 11.75 + 0.14
(0.25)
Okoa lateral moraine (OL)
15BKH- 67.8549 —65.7955 80 2.01 0.987 14.1485 0.1833 9.3874 22113 85,040 2011 19.12 0.45 LLNL-
48 CAMS
15BKH- 67.8553 —65.7943 83 293 0.987 21.6057 0.1831 8.9437 1.8947 52,991 1128 11.94 0.26 LLNL-
49 CAMS
15BKH- 67.8555 —65.7934 81 2.12 0.987 14.5216 0.1828 9.2396 1.7319 81,324 1532 18.28 0.35 LLNL-
50 CAMS
15BKH- 67.8560 —65.7921 73 3.06 0.987 17.2412 0.1831 6.9084 1.2697 49,866 961 11.38 0.22 LLNL-
51 CAMS
15BKH- 67.8561 —65.7916 72 2.25 0.987 18.8722 0.1830 7.6720 1.9568 51,986 1332 11.80 0.30 LLNL-
52 CAMS
15BKH- 67.8563 —65.7909 72 2.29 0.988 20.2922 0.1829 5.0748 1.1540 30,920 746 7.01 0.17 LLNL-
53 CAMS
15BKH- 67.8564 —65.7903 72 2.01 0.987 17.6822 0.1822 7.4130 1.5302 53,370 1108 12.09 0.25 LLNL-
54 CAMS
Mean + 1 S.D. 11.79 + 0.32
(0.38)
Narpaing lateral moraine (NL)
15BKH- 67.7925 —65.6566 60 2.02 0.997 17.0393 0.1816 6.2000 1.3988 46,173 1046 10.50 0.24 LLNL-
41 CAMS
15BKH- 67.7927 —65.6564 57 2.66 0.997 25.0576 0.1822 8.9864 22444 44,562 1138 10.22 0.26 LLNL-
42 CAMS
15BKH- 67.7927 —65.6565 57 2.38 0.997 12.5808 0.1819 4.4957 1.0183 45,311 1038 10.37 0.24 LLNL-

43 CAMS
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15BKH- 67.7928 —65.6565
44

15BKH- 67.7928 —65.6564
45

15BKH- 67.7932 —65.6563
46

15BKH- 67.7934 —65.6562
47

Narpaing - upfjord

15BKH- 67.6704 —65.3733
55

15BKH- 67.6705 —65.3734
56

15BKH- 67.6710 —65.3736
57

15BKH- 67.6723 —65.3742
58

15BKH- 67.6734 —65.3742
59

15BKH- 67.6743 —65.3743
60

15BKH- 67.6736 —65.3742
61

King Harvest 1 (K1)

15BKH- 67.8024 —65.7387
35

15BKH- 67.8023 —65.7357
36

15BKH- 67.8023 —65.7342
37

15BKH- 67.8022 —65.7335
38

15BKH- 67.8019 —65.7300
39

15BKH- 67.8020 —65.7306
40

King Harvest 2 (K2)

15BKH- 67.8181 —65.6932
17

15BKH- 67.8177 —65.6916

15BKH- 67.8141 —65.6820

15BKH- 67.8139 —65.6887
20

15BKH- 67.8034 —65.7371
26

15BKH- 67.8051 —65.7191
28

15BKH- 67.8186 —65.7055
63

57

52

49

78

76

73

64

60

58

388

386

375

370

350

357

129

129

103

121

381

290

158

1.62

1.66

2.51

2.03

1.08

240

1.69

1.06

1.68

2.04

1.49

3.83

1.98

0.997

0.997

0.997

0.997

0.987

0.997

0.987

0.987

0.987

0.987

0.987

0.996

0.996

0.996

0.996

0.996

0.996

0.998

0.998

0.998

0.998

0.990

0.991

0.996

16.3627 0.1824

15.5530 0.1827

20.0616 0.1826

19.8621 0.1850

22.8309 0.1811

16.6343 0.1815

25.1999 0.1818

25.9043 0.1813

20.8735 0.1820

20.5337 0.1823

19.6892 0.1822

10.7828 0.1820

17.5461 0.1807

11.5802 0.1815

17.4681 0.1825

10.9993 0.1817

11.4736 0.1814

15.9182 0.1800

16.8762 0.1792

18.6035 0.1802

16.6977 0.1805

22.4915 0.1829

20.0545 0.1831

10.0295 0.1830

5.8366

5.5386

7.1561

7.0222

7.5538

5.4840

8.0884

8.6622

7.0261

7.8112

7.1971

6.5357

10.0714

6.8209

15.7394

6.3153

6.7446

6.0113

6.6396

18.8897

6.6897

11.0636

17.3294

4.0832

1.2959

1.1525

1.7798

1.3250

2.6819

1.0987

2.8771

1.6433

2.6571

2.6454

2.0563

1.4669

1.9748

1.4998

5.1388

1.4156

1.4247

1.4122

2.3738

5.4888

1.5131

1.9143

3.7369

1.7245

45,416
45,405
44,292

45,693

40,638
41,755
39,637
41235
41,484
47,074

45,126

75,560
72,560
73,245
115,116
71,437

72,422

47,492
49,273
128,114
50,541
61,492
108,097

50,113

1016

953

1137

868

1481

844

1444

806

1613

1635

1328

1716

1426

1629

3763

1621

1548

1120

1767

3727

1147

1090

2354

2210

10.34

10.33

10.21

10.55

Mean + 1 S.D.

9.14

9.25

8.99

9.40

9.50

10.79

1039

Mean + 1 S.D.

12.02

11.64

11.79

18.82

11.81

11.88

Mean + 1 S.D.

9.95

10.35

27.71

10.65

10.12

19.27

10.28

Mean + 1 S.D.

0.22
0.26
0.20

10.36 + 0.13
(0.23)

030

9.26 + 0.20
(0.26)

11.83 + 0.14
(0.25)

0.24

042
0.45

1027 + 0.26
(0.32)

(continued on next page)

LLNL-
CAMS
LLNL-
CAMS
LLNL-
CAMS
LLNL-
CAMS

LLNL-
CAMS
LLNL-
CAMS
LLNL-
CAMS
LLNL-
CAMS
LLNL-
CAMS
LLNL-
CAMS
LLNL-
CAMS

LLNL-
CAMS
LLNL-
CAMS
LLNL-
CAMS
LLNL-
CAMS
LLNL-
CAMS
LLNL-
CAMS

LLNL-
CAMS
LLNL-
CAMS
LLNL-
CAMS
LLNL-
CAMS
LLNL-
CAMS
LLNL-
CAMS
LLNL-
CAMS
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Table 1 (continued )

Sample Latitude Longitude Elevation Thickness Shielding Quartz  Carrier '°Be/Be ratio +lc Blank-corrected'°Be Blank-corrected'°Be conc. Age ka (Lm) Age ka AMS
(m asl) (cm) (g) added (g)* (1074 Uncertainty ~ concentration (atoms g~ !)° uncertainty (atoms g~ ') uncertainty Facility
(1077%)
King Harvest 3 (K3)
15BKH- 67.8033 —65.7418 390 1.46 0.991 19.0815 0.1830 8.4154 2.7242 55,422 1819 8.85 0.29 LLNL-
23 CAMS
15BKH- 67.8033 —65.7416 388 1.95 0.991 19.3372 0.1835 8.5343 1.9665 55,620 1307 8.94 0.21 LLNL-
24 CAMS
15BKH- 67.8035 —65.7384 387 2.65 0.990 30.1124 0.1827 13.6118 2.5505 56,855 1078 9.21 0.17 LLNL-
25 CAMS
15BKH- 67.8048 —65.7287 342 2.89 0.993 26.1169 0.1822 11.6958 1.9363 55,794 945 9.46 0.16 LLNL-
27 CAMS
15BKH- 67.8148 —65.7268 271 2.18 0.996 15.9068 0.1821 6.5398 1.2509 52,285 1008 9.45 0.18 LLNL-
62 CAMS
15BKH- 67.8173 —65.7050 176 2.38 0.996 19.1583 0.1825 3.7021 1.0240 23,656 707 4.74 0.14 LLNL-
64 CAMS
15BKH- 67.8128 —65.6989 145 3.08 0.996 22.0508 0.1820 7.8374 1.5188 45,206 881 943 0.18 LLNL-
65 CAMS
15BKH- 67.8128 —65.6994 155 2.86 0.996 17.0792 0.1822 2.1394 4.0105 159,837 3001 33.10 0.63 LLNL-
66 CAMS
15BKH- 67.8080 —65.7013 165 235 0.998 15.9246 0.1823 5.6932 1.2101 45,488 975 9.21 0.20 LLNL-
67 CAMS
15BKH- 67.8073 —65.7057 195 2.02 0.998 22.8305 0.1829 10.8603 21774 59,456 1217 11.62 0.24 LLNL-
68 CAMS
Mean + 1 S.D. 9.21 + 0.25
(0.30)
King Harvest upvalley
15BKH- 67.8045 —65.7662 446 1.03 0.997 17.9824 0.1804 8.8784 2.4872 62,294 1749 9.32 0.26 LLNL-
30 CAMS
15BKH- 67.8050 —65.7653 442 1.76 0.997 14.5829 0.1806 6.7962 1.3734 58,827 1193 8.89 0.18 LLNL-
31 CAMS
15BKH- 67.8047 —65.7647 433 145 0.997 17.6963 0.1806 8.3538 1.6712 59,619 1196 9.07 0.18 LLNL-
32 CAMS
15BKH- 67.8079 —65.7413 310 1.68 0.996 17.1176 0.1802 7.1913 1.8080 52,920 1335 9.15 0.23 LLNL-
34 CAMS
Mean + 1S.D. 9.11 + 0.18
(0.24)

Southwestern Greenland
Erratic boulders

16GRO- 67.4089 —49.8130 565 3.25 1 32.9555 0.6021 1.1907 2.6957 54,149 1226 7.29 0.17 LLNL-
01 CAMS
16GRO- 67.4085 —49.8291 581 3.00 1 32.4943 0.6074 1.4623 3.1490 68,040 1465 9.00 0.20 LLNL-
02 CAMS
16GRO- 67.4184 —49.7963 575 1.00 1 41.0266 0.6054 1.5781 3.3134 57,962 1217 7.59 0.16 LLNL-
03 CAMS
16GRO- 66.9126 —50.1802 172 2.50 1 35.2685 0.6078 0.8827 2.7836 37,865 1194 7.45 0.24 LLNL-
04 CAMS
16GRO- 66.9119 —50.1678 230 2.00 1 34.9986 0.6075 0.9025 2.5378 38,991 1096 7.19 0.20 LLNL-
06 CAMS
16GRO- 66.9423 —50.0955 273 1.50 1 30.2588 0.6065 0.8058 2.3485 40,202 1172 7.07 0.20 LLNL-
07 CAMS
16GRO- 66.7591 —50.7890 447 2.00 1 32.7152 0.6139 1.3770 3.0112 64,318 1406 9.56 0.21 LLNL-
09 CAMS
16GRO- 66.7665 —50.8143 315 2.50 1 35.1616 0.6181 1.0486 2.5603 45,884 1120 7.79 0.19 LLNL-
11 CAMS
16GRO- 66.7302 —50.8119 308 2.00 1 32.7920 0.6241 1.1628 2.7987 55,086 1326 9.38 0.23 LLNL-
26 CAMS

66.8706 —53.4602 234 1.25 1 15.5896 0.1829 0.7967 3.6639 64,169 2972 11.71 0.54 PRIME
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16GRO-
41

16GRO- 66.8721
42

16GRO- 66.8737
44

16GRO- 67.0558
46

16GRO- 67.0313
57

16GRO- 67.0262
67

16GRO- 67.0233
68

16GRO- 67.0234
69

16GRO- 67.2584
76

16GRO- 67.2592
78

Taserqat Moraine

16GRO- 67.0493
32

16GRO- 67.0484
33

16GRO- 67.0499
34

16GRO- 67.0512
35

16GRO- 67.0533
36

16GRO- 67.0525
37

—53.4592

—53.4556

—52.5139

—52.4662

—51.8950

—51.8981

—51.8966

—50.7309

—50.7329

—52.9097

—52.9093

-52.9119

—52.9148

-52.9175

-52.9171

Sarfartog-Avatdleq Moraine

16GRO- 67.0303
49
16GRO- 67.0301
51
16GRO- 67.0318
52
16GRO- 67.0344
54
16GRO- 67.0384
55
16GRO- 67.0333
56
16GRO- 67.1269
59
16GRO- 67.1256
60
16GRO- 67.1256
61
16GRO- 67.1265
62
16GRO- 67.1245
63
67.1250

—52.3956

—52.3936

—52.3943

—52.3899

—52.3779

—52.3923

—52.3463

—52.3404

—52.3402

—52.3478

—52.3486

—52.3425

239

230

302

333

510

516

516

769

773

400

417

404

397

384

393

303

299

315

313

366

299

636

639

637

627

616

624

1.22

231

248

2.21

1.47

234

3.22

2.63

1.69

1.97

0.996

0.998

0.994

0.995

0.995

0.994

0.995

0.995

11.6444 0.1815

18.1350 0.1820

23.8858 0.1816

30.0362 0.1833

31.1948 0.1834

30.0651 0.1829

28.6967 0.1833

11.6904 0.1836

30.0159 0.1832

27.5000 0.1817

20.4639 0.1813

22.2613 0.1815

22.7147 0.1812

23.0832 0.1814

26.7593 0.1818

22.7056 0.1810

26.1454 0.1816

21.6163 0.1811

20.1321 0.1821

20.9769 0.1810

20.9231 0.1833

11.0795 0.1824

23.0070 0.1822

11.2967 0.1824

9.7126 0.1832

30.1541 0.1833

14.8697 0.1823

0.5771

0.9144

1.5798

1.5345

1.7068

1.6435

1.6496

0.8128

1.9546

1.6531

1.1892

1.3217

1.3483

1.3935

3.1659

1.0781

1.2327

1.0390

0.9937

1.0795

1.0218

0.7401

1.6581

0.7578

0.6545

2.0067

0.9828

2.6725

3.1638

5.3957

5.0943

5.0629

5.2086

5.5469

2.7589

6.7152

5.5253

4.4758

4.4228

3.7197

3.7142

6.1798

3.7803

4.9590

4.6230

2.7018

3.0059

1.7539

1.6741

4.8294

2.7030

1.6268

6.5484

3.5608

61,328
62,793
82,400
64,437
69,065
68,308
72,516
87,284

82,132

77,771
72,190
73,877
73,744
75,090

147,822

58,863
58,682
59,607
60,687
62,971
60,478
83,544
89,983
83,396
84,578
83,985

82,311

2922

2215

2837

2146

2056

2190

2449

3004

2832

2620

2749

2500

2063

2029

2901

2094

2384

2684

1685

1786

1065

1914

2640

3030

2132

2749

3020

11.13

11.60

14.21

10.76

9.61

9.61

10.11

8.96

12.13

11.15

11.50

11.47

11.85

23.20

Mean + 1 S.D.

10.20

10.12

10.07

10.32

10.15

10.37

10.37

11.19

10.37

10.61

10.62

10.48

0.53

0.41

0.41

0.43

11.62 + 0.38
(0.43)

0.36
0.41
0.46
0.29

0.29

0.39

(continued on next page)

PRIME

PRIME

PRIME

PRIME

PRIME

PRIME

PRIME

PRIME

PRIME

PRIME

PRIME

PRIME

PRIME

PRIME

PRIME

PRIME

PRIME

PRIME

LLNL-
CAMS
LLNL-
CAMS
LLNL-
CAMS
LLNL-
CAMS
PRIME

PRIME
LLNL-
CAMS
PRIME

PRIME
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Table 1 (continued )

oL

Sample Latitude Longitude Elevation Thickness Shielding Quartz  Carrier '°Be/Be ratio +lo Blank-corrected°Be Blank-corrected!°Be conc. Age ka (Lm) Age ka AMS
(m asl) (cm) (g) added (g)* (107'4)P Uncertainty  concentration (atoms g~')° uncertainty (atoms g~!)° uncertainty Facility
(107

16GRO-
64

16GRO- 67.1266 —52.3325 630 1.84 0.995 27.9849 0.1821 1.8765 5.3561 83,721 2404 10.50 0.30 PRIME
65

16GRO- 67.1266 —52.3325 629 1.07 0.995 30.1746 0.1834 2.2326 7.9210 93,445 3323 11.66 042 PRIME
66

Mean + 1 S.D. 1041 + 0.29
(0.35)

Fjord Moraine

16GRO- 66.7974 —50.7798 354 2.34 1 35.3518 0.2020 1.3782 3.3780 54,349 1334 8.87 0.22 PRIME
12

16GRO- 66.7996 —50.7722 376 2.28 0.998 32.3242 0.1830 24188 6.5040 93,977 2539 15.06 041 PRIME
13

16GRO- 66.7996 —50.7719 376 2.12 0.998 32.6750 0.1827 1.5063 43618 57,692 1684 9.22 0.27 PRIME
14

16GRO- 66.7999 —50.7703 380 0.90 0.996 32.2519 0.1827 1.5053 5.2453 58,411 2050 9.23 0.33 PRIME
15

16GRO- 66.7998 —50.7712 381 249 0.998 18.4242 0.1821 0.8220 3.4052 55,417 2329 8.84 0.37 PRIME
16

16GRO- 66.9894 —51.4716 243 1.50 1 25.5744 0.1818 1.2757 4.3422 62,062 2132 11.25 0.39 PRIME
71

16GRO- 66.9901 —51.4672 224 133 1 29.4850 0.1818 1.2052 4.7100 50,837 2005 9.38 0.37 PRIME
73

16GRO- 66.9893 —51.4645 223 2.30 1 30.3036 0.1834 1.1616 4.2667 48,198 1785 8.97 0.33 PRIME
74

16GRO- 66.9894 —51.4633 220 3.67 1 27.2409 0.1840 1.0430 3.0354 48,267 1420 9.11 0.27 PRIME
75

Mean + 1 S.D.

9.09 + 0.20 (0.26)
Recessional crest

16GRO- 66.8016 —50.7576 367 1.98 0.998 35.0453 0.2030 1.3131 3.6847 52,492 1472 8.45 0.24 PRIME
22

16GRO- 66.8020 —50.7557 370 247 0.995 35.0640 0.2023 1.3440 6.2247 53,514 2478 8.65 0.40 PRIME
23

16GRO- 66.8020 —50.7549 370 1.74 0.996 35.3993 0.2030 1.3889 42199 54,969 1671 8.82 0.27 PRIME
24

Mean + 1 S.D. 8.64 + 0.19
(0.25)

Umivit-Keglen Moraine

16GRO- 66.8060 —50.7630 313 1.83 1 25.3022 0.1826 1.0222 4.2850 83,354 3532 14.13 0.60 PRIME
17

16GRO- 66.8058 —50.7629 312 0.80 1 35.2285 0.1822 1.3311 4.6530 47,126 1662 7.92 0.28 PRIME
18

16GRO- 66.8058 —50.7617 313 1.53 0.999 33.9045 0.1819 1.3020 5.1019 50,492 1995 8.54 0.34 PRIME
19

16GRO- 66.8058 —50.7613 314 2.30 0.999 30.3979 0.1826 1.1369 3.5082 46,812 1458 7.95 0.25 PRIME
20

16GRO- 66.8061 —50.7603 314 3.03 0.999 30.2733 0.1832 1.1410 42782 47,334 1790 8.09 0.31 PRIME
21

Mean + 1 S.D. 8.13 + 0.29
(0.32)

@rkendalen Moraine complex

16GRO- 66.9439 —50.3956 404 1.01 1 10.5969 0.1836 0.4106 2.0555 48,225 2479 7.42 0.38 PRIME
85

66.9461 —50.4028 402 223 1 30.9805 0.1861 1.2038 3.7442 49,573 1555 7.72 0.24 PRIME
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PRIME
PRIME
PRIME
PRIME

0.24
0.29

0.22

0.24

7.30 + 028
(0.31)

Mean + 1 S.D.

6.85
7.31
7.28
7.23

1573
1908
1490
1601

45372
48,485
49,276
48,868

3.8117
4.5658
3.4987
3.7993

1.1095
1.1694
1.1676
1.1699

30.1641 0.1800
30.2594 0.1830
29.7947 0.1834
30.0518 0.1831

1
1
1

1.75
2.19
1.95
2.47

87
16GRO- 66.9452 —50.4084 435
90

88
16GRO- 66.9450 —50.4110 454

89
16GRO- 66.9448 —50.4113 456

16GRO- 66.9454 —50.4079 429

16GRO-
g 1 yr~!; the calibration dataset is the same. All samples use a density of 2.65 g cm >, standard air pressure ‘std’, and an effective attentuation length of 160 g cm 2. °Be concentrations are reported relative to 07KNSTD with a

reported ratio of 2.85 x 102 using a '°Be half-life of 1.36 x 106 years (Nishiizumi et al., 2007).
Numbers in parentheses are the moraine age uncertainties that include the uncertainty in the '°Be production rate calibration dataset. Moraine ages with the production rate uncertainty must be used when comparing the Baffin

et al,, 2008; Balco, 2017). All ages are calcualted using ‘Lm’ scaling and a Baffin Bay production rate of 4.04 + 0.07 atoms g~ ' yr—! (Young et al., 2013). This value has been updated from the CRONUS v2 value of 3.96 + 0.07 atoms
Bay moraines to any independent record that is not on the Baffin Bay-Arctic '°Be timescale.

Ages are calculated using version 3 of the exposure age calculator found at https://hess.ess.washington.edu/(wrapper: 3.0, muons: 1A, consts: 3.0.3), which implements an updated treatment of muon-based production (Balco

N.E. Young et al. / Quaternary Science Reviews 229 (2020) 106091 1

exclusively from windswept locations and many surfaces still
retained primary glacial features. Individual '°Be ages are pre-
sented and discussed with 1-sigma analytical uncertainties, and
moraine ages exclude the °Be production-rate uncertainty when
we are comparing moraine ages within Baffin Bay. When moraine
ages are compared to independent records of climate variability or
ice-sheet change, the production rate uncertainty is propagated
through in quadrature (Tables 1 and S1).

4.3.1. The effects of isostatic rebound on °Be production and °Be
age calculations

We do not correct °Be ages for the effects of isostatic rebound.
All of our sample locations have experienced varying degrees of
isostatic uplift since the timing of local deglaciation and therefore
our sample sites have rested at an elevation that is lower than their
current elevation for a portion of their total exposure histories.
Because the rate of 1°Be production is lower at lower elevations (i.e.
more overriding atmosphere), correcting our 1°Be ages solely for
the effects of isostatic uplift by using a time-averaged sample
elevation, would result in older °Be ages. However, the relatively
straightforward effects of elevation change driven by isostatic
rebound on “Be production are counteracted to some degree by
atmospheric pressure changes in ice-marginal settings not related
to sample elevation change (Staiger et al., 2007). In addition to a
sample site moving up or down in the atmosphere through isostatic
uplift or depression, atmospheric compression and pressure
anomalies in ice-margin environments influences '°Be production
and acts to offset elevation-related changes in '°Be production
(Staiger et al, 2007). Whereas the effects of isostatic uplift,
assuming a stationary atmosphere, on °Be production may be
relatively straightforward to quantify, this correction only results in
a maximum “Be age and is counteracted by harder-to-quantify
atmospheric pressure changes unrelated to sample-site elevation
change.

The unique relationship between our sample locations and the
Baffin Bay '°Be production-rate calibration sites may also indicate
that any elevation- or atmospheric pressure-based correction on
19Be production may not be required. The Baffin Bay !°Be
production-rate calibration dataset spans the last ~9.2 ka and
comprises ice-marginal sites that have undergone ~45—60 m of
isostatic uplift since local deglaciation (Long et al., 2006; Briner
et al,, 2007; Young et al., 2013a). Both the °Be calibration dataset
exposure duration and amount of uplift are similar to the exposure
and uplift histories of the unknown-age sample sites considered
here, with the exception of our westernmost samples in south-
western Greenland that may have undergone up to 120 m of uplift
(Funder and Hansen, 1996). Any errors in the calculated 1°Be age
presented here that are introduced by not correcting for isostatic
uplift or non-uplift related atmospheric pressure changes are
effectively offset by these same corrections not being made in the
19Be production-rate calibration datasets that share similar expo-
sure and uplift histories with our new sample sites. Making neither
a correction for isostatic uplift or atmospheric pressure anomalies
likely results in a'®Be age that has less uncertainty than making a
correction for one of these variables while ignoring the other.

4.3.2. Re-calculating previously published °Be ages

Previously published °Be ages listed in Table S1 have been re-
calculated using the aforementioned methods to make these ages
directly comparable to our new '°Be ages presented here. We have
calculated and plotted 1°Be ages from the Marrait Moraine, located
in the Jakobshavn Isbre forefield, using the Baffin Bay !°Be
production-rate calibration dataset (Young et al., 2011, Young et al.,
2013a). However, 1°Be concentrations from moraine boulders on
the Marrait Moraine serve as one of the calibration datasets within

3 Samples were spiked with LDEO carriers 5.1 and 6 with evaporation-corrected °Be concentrations ranging from 1028 to 1049 ppm, and a Buffalo carrier with concentrations ranging from 372.5 to 1049 ppm (see Table 2).
b 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'°Be detected in procedural blanks.
¢ Concentrations are blank corrected by subtracting the total number of!°Be atoms in the process blank (Table 2); see Table 2 for process blank values and description of the Buffalo blank correction.
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Table 2
Process blank'®Be data.

Sample ID Carrier added  Carrier 10Be/°Be ratio + 10 10Be atoms Samples applied to (Table 1):
(g) concentration? (1071%)

LDEO Carrier 5.1
BLK1_2016Feb10 0.1811 1047.06 4.623 + 1.248 5859 + 1582 15BKH-01, -02, -06, —11, —12, —13, —14
BLK_2016Mar18 0.1815 1048.56 1.881 + 0.641 2393 + 816 15BKH-15, -17, —18, —19, —20, —30, —31, —32, —34, —36, —38, —41
BLK_2016May13 0.1812 1049.02 2.648 + 1.052 3364 + 1336 15BKH-43,

-44, —45, —47, —48, —49, —-50, —52, —54, —56, —62, —65, —66, —67
LDEO Carrier 6
BLK1_2016Sep19 0.1831 1034.12 5.509 + 3.243 6973 + 4105 15BKH-07, -09, —16, —23, —24, -25
BLK_20160ct27 0.1829 1032.04 10.194 + 3.291 12,863 + 4153 15BKH-26, -27, —28, —42, —46, —51, —53, —63, —64, —68
BLK_2017Jan21 0.1812 1029.00 5.626 + 5.222 7011 + 6508 16GRO-32, -33, —34, —35, —36, —37, —42, —44, —46, —49, —51, —52
BLK_2017Mar03 0.1816 1037.16 16.635 + 2.456 20,588 + 3093 15BKH-55, -57, —58, —59, —60, —61; 16GRO-54, -55, —56
BLK_2017May12 0.1814 1029.85 7.483 + 3.539 9344 + 4419 16GRO-13,

-14, -15, -16, -17, —18, —-19, —-60, —61, —64, —65, —71, —73
BLK_2017Sep18 0.1839 1031.63 7121 £ 2.794 9035 + 3543 16GRO-20, -21, —74, —75, —76, —85, —86, —87, —88, —89, —90
BLK1_2017Nov6 0.1838 1031.98 3.778 + 2.967 4790 + 3762 16GRO-41, -57, —63, —66, —67, —68, —69, —78
BLK2_2017Nov6 0.1826 1031.98 4452 + 1.949 5607 + 2455 16GRO-59, -62
BLK_2017Nov10 0.1825 1032.05 4.631 + 1.399 5831 + 1762 15BKH-03, -05, —35, —37, —39, —40
BLK_2018Jan25 0.2027 1033.10 0.000 + 8.000 0+ 1120 16GRO-12, -22, —-23, 24
Buffalo®
BLK_2017June16 0.5936 3725 20.00 + 15.13 29,560 + 10,346 16GRO-01, 02, 03, 04, 06, 07, 09, 11, —26

All "%Be concentrations are reported relative to 07KNSTD with a reported ratio of 2.85 x 107! using a '°Be half-life of 1.36 x 10° years (Nishiizumi et al., 2007).
We conservatively calculate a value of 1120 atoms in BLK_2018]Jan25 using the reported uncertainty in the reported ratio.
2 Buffalo samples are corrected using a long-term blank value. The stated ratio is the long-term lab average used to calculate the number of'°Be atoms.

the Baffin Bay “Be production-rate calibration. The Marrait
Moraine is independently dated by radiocarbon to 9175 + 45 cal yr
BP (Young et al., 2013b, 2013a), and when converting measured
10Be concentrations in Marrait Moraine boulders to 1°Be age using
the Baffin Bay production rate, the moraine age is 9.21 + 0.10 ka
(n = 6). Of course, this is circular logic — using a production-rate
calibration based partially on “tuning” the calibration dataset to
9175 + 45 cal yr BP to then calculate a'®Be age of 9.21 + 0.10 ka.
However, calculating '°Be ages for Marrait Moraine boulders using
the independent and statistically identical northeastern North
America 1°Be production-rate calibration dataset (Balco et al., 2009)
results in 1°Be ages that are 1.3% older, and does not affect our
interpretation of the Marrait Moraine age discussed below; the
same can be said if using the statistically identical high-latitude
Rannoch Moor °Be production-rate calibration dataset (Putnam
et al.,, 2019).

4.4. Age model of carbonate record from MD99-2236 and time
series analysis

We developed a modified age model for sediment core MD99-
2236 from the Cartwright Saddle using Bacon v. 2.2 (Blaauw and
Christen, 2011) based on all 24 radiocarbon ages as published in
Jennings et al. (2015). We included an additional age at
11,550 + 100 cal yr BP based on correlation of the initial %CaCO3
increase at 1795.5 cm depth with the well-dated record from Pearce
et al. (2015). All radiocarbon ages were calibrated as originally re-
ported in Jennings et al. (2015) using a marine reservoir age of 450
years (AR = 50 + 50 years) and the Marine13 calibration curve
(Reimer et al., 2013). For the model, section thickness was set at
1 cm and mean accumulation rate for the prior was 5 mm/yr. We
used the default student-t distributions (t; = 3, t, = 4) for all age
points except at 1795.5 cm, the tie point with Pearce et al. (2015)
which we set to low uncertainty (t; = 30, t, = 31) and ages at
1071, 1638, 1768, 1797, and 1823 cm depth, which we set to high
uncertainty (t; = 0, tp, = 1) because these ages were excluded by
Jennings et al. (2015) or disagreed with the well-dated tie point at
1795.5 cm (Pearce et al., 2015).

We incorporated age-model uncertainty into the MD99-2236
detrital carbonate and Sikuiui Lake summer temperature records

we present here. To do so, we placed all proxy and chronology data
in Lipd files (McKay and Emile-Geay, 2016), and analyzed the data
in the software package GeoChronR (McKay et al., 2018). We then
plotted each record with the median of the age ensemble and the 1
and 2 sigma uncertainty. Our age-model for MD99-2236 results in
peaks of carbonate weight percentage that differ slightly in age
than as originally reported by Jennings et al. (2015). Most notably,
Jennings et al. (2015) reported an age of 8.15 ka BP for DCP-7,
whereas here, DCP-7 falls at 7.95 ka BP. Despite the slight age
offset, we agree with the original interpretation of Jennings et al.
(2015) that links DCP7 to the 8.2 ka event as expressed in
Greenland ice cores.

5. Results
5.1. King Harvest geomorphology

We mapped the King Harvest moraine complex and assigned
each moraine to the body of ice that it was deposited by: the King
Harvest alpine glacier complex or the LIS (Fig. 2B). The King Harvest
alpine glacier deposited three easily identifiable and boulder-rich
moraines: K1, K2, and K3 (Fig. 2B). The K1 moraine is the most
distal and oldest alpine moraine within the sequence and is defined
by a sharp right-lateral moraine crest. The next two King Harvest
alpine moraines, K2 and K3, are slightly more subdued yet are
characterized by full latero-frontal moraine ridges with an abun-
dance of boulders (Fig. 2B).

The Okoa lateral moraine is a right lateral moraine deposited by
LIS ice filling Okoa Bay (OL; Fig. 2B; Fig. 4A). Of particular interest
are the valley floor (VF) and Narpaing lateral (NL) moraines that
were deposited in the through-valley connecting Okoa Bay and
Narpaing Fjord (Fig. 2B; Fig. 4B; Fig. 5). The orientations of Narpaing
Fjord and the through-valley allow LIS ice in Narpaing Fjord to
thicken and extend into the through-valley and thus both the VF
and NL moraines are left lateral moraines deposited by LIS ice
flowing down Narpaing Fiord (Fig. 4B). Briner et al. (2009) origi-
nally attributed the VF moraine to the King Harvest alpine complex
based on analysis of aerial photographs. However, field observa-
tions by our team in 2015, which included original 2009 authors
Briner and Miller, confirm that the VF moraine was deposited by LIS
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15BKH-01

15BKH-05

15BKH-15

15BKH-31

Fig. 5. (A) Sample 15BKH-01 with a'°Be age of 25.48 + 0.42 ka from the valley-floor (VF) moraine (Fig. 2B; Table 1); this sample has isotopic inheritance. (B) Sample 15BKH-05 from
the VF moraine with an '°Be age of 11.94 + 0.25 ka. (C) Sample 15BKH-15 from the VF moraine with an '°Be age of 11.73 + 0.51 ka. (D) Example of a boulder perched directly on
bedrock located upvalley of the King Harvest alpine moraines. Sample 15BKH-31 has a'Be age of 8.81 + 0.18 ka.

ice emanating out of Narpaing Fjord. The VF moraine orientation is
perpendicular to the K2 and K3 moraines and has a low-relief
profile distinguishing the VR moraine from its K2 and K3 neigh-
bors (Fig. 2B; Fig. 5; Fig. 6). In addition, the gradient of the through-
valley connecting Okoa Bay and Narpaing Fjord routes King Harvest

alpine ice to flow southeast towards Narpaing Fjord (and not to-
wards Okoa Bay) as illustrated by the mapped King Harvest alpine
moraines (Fig. 2B; K1, K2, K3 moraines). Based on field mapping,
the K1 alpine moraine is truncated by the VF moraine as marked by
a series of discrete lateral moraines resting between K1 and K2 that

15BKH-36

15BKH-65

Fig. 6. (A) Sample 15BKH-18 from the K2 moraine with a'”Be age of 10.35 + 0.37 ka. (B) View looking down the K1 lateral moraine crest towards Narpaing Fjord with sample
15BKH-36 (11.64 + 0.23 ka). (C) Sample 15BKH-65 from the K3 moraine with a'°Be age of 9.43 + 0.18 ka. (D) View to the southeast with Narpaing Fjord in the background.
Foreground shows sample 15BKH-68 from the K3 moraine with a'°Be age of 11.62 + 0.24 ka; this sample has isotopic inheritance.
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Fig. 7. (A) View looking down the crest of the upfjord moraine in Narpaing Fjord.
Foreground: sample 15BKH-56 with a'°Be age of 9.25 + 0.19 ka. Background: opening
to the King Harvest through valley. (B) Normal kernal density estimates for the
Narpaing-upfjord moraine shown in panel A. Age in bold that includes the production-
rate uncertainty is depicted in Fig. 17 and Fig. 18.

project to the main VF moraine sequence (Fig. 2B). In turn, these
small VF lateral moraines are truncated by the K2 moraine. Based
solely on the morphostratigraphic relationship between moraines
displayed in the through valley, K1 is the oldest moraine, followed
by the VF moraine, and the K2 and K3 moraines (Fig. 2B). Lastly, a
prominent, sharp-crested, right-lateral moraine is located ~15 km
from the King Harvest complex in Narpaing Fjord (Narpaing —
upfjord; Fig. 2A). Because this lateral moraine is located upfjord of
the King Harvest sequence, it is geomorphically younger than the
NL moraine (Fig. 2A; Fig. 2B; Fig. 7A).

5.2. King Harvest 1°Be ages

Here, we present 61 1°Be ages from the King Harvest moraine
complex. Thirteen °Be ages from moraine boulders in the VF
moraine complex range from 11.58 + 0.22 ka to 25.48 + 0.42 ka, 7
moraine boulders from the OL moraine range from 7.01 + 0.17 ka to
19.12 + 0.45 ka, and 7 moraine boulders from the NL moraine range
from 10.21 + 0.26 ka to 10.55 + 0.20 ka (Fig. 2B; Fig. 8; Table 1).
Seven '“Be ages from moraine boulders on the Narpaing-upfjord
moraine range from 8.99 + 0.33 ka to 10.79 + 0.37 ka (Fig. 2B;
Fig. 8; Table 1).

In the King Harvest alpine moraine sequence, 6 1°Be ages from
boulders resting on the K1 moraine range from 11.64 + 0.23 ka to
18.82 + 0.62 ka, 7 boulders resting on the K2 moraine have °Be
ages that span between 9.95 + 0.24 ka to 27.71 + 0.81 ka, and 10

moraine boulders on the K3 moraine have °Be ages between
4.74 + 0.14 ka to 33.10 + 0.63 ka (Fig. 2B; Fig. 8; Table 1). In addition,
we sampled 4 boulders perched on bedrock located upvalley of the
King Harvest alpine moraines; '°Be ages for these 4 erratics are
8.89 + 0.18 ka, 9.07 + 0.18 ka, 9.15 + 0.23 ka, and 9.32 + 0.26 ka
(Fig. 2B; Table 1).

5.3. Southwestern Greenland geomorphology

Six major moraine systems rest between the present coastline
and the current GrIS margin in the Sisimiut-Kangerlussuaq region:
Taserqat, Sarfartog-Avatdleq, Fjord, Umivit-Keglen, @rkendalen,
and Little Ice Age (LIA)-historical maximum (Fig. 3). In the broader
Kangerlussuaq region, the GrIS margin currently either rests on the
LIA-historical moraine, or at most has retreated a few 10s—100s of
meters behind the LIA-historical moraine (Kelley et al., 2012; Levy
et al., 2018), whereas all moraines located to the west of the LIA-
historical moraine mark the episodic stillstand and/or readvance
of the GrlS during overall ice-sheet recession in the early to middle
Holocene (Weidick, 1974; van Tatenhove et al., 1996). These early
Holocene moraine systems are not perfectly continuous and a
single moraine crest cannot be traced through the entirety of our
field area (Fig. 3). Regions of well-defined moraine crests are often
separated by zones where moraines either thin to a patchy drift
limit, or no moraines and/or drift are preserved at all. To distinguish
between these two, our moraine mapping in Fig. 3 displays solid
bold lines where moraines are well-defined, and dashed lines mark
regions where moraine and/or drift limits are more ambiguous or
are not preserved. We reiterate that our mapping follows that of
Weidick (1974), with emphasis on distinguishing between moraine
systems, and we only sampled boulders resting within regions
where each moraine is well-defined.

While the ice-free landscape between the present coastline and
the GrlIS is dominated by the Taserqat, Sarfartog-Avatdleq, Fjord,
Umivit-Keglen, and @rkendalen moraine systems, their geo-
morphology differs. Our field observations and aerial surveys via
helicopter reveal that the Sarfartdoq-Avatdelq and Umivit-Keglen
moraines are the most continuous moraines preserved on the
landscape. These moraine systems are typically characterized by
uninterrupted moraine segments that are 10s of kilometers in
length (Fig. 3). In contrast, the Taserqat Moraine, which is the
westernmost and therefore oldest moraine on the landscape, is the
most poorly defined moraine in the region (Fig. 3). The Taserqat
Moraine is characterized by only sporadic segments of well-defined
moraine crests, but we also note that Taserqat Moraine intersects a
series of coastal inlets and fjords suggesting that this marine-based
environment may in part contribute to the relative lack of moraine
preservation (Fig. 3). In addition, we note the geomorphic differ-
ence between the @rkendalen moraine complex versus the Taser-
qat, Sarfartog-Avatdelq, Fjord, and Umivit-Keglen moraine systems
located to the west. In contrast to the Taserqat, Sarfartoq-Avatdelq,
Fjord, and Umivit-Keglen moraine systems, which primarily consist
of well-expressed moraine crests with easily identifiable bound-
aries, the @rkendalen moraine complex is defined by a continuous
drift sheet that contains numerous small moraine crests. At the
@rkendalen type locality near the Russell Glacier, this drift limit
extends ~2 km in front of the modern ice margin (Fig. 3; Weidick,
1974; Carrivick et al., 2017), whereas south of Russell Glacier, the
@rkendalen limit extends up to ~15 km in front of the ice margin
near our °Be sample locations (Fig. 3; Weidick, 1974).

54. Southwestern Greenland '°Be

We sampled boulders for 1°Be dating from each early or middle
Holocene moraine in the GrlS forefield, but we primarily focused on
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Fig. 8. Normal kernel density estimates for moraines in the King Harvest region. Ages in bold that include the production-rate uncertainty are depicted in Figs. 17 and 18.
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Fig. 9. Taserqat Moraine sample site with °Be ages and representative samples 16GRO-32 and 16GRO-37. Sample 16GRO-37 has isotopic inheritance.

constraining the ages of the Taserqat, Sarfartoq-Avatdelq, and Fjord
moraines because previous efforts have focused on constraining the
timing of deposition of the Umivit-Keglen and @rkendalen moraine
systems near the town of Kangerlussuaq (Levy et al., 2012; 2018;
Carlson et al., 2014; Winsor et al., 2015). Our 62 '°Be ages from the
region are distributed across the Taserqgat (n = 6), Sarfartoq-Avat-
delq (n = 14), Fjord (n = 9), Umivit-Keglen (n = 5), and @rkendalen
(n = 6) moraine systems, and erratic boulders perched on bedrock
beyond and between moraines (n = 19; Fig. 3A; Figs. 9—16). In
addition, we dated 4 boulders resting on a minor recessional
moraine crest located between the Fjord and Umivit-Keglen mo-
raines (Fig. 13). Six 1°Be ages from boulders on the Tasergat Moraine
range from 11.15 + 0.43 ka to 23.20 + 0.46 ka (Figs. 9), and 14 '°Be
ages from moraine boulders distributed across two sites from the
Sarfartoq-Avatdelq Moraine range from 10.12 + 0.41 ka to
11.66 + 0.42 ka (Fig. 10; Fig. 11). Nine °Be ages distributed across
two sites from the Fjord Moraine span 8.84 + 0.37 ka to 15.06 + 0.41
ka (Fig. 12; Fig. 13), whereas 3 1°Be ages from boulders resting on a
minor recessional crest behind the main Fjord Moraine limit are
8.45 + 0.24 ka, 8.66 + 0.40 ka, 8.82 + 0.27 ka (Fig. 13). Five '°Be ages
from boulders on the Umivit-Keglen Moraine range from
7.93 + 0.28 ka to 14.15 + 0.60 ka (Fig. 13), and six °Be ages from
@rkendalen Moraine boulders range from 6.85 + 0.24 ka to
7.72 + 0.24 ka (Fig. 14). Our 19 °Be ages from boulders resting on
bedrock range from 7.07 + 0.20 ka to 14.21 + 0.49 ka (Fig. 3A).

6. Developing '°Be chronologies of ice-margin change

Here, we constrain the age of each moraine in the King Harvest
region, Baffin Island, and on southwestern Greenland. Moraine ages

Sarfartéq-Avatdleq Moraine
10.41 = 0.29 ka|MEAN * 1S.D.
10.41 = 0.35 ka|MEAN £ 1S.D. + PR

e —

16GRO-54: 10.32%0.29 ka -

Fig. 10. Southern sampling site on the Sarfartog-Avatdleq Moraine. This southern site
comprises numerous well-defined moraine crests. Shown are representative samples
16GRO-51 and 16GRO-54.
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10.41 = 0.35 ka|MEAN £ 18,

Fig. 11. Northern sampling site on the Sarfartoq-Avatdleq Moraine. Here the Sarfartoq-
Avatdleq Moraine is mainly defined by a thin drift limit where patches of bedrock can
be found among the drift. Shown are representative samples 16GRO-60 and 16GRO-61.

16GRO-71: 11.25 #1039 ka

Fig. 12. Northern sampling site on the Fjord moraine. At the northern site, the Fjord
Moraine thins to a well-defined drift limit where patches of bedrock can be found
among the drift. Shown are representative samples 16GRO-71 and 16GRO-75 where
bare bedrock can also be seen.
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Fig. 13. Southern sampling site on the Fjord Moraine and the Umivit-Keglen Moraine
sampling site. Here, the Fjord and Umivit-Keglen moraines are closely stacked, with a
recessional moraine located between the two. We note that moraine ages at this
location are in stratigraphic order. Shown are representative samples 16GRO-16 and
16GRO-19.
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Fig. 14. @rkendalen Moraine sample site with '°Be ages and representative samples
16GRO-87 and 16GRO-88. These samples are from the outermost segment of
@rkendalen drift that is ~15 km from the modern ice margin. Located just beyond the
@rkendalen limit are minor recessional moraines (green dashed lines) that are part of
the Umivit-Keglen Moraine system.
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Fig. 15. Normal kernel density estimates for the Taserqat, Sarfartog-Avatdleq, Fjord and @rkendalen moraines (Table 1). Ages in bold that include the production-rate uncertainty

are depicted in Figs. 17 and 18.

are expresses as the arithmetic mean + 1 standard deviation (SD) of
the °Be age population, not including outliers, which are discussed
for each moraine. Outliers are defined as '°Be ages that are >2SD
older or younger from the mean =+ 1 SD of the remaining '°Be ages,
or in two cases, defined by morphostratigraphic constraints.
Moraine ages here do not include the uncertainty in the °Be
production-rate calibration because we are only comparing °Be
ages within King Harvest, southwestern Greenland, and across
Baffin Bay. All of our 1°Be ages were calculated with the same °Be
production-rate calibration dataset (Young et al., 2013a) and un-
certainties in the production rate would result in systematic shifts
in 1°Be age across all of our datasets and would not affect inter- and
intra-site comparisons. When our moraine ages are compared to
independent records of ice-sheet change or climate variability that
are not on the °Be timescale, we include the uncertainty in the °Be
production-rate calibration (Table 1). Our moraines ages simulta-
neously constrain the culmination of an advance or stillstand of a
glacier or ice sheet and the timing of initial ice-margin retreat;
moraine ages do not constrain the onset of an advance.

6.1. King Harvest 1°Be chronology

The oldest moraines deposited by the LIS in the King Harvest

region are the OL and VF moraines (Fig. 2B; Fig. 8). Seven 1°Be ages
on the OL moraine range from 7.01 + 0.17 ka to 19.12 + 0.17 ka, but 4
of these 'Be ages cluster at 11.79 + 0.32 ka after removing one
younger outlier (7.01 + 0.17 ka; Fig. 2B; Fig. 8; Table 1), and two
older outliers that have ages of 19.12 + 0.45 ka and 18.28 + 0.35 ka
(Fig. 2B; Table 1). The younger outlier likely reflects post-
depositional exhumation of this moraine boulder, whereas the
older two outliers are likely influenced by '°Be inherited from a
previous period of exposure (i.e. isotopic inheritance). The VF
moraine was deposited at 11.75 + 0.14 ka (n = 8) after excluding
10Be ages of 25.48 + 0.42 ka, 20.60 + 0.40 ka, 20.16 + 0.34 ka,
19.99 + 0.38 ka, and 14.62 + 0.26 ka (Fig. 2B; Fig. 8; Table 1). All of
these outliers are significantly older than the 11.75 + 0.14 ka cluster
of 19Be ages and likely contain isotopic inheritance. The NL moraine
was deposited at 10.36 + 0.13 ka (n = 7) and no outliers were
identified in this 1°Be age population; all '°Be ages from the NL
moraine overlap at 16 uncertainty (Fig. 2B; Fig. 8; Table 1). Lastly,
the LIS deposited the Narpaing-upfjord moraine at 9.26 + 0.20 ka
(n = 5) after excluding two older '°Be ages (Fig. 7B). These two
older 1°Be ages are internally consistent and have °Be ages of
10.39 + 0.30 ka and 10.79 + 0.37 ka (samples 15BKH-60 and -61);
including these ages would result in a bimodal age distribution for
the Narpaing-upfjord moraine (Fig. 7B; Table 1). However, the
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Fig. 16. Normal kernel density estimates for boulders on the Umivit-Keglen Moraine
from this study (top panel), and for boulders on the Umivit-Keglen moraine from this
study combined with Winsor et al. (2015) and Levy et al. (2018). We combine all three
datasets to constrain the age of the Umivit-Keglen Moraine to 8.05 + 0.22 ka (n = 16).

Narpaing-upfjord moraine must be younger than the NL moraine in
the King Harvest region, which was also deposited by the LIS outlet
glacier occupying Narpaing Fjord and is tightly constrained to
10.36 + 0.13 ka. Therefore, it is likely that ice in Narpaing Fjord
quickly retreated after deposition of the NL moraine at 10.36 + 0.13
ka, before re-advancing and potentially re-working samples
15BKH-60 and -61.

The oldest moraine deposited by the King Harvest alpine glacier
complex (K1) was deposited at 11.83 + 0.14 ka (n = 5) after
excluding one older outlier that is likely influenced by isotopic in-
heritance (18.82 + 0.62 ka; Fig. 2B; Fig. 8; Table 1). The K2 moraine
was emplaced at 10.27 + 0.25 ka (n = 5), again after excluding two
older outliers that are likely influenced by isotopic inheritance
(19.27 + 0.42 ka and 27.71 + 0.81 ka; Fig. 2B; Fig. 8; Table 1). The
youngest alpine moraine, K3, was deposited at 9.21 + 0.25 ka
(n = 7) after removing 2 older outliers likely influenced by isotopic
inheritance (11.62 + 0.24 ka and 33.10 + 0.63 ka; Fig. 2B Fig. 8;

Table 1), and one younger outlier that almost certainly reflects
boulder exhumation (4.74 + 0.14 ka; Fig. 2B). Finally, 4 '°Be ages
from erratic boulders located up-valley and inboard of the King
Harvest alpine moraines are 9.32 + 0.26 ka, 8.89 + 0.18 ka,
9.07 + 0.18 ka, and 9.15 + 0.23 ka (Fig. 2B; Table 1). These '°Be ages
are statistically identical and average 9.11 + 0.18 ka, which is ex-
pected because post-depositional movement (e.g. exhumation;
rotation) is unlikely for boulders resting directly on bedrock sur-
faces in tectonically stable environments. These upvalley '°Be ages
constrain the timing of valley deglaciation after deposition of the
K3 moraine to 9.11 + 0.18 ka, and also serves as a close minimum-
limiting age for the K3 moraine independently dated to 9.21 + 0.25
ka (Fig. 2B).

In summary, our °Be ages from across the King Harvest region
reveal that LIS outlet glaciers deposited moraines at 11.79 + 0.32 ka
(OL), 11.75 + 0.14 ka (VF), 10.36 + 0.13 ka (NL), and 9.26 + 0.20 ka
(Narpaing-upfjord), whereas the King Harvest alpine glacier com-
plex deposited moraines at 11.83 + 0.14 ka (K1), 10.27 + 0.25 ka
(K2), and 9.21 + 0.25 ka (K3), with valley deglaciation underway by
9.11 + 0.18 ka (upvalley erratics). Based on mapping in the field, the
K1 alpine moraine is truncated by the VF moraine suggesting that
the VF moraine is geomorphically younger than the K1 moraine
despite statistically identical 1°Be ages (Fig. 2B; Fig. 8; Table 1). We
suggest that ice from the King Harvest alpine complex was resting
on the through-valley floor before being overrun by LIS ice sourced
from Narpaing Fjord, and it is possible that alpine ice may have
briefly merged with LIS ice during deposition of the VF moraine.
Regardless, '°Be ages indicate that deposition of the VF and K1
moraines are statistically indistinguishable (Fig. 8).

Of the 61 °Be samples from the King Harvest region, 14 appear
to be influenced by isotopic inheritance and only 2 are influenced
by boulder exhumation (Fig. 2B; Table 1). This skew toward outliers
containing isotopic inheritance could in part be reflective of an
environment that contains cold-based to polythermal ice, which is
inherently less erosive than warm-based ice. Or, the tendency to-
wards outliers with isotopic inheritance could simply reflect the
fact that, short of weathering pits in exposed rock surfaces, there
are no obvious identifying characteristics for isotopic inheritance in
the field that would aid in sample screening. The 14 '°Be ages that
appear to have isotopic inheritance, equates to ~23% of the total
dataset, and two of these samples (10.39 + 0.30 ka and 10.79 + 0.37
ka) are from the Narpaing-upfjord moraine that is constrained to
9.26 + 0.20 ka (Fig. 2A; Fig. 7; Table 1). The remaining 12 samples
with isotopic inheritance are in the primary King Harvest moraine
complex, and have ages that are significantly older than the
remaining ages on each moraine (Fig. 2B; Table 1). Although in-
heritance affects a significant proportion of our dataset (23% of all
samples), where present, inheritance is obvious and results in
apparent '“Be ages that are significantly older than the most likely
moraine age; we are not faced with considering difficult-to-
constrain trace amounts of inheritance (Table 1; Fig. 2B; Fig. 8;
e.g. Kelly et al., 2008). The percentage of our samples influenced by
isotopic inheritance is consistent with the overall percentage of
low-elevation °Be ages (0—600 m asl) across Baffin Island that
contain isotopic inheritance (~24%; n = 515; Young et al., 2016).

6.2. Southwestern Greenland '°Be chronology

Sixty-two '°Be ages from moraines and erratic boulders perched
on bedrock constrain the timing and pattern of GrIS retreat through
the early and middle Holocene (Fig. 3A). Three boulders perched on
bedrock near the present coastline and outboard of all moraine
systems have ages of 11.71 + 0.54 ka, 11.60 + 0.41 ka, and
1113 + 0.53 ka (Fig. 3A). These °Be ages overlap at 1SD, have a
mean age of 11.48 + 0.31 ka, and serve as a maximum age on the
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Fig. 17. Normal kernel density estimates for new '°Be ages, excluding outliers, for moraines deposited by the by the King Harvest alpine glacier, LIS outlets, and the southwestern
GrIS (Table 1). Including the '°Be production-rate uncertainty, alpine moraines are dated to 11.83 + 0.25 ka, 10.27 + 0.32 ka, and 9.21 + 0.30 ka. LIS outlet moraines are dated to
11.79 + 0.38 ka, 11.75 + 0.25 ka, 10.36 + 0.13 ka, and 9.26 + 0.20. GrlIS moraines are dated to 11.62 + 0.43 ka, 10.41 + 0.35 ka, 9.09 + 0.26 ka, 8.05 + 0.22 ka (this study + Winsor et al.,

2015 + Levy et al., 2018), and 7.30 + 0.31 ka.

Taserqat Moraine (Fig. 3A). The Taserqat moraine was deposited at
11.62 + 0.38 ka (n = 5), after excluding one older outlier
(23.20 + 0.46 ka; Fig. 15; Table 1). The one older outlier on the
Taserqat Moraine with °Be age of 23.20 + 0.46 ka is almost
certainly influenced by isotopic inheritance and cannot accurately
constrain the most recent period of exposure because the GrlS
margin was likely somewhere out on the continental shelf at ~23
ka. Our moraine age is statistically identical to the age of the erratics
located outboard of the Taserqat Moraine and suggest that depo-
sition of the Taserqat Moraine occurred immediately after coastal
deglaciation (Fig. 3A). We also note that our '°Be ages from the
outer coast and the Tasergat Moraine are consistent with the oldest
minimum-limiting radiocarbon age from this region of 10.8 cal ka
(Bennike et al., 2011).

The Sarfartog-Avatdelq Moraine was emplaced at 10.41 + 0.29
ka (n = 13) after excluding an older outlier of 11.66 + 0.42 ka.
Although this older outlier overlaps the mean + SD of the
remaining °Be age population at 2SD, we exclude the age
11.66 + 0.42 ka based on morphostratigraphic constraints. Two °Be
ages from erratics perched on bedrock located just outboard of the
Sarfartoq-Avatdelq Moraine are 14.21 + 0.49 ka and 10.76 + 0.36 ka
(Fig. 3A). Whereas the older of these two erratics is influenced by
isotopic inheritance, the younger '°Be age of 10.76 + 0.36 ka places
a firm maximum constraint on the age of the Sarfartog-Avatdelq
Moraine, and is also consistent with the age of the Sarfartoq-
Avatdelq Moraine as constrained by 1°Be ages from moraine boul-
ders. Moreover, the 11.66 + 0.42 ka outlier is similar to 1°Be ages
near the coast and from the geomorphically older Taserqat
Moraine. Therefore, we exclude the '°Be age of 11.66 + 0.42 ka and
calculate an age of 10.41 + 0.29 ka for the Sarfartog-Avatdelq
Moraine. Three °Be ages from boulders perched on bedrock
located ~20 km inboard (east) of the Sarfartoq-Avatdelq Moraine
are 10.11 + 0.34 ka, 9.61 + 0.31 ka, and 9.61 + 0.29 ka, and have a
mean age of 9.78 + 0.29 ka (Fig. 3A); this age acts as a minimum-
limiting age for the Sarfartog-Avatdelq Moraine. In addition, the
suite of 1°Be ages on the Sarfartog-Avatdelq Moraine marks the
only instance in our dataset where °Be measurements from the
same morphostratigraphic feature were made at LLNL-CAMS and
PRIME. Sarfartoq-Avatdelq Moraine 1°Be measurements completed
at LLNL-CAMS have a mean age of 10.36 + 0.16 ka with 16 mea-
surement precision of 2.45 + 0.46% (n = 5; Table 1), whereas 1°Be
measurements completed at PRIME have a mean age of
10.44 + 0.36 ka with 16 measurement precision of 3.58 + 0.56%
(n = 8; Table 1).

Seven 'Be ages from moraine boulders resting on the Fjord
Moraine have a mean age of 9.09 + 0.20 ka after excluding two
older '%Be ages of 11.25 + 0.39 ka and 15.06 + 0.41 ka that are likely
influenced by isotopic inheritance (Fig. 12; Fig. 13; Fig. 15; Table 1).
The age of 9.09 + 0.20 ka for the Fjord Moraine as constrained by
moraine boulders is consistent with the maximum-limiting age of
9.78 + 0.29 ka (n = 3) as constrained by boulders perched on
bedrock located outboard of the Fjord Moraine and inboard of the
Sarfartoq-Avatdelq Moraine (Fig. 3A). In addition, north of Kan-
gerlussuaq Fjord, two '°Be ages of 9.59 + 0.33 ka and 8.96 + 0.31 ka
from boulders perched on bedrock just beyond the Fjord drift limit
are internally consistent and serve as another maximum constraint
on the age of the Fjord Moraine. South of Kangerlussuaq Fjord, two
additional '°Be ages from boulders resting on bedrock outboard of
the Fjord moraine are 9.56 + 0.21 ka and 7.79 + 0.19 ka. The '°Be age
0f 9.56 + 0.21 ka is likely an additional firm maximum-limiting age
on the Fjord Moraine whereas the 1°Be age of 7.79 + 0.19 ka is too
young (Fig. 3A). There is no obvious explanation for this single
younger age as exhumation or significant rotation of a boulder
resting on bedrock is extremely unlikely, nor we did note any evi-
dence of extensive sediment cover on the upper boulder surface.
Lastly, a single 1°Be age of 9.38 + 0.23 ka from a boulder perched on
bedrock located south of Kangerlussuaq Fjord and inboard of the
Fjord Moraine is a minimum-limiting age on the Fjord Moraine and
is statistically identical to the age of the Fjord Moraine calculated
from moraine boulders (9.09 + 0.20 ka; Fig. 3A).

Four boulders from the Umivit-Keglen Moraine have a mean age
of 813 + 0.29 ka after rejecting one older outlier that is likely
influenced by isotopic inheritance (14.13 + 0.29 ka; Fig. 3A; Fig. 13;
Fig. 15; Table 1). In one location we obtained three °Be ages of
8.45 + 0.24 ka, 8.65 + 0.40 ka, and 8.82 + 0.27 ka (mean age of
8.64 + 0.19 ka) from a minor recessional moraine crest that is
inboard of the Fjord moraine, but outboard of the Umivit-Keglen
Moraine (Fig. 13; Table 1). Our °Be ages from this recessional crest
are consistent with their stratigraphic relationship between the
10Be-dated Fjord and Umivit-Keglen moraines in the same region,
and likely constrain a brief stillstand of GrIS margin at 8.64 + 0.19
ka.

The age of the @rkendalen Moraine is constrained by six '°Be
ages from moraine boulders that all overlap at 16 and have a mean
age of 7.30 + 0.29 ka (Fig. 3A; Fig. 14; Fig. 15; Table 1). Inboard of our
moraine sampling site, 3 minimum-limiting °Be ages from boul-
ders perched on bedrock are 7.07 + 0.20 ka, 7.19 + 0.20 ka, and
7.45 + 0.24 ka, and consistent with the direct age of the @rkendalen
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Fig. 18. (A) Same as Fig. 17 with the addition of previously published '°Be-based moraine chronologies (lines and symbols in gray). Additional alpine moraines are dated to
10.39 + 0.30 ka in western Greenland (Sikuiui Lake region; SKL; Fig.1; O'Hara et al.,, 2017) and 8.23 + 0.21 ka on Baffin Island (AYR; Fig. 1; Young et al., 2012). Additional GrlIS
moraines are dated to 9.21 + 0.19 ka and 8.20 + 0.21 ka at Jakobshavn Isbra (JAKS; Fig. 1; Young et al., 2011; Young et al., 2013a), and 8.99 + 0.32 at Sendre Isortoq (SDI; Fig. 1;
Table S1; Lesnek and Briner, 2018). Labrador moraines are dated to 9.99 + 0.67 ka, 8.83 + 0.63 ka, and 7.64 + 0.75 ka (Ullman et al., 2016; Table 1) (B) 3'30 record from NGRIP ice
core (Rasmussen et al.,, 2006). (C) Greenland mean-annual temperatures reconstructed using gas-phase 3'>’N—N, measurements (purple; +1a; Buizert et al., 2014). (D) Greenland
mean-annual temperatures reconstructed using gas-phase dAr-N, measurements (red; +2¢; Kobashi et al., 2017). (E) Branched glycerol dialkyl glycerol tetraether-inferred summer
temperature from Sikuiui Lake, western Greenland (Fig. 1; 70.218°N, 51.123°W, 604 m asl; Thomas et al., 2018). (F) Carbonate weight percentage from core MD99-2236 positioned
on the Cartwright Saddle (Jennings et al., 2015; Fig. 1). DCP — detrital carbonate peak. (G) E. excavatum f. clavata 5'80 values from core MD99-2236 interpreted as freshwater input
into the Labrador Sea (Jennings et al., 2015). The bold line in D, E, and F represents median value of our age-model iterations; the fine line represents each record on one age model;
the dark and light gray shading represent the 1 and 2 sigma age uncertainty, respectively (McKay et al., 2018; McKay and Emile-Geay, 2016). The orange fine lines represent each
record on the original age model of Jennings et al. (2015). Vertical blue bars are defined by the cooling events as expressed in Greenland ice core gas-phase temperature records.
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moraine (Fig. 3A), and 3 °Be ages from just beyond @rkendalen
drift are 7.29 + 0.17 ka, 7.59 + 0.16 ka, and 9.00 = 0.20 ka. Whereas
the older age is likely influenced by isotopic inheritance,
maximum-limiting '°Be ages of 7.29 + 0.17 ka and 7.59 + 0.16 ka are
consistent with the age of the @rkendalen Moraine calculated from
moraine boulders (7.30 + 0.29 ka).

In summary, our '°Be ages constrain deposition of the Taserqat
Moraine to 11.62 + 0.38 ka, Sarfartoq-Avatdelq Moraine to
10.41 + 0.29 ka, Fjord Moraine to 9.09 + 0.20 ka, Umivit-Keglen
Moraine to 8.13 + 0.29 ka, and @rkendalen Moraine to 7.30 + 0.28
ka (Fig. 3A; Table 1). All of these moraine ages are further supported
by a series of maximum- and minimum-limiting °Be from boul-
ders perched on bedrock (Fig. 3A). Seven of our 62 1°Be ages appear
to have isotopic inheritance (Table 1) equating to ~11% of all
Greenland boulder measurements. This value is slightly higher than
the percentage of previously published low elevation (0—600 m asl)
samples from southwestern Greenland with inheritance (~6%;
n = 303; Young et al., 2016), but similar to the percentage of all
southwestern Greenland °Be measurements that have isotopic
inheritance regardless of sample elevation (~14%; n = 385; Young
et al.,, 2016).

6.3. Integrating new and published '°Be ages from southwestern
Greenland

The landscape between the outer coast and current ice margin
includes dozens of previously published '°Be ages (Fig. 3B;
Table S1). We discuss these existing ages within the context of our
new '%Be ages, and discuss, where appropriate, the integration of
the two.

Rinterknecht et al. (2009) generated 12 1°Be ages from a variety
of features to produce a preliminary chronology of ice-margin
recession and ice-sheet thinning (Fig. 3B). Four 1°Be ages from
near the coast and outboard of the Taserqat and Sarfartog-Avatdelq
moraines range from ~19.6 ka to 106.5 ka (Fig. 3B). Two of these
samples are from high-elevation bedrock surfaces where the
presence of isotopic inheritance is more common (Table S1). It is
possible that the most distal age of 19.62 + 5.26 ka accurately re-
flects the timing of deglaciation at that site; however, because that
sample is only ~140 m higher in elevation than our coastal samples,
we suggest that the ~19.6 ka bedrock age does not accurately date
GrIS recession, and instead is likely influenced by isotopic inheri-
tance. Winsor et al. (2015) presented 9 °Be ages from near Sisimiut
that range from 10.17 + 0.60 ka to 37.59 + 1.49 ka (Fig. 3B; Table S1).
After attributing the older ages to inheritance and further sug-
gesting that the 10.17 + 0.60 ka age is too young, Winsor et al.
(2015) suggested that the mean of 13.54 + 1.01 ka, 14.44 + 1.47
ka, and 15.25 + 0.87 ka (14.41 + 0.86 ka) constrains the timing of
coastal deglaciation. However, these samples are ~80 m lower in
elevation and are statistically older than our coastal ages of
11.71 + 0.54 ka, 11.60 + 0.41 ka, and 11.13 + 0.53 ka (Fig. 3B). We
suggest that these samples are influenced by a slight amount of
isotopic inheritance and pre-date the timing of coastal deglaciation.

South of Kangerlussuaq fjord, Roberts et al. (2009) presented 16
19Be ages from a ridgeline elevational transect that range between
11.35 + 0.42 ka and 165.8 + 4.82 ka and span up to 856 m asl
(Fig. 3B; Table S1). The goal of this study was to generate an ice-
sheet thinning profile and each sample is from a bedrock surface,
which increases the chances of isotopic inheritance (Table S1). A
majority of these ages almost certainly contain isotopic inheritance,
but we agree with the original interpretation of Roberts et al.
(2009) that the lowest-elevation samples with °Be ages of
11.89 + 0.48 ka and 11.35 + 0.42 ka (Fig. 3B), accurately constrain
the timing of coastal deglaciation. These two ages are statistically
identical to our coastal '°Be ages of 11.71 + 0.54 ka, 11.60 + 0.41 ka,

and 11.13 =+ 0.54 ka (Fig. 3B). Combined, these 5 coastal '°Be ages
average 11.54 + 0.30 ka and serve as a minimum-limiting age on the
submerged Hellefisk and Sisimiut moraine complexes offshore, and
act as a closer limiting age on the Sisimiut moraine complex.

Farther inland, 8 additional °Be ages range from 7.63 + 1.34 ka
to 13.19 + 1.67 ka (Rinterknecht et al., 2009). Notably, there is a
cluster of 1°Be ages at ~9 ka from just beyond the Umivit-Keglen
limit, which is broadly consistent with our ice-margin chronology,
but analytical uncertainties of up to 40% (mean = 16%) prevent
including these ages within our ice-margin chronology (Fig. 3B).
Several '°Be ages from between the town of Kangerlussuag and the
modern ice margin directly relate to our newly generated 1°Be ages
(Fig. 3B). Levy et al. (2018) and Winsor et al. (2015) directly, and
independently, dated the Umivit-Keglen Moraine in the same re-
gion t0 8.04 + 0.13 ka (n = 9) and 7.96 + 0.11 ka (n = 3), respectively
(Fig. 3B; Table S1). These two datasets are statistically identical and
also indistinguishable from our age of 8.13 + 0.29 ka (n = 4)
generated from a different segment of the Umivit-Keglen moraine
(Fig. 3B). We combine all of these '°Be ages to constrain deposition
of the Umivit-Keglen moraine to 8.05 + 0.17 ka (n = 16; Fig. 16). This
age is supported by a minimum-limiting radiocarbon age of
8.0 + 0.2 (van Tatenhove et al., 1996), and also supports use of the
Baffin Bay 'Be production rate calibration dataset (Young et al.,
2013a).

Near the Russell Glacier, Levy et al. (2012) and Carlson et al.
(2014) independently dated @rkendalen Moraine crests to
6.94 + 0.42 (n=7)and 6.76 + 0.33 ka (n = 9), respectively, and Levy
et al. (2018) presented three additional ages of 7.24 + 0.20 Kka,
7.03 + 0.20 ka, and 7.02 + 0.19 ka on boulders within @rkendalen
drift (Fig. 3B). @rkendalen moraines in the Russell Glacier region
have previously been constrained by radiocarbon to ~6.8 cal ka BP
(van Tatenhove et al., 1996), consistent with °Be ages and further
supports use of the Baffin Bay '°Be production rate. Based on our
own field observations, and also noted in the original mapping of
Weidick (1974), our @rkendalen moraine boulders (7.30 + 0.28 ka;
n = 6) come from a prominent moraine crest in region, whereas
moraine crests in Russell Glacier region are minor, and interpreted
as climatically insignificant recessional features. This geomorphic
expression is consistent with the @rkendalen Moraine system
comprising a near continuous drift unit extending from ~2 km in
front of the ice margin in the Russell Glacier region, to up to ~15 km
beyond modern ice in our sampling region (Fig. 3B) resulting from
relatively slow GrlS recession at this time. Because we interpret the.

@rkendalen moraines as a near continuous drift unit, it is un-
likely that the sampling of Levy et al. (2012) and Carlson et al.
(2014) versus our sampling actually constrains the same ice limit
and therefore identical '°Be ages may not be expected. Thus, we do
not combine our °Be ages with those Levy et al. (2012) and Carlson
et al. (2014), but rather suggest that the GrIS was continuously
depositing so-called @rkendalen drift beginning at 7.30 + 0.28 ka.
Regardless, all three datasets place robust constraints on the timing
of ice-margin recession through each sampling location. After
deposition of the Taserqat, Sarfartoq-Avatdelq, Fjord, and Umivit-
Keglen moraines during the overall recession of the GrlS, the
@rkendalen system likely marks a significant slowdown of the ice
margin resulting in a continuous drift sheet characterized by
several small moraine crests and extensive sediment cover (e.g.
Weidick, 1974; Carrivick et al., 2017).

7. Discussion

7.1. Synchronous response of the LIS and an alpine glacier to
climate forcing

The close proximity of moraines in the King Harvest region that



N.E. Young et al. / Quaternary Science Reviews 229 (2020) 106091 23

were deposited by the LIS and alpine glacier complex allow us to
assess the response of each ice mass to the same climate forcing;
we do not expect climate to vary over such a small area on
centennial time scales (Fig. 2B). Our 1°Be ages reveal LIS outlet
moraines were deposited at 9.26 + 0.20 ka, 10.36 + 0.13 Kka,
11.75 + 0.15 ka (Narpaing Fjord) and 11.79 + 0.32 ka (Okoa Bay),
whereas King Harvest alpine moraines were deposited at
9.21 + 0.25 ka, 10.27 + 0.25 ka, and 11.83 + 0.14. LIS outlet and
alpine moraine °Be ages are statistically identical and, combined,
these '°Be ages indicate that advances and/or stillstands of the two
LIS outlet glaciers peaked in tandem with advances of the King
Harvest alpine glacier (Fig. 17). In summary, glacier advances at this
site culminated at ~11.8 ka, ~10.3 ka, and ~9.2 ka (Fig. 2B; Fig. 17).

Alpine glaciers are sensitive to decadal-scale changes in tem-
perature and precipitation (i.e. Oerlemans, 2005; Roe et al., 2017)
and ice sheets also respond to climate change, but it is unclear if ice
sheets are as sensitive to climate as alpine glaciers. For example,
whereas ice sheets are thought to have long response times to
climate (i.e. ‘memory’ or inertia) that range between several cen-
turies to millennia depending on the magnitude of the climate
perturbation (e.g., Applegate et al., 2014), relatively small alpine
glaciers have comparatively short response times on the order of
decades (Johannesson et al., 1989; Roe et al., 2017). Our results from
the King Harvest region reveal that, at the very least, ice-sheet
outlet glaciers respond to climate perturbations on the same
centennial time scale as climate-sensitive alpine glaciers. However,
the synchronous response of high-velocity outlet glaciers and
alpine glaciers is perhaps to be expected. For example, modern
observations suggest that high-velocity GrIS outlets are more
sensitive to climate perturbations than their land-terminating
neighbors (Bjork et al., 2012; Kelley et al., 2012) Nonetheless, the
synchronous deposition of King Harvest LIS and alpine moraines on
several occasions in the early Holocene requires a climatic driver
because it is unlikely that non-climatic fluctuations of each inde-
pendent ice mass would result in repeated synchronous moraine
deposition.

A moraine preserved on the landscape represents an unequiv-
ocal episode when an alpine glacier or ice sheet was more extended
than today, and former alpine glacier dimensions are routinely used
to reconstruct past climatic changes (i.e. Granger et al., 2013 and
references therein). Yet, modelling exercises suggest that moraines
found on the landscape need not be climatically significant as inter-
annual variability may produce large fluctuations in glacier length
and produce a moraine record that is unrelate to climate (Roe and
O’Neal, 2009; Roe, 2011; Anderson et al., 2014). It appears that in
the King Harvest region, however, each LIS outlet or alpine moraine
preserved on the landscape has an equivalent counterpart indi-
cating that each moraine is climatically significant. If deposition of
synchronous LIS outlet glacier and alpine moraines requires a cli-
matic driver, then our record of moraine deposition in the King
Harvest region suggests that climate perturbations occurred at
~11.8 ka, ~10.3 ka, and 9.2 ka (Fig. 17).

7.2. Retreat of the Greenland ice sheet in southwestern Greenland

10Be ages constrain deglaciation of the outer coast to
11.54 + 0.30 ka (this study + Roberts et al., 2009), with moraine
deposition occurring at 11.62 + 0.38 ka (Taserqat), 10.41 + 0.29 ka
(Sarfartog-Avatdleq), 9.09 + 0.20 ka (Fjord), 8.05 + 0.17 ka (Umivit-
Keglen; this study + Winsor et al., 2015 + Levy et al., 2018), and
7.30 + 0.28 ka (outer @rkendalen). Deglaciation of the landscape
just beyond the modern and historical maximum limit occurred
between ~7.3—6.8 ka as constrained by new and existing '°Be ages
near the modern ice margin (Fig. 8B; Levy et al., 2012; Carlson et al.,
2014; Levy et al., 2018).

Our 'Be-based chronology of ice-margin recession places firm
constraints on the timing of moraine deposition, but we are largely
unable to determine if moraine deposition occurred via a stillstand
or readvance of the GrIS margin. However, statistically identical
10Be ages from the Taserqat moraine (11.62 + 0.38 ka) and the outer
coast (11.54 + 0.30 ka), indicate that deposition of the Taserqat
moraine occurred via a stillstand of the ice margin (versus a re-
advance; Fig. 3A). If 1°Be ages beyond the Tasergat moraine were
~13 ka (or older), the chronology would allow for the ice margin to
retreat inland of Taserqat moraine at 13 ka, before re-advancing to
deposit the Tasergat moraine at ~11.6 ka. In contrast, the actual '°Be
age distribution with identical °Be ages beyond the Taserqat
moraine, and on the moraine itself, are suggestive of the Taserqat
moraine being deposited during an ice margin stillstand (e.g. Young
et al., 2013b). Thus, the GrlIS margin in this region must also have
been retreating prior to 11.6 ka as ice pulled out of Baffin Bay and
made landfall.

Similar to the distribution of '°Be ages from the outer coast and
Taserqat moraine, a single maximum '°Be age of 10.76 + 0.36 ka is
comparable to the age of the Sarfartdoq-Avatdleq Moraine
10.41 + 0.29 ka (Fig. 3A). This age distribution suggests that the
Sarfartoq-Avatdleq Moraine was deposited during a stillstand of
the GrIS margin during overall retreat. In addition, '°Be ages of
9.59 + 0.33 ka, 9.56 + 0.21 ka, and 8.96 + 0.31 ka from immediately
outboard of the Fjord Moraine are similar the age of the Fjord
moraine itself (9.09 + 0.20 ka). Again, this '°Be age distribution
leaves little time for the GrIS margin to retreat inland of the Fjord
moraine before readvancing to deposit the Fjord Moraine by
9.09 + 0.20 ka, and suggests that the Fjord Moraine was deposited
during a stillstand of the GrIS during overall retreat. South of
Kangerlussuaq Fjord, our nested °Be ages of 9.09 + 0.20 ka from
the Fjord Moraine, 8.64 + 0.19 ka from a recessional moraine, and
8.13 + 0.29 ka from the Umivit-Keglen Moraine are also suggestive
of stillstands of the GrIS margin during gradual ice-sheet recession
(Fig. 13). Lastly, we suggest that the @rkendalen moraine system
comprised of nearly continuous drift as opposed to well-defined ice
limits, marks the stagnation, or perhaps minor readvances, of the
GrIS beginning at 7.3 + 0.28 ka and continuing to at least 6.9—6.8 ka
(Levy et al., 2012; Carlson et al., 2014, Fig. 3B).

7.3. Synchronous ice sheet and glacier behavior in Baffin Bay

Moraine ages at the King Harvest site reveal that advances of the
alpine glacier and neighboring ice sheet outlets occurred simulta-
neously at: 1) 11.83 + 0.14 ka (alpine) 11.79 + 0.32 ka (outlet), and
11.75 + 0.14 ka (outlet), 2) 10.36 + 0.13 ka (outlet) and 10.27 + 0.26
ka (alpine), and 3) 9.26 + 0.20 ka (outlet) and 9.21 + 0.25 ka
(alpine). These ages provide direct evidence for the synchronous
response of LIS outlets and alpine glaciers to the same climate
forcing in the Cumberland Peninsula region (Fig. 2B; Fig. 17;
Table 1). Our moraine ages on Baffin Island are coeval with culmi-
nations of the GrlS occurring at 11.62 + 0.38 ka, 10.35 + 0.19 ka, and
9.09 + 0.20 ka (Fig. 3B; Fig. 17; Table 1). Additional alpine moraines
in western Greenland and on Baffin Island are dated with °Be to
10.39 + 0.23 ka and 8.23 + 0.15 ka (O’Hara et al., 2017; Young et al.,
2012) and additional GrIS moraines in the Jakobshavn Isbrae fore-
field were deposited at 9.22 + 0.10 ka and at 8.20 + 0.15 ka (Young
et al., 2011; Young et al., 2013a Fig. 18), which are coeval with the
Fjord and Umivit-Keglen moraines deposited at 9.09 + 0.20 ka and
8.05 + 0.22 ka (Fig. 18). Lastly, a land-terming sector of the GrlS at
Sendre Isortoq, located south of our Sisimiut-Kangerlussuaq tran-
sect, deposited a prominent moraine at 8.99 + 0.28 ka (Fig. 1;
Fig. 18; Lesnek and Briner, 2018).

Our newly °Be-dated moraines from opposite sides of Baffin
Bay, combined with published “Be-dated moraines point to
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significant changes in regional climate at ~11.8—11.6 ka, ~10.4—10.3
ka, ~9.2—9.1 ka, and ~8.2 ka because we are unaware of any other
mechanisms that can synchronize the behavior of so many inde-
pendent ice masses (Fig. 17; Fig. 18). The correlation of ages from
the King Harvest alpine moraines with LIS and GrIS moraines is
robust. Uncertainties in 1°Be production rates may systematically
alter absolute ages, but do not change differences between ages.
Our data cannot discount the possibility that the behavior of Baffin
Island and Greenland alpine glaciers, LIS and GrIS marine outlets,
and the land-based GrIS margin were asynchronous on yearly to
decadal timescales. On a centennial-scale, however, our °Be results
are unequivocal; without the aid of complementary records of
paleoclimate variability, synchronous repeated and linked changes
of independent ice masses across Baffin Bay during the early Ho-
locene are best explained by summer climate variations that
occurred at ~11.8—11.6 ka, ~10.4—10.3 ka, ~9.2—9.1 ka, and ~8.2 ka.

Our '°Be-based chronology of Baffin Bay moraines suggests that
stabilization of alpine glaciers, the LIS, and the GrIS were a response
to at least two known abrupt cooling events in the region. Well-
known events centered at 9.3 ka and 8.2 ka are rapid multi-
decadal to centennial-scale cooling events displayed in Greenland
ice cores that were likely triggered by sudden outbursts of fresh-
water into the Labrador Sea region (Fig. 18; Barber et al., 1999;
Rasmussen et al, 2007; Jennings et al, 2015). Synchronous
response of Baffin Bay ice masses to the 9.3 and 8.2 ka cooling
events has key implications regarding the primary mechanisms
driving short-term ice-sheet behavior. An abrupt rise in tempera-
ture will force an ice sheet or alpine glacier margin to retreat off a
moraine (Johannesson et al., 1989; Lowell et al., 1999), but the
chronological link to the 9.3 ka and 8.2 ka cooling events presented
here implies ice-sheet margin stabilization or readvance (and
moraine deposition) in quick response to the cooling phase of an
abrupt event. In Greenland ice cores, the 9.3 ka and 8.2 ka cooling
events are ~40—100 years and ~160 years, respectively (Rasmussen
et al., 2007; Thomas et al., 2007). Therefore, within the duration of
these events, LIS outlet glaciers, and perhaps more notably the
broad land-terminating margin of the GrlS, experienced a standstill
or reversed overall retreat to readvance, deposit a moraine, and
then retreat off that moraine at the end of each cooling event. An
increase in precipitation can also force glacier advance, but
increased snowfall in the accumulation zone must be propagated
down-ice to the terminus, which, in the case of ice sheets, can take
millennia (MacAyeal, 1993; Lowell et al., 1999). Increased precipi-
tation in the terminus region can also affect the glacier balance
ratio and lower the local equilibrium line altitude; more winter
snowfall in the ablation takes longer to melt in the summer.
However, the chronological link to known cooling events in which
accumulation rates decrease (i.e. Rasmussen et al., 2007) suggest
that ice sheet and glacier culminations at 9.3 ka and 8.2 ka are not
precipitation driven. The synchronous advances of alpine glacier
and ice-sheet termini centered at ~9.3 ka and 8.2 ka are therefore
most likely facilitated by significantly reduced summertime melt
rates in the ablation zone (e.g. Lowell et al., 1999).

7.4. Is the Baffin Bay record of ice-sheet change synchronous with
the record of LIS change from the Labrador region?

Maybe. A number of '°Be ages from the Labrador Dome region of
the LIS also constrain the behavior of the LIS during the early Ho-
locene (Ullman et al., 2016). Ullman et al. (2016) suggested that the
Paradise, North Shore, and Sakami moraines were deposited at
~10.4 ka, 9.2 ka, and 8.2 ka, consistent with our °Be-dated mo-
raines in Baffin Bay. However, 1°Be ages from the Labrador region
were not calculated in a similar fashion as our °Be ages.

Rather than use the modern sample elevation to calculate a!°Be

age, Ullman et al. (2016) used a lower sample elevation to correct
for the potential effects of isostatic rebound on '°Be production.
This correction resulted in 1°Be ages that are older than when '°Be
ages are calculated using the present-day elevation. In addition,
Ullman et al. (2016) used the Northeastern North American °Be
production-rate calibration dataset (NENA; Balco et al., 2009)
which is statistically identical to the Baffin Bay calibration dataset
(Young et al., 2013a). However, the calibration sites in both the
NENA and Baffin Bay datasets have also experienced isostatic uplift.
Logically, if an uplift correction is to be applied to calculate un-
known '°Be ages, that same uplift correction must be applied to the
production-rate calibration dataset itself because the calibration
sites have also undergone isostatic uplift. Then, the uplift-corrected
production rate value must then be used when calculating un-
known '°Be ages. 1°Be ages for the Paradise, North Shore, and
Sakami moraines were uplift-corrected, but calculated with the
NENA °Be production rate that was not uplift corrected. The result
of this age calculation method is that Ullman et al. (2016 ) report the
oldest possible 1°Be ages for their samples.

The ages of the Paradise, North Shore, and Sakami moraines,
when calculated in the same manner as we have calculated our
Baffin Bay '°Be ages (Baffin Bay production rate and no uplift
correction; see Section 4.3.1) results in ages of 9.99 + 0.67 ka
(n=8),8.83 +£0.61 ka (n = 10), and 7.64 + 0.74 ka (n = 8; Table S1).
Calculating these same ages using the uplift-corrected elevations of
Ullman et al. (2016), and the Baffin Bay production rate that is not
uplift corrected, results in ages of 10.13 + 0.69 ka, 9.10 + 0.62 ka, and
8.09 + 0.79 ka. Young et al., 2013a also provided an uplift-corrected
production rate which is 5.1% higher than the production rate that
is not uplift corrected. Using the combination uplift-corrected
Baffin Bay production rate and the uplift-corrected elevations and
results in '°Be ages that are 9.61 + 0.69 ka, 8.63 + 0.62 ka, and
7.68 + 0.79 ka for the Paradise, North Shore, and Sakami moraines,
respectively. These ages are similar to the 1°Be ages that are not
uplift corrected. Despite '°Be ages that are systematically younger
than our Baffin Bay moraine ages, the uncertainties for the Paradise
(9.99 + 0.67 ka), North Shore (8.83 + 0.61 ka), and Sakami moraines
(7.64 + 0.74 ka) allow these moraines to be plausibly correlated to
our Baffin Bay moraine record (Fig. 18). Regardless of how the
Labrador 1°Be ages are calculated, they demonstrate that the Lab-
rador sector of the LIS deposited moraines approximately every 1
ka, consistent with our Baffin Bay record, and we suggest the most
likely explanation is that deposition of the Paradise, North Shore,
and Sakami moraines was contemporaneous with moraine depo-
sition in Baffin Bay.

7.5. Ice sheet and glacier behavior in Baffin Bay and records of ice-
rafted detritus and meltwater input from the Cartwright Saddle

The chronological link between freshwater forced cooling at
~9.3 ka and 8.2 ka as expressed in Greenland ice cores, and wide-
spread glacier and ice-sheet response in Baffin Bay indicates that
freshwater-forced cooling in the early Holocene is one mechanism
that can drive widespread glacier and ice-sheet change. In addition
to the 9.3 and 8.2 ka events, several other episodes of meltwater
release from the LIS into the Labrador Sea likely occurred during the
early Holocene (Jennings et al., 2015). Because of its position on the
Cartwright Saddle, the presence of the southerly Labrador Current,
and a carbonate IRD minerology, records of freshwater input and
IRD from core MD99-2236 are interpreted as recording freshwater
and IRD sourced from the Hudson Strait, which is the likely source
region for 8.2 ka related meltwater and perhaps the 9.3 ka event
(Fig. 18; Jennings et al., 2015). To gauge the relationship between
our record of early Holocene glacier and ice-sheet stabilization and
freshwater forcing, we compare our °Be dated records of ice-
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margin change to an early Holocene record of freshwater input and
ice rafted detritus (IRD) from the Cartwright Saddle in the Labrador
Sea (MD99-2236; Jennings et al., 2015; Fig. 18).

Seven distinct IRD peaks occur between ~11.6 ka and 7.9 ka, each
with a corresponding peak in freshwater input and, collectively,
define a ~3.7 ka window of increased IRD and freshwater input into
the Labrador Sea (Fig. 18; Jennings et al., 2015). Using an age model
that is slightly modified from Jennings et al. (2015), the oldest IRD
peak, DCP1, is centered at ~11.65 ka, followed by IRD peaks around
10.45 ka (DCP2), 9.70 ka (DCP3), 9.50 ka (DCP4), 9.10 ka (DCP5),
8.60 ka (DCP6), and 7.95 ka (DCP7). The hypothesis that the 9.3 ka
and 8.2 ka cooling events are LIS freshwater-forced climate
anomalies requires that freshwater input into the Labrador Sea
precedes the cooling event. Within this context, Jennings et al.
(2015) suggested that DCP4 and DCP7 correlate to the 9.3 ka and
8.2 ka cooling events (Fig. 18). On our modified timescale the DCP4
peak is centered at 9.50 ka and DCP1 at 7.95 ka. Whereas DCP4 does
in fact precede the 9.3 ka cooling event and could represent the 9.3
ka event triggering mechanism, the timing of DCP7 post-dates the
8.2 ka event. However, in the original age-model of Jennings et al.
(2015), DCP7 was centered at 8.2 ka (Fig. 18), and considering the
age-model uncertainty, Jennings et al. (2015) interpreted DCP7 as
marking the IRD/freshwater peak linked to the onset of the 8.2 ka
event. Although DCP7 is centered at 7.95 ka on our age model,
rather large age-model uncertainties allow the DCP7 peak to be
older, and we agree with the original interpretation of Jennings
et al. (2015) that DCP7 likely marks the final draining of Lake
Ojibway resulting in the 8.2 ka event. In addition, we note that the
age of a minor recessional moraine deposited by the GrIS at
8.64 + 0.25 ka is statistically identical to the prominent peaks in IRD
and meltwater at 8.60 ka recorded in core MD99-2236, and also
identical to a cooling event recorded in Greenland gas-phase
temperatures at this time (Fig. 18; Kobashi et al., 2017). We tenta-
tively suggest that DCP6 and associated meltwater pulse marks an
additional freshwater-forced cooling event recorded in Greenland
gas-phase temperatures and our chronology of GrIS moraine
deposition. Regardless, the IRD and meltwater records from core
MD99-2236 on the Cartwright Saddle faithfully record the 9.3 ka
and 8.2 ka event meltwater triggering episodes, whereas the sub-
sequent cooling is clearly expressed in Greenland ice cores, and the
culmination of this cooling is recorded in our '°Be-based moraine
record presented here (Fig. 18).

Using the 9.3 ka and 8.2 ka cooling events as a template, a
pattern emerges: as meltwater sourced from the LIS enters the
Labrador Sea, AMOC is likely reduced and triggers regional cooling
expressed in Greenland ice cores, and this cooling leads to brief
stillstands or readvances of the LIS, GrIS and alpine glaciers as seen
in our moraine record. Within this context, the possible relation-
ship between freshwater input into the Labrador Sea and sum-
mertime cooling in Baffin Bay centered at ~10.4 ka as defined by our
10Be-based record is less clear. DCP2, centered on 10.45 ka (Jennings
et al., 2015 age model = 10.50 ka) and accompanied by a significant
input in freshwater is, within uncertainties, identical to 1°Be-based
moraine ages from the LIS, GrIS and alpine glaciers in Baffin Bay.
The consistency between the timing of ice-sheet and glacier sta-
bilization in our record, and the timing of IRD and freshwater input
into the Labrador Sea as recorded by MD99-2236 is suggestive of
another freshwater forced cooling event centered on ~10.4 ka
(Fig. 18). NGRIP §'80 values, however, do not record an obvious
cooling event at that time, but Greenland gas-phase temperatures
reveal cooling centered at 10.5 ka (Fig. 18), and Bond et al. (1997)
noted a significant peak in Neogloboquadrina pachyderma (sinis-
tral) abundance from core VM29-191 in the North Atlantic Ocean.
Cooling centered at ~10.5—10.4 ka, widespread ice sheet and glacier
stabilization in Baffin Bay at ~10.4 ka, and a significant pulse in IRD

and meltwater into the Labrador Sea through Hudson Strait is
suggestive of meltwater-forced cooling event centered at 10.5-10.4
ka.

The link between regional cooling and ice-sheet/glacier culmi-
nations occurring at ~10.5—10.4 ka, 9.3 ka, and 8.2 ka necessitates
that pulses in IRD and freshwater recorded in core MD99-2236
precede the cooling events themselves. Considering the un-
certainties in the MD99-2236 chronology, the uncertainties in
applied marine reservoir corrections, and the simple fact that pules
in IRD represent inherent disconformities within MD99-2236
sediments (or any other sediment core) that skews any age-depth
model, we suggest that each IRD/meltwater pulse does in fact
precede the cooling events expressed in Greenland ice cores and
our Baffin Bay moraine record. DCP2, DCP4, and DCP7 and their
associated peaks in meltwater likely served as the triggering
mechanism for regional cooling at ~10.5—10.4 ka, ~9.3 ka, and 8.2
ka, with perhaps an additional cooling event centered at ~8.6 ka
(DCP6 and GrlS recessional moraine).

7.6. Freshwater forcing of early Holocene cooling events and ice
sheet and glacier stabilization in Baffin Bay

The 8.2 ka cooling event represents perhaps the only abrupt
cooling event where the relationship between freshwater and the
cooling event itself is rather unambiguous: freshwater is released in
some fashion into the Labrador Sea region leading to a reduction in
AMOC strength and regional cooling which is clearly expressed in
Greenland ice core records (e.g. Alley and Agustsdottir, 2005).
Moreover, the meltwater source itself is widely considered to be
Lake Ojibway along the former LIS southern margin (Barber et al.,
1999; Clarke et al., 2004). Using these key constraints, consider-
able effort that has been made towards quantifying the amount,
rate, and location of freshwater delivery into the Labrador Sea re-
gion that is responsible for the 8.2 ka event (e.g. Morrill et al., 2014
and references therein). These efforts can thus provide some esti-
mates on the amount of freshwater input needed to drive coeval
stabilization of Baffin Bay ice masses at 8.2 ka, and perhaps during
other freshwater forced events.

Hydraulic modelling indicates that the final drainage of Lake
Ojibway was characterized by the release of 2.5 Sv (0.79 x 10*m> or
~0.2 m sea-level equivalent) of water into the Labrador Sea region
in <1 year, and typically serves as the initial meltwater input into
the Labrador Sea for modelling efforts (Clarke et al., 2004; LeGrande
and Schmidt, 2008; Wagner et al., 2013; Morrill et al., 2014).
Whereas modelling exercises are generally able to reproduce the
spatial distribution of climate anomalies associated with the 8.2 ka
event when adding ~2.5—5 Sv freshwater to the Labrador Sea re-
gion, one key characteristic of most model runs is that the duration
of the simulated climate anomaly is much shorter than the ~150 yr
long 8.2 ka event as defined by Greenland ice cores (LeGrande and
Schmidt, 2008; Wagner et al., 2013; Morrill et al., 2014). These
simulations suggest that the location and magnitude of freshwater
input exerts considerable control over simulated climate anomalies
(Wagner et al., 2013; Morrill et al., 2014). It is possible that fresh-
water delivered into the Labrador Sea region would be confined to
the coast (Condron and Winsor, 2011), but perhaps the most robust
match between observed and simulated 8.2 ka climate anomalies
occurs when freshwater is spread over a broad region in the Lab-
rador Sea (Morrill et al., 2014). In addition, model simulations
suggest that meltwater input from a Lake Ojibway discharge event
alone is not able to force the century-scale reductions in AMOC
strength needed for simulated 8.2 ka climate anomalies to match
the duration of observed 8.2 ka anomalies (Wagner et al., 2013;
Morrill et al., 2014). Rather, meltwater associated with the collapse
of the Hudson ice dome is needed in addition to Lake Ojibway
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sourced meltwater (Wagner et al., 2013). In one simulation, a total
of 15.37 Sv (2.5 Sv + 0.13 Sv x 99 years) of freshwater input into the
Labrador Sea results in a ~40% reduction in AMOC strength and,
interestingly, this result is only sensitive to the amount of melt-
water input and not the duration (Wagner et al, 2013). This
magnitude of AMOC reduction is consistent with independent
simulations that suggest ~50% reduction in AMOC strength results
in the best match to climate proxy records (LeGrande et al., 2006;
LeGrande and Schmidt, 2008). These simulations provide an esti-
mate that AMOC weakening of perhaps up to 50% can reproduce the
magnitude and duration of the 8.2 ka cooling event, which in turn
can force the response of Baffin Bay ice masses presented here.

In comparison, very little targeted work has explored freshwater
forcing for the 9.3 ka cooling event, which is similar in magnitude
but shorter in duration than the 8.2 ka event. A possible first-order
interpretation is that the 9.3 ka event may have simply involved a
lesser amount of freshwater input into the Labrador Sea region than
the 8.2 ka event if freshwater volume and not duration exerts a
primary control on AMOC strength as suggested by recent 8.2 ka
modelling exercises (Wagner et al., 2013). Fleitmann et al. (2008)
suggested that the 9.3 ka event was triggered by ~0.26 Sv of
meltwater input over 1 year, which is significantly less than the
discharge from Lake Ojibway at the onset of the 8.2 ka event;
however, 0.26 Sv should likely be considered a minimum value as
the volume of meltwater from draining of Lake Ojibway alone (~2.6
Sv) cannot reproduce 8.2 ka climate anomalies (Wagner et al,,
2013). Moreover, it is unknown if the magnitude of AMOC reduc-
tion during the 9.3 ka event was less than during the 8.2 ka event,
or was similar (or more), but just lasted for a shorter period of time;
the same can be said for possible freshwater forced cooling at
~10.5—10.4 ka (Fig. 18). In addition, background meltwater input
from the LIS (i.e. Licciardi et al., 1999), and perhaps even the GrIS
(i.e. Seidenkrantz et al., 2013), likely led to overall cooler baseline
temperatures and reduced AMOC strength during the early Holo-
cene, making it difficult to quantify the amount of freshwater
discharge needed to perturb an already weakened AMOC (Renssen
et al., 2009).

Despite unknown amounts of freshwater associated with the 9.3
ka event and cooling centered at ~10.5—10.4 ka, we emphasize their
similarities with the 8.2 ka event: cooling recorded in Greenland ice
cores, IRD and meltwater peaks sourced from the Hudson Strait,
and widespread moraine deposition in Baffin Bay (Fig. 18). Cooling
centered at ~10.5—10.4 ka need not have the same forcing mecha-
nism as the 9.3 and 8.2 ka cooling events. Yet, given the similarities
between all events in the proxy records considered here, we sug-
gest that freshwater forcing is the most plausible mechanism for
cooling at ~10.5—10.4 ka, and that this mechanism operated
repeatedly during the early Holocene. In addition, repeated pulses
in IRD and freshwater input between ~9.5 ka and 8 ka correspond to
a significant centennial-scale cooling trend expressed at Summit
Greenland and in a terrestrial record of summer temperature in
western Greenland (Kobashi et al.,, 2017; Thomas et al., 2018;
Fig. 18). Overall freshwater input into the Labrador Sea region be-
tween ~9.5 and 8 ka likely contributed to regionally cool baseline
temperatures through this interval, punctuated by abrupt cooling
events at ~10.5—10.4 ka, 9.3 ka, and 8.2 ka, and perhaps further
aided by volcanic forcing (Renssen et al., 2009; Kobashi et al., 2017;
Fig. 18).

The link between meltwater, ocean circulation, and regional
cooling in the early Holocene has long been suspected as a key
feature of the climate system of the North Atlantic region (Barber
et al., 1999; Clark et al., 2001; Renssen et al., 2009). Our results
extend this sequence: multi-decadal to centennial-scale cooling in
response to freshwater forcing from the LIS and likely AMOC
weakening in the early Holocene, drove the coeval stabilization of

local alpine glaciers and ice sheets in Baffin Bay throughout
deglaciation. However, a key feature of this hypothesis that fresh-
water input into the Labrador Sea results in regional cooling, is that
expanded and/or prolonged winter sea ice in the region is the
primary mechanism that drives cooler regional temperatures (i.e.
Alley and Agtstsdottir, 2005). Whereas expanded winter sea ice
coverage in the North Atlantic Ocean is thought to drive extreme
temperature seasonality with cooling primarily as a wintertime
feature (i.e. seasonality hypothesis; Denton et al., 2005), coeval
stabilization of local alpine glaciers and ice sheets in Baffin Bay
requires reduced summer temperature (i.e. cooler melt season).
Expanded wintertime sea ice likely drives extreme winter cooling
with comparatively less cooling in the summer, but the two seasons
and their relation to sea ice are not independent. Expanded winter
sea ice will shorten the duration of the high-latitude melt season by
taking longer to disappear in late spring or early summer, or the
first formation of winter sea ice will occur earlier and potentially
cut short the overall melt season. We suggest both scenarios would
lead to a shortened melt season and reduced overall ablation.

7.7. Moraine deposition at the Younger Dryas termination and at
~7.3 ka

Our '°Be-dated records of ice sheet and glacier change in Baffin
Bay suggest a widespread period of moraine abandonment at
~11.8—11.6 ka (Fig. 17; Fig. 18), near the close of the Younger Dryas
(YD; 12.9—11.7 ka), and an additional episode of moraine deposi-
tion by the GrlIS at ~7.3 ka. Here we explore a few possible mech-
anisms that would lead to widespread moraine abandonment near
the YD termination in Baffin Bay, and discuss the potential climatic
relevance of the 7.3 ka GrIS moraine.

Widespread moraine abandonment at ~11.8—11.6 ka is coinci-
dent with a prominent IRD and freshwater peak at 11.65 ka (DCP1;
Fig. 18), at end of the YD cold reversal. In comparison, the link
between cooling and ice-margin stabilization centered at ~10.4 ka,
9.3 ka, and 8.2 ka requires an IRD/meltwater pulse that precedes
the cooling event itself, which is permissible within the MD99-
2236 age model (Fig. 18). The timing of IRD and meltwater influx
into the Labrador Sea at the YD termination (DCP1; ~11.65ka) does
not fit into the framework that DCP1 could be the YD triggering
mechanism and precede the YD itself because is it unlikely that
timing of DCP1 could realistically by shifted by at least 1.2 ka to the
YD onset at ~12.9 ka (Fig. 18). Jennings et al. (2015) noted that DCP1,
instead, likely marks the end of Younger Dryas and the retreat of ice
through Hudson Strait, and therefore argued that IRD and associ-
ated meltwater can either occur near the onset or termination of a
cooling event. One possibility is that DCP1, although occurring at
the YD termination, is the triggering mechanism for the Preboreal
Oscillation (PBO) centered at 11.4 ka and clearly reflected in
Greenland ice core records. All our '°Be-dated moraines overlap
with the timing of the PBO at 1SD uncertainties, and would allow a
scenario where DCP1 and associated meltwater serves as the PBO
trigger, and our moraines were deposited in response to PBO
cooling. Moreover, this scenario would be consistent with the chain
of processes we propose for moraines deposited at ~10.5—10.4 ka,
9.3 ka, and 8.2 ka, and also consistent with the apparent response of
GrIS outlets and an independent ice cap in eastern Greenland to the
PBO (Levy et al., 2016). However, despite our moraine ages over-
lapping the PBO at 1-sigma uncertainties, our '°Be ages are sys-
tematically older than the PBO, which likely precludes the link
between Baffin Bay ice sheet and glacier behavior, the PBO, and
DCP1 (Fig. 18).

Another possibility is that moraines in Baffin Bay dated to
~11.8—11.6 ka are “classical” YD moraines and mark a clear response
to YD cooling; for example, moraines in Norway are interpreted to
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date to the very end of the YD (Mangerud et al., 2016). The link
between the 9.3 ka and 8.2 ka cooling events and our record of ice-
sheet and glacier change in Baffin Bay indicates an almost imme-
diate ice-sheet response to short-lived climate change (i.e. within
dating resolution) that occurred on the order of several decades to
under two centuries; simply put there is minimal lag time between
the cooling event and ice-margin response. Thus, considering the
demonstrated capacity of ice sheets and glaciers to respond to
short-term cooling presented here at 9.3 ka and 8.2 ka, one might
expect that any YD-related moraine would be deposited and
abandoned early within the YD coinciding with peak YD cooling
displayed in Greenland ice cores (Fig. 18). Because a'°Be-dated
moraine should simultaneously constrain the culmination of cool-
ing and the initial rise in temperatures that forces an ice margin off
its moraine, glacier advances should culminate early in the YD,
followed by retreat through the YD (e.g. Vacco et al., 2009). In the
Disko Bugt sector, the GrlS appears to have readvanced at ~12.2 ka
followed by retreat through the remainder of the YD (O Cofaigh
et al., 2013), and in southeastern Greenland, the GrIS also appears
to have retreated through the YD (Rainsley et al., 2018). In the
eastern North Atlantic region, the Loch Lomond Readvance culmi-
nated between ~12.8 ka and ~12.6 ka (Bromley et al., 2018), and
advances of the western margin of the Scandinavian ice sheet
culminated in many areas during the early or middle YD (Briner
et al., 2014). Moreover, a °Be-dated moraine sequence from the
Pacific sector also indicates that the YD advance of alpine glaciers
culminated early in the YD followed by glacier recession (Young
et al., 2019). Yet, our moraine ages of ~11.8—11.6 ka in Baffin Bay
do not fit this pattern of glacial culminations occurring early within
the YD and coincident with peak YD cooling.

An alternative explanation merges the hypothesis of ice-sheet
retreat through the YD and a brief episode of freshwater-forced
cooling near the YD termination. First, we note that identical 1°Be
ages from the Taserqat Moraine and from erratics located outboard
of the moraine in western Greenland requires that the GrIS margin
was retreating prior to moraine deposition at the YD termination,
and that moraine deposition likely occurred via a brief stillstand of
the ice margin (Fig. 3A; Section 7.2). Therefore, overall net retreat of
the GrIS margin was only briefly interrupted by regional cooling
and moraine deposition near the YD termination, and the Taserqat
Moraine does not represent the culmination of a prolonged YD cool
interval. We suggest that widespread moraine deposition in Baffin
Bay at the YD termination marks a brief episode of cooling that
interrupted overall late YD warming. In this scenario, retreat of the
LIS and GrlS through the YD is halted by the injection of freshwater
associated with DCP1, which, in turn triggers regional cooling and
brief stillstand of the LIS and GrlS. In addition, this hypothesis
would offer a consistent mechanism that drives stabilization of
Baffin Bay ice masses at ~11.8—11.6 ka, ~10.4 ka, 9.3 ka, and 8.2. ka,
which is fully allowable when considering the uncertainties in '°Be
ages and the MD99-2236 age model (Fig. 18). We do note, however,
that this scenario linking DCP1 and moraines dated to ~11.8—11.6 ka
would require low-elevation regional cooling because a clear
cooling episode is not reflected in Greenland ice cores at this time
(Fig.18). Alternatively, the cooling affecting a brief ice margin halt is
a summertime feature whereas the major shift at ice core sites
involves significant winter warming that obscures the climate
change we propose. Additionally, Summit Greenland ice core sites
receive a majority of their moisture from the eastern North Atlantic
region suggesting that changes in source water 3'80 or temperature
in the Labrador Sea region may not be recorded in Greenland ice
cores (Sodemann et al., 2008). Thus, brief cooling in the Baffin Bay
region at the YD termination, perhaps triggered by meltwater, is
confined to the region, but does not have the hemispheric signature
that the 9.3 ka and 8.2 ka events do, which are recorded not only in

Greenland ice cores, but in Asian speleothem records (e.g. Dykoski
et al,, 2005).

The @rkendalen Moraine dated to 7.30 + 0.31 ka does not have a
clear link to changes in temperature, IRD or meltwater in the Baffin
Bay region (Fig. 18). Greenland ice core gas-phase temperatures
suggest an episode of cooling centered at ~7.3 ka that interrupts
overall warmer temperatures (Fig. 18). In addition, a slight fresh-
ening of the Labrador Sea at ~7.3 ka is recorded at the Cartwright
Saddle yet no pulses in IRD accompany this pulse in meltwater
(Fig. 18), although injections of freshwater need not be accompa-
nied by IRD. It is possible that deposition of the @rkendalen
Moraine system is linked to regional cooling, but unlike other
modes of moraine deposition in our Baffin Bay record, there are no
additional moraines deposited by other sectors of the GrIS, LIS or
regional alpine glaciers dated to ~7.3 ka (Fig. 18). Unlike modes of
moraine deposition at ~11.8—11.6 ka, ~10.4 ka, ~9.3 ka, and 8.2 ka in
Baffin Bay, we cannot argue that deposition of the @rkendalen
system beginning at ~7.3 ka clearly represents a regional change in
summer climate. Yet, similar to the expression of the 9.3 ka and 8.2
ka events, a prominent climate anomaly at ~7.2 ka is also clearly
expressed in Asian speleothem records and is linked to high-
latitude temperature change (Feng et al, 2019). Nonetheless,
based primarily on the geomorphology of the @rkendalen Moraine
system, which is characterized as a continuous drift sheet, the
@rkendalen Moraine system may simply represent a slowing or
stagnation of the GrIS ice margin beginning at ~7.3 ka and
continuing until at least 6.9—6.8 ka (i.e. Levy et al., 2018).

8. Conclusions

123 new !°Be ages from Baffin Island and southwestern
Greenland constrain the early Holocene behavior of two LIS outlets,
the southwestern margin of the GrlS, and an independent alpine
glacier. Our new dataset reveals:

e Advances of LIS outlets in the King Harvest region, Cumberland
Peninsula, culminated at 11.79 + 0.38 ka (Okoa Bay), 11.75 + 0.25
ka (Narpaing Fjord), 10.36 + 0.23 ka, and 9.26 + 0.26 ka. Ad-
vances of the King Harvest alpine glacier culminated at
11.83 + 0.25 ka, 10.27 + 0.32 ka, and 9.21 + 0.30 ka

e Synchronous moraine deposition of LIS outlets and an alpine
glacier in the King Harvest region indicates both ice masses
responded in unison to the same climate forcing.
In southwestern Greenland, overall net retreat of the GrIS
margin was interrupted by likely ice-margin stillstands culmi-
nating at 11.62 + 0.43 ka (Taserqat Moraine), 10.41 + 0.35 ka
(Sarfartog-Avatdleq Moraine), 9.09 + 0.26 ka (Fjord Moraine),
8.05 + 0.22 ka (Umivit-Keglen Moraine), and 7.30 + 0.31 ka
(@rkendalen Moraine). Our chronology of GrIS ice-margin
recession in the early Holocene provides a firm set of bench-
marks for geophysical ice-sheet models aiming to accurately
simulate the evolution of the GrlS.
e Our new °Be ages, combined with published '°Be ages from
moraines in the Baffin Bay region indicate that the LIS, GrIS and
alpine glaciers advanced and/or paused during overall net
retreat at ~11.8—11.6 ka, 10.4 ka, 9.3 ka, and 8.2 ka, suggesting
that Baffin Bay ice masses responded in unison to a common
climatic driver. Our results also indicate that high-velocity LIS
and GrlS outlet glaciers and low-velocity land-terminating
sectors of the GrIS are both capable to responding to short-lived
cooling.

Moraines dated to ~11.8—11.6 ka in Baffin Bay reveal that Baffin

Bay ice masses temporarily stabilized near the YD termination.

We suggest coeval stabilization of Baffin Bay ice masses at

~11.8—11.6 ka was in response to an episode of brief freshwater-
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forced regional cooling that interrupted overall warming near
the YD termination.

The Baffin Bay moraine record, the record of LIS-sourced melt-
water pulses provided by MD-2236 on the Cartwright Saddle, and
temperatures from Summit Greenland point to the consistent
freshwater forcing of early Holocene cooling events via the LIS at
~10.5-10.4 ka, 9.3, and 8.2 ka. In addition, our record identifies the
widespread stabilization of Baffin Bay ice sheets and glaciers at
~11.8—11.6 ka, near the YD termination. We suggest that overall
disintegration of ice sheets in the early Holocene (i.e. Dyke, 2004)
began a self-regulating negative feedback mechanism: Laurentide
ice sheet-derived meltwater discharged into the Labrador Sea re-
gion likely weakened AMOC which, in turn, lowered regional
temperature and triggered repeated pauses or re-advances of the
LIS, southwestern GrIS margin, and regional alpine glaciers (Fig. 17;
Fig. 18). Within this context, the 8.2 ka event serves as the template
for freshwater-forced cooling that resulted in ice-sheet stabilization
during net ice-sheet recession, and we suggest this same chain of
events occurred at ~10.5—10.4 ka and 9.3 ka. It is possible that
cooling centered at 10.5—10.4 ka, and perhaps even 9.3 ka, may not
be freshwater-forced events, but in the key proxy records consid-
ered here, these events share the same characteristics as the 8.2 ka
event (Fig. 18). If cooling at ~10.5—10.4 ka and 9.3 ka is not fresh-
water forced, then an alternative mechanism must be invoked to
trigger widespread cooling at ~10.5—10.4 ka and 9.3 ka as marked
by our Baffin Bay moraine record, followed by a switch to the
freshwater-forced 8.2 ka cooling event.

A lack of a rapidly melting LIS and large proglacial lakes almost
certainly precludes the sudden collapse of modern AMOC (Clark
et al., 2008), but observations coupled with modelling exercises
suggest that meltwater produced by the modern GrlS is beginning
to freshen Labrador Sea surface water (Bakker et al., 2016; Boning
et al., 2016). Moreover, it is hypothesized that enhanced GrIS melt
is contributing to observed 20th century slowdown of AMOC and
decadal-scale cooling in the North Atlantic region (Rahmstorf et al.,
2015), and that increasing GrIS melt may be contributing to
centennial-scale AMOC weakening over the last ~150 years
(Thornalley et al., 2018). In perhaps an extreme scenario, model
simulations suggest a 75% reduction in AMOC strength or even
AMOC collapse by CE 2300 when including realistic GrIS melt rates
(Bakker et al., 2016). The geological record of ice-sheet variability in
Baffin Bay presented here suggests that the last time AMOC
significantly weakened, the LIS and GrlIS paused or re-advanced
during overall net retreat in a warming climate. These results
suggest that slow or paused ice-sheet retreat due to meltwater-
triggered cooling is an inherent feature of a deglaciating ice
sheets in Baffin Bay. Whereas significant GrIS deglaciation, and
perhaps runaway retreat, is expected over the upcoming centuries
to millennia (Robinson et al., 2012; Applegate et al., 2014), reduc-
tion in AMOC driven by increased GrIS meltwater may provide a
mechanism for multi-decadal scale regional cooling and brief sta-
bilizations of the GrIS margin during overall net recession.
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