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Weconstrain the history of theGreenland Ice Sheetmarginduring theHolocene atUpernavik Isstrøm, amajor ice
stream in northwestern Greenland. Radiocarbon-dated sediment sequences from proglacial-threshold lakes
adjacent to the present ice margin constrain deglaciation of the sites to older than 9.6 ± 0.1 ka. This age of
deglaciation is confirmed with 10Be ages of 9.9 ± 0.1 ka from an island adjacent to the historical ice position.
The lake sediment sequences also constrain the ice margin to have been less extensive than it is today for the
remainder of the Holocene until ~1100 to ~700 yr ago, when it advanced into two lake catchments. The ice
margin retreated back out of these lake catchments in the last decade. The early Holocene deglaciation inMelville
Bugt, one of few locations around Greenland where a vast stretch of the current ice margin is marine-based,
preceded deglaciation in most other parts of Greenland. Earlier deglaciation in this ice-sheet sector may have
been caused by additional ablation mechanisms that apply to marine-based ice margins. Furthermore, despite
ice-sheet models depicting this sector of Greenland as relatively stable throughout the Holocene, our data indi-
cate a N20 km advance-retreat cycle within the last millennium.

© 2013 University of Washington. Published by Elsevier Inc. All rights reserved.
Introduction

Understanding the sensitivity of the Greenland Ice Sheet to ongoing
and future climate change will narrow uncertainties about future sea-
level rise (Alley et al., 2010). Yet, the observational record of ice-sheet
behavior reveals a complex relationship to climate change (e.g., Kelley
et al., 2012). Reconstructions of Greenland Ice Sheet changes during
the Holocene provide a longer-term period over which to examine
ice-sheet response to climate change. In addition, constraints on ice-
margin positions spanning the Holocene provide tests for numerical
ice-sheet models (e.g., Simpson et al., 2009). However, despite the
emergence of newglacial chronologies fromaroundGreenland, detailed
reconstructions of ice-margin positions during the Holocene remain
geographically sparse.

NorthwesternGreenland consists largely ofmarine-based icemargins
with fast-flowing outlet glaciers and ice streams entering Melville Bugt
over and between dozens of island archipelagos, peninsulas, nunataks
and seminunataks (Fig. 1). A major outlet glacier in northwestern
Greenland is Upernavik Isstrøm, which comprises four distinct branches
(Nielsen et al., 2012). The distance of retreat of Upernavik Isstrøm since
the first historical observation in 1849 (~20–30 km) rivals that of other
fast flowing outlet glaciers along western Greenland, such as Jakobshavn
ersity, Sölvegatan 12, S-22362
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Isbræ (~40 km) and Kangiata Nunata Sermia (~20 km; Weidick, 1958,
1968; Weidick et al., 2012; Csatho et al., 2008).

The chronology of ice-margin retreat from the latest Pleistocene
maximum position on the continental shelf (Funder et al., 2011; Ó
Cofaigh et al., 2013) to the Holocene minimum behind the current ice
margin was variable throughout Greenland (Bennike and Björck,
2002). For example, deglaciation occurred 9.6 to 9.1 ka at sites in north-
ern Melville Bugt and N10 ka at some localities in southern Greenland,
yet it occurredmuch later (as late as 6.2 ka) elsewhere aroundGreenland
(Bennike and Björck, 2002). Little is known about the glacial history of
Melville Bugt because few studies have focused on ice-margin changes
there during the Holocene (Bennike, 2008; Funder et al., 2011).

Numerical ice-sheet models depict significant inland retreat of the
western Greenland Ice Sheet during the middle Holocene (e.g.,
Simpson et al., 2009). In this area, there is also terrestrial evidence to
support model depictions of the ice margin being inland of its present
position during the early–middle Holocene (e.g., Weidick, 1968; Long
et al., 2009). The margin of the ice sheet reestablished a position similar
to the present location during the last few centuries—during the Little
Ice Age (LIA; 1250–1900 AD; Kaplan et al., 2002; Weidick, 1968;
Weidick and Bennike, 2007; Weidick et al., 2012; Briner et al., 2010).
These same models depict a non-fluctuating, relatively stable ice-sheet
position throughout theHolocene elsewhere aroundGreenland, includ-
ing the Melville Bugt region. However, there are few field data available
from Melville Bugt to compare with these modeling results.

Here, we use 10Be dating and radiocarbon-dated sediment cores from
proglacial-threshold lakes adjacent to Upernavik Isstrøm to constrain ice-
margin positions throughout theHolocene. Our goal is to add information
ll rights reserved.
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Figure 1.Map ofwestern Greenland (location shown in insetmap; GIS = Greenland Ice Sheet) showing the location ofMelville Bugt and Upernavik Isstrøm. Ice limits in right panel from
Weidick (1958), supplementedwith 1985 aerial photographs; ice limit on basemap from 2010 LANDSAT image. Bold red linemarks the historical moraine, interpreted as the culmination
of the Neoglacial advance of the Upernavik Isstrøm system; dark gray areas are recently deglaciated landscapes. Two ages in white box are 10Be ages expressed in ka.
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from a part of Greenland where few data exist to see how the glacial
history here compares with elsewhere around Greenland. Given the
spatial and temporal heterogeneity of contemporary ice-sheet changes,
it is relevant to determine if the pattern of ice-margin changes throughout
the Holocene exhibits variability as well. Specifically, we aim to: 1) con-
strain the timing of late Pleistocene–Holocene deglaciation at Upernavik
Isstrøm, and 2) determine if the significant retreat of Upernavik Isstrøm
in the past 160 yr followed a brief period of maximum extent during
the LIA like at Jakobshavn Isbræ (Briner et al., 2011), or instead followed
a more long-lived ice-margin position consistent with depictions from
ice-sheet models.

Setting and methods

Upernavik Isstrøm terminates at the head of the iceberg-choked
Upernavik Isfjord, ~70 km from Melville Bugt (Fig. 1). The bedrock is
Precambrian charnockite (orthopyroxene-bearing granite; Escher,
1985), and the lakes are soft-water lakes. We collected sediment cores
from three lakes near the Upernavik Isstrømmargin in 2011.No suitable
lakes existed adjacent to the four individual branches that comprise
Upernavik Isstrøm; our study lakes lie adjacent to an outlet glacier
adjacent to the northernmost branch (Nielsen et al., 2012; Fig. 1). We
targeted one non-glacial lake and two proglacial-threshold lakes that
received meltwater from the ice sheet until the early 2000s AD
according to satellite images that date back to 1972 (Fig. 2). The
bathymetry of the three lakes was surveyed using a Garmin GPSMAP
400 series GPS receiver connected to a dual-beam echo sounder.
Bathymetric maps were created by importing GPS-derived waypoints
into the ArcGIS package where contours were generated automatically
(note that contours away from bathymetric measurements are poorly
constrained). Coring was executed using a Universal Coring system
(www.aquaticresearch.com), which can collect cores up to 2 m
in length with an intact sediment–water interface. In surface cores,
the water above the sediments was drained iteratively using a small
awl hole at the interface as the sediment cores were kept vertical for
several days. Sediment cores were subsequently packed with floral
foam and capped for transport and cold storage.

Primary Lake (all lake names are informal; 280 m asl) is the
northernmost and largest of the three lakes cored (Fig. 2), and imagery
reveals that it transitioned from a proglacial to non-glacial lake fromAD
2003 to 2008. Primary Lake is located west of the historical moraine
[Weidick (1968) termed the moraines that are generally regarded as
having beendeposited during the LIA the “historicalmoraines;” because
these moraines, which represent themaximum late Holocene extent of
the ice sheet, can post-date the LIA (Kelley et al., 2012),we refer to them
herein as the historical moraine]. A ~1-km-long meltwater stream
spans from the historical moraine to the northeastern corner of the
lake. Secondary Lake (167 m asl) is the southernmost lake that we
cored; imagery reveals that its transition from a proglacial to non-
glacial state is ongoing, and was initiated sometime after 1985. The
lake is only ~0.1 kmwest of the historical moraine and its southeastern
shoreline is fronted by a proglacial delta that was the sediment source
during proglacial conditions. Finally, Foster Lake (198 m asl), which is
located between Primary and Secondary lakes, did not receive meltwa-
ter from the Greenland Ice Sheet margin during the late Holocene, and
thus has been a non-glacial lake since deglaciation.

We report 15 radiocarbon ages from five sediment cores (Table 1).
Macrofossil samples (n = 8) picked and cleaned with de-ionized
water and bulk-sediment samples (n = 7) were submitted to the
National Ocean Sciences Accelerator Mass Spectrometry Facility at

http://www.aquaticresearch.com


Figure 2. Primary (PL) and Secondary (SL) lakes shown in 1985 AD as meltwater-fed proglacial lakes (gray-colored surface indicates suspended sediment load) and in 2008 AD as low-
turbidity, non-glacial-fed lakes. Both lakes fed from ice source on the right (east) side of the image. Historical moraine shown as dashed line. Imagery throughout this interval reveals that
PL and SL becamemostly clear during a ~5 yr interval between 2004 and 2008. 2010 images, although of poor quality (not shown), reveal that the two lakes are even clearer than depicted
in the 2008 image. Cartoons at right showa “proglacial-threshold” lake in the proglacial state during Neoglaciation (top) and a non-glacial state (bottom). FL = Foster Lake. The location of
the images is shown in Fig. 1.
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Woods Hole Oceanographic Institution. We calibrated all ages using
CALIB html version 6.0 with the INTCAL09 dataset (Stuiver et al.,
2005) and report themean age with two-standard deviation uncertain-
ty, calculated by taking the midpoint of the two-standard deviation age
range.Magnetic susceptibility (MS), ameasure of the relative amount of
minerogenic material in the sediment, was performed on all split cores
at 0.5 cm contiguous intervals using a BartingtonMS2E High Resolution
Table 1
Radiocarbon ages from lakes near Upernavik Isstrøm.

Core Depth (cm) Lab number Material dated δ13C (‰PDB) Radioc

Primary Lake (280 m asl)
11PRM-1 3.0–3.8 OS-92902 Salix sp., Polytrichum sp. −23.45 1370 ±
11PRM-1 5.0–5.3 OS-92468 Plant/wood −23.39 625 ±
11PRM-1 25.0–25.3 OS-92412 Warnstorfia exannulata −23.93 2700 ±
11PRM-1 43.5–44.0 OS-92413 Warnstorfia exannulata −26.20 4730 ±
11PRM-1 65.0–66.0 OS-92414 Warnstorfia exannulata −26.02 6070 ±
11PRM-1 88.0–89.0 OS-92424 Warnstorfia exannulata −23.25 7750 ±
11PRM-2 3.5–3.8 OS-96910 Sediment–organic carbon −28.86 1110 ±
11PRM-2 6.2–6.5 OS-97071 Sediment–organic carbon −26.86 7450 ±
11PRM-2 101.3–101.6 OS-92415 Scorpidium scorpioides −25.10 8360 ±

Secondary Lake (167 m asl)
11SND-3 24.5–24.8 OS-92441 Sediment–organic carbon −28.61 1130 ±
11SND-3 46.5–47.0 OS-92442 Warnstorfia exannulata −31.82 8320 ±
11SND-3 46.5–47.0 OS-92443 Sediment–organic carbon −29.98 8170 ±
11SND-3 62.0–62.3 OS-92444 Sediment–organic carbon −27.97 4240 ±
11SND-2 40.0–40.3 OS-97072 Sediment–organic carbon −28.65 1150 ±

Foster Lake (198 m asl)
11FST-2 56.7–57.0 OS-92445 Sediment–organic carbon −27.73 8580 ±

Note: Salix sp., and Polytrichum sp. are terrestrial;Warnstorfia exannulata and Scorpidium scorp
Surface Scanning Sensor scanner connected to a Bartington MS2
Magnetic Susceptibility Meter. Percent loss-on-ignition (LOI) at 550°C,
a measure of sediment organic matter content, was measured on an
aliquot of freeze-dried sub-samples collected every 0.5 cm from
11PRM-1.

To bolster basal radiocarbon ages from our lake sites, two samples
were collected for 10Be dating from a small island (south of the lake
arbon age (14C yr BP) Calibrated age (cal yr BP) Calibrated 2σ age range (cal yr BP)

55 1280 ± 100 1178–1375
30 610 ± 50 552–660
25 2800 ± 50 2758–2849
35 5450 ± 130 5326–5583
35 7020 ± 130 6797–7146
35 8470 ± 40 8434–8594
35 1030 ± 90 933–1122
25 690 ± 30 664–724
40 9370 ± 90 9285–9474

25 1070 ± 100 963–1166
45 9300 ± 160 9141–9466
35 9140 ± 120 9015–9255
30 4760 ± 100 4653–4859
30 1070 ± 100 977–1170

35 9550 ± 50 9491–9599

oides are aquatic.
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sites) upon which the historical moraine is draped (Fig. 1). The island
lies along the northern portion of Upernavik Isfjord, and its exposure
age is expected to represent the time when Upernavik Isstrøm and the
adjacent ice margin last deglaciated from this portion of the fjord.
Samples 11GRO-7 (72° 58.725′ N; 54° 46.902′ W; 36 m asl) and
11GRO-8 (72° 58.438′ N; 54° 46.318′ W; 97 m asl) were collected from
an erratic cobble resting directly on bedrock and a glacially polished
quartz vein in bedrock, respectively, using a hammer and chisel (Fig. 5).
Both samples are above the marine limit, which is thought to be 20 m
or less in this part of Greenland based on raised marine features (or
lack thereof; Fredskild, 1985; Funder and Hansen, 1996). We found no
evidence in the field area of raised marine features above present sea
level. In addition, like many landscapes around the Greenland Ice Sheet
that were glaciated by fast-flowing glaciers, the landscape from which
our samples are from is dominated by broad areas of clean, ice-sculpted
bedrock draped with erratic cobbles and boulders. Thus, we think it is
unlikely that either the cobble or bedrock sample was exhumed some-
time following deglaciation. Sample sites have negligible topographic
shielding,whichwas checkedwith a clinometer.We recorded geographic
coordinates and elevationwith a handheld GPS device with an estimated
error of ±10 m.

Chemical processing of the two rock samples took place at the
University of Buffalo Cosmogenic Nuclide Laboratory following standard
Be isolation methods (Young et al., 2013). All 10Be/9Be ratios were
measured at the Lawrence Livermore National Laboratory Center for
Accelerator Mass Spectrometry relative to the 07KNSTD standard with
a reported ratio of 2.85 × 10−12 (Nishiizumi et al., 2007; Rood et al.,
2010) and corrected for a background procedural blank (Table 1). 10Be
ages were calculated using the CRONUS-Earth online calculator (http://
hess.ess.washignton.edu/math; Version 2.2; Balco et al., 2008) applying
a locally calibrated 10Be production rate (Briner et al., 2012) and the
Lal/Stone scaling scheme (Lal, 1991; Stone, 2000). Corrections for snow
cover were not made because the sampled surfaces are from high points
in the landscape and considered to be windswept of snow. Evidence of
Figure 3. Bathymetry and core locations of the three study lakes. Contours are interpolated from
arrows show locations of inflows and outflows.
glacial abrasion on the bedrock surface indicates negligible post-glacial
erosion.

Results

We collected two adjacent sediment cores from the deepest part of a
small sub-basin in the northwestern corner of Primary Lake, near its
outlet (Fig. 3). The sub-basin has a maximum depth of 7.3 m. The two
sediment cores (73° 2.053′ N; 54° 47.296′ W), 11PRM-1 and 11PRM-2,
have a similar stratigraphy of alternating organic-rich and mineral-rich
sediments, bounded by sharp contacts typical of proglacial-threshold
lakes (Kaplan et al., 2002; Briner et al., 2010). Both sediment cores
contain mineral-rich sediment units at their surfaces. The upper
2–3 cm of both cores is mineral-rich, below which to a depth of ~5 cm
is a mixture of mineral- and organic-rich sediment layers (Fig. 4).
Below this upper unit of mostly mineral-rich sediments, the cores
comprise a thick unit of organic-rich sediment. 11PRM-2 extends to
105 cm depth, the bottom 3 cm of which contains mineral-rich
sediments; 11PRM-1 ends at 96 cm depth and did not retain mineral-
rich sediments at its base.

We collected two sediment cores from Secondary Lake. 11SND-2
(73° 0.325′ N; 54° 43.734′ W) was collected from 16.8 m depth, in the
deepest part of the single-basin lake, and 11SND-3 (73° 0.377′ N, 54°
43.820′ W) was collected from 12.5 m depth on the portion of the
lake basin opposite the inflow delta (Fig. 3). 11SND-2 contains 39 cm
of laminated mineral-rich sediment overlying organic-rich sediments
to a depth of 86 cm; the bottom 3 cm of the core comprises mineral-
rich sediments (Fig. 4). 11SND-3 contains 25 cm of laminated
mineral-rich sediment overlying organic-rich sediment to a depth of
49 cm. Mineral-rich sediments span from 49 to 62 cm, below which a
conspicuous unit of organic-rich sediment extends to the core base at
64 cm.

We also collected two cores from Foster Lake, which has a maximum
depth of 19 m (Fig. 3). 11FST-1 (73° 0.889′ N; 54° 45.597′ W) was
locations with bathymetry data (white dots; see text). All lakes are shown at same scale;

http://hess.ess.washignton.edu/math
http://hess.ess.washignton.edu/math
image of Figure�3


Figure 4. Lithostratigraphic logs of all sediment cores with radiocarbon ages in cal yr BP.
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collected from 8.2 m depth, is 59 cm long, and contains organic-rich sed-
iment throughout (Fig. 4). 11FST-2 (73° 0.810′N; 54° 45.377′W)was col-
lected from 15.0 m depth, is 93 cm long, and contains 58 cm of organic-
rich sediment overlying 35 cm of mineral-rich sediment.

The 15 radiocarbon ages range from 9550 ± 50 cal yr BP to
610 cal yr BP (Table 1; Fig. 4). Four radiocarbon ages are from organic-
rich sediments nearest the contact with basal mineral-rich sediments.
An age of 9370 ± 90 cal yr BP is from 11PRM-2 (macrofossil-based
age) and an age of 9550 ± 50 cal yr BP is from 11FST-2 (bulk-
sediment-based age). Two samples from the same depth in 11SND-3
are 9300 ±160 cal yr BP (macrofossil-based age) and 9140 ±
120 cal yr BP (bulk-sediment-based age).

Six radiocarbon ages from uppermost organic-rich sediments,
nearest the contact with overlaying mineral-rich sediments, range
from 1280 ± 100 cal yr BP to 610 ± 50 cal yr BP. These include two
bulk-sediment ages from the Secondary Lake cores, which are 1075 ±
100 cal yr BP (11SND-2) and 1070 ± 100 cal yr BP (11SND-3). The up-
permost sediments in both Primary Lake cores were also dated, and in

image of Figure�4


Figure 5. Photographs from a small islandwithin Upernavik Isfjordwhere two samples for
10Be dating were collected. A. Sample 11GRO-7, a quartz cobble resting on ice-sculpted
bedrock; sledgehammer for scale. B. Sample 11GRO-8, a thin quartz vein from an ice-
sculpted bedrock outcrop, field book and backpack for scale. C. View to the north; bedrock
outcrop from which 11GRO-8 was collected is seen at the bottom of the photograph.
Arrows point to the historical moraine and trimline. In the distance, beyond the island
to the north is the peninsula where the study lakes reside.
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both cases yield age reversals. In 11PRM-1, an ageof terrestrial plantmac-
rofossils from3 cm is 1280 ± 100 cal yr BP, and an ageof aquaticmosses
from 5 cm is 610 ± 50 cal yr BP. Similarly, in 11PRM-2, a bulk-
sediment-based age from 3.5 cm is 1030 ± 90 cal yr BP, and a bulk-
sediment-based age from 6.2 cm is 690 ± 30 cal yr BP.
Table 2
10Be ages of rock samples collected near Upernavik Isstrøm.

Sample Latitude Longitude Elevation
(m asl)

Sample type Thickness
(cm)

11GRO-7 72° 58.721′ N 54° 47.039′ W 36 Cobble on bedrock 3
11GRO-8 72° 58.424′ N 54° 46.455′ W 97 Bedrock surface 1

Note: Blank-corrected ratios are reported relative to the 07KNSTD standard (2.85 × 10−12; Nis
405.2 ppm Be carrier.
Four aquatic moss-based ages were obtained from organic-rich
sediments throughout 11PRM-1. These four samples yield ages in
stratigraphic order: 8470 ± 40 cal yr BP (88 cm), 7020 ± 130 cal yr
BP (65 cm), 5450 ± 130 cal yr BP (43.5 cm) and 2800 ± 50 cal yr BP
(25 cm). In addition, a single bulk-sediment-based age from the
conspicuous, thin organic unit at the base of the 11SND-2 core yields
an age of 4240 ± 30 cal yr BP. Finally, the two 10Be ages are 9.9 ±
0.5 ka (erratic cobble) and 10.0 ± 0.6 ka (ice-polished quartz vein in
bedrock; Table 2).

Interpretation

The lake-sediment stratigraphies and radiocarbon chronologies
reveal a general pattern of Upernavik Isstrøm retreating in the early
Holocene and remaining more restricted than its present position
during the remainder of the Holocene until sometime during the last
millennium, when it advanced into the Primary and Secondary lake
catchments. Our most direct age control on the timing of deglaciation
is from the pair of 10Be ages, which average 9.9 ± 0.1 ka. Consistent
with this age for the last deglaciation are the four basal radiocarbon
ages that range from 9.1 to 9.6 cal yr BP that provide minimum-
limiting ages for deglaciation. The radiocarbon ages are younger than
the 10Be ages; however, they are 0.25 to 1.5 cm above the contact
between mineral-rich sediments and organic-rich sediments, and thus
they provide minimum ages only. We do not know for how long the
mineral-rich sediments were deposited in the lakes after deglaciation
of the catchments and prior to the onset of organic-rich sedimentation.
It is also possible that stagnant ice was present in the lake basins for
some time following ice retreat from the lake catchments. The radiocar-
bon age from the basal organic-rich sediments in 11SND-3 of 4.8 ka is
incompatible with the rest of our chronology; we suggest that while
raising the core, the bottommost 2 cm of mineral-rich sediments
slipped out and the void was filled with organic-rich sediments as the
core was being raised through the sediment column.

The distribution of ages throughout the organic-rich sediments in
11PRM-1 suggests that the ice margin was no more extensive than its
current (2008–2012) position until the latest Holocene. The single
unit of organic-rich sediments in the Secondary Lake sediment
sequences also supports this interpretation. The closely limiting
maximum ages for the upper organic-to-minerogenic sediment contact
in the SND cores of 1070 and 1075 cal yr BP, each from a core in differ-
ent locations within the lake basin, suggest that the ice margin
advanced into the Secondary Lake basin shortly after this time.

The age assignment for the ice-margin advance into the Primary Lake
catchment during the late Holocene is complicated by the age-reversals
in the PRM cores. The age reversals, replicated in both sediment cores
and with both macrofossil- and bulk-sediment-based ages, are difficult
to explain. It is hard to envision a plausible way in which a radiocarbon
age from both macrofossils and bulk sediments can be younger than
their corresponding stratigraphic level. On the other hand, there are
more geologically reasonable processes that can lead to a radiocarbon
age that is too old for its stratigraphic level. One process could be mass
movement of previously deposited organic matter from elsewhere in
the basin to the core sites. Given the small and steep-sided sub-basin
in which the adjacent cores were retrieved, we wonder if there was
some slumping once the lake bottom began to be loaded with relatively
Shielding correction Quartz
(g)

9Be carrier (μg) 10Be ±1σ
(104 atoms g−1)

10Be age
(ka)

1 50.0372 262 4.25 ± 0.11 9.85 ± 0.54
1 30.0178 262 4.69 ± 0.12 10.00 ± 0.55

hiizumi et al., 2007). Process blank for this sample batch is 9.627e−16. We used 0.65 g of
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Figure 6.Map of Greenland showing the distribution of the closest ages (14C and 10Be) to
the historical ice limit around the Greenland Ice Sheet. Ages are presented in ka; see
original reference for age uncertainty and other details. 1: Bennike (2008); 2: Fredskild
(1985); 3, 4, 11: Weidick (1978); 5: Bennike (2002); 6: Kelly and Bennike (1992); 7:
Landvik et al. (2001); 8: Funder (1982); 9: Bennike and Weidick (2001); 10: Weidick
(1977); 12: Håkansson (1976); 13: Funder (1978); 14: Hughes et al. (2012); 15: Roberts
et al. (2008); 10Be ages adjusted for production rate to be consistent with more recent
studies (14, 18, 20, 21); 16: Larsen et al. (2011); 17: Kaplan et al. (2002); 18: Larsen
et al. (2013); 19: Weidick et al. (2012); the 10.8 ka age is from a bivalve that was
reworked into a moraine assigned to 8.3–8.1 ka, and is interpreted as indicating initial
deglaciation prior to a re-advance); 20: Levy et al. (2012); 21: Young et al. (2013).
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dense mineral-rich sediment after the lake's transition from non-glacial
to proglacial. Alternatively, bioturbation could give rise to such an age
reversal, inwhich case the younger ageswould be anomalous. However,
if the minerogenic sediments were deposited after ~1000 yr AD, then
there would be no organic-rich lacustrine sediment at a higher level
from which to mix into lower layers. In addition, there is no visual
evidence for bioturbation. Thus, we favor the slumping hypothesis, in
which case the two radiocarbon ages of 610 and 690 cal yr BP are the
more accuratemaximum-limiting ages for the advance of the icemargin
into the Primary Lake catchment.

We dated both macrofossils and bulk sediments, and in many cases
our ages can be used to assess their relative suitability for dating lake
sediments. Elsewhere in western Greenland, previous work has found
that bulk sediments can yield radiocarbon ages a few hundred years
older than macrofossils from the same levels (Kaplan et al., 2002;
McGowan et al., 2003; Bennike et al., 2010). However, we find little
evidence that bulk sediments in these lakes yield older radiocarbon
ages than macrofossils in the same levels. For example, the pair of
bulk-sediment- and aquatic-moss-based ages from 11SND-3 overlap
at one sigma. Furthermore, the radiocarbon ages from the same strati-
graphic positions in the two PRM cores – one set from aquatic mosses
and one set from bulk sediments – yield ages that overlap at two
sigma. We suggest that ultimately, the utility of dating bulk sediments
should be evaluated on a lake-by-lake basis. However, once confirmed
to yield ages comparable to macrofossil-based ages, bulk sediments
can yield reliable radiocarbon chronologies in soft-water lakes in
western Greenland.

Discussion

To place our age of deglaciation into context, we compiled the closest
ages (14C and 10Be) to the historical ice limit around the Greenland Ice
Sheet (Fig. 6). The compilation reveals that the spatio-temporal pattern
of deglaciation varies around Greenland (Bennike and Björck, 2002;
Bennike, 2008). In particular, the time when the ice-sheet margin
retreated to, or inland of, its present position occurred earlier in Melville
Bugt than most locations elsewhere around Greenland (Funder and
Hansen, 1996; Bennike and Björck, 2002). Previous minimum age
constraints on the retreat of ice in central Melville Bugt are provided
by radiocarbon-dated basal lake sediments of 9.6 ± 0.3 ka (Fredskild,
1985) and a whale bone that was reworked into a historical moraine
dated to 9.1 ± 0.1 ka (Bennike, 2008). Our 10Be age assignment of
9.9 ± 0.1 ka and oldest minimum radiocarbon age of 9.6 ± 0.1 ka are
consistent with these previous findings, and together confirm the
relatively early deglaciation for theMelville Bugt sector of the Greenland
Ice Sheet.

The other sector of the Greenland Ice Sheet that deglaciated relatively
early is along the southern and southeastern coasts (Fig. 6). Sites along the
Qassimiut lobe in southern Greenland became deglaciated shortly before
~9 ka (Weidick et al., 2004). There is a lack of deglaciation ages available
from the southeastern coastline, but one recent study revealed that the
landscape fronting Helheimgletscher deglaciated ~10.8 ka (Hughes
et al., 2012). In contrast, deglaciation ages from other parts of Greenland
show that the margin of the Inland Ice attained a position similar to the
present – or inland of it – considerably later, ranging from 7 to 8 ka in
parts of southwestern and northeastern Greenland, and even later,
~6–7 ka, in northern Greenland (Fig. 6; Bennike, 2008; Funder et al.,
2011).

Unlike some sectors of the Greenland Ice Sheet that experienced
terrestrial-based deglaciation, the Melville Bugt region encompassed
deglaciation in largely marine-based environments. In many locations,
the ice margin resides in deep marine troughs, many of which extend
at least 50 km behind the present ice margin (Griggs et al., 2012). It
has been previously hypothesized that ice retreated relatively early in
the Melville Bugt sector because it was susceptible to rapid retreat via
calving (e.g., Bennike, 2008). In addition, not only would the marine-
based ice have ablated via calving, but it would also have been ex-
posed to submarine melting, thought to be a confounding influence
on the mass balance of marine-based ice sheets (e.g., Holland et al.,
2008; Jenkins et al., 2010; Rignot et al., 2010). These processes of
ablation would also have operated along the tidewater-dominated
southeastern coastline, and thus perhaps it is not surprising
that this is another location on Greenland with relatively early
deglaciation.

We note that the pattern of landscape age immediately outboard
of historical moraines around Greenland could also be influenced by
the magnitude of (1) inland retreat during the middle Holocene, and
(2) the late Holocene advance. To explain this further, consider
Jakobshavn Isbræ, where the historical moraine abuts a landscape
deglaciated 7.4 ka, beyond which lies the Fjord Stade moraines
(deposited at 9.3 and 8.2 ka; Weidick and Bennike, 2007; Young
et al., 2011a). Beyond the Fjord Stade moraines, the landscape was
deglaciated ~10.2 ka. If Jakobshavn Isbræ had a more extensive
advance during Neoglaciation, such that it overran the Fjord Stade
moraines, then its historical position would reside adjacent to a
landscape that deglaciated at 10.2 ka. Perhaps the reason that
Jakobshavn Isbræ did not advance this far is because it retreated far
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inland during the middle Holocene. At Upernavik Isstrøm, on the
other hand, it is possible that the ice margin did not retreat far inland
during the middle Holocene, as is depicted by models, and thus even
a relatively small Neoglacial advance could reach landscapes deglaci-
ated at 9.9 ka, which could be analogous to landscapes beyond the
Fjord Stade moraines at Jakobshavn Isbræ. Thus, the pattern of land-
scape age abutting historical moraines around Greenland could be
due to a combination of the pace of deglaciation, the magnitude of
inland retreat during middle Holocene warmth, and the magnitude
of the Neoglacial advance.

Our radiocarbon chronology also allows us to constrain themaximum
late Holocene advance of the Upernavik ice margin and to place its cur-
rent retreat into a pre-historic context. Neoglaciation on Greenland was
likely underway by 3–4 ka following peak thermal conditions in themid-
dle Holocene (Dahl-Jensen et al., 1998; Bennike andWeidick 2001; Long
et al., 2009; Young et al., 2011b; Funder et al., 2011). Along western
Greenland, the ice advance to the position of the historic moraine gener-
ally occurred during the LIA (Kaplan et al. 2002; Weidick et al., 2004,
2012; Weidick and Bennike, 2007; Briner et al., 2010, 2011; Larsen
et al., 2011; Young et al., 2011b). However, there are some exceptions
to this. In some cases the culmination of the Neoglacial advance has
been found to post-date the LIA entirely (Weidick, 2009; Kelley et al.,
2012), and in at least one case, it pre-dates the LIA significantly (e.g.,
Bennike and Sparrenbom, 2007). Our maximum-limiting ages from Sec-
ondary Lake of ~1070 cal yr BP leave open the possibility that ice entered
this catchment a few hundred years prior to the LIA. On the other hand,
our favored interpretation of the ages from Primary Lake is that ice ad-
vanced into that catchment after ~600 cal yr BP. Although ice retreated
from both catchments around the same time, it is plausible that ice en-
tered the catchments at different times, because the lakes and the drain-
age divides of their catchments are located at different elevations. Thus,
interpreting our chronology conservatively, the Upernavik icemargin ad-
vanced to near its maximum latest Holocene position between ~1000
and 600 cal yr BP. Based on the observation that Upernavik Isstrøm
was residing at or very near its historical moraine by Rink in 1849 AD
(Weidick, 1958), we suggest that the culmination of the Neoglacial ad-
vance occurred during the late LIA period, similar to Jakobshavn Isbræ
(Briner et al., 2011). Furthermore, if the Upernavik Isstrøm terminus is
positioned today as it was prior to 1849 AD (~20 km down flowline
from our study area), as inferred from our constraints of the ice margin
position near our study lakes, then this implies that a ~20 km advance
and retreat cycle took place within the LIA.

Unlike other recordsderived fromproglacial-threshold lakes fringing
the Greenland Ice Sheet margin (Kaplan et al., 2002; Briner et al., 2010,
2011; Larsen et al., 2011), which are either still proglacial or became
ice-free sometime during the 20th century, the lakes studied here are
unique in that they became ice-free in the past decade. This provides
us with an opportunity to assess the precedence of the present position
of the ice-sheet margin, especially following the dramatic retreat in
recent years (Fig. 1; Weidick, 1958; Nielsen et al., 2012). For example,
there are a number of recent studies demonstrating that Arctic glaciers
have now receded, and Arctic climate has now warmed, to levels not
seen since the middle Holocene (e.g., England et al., 2008; Fisher et al.,
2012). In western Greenland, Jakobshavn Isbræ has receded so far that
it is now situated in some places near its middle Holocene position as
reconstructed by Weidick et al. (1990). Furthermore, at many locations
around the Northern Hemisphere, alpine glaciers were at or very near
their LIA positions during multiple glacier culminations throughout the
entire Neoglacial interval (Clague et al., 2009; Briner et al., 2009;
Schimmelpfennig et al., 2012; Maurer et al., 2012; Badding et al.,
2013). However, despite the lake basins adjacent to Upernavik Isstrøm
becoming deglaciated so recently, they still only record the latest
Neoglacial advance of this sector of the Greenland ice margin. Thus,
given that the ice margin has retreated out of the lake catchments in
the past decade, the Upernavik sector has most likely yet to retreat to
its middle Holocene position.
Conclusions

Upernavik Isstrøm, a major ice stream that drains a substantial com-
ponent of the northwestern Greenland Ice Sheet, has retreated signifi-
cantly over the last 160 yr. We constrain the fluctuations of the broader
Upernavik ice margin during the Holocene and compare its history with
ice-margin sectors elsewhere around Greenland. Areas adjacent to the
ice margin near Upernavik Isstrøm deglaciated around 10 ka, which is
earlier than most other sectors of the Greenland Ice Sheet. We suggest
that this is most likely due to the additional mechanisms of ablation
that operate inmarine-based ice sheet sectors versus land-based counter-
parts. A contributing factor may be the proximity of the ice-sheet margin
with the open sea. Calving in deep embayments, combined with subma-
rine melting from warm ocean currents that entered Baffin Bay in the
early Holocene (e.g., Knudsen et al., 2008), is inferred as the causal mech-
anisms behind the observed pattern and timing of retreat. This model for
retreat applies to other marine-based glaciers (Pfeffer, 2007; Briner et al.,
2009), and seems to have been the case for southeastern Greenland also.

Upernavik Isstrøm has now retreated to a position that has not been
occupied in the last 1100–700 yr. The advance of Upernavik Isstrøm
into our study lake catchments was seemingly part of an ice-sheet-
wide advance that was likely initiated in the middle Holocene and
that culminated in most locations late during the LIA. Unlike some ice
retreat in the Arctic that has now reached a position last maintained
in the middle Holocene, this does not seem to be the case yet for the
northwestern Greenland Ice Sheet margin. Almost certainly, the
advance of the ice sheet during the last millennium is superimposed
on a prolonged advance throughout the Neoglaciation. Despite differing
responses to middle Holocene warmth depicted in models for the ice
margin alongwestern Greenland (Simpson et al., 2009), the synchronous
culmination of major western Greenland ice streams late during the LIA
implies that fast-flowing outlets respond similarly to centennial-scale
climate change. Ultimately, more records like these will help to explain
the complex ice-marginal dynamics documented in geological andhistor-
ical archives, and ultimately reduce uncertainties about the future of the
Greenland Ice Sheet and sea-level rise.
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