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a b s t r a c t

The pattern of Greenland Ice Sheet margin change during the 20th century is variable. Large-scale retreat
of marine-outlet glaciers contrasts with the often-negligible retreat observed along land-terminating
margins of the ice sheet. We reconstruct a chronology of ice-margin change for two land-terminating
ice margins in western Greenland using radiocarbon and 10Be exposure dating. Our results indicate
that two land-terminating lobes attained their maximum late Holocene position in the late 20th century.
This contrasts with the nearby marine-terminating Jakobshavn Isbræ, which achieved a maximum late
Holocene position during the Little Ice Age, and has since retreated ca 40 km. In addition, we survey ice-
margin change across western Greenland, utilizing satellite imagery. We find that many land-terminating
sectors of the ice sheet, in addition to our study area, may have attained their maximum late Holocene
extent during the 20th century. This suggests a lagged ice-margin response to prior cooling, such as the
Little Ice Age, which would imply significant retreat of land-terminating sections of the Greenland Ice
Sheet in response to 20th and 21st century warming may be yet to come.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Since the Little Ice Age (LIA; ca 1250e1900 AD), most glaciers
worldwide have experienced net retreat (Lowell, 2000; Oerlemans,
2005). Glacier retreat has been driven by a general warming trend
throughout the late 19the21st centuries, which ended the cumu-
lative build up of glaciers during the late Holocene (e.g., Porter,
2007). Despite local influences on glacier change such as hypsom-
etry, internal dynamics, and variations in lag time that all glaciers
have with respect to changing climate, most glaciers retreated in
concert with recent warming on decadal timescales (Lowell, 2000;
Oerlemans, 2005). This is best documented in alpine glacier
systems, with far fewer records that gauge the response of ice
sheets to climate change on decadal timescales.

Recent observations of the Greenland Ice Sheet (GIS) reveal
dramatic changes in thickness and surface velocity and are leading
to an improved understanding of its response to climate change
(Rignot and Kanagaratnam, 2006; Van den Broeke et al., 2009;
Rignot et al., 2010). First thought to be perhaps thousands of years,
).
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it appears now that the response time of ice sheets might be much
shorter (Bamber et al., 2007). This is particularly true for fast-
flowing outlet glaciers, which at present have response times on
the order of years to decades (Bamber et al., 2007). Indeed, in
southeastern Greenland, a relatively close coupling between glacier
change and air temperature from the 1930s to present has recently
been documented (Bjork et al., 2012). It has also been demonstrated
that the GIS is able to respond to short-lived abrupt climate events
in the past (Young et al., 2011a, 2011b).

Reconstructing ice-margin fluctuations that pre-date the
instrumental record can improve our understanding of the
complex nature by which the GIS responds to climate change.
Recent studies in eastern Disko Bugt place the timing of retreat of
the ice sheet onto land ca 10 ka (Weidick and Bennike, 2007;
Long et al., 2011; Young et al., 2011a) and subsequent retreat
resulting in a smaller than present ice-sheet configuration by ca
7 ka (Weidick and Bennike, 2007; Briner et al., 2010; Young et al.,
2011a). Ice advance occurred throughout the late Holocene
(Weidick, 1992; Briner et al., 2011), although most information
on the late Holocene ice advance is from marine ice-sheet
sectors. Following expansion during the late Holocene, the GIS
margin has largely retreated (Weidick, 1968; Rignot et al., 2008),
with the most pronounced retreat occurring at large outlet
glaciers such as Jakobshavn Isbræ (Joughin et al., 2004; Weidick
and Bennike, 2007; Csatho et al., 2008). However, post-LIA
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retreat has not been uniform in space and time across Greenland,
with some sectors experiencing no retreat or even a net advance
during the 20th century (Weidick, 1968). Here, our goal is to
investigate fluctuations of the western GIS ice margin during the
late Holocene in a land-terminating setting. Furthermore, we aim
to place our findings into a wider context by examining the
spatial pattern of ice-margin change from the late Holocene
maximum to the present throughout western Greenland.

2. Materials and methods

2.1. Field investigation

We visited two adjacent valleys in southeastern Disko Bugt,
located ca 60 km south of Jakobshavn Isbræ, western Greenland
(Fig. 1). The Qinngap IlulialeraaeKuussuup Tasia (QK) and
Tininnilik valleys each contain proglacial lakes with contrasting
physiographies. Qinngap Ilulialeraa (160 m asl) abuts the ice
Fig. 1. (A) Composite Landsat image showing the position of the study area (white box) with
Tininnilik is at a high-stand. (B) Landsat image of the study area (acquired on Aug. 17, 2010)
late Holocene advance (plain text) of the Greenland Ice Sheet margin. The dotted line denot
margin on the lake’s eastern margin and drains into Kuussuup
Tasia (136 m asl) to the west, forming a long chain of connected
basins. Tininnilik is dammed to the north by the GIS, and historic
observations reveal that Tininnilik catastrophically drains
beneath the ice margin every ca 7e10 years via the floating of the
ice dam (Braithwaite and Thomsen, 1984; Weidick and Bennike,
2007; F. Nielsen, pers. comm., 2011). The filling and draining of
the lake, characterized by a slow rise and rapid lowering of ca
65 m, likely relates to water depth and the buoyancy of the ice
dam (Braithwaite and Thomsen, 1984; Furuya and Wahr, 2005).
We conducted fieldwork in the QK and Tininnilik valleys in
August 2010 after a draining event at Tininnilik that occurred
between June 21 and July 7, 2010. Rock samples were collected
for 10Be exposure dating (hereafter termed 10Be dating) from an
island at the eastern side of Qinngap Ilulialeraa, Additionally,
samples for radiocarbon dating were collected from a sediment
core that was obtained from Kuussuup Tasia and from sediment
exposures in both the Tininnilik and QK valleys.
in southeastern Disko Bugt, with inset map (top left) showing the location of (A). Note
showing ages (in cal yr BP) relating to early Holocene retreat (italicized bold text) and
es the high-stand shoreline for Tininnilik; the image was captured during a low-stand.
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2.2. 10Be dating

Two samples were collected for 10Be dating on a small island
that abuts the ice margin at the eastern side of Qinngap Ilulialeraa
(Fig. 2). Samples 10GRO-40 (N 68�42.1560, W 50�25.6020; 230m asl)
and 10GRO-41 (N 68�42.1800, W 50�25.7280; 230 m asl) were
collected from an erratic boulder and ice sculpted bedrock surface,
respectively, using a hammer and chisel. We avoided the edges of
sampled surfaces, and measured topographic shielding using
a clinometer; sample sites had negligible topographic shielding.We
recorded geographic coordinates and elevation with a handheld
GPS device, estimated vertical error of ca 5 m. Samples underwent
physical and chemical preparation at the University at Buffalo
Cosmogenic Isotope Laboratory following procedures modified
Fig. 2. Samples for 10Be dating on the island at the eastern end of Qinngap Ilulialeraa. (A) Bo
and bedrock, but lack of lichen on boulders to the left, which were deposited between 1985
25 m west (outboard) of the moraine shown in (A).
from Kohl and Nishiizumi (1992). Samples were first crushed and
sieved to isolate the 425e850 mm size fraction and then pretreated
in dilute HCl and HNO3eHF acid baths. Quartz was isolated by
heavy-liquid mineral separation followed by additional HNO3eHF
treatment in heated sonication baths. 9Be carrier (ca 0.4 g of
405 ppm) was added to each sample prior to dissolution in
concentrated HF. Beryllium was extracted using ion-exchange
chromatography, selectively precipitated with NH4OH, and
oxidized to BeO. 10Be/9Be AMS measurements were completed at
the Lawrence Livermore National Laboratory, Center for Mass
Spectrometry and normalized to the standard 07KNSTD3110 with
a reported 10Be/9Be ratio of 2.85 � 10�12 (Nishiizumi et al., 2007,
Table 1). The ratio for the dissolution process blank in the sample
batch was 2.15 � 10�15. 10Be exposure ages were calculated using
ulder located just outboard of historical moraine; note mature lichen cover on boulder
and 1997 AD; dotted line outlines the historical moraine. B. Bedrock surface located ca



Table 1
10Be data for calculation of cosmogenic nuclide exposure ages.

Sample ID Lat. (N) Long. (W) Elevation
(m asl)

Sample
height (m)

Thickness
(cm)

Shielding
correction

Quartz (g) Be carrier
added (g)

10Be
(atoms g�1)

10Be uncertainty
(atoms g�1)

10Be age

36-10GRO-40 68.7026 �50.4267 230 2.5 1.0 1.0 50.1559 0.4006 37,757.0 868.4 6.9 � 0.2
36-10GRO-41 68.7030 �50.4288 230 0.0 1.5 1.0 50.4674 0.4002 37,808.8 843.1 7.0 � 0.2

10Be ages given in ka at 1SD using the scaling scheme of Lal (1991)/Stone (2000).
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the CRONUS-Earth online calculator (http://hess.ess.washignton.
edu/math; Version 2.2; Balco et al., 2008) using the northeastern
North America 10Be production rate (Balco et al., 2009) and the Lal/
Stone scaling scheme (Lal, 1991; Stone, 2000); this production rate
has been supported locally in western Greenland (Briner et al.,
2012). Corrections due to the Earth’s magnetic field are negligible
as the samples are from high latitude (Gosse and Phillips, 2001).
Corrections for snow cover were not made because sampled
surfaces are from high points in the landscape and considered to be
windswept of snow. Evidence of glacial abrasion on the bedrock
surface indicates negligible post-glacial erosion.

2.3. Lake sediment coring

A 142-cm-long sediment core (10-KT-2A; N 68�43.8750, W
50�41.127) was retrieved from a water depth of 26.13 m in Kuus-
suup Tasia. The core was collected using a piston coring system
operated from a floating cataraft platform. Lake bathymetry was
measured using a Garmin GPSMAP 400 series GPS receiver con-
nected to a dual beam depth transducer. The sediment core was
transported to the University at Buffalo, where magnetic suscepti-
bility was measured every 5 mm using a Barrington MS2E High
Resolution Surface Scanning Sensor scanner connected to a Bar-
rington MS2Magnetic Susceptibility meter. Organic matter content
wasmeasured every 5mm using a loss-on-ignition procedure, with
heating at 550 �C. The core was sampled at two locations for
radiocarbon dating; a sample (10-KT-2A-70) of aquatic plant matter
was picked from 70 cm depth and a bulk sediment sample (10-KT-
2A-30) was collected from 30 cm depth.

2.4. Radiocarbon dating

Seven samples were collected for radiocarbon dating; two
samples were extracted from core 10-KT-2A, and the remaining
samples were collected from sediment exposures in the field
(Table 2). All samples were transported to the University at Buffalo
where they underwent washing with deionized water; the bulk
Table 2
Radiocarbon ages and associated sample information.

Core/site Depth
(cm)

Lat. (N) Long. (W) Lab number Material dated

Pre-modern
10TIN-2B 2 68 45.4970 50 27.520 OS-85086 Plant/wood
10TIN-4B 6 68 45.1750 50 26.1280 OS-85085 Plant/wood

10QIN-1B 35 68 42.6750 50 28.4980 OS-85119 Plant/wood

10KT-2A-30 30e30.5 68 43.8750 50 41.1270 OS-85023 Bulk sediment

10KT-2A-70 69.5e70 68 43.8750 50 41.1270 OS-85357 Plant matter

Modern dates

10TIN-5A 0 68 44.9000 50 25.2840 OS-85080 Plant/wood

10QIN-3 0 68 42.6260 50 28.4000 OS-85079 Plant/wood

Note: Calibrated ages are rounded to the nearest decade.
sediment sample was freeze-dried. Radiocarbon ages from the
National Ocean Sciences Accelerator Mass Spectrometry Facility at
Woods Hole Oceanographic Institution were calibrated using the
CALIB v 6.0 (Stuiver et al., 2010) and the IntCal09 calibration curve
(Reimer et al., 2009, Table 2). Two “modern” values were converted
to calendar years using the CALIBomb program (http://calib.qub.ac.
uk/CALIBomb/; Reimer et al., 2009) with the NH_zone1 dataset
compilation (Hua and Barbetti, 2004, Table 2). All calibrated
radiocarbon ages are reported in the manuscript as the
midpoint � half of the 2s age range.

2.5. Remote sensing

To document the spatial variability of ice-margin change over
the 20th century, we measured ice-margin retreat throughout
western Greenland. We digitized the boundary between fully
vegetated landscapes and those lacking vegetation cover for the
area abutting the ice sheet from 61.10� N to 73.84� N. In most
locations, this boundary is a moraine, locally termed the historical
moraine, which has been correlated with the LIA (Weidick, 1968;
Kelly and Lowell, 2009). In some locations the boundary is
expressed simply as a vegetation trimline. We measured the
distance between the historic moraine/trimline and the present ice
margin as depicted in the most recent clear GeoEye, and Landsat
imagery. This imagery was captured using the GeoEye-1, OrbView,
IKONOS, QuickBird, WorldView, Landsat 5 and Landsat 7 satellites
between 2002 and 2011 AD. This compilation had a maximum
resolution of 30 m; some imagery has a resolution of 2 m.
Measurements of retreat distance were made parallel to the
direction of ice flow at every 5 km along the ice margin throughout
western Greenland. In locations where large outlet glaciers extend
from the ice sheet, measurements were taken at the lobe terminus
in 5 km increments only, rather than down the sides of the lobe.
The measurements were sorted into marine- (n ¼ 66) and land-
terminating (n ¼ 311) glaciers, with all glaciers not terminating in
marine water classified as “land terminating.” A second distinction
identified the largest outlet glaciers (n ¼ 6), these are: Upernavik
Fraction modern d13C
(&PDB)

Radiocarbon age
(14C yr BP)

Calibrated age
ranges BP (2s)

Cal. years BP

0.9613 � 0.0044 �27.54 320 � 40 300e470 390 � 90
0.9737 � 0.0035 �27.89 220 � 30 0e20, 150e220,

270e310
230 � 80

0.9643 � 0.0055 �25.26 290 � 50 150e180,
280e480

320 � 160

0.876 � 0.0030 �21.83 1060 � 30 930e1000,
1030e1050

990 � 60

0.47953 � 0.0025 �30.42 5900 � 40 6640e6850 6750 � 110

Years A.D.

1.2146 � 0.0040 �26.76 Modern 1959e1961 or
1983e1985

na

1.2723 � 0.0040 �28.08 Modern 1959, 1962,
1979e1981

na

http://hess.ess.washignton.edu/math
http://hess.ess.washignton.edu/math
http://calib.qub.ac.uk/CALIBomb/
http://calib.qub.ac.uk/CALIBomb/
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Isstrøm, Jakobshavn Isbræ, Akugdlerssup Sermia, Kangiata Nunata
Sermia, Eqalorutsit Kitdlit Sermiat, and Qajuuttap Sermia.

3. Results and interpretation

3.1. Qinngap IlulialeraaeKuussuup Tasia valley

The two samples for 10Be dating that we collected from the
small island at the eastern end of Qinngap Ilulialeraa (Fig. 2) from
ice-sculpted bedrock (10GRO-40) and an erratic boulder perched
on bedrock (10GRO-41) are 6900 � 200 and 7000 � 200 yr BP,
respectively (Fig. 1; Fig. 2; Table 1). Both samples lie outboard of
a fresh-appearing moraine that delineates a boundary between
a vegetated landscape and one devoid of vegetation. Thus, the ages
provide a direct constraint on the timing of post-Last Glacial
Maximum deglaciation in the QK valley.

The sediment core from Kuussuup Tasia contains three primary
units, defined by visual stratigraphy, magnetic susceptibility and
organic-matter content (Fig. 3). The bottom unit is a gray
minerogenic-rich unit (0.72m thick) defined by loworganic-matter
content and high magnetic susceptibility values. The middle unit is
a gray-brown organic-rich unit (0.4 m thick) defined by high
organic-matter content and lowmagnetic susceptibility values. The
upper unit is a gray minerogenic-rich unit (0.3 m thick) with low
organic-matter content and high magnetic susceptibility values.
The alternating units of organic- and minerogenic-rich sediment
with sharp contacts are typical of proglacial-threshold lakes, and
Fig. 3. Stratigraphy and downcore data of lake sediment core 10KT-2A, with solid gray
pattern representing minerogenic-rich sediment and the crosshatch pattern repre-
senting organic-rich sediment.
reflect periods of time when the ice margin terminated in (min-
erogenic-rich sediments), or out of (organic-rich sediments) the
lake’s drainage basin (Briner et al., 2010). A radiocarbon age of
6750 � 110 cal yr BP (10-KT-2A-70) from just above the lower
contact between minerogenic- and organic-rich sediments
constrains the timing of ice retreat out of the catchment (Fig. 1;
Table 2). A second radiocarbon age from the core, extracted just
below the upper contact between organic rich-sediment and
overlying minerogenic-rich sediment of 990 � 60 cal yr BP (10-KT-
2A-30) suggests that ice advanced back into the lake catchment
shortly after this time (Fig. 1; Fig. 3; Table 2). However, we treat this
age with caution and consider it a maximum limiting age, because
it is derived from bulk sediments. It has been noted in a number of
studies that bulk sediment may give erroneously old ages in
comparison to macrofossil-based ages by 100e400 years in
western Greenland (Kaplan et al., 2002; Bennike et al., 2010).

The late Holocene advance of the GIS margin in the QK valley
may also be recorded in a sediment sequence exposed ca 2 kmwest
of the current ice margin. The 0.95-m-tall sediment section
exposed on the southern shore of Qinngap Ilulialeraa comprises
peat-rich sediments overlain by eolian sand (Fig. 4). We interpret
this stratigraphy to reflect a shift from a stable and fully-vegetated
landscape to one with locations of sand mobilization, which
records the approaching ice margin and associated increase in
frequency and strength of katabatic wind (e.g., Willemse et al.,
2003). A sample (10QIN-1B) from the uppermost peat layer yields
a radiocarbon age of 320 � 160 cal yr BP, suggesting that the ice
margin may have neared its current position at or shortly after this
time (Fig. 1; Table 2).
Fig. 4. Stratigraphic section exposing peat-rich sediments overlain by sand-rich
sediments. The arrow shows the location of sample 10QIN-1B. Inset shows radio-
carbon calibration of 10QIN-1B.



Fig. 5. (A) View to the south of the historical moraine (1985e1997 AD) on the island at the eastern end of Qinngap Ilulialeraa, with the current ice margin on the left side of the
photo. The arrow indicates the location where sample 10TIN-3 was collected. (B) A close-up photograph of 10TIN-3.
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To determine the timing of maximum late Holocene ice extent,
we collected Betula samples from a rooted tundra mat (10QIN-3;
Fig. 5) that had been overrun and incorporated into the moraine on
the island at the eastern end of Qinngap Ilulialeraa (Fig. 6) A sample
from the outermost growth rings yielded a post-bomb radiocarbon
age with solutions of 1959e1962 and 1979e1985 AD (Table 2).
Aerial photographs of the ice margin acquired in 1949, 1953 and
1985 AD reveal ice advance through this time period, although not
yet reaching the island (Fig. 6). A ground-based photograph taken
of the island at the head of Qinngap Ilulialeraa in 1997 AD shows
that the ice had reached the island and the moraine had been
formed by that time (F. Nielsen, pers. comm., 2011). Combined, the
maximum-limiting radiocarbon age and the photographs constrain
deposition of the moraine to be between 1985 and 1997 AD.

3.2. Tininnilik valley

We derived additional chronologic constraints for the late
Holocene advance of the GIS from the Tininnilik valley (Fig. 1). The
partial draining of Tininnilik prior to our visit exposed much of the
lake bottom. A 0.7-m-tall sediment section, exposed by iceberg
scour, comprises till overlain by alternating peat-rich sediments
and soil horizons, which are in turn overlain by a thin layer of
inorganic glaciolacustrine sediment (Fig. 7). The sediment
sequence is interpreted to represent early Holocene deglaciation,
followed by ice- and lake-free conditions during the middle Holo-
cene, followed by glaciolacustrine deposition when the advancing
GIS dammed the Tininnilik valley. A plant fragment (10TIN-2B) in
growth position buried by glaciolacustrine sediments yielded
a radiocarbon age of 390 � 90 cal yr BP (Fig. 1; Table 2). A second
stratigraphic section, 1.0 m tall and lower in the lake basin, contains
peat-rich sediments overlain by cross-bedded inorganic sands; we
interpret the sand to have been deposited during a lake low-stand
by a prograding delta after the lake originally formed (Fig. 7). The
uppermost plant material beneath the sand yielded a radiocarbon
age of 150 � 150 cal yr BP (Fig. 1; Table 2); after excluding an age
solution of 9 � 10 cal yr BP that is inconsistent with historic
observations of Tininnilik’s existence, the radiocarbon age becomes
230 � 80 cal yr BP. Thus, evidence from Tininnilik suggests that the
ice margin advanced or thickened enough to dam the Tininnilik
valley after 230 � 80 cal yr BP.

Tininnilik’s maximum high-stand is marked by a subtle shore-
line and a wave-washed zone littered with dead shrubs; rocky
surfaces in the washed zone and below are devoid of lichen, likely
due to periodic inundation. The outermost growth rings from
a dead Salix shrub (10TIN-5A; Fig. 8) within the wave-washed zone
yielded a post-bomb radiocarbon age with solutions of 1959e1961
AD and 1983e1985 AD (Table 2). If the maximum high-stand of
Tininnilik corresponds with themaximum thickness of the ice dam,
then this supports a mid- to late-20th century timing of late
Holocene maximum ice extent. Alternatively, the maximum high-
stand might relate to other factors involving the re-configuration
of the subglacial conduit system at the outflow. However, because
the age of the Tininnilik high-stand is coeval with the age of



Fig. 6. Historical images of the Greenland Ice Sheet margin at Qinngap Ilulialeraa. Note that the ice margin lies east of the island in the oblique aerial photo from 1949 AD (view to
the south) and in the vertical aerial photographs from 1953 and 1985 AD. The ice margin rested on the island, and a small moraine had formed, by 1997 AD (view to the north;
photograph courtesy of Frank Nielsen). The arrow indicates the position of the maximum late Holocene ice limit in all photographs.
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maximum ice extent at the head of Qinngap Ilulialeraa, we favor the
interpretation that the high-stand relates to maximum ice thick-
ness at the ice dam.

3.3. Spatial variability of ice-margin change

Our survey of ice-margin retreat in western Greenland reveals
large-scale frontal retreat of marine-terminating outlet glaciers
throughout the 20th century (average retreat ¼ 3820 m; median
retreat ¼ 535 m), which exhibited one to two orders of magnitude
greater retreat than adjacent land-terminating sectors (average
retreat¼ 340m; median retreat¼ 0 m; Fig. 9). Even after excluding
the six largest marine-terminating glaciers, the remaining marine
glaciers still exhibit significantly more retreat (average
retreat ¼ 1210 m; median retreat ¼ 400 m) than land-terminating
ice margin sectors. This dichotomy clearly illustrates a significant
difference in behavior between marine- and land-terminating ice
margins in the 20th century (Fig. 9).
A second notable feature of our compilation is the prevalence of
sections of the ice margin that display negligible retreat (Fig. 9),
which has been previously recognized in some specific ice-margin
locations (Warren and Glasser, 1992; Weidick, 1994, 2009; Knight
et al., 2000). However, more surprising, is the lack of a distinct
vegetation trimline or an unvegetated moraine, locally recognized
as the ‘historical moraine’ (Weidick,1968), fronting vast stretches of
the ice margin. For example, our analysis reveals that ca 54% of the
surveyed ice margin (ca 89% of which are land-terminating sectors)
demonstrated<50 m of net retreat during the 20th century (Fig. 9).
This suggests either negligible post-LIA net retreat, or a net advance
beyond the LIA ice-margin position during the 20th century, similar
to the ice-margin histories in Tininnilik and QK valleys.

4. Discussion

We show that our field site deglaciated ca 7000 years BP, which
was followed by advancing ice during the late Holocene that



Fig. 7. Sediment exposures from the Tininnilik basin. Photo at left shows a 70-cm-tall-exposure comprising till overlain by peat overlain by a thin coating of lacustrine silt; sample
location for 10TIN-2B shownwith arrow. Photo at right shows a 1-m-tall exposure comprising peat overlain by stratified sand. Sample location for 10TIN-4B shownwith arrow; note
marker at top for scale. Plots show radiocarbon age calibrations.
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culminated in the late 20th century, when the ice marginwas more
extensive than during the LIA. These results reveal a pattern of ice-
margin change during the late Holocene that differs from marine-
terminating glaciers in western Greenland and most other
glaciers worldwide (e.g., Lowell, 2000; Oerlemans, 2005).
Furthermore, based on our broader survey, it appears that this
unusual ice-margin history is not isolated to these valleys, but
occurred at many locations throughout western Greenland, where
negligible retreat has occurred since the LIA. Although time periods
with glacier advance during the late 20th century are not unique,
the fact that ice was more extensive during the late 20th century
than any other time in the late Holocene is remarkable for such
large sectors of an ice sheet.

The spatial complexity of ice-margin change is exemplified by
the disparity in the behavior of neighboring sectors of the ice
margin, which is likely due to a variety of factors. Although our
analysis did not quantify average thinning rates, we note that on the
spatial and temporal scales involved in this study, frontal retreat
and thinning occur together. Indeed, Kjær et al. (2012) revealed
high correlation between frontal retreat and thinning for the ice-
sheet margin throughout northwest Greenland. Thus, we suggest
that our analysis of frontal retreat is an appropriate proxy for
overall ice margin behavior. In any case, we doubt that our recon-
structed spatial pattern of ice-margin change can be solely
Fig. 8. Photograph of maximum high-stand shoreline along the southern margin of
Tininnilik, with an arrow indicating the locationwhere sample 10TIN-5Awas collected.
Note stranded iceberg in the center of the photo, and silt cover on the landscape in the
foreground, both indicative of recent (1 month prior to photo) draining event.
explained by variable trends in climate given the proximity in
which significant differences in ice-margin change occurred (Sole
et al., 2008). Rather, the contrasting behavior probably lies in the
variety of ice-dynamical processes that are unique to marine-
terminating glaciers. In addition to being affected by changes in
surface mass balance, marine-terminating glacier termini are
influenced by changes at their calving fronts (Pfeffer, 2007; Nick
et al., 2009). Oceanographic conditions can act as a major influ-
ence on the behavior of marine-terminating glaciers through sub-
marine melting and destabilization of the calving front (e.g.,
Holland et al., 2008; Rignot et al., 2010). Combined, these factors
can lead to larger magnitude responses at marine- versus land-
terminating glaciers. Our survey of ice-margin change in western
Greenland supports this concept: marine-terminating glaciers
retreated significantlymore throughout the 20th century than their
land-terminating counterparts.

An additional important difference between marine- and land-
terminating sectors of the GIS is surface velocity. The surface
velocity of marine-terminating glaciers is typically one to two
orders of magnitude greater than land-terminating glaciers
(Joughin et al., 2010). Surface velocity is linked to glacier response
time, such that faster-flowing ice can respond more quickly to
a climate perturbation and vice versa (Bamber et al., 2007). We
suggest that short response time may help explain the seemingly
close connection with climate displayed by marine-terminating
glaciers (Lloyd et al., 2011; Young et al., 2011b), and longer
response time would explain the lack of correlation with climate
displayed bymany land-terminating glaciers inwestern Greenland.
Weidick (1994) suggested that the response time of some GIS land-
terminating glaciers is on the order of centuries. Thus, it is possible
that due to a long response time, the GIS margin in the QK and
Tininnilik valleys advanced during the 20th century as a response
to prior cooling, such as during the LIA, and has yet to demonstrate
frontal retreat in response to the cumulative negative surface mass
balance that has occurred since the LIA. Furthermore, a lagged
response of land-terminating ice margin sectors to prior cooling is
supported by surface mass balance data. Using an ice sheet mass
balance model forced by 19th and 20th century instrumental data,
Wake et al. (2009) predict that there should have been tens to
hundreds of meters of thinning from 1866 to 2005 AD in western
Greenland. This is in contrast to our observations of negligible
retreat in many areas, implying that vast stretches of the south-
western GIS are not in equilibrium with 20th century climate



Fig. 9. (A) Ice-margin retreat measured in western Greenland plotted as distance from the northern end of the survey; large outlet glaciers are labeled; gray bars denote retreat of
land-terminating ice margin, black bars denote retreat of marine-terminating ice margins. (B) MODIS image of western Greenland showing average ice-margin retreat from the late
Holocene maximum to the 2000s AD. Symbols indicate average retreat over a 25-km-long segment of ice margin, each comprised of 5 individual measurements spaced every 5 km.
This figure is available in color online at http://www.journals.elsevier.com/quaternary-science-reviews/.
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change. Thus, we suggest that ice-sheet response time, in addition
to dynamic factors that exacerbate the response of marine glaciers
to climate change, can explain the contrasting histories of land- and
marine-terminating glaciers in western Greenland.

5. Conclusion

Our results demonstrate that two land-terminating sectors of
the southwestern GIS attained their late Holocene maximum
positions during the late 20th century, and so far have not been
significantly impacted by post-LIA warming. Furthermore, the
response of the GIS to recent climate change has not been
uniform. Rather, there is significant variability in the timing and
magnitude of ice-margin change across western Greenland
during the last few centuries. Out-of-phase timing of ice-margin
change between adjacent land- and marine-terminating glaciers
over the 20th century indicates that land-terminating ice
margins in western Greenland do not respond quickly (i.e.,
within decades) to climate change (cf. Bjork et al., 2012). Rather,
heterogenous ice-margin response is likely due to the complex
interplay among several variables, including dynamical processes
associated with calving termini and ice-sheet response time.
Variability in response time implies that much of the GIS margin,
particularly low-velocity land-terminating glaciers, is not in
equilibrium with climate at present. This leaves open the
possibility for accelerated retreat of land-terminating ice margins
in the near future as these regions respond to 20th and 21st
century warming.
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