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a b s t r a c t

In southernmost Greenland near Narsarsuaq, the terminal Narsarsuaq moraine was deposited well
outside of a historical Little Ice Age (LIA) moraine adjacent to the modern ice margin. Using 10Be surface
exposure dating, we determine Narsarsuaq moraine abandonment at 1.51 � 0.11 ka. A second set of 10Be
ages from a more ice-proximal position shows that ice has been within or at its historical (i.e., LIA) extent
since 1.34 � 0.15 ka. Notably, Narsarsuaq moraine abandonment was coincident with climate amelio-
ration in southern Greenland. Southern Greenland warming at w1.5 ka was also concurrent with the end
of the Roman Warm Period as climate along the northern North Atlantic sector of Europe cooled into the
Dark Ages. The warming of southern Greenland and retreat of ice from the Narsarsuaq moraine is
consistent with studies suggesting possible anti-phase centennial-scale climate variability between
northwestern Europe and southern Greenland. Other southernmost Greenland ice-margin records do not
preclude a pre-LIA ice-margin maximum, potentially concurrent with a Narsarsuaq advance prior to
w1.51 ka, but also lack sufficient ice-margin control to confirm such a correlation. We conclude that
there is a clear need to further determine whether a late-Holocene pre-LIA maximum was a local phe-
nomenon or a regional southern Greenland ice maximum, and if this advance and retreat reflects a
regional fluctuation in climate.

Published by Elsevier Ltd.
1. Introduction

Over the Holocene, boreal climate generally cooled in response
to declining high northern latitude summer insolation, culminating
in the Little Ice Age (LIA) of the last several centuries (Kaufman
et al., 2009; Marcott et al., 2013). In Greenland, valley glaciers and
the Greenland ice sheet advanced across the Neoglacial interval
(the last 4 ka), with their maximum extents generally occurring
during the LIA (Weidick, 1963; Kelly, 1980; Weidick et al., 2004,
2012; Kelly et al., 2008; Kelly and Lowell, 2009; Alley et al., 2010;
Briner et al., 2011; Funder et al., 2011; Levy et al., 2012, 2013;
Lowell et al., 2013). The timing and extent of these late-Holocene
glacier maxima are often used as baselines for assessing the
cause of present and future ice volume changes on the island
@gmail.com (K. Winsor).
(Oerlemans, 2005; Jansen et al., 2007). It is therefore societally
relevant to determine the timings of Greenland ice margin
maximum late-Holocene extents and to constrain the geographic
variability of these maxima (Seidenkrantz et al., 2008).

Ice margin records from across Greenland suggest that general
global cooling resulted in glacial maxima at different times during
the late Holocene. Jakobshavn Isbræ, which is the largest single
source of modern ice loss in Greenland, advanced throughout the
LIA, surpassing older late Holocene extents (Weidick and Bennike,
2007; Briner et al., 2011). However, just to the south of Jakob-
shavn, 14C dating of land-terminating ice margins indicates a late-
Holocene maximum post-dating the LIA in the last century
(Kelley et al., 2012). Ice-marginal records from east Greenland also
show a nuanced response to late-Holocene climate change, with
one valley glacier reaching its maximum extent early in the LIA
(Kelly et al., 2008), while two ice caps neared their late-Holocene
maximum prior to the LIA (Levy et al., 2013; Lowell et al., 2013).
In southwest and southeast Greenland, ice-marginal records are
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Fig. 1. Location of Holocene records from southern to central Greenland. Fig. 2 location is indicated by the dashed-line box. Also shown are early and late Holocene 10Be dates, ice-
marginal lake records, reworked 14C dates in historical moraines, surface-air temperature (SAT) records, lake biogenic silica records, marine ice-rafted debris, and benthic faunal
records. In counter-clockwise order around the island are represented sites from 1Briner et al. (2011), 2Briner et al. (2014), 3Briner et al. (2013), 4Corbett et al. (2013), 5Lane et al.
(2013), 6Roberts et al. (2013), 7Perner et al. (2011), 8Corbett et al. (2011), 9Axford et al. (2013), 10Weidick et al. (1990), 11Briner et al. (2010), 12Kelley et al. (2012), 13Young et al. (2011),
14Levy et al. (2012), 15D’Andrea et al. (2011), 16Kelly (1980), 17Seidenkrantz et al. (2007), 18Weidick et al. (2004), 19Kaplan et al. (2002), 20Nørgaard-Pedersen and Mikkelsen (2009),
21Larsen et al. (2011), 22this study, 23Andresen et al. (2004), 24Dahl-Jensen et al. (1998), 25Hughes et al. (2012), 26Levy et al. (2013), 27Kelly et al. (2008), and 28Lowell et al. (2013).
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more limited and do not provide a close constraint on late-
Holocene Greenland ice sheet and valley glacier behavior (e.g.,
Roberts et al., 2008; Hughes et al., 2012;Weidick et al., 2012; Larsen
et al., 2013).

In southernmost Greenland, the prominent Narsarsuaq
moraine was deposited outside of the LIA/historical extent of the
outlet glacier Kiagtût sermiat, and is indirectly inferred to be late
Holocene in age, although an early or middle Holocene age is also
plausible given available chronologic constraints (Weidick, 1963;
Kelly, 1980; Dawson, 1983; Bennike and Sparrenbom, 2007).
Existing records from other southern Greenland ice margins are
somewhat contradictory, and are interpreted to show either ice-
margin late-Holocene maxima during the LIA (Kaplan et al.,
2002) or an earlier maximum (Larsen et al., 2011). Here, we
use 10Be surface exposure ages to directly date ice retreat
from the Narsarsuaq moraine and to determine if this moraine
represents a pre-LIA late-Holocene maximum ice-margin
advance.
2. Kiagtût sermiat setting & methodology

Northeast of Narsarsuaq [61.15�N, 45.43�W] (Fig. 1), the Kiagtût
sermiat outlet glacier flows to the southwest. The outlet glacier is
sourced from the southern dome of the Greenland ice sheet as part
of a larger outlet glacier that splits into Kiagtût sermiat and Qôrqup
sermia glaciers (Fig. 2) (Weidick et al., 2004; Larsen et al., 2011). The
modern glacier is land-terminating, with the head of Tunugliarfik
fjord located w8 km down valley to the southwest of the present
ice margin. Kiagtût sermiat glacier is sometimes referred to as
Kiattut sermiat of Kiatuut sermia (e.g., Weidick et al., 2004; Nelson
et al., 2014).

The Narsarsuaq moraine of Kiagtût sermiat is clast-supported
and consists of a prominent ridge extending from the valley
mouth up onto the plateau (Fig. 2) (Weidick, 1963; Larsen et al.,
2011). Several recessional moraines are up-valley of the terminal
moraine, but these as well as the terminal moraine have been
heavily reworked by human activity, particularly during and



Fig. 2. The Narsarsuaq region, its three main outlet glaciersdEqalorutsit kangigdlît sermiat, Kiagtût sermiat, and Qôrqup sermia, early Holocene moraines (orange lines), Nar-
sarsuaq moraine (yellow lines), and historical moraine (blue lines) (Modified from Larsen et al., 2011). 10Be sample sites of this study indicated by the red circles, and 14C sample sites
of previous studies by the green circles. Note the locations of Nordbo Glacier, Nordbosø, and Lower Nordbosø (the Larsen et al., 2011 study area, with the blue dot indicating the
coring sites). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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shortly after World War II. Weidick (1963) first suggested a late-
Holocene age for the Narsarsuaq moraine based on its elevation
relative to the marine limit, although marine limit deposits also
experienced significant human impact from World War II ac-
tivity. Organic materials recovered from Cedar Lake within the
moraine date (calibrated) to w1.2 ka (Bennike and Sparrenbom,
2007), but these are minimum-limiting radiocarbon dates and
therefore do not preclude an age for the moraine ranging from
the last deglaciation to the late Holocene. Similarly, lichen-
ometry has been interpreted to suggest a moraine age of
w2.4 ka, but this age is an extrapolation of the lichen growth
curve well beyond its calibration period of the last several
centuries, and only constrains the moraine as older than the
latest-Holocene lichen-calibration period (Dawson, 1983; Loso
and Doak, 2006).

For this study, we sampled 17 boulders for 10Be surface
exposure dating from within the innermost recessional
segments of the Narsarsuaq moraine (Fig. 2). Eleven samples
were from just within the last recessional moraine segment and
thus date the onset of Kiagtût sermiat retreat from the Narsar-
suaq moraine. Another six samples are just ice-distal of the
historical ice limitdwhich also is the LIA ice limitdand there-
fore constrain the last time Kiagtût sermiat was more advanced
than its 20th century extent (Weidick, 1963). We chose large
(>1 m tall) granitoid or gneissic boulders with relatively even
and horizontal tops. Samples showed no sign of post-
depositional rolling or of being reworked, and their topo-
graphic shielding was recorded. We avoided boulders on the
moraine itself because of human impact on the end-moraine
segments and clear evidence for downhill deflation of the
lateral moraines. We note that our samples are likely not
noticeably impacted by inheritance, as evidenced by low con-
centrations of 10Be found in sediments released from the GIS in
this region (Nelson et al., 2014).



Fig. 3. 10Be exposure ages and standard error from this study for historic-marginal
ages (top) and Narsarsuaq moraine ages (bottom). One older statistical outlier for
each group is observable.
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Laboratory preparation of 10Be targets was performed in the
University of Wisconsin-Madison Cosmogenic Nuclide Laboratory.
Processing included the isolation of pure quartz and removal of
meteoric 10Be using successive HF/HNO3 acid leaches, chemical
separation and purification of Be(OH)2 via anion and cation chro-
matography and selective hydroxide precipitation, ignition to BeO,
and mixture with Nb powder prior to loading into cathodes
(Nishiizumi et al., 1984; Kohl and Nishiizumi, 1992). Samples were
analyzed by Accelerator Mass Spectrometry (AMS) for 10Be/9Be
(online data repository) at Lawrence Livermore National Laboratory
(LLNL) and the Scottish Universities Environmental Research Centre
(SUERC) (Rood et al., 2010, 2013; Xu et al., 2010). At LLNL, samples
were normalized to standard 07KNSTD3110 with a reported ratio of
2.85 � 10�12 (Nishiizumi et al., 2007). At SUERC, samples were
normalized to the NIST standard with an assumed ratio of
2.79 � 10�11. All samples were blank corrected (online data
repository).

We calculated surface exposure ages with the CRONUS online
calculator (version 2.2, with constants version 2.2) using the Arctic
reference sea-level high-latitude production rate due to spallation
of 3.96 � 0.15 10Be atoms g�1 yr�1 (Young et al., 2013), the muo-
nogenic production rate from Heisinger et al. (2002a,b), and the
time-dependent Lal/Stone scaling scheme (Table 1 and online data
repository) (Lal, 1991; Stone, 2000; Balco et al., 2008). Use of other
scaling schemes provided by the CRONUS calculator yield
maximum age differences of 4e7% (online data repository). No
corrections were made for snow cover or erosion, considering the
height of the boulders and their young age, respectively.
3. Results

The five samples from just ice-distal of the historical extent of
Kiagtût sermiat yield exposure ages between 0.91 � 0.06 ka and
1.82 � 0.09 ka, after excluding one outlier based on Chauvenet’s
criterion (NA08-03; 3.49 � 0.34 ka) (Table 1, Figs. 2, 3). Because the
five ages are normally distributed, as determined by a Shapiroe
Table 1
10Be sample data and exposure ages.

Samplea Latitude (�N) Longitude (�E) Elevation (m asl) Thickness (cm)

Just within the Narsarsuaq moraine
NA08-05 61.2061 �45.3153 285 2.0
NA08-06 61.2061 �45.3153 285 4.0
NA08-24 61.2061 �45.3119 305 1.5
NA10-03 61.2063 �45.3150 289 2.5
NA08-07 61.1856 �45.3618 68 1.5
NA08-08 61.1856 �45.3618 68 1.5
NA08-09b 61.1856 �45.3618 67 2.5
NA08-10b 61.1851 �45.3632 76 2.0
NA08-12 61.1847 �45.3635 59 2.5
NA08-13b 61.1886 �45.3590 153 1.5
NA08-14b 61.1889 �45.3602 159 2.0
Ice-distal of the historical extent of Kiagtût sermiat
NA08-01 61.2153 �45.3045 180 2.0
NA08-02 61.2153 �45.3050 180 1.5
NA08-03b 61.2158 �45.3042 179 3.0
NA08-04 61.2149 �45.3043 171 2.5
NA10-01 61.2159 �45.3041 185 2.0
NA10-02 61.2159 �45.3034 181 2.0

a Italics indicates sample with inheritance that were excluded as outliers.
b Data measured at SUERC.
c 10Be concentrations are blank corrected (LLNL: average blank 10Be/9Be of 8.8 � 1.5

normalized to standards 07KNSTD3110 with a reported ratio of 2.85 � 10�12 (Nishiizumi
d Uncertainties are 1s AMS uncertainties propagated in quadrature with associated bl
e Calculations use standard atmosphere, density of 2.65 g cm�3, zero erosion, and no

constants version 2.2) using the Arctic reference sea-level high-latitude spallogenic prod
production after Heisinger et al. (2002a,b), and the time-dependent Lal/Stone scaling sc
Wilk normality test, we calculate an arithmetic mean of
1.34 � 0.15 ka (all ages are presented with one standard error un-
certainty). After excluding one outlier based on Chauvenet’s crite-
rion (NA08-05; 4.85 � 0.39 ka), the remaining ten samples from
just within the Narsarsuaq moraine are normally distributed ac-
cording to a ShapiroeWilk test and have exposure ages between
1.04� 0.26 and 2.12� 0.18 ka (Table 1, Figs. 2, 3), with an arithmetic
mean of 1.51 � 0.11 ka for ice retreat from the Narsarsuaq moraine.
Our mean ages for the two sample locations overlap within the
standard errors of the sample sets, but due to their different
geographic settings are separate glacial deposits from Kiagtût
sermiat retreat.

4. Discussion

Our new 10Be exposure ages suggest that the Narsarsuaq
moraine is from a pre-LIA, late-Holocene advance of Kiagtût
Shielding
factor

10Be (atoms g�1)c Uncertainty
(atoms g�1)d

Age (ka)e Internal
uncertainty (ka)d

1.000 27,861 2252 4.85 0.39
1.000 6683 890 1.18 0.16
0.999 9966 907 1.70 0.15
0.999 11,338 1073 1.98 0.19
0.973 7199 451 1.60 0.10
0.973 9550 801 2.12 0.18
0.960 6232 805 1.41 0.18
0.980 6389 962 1.40 0.21
0.965 6002 1072 1.37 0.24
1.000 6845 760 1.35 0.15
1.000 5262 1323 1.04 0.26

0.992 9354 453 1.82 0.09
0.995 7706 742 1.49 0.14
0.990 17,712 1701 3.49 0.34
0.989 5784 1173 1.14 0.23
0.994 4707 289 0.91 0.06
0.991 6757 343 1.32 0.07

� 10�16, n ¼ 6; SUERC: average blank 10Be/9Be of 6.1 � 0.7 � 10�16, n ¼ 3) and
et al., 2007) at LLNL or NIST_27900 with an assumed ratio of 2.79 � 10�11 at SUERC.
ank uncertainties.
inheritance in the CRONUS online calculator (Balco et al., 2008) (version 2.2, with
uction rate 3.96 � 0.15 (�1s) 10Be atoms g�1 yr�1 (Young et al., 2013), muonogenic
heme.



Fig. 4. Late-Holocene records from southern to western Greenland (Fig. 1). To facilitate
comparison between figures, each relevant reference below is given with the corre-
sponding number shown in Fig. 1. (A) 14C dates from intervals of organic deposition in
threshold lakes (black bars) (20Kaplan et al., 2002; 1,3,11Briner et al., 2010, 2011; 2013;
21Larsen et al., 2011; 12Kelley et al., 2012), and from reworked material in historical
moraines that clearly document as ice being less far-reaching than its late-Holocene
extent (red bars) (16Kelly, 1980; 10,18Weidick et al., 1990, 2004; 2Briner et al., 2014),
and Narsarsuaq 10Be dates (blue squares; this study), (B) ice rafted debris from Ga3-2
(20Nørgaard-Pedersen & Mikkelsen, 2009), (C) percent agglutinated/Arctic benthic
foraminifera from 248260-2 (17Seidenkrantz et al., 2007), (D) percent Atlantic fora-
minifera from 344310 (7Perner et al., 2011), (E) change in surface air temperature (SAT)
at Dye 3 (purple, 24Dahl-Jensen et al., 1998), Jakobshavn (black, 9Axford et al., 2013),
and Kangerlussuaq (blue, 15D’Andrea et al., 2011), (F) percent biogenic silica in Lake
N14 sediment (23Andresen et al., 2004), and (G) compilation of relative changes in
Arctic temperatures (Kaufman et al., 2009). Vertical gray bar shows timing of
maximum Kiagtût sermiat extent at the Narsarsuaq moraine. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)
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sermiat. It is unlikely that the moraine is a recessional deposit from
an early to middle Holocene ice advance, as abundant evidence
points to a smaller-than-present early- to mid-Holocene ice margin
extent (e.g., Weidick et al., 2004; Sparrenbom et al., 2006a,b; Long
et al., 2011), with Neoglacial advance occurring after w3 ka (e.g.,
Weidick et al., 2004; Larsen et al., 2011). Additionally, the only
moraine that lies in front of these 10Be sample locations is the
Narsarsuaq moraine, thus suggesting that they provide a close age
constraint on ice retreat after moraine deposition. Our data is in
agreement with previous inferences from the marine limit,
minimum-limiting 14C dates, and new 10Be data (Weidick, 1963;
Kelly, 1980; Bennike and Sparrenbom, 2007; Nelson et al., 2014).
We now precisely date moraine abandonment at 1.51 � 0.11 ka,
several hundred years earlier than the oldest minimum-limiting
AMS 14C date from within the moraine (Bennike and Sparrenbom,
2007). Our ice-proximal 10Be ages show that up-valley retreat to
near the present ice margin occurred by 1.34 � 0.15 ka, and that ice
did not subsequently exceed its historical extent. These 10Be ages
suggest that Kiagtût sermiat retreated from the Narsarsuaq
moraine to its historical/LIA extent at a rate of greater than
15 m yr�1 (maximum age difference between the two sampling
sites).

4.1. Comparison to other Greenland ice margins

Our results raise the question as to whether the Narsarsuaq
moraine maximum prior to the LIA was a local phenomenon or
part of a more regional-scale ice-margin fluctuation. We therefore
compare our Narsarsuaq 10Be ages against other Greenland ice-
margin constraints on when glaciers and the ice-sheet margin
reached their late-Holocene maximum extent (Fig. 4).

No direct ages or indirect 14C dates confirm correlative mapping
of the Narsarsuaq moraine outside the terminal region of Kiagtût
sermiat (Fig. 2) (Weidick, 1963; Weidick et al., 2004; Larsen et al.,
2011). However, Larsen et al. (2011) used a sediment sequence
from a nearby threshold lake of Nordbo Glacier (Figs. 1, 2), Lower
Nordbosø, to constrain Nordbo Glacier behavior during the Holo-
cene. Larsen et al. (2011) documented minerogenic sedimentation
atw3 to 2.8 ka and in the lastw0.5 ka, probably resulting from ice-
margin advance into the catchment. We show in Fig. 4A the 14C
dates from Lower Nordbosø that are unambiguously from intervals
of organic deposition in the lake and firmly constrain a retracted ice
margin. Like Larsen et al. (2011), we suggest that the Nordbo Glacier
margin was at least near its late Holocene maximum byw3 ka. We
note, however, that Nordbosø Lake lies above Lower Nordbosø and
could buffer the Lower Nordbosø sediment sequence from
recording more subtle changes in the sediment discharge from
Nordbo Glacier (Fig. 2).

Another sediment record fromQipisarqo Lakemay constrain the
behavior of the Qassimiut lobe in southern Greenland (Fig. 1).
Kaplan et al. (2002) interpreted the sediment record as indicating
maximum extent of the Qassimiut lobe during the LIA. However,
multiple radiocarbon date reversals occur in the upper 50 cm (late
Holocene) portion of the core, particularly in the sequence attrib-
uted to the LIA period (Kaplan et al., 2002). Because these are 14C
dates on humic acid extractions, not macrofossils, the cause of the
reversals is not unequivocally reworking of plant remains. We thus
only show the 14C dates from portions of the lake record that are
clearly intervals of organic sedimentation >2 ka (Fig. 4A), which
document the Qassimiut lobe as being smaller than present prior to
the Neoglacial advance. It is therefore unclear from the Qipisarqo
Lake record as to when the Qassimiut lobe reached its maximum
late-Holocene extent, which could have occurred prior to the LIA. In
agreement with our interpretation of the Qipisarqo Lake record, 14C
dates on samples reworked in historical moraines of southern
Greenland outlet glaciers and the Qassimiut lobe have yet to be
found younger thanw3 ka (Figs. 1, 4A) (Weidick et al., 2004, 2012).
These maximum-limiting, indirect 14C dates on ice-margin advance
in southern Greenland are consistent with our direct 10Be ages on
Kiagtût sermiat retreat.

A single marine ice-rafted debris (IRD) record from a southern
Greenland fjord near Kiagtût sermiat (Figs. 1, 2) shows a peak in
iceberg sedimentation 2.3e1.8 ka, with a decrease at w1.5 ka
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(Fig. 4B) (Nørgaard-Pedersen and Mikkelsen, 2009). Increased IRD
deposition is, however, ambiguous with respect to ice-margin po-
sition. This late Holocene peak and subsequent diminution at
w1.5 ka could reflect either an ice-margin maximum (more ice-
bergs and IRD from closer ice proximity) and later retreat atw1.5 ka
(fewer icebergs/IRD), or ice retreat 2.3e1.8 ka (more icebergs/IRD
from increased calving) and subsequent advance at w1.5 ka
(reduced calving/IRD) (Nørgaard-Pedersen and Mikkelsen, 2009).

In southwest Greenland, there are fewer chronologic constraints
on when ice margins reached their late-Holocene maxima (Figs. 1,
4A) (Weidick et al., 1990, 2012; Larsen et al., 2013). Radiocarbon
dates on marine shells underlying late-Holocene glacial outwash
from inland of Nuuk document local outlet glacier advance after
w4.7 ka (Fig. 1) (Weidick et al., 1990, 2012). Larsen et al. (2013)
produced 10Be boulder and bedrock surface exposure ages
outside of the historical extent of the southwest Greenland ice-
sheet margin (Fig. 1). These 10Be samples date to the early Holo-
cene and thus preclude a late-Holocene advance of the ice margin
to their position, consistent with continuous organic sedimentation
in a lake w4 km from the ice margin since w8.7 ka (Larsen et al.,
2013). Nevertheless, they are >500 m above the present historical
ice limit, or w1 km in front of the historical ice limit, and therefore
do not provide a constraint on margin behavior within this dis-
tance. Indeed, Weidick et al. (2012) noted that the late-Holocene
history of this portion of Greenland was not well constrained
before w0.3 ka.

Southwest and west Greenland ice margins near Kangerlussuaq
and in the Disko Bugt, Uummannaq Fjord, and Upernavik regions
arewell-constrained by 10Be ages, reworked 14C dates in historically
deposited moraines, and ice-marginal lake records. Most of these
records show that ice margins reached their maximum extent
during the LIA (Figs. 1, 4A) (Briner et al., 2010, 2011, 2013, 2014;
Corbett et al., 2011, 2013; Young et al., 2011, 2013; Kelley et al.,
2012).

The timings of southeast Greenland late-Holocene ice maxima
are poorly constrained. 10Be ages from Sermilik Fjord only constrain
the Helheim Glacier Holocene history to within w40 km of its
present calving margin (Hughes et al., 2012). Roberts et al. (2008)
produced bedrock 10Be and 26Al ages that constrain the
Greenland ice-sheet margin just south of Sermilik Fjord to have not
advanced beyond its LIA extent since w11e12.5 ka (we recalculate
this published data on samples Tl1 and Tl5 using the new Arctic
10Be production rate and updated CRONUS versions; Young et al.,
2013). However, these concordant 10Bee26Al bedrock ages do not
necessarily rule out brief periods of ice cover given the un-
certainties in both measurements.

Ice-sheet margins have not been directly dated in east
Greenland, but four 10Be dates on a moraine in the Scoresby Sund
region have two different populations (ages calculated with the
Arctic 10Be production rate; Young et al., 2013). One population
suggests moraine deposition during the LIA, the other several
hundred years prior to the LIA (Kelly et al., 2008). Threshold lake
records for two other ice caps in the Scoresby Sund region show
that these ice margins neared their maximum late-Holocene ex-
tents prior to the LIA, but do not constrain precisely when this
maximum occurred (Levy et al., 2013; Lowell et al., 2013).

We have summarized an emerging picture of Greenland ice-
sheet and glacier margin advance in the late Holocene. In west
and east Greenland, it is clear that most ice margins were at their
maximum extents during the LIA, although in east Greenland the
advance to this maximum could have occurred prior to the LIA. In
southwest and southeast Greenland, records are more tentative,
and in only one location in southeast Greenland is the ice-margin
maximum confirmed as likely occurring during the LIA (Roberts
et al., 2008). In contrast, in south Greenland, the only record that
suggests an LIA maximum, the Qipisarqo Lake sediment sequence
(Kaplan et al., 2002), has issues with age reversals during the most
critical part of the record.

Other south Greenland ice-margin constraints from reworked
14C dates and IRD, as well as a more conservative interpretation of
the Qipisarqo Lake record, are not inconsistent with our Narsarsuaq
10Be ages for a pre-LIA maximum that terminated at w1.5 ka. The
Larsen et al. (2011) Lower Nordbosø sediment record does suggest
an earlier timing for the end of the first late-Holocene maximum
extent of Nordbo Glacier, but the onset of this maximum still could
have been coincident with the advance of Kiagtût sermiat. The role
of upstream Nordbosø in buffering the Lower Nordbosø sediment
record has also yet to be resolved. We suggest that direct dating of
Nordbo Glacier margin deposits and coring of Nordbosø would help
to determine if Nordbo Glacier behaved differently than the adja-
cent Kiagtût sermiat. This comparison of records across the
southern half of Greenland implies that southern Greenland ice
margins may have behaved differently from their northern coun-
terparts. Therefore, an inspection of regional climate (and the
forcings behind this climate) is warranted to help understand po-
tential spatial variability in late-Holocene Greenland ice margins.
4.2. Late Holocene Greenland climate change

We now assess the records of climate change across the
southern half of Greenland to determine if a climatic forcing un-
derlies Kiagtût sermiat advance to and later abandonment of the
Narsarsuaq moraine, and if spatially variable climate change could
explain ice-margin variability. We note that observations and
glacier modeling suggests that marine-terminating ice margins can
respond to climate change within a decade while land-terminating
ice margins can respond to climate change within a century
(Andresen et al., 2012; Kelley et al., 2012; Nick et al., 2013). As such,
we limit our discussion of paleoclimate records to the century or
longer time scale to reduce the potential for associating climate
variations to local non-climatic ice-margin variations. There is no
evidence for centennial scale variations in snow accumulation over
Greenland during the late Holocene (Cuffey and Clow, 1997),
implying that temperature was the primary forcing of late-
Holocene Greenland glacier variations. A climatically driven pre-
LIA maximum in southern Greenland is conceivable, as the Mann
et al. (2009) hemispheric climate reconstruction for the last
1.5 ka shows southern Greenland to be anomalously warm during
both the LIA and the preceding Medieval Climate Anomaly, relative
to the mid-last century and the general Arctic temperature pattern
(Fig. 4G) (Kaufman et al., 2009; PAGES 2k Network, 2013).

One pollen-based record exists from Qipisarqo Lake in southern
Greenland (Fréchette & de Vernal, 2009), but its interpreted surface
air temperature (SAT) record has uncertainties large enough to
preclude any assessment of relative temperature change within the
late Holocene. The aforementioned humic 14C age reversals from
the same core question its late-Holocene stratigraphic integrity.
The SAT estimate of the Qipisarqo Lake pollen record may also have
biases introduced from far traveled pollen sourced from Canada
(Jessen et al., 2011).

Two biogenic silica records, which are proxies of lake biological
productivity potentially related to temperature and/or precipita-
tion, exist in south Greenland but are in disagreement. The record
from Lake N14 (Fig. 1) suggests cooler/drier conditions during the
Narsarsuaq ice maximum and warmer/wetter conditions around
the time of ice retreat (Fig. 4F) (Andresen et al., 2004). The Lake N14
record ends at w0.5 ka, precluding an assessment of whether the
LIAwas actually a cool/dry period in southern Greenland. The other
record is from Qipisarqo Lake (Fig. 1) (Kaplan et al., 2002) and has
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the aforementioned issues with humic acid 14C date reversals that
question the stratigraphic integrity of the record.

Southern Greenland’s fjord benthic faunal records do show
consistent late-Holocene subsurfacewater source variability (Arctic
vs. Atlantic, i.e., temperature). The best-resolved and dated record,
however, comes from southern southwest Greenland. Core
248260-2 in Amerilik Fjord near Nuuk documents the first late-
Holocene arrival of cold Arctic waters at w2.8 ka and the return
of warm Atlantic waters at w1.5 ka (Fig. 4C) (Møller et al., 2006;
Seidenkrantz et al., 2007), which also occurred in southernmost
Greenland fjords near Narsarsuaq (Jensen et al., 2004; Lassen et al.,
2004). The return of warm Atlantic waters atw1.5 ka is concurrent
with Kiagtût sermiat retreat from the Narsarsuaq moraine (Fig. 4A).

Two lake alkenone-SAT records from near Kangerlussuaq in
southwest Greenland also show a decrease to generally colder
temperatures between w2.8 and 1.8 ka, with rapid warming
centered at w1.6 ka followed by cooling to a non-trending but
variable SAT (Fig. 4E) (D’Andrea et al., 2011). No SAT proxy records
exist at present from southeast or east Greenland ice margins.
Although the Dye 3 mean-annual borehole SAT records the coldest
late-Holocene interval as occurring during the LIA (Fig. 4E) (Dahl-
Jensen et al., 1998), such high-elevation observations should not
necessarily be extrapolated to Greenland ice-sheet margins due to
the thermal inversion over the Greenland ice sheet (e.g., Cuffey and
Clow, 1997; Severinghaus et al., 1998).

In west Greenland’s Disko Bugt, lake and marine records show
that the LIA interval was the coldest period of the late Holocene on
land and in the adjacent fjords (Fig. 4D, E) (Seidenkrantz et al.,
2008; Briner et al., 2011; Perner et al., 2011; Axford et al., 2013).
Most of the existing ice-marginal constraints document that the
west Greenland ice margin maximum extent occurred during this
late-Holocene temperature minimum (Briner et al., 2011, 2013;
Kelley et al., 2012).

The paleoclimate records from southern Greenland could
therefore suggest an underlying climate forcing of the Kiagtût
sermiat advance to and retreat from the Narsarsuaq moraine. Cold/
dry atmospheric conditions existed in southernmost Greenland
and Arctic-sourced waters occupied its fjords when Kiagtût sermiat
was presumably advancing to the Narsarsuaq maximum. Likewise,
abandonment of the Narsarsuaq moraine corresponds with warm/
wet conditions in southernmost Greenland and the arrival of warm
Atlantic-sourced waters in its fjords. Similarly, the LIA maximum in
west Greenland is concurrent with the coldest late-Holocene
temperatures. This spatially variable Greenland climate could be
the underlying cause of the different timing of ice-margin
maximum extent between south and west Greenland.

Andresen et al. (2004) and Seidenkrantz et al. (2007) both noted
that the period of relatively cold conditions in southern Greenland
prior to 1.5e1.6 ka corresponded with the Roman Warm Period in
northwestern Europe, while the return to relatively warm condi-
tions in southern Greenland corresponded with cooling of north-
western Europe into the Dark Ages. Glacier records from northern
Europe are consistent with this regional pattern of climate change
as they show retracted ice during the RomanWarm Period with ice
advance during the Dark Ages (Denton and Karlen, 1973; Nesje,
2009). The contrast between southern Greenland and north-
western European climate fits with the analogy that late-Holocene
centennial-scale climate variability in the North Atlantic region had
a footprint similar to the modern North Atlantic Oscillation
(Keigwin and Pickart, 1999; Andresen et al., 2004; Seidenkrantz
et al., 2007; Mann et al., 2009; Trouet et al., 2009; D’Andrea et al.,
2011; Ribeiro et al., 2011). The North Atlantic Oscillation is
defined as the pressure difference between the Azores high and the
Icelandic low over the last century (Marshall et al., 2001), and the
resulting climate pattern shows an anti-phase behavior between
southern Greenland SAT and northwestern European SAT (Hanna
and Cappelen, 2003).

This North Atlantic Oscillation analogy has usually been made
when comparing the Medieval Climate Anomaly to the LIA (e.g.,
Keigwin and Pickart, 1999; Mann et al., 2009; Trouet et al., 2009),
but it may also have extended to earlier centennial climate events
like the Roman Warm Period and the Dark Ages (e.g., Keigwin,
1996; Keigwin and Pickart, 1999; Andresen et al., 2004;
Seidenkrantz et al., 2007; D’Andrea et al., 2011; Ribeiro et al.,
2011). If this is the case, the Narsarsuaq moraine could indicate
that at least one southern Greenland ice margin responded to late-
Holocene century-scale climate variability. This speculation does,
however, require further dating of other southern Greenland ice
margins, because a regional advance would be predicted if south-
ern Greenlandwas generally cooler during the RomanWarm Period
relative to the LIA.

5. Conclusions

We have used 10Be surface exposure ages to date the retreat of
Kiagtût sermiat from the Narsarsuaq moraine in southernmost
Greenland at 1.51 � 0.11 ka, and determined that ice reached its
historical/LIA position at 1.34� 0.15 ka. Thus, high-precision dating
confirms a pre-LIA late-Holocene glacier maximum extent in
southernmost Greenland. We show that the Kiagtût sermiat occu-
pied the Narsarsuaq moraine during cool/dry climate conditions in
southern Greenland when cold Arctic waters filled nearby fjords,
with retreat of Kiagtût sermiat from the moraine coincident with
warming of southern Greenland. This transition from colder to
warmer conditions in southern Greenland and the contemporary
retreat of ice from the Narsarsuaq moraine are concurrent with
northwestern European cooling from the RomanWarm Period into
the Dark Ages, which would lend support to the hypothesis that
late Holocene climate variability in southern Greenland did not
necessarily track that of northwestern Europe (Andresen et al.,
2004; Seidenkrantz et al., 2007; Mann et al., 2009; D’Andrea
et al., 2011). At present, records for other southern Greenland ice
margins are not necessarily inconsistent with the Narsarsuaq
advance being regional in extent, but they also do not confirm such
a correlation. We conclude that future research should focus on
directly dating the late-Holocene extent of southern Greenland ice
margins and quantitatively reconstructing the parallel climate
conditions.
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