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Abstract Early Holocene summer warmth drove dramatic Greenland ice sheet (GIS) retreat. Subsequent
insolation-driven cooling caused GIS margin readvance to late Holocene maxima, from which ice margins
are now retreating. We use 10Be surface exposure ages from four locations between 69.4°N and 61.2°N to
date when in the early Holocene south to west GIS margins retreated to within these late Holocenemaximum
extents. We find that this occurred at 11.1 ± 0.2 ka to 10.6 ± 0.5 ka in south Greenland, significantly earlier
than previous estimates, and 6.8 ± 0.1 ka to 7.9 ± 0.1 ka in southwest to west Greenland, consistent with
existing 10Be ages. At least in south Greenland, these 10Be ages likely provide a minimum constraint for when
on a multicentury timescale summer temperatures after the last deglaciation warmed above late Holocene
temperatures in the early Holocene. Current south Greenland ice margin retreat suggests that south
Greenland may have now warmed to or above earliest Holocene summer temperatures.

1. Introduction

The most recent Northern Hemisphere millennia-long warm climate interval occurred during the early
Holocene. Elevated boreal summer insolation relative to present and attendant summer warming [Kaufman
et al., 2004; Marcott et al., 2013] caused a negative Greenland ice sheet (GIS) mass balance, which drove the
GIS to a smaller than present extent [Kelly, 1980; Bennike and Björck, 2002; Tarasov and Peltier, 2002; Simpson
et al., 2009; Funder et al., 2011]. Boreal summers subsequently warmed into the Holocene thermal maximum
(HTM), which varied in timing across the Northern Hemisphere [e.g., Kaufman et al., 2004; Carlson et al., 2008].
The decline in boreal summer insolation through the Holocene led to eventual summer cooling and
advances of GIS margins, with the coldest summer temperatures and maximum ice extent occurring in the
late Holocene. Over the last century, south and west Greenland summers have warmed ~1°C [Hanna et al.,
2009] and GIS margins are retreating back from their late Holocene maximum extents [van den Broeke et al.,
2009; Kelley et al., 2012].

Observations and modeling suggest that marine-terminating GIS margins can respond to climate change
within decades [Andresen et al., 2012; Kelley et al., 2012; Nick et al., 2013], while land-terminating margins can
respond within a century to centuries [Tarasov and Peltier, 2002; Simpson et al., 2009; Kelley et al., 2012]. As
there are no notable major changes in Greenland ice accumulation over the Holocene [Cuffey and Clow, 1997]
and assuming ice margin position tracked regional summer temperatures on a centuries to longer timescale,
dating when GIS margins retreated within their late Holocene limits in the early Holocene could place a
minimum constraint on when after the last deglaciation summer temperatures rose consistently above
the eventual late Holocene temperature minimum on a multicentennial to millennial timescale [Kelly, 1980;
Funder et al., 2011; Young et al., 2011; Kelley et al., 2012; Miller et al., 2013].

Outside of the well-studied Disko Bugt region in west Greenland (~70°N) [Briner et al., 2010, 2014; Corbett et al.,
2011; Young et al., 2011, 2013a; Kelley et al., 2012], data directly constraining Holocene south to west GIS
margin history are limited [e.g., Levy et al., 2012; Larsen et al., 2014]. Consequently, much of the GIS Holocene
history is based on inferences from minimum- and maximum-limiting 14C dates that do not necessarily
closely constrain when ice margins retreated to a smaller than late Holocene extent [Kelly, 1980;
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Weidick et al., 1990, 2004; van
Tatenhove et al., 1996; Kaplan et al.,
2002; Larsen et al., 2011]. Because of
these loose 14C-based constraints, it is
still unclear if Greenland ice retreated
to a smaller than late Holocene extent
during the HTM and peak warmth or
prior to the HTM. Here we directly date
with 10Be surface exposure ages the
last time that south GIS margins
retreated past their maximum late
Holocene extents (Figure 1). We also
present new 10Be data from southwest
and west Greenland, complimenting
existing 10Be ages from these regions.

2. Methods

Wecollected10Besamples fromboulders
and bedrock near Pakitsoq in west
Greenland, Kangerlussuaq in southwest
Greenland, and near Paamiut and
Narsarsuaq in south Greenland
(Figures 1 and 2, and Figure S1 and
Table S1 in the supporting information).
We chose these regions because they
span ~9° of latitude and thus climate
settings from relatively warm and wet
south Greenland to cooler and drier
southwest and west Greenland [Hanna
et al., 2009].We also selected each region
because it has at least one Holocene
lake summer temperature record to
compare the 10Be chronologies against.

We made a specific point of sampling multiple boulders and bedrock from a small region (indicated in
Figure 2 as a point, see Figure S1 for detailed locations) that has a simple geological interpretation,
minimizing postdepositional geomorphic effects on the samples. In all study areas, 10Be samples are from
near the late Holocene limit and therefore constrain when after the last glacial period the ice margin had
retreated as far inland as its eventual late Holocene maximum extent. Near Pakitsoq, Kangerlussuaq, and
Paamiut, the late Holocene limit dates to the historical period and is within 0.1–0.5 km of the currently
retreating ice margin (Figure 2d) [Kelly, 1980; Kelley et al., 2012]. Near Narsarsuaq, a late Holocene advance
of the outlet glacier Kiagtût sermiat ended ~1.5 ka, which deposited the Narsarsuaq moraine 1.5–5.5 km
in front of the historical limit (Figure 2d) [Kelly, 1980;Winsor et al., 2014]. We sampled boulders just outside of
the Narsarsuaq moraine. Where possible, we sampled from both terrestrial- and marine-terminating ice
margins to assess any effect of dynamic discharge on the early Holocene retreat of marine ice margins
via iceberg calving to the ocean and additional ocean temperature effects on ice margin ablation
[e.g., van den Broeke et al., 2009; Andresen et al., 2012; Nick et al., 2013].

Twenty-seven erratic-boulder and two bedrock samples were collected and analyzed for 10Be surface
exposure dating. All samples were from above the marine limit and thus date ice margin retreat. With the
exception of five boulder samples from a small Ørkendalen moraine just outside of the Russell glacier
historical moraine (Figure 2b) [van Tatenhove et al., 1996], all sampled erratic boulders were resting directly
on bedrock (Table S1). Ages were determined using the northeast North American 10Be production rate
[Balco et al., 2009] that is applicable to Greenland [Young et al., 2013b] and the Lal/Stone time-varying

Figure 1. Greenland sample locations indicated by red symbols (see Figures 2
and S1). Locations of other south to west GIS margin constraints and
temperature records indicated. 1= Long et al. [2006], Håkansson et al. [2014];
2=Weidick et al. [1990], Briner et al. [2010, 2014]; 3=Corbett et al. [2011],
Young et al. [2011, 2013a], Axford et al. [2013]; 4 =Weidick et al. [1990],
Kelley et al. [2012]; 5= Levy et al. [2012]; 6= van Tatenhove et al. [1996],Willemse
and Törnqvist [1999]; 7 =D’Andrea et al. [2011]; 8 = Larsen et al. [2014];
9 =Weidick et al. [2004]; 10 = Kaplan et al. [2002], Wooller et al. [2004],
Fréchette and de Vernal [2009]; 11= Larsen et al. [2011]; 12=Nelson et al. [2014].
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production scaling (Figure S2 and Table S2) [Lal, 1991; Stone, 2000]. Because the analytical uncertainty of each
age varies between samples and this range in analytical precision should be accounted for when estimating
the mean age of the sample population, we calculate the error-weighted mean age for samples collected
from the same geological setting and report this with the standard error of the mean as the best estimate
of when ice retreated from that location. We recalculated existing 10Be ages using this same approach,
production rate, and scaling to directly compare ages. Recalculated 10Be ages are not significantly different
from published 10Be ages. We also recalibrated all discussed 14C dates (Calib7.0) [Stuiver et al., 2014]. When
comparing 10Be ages to calendar ages, there is an additional uncertainty in the 10Be production rate of ~2%
[Young et al., 2013b], which is minor relative to the uncertainty of the mean age; we do not propagate
this uncertainty into the standard error of the mean.

3. 10Be Results

The four boulders from just outside the Narsarsuaq moraine have an error-weighted mean age of 11.3± 0.2 ka,
dating the last time Kiagtût sermiat was near its late Holocene maximum extent (Figure 2d). Near Paamiut
(Figure 2c), five boulder samples adjacent to the historical inland ice margin have an error-weighted mean
age of 10.8± 0.1 ka. For the other five boulder samples from the outlet glacier Nigerdlikasik Bræ, we
identify one young outlying 10Be age (PA10-18, 8.0± 0.5 ka) (Figure 2c). Removing this outlier results in an
error-weighted mean age for the remaining four samples of 10.6± 0.5 ka. Inland from Kangerlussuaq, we

Figure 2. Ice margin 10Be sampling locations (white squares) with sample age and 1σ analytical uncertainty; italic-underlined
indicates an outlier. (a) Pakitsoq: dashed line is the inner Fjord moraine, white circles are 10Be samples of Young et al.
[2011, 2013a], and black circles are the 10Be samples of Corbett et al. [2011] (additional Kelley et al. [2012] samples
are further south, off the figure). (b) Kangerlussuaq: dashed lines are the Ørkendalen moraines, white circles are
the 10Be samples of Levy et al. [2012]. (c) Paamiut. (d) Narsarsuaq: thin dashed line is the Narsarsuaq moraine; white
circle is the average 10Be ages of Nelson et al. [2014]. The thin white lines denote the historical ice margin extent.
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exclude one young outlier (K08-14,
5.3± 0.3 ka) from the five samples from
the Ørkendalen moraine next to Russell
glacier (Figure 2b). The remaining four
boulder samples have an error-weighted
mean age of 7.0±0.3 ka. Another three
boulder samples from just outside of the
late Holocene inland margin have an
error-weighted mean age of 6.8±0.1 ka
(Figure 2b). Near Pakitsoq in west
Greenland (Figure 1), five boulder
samples and two bedrock samples from
just outside of the GIS late Holocene
margin have an error-weighted mean
age of 7.9±0.1 ka (Figure 2a).

4. Early Holocene Ice Margin
Retreat Pattern

Our 10Be ages from just outside of the
Narsarsuaq moraine of 11.3 ± 0.2 ka
agree with two adjacent 10Be ages
from a new boulder (11.5 ± 0.3 ka)-
bedrock (10.8 ± 0.2 ka) pair measured
to test for nuclide inheritance
(Figure 2d) [Nelson et al., 2014].
Including these two ages, we calculate
an error-weighted mean and standard
error of 11.1 ± 0.2 ka (n= 6) (Figure 3c),
which agrees with minimum-limiting
14C dates from >15 km outside of the
Narsarsuaq moraine that show ice
retreat before 9.8 ± 0.3 ka (shell
sample) [Weidick et al., 2004] and
10.8 ± 0.2 ka (bulk organic sample)
[Larsen et al., 2011]. Reworked organic
material in historical moraines and
intervals of organic sediment
deposition in ice-marginal lakes
suggest that ice had retreated within
its historical extent in south Greenland
before ~9.1 ka (Figure 3c) [Kelly, 1980;
Kaplan et al., 2002; Weidick et al., 2004;
Larsen et al., 2011]. Because Kiagtût
sermiat is a land-terminating outlet
glacier, climate effects on surface mass
balance rather than dynamic discharge
should control this early
Holocene retreat.

Near Paamiut, our inland ice mean 10Be age of 10.8 ± 0.1 ka and outlet glacier mean 10Be age of 10.6 ± 0.5 ka
are consistent with a minimum-limiting 14C date of 8.7 ± 0.1 ka from ~3 km down fjord of the 10Be ages
[Weidick et al., 2004]. The similar timing of retreat between the outlet glacier and the inland ice margin
suggests that climate rather than dynamic discharge was responsible for driving early Holocene ice retreat on

Figure 3. Holocene Greenland records. Isolated symbols show GIS margin
constraints: red squares are our mean 10Be ages, blue circles are existing
mean 10Be ages (note 1 sigma uncertainty bars are smaller than the sym-
bol), red bars are 14C dates on terrestrial and marine (in this case reservoir
corrected) materials reworked into historical moraines, and brown bars are
14C dates from organic intervals in ice-marginal lakes that received glacial
sediment during the early and late Holocene. (a) West Greenland Δ tem-
perature record (green) [Axford et al., 2013] with large green circle showing
1990–2000 Common Era (C.E.) average Δ temperature from Illulisat in
Disko Bugt relative to 1880–1890 C.E. [Hanna et al., 2009]. 10Be ages (our
study; Corbett et al. [2011]; Young et al. [2011, 2013a]; Kelley et al. [2012])
and 14C dates [Kelly, 1980; Weidick et al., 1990; Briner et al., 2010, 2014;
Kelley et al., 2012; Håkansson et al., 2014]. (b) Southwest Greenland Δ
temperature records (orange solid Braya Sø, dashed Lake E; smoothed to
century timescale due to higher sample resolution than other records)
[D’Andrea et al., 2011] and 10Be ages (our study; Levy et al. [2012]). (c) South
Greenland Δ temperature records from pollen (purple line) [Fréchette and
de Vernal, 2009] and chironomids (purple line with symbols) [Wooller et al.,
2004] with large purple circle showing 1990–2000 C.E. average Δ tem-
perature from Narsarsuaq relative to 1880–1890 C.E. [Hanna et al., 2009].
10Be ages (our study; Nelson et al. [2014]) and 14C dates [Kelly, 1980; Kaplan
et al., 2002;Weidick et al., 2004; Larsen et al., 2011]. (d) GISP2 accumulation
rate (black) [Cuffey and Clow, 1997]. (e) GISP2 melt layers (light blue) [Alley
and Anandakrishnan, 1995]. (f ) GRIP (blue) and Dye 3 (red) borehole Δ
temperature [Dahl-Jensen et al., 1998].
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at least a century timescale. Our Paamiut 10Be ages are also consistent with the Larsen et al. [2014] 10Be ages
of 10.3 ± 0.2 ka (n= 3) from near ice margins inland of Nuuk (Figure 1).

Our 10Be ages from near Kangerlussuaq agree with the 10Be ages of Levy et al. [2012]. The 7.0 ± 0.3 ka 10Be age
for the Ørkendalen moraine next to Russell glacier are similar to the Ørkendalen moraine age of 6.8 ± 0.2 ka
(n= 4) of Levy et al. [2012] (Figure 2b). The Levy et al. [2012] 10Be ages of 6.9 ± 0.2 ka (n=5) next to the outlet
glacier Isunnguata Sermia are consistent with our 10Be ages of 6.8 ± 0.1 ka from where Russell glacier and
Isunnguata Sermia meet at the inland ice (Figure 2b). All of these 10Be ages are consistent with the minimum-
limiting 14C date of 4.6 ± 0.1 ka from next to the modern Russell glacier moraine [van Tatenhove et al., 1996]
and of 7.3 ± 0.1 ka from a lake ~2 km down valley of Russell glacier [Willemse and Törnqvist, 1999]. Because
these are land-terminating ice margins, climate change was likely the driving force behind ice retreat.

Near Pakitsoq in west Greenland, our mean 10Be age of 7.9 ± 0.1 ka is consistent with a minimum-limiting 14C
date of 7.6 ± 0.1 ka from ~20 km west of the historical ice margin [Long et al., 2006] and 6.6 ± 0.1 ka from
~3 km west of the historical ice margin [Håkansson et al., 2014]. Our 10Be ages are older than, but still
consistent with, the timing of organic deposition in a Pakitsoq ice-marginal lake beginning before 5.4±0.1 ka
(Figure 3a) [Håkansson et al., 2014]. These 10Be ages agree with error-weighted mean 10Be bedrock boulder
ages in similar glacial-geologic settings of 7.7±0.2 ka (n=6), 7.5 ±0.1 ka (n=8), and 7.1±0.1 ka (n=2) from
~10, 25, and 80 km south of Pakitsoq, respectively (Figures 1, 2a, and 3a) [Corbett et al., 2011; Young et al., 2013a].
The 10Be ages also concur with 14C dates on organic material reworked into historical moraines and periods
of organic deposition in ice-marginal lakes that record smaller than late Holocene ice south of Pakitsoq before
~5.7 ka and ~7.2 ka, respectively (Figure 3a) [Weidick et al., 1990; Briner et al., 2010, 2014; Kelley et al., 2012].
The general agreement between terrestrial and marine ice margins suggests that climate drove early
Holocene ice margin retreat on a multicentennial timescale, with local topography and ice margin setting
(terrestrial or marine) potentially explaining variability between sites [Corbett et al., 2011; Young et al., 2013a].

In summary, our 10Be ages on the timing of early Holocene ice retreat are supported by previous evidence
(14C ages and in some cases 10Be ages). At sites in the south, our new 10Be ages significantly refine
understanding of the ice margin history, providing direct dates on ice retreat previously constrained only by
minimum-limiting 14C ages. We find that ice margins retreated to within their late Holocene maximum
extents at 11.1 ± 0.2 ka to 10.6 ± 0.5 ka in south Greenland, significantly earlier than previous estimates from
the south and contrasting with 6.8 ± 0.1 ka to 7.9 ± 0.1 ka in southwest to west Greenland. This difference in
retreat timing is similar on a century timescale for both terrestrial andmarine ice margins and is consequently
not likely due to local ice margin setting.

Dates on ice-margin retreat will reflect a complex interplay between factors affecting the timing and degree
of early Holocene inland ice retreat and the magnitude of late Holocene ice advance. Briner et al. [2013]
hypothesized that difference in timing of GIS margin retreat to a smaller than late Holocene extent reflected
greater inland margin retreat from the coast in west Greenland and/or more extensive late Holocene ice
advance in south Greenland. The greater amount of ice-free land in southwest and west Greenland relative to
south Greenland (Figure 1) would support this hypothesis [Briner et al., 2013], if Holocene climate change
were uniform across south to west Greenland. Relative sea level records provide an additional constraint and
suggest a longer period of inland ice retreat in west Greenland during the middle Holocene and an earlier
onset of late Holocene ice readvance in south Greenland [Long et al., 2011; Sparrenbom et al., 2013;Woodroffe
et al., 2014]. Ultimately, these ice-margin changes are driven by climate change and the earlier deglacial ages
in south Greenland could be due to greater warming in the earliest Holocene in south Greenland relative to
southwest and west Greenland. Indeed, peak Holocene warmth may have been over 1 ka earlier in south
Greenland [Andresen et al., 2004;Wooller et al., 2004; Fréchette and de Vernal, 2009;Massa et al., 2012] relative
to southwest and west Greenland [D’Andrea et al., 2011; Axford et al., 2013], which would be consistent
with earlier warming in the south driving south Greenland ice within its late Holocene limit before southwest
and west Greenland ice.

5. Ice Margin Response to Early Holocene Warmth

What constraints can be placed upon the temperatures that drove these ice margins to retreat to within their
eventual late Holocene limits? Because GIS accumulation did not significantly change during the Holocene
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relative to earlier deglacial changes (Figure 3d) [Cuffey and Clow, 1997], Holocene GIS margin retreat and advance
were likely driven mainly by summer temperature. This assumption neglects the direct effect on surface melt of
increased shortwave radiation in the early Holocene relative to the late Holocene. However, shortwave radiation is
thought to play a smaller role in driving glacial retreat than summer temperature [Kaufman et al., 2004; Carlson
et al., 2008;Miller et al., 2013] and is likely within the uncertainty of the temperature estimates [Wooller et al., 2004;
Fréchette and de Vernal, 2009; D’Andrea et al., 2011; Axford et al., 2013].

We compare the timing of ice retreat at our study sites to the earliest available summer temperature estimates
from nearby lake sediment records to assess how warm temperatures might have been when ice retreat
occurred. These temperature reconstructions do not extend back to when ice retreated past its late Holocene
extent, but several complementary lines of evidence suggest that these records provide maximum estimates of
temperatures during early Holocene GIS retreat. Overall, data sets from the larger region that extend back into
the earliest Holocene suggest cooler temperatures in the region in the earliest Holocene, followed by warming
into the HTM, albeit with significant spatiotemporal variability [Kaufman et al., 2004; Marcott et al., 2013]. In
central Greenland, melt layers (summer temperature proxy) were essentially absent from the Greenland Ice
Sheet Project 2 (GISP2) ice core (72.6°N) before ~10 ka, increasing to a maximum at ~7 ka (Figure 3e) [Alley and
Anandakrishnan, 1995]. The Dye 3 (65.2°N) and Greenland Ice Core Project (GRIP) (72.6°N) borehole records from
Greenland show annual mean warming across the early Holocene to a HTM after ~8 ka (Figure 3f) [Dahl-Jensen
et al., 1998]. West, southwest, and southeast Greenland marine records document surface ocean warming
across the early Holocene to a HTM in the middle Holocene [Ren et al., 2009; Jennings et al., 2011, 2014].

In west Greenland at North Lake, the earliest reconstructed summer temperature is ~1.5°C warmer than the
preindustrial period at ~7.1 ka (from chironomid assemblages), followed by warming into a HTM by ~6 ka
(Figures 1 and 3a) [Axford et al., 2013] (all temperature anomalies are referenced to the late 1800 C.E. average
temperature). Amino acid ratios of marine bivalves in west Greenland also imply the onset of the HTM at ~6 ka
[Briner et al., 2014]. In southwest Greenland near Kangerlussuaq, the earliest summer lake water temperatures
reconstructed at Braya Sø (from alkenones) ~6.1 ka were ~5°C warmer than those during the preindustrial
period [D’Andrea et al., 2011] (Figures 1 and 3b), during a time when paleolimnological evidence suggests
aridity in the same region [Perren et al., 2012; Anderson and Leng, 2004] and when North Lake was also
registering relatively warm temperatures. In south Greenland, quantitative reconstructions from Qipisarqo Lake
extend to 8.6–8.7 ka and indicate that summer temperatures at that time were ~0.5°C (pollen assemblages)
to ~1.5°C (chironomid assemblages) warmer than preindustrial temperatures (Figures 1 and 3c) [Wooller et al.,
2004; Fréchette and de Vernal, 2009]. Beyond quantitative temperature inferences, complementary
paleoenvironmental inferences from lakes in south and southeast Greenland suggest general warming in
the first millennia of the Holocene and a HTM in the early Holocene [Kaplan et al., 2002; Andresen et al., 2004;
Massa et al., 2012; Balascio et al., 2013].

At all our study sites, GIS margins had retreated within their late Holocene maximum extents prior to the
earliest nearby quantitative summer temperature estimates (Figures 3a–3c). In south and west Greenland, it
nonetheless appears that the earliest summer temperature estimates from lakes provide maximum
constraints on the summer warmth that drove ice margin retreat, because peak HTM temperatures in south
and west Greenland seem to have occurred after local GIS margins were already within their late Holocene
limits. In contrast, 10Be ages from the southwest near Kangerlussuaq show ice retreating to a smaller than late
Holocene extent during or after peak HTM temperatures.

Instrumental records from Narsarsuaq in south Greenland document ~1°C of summer warming over the last
century [Hanna et al., 2009]. South Greenland temperatures of the past decade are now likely comparable to
or slightly warmer than the summer temperatures that probably drove early Holocene ice retreat within its
late Holocene maximum in south Greenland (Figure 3c). Accordingly, south Greenland ice margins are
presently retreating back from their late Holocene extents [van den Broeke et al., 2009; Kelley et al., 2012].

References
Alley, R. B., and S. Anandakrishnan (1995), Variations in melt-layer frequency in the GISP2 ice core: Implications for Holocene summer

temperatures in central Greenland, Ann. Glaciol., 21, 64–70.
Anderson, N. J., and M. J. Leng (2004), Increased aridity during the early Holocene in West Greenland inferred from stable isotopes in

laminated-lake sediments, Quat. Sci. Rev., 23, 841–849.

Acknowledgments
We thankD.Murray, J. Harvey, B. Goehring,
and S.Marcott for lab assistance, S. Marcott
for discussion of the Northern Hemisphere
temperature stack, N. Larsen for sharing
data, and the National Geographic Society
(award 8687-09 to A.E. Carlson).
Comments by two anonymous reviewers
significantly improved this manuscript.
Data are available in Tables S1 and S2.

The Editor thanks two anonymous
reviewers for their assistance in evaluating
this paper.

Geophysical Research Letters 10.1002/2014GL060800

CARLSON ET AL. ©2014. American Geophysical Union. All Rights Reserved. 5519



Andresen, C. S., S. Björck, O. Bennike, and G. Bond (2004), Holocene climate changes in southern Greenland: Evidence from lake sediments,
J. Quat. Sci., 19, 783–795.

Andresen, C. S., et al. (2012), Rapid response of Helheim Glacier in Greenland to climate variability over the past century, Nat. Geosci., 5, 37–41.
Axford, Y., S. Losee, J. P. Briner, D. R. Francis, P. G. Langdon, and I. R. Walker (2013), Holocene temperature history at the western Greenland Ice

Sheet margin reconstructed from lake sediments, Quat. Sci. Rev., 59, 87–100.
Balascio, N. L., W. J. D’Andrea, R. S. Bradley, and B. B. Perren (2013), Biogeochemical evidence for hydrologic changes during the Holocene in a

lake sediment record from southeast Greenland, The Holocene, 23, 1428–1439.
Balco, G., J. Briner, R. C. Finkel, J. A. Rayburn, J. C. Ridge, and J. M. Schaefer (2009), Regional beryllium-10 production rate calibration for

late-glacial northeastern North America, Quat. Geochronol., 4, 93–107.
Bennike, O., and S. Björck (2002), Chronology of the last recession of the Greenland Ice Sheet, J. Quat. Sci., 17, 211–219.
Briner, J. P., H. A. M. Stewart, N. E. Young, W. Phillips, and S. Losee (2010), Using proglacial-threshold lakes to constrain fluctuations of the

Jakobshavn Isbræ ice margin, western Greenland, during the Holocene, Quat. Sci. Rev., 29, 3861–3874.
Briner, J. P., L. Håkansson, and O. Bennike (2013), The deglaciation and neoglaciation of Upernavik Isstrøm, Greenland, Quat. Res., 80, 459–467.
Briner, J. P., D. S. Kaufman, O. Bennike, and M. A. Kosnik (2014), Amino acid ratios in reworked marine bivalve shells constrain Greenland Ice

Sheet history during the Holocene, Geology, 42, 75–78.
Carlson, A. E., A. N. LeGrande, D. W. Oppo, R. E. Came, G. A. Schmidt, F. S. Anslow, J. M. Licciardi, and E. A. Obbink (2008), Rapid early Holocene

deglaciation of the Laurentide ice sheet, Nat. Geosci., 1, 620–624.
Corbett, L. B., N. E. Young, P. R. Bierman, J. P. Briner, T. A. Neumann, D. H. Rood, and J. A. Graly (2011), Paired bedrock and boulder

10
Be

concentrations resulting from early Holocene ice retreat near Jakobshavn Isfjord, western Greenland, Quat. Sci. Rev., 30, 1739–1749.
Cuffey, K. M., and G. D. Clow (1997), Temperature, accumulation, and ice sheet elevation in central Greenland through the last deglacial

transition, J. Geophys. Res., 102, 26,383–26,396.
Dahl-Jensen, D., K. Mosegaard, N. Gundestrup, G. D. Clow, S. J. Johnsen, A. W. Hansen, and N. Balling (1998), Past temperatures directly from

the Greenland Ice Sheet, Science, 282, 268–271.
D’Andrea, W. J., Y. Huang, S. C. Fritz, and N. J. Anderson (2011), Abrupt Holocene climate change as an important factor for human migration

in West Greenland, Proc. Natl. Acad. Sci. U.S.A., 108(24), 9765–9769, doi:10.1073/pnas.1101708108.
Fréchette, B., and A. de Vernal (2009), Relationship between Holocene climate variations over southern Greenland and eastern Baffin Island

and synoptic circulation pattern, Clim. Past, 5, 347–359.
Funder, S., K. K. Kjeldsen, K. H. Kjær, and C. Ó. Cafaigh (2011), The Greenland Ice Sheet during the past 300,000 years. A review, Dev. Quat. Sci.,

15, 699–713.
Håkansson, L., J. P. Briner, C. S. Andresen, E. K. Thomas, and O. Bennike (2014), Slow retreat of a land based sector of the West Greenland Ice

Sheet during the Holocene Thermal Maximum: Evidence from threshold lakes at Paakitsoq, Quat. Sci. Rev., 98, 74–83.
Hanna, E., J. Cappelen, X. Fettweis, P. Huybrechts, A. Luckman, and M. H. Ribergaard (2009), Hydrologic response of the Greenland ice sheet:

The role of oceanographic warming, Hydrol. Processes, 23, 7–30.
Jennings, A., J. Andrews, and L. Wilson (2011), Holocene environmental evolution of the SE Greenland Shelf north and south of the Denmark

Strait: Irminger and East Greenland current interactions, Quat. Sci. Rev., 30, 980–998.
Jennings, A. E., M. E. Walton, C. Ó. Cafaigh, A. Kilfeather, J. T. Andrews, J. D. Ortiz, A. de Vernal, and J. A. Dowdeswell (2014), Paleoenvironments

during Younger Dryas-Early Holocene retreat of the Greenland Ice Sheet from outer Disko Trough, central west Greenland, J. Quat. Sci., 29,
27–40.

Kaplan, M. R., A. P. Wolfe, and G. H. Miller (2002), Holocene environment variability in southern Greenland inferred from lake sediments,Quat.
Res., 58, 149–159.

Kaufman, D. S., et al. (2004), Holocene thermal maximum in the western Arctic (0–180°W), Quat. Sci. Rev., 23, 529–560.
Kelley, S. E., J. P. Briner, N. E. Young, G. S. Babonis, and B. Csatho (2012), Maximum late Holocene extent of the western Greenland Ice Sheet

during the late 20th century, Quat. Sci. Rev., 56, 89–98.
Kelly, M. (1980), The status of the Neoglacial in western Greenland, Grønlands Geologiske Undersøgelse Rapport 96, 24 pp.
Lal, D. (1991), Cosmic ray labeling of erosion surfaces: In situ nuclide production rates and erosion models, Earth Planet. Sci. Lett., 104,

424–439.
Larsen, N. K., K. H. Kjær, J. Olsen, S. Funder, K. K. Kjeldsen, and N. Nørgaard-Pedersen (2011), Restricted impact of Holocene climate variations

on the southern Greenland Ice Sheet, Quat. Sci. Rev., 30, 3171–3180.
Larsen, N. K., S. Funder, K. H. Kjær, K. K. Kjeldsen, M. F. Knudsen, and H. Ling (2014), Rapid early Holocene ice retreat in West Greenland, Quat.

Sci. Rev., 92, 310–323.
Levy, L. B., M. A. Kelly, J. A. Howley, and R. A. Virginia (2012), Age of the Ørkendalen moraines, Kangerlussuaq, Greenland: Constraints on the

extent of the southwestern margin of the Greenland Ice Sheet during the Holocene, Quat. Sci. Rev., 52, 1–5.
Long, A. J., D. H. Roberts, and S. Dawson (2006), Early Holocene history of the west Greenland Ice Sheet and the GH-8.2 event, Quat. Sci. Rev.,

25, 904–922.
Long, A. J., S. A. Woodroffe, D. H. Roberts, and S. Dawson (2011), Isolation basins, sea-level changes and the Holocene history of the

Greenland Ice Sheet, Quat. Sci. Rev., 30, 3748–3768.
Marcott, S. A., J. D. Shakun, P. U. Clark, and A. C. Mix (2013), A reconstruction of regional and global temperature for the last 11,300 years,

Science, 339, 1198–1201.
Massa, C., B. B. Perren, É. Gauthier, V. Bichet, C. Petit, and H. Richard (2012), A multiproxy evaluation of Holocene environmental change from

Lake Igaliku, South Greenland, J. Paleolimnol., 48, 241–258.
Miller, G. H., S. J. Lehamn, K. A. Refsnider, J. R. Southon, and Y. Zhong (2013), Unprecedented recent summer warmth in Arctic Canada,

Geophys. Res. Lett., 40, 5745–5751, doi:10.1002/2013GL057188.
Nelson, A. H., P. R. Bierman, J. D. Shakun, and D. H. Rood (2014), Using in situ cosmogenic

10
Be to identify the source of sediment leaving

Greenland, Earth Surf. Processes Landforms, 39, 1087–1100, doi:10.1002/esp.3565.
Nick, F. M., A. Vieli, M. L. Andersen, I. Joughin, A. Payne, T. L. Edwards, F. Payne, and R. S. W. van de Wal (2013), Future sea-level rise from

Greenland’s main outlet glaciers in a warming climate, Nature, 497, 235–238.
Perren, B. B., N. J. Anderson, M. S. V. Douglas, and S. C. Fritz (2012), The influence of temperature, moisture, and eolian activity on Holocene

lake development in West Greenland, J. Paleolimnol., 48, 223–239.
Ren, J., H. Jiang, M.-S. Seidenkrantz, and A. Kuijpers (2009), A diatom-based reconstruction of Early Holocene hydrographic and climatic

change in a southwest Greenland fjord, Mar. Micropaleontol., 70, 166–176.
Simpson, J. R., G. A. Milne, P. Huybrechts, and A. J. Long (2009), Calibrating a glaciological model of the Greenland ice sheet from the Last

Glacial Maximum to present-day using field observations of relative sea level and ice extent, Quat. Sci. Rev., 28, 1631–1657.

Geophysical Research Letters 10.1002/2014GL060800

CARLSON ET AL. ©2014. American Geophysical Union. All Rights Reserved. 5520

http://dx.doi.org/10.1073/pnas.1101708108
http://dx.doi.org/10.1002/2013GL057188
http://dx.doi.org/10.1002/esp.3565


Sparrenbom, C. J., O. Bennike, D. Fredh, L. Randsalu-Wendrup, D. Zwartz, K. Ljung, S. Björck, and K. Lambeck (2013), Holocene relative sea-
level changes in the inner Bredefjord area, southern Greenland, Quat. Sci. Rev., 69, 107–124.

Stone, J. O. (2000), Air pressure and cosmogenic isotope production, J. Geophys. Res., 105, 23,753–23,759.
Stuiver, M., P. J. Reimer, and R. Reimer (2014), CALIB radiocarbon calibration. [Available at http://calib.qub.ac.uk/calib/.]
Tarasov, L., and W. R. Peltier (2002), Greenland glacial history and local geodynamic consequences, Geophys. J. Int., 150, 198–229.
van den Broeke, M., J. Bamber, J. Ettema, E. Rignot, E. Schrama, W. J. van de Berg, E. van Meijgaard, I. Velicogna, and B. Wouters (2009),

Partitioning recent Greenland mass loss, Science, 326, 984–986.
van Tatenhove, F. G. M., J. J. M. van der Meer, and E. A. Koster (1996), Implications for deglaciation chronology from new AMS age

determinations in central West Greenland, Quat. Res., 45, 245–253.
Weidick, A., H. Oerter, N. Reeh, H. H. Thomsen, and L. Thorning (1990), The recession of the inland ice margin during the Holocene climate

optimum in the Jakobshavn Isfjord area of West Greenland, Global Planet. Change, 82, 389–399.
Weidick, A., M. Kelly, and O. Bennike (2004), Late Quaternary development of the southern sector of the Greenland Ice Sheet, with particular

reference to the Qassimiut lobe, Boreas, 33, 284–299.
Willemse, N. W., and T. E. Törnqvist (1999), Holocene century-scale temperature variability from West Greenland lake records, Geology, 27,

580–584.
Winsor, K., A. E. Carlson, and D. H. Rood (2014),

10
Be dating of the Narsarsuaq moraine in southernmost Greenland: Evidence for a

late-Holocene ice advance exceeding the Little Ice Age maximum, Quat. Sci. Rev., 98, 135–143.
Woodroffe, S. A., A. J. Long, B. S. Lecavalier, G. A. Milne, and C. L. Bryant (2014), Using relative sea-level data to constrain the deglacial and

Holocene history of southern Greenland, Quat. Sci. Rev., 92, 345–356.
Wooller, M. J., D. Francis, M. L. Fogel, G. H. Miller, I. R. Walker, and A. P. Wolfe (2004), Quantitative paleotemperature estimates from δ

18
O of

chironomid head capsules preserved in arctic lake sediments, J. Paleolim., 31, 267–274.
Young, N. E., J. P. Briner, H. A. M. Steward, Y. Axford, B. Csatho, D. H. Rood, and R. C. Finkel (2011), Response of Jakobshavn Isbræ, Greenland, to

Holocene climate change, Geology, 39, 131–134.
Young, N. E., J. P. Briner, D. H. Rood, R. C. Finkel, L. B. Corbett, and P. R. Bierman (2013a), Age of the Fjord Stade moraines in the Disko Bugt

region, western Greenland, and the 9.2 and 8.2 ka cooling events, Quat. Sci. Rev., 60, 76–90.
Young, N. E., J. M. Schaefer, J. P. Briner, and B. M. Goehring (2013b), A

10
Be production-rate calibration for the Arctic, J. Quat. Sci., 28, 515–526.

Geophysical Research Letters 10.1002/2014GL060800

CARLSON ET AL. ©2014. American Geophysical Union. All Rights Reserved. 5521

http://calib.qub.ac.uk/calib/


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


