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a b s t r a c t

Large outlet glaciers draining the Greenland Ice Sheet significantly influence overall ice sheet mass
balance. Considerable short term (years to decades) retreat and fluctuations in velocity of Jakobshavn
Isbræ, western Greenland, illustrate the complex nature by which large outlet glaciers respond to climate
change, making predictions of future ice sheet change challenging. To provide a longer-term view
(centuries), we investigate the geological record of Jakobshavn Isbræ change. We use continuous sedi-
ment records from lakes that were influenced by the recent advance of Jakobshavn Isbræ, which took
place during the Little Ice Age. In particular, we explore the use of annually laminated lake sediments
(varves) to precisely constrain the advance of the ice margin as it approached its late Holocene maximum
extent. We find that the ice margin advanced recently, at least afterw1650 tow1700 AD, and more likely
w1800 AD. We suggest that during this period Jakobshavn Isbræ advanced at a rate that was similar to its
historically documented average retreat since w1850 AD. Our results indicate that Jakobshavn Isbræ, and
presumably other large marine calving glaciers, have the ability to advance quickly in response to climate
forcing.

! 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The Greenland Ice Sheet (GIS) is an integral part of the global
climate system, and its potential contribution to sea level is of
considerable importance (Alley et al., 2010). In particular, ice
streams exert a disproportionate control on overall GIS mass
balance, and thus have received increasing attention in the recent
literature (e.g., Abdalati et al., 2001; Rignot and Thomas, 2002;
Bamber et al., 2007; Thomas et al., 2009). Recent observations
have revealed the dynamic nature and short timescales over which
Greenland ice streams can adjust (Joughin et al., 2004, 2008; Rignot
and Kanagaratnam, 2006; Howat et al., 2007). In particular, the
importance of dynamic processes has been highlighted, prompting
significant focus on the interplay between climatic and dynamic
controls on ice stream change (Thomas et al., 2003; Csatho et al.,
2008; Holland et al., 2008; Nick et al., 2009; Straneo et al., 2010).
A greater understanding of the controls on ice stream change can
be aided by longer-term reconstructions of past ice stream activity
that extend beyond the relatively brief historic interval.

The GIS, like many glaciers across the globe, most recently
advanced during the Little Ice Age (LIA), and throughout the 20th

century many sectors of the GIS have experienced retreat (Weidick,
1968).We acknowledge that the term “Little Ice Age” has varying use
in meaning and time; in this paper we follow Grove (2001) and use
the term as a broad period of glacier advances across Greenland and
define it as the time periodw1300 tow1900 AD. This is the case for
Jakobshavn Isbræ, the largest ice stream draining the western GIS.
Historical observations around 1850 AD place the floating terminus
w40 km beyond its 2010 AD ice extent (Engell, 1904; Weidick, 1968;
Csatho et al., 2008; Fig. 1), which was its most extensive position in
the last 8000 yr (Weidick and Bennike, 2007; Young et al., 2011).
When Jakobshavn Isbræ arrived at its maximum late Holocene
position, or the precise timing of its advance, has only been broadly
constrained to within the LIA (Weidick et al., 1990; Weidick and
Bennike, 2007). Whereas mapping and dating LIA terminal
moraines and obtaining at least some information on post-LIA
behavior from historic records is relatively straightforward, deter-
miningwhen glaciers advanced ismuchmore challenging. However,
reconstructions of entire advance-retreat cycles of glaciation are
most ideal for constraining the sensitivity of glaciers to climate
perturbations. Maximum ages of recent glacier advances in
Greenland are sparse, but have been obtained by radiocarbon dating
marine fauna reworked into LIA moraines (e.g., Weidick et al., 2004)
and organic material in sediments from proglacial-threshold lake
basins (e.g., Kaplan et al., 2002).
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We build on our initial investigation of Jakobshavn ice margin
change that used records from proglacial-threshold lakes (Briner et al.,
2010). These are lakes that contain laminated minerogenic-rich gla-
ciolacustrine sediments overlying non-glacial autochthonous organic-
rich sediments, a sediment sequence diagnostic of advancing glaciers.
Weusedradiocarbonages frommacrofossilsnearest thetransition from
organic-rich to minerogenic-rich sediments to constrain the timing of
GIS advance. Here, we utilize the lamination stratigraphy within gla-
ciolacustrine sediments from two lakes tomore precisely constrain the
timing of the GIS advance during the LIA.

2. The Jakobshavn ice sheet margin

The west-central margin of the GIS is composed of land-
terminating ice punctuated by marine-terminating outlet glaciers.
Some of the marine-terminating glaciers are very large and fast-
flowing; for example, Jakobshavn Isbræ flows many kilometers per
year and drains w7% of the GIS (Joughin et al., 2004; Rignot and
Kanagaratnam, 2006). Between the western GIS margin near
Jakobshavn Isbræ and Disko Bugt is an ice-free corridor of land
40e50 km wide containing ice-sculpted bedrock dotted with
hundreds of lakes (Fig. 1). This landscape was covered by the GIS
during the last glaciation and became ice-free during the early
Holocene (Weidick and Bennike, 2007; Young et al., 2011). Following
a time period when the GIS margin terminated inland (eastward) of
its current position, the GIS advanced (westward) during Neo-
glaciation, culminating in a maximum position that deposited the
‘historical moraine,’ which occurred during the LIA (Weidick, 1968;
Weidick and Bennike, 2007). To improve the chronology of the LIA
advance, we investigated the sediment sequences from two lakes.
Iceboom Lake is an extant proglacial-threshold lake that no longer
receives GIS meltwater due to ice recession, and Glacial Lake Morten
was an ice-dammed lake that is now drained due to ice recession.

2.1. Iceboom Lake

Iceboom Lake (informal name, w180 m asl) lies w4 km west of
the present ice margin (Fig. 2). The lake has a complex outline,

contains several islands, a single outflow to the west, several minor
inflows, and lies in a 5.18 km2 catchment. Aerial photographs reveal
that Iceboom Lake was glacier fed in 1944, 1953 and 1964, and that
GIS meltwater had ceased to drain into the lake by 1985. An
abandoned w200-m-long channel spans between the eastern
shoreline and the historical moraine, and a boulder-rich proglacial
delta resides in the northeastern corner of the lake, fed when the
historical moraine was emplaced w280 m north of the delta. Ice-
boom Lake has complex bathymetry, with two relatively large
basins w30e40 m deep and several minor sub-basins (Fig. 3).

2.2. Glacial Lake Morten

Glacial Lake Morten (informal name), now drained, occupied
a north-south trending valley w1 km north of Iceboom Lake
(Fig. 2). The lake formed when the GIS margin dammed the
northward-draining valley. The resultant ice-dammed lake was
w0.3 km wide and extended 1.2 km to the south, where it over-
flowed a threshold at w240 m asl. Aerial photographs acquired in
1944, 1953, 1964 and 1985 show a fully occupied lake basin, despite
the ice margin having retreated from the historical moraine. The
oldest available post-1985 cloud-free satellite image (1992) reveals
a partially-drained lake, and the next available cloud-free images
(starting in 1999) show the area beyond the historical moraine
completely drained (Fig. 2). By 2001, the ice margin had retreated
w1.3 km north of the historical moraine, and dams a small lake
with an area w0.25 km2 (Fig. 3).

The geomorphology and sedimentology of recently drained ice-
dammed lakes provide rare insight into their history (Loso et al.,
2004, 2006). Because a bedrock spillway controlled the level of
Glacial Lake Morten, a prominent shoreline was formed that
outlines the former lake (Fig. 3). Proglacial deltas along the lake’s
eastern shoreline reveal small ice-fed discharges into the lake,
although the major source of inflowwas likely the ice margin itself,
which deposited a subaqueous moraine across the lake basin
during its maximum Neoglacial extent. The lake basin itself is
largely unvegetated, and in steep areas, its infill has been dissected
by modern drainage. The basin floor proximal to the moraine lies

Fig. 1. Jakobshavn Isbrae region showing the maximum late Holocene extent (white dashed line) and historic positions of the marine terminus between 1851 and 2010. Inset shows
map location (star) on west-central Greenland. Base map is 2001 Landsat image.
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w20 m below the shoreline, whereas the distal portion of the lake
is only 3e5 m below the shoreline. Gullying in the lake bottom has
exposed thick sections of finely-laminated sand and silt in the
middle of the basin (Fig. 4a), whereas in the distal sector of the lake,
only a thin drape of massive fine sand and silt is present (Fig. 4b). In
many locations, modern dissection has eroded through the gla-
ciolacustrine sediments and into the pre-lake deposits, which
contain an intact soil profile and the pre-lake vegetated surface
(Fig. 4).

3. Methods

Our approach is to determine if the laminations in these lakes are
annual (ie, varves), and if so, to use them to add chronologic infor-
mation to the lakebasins’history, and thus, thehistoryof Jakobshavn
Isbræ. Annually laminated glaciolacustrine sediments have been
shown to form in response to seasonal changes in sediment influx
and ice cover (Lamoureux and Gilbert, 2004; Hodder et al., 2007).
The spring and summer melt season carries glacial sediment to the
lake. The coarse sediments settle rapidly, forminga coarse “summer”
lamination, and the fine sediments settle during the winter under
ice cover, forming a fine “winter” lamination. These laminations are
visible in outcrop and thin section due to changes in color and
texture associatedwith the changes in grain size. In proglacial lakes,
sediment input is largely glacially sourced, although undoubtedly
some non-glacial sediment is also deposited in a lake when it is ice-
free during the summer.

Iceboom Lake bathymetry was collected using a Garmin
GPSMAP 400 series GPS receiver connected to a dual beam depth
transducer. A bathymetric map was created by importing GPS-
derived waypoints into ArcGIS where contours were generated
automatically. Coringwas executed using a Universal Coring system
in 2008; the sedimentewater interface was preserved in all cores.
Water above the surface sediments was iteratively drained using
a small awl hole at the interface as the sediment cores were kept
vertical for several days. Sediment cores were subsequently packed
with foam and capped for transport and cold storage at the
University at Buffalo. Upon splitting, each core was immediately
photographed with a digital camera and tripod and logged to scale.

Glaciolacustrine sediments in surface core 08ICE-3 were made
into sediment thin sections at the University at Buffalo following
methods similar to Lamoureux (1994) and Francus and Asikainen
(2001). Briefly, sediments were removed from the split core face
in aluminum boats, flash frozen in liquid nitrogen and subsequently
freeze dried. The freeze-dried slabs were placed in trays that were
slowly filled with epoxy resin under vacuum and subsequently
hardened in a vacuum oven. The impregnated brickwas labeled, cut
and shipped toTexas Petrographic Services, Inc. where thin sections
were made. The thin sections were scanned at 1600 dpi resolution
and the laminations were identified, marked and counted in Adobe
Illustrator and lamination thicknesses were measured at an angle
perpendicular to the laminations using ImageJ software.

The Glacial Lake Morten basin was investigated in 2008 and
2009. Laminations were counted, measured with calipers and

Fig. 2. Time series showing changes of the ice margin and adjacent lakes between 1964 and 2001 AD (area shown in Fig. 1). Jakobshavn Isbræ fills the bottom of the scene in 1964
AD, terminates within the scene in 1985 and 1992 AD, and is absent in the 2001 AD scene. 1964 and 1985 AD images are vertical aerial photographs; 1992 and 2001 AD images are
Landsat.

J.P. Briner et al. / Quaternary Science Reviews 30 (2011) 2476e24862478



digitally photographed in the field at six vertical excavations across
the basin (sites A through F; Fig. 3). Pre-lake sediments were
investigated at two additional locations (sites 2 and 3; Fig. 3).
Measurements made in the field were checked against high-
resolution digital logs created from the digital photographs taken
on site. The lamination stratigraphy was cross-referenced between
the six sites using marker beds such as easily identifiable sand
layers.

We used the plutonium radionuclide (239þ240Pu) and its well-
constrained fallout record to identify (1) the onset of atmospheric
nuclear testing in 1954 AD, and (2) the height of testing in 1963 AD
(e.g.Wolfe et al., 2004; Ketterer et al., 2004a). Dried aliquots (0.5 g) of
the top 11.5 cmof core 08ICE-3 (0.5 cm increments, n¼ 24)were sent
to the Northern Arizona University Department of Chemistry where
they were analyzed for 239þ240Pu concentrations using ICP-MS
analysis following the methods of Ketterer et al. (2004b). Macrofos-
sils for radiocarbon dating were picked and cleaned with de-ionized
water and sent to the INSTAAR (University of Colorado) Laboratory
for AMS Radiocarbon Preparation and Research for AMS radiocarbon
dating. We calibrated all ages using CALIB html version 6.0 with
INTCAL09 (Stuiver et al., 2005) and report the calibrated AMS ages
with 2-sigma uncertainty rounded to the nearest decade (Table 1).

4. Results

4.1. Iceboom Lake

Two cores from Iceboom Lake were selected for detailed analysis
and radiocarbon dating (for a complete description of the sediment

cores collected from Iceboom Lake, see Briner et al. (2010)).
The location of cores 08ICE-3 (69#1305800 N, 50#3500000 W) and 08ICE-
5 (69#140800 N, 50#10700 W) are shown in Fig. 3, and their stratigraphy
is shown in Fig. 5. Both cores contain a laminated minerogenic-rich
unit that lies beneath w1 cm of organic-rich surface sediment. The
base of theminerogenic-rich unit is at 45 cm in 08ICE-3 and 22 cm in
08ICE-5. Beneath this unit lies weakly laminated, organic-rich sedi-
ments with sporadic macrofossils. We did not penetrate minero-
genic sediments beneath the organic-rich sediments in 08ICE-3, but
obtainedw6 cm ofminerogenic-rich sediments at the base of 08ICE-
5. Macrofossils from core 08ICE-3 from 45 cm and near the core base
at 95 cm are 525 $ 15 and 5380 $ 15 14C yr BP (530 $ 20 and
6200 $ 80 cal yr BP), respectively (Table 1). Macrofossils were dated
from core 08ICE-5 at 23 cmdepth (335$15 14C yr BP; 390$ 80 cal yr
BP), 36 cm depth (1840 $ 20 14C yr BP; 1770 $ 60 cal yr BP), 57 cm
depth (3980 $ 20 14C yr BP; 4470 $ 50 cal yr BP), and 70 cm depth
(6360 $ 25 14C yr BP; 7300 $ 120 cal yr BP; Table 1). The most
relevant result for the present study is the uppermost radiocarbon
age in each core, which is the closest maximum constraining age for
the onset of minerogenic sediment deposition, and hence the arrival
of the ice margin into Iceboom Lake’s catchment. These radiocarbon
ages, reported as 2-sigma calibrated age ranges, yield a single solu-
tion of 520e550 cal yr BP in 08ICE-3 and yield three solutions of
320e340, 350e410, and 420e470 cal yr BP in 08ICE-5.

Next, we present the lamination record. The sediment thin
sections from 08ICE-3 reveal 147 alternating, well-defined couplets
throughout the minerogenic-rich sediment unit that average
1.9 $ 0.9 mm thick (Fig. 5). The uppermost sediment thin section
captures in detail the transition from minerogenic-rich laminated

Fig. 3. A. Oblique photograph showing the Glacial Lake Morten basin in 2008 AD. Dashed line shows the moraine that delimits the maximum late Holocene ice extent; lake was
dammed by the ice margin on the left (north) side of the image. B. Close up of the middle portion of the lake basin showing sites mentioned in text; also shown is the shoreline from
the lake seen in the 1992 AD image (Fig. 1), the evidence of which was observed in the field. C. Bathymetric map of Iceboom Lake showing core sites.
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sediment to the overlying homogenous organic-rich surface sedi-
ments (Fig. 6). The maximum 239þ240Pu concentration occurs at
2.0e2.5 cm, which is just below the sediment transition exposed in
the thin section, and the first detectable 239þ240Pu occurs at
3.5e4.0 cm (Fig. 6); the onset andpeak in 239þ240Pu concentration are
used to identify 1954 and 1963 AD, respectively (Wolfe et al., 2004).

4.2. Glacial Lake Morten

We obtained five radiocarbon ages from the organic sediments
that lie beneath the Glacial Lake Morten sediment fill, all from
unidentified tundra plant macrofossils. Two ages are from a thick
section of peat that lies beneath a thin veneer of the

Fig. 4. Photographs from the Glacial Lake Morten basin taken in 2008 and 2009 AD. A. Glaciolacustrine sediment sequence overlying pre-lake tundra surface. B. Thin glaciola-
custrine sediment drape over >1-m-thick peat section in the upper (southern) portion of the lake basin. C. Section from Site D showing laminations. D. Close up view of the base of
the section at Site C showing in-situ tundra plant that was buried when Glacial Lake Morten was first impounded. E. Close up view of laminations from Site D; scale is metric.

Table 1
Radiocarbon ages from lake sediment cores and stratigraphic sections (cores and sites listed in Fig. 3).

Core/Site Depth
(cm)

Lat Long Lab Number Material Dated Fraction
Modern

d13C
(&PDB)

Radiocarbon
Age (14C yr BP)

Calibrated Age
Ranges (cal yr BP $ 2s)

Iceboom Lake
08-ICE-5 23 69# 140 0800 N 50# 010 0700 W CURL-10083 Terrestrial macrofossils 0.9591 $ 0.0015 %23.5 335 $ 15 320e340, 350e410,

208e470
08-ICE-5 36 69# 140 0800 N 50# 010 0700 W CURL-10439 Terrestrial macrofossils 0.7952 $ 0.0019 %27.8 1840 $ 20 1710e1830
08-ICE-5 57 69# 140 0800 N 50# 010 0700 W CURL-10434 Terrestrial macrofossils 0.6098 $ 0.0015 %30.7 3980 $ 20 4420e4450, 4470e4570
08-ICE-5 70 69# 140 0800 N 50# 010 0700 W CURL-10441 Terrestrial macrofossils 0.4534 $ 0.0013 %30.5 6360 $ 25 7180e7190, 7250e7330,

7350e7380, 7390e7410
08-ICE-3 45 69# 130 0600 N 50# 350 0000 W CURL-10081 Terrestrial macrofossils 0.9370 $ 0.0013 %22.4 525 $ 15 520e550
08-ICE-3 95 69# 130 0600 N 50# 350 0000 W CURL-10093 Terrestrial macrofossils 0.5119 $ 0.0009 %28.4 5380 $ 15 6130e6140, 6180e6220,

6230e6280
Glacial Lake Morten
08GLM-site 2 15 69# 150 1700 N 50# 000 0500 W CURL-10442 In-situ tundra twig

fragments
0.9803 $ 0.0024 %29.1 160 $ 20 0e30, 70e80, 80e100,

140e150, 170e220,
260e280

08GLM-site 3 3 69# 150 0900 N 49# 590 5500 W CURL-10096 Terrestrial macrofossils 0.9373 $ 0.0013 %30.5 520 $ 15 520e540
08GLM-site 3 119 69# 150 0900 N 49# 590 5500 W CURL-10102 Terrestrial macrofossils 0.5596 $ 0.0011 %27.1 4665 $ 20 5320e5330, 5350e5470
09GLM-site B NA 69# 150 1700 N 50# 000 0400 W CURL-11052 In-situ terrestrial

macrofossil
0.9739 $ 0.0018 %28.2 210 $ 15 0e10, 150e170, 180e190,

270e300
09GLM-site C NA 69# 150 2000 N 49# 590 5600 W CURL-11053 In-situ terrestrial

macrofossil
0.9781 $ 0.0018 %28.8 180 $ 15 0e20, 140e160, 170e220,

270e280

Note: Calibrated ages are rounded to the nearest decade.
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glaciolacustrine sediments at site 3, the single site that we inves-
tigated in the shallow, southern part of the lake basin (Fig. 3). The
uppermost age (08GLM3-3) is from 3 cm beneath the surface and
immediately beneath the contact between peat and the overlying
glaciolacustrine sediments (Fig. 4b). The sample yielded a radio-
carbon age of 520 $ 15 14C yr BP and a 2-sigma calibrated age
solution of 516e544 cal yr BP. A second sample from site 3 is from
the deepest portion of the peat deposit that we could access
(08GLM3-119; 119 cm below the surface), which yielded a radio-
carbon age of 4665 $ 20 14C yr BP and 2-sigma calibrated age
solutions of 5320e5330 and 5350e5470 cal yr BP. There are no
minerogenic sediment layers visible between the top and bottom of
the peat deposit. The remaining three radiocarbon ages are from
uppermost tundra plants in growth position that lie beneath thick
successions of glaciolacustrine sediments (Fig. 4d). The ages are
160$ 20 14C yr BP from site 2 (2-sigma calibrated solutions of 0e30,
70e80, 80e100, 140e150, 170e220 and 260e280 cal yr BP),
210$ 15 14C yr BP from site B (2-sigma calibrated solutions of 0e10,
150e170, 180e190 and 270e300 cal yr BP), and 180 $ 15 14C yr BP
from site C (2-sigma calibrated solutions of 0e20, 140e160,
170e220 and 270e280 cal yr BP).

The sediment fill in the Glacial Lake Morten basin is composed
of laminated couplets of alternating sand and silt (Fig. 4). The base
of each couplet is composed of medium to coarse sand, whereas the
top of each couplet is composed of fine sand and silt. The couplets

Fig. 5. Sediment stratigraphy captured in two cores from Iceboom Lake (gray ¼ glaciolacustrine sediment; hachured ¼ organic-rich sediment); also shows are radiocarbon ages in
cal yr BP (the uppermost age from each core is also shown with their 2-sigma calibrated age solutions in AD). At right is varve thickness versus age for the glaciolacustrine section
from 08ICE-3, compiled using sediment thin sections.

Fig. 6. Plot of 239þ240Pu versus depth for the top of 08ICE-3. Adjacent to the plot is the
uppermost thin section, which illustrates the contact between the varved glaciola-
custrine sediments and the overlying organic-rich sediments.
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range in thickness from 1.0 to 118.6 mm, and with few exceptions
couplet thickness is relatively uniform across the excavation faces
(Fig. 4c). The six stratigraphic logs compiled from field measure-
ments, later refined with the high-resolution digital photo logs,
reveal a combined total of 191 couplets (Fig. 7). There is not a single
site that contains the entire sequence of couplets; for example, sites
A and B contain the first couplets deposited above the pre-lake
tundra surface, and only sites D and F contain the uppermost
couplets up to the paleo-lake floor. The six sites each have different
average thicknesses, ranging from 8.8 mm (site D) to 19.5 mm (site
A). The couplets are thinnest at the bottom and top of the sediment
fill (Fig. 7). The upper sediments exposed at site A contain cross-
bedded sand and gravel that unconformably overlies the package
of laminated sediments.

5. Interpretation

5.1. Ice sheet history at Iceboom Lake

Our first objective regarding the laminated minerogenic unit
preserved in Iceboom Lake sediments is to determine if the lami-
nations are annual couplets (ie, varves). The Pu analysis reveals that
1963 AD occurs in the 2.0e2.5 cm sample and encompasses lami-
nation #2 and #3 (counted from top), and that 1954 AD occurs in
the 3.4e4.0 cm sample and encompasses lamination #10 through
#12 (Fig. 6). Because the number of couplets and years between the
two samples has a solution, and because the couplets have char-
acteristics common to varves (Lamoureux and Gilbert, 2004;
Thomas and Briner, 2009), we conclude that the couplets in Ice-
boom Lake are varves. We thus assign the uppermost varve at
w1.5 cm depth to have been deposited in 1964 or 1965 AD,
compatible with the 1964 AD aerial photograph depicting the lake
as glacier-fed. Finally, we assign the lowermost varve to have been
depositedw1820 AD. Assigning uncertainty to this value is difficult.
Although there are no anomalously thick layers that may have been
associated with erosion or any obvious appearance of unconform-
able couplets, there are places where it is difficult to distinguish
varve boundaries from sub-laminations. We replicated varve
counts and estimate an uncertainty of w3%; however, sub-

laminations incorrectly identified as varves have an unknown
impact on the varve chronology. To summarize, the varve-counting
exercise suggests that Iceboom Lake was receiving meltwater from
the GIS between 1820 $ 5 AD and 1964e1965 AD.

The two radiocarbon ages from the uppermost organic sedi-
ments pre-date the varve-based age assignment of 1820 $ 5 AD.
The uppermost ages from 08ICE-3 and 08ICE-5 have 2-sigma age
ranges of 1400e1430 AD and 1490e1530, 1540e1600, and
1610e1640 AD, respectively. Thus, the even the youngest radio-
carbon age solution is w200 years older than the varve-based age.
This discrepancy could be due to either (1) incorrect varve count-
ing, or (2) the fact that the uppermost radiocarbon-dated macro-
fossils provide maximum age constraints only.

We discuss these possibilities further below.

5.2. Ice sheet history at Glacial Lake Morten

Unlike at Iceboom Lake, we did not date the surface sediments in
the Glacial Lake Morten basin with Pu. Available imagery shows
Glacial LakeMortenpresent in 1985 AD and partially drained in 1992
AD (Fig. 1). The 1992 AD image shows a lake of smaller extent that
still covers the site of our lowest stratigraphic section (site A);
evidence of this shoreline is recognized in the field as a faint beach
and as cross-bedded sand overlying the laminations at section A.
Therefore, our measurements of the laminations from site A only
extend from the base of the sediment fill to the presence of sedi-
ments associated with this lower lake stand. Sites BeF are located
above this lake level. The sediments from Site A contain no addi-
tional sediment facies similar in character to the 1992 AD shoreline
deposits, nor do the other sites. Thus, unlike some lakes known to
repeatedly fill and drain via their ice dams (e.g., Thomsen, 1984;
Anderson et al., 2003), there is no stratigraphic evidence that
Glacial LakeMorten ever did so. Rather, our best estimate is that GLM
drained once since it formed sometime between 1986 and 1991 AD.

Next, we aim to determine when Glacial Lake Morten first
formed. First, we discuss the radiocarbon ages. Of the five ages,
three are considered to be from material that was in growth posi-
tion at the time of lake formation. Although the radiocarbon ages
from the top and bottom of the peat section at site 3 reveal that the

Fig. 7. Lamination thickness versus number from six sites investigated in the Glacial Lake Morten basin; site locations shown in Fig. 2. All six plots are overlaid on each other at right.
Far right shows two age models that assume that the laminations are varves and the uppermost varve is either 1991 (left axis) or 1986 (right axis).
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valley remained free of an ice-dammed lake throughout the middle
Holocene until the LIA, the uppermost radiocarbon age is not
interpreted to be a close maximum age because the macrofossils
dated were not in growth position. On the other hand, the three
samples from beneath thicker sequences of the glaciolacustrine
sediment at sites B, C, and 2 were in growth position. Thus, their
radiocarbon ages are considered to be close maximum ages for the
formation of Glacial Lake Morten. All three ages have 2-sigma
calibrated solutions that overlap with each other (Fig. 8). Based on
their similar stratigraphic context, we consider the samples to have
died simultaneously, and thus consider the ages as a single pop-
ulation and sum their calibrated age solutions (Fig. 8). The summed
probability yields three prominent solutions: (1) w1650 to w1690
AD, (2) w1730 to w1810 AD, and (3) modern. We rule out the
modern solution because there is ample historic evidence to
suggest that the lake existed during the 20th century (Fig. 2), which
leaves the first two modes as possibilities for time periods when
Glacial Lake Morten first formed.

Second, we consider the possibility that the Glacial Lake Morten
laminations are varves. Although we do not have chronology to
evaluate the couplets as potential varves, the nature of the sediments
and the environment are consistent with varve formation (e.g.,
Lamoureux and Gilbert, 2004; Hodder et al., 2007). The laminations
are normally-graded couplets with distinct coarse bases and finer-
grained caps and a sharp upper contact (Fig. 4). Whereas only
a thin drape of sediment exists in the distal portion of the lake,
a much thicker (>10 m) and coarser sediment package exists adja-
cent to themoraine. The sections that wemeasured, which consist of
1e3m of laminated sediments, are near the center of the basin. Very
few dropstones throughout the investigated sections suggest
a mostly grounded ice margin with few icebergs, which likely aided

uniform sediment deposition and its subsequent preservation.
Assuming that the couplets are varves would mean that the sedi-
ment package spans at least 191 years. Unlike the varves from Ice-
boom Lake, which were counted in one core, we have multiple sites
containing Glacial Lake Morten sediments, which reveal highly
consistent sequences of lamination thickness, supporting the total
number of couplets counted (Fig. 7). However, we are less certain
about where to pin these couplets into absolute time for two
reasons. First, we have only constrained the draining of the lake to
a six-year window between 1986 and 1991. Second, we are not sure
that the uppermost varves are preserved on the lake floor.We visited
the basin w20 years after it drained and therefore encountered
a modest amount of incision. Despite this, we selected two sites
where we could excavate a stratigraphic section into what appeared
to be the primary lake floor (sites D and F). Indeed, when these sites
were linked into the others sites using marker horizons, both sites
yielded the uppermost laminations. However, it still is possible that
wind deflation or sheetwash has removed some laminations.
Nonetheless, assuming the 191 laminations are varves and the lake
drained between 1986 and 1991 AD, we suggest that Glacial Lake
Morten formed sometime around or prior to 1795e1800 AD.

Taken together, the radiocarbon age assignment, and the age we
derive if we assume the couplets are varves, are compatible. If our
lamination chronology is missing no upper layers, the estimated age
for lake initiation would be 1795e1800 AD, which overlaps with the
middle calibrated radiocarbon age solution (w1730 to w1810 AD).
However, if there has been a few cm of erosion, which could corre-
spond to a couple decades based on the sedimentation rate at the top
of the section, then the basal age of the lamination chronology could
be older, but probably would still correspond to the 1730e1810 AD
age solution. In the most conservative interpretation, that the
laminations either are not varves or that the section is missing>100
couplets, then the oldest radiocarbon age solution of w1650 to
w1690 AD could be the timing of lake initiation (Fig. 9).

5.3. Ice margin history north of Jakobshavn Isbræ

The age control from each of the two lake sites is generally
consistent. Our best estimate for when Iceboom Lake first received
meltwater based on the varve chronology is 1820$ 5 AD. Given this
age and the proximity of the two lake sites, we favor a latest 1700s
AD age assignment for the initial impoundment of Glacial Lake
Morten. This would mean that Glacial Lake Mortenwas impounded
w20e25 years prior to when the ice margin reached Iceboom Lake.
We note that this is roughly the same duration separating ice
margin retreat from Iceboom Lake’s catchment (w1965 AD) and
when Glacial Lake Morten drained (1986e1991 AD). This implies
that the relative position of the ice margin during the advance
phase was similar to its position during the retreat phase. The ice
margin had retreated w1.5 and w1.1 km behind its historical
moraine when Iceboom Lake returned to non-glacial conditions
and when Glacial Lake Morten drained, respectively. By inference,
we suggest that the ice margin had advanced to approximately
these same distances of the lakes when they each were first
influenced by the ice margin.

6. Discussion

6.1. The Little Ice Age advance of Jakobshavn Isbræ

The evidence from our two study lakes indicates that the land-
based ice margin north of Jakobshavn Isbræ was advancing toward
its late Holocene maximum position late during the LIA, likely
around 1800 AD (Fig. 9). Using the land-based ice margin studied
here as a proxy for the location of the Jakobshavn Isbræ terminus
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Fig. 8. Composite of data regarding the age of the glaciolacustrine sediments in the
Glacial Lake Morten basin. Bottom panel shows the individual (white) and summed
(black) probability distribution functions of the calibrated radiocarbon ages from the
in-situ tundra fragments buried beneath the glaciolacustine sediments. The upper
portion of the lower panel shows the laminations (from Fig. 7) of Glacial Lake Morten
sediments plotted against time. Combined, the data suggest that Glacial Lake Morten
was impounded in the late 1700s AD. The upper panel shows varve thickness versus
age from Iceboom Lake core 08ICE-3, and reveals that Iceboom Lake first received
meltwater from the ice margin around 1820 AD.
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implies that it too was likely advancing through the Isfjord at this
time. We extrapolate with caution, however, as the position of the
Jakobshavn Isbræ terminus through time is heavily influenced by
non-climatic dynamic factors, and its behavior can differ markedly
from its adjacent land-based margins (e.g., Sohn et al., 1998;
Joughin et al., 2004; Csatho et al., 2008). As one example, while
the marine terminus retreated w10 km between w1850 and
w1900 AD, nearby land-based margins remained near the histor-
ical moraine (Weidick, 1968; Csatho et al., 2008). Part of the
difference likely arises because the terminus of Jakobshavn Isbræ
was a floating tongue, the position of which is less comparable to
land-based margins than its grounding line. Unfortunately,
however, the position of the grounding line through time is
unconstrained. As another example, whereas the land-based ice
margin north of the Isfjord continuously retreated during the
second half of the 20th century, the calving front of Jakobshavn
Isbræ remained within a 2e3 km zone within the Isfjord (Sohn
et al., 1998; Csatho et al., 2008). Despite that Jakobshavn Isbræ
may not behave in concert with its adjacent land-based margins on
these relatively short timescales, Jakobshavn Isbræ and its imme-
diately adjacent land-based ice margins appear to generally behave
similarly on decadal to centennial timescales (Csatho et al., 2008;
Stewart, 2009). We note that the land-based ice margin immedi-
ately adjacent to Jakobshavn Isbræ, including the study sites, has
retreated much more during the 20th century than ice margins
farther from Jakobshavn Isbræ (Csatho et al., 2005). This implies
that the behavior of Jakobshavn Isbræ and the ice margin near our

study lakes are indeed linked. We find it difficult to envision that
the Jakobshavn Isbræ terminus could have sustained its maximum
position for long before the adjacent land-based ice margin
advanced near our study lakes. Thus, we use the history of the ice
margin in the study area as a proxy for the position of the Jakob-
shavn Isbræ terminus during its advance phase (Fig. 9).

Next, we compare our reconstruction of the Neoglacial history of
Jakobshavn Isbræ to results from prior research. Weidick and
Bennike (2007) review the glacial history of the Jakobshavn Isbræ
region. Radiocarbon ages from marine fauna reworked into the
historical moraine reveal that Jakobshavn Isbræ and surrounding
outlets advanced through unglaciated fjords during the late Holo-
cene (Weidick et al., 1990; Weidick, 1992; Weidick and Bennike,
2007). However, the maximum ages for the deposition of the
historical moraine are only as young asw2000 yr old, and based on
our results, only provide a broad maximum constraint on Jakob-
shavn Isbræ’s advance during the LIA. Similarly, relative sea level
data show submergence of coastlines initiating w3000 yr ago,
generally regarded as the timing of significant Neoglaciation (Long
et al., 1999, 2006); however, these data bear less directly on the LIA
advance. Increasing sedimentation rates from marine sediment
cores from Disko Bugt near the mouth of Jakobshavn Isfjord are
interpreted to indicate an advance of Jakobshavn Isbræ after
1440e1530 AD (Lloyd, 2006). Reeh (1983) took a modeling
approach to reconstruct ice margin change north of Jakobshavn
Isbræ. Driven with isotope data from Dye-3, a model of ice margin
change north of Jakobshavn Isbræ reconstructs advances of about
equal magnitude w700e900 and w1600e1800 AD. Although the
timing of the latter advance agrees with our reconstruction, we find
no evidence that the earlier advance, if it took place, was of equal
magnitude due to the lack of sediments in our study lakes. Finally,
local knowledge suggests that Jakobshavn Isbræ may have been
advancing through an unoccupied Isfjord during the 1700s AD
(Weidick and Bennike, 2007). Taken together, our results and prior
findings provide little doubt that Jakobshavn Isbræ advanced to its
Neoglacial maximum position late during the LIA.

The lack of high-resolution climate data from the Disko Bugt
region makes linkages between ice margin change and climate
change challenging. Borehole (mean annual) temperature data
from both Dye-3 and GRIP reveal a cold period centered w1500
AD and a sharper and colder periodw1800e1900 AD (Dahl-Jensen
et al., 1998). Foraminifera data from Disko Bugt reveal an increased
influence of arctic water after 1440e1530 AD (Lloyd, 2006), which
implies some oceanographic forcing of ice margin advance
(Holland et al., 2008). Both the instrumental record from Ilulissat
(Vinther et al., 2006) and the Arctic-wide reconstruction
(Kaufman et al., 2009), reveal summer temperatures in the 19th
century w1 #C cooler than in the 20th century. The record of
Kaufman et al. (2009) also reveals that the coolest temperatures of
the last two millennia occurred betweenw1650 andw1900 AD. A
millennial-scale chironomid-inferred summer temperature
reconstruction from a lake near Jakobshavn Isbræ supports a local
LIA summer temperature depression ofw1 #C (Young et al., 2011).
Despite the lack of high-resolution, quantitative temperature
reconstructions from coastal west Greenland, the available
evidence suggests that the coldest part of the last millennium
occurred in the 18th and 19th centuries with summers about
w1 #C cooler than the 20th century. We suggest that the drop in
summer temperature at this time drove the rapid advance of
Jakobshavn Isbræ (Fig. 9).

6.2. Implications for outlet glacier response to climate forcing

Comparing the timing of Jakobshavn Isbræ advance to its post-
1850 retreat indicates an average advance rate as high as its average
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Fig. 9. Time-distance diagram of the Jakobshavn Isbræ marine terminus and the age
control presented here from its adjacent land-based ice margin to the north. 1: Black
dots represent best estimate ages for when the two study sites were first influenced by
the ice margin; distance assumes that the position of the Jakobshavn Isbræ terminus at
this time was roughly where it was when the lake sites ceased to be influenced by the
ice margin. This age would imply an ice advance depicted by the black dashed line. 2:
Summed calibrated radiocarbon age solution (black) of the three in-situ tundra frag-
ments from the Glacial Lake Morten basin. The youngest solution is incompatible with
historical evidence (white dots on timeedistance diagram), the middle solution
coincides with the age information shown by (1), the oldest solution is also a possi-
bility, and would imply an ice advance depicted by the gray dashed line. 3: Calibrated
age solutions (gray) of the uppermost radiocarbon ages (n ¼ 2) from the sediment
cores from Iceboom Lake, considered as maximum ages of Jakobshavn Isbræ advance.
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rate of retreat (Fig. 9). Such a rapid advance of calving ice margins
compared to their rates of retreat is surprising given the general
theories of calving glacier behavior (e.g., Clarke, 1987; Hughes,
2002; Pfeffer, 2007); however, empirical data on the advance
phase of marine glaciers are rare. The response of Jakobshavn Isbræ
towhat was likelyw1 #C of summer cooling was not only rapid, but
was almost certainly large in magnitude (tens of kilometers) as
well. This significant advance and retreat of Jakobshavn Isbræ may
be due partly to the sensitivity of this sector of the GIS to climate
change, which is routinely depicted in ice sheet models as experi-
encing much more change than elsewhere around the GIS (Tarasov
and Peltier, 2003; Alley et al., 2005; Simpson et al., 2009).
Furthermore, we speculate that even subtle changes in atmospheric
temperature or oceanographic conditions may result in a signifi-
cant response of very high-flux outlet glaciers like Jakobshavn
Isbræ (Rignot and Kanagaratnam, 2006). As one example, Joughin
et al. (2008) suggest that the buttressing effect of sea ice on the
calving front partly controls terminus position, at least on seasonal
and annual timescales. The notion that periods of increased sea ice
can lead to terminus advance is intriguing, and may be one
mechanism that promoted a rapid and large advance of Jakobshavn
Isbræ during the cold 18th and 19th centuries.

In any case, it appears that Jakobshavn Isbræmay have advanced
rapidly, suggesting that it has the ability not only to respond quickly
to warming events, but also to cooling events. This may be espe-
cially important for predicting the behavior of major ice streams
during future climate change, but is also relevant for ice margin
reconstructions during brief episodes of Holocene cooling like the
8.2 ka event (e.g., Young et al., 2011). Ultimately, withmore detailed
records of ice sheet advance such as those presented here, coupled
with additional high-resolution paleoclimate proxy records (e.g.,
sea ice formation; Krawczyk et al., 2010), we will have a more
complete understanding of ice sheet response to climate
perturbations.

7. Conclusion

The use of lake sediments to constrain late Holocene fluctua-
tions of the GIS so far has been limited, but given the number of
lakes near late Holocene ice margins, the approach could be used
muchmorewidely. Creating varve chronologies can be challenging,
but we demonstrate that they provide more precise age control for
an ice advance into a proglacial-threshold lake than radiocarbon
dating. In particular, on decadal timescales radiocarbon dating is
hampered by several factors: (1) broad solutions when calibrating
radiocarbon years to calendar years, (2) an unknown transport time
of macrofossils to core sites, and (3) the ability to find datable
macrofossils precisely at key stratigraphic contacts in lakes with
relatively low sedimentation rates (e.g., wcm/century). We
demonstrate that radiocarbon dating in-situ tundra fragments
alleviates some of these uncertainties, but is still hampered by
radiocarbon calibration. Despite these challenges, more data like
these would improve our understanding of the GIS’s response to
LIA climate change.

The rapid and large response of Greenland outlet glaciers like
Jakobshavn Isbræ to LIA climate forcing needs to be further
pursued. With additional high-resolution climate reconstructions,
such as paleoceanographic data from Disko Bugt or temperature
inferences made from lacustrine proxies from the Jakobshavn
region, we will be able to better assess regional climate and
oceanographic history of the region. And, in turn, data like these
will increase our understanding about causal mechanisms of ice
sheet change on decadal to centennial timescales. However, even
the available data suggest that Jakobshavn Isbræ experienced
a large response to a relatively subtle cooling event. Our finding

that the advance rates of Jakobshavn Isbræ were similar to its
average post-1850 retreat is surprising given theories of calving
glacier behavior, but may be unique to high-flux glaciers like
Jakobshavn Isbræ. Field reconstructions like these will be useful for
those who model ice sheet response to climate change.
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