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a b s t r a c t

Shrinking glaciers, melting permafrost, and reduced sea ice all indicate rapid contraction of the Arctic
cryosphere in response to present-day climate warming, a trajectory that is expected to continue, if not
accelerate. The reaction of the Arctic cryosphere to past periods of climate variation can afford insight
into its present and future behavior. Here, we examine a ~12,000 year record of glacier fluctuations and
meltwater variation associated with the Renland Ice Cap, East Greenland, that extends from the early
Holocene thermal optimum through the cooling of the Little Ice Age to present. Sediment records from
glacially fed lakes indicate rapid early Holocene deglaciation, with ice extent likely slightly smaller than
at present by ~9500 yr BP. Glacial activity resulted in occasional deposition of rock flour in the studied
lakes in the early Holocene until at least ~7500 yr BP. Rock flour is absent for much of the period ~7000-
4000 yr BP, suggesting ice extent generally was smaller than at present. However, thin layers of blue-gray
clay throughout this period may indicate millennial-scale ice expansions, with Renland Ice Cap briefly
reaching extents during cold phases that may have been similar to today. Glacial sediment deposition
occurred again in the late Holocene at ~3200e3400 yr BP and was followed by a brief glacial episode at
~1340 yr BP and then a major event beginning shortly after ~1050 yr BP. We infer that rock flour
deposition in the lakes in the last millennium corresponds with advance of Renland glaciers to their Little
Ice Age positions, marked by a fresh, gray drift limit. Radiocarbon dates of in situ plant remains adjacent
to the present ice cap indicate a short relatively warm period ~500 yr ago, when ice was within its AD
2011 limit, followed by glacier readvance. The general pattern of ice fluctuations in Renland is similar to
that at other ice caps in the region, but also has important differences, including the preservation of a
possible mid-Holocene record at times when lower-elevation ice caps in the Scoresby Sund region may
have been absent. This finding reinforces the concept that examination of multiple geographic and
geomorphologic settings is necessary for a full understanding of ice variations in a region.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Rising temperatures, coupled with multiple positive feedbacks
(Serreze and Barry, 2011), have caused the Arctic cryosphere to
undergo contraction in recent decades (Jorgenson et al., 2006;
Maslanik et al., 2007; Kwok et al., 2009; Velicogna, 2009). Predic-
tion of the response of this region to future climate change requires
not only an understanding of the impact of anthropogenic forcing,
but also knowledge of the frequency, magnitude, and geographic
expression of natural climate cycles and their effect on the cryo-
sphere on both short and long timescales. Insight into this natural
climate variability can come from high-resolution records of past
climate change, which also will allow us to assess whether present-
day changes are unique. The Holocene affords a valuable analogue
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for future climate and cryosphere behavior, because some periods
were warmer than present in the Arctic (Kaufman et al., 2004;
Axford et al., 2020). Outstanding questions include the nature and
origin of a proposed millennial-scale pulsebeat in climate change
(Denton and Karl�en, 1973), whether or not there is synchrony
among climate variations in different parts of the Arctic (Kaufman
et al., 2004), and the degree to which current rapid ice loss was
preconditioned by an extensive advance that culminated in the late
19th century.

Small, local ice caps are sensitive recorders of past summer air
temperature, making them ideal for studying natural climate
variability (Oerlemans, 2001; Alley, 2003; Zemp et al., 2015).
Changes in ice extent, inferred either from landforms or properties
of sediments in glacially fed lakes, reflect snowline variations and
afford at least qualitative, and in some places quantitative, esti-
mates of past temperatures (Dahl et al., 2003). Here, in order to
document past ice fluctuations and to afford datawith which to test
hypotheses concerning the spatial and temporal pattern of climate
cycles in the Arctic, we reconstructed variations in the past extent
of the southern margin of Renland Ice Cap, East Greenland, using a
combination of glacial mapping and analysis of sediments from
glacially fed lakes (Dahl et al., 2003; Bakke et al., 2005; Briner et al.,
2010; Levy et al., 2014). By combining our data with other glacial
reconstructions from East Greenland (Wagner and Melles, 2002;
Lowell et al., 2013; Levy et al., 2014; Balascio et al., 2015; Lusas et al.,
2017; Adamson et al., 2019), as well as with nearby paleoclimate
proxies from ice cores and lake sediments (Johnsen et al., 1992;
Vinther et al., 2008; Axford et al., 2017; Simonsen et al., 2019), we
provide a regional view of the timing, pattern, and spatial extent of
Holocene climate and glacial events along the western boundary of
the North Atlantic Ocean.
2. Study area

Scoresby Sund (~69e72�N, 21e30�W), the largest fjord system
Fig. 1. ASTER image of western Scoresby Sund. Color circles show the locations of the
Renland ice cap (RIC), the Bregne ice cap (BIC) in eastern Milne Land, and Istorvet ice
cap (IIC) in Liverpool Land (on Greenland inset map). Box on main map outlines the
Renland field area. (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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in East Greenland, drains the Greenland Ice Sheet (GIS) through
some of the deepest fjords in the world (Fig. 1). Its location adjacent
to the North Atlantic, as well as to the cold East Greenland Current,
is ideal for examining the role of the ocean in Holocene climate
variation (e.g., Bond et al., 2001; Denton and Broecker, 2008). An
additional advantage of this field area is that geomorphological and
sedimentological records of former glacier extent can be compared
directly to climate data from the nearby Renland Ice Cap (Vinther
et al., 2008; Simonsen et al., 2019), as well as from the Summit
ice cores (O’Brien et al., 1995) on the GIS. Comparison of different
types of proxies has the potential to yield information about sea-
sonality during past climate variations (Denton et al., 2005; Buizert
et al., 2014).

The Scoresby Sund region today displays strong gradients in
elevation, temperature, and precipitation. The East Greenland
Current keeps the climate cool and damp along the coast, where
mean-annual temperature at Ittoqqortormiit near the mouth of the
sound (~200 km from the field area) is -9 �C (http://www.
worldclimateguide.co.uk/guides/greenland/ittoqqortoormiit/).
Climate inland is warmer and drier (Funder, 1978). Small, inde-
pendent ice caps and alpine glaciers occur throughout the region in
mountains and on plateaus between fjords. The focus of this study,
the southwest Renland plateau (~70.5e71.5�N, 24e28�W; Fig. 2),
has gently undulating topography which reaches 2340 m elevation.
Renland Ice Cap (~1200 km2) covers much of the plateau at present.

3. Methods

We cored three lakes near the southwest margin of the ice cap
(Bunny, Rapids, and Raven, all informal names; Table S1; Fig. 2), two
of which are glacially fed at present and one of which is not. The
latter is a ‘control lake’ (i.e., Dahl et al., 2003), the purpose of which
is to document any inorganic sedimentary layers produced by non-
glacial means (e.g., by severe precipitation events or widespread
cryoturbation). The existence of such layers in the control lake
would alert us that similar inorganic sediments in the glacial lakes
Fig. 2. Satellite image of the Renland field area, showing the relationship between
local ice caps and Catalina Lake, as well as lakes cored as part of this study.
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Fig. 3. Google Earth imagery showing geographic setting of the field area and a
schematic representation of Catalina Lake drainage. A. Location of the field area (box)
with the position of Catalina Lake (1) marked, as well as two other lakes (2, 3) in the
same drainage and their approximate elevations (2021). Failure or retreat of ice dams
along this drainage periodically results in outburst floods to the east (Grinsted et al.,
2017). B. Current situation in the field area, where ice dams Catalina Lake, promot-
ing westward drainage through Bunny Lake and deposition of rock flour. C. Proposed
situation during the Holocene thermal maximum (HTM) with loss of the ice dam
resulting in drainage of Catalina Lake to the east and isolation of Bunny Lake (dark
blue). HTM ice margin (dashed) is schematic only, as the actual margin configuration at
that time is unknown. (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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cannot be interpreted simply as a result of glacial activity. We
constructed bathymetric maps using a Humminbird depth sounder
and deployed a modified Bolivian piston coring system from a raft
to collect multiple cores from each lake.

We split and cleaned each core and measured magnetic sus-
ceptibility (MS) with a Geotek MSCL-XYZ Core Scanner and per-
formed initial stratigraphic analysis at 0.5 cm resolution.
Stratigraphic information for all cores are in the Supplemental In-
formation. We selected the longest and/or most complete strati-
graphic record in each basin to serve as a master core. For these
master cores, we measured percent loss on ignition (LOI) by
burning at 550 �C (Bengtsson and Enell, 1986) and grain size using a
Coulter counter.

We prepared 40 samples for radiocarbon dating, preferentially
selecting terrestrial plant macrofossils. If insufficient macrofossils
were visible (such as in some of the gyttja), we washed the mini-
mum amount of organic-rich sediment through a 63 mm sieve
necessary to isolate sufficient organic fragments for dating. In-
spection suggests most were of terrestrial material, although those
fromRaven Lakewere too small to be identified.We did not observe
any contaminants, either surficial contaminants (i.e., bacterial
growth) or reworked carbon-rich materials (i.e., coal). All samples
were washed with ultrapure water, dried, and sent to the National
Ocean Sciences Accelerator Mass Spectrometry Facility for analysis.
We calibrated dates using CALIB 8.2 (Stuiver and Reimer, 1993;
Stuiver et al., 2021) and the INTCAL20 dataset (Reimer et al., 2020).
All dates in text are quoted in calendar years with a 2-sigma error.
We did not include a reservoir correction, and none is anticipated.
Bedrock surrounding the lakes lacks carbonate material and other
ancient carbon sources. Moreover, water in Bunny and Rapids Lakes
has a low residence time due to river through-flow. Lusas et al.
(2017) obtained a modern age from aquatic algae at the
sediment-water interface from a similar lake near the mouth of
Scoresby Sund (Fig. 1), suggesting little to no reservoir effect. In
addition to the samples from the lake cores, we also dated 15
samples of in situ plant materials, all terrestrial moss or Salix, that
were buried by glacial advance near the present Renland Ice Cap
margin and re-exposed by melting ice just prior to 2011.

4. Local geography

The geography of the field area (Figs. 1 and 2) is critical for
interpreting sediments in the studied lakes. Meltwater from Ren-
land Ice Cap flows south into a large east-west trending ice-
dammed lake (Catalina Lake #1, hereafter referred to simply as
’Catalina Lake, ’ informal name) that occupies Catalinadal, a fault-
controlled trough. This trough drops sharply in elevation to the
east and, in multiple places, is crossed by outlet glaciers from both
Renland and adjacent ice caps. These glaciers today dam two other
lakes (Catalina Lakes #2 and #3, from west to east). The eastern-
most ice dam, from a lobe of Edward Bailey Glacier, dams Catalina
Lake #3, which is known to drain catastrophically to the east when
the dam is compromised (Fig. 3; Grinsted et al., 2017).

At present, an outlet of Renland Ice Cap crosses Catalinadal and
dams the east end of Catalina Lake, preventing its natural overflow
to the east. Thus, drainage today is to the west across a sill and
subsequently through a chain of small lakes, including two of our
studied lakes, Rapids and Bunny. Because of this geographic situ-
ation, any time Catalina Lake drained to the west in the past, ice
extent must have been similar to or greater than that of today.
Shrinkage of Renland Ice Cap to a position slightly smaller than at
present would allow resumption of the eastern drainage. This
resumption could be gradual or catastrophic. The third lake in our
study, Raven, is on a shoulder of Catalinadal (Fig. 2). It does not
receive glacial meltwater at present.
3

Terrain within the field area consists of rugged bedrock draped
primarily with thin, lichen-covered till. However, within
200e500 m of the present-day glaciers, the drift is gray, un-
weathered, and lichen-free (Fig. 4A and B); by correlation with
deposits elsewhere in the region (Hall et al., 2008a; Lowell et al.,
2013; Levy et al., 2014; Lusas et al., 2017), we infer that the un-
weathered drift represents the late Holocene ("Historical";
Weidick, 1968) ice extent. Similar lichen-free zones occur on the



Fig. 4. (A) Photograph of the ice cap south of Catalina Lake. The gray color adjacent to the ice margin marks the inferred late Holocene drift limit. (B) Margin of the Renland ice cap
with view to the west. Drift adjacent to the ice margin is unweathered and relatively lichen-free. We infer it dates to the last expansion of the ice cap in the late Holocene. (C)
Photograph of Raven Lake with view to the northwest. (D) Aerial view of Bunny (foreground) and Rapids (background) Lakes with view to the east. (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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mostly ice-free plateaus above Bunny and Rapids Lakes and also
may represent areas of ice or permanent snow cover during the late
Holocene.
5. Raven Lake

5.1. Setting and geomorphology

Raven Lake (0.3 km2, Figs. 2,4C) consists of a relatively large, flat
basin with two minor sub-basins reaching depths of ~20 m (Fig. 5).
The only inflow observed in our summer field work occurs through
minor spring seepage at the east end, and the only outflow (also
minor) is filtration through a boulder-filled channel extending from
the south shore and leading to Catalina Lake (Fig. 6). Raven Lake
does not receive meltwater from Renland Ice Cap at present.
However, an abandoned channel, which heads ~200 m from the
ice-cap margin and distal to the fresh drift limit, enters the
northeast corner of the lake and is graded to present lake level. A
second relict inlet, also graded to present lake level, occurs on the
north side of Raven Lake and extends to a highland area about
1.1 km distal to the present ice-cap margin. Deltas occur along this
channel at about 4 m above present-day lake level and are associ-
ated with a distinct raised shoreline at that elevation. A prominent
abandoned outlet exits the southwest corner of the lake and heads
at the same elevated shoreline. In order for the lake to have been
4 m higher than at present, sediment or ice that is no longer in
existence must have dammed two lower-elevation channels e the
present-day outlet and the present-day inlet (which would become
an outlet if water level were ~>1 m higher than at present). We
speculate that the elevated shoreline, deltas, and associated relict
outlet channel may have been active during initial stages of
deglaciation when thick ice or ice-cored moraine still occupied
4

Catalinadal.
Raven Lake is surrounded by weathered, lichen-covered till. A

series of degraded lateral moraines occurs east of the lake in the
valley that now hosts the only active inlet. These moraines slope
downward to the southeast and relate to an expanded Renland Ice
Cap.
5.2. Core data

We collected five cores from the central basin of Raven Lake,
reaching as much as 2.7 m below the sediment-water interface
(Supplemental Information; Table S2). Our analyses focused on
RAV11-1, comprised of two, meter-long segments (RAV11-1A-1,
RAV11-1A-2) from the same hole (Fig. 7). The lower unit (Unit A,
160e210 cm depth) consists of pink and gray massive sand with
scattered pebbles found below 203 cm depth (Fig. 7). Organic-rich,
finely laminated (millimeter-scale) gyttja (Unit B) abruptly overlies
the sand and persists to the surface of the core. The laminae group
to produce alternating centimeter-thick layers of dark grayish-
brown, olive brown, and black sediment, with the lower layers
being generally darker in color than those higher in the core.

MS and percent LOI show an inverse relationship (Fig. 7), with
theMS values being relatively high and variable near the base of the
core but remaining low above 160 cm depth. In contrast, percent
LOI jumps from near zero at the base of the core to nearly 30% at
160 cm depth. Percent LOI peaks in the middle of the upper unit
and declines gradually thereafter. Cores from other sites are
composed of the same two units (Supplemental Information).
However, when plotted by depth below the sediment-water
interface, the contact is not at the same apparent level every-
where; nor are overlying sediments of the same age (Fig. 8).

Eleven radiocarbon dates of organic samples range from ~970 to



Fig. 5. Bathymetric maps of Raven, Bunny, and Rapids Lakes. Stars mark the location of the master cores.

Fig. 6. Geography of Raven Lake, showing current and former outlets and inlets. A
higher former shoreline and associated outlet and delta (triangle) are shown in red.
Location of image is marked in Fig. 2. (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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12,670 yr BP (Table 1). Most remains were too small to identify. All
seven dates from themaster corewere used in the age-depthmodel
(Fig. 9). There were no age reversals. The remaining dates constrain
the lower part of the stratigraphy in other cores.
5

6. Rapids Lake

6.1. Setting and geomorphology

Rapids Lake, a single, steep-sided basin (0.8 km2, 30 m deep;
Fig. 5), is one in a series of lakes connected by a turbulent bedrock-
floored river that today drains Catalina Lake (Figs. 2, 4D and 10). The
river, which carries glacial rock flour at present, enters the lake
through a waterfall to the east and exits the southwest corner,
where it continues to Bunny Lake. An abandoned channel extends
from the plateau above the lake to the south shore. Although the
valley walls show evidence of past rockfall, boulders surrounding
the lake have extensive lichen cover, indicating overall stability.
6.2. Core data

We collected three cores from the edge of the central basin in
Rapids Lake, as well as an additional core from the break in slope
north of the basin. Coring in every instance was halted by rocks.
Because all cores showed the same general stratigraphy (Supple-
mental Information), we chose the longest record, RPD11-1B-1, as
the master core, which we hereafter call RPD11-1 (Fig. 11).

The lowest recovered unit (Unit A), at 83e107 cm depth, consists
of laminated black clayey-silt with multiple interbedded layers of
reddish-gray coarse silt and fine sand (Fig. 11). Dark brown, very
finely laminated (0.1 cm) silt (Unit B) overlies the lower unit with a
sharp contact and persists until 37 cm depth. These sediments are
interrupted by multiple layers of gray clayey silt, the most promi-
nent of which occurs at 50.5 cm depth (0.3 cm thick). Between 37
and 38 cm depth, a transition occurs to overlying gray, laminated,



Fig. 7. Data from RAV11-1. Dots adjacent to the core photo mark the location of radiocarbon samples.

Fig. 8. Raven Lake cores arranged by depth. Dashed lines show correlations among
cores at the clay-silt boundary. Green dots mark radiocarbon dates. (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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silty-clay. This unit (Unit C) is maintained to the surface and con-
tains four interbedded layers of dark brown, massive, clayey-silt.
6

Two of the layers are oxidized along their upper boundary.
MS and LOI all fluctuate with observed changes in sediment. The

gray clayey-silt layers are low in organic material and high in MS.
Dark brown silt generally shows the opposite relationship, with the
notable exception of the dark brown silty clay layers that interrupt
the upper clay unit. These layers have the highest MS observed in
the core and very low organic material.

Five radiocarbon dates from RPD11-1 range from ~180 to
8120 yr BP (Table 1). We removed OS-96048 from the age-depth
model (Fig. 9), because it is significantly older than two of the
underlying dates. Overall, the chronology for RPD11-1 is not robust,
which limits the conclusions that can be drawn from this record.

7. Bunny Lake

7.1. Setting and geomorphology

Bunny Lake (0.6 km2) is ~250 m west of Rapids Lake, along the
same drainage (Fig. 10). The two lakes are separated by a large,
bouldery deposit with multiple, closely spaced hummocky crests
(as much as 10 m of relief), possibly a highly degraded terminal
moraine. Surface boulders are covered thickly with lichen. The river
flows along the southern shore and discharges through a north-
western outlet. An abandoned channel descends from the south
plateau to the lake. Bunny Lake has twomajor basins separated by a
9-m-deep sill (Fig. 5). The south, ~14 m deep, is affected by the
through-flowing river. The north basin (~10 m deep) is more iso-
lated and quiescent.

7.2. Core data

We collected five cores from Bunny Lake, two from the south
and three from the north basin. Coring reached amaximum of 1.7m



Table 1
Radiocarbon dates from lake sediment cores. Master depth refers to the depth on the combined master cores. Percent refers to the percent probability of the calbration.
Probabilities <10% are not shown.

Core Depth (cm) Master
Depth (cm)

Lab ID Sample Type 14C yr BP error Cal yr BP 2s % d13C

Raven Lake

RAV11-1A-1 9 9 OS-95567 Organic fragments 1080 35 970 40 68 �25
1040 20 32

RAV11-1A-1 24 24 OS-96907 Organic fragments 1890 25 1780 60 93 �32.1
RAV11-1A-1 56 56 OS-95590 Macrofossil 3660 30 3990 90 100 �29.5
RAV11-1A-1 108 108 OS-96908 Organic fragments 5300 35 6090 100 97 �30.7
RAV11-1A-1 125.5 125.5 OS-96909 Organic fragments 5740 40 6540 100 99 �31.2
RAV11-1A-2 4 145 OS-95588 Organic fragments 5880 30 6690 60 95 �30.4
RAV11-1A-2 11 152 OS-95589 Organic fragments 6960 35 7780 90 95 �28.6
RAV11-2A-1 9 OS-95566 Organic fragments 5250 45 6020 100 85 �30.4

6160 20 15
RAV11-2A-1 76 OS-95569 Organic fragments 8180 50 9150 140 100 �27.7
RAV11-3A-1 17 OS-100776 Organic fragments 10,650 55 12,670 60 91 �29.9
RAV11-3A-1 17 OS-105116 Organic fragments 9990 65 11,460 200 90 �29.7
Rapids Lake
RPD11-1B-1 5 5 OS-96048 Macrofossil 960 20 830 40 77 �23.1

910 10 21
RPD11-1B-1 17.5 17.5 OS-96047 Macrofossil 200 20 180 40 60 �25.2

280 10 25
modern 15

RPD11-1B-1 21 21 OS-96058 Macrofossil 250 25 300 20 65 �26.5
160 10 22

RPD11-1B-1 39 39 OS-96045 Organic fragments 1990 25 1930 60 95 �24.5
RPD11-1B-1 99 99 OS-95933 Macrofossil 7330 55 8120 100 91 �24.1
Bunny Lake South
BNL11-1A-1 23 13 OS-95595 Organic fragments 425 40 480 50 84 �26.6

350 20 16
BNL11-1A-1 37.4 27.4 OS-96874 Macrofossil 1150 30 1050 80 90 �30.8
BNL11-1A-1 61 51 OS-96906 Organic fragments 2910 25 3020 60 75 �31.7

3120 30 25
BNL11-1A-1 107 97 OS-95587 Organic fragments 6380 30 7300 40 77 �25.0

7400 20 17
BNL11-1B-1 56 97 OS-95586 Organic fragments 6290 40 7240 80 97 �29.7
BNL11-1B-1 77 117 OS-95640 Macrofossil 7170 50 7980 60 88 �24.6
Bunny Lake North
BNL11-2A-1 13 4.5 OS-100375 Macrofossil 280 20 400 30 52 �24.2

310 20 48
BNL11-2A-1 26.8 18.3 OS-100376 Organic fragments 1440 25 1330 30 100 �32.8
BNL11-2A-1 28 19.5 OS-100377 Organic fragments 1460 20 1340 30 100 �31.7
BNL11-2A-1 59.5 51 OS-100378 Organic fragments 3400 40 3640 80 89 �31
BNL11-2A-1 69 60.5 OS-100379 Organic fragments 3280 30 3510 60 98 �32.6
BNL11-2A-1 73 64.5 OS-100380 Organic fragments 3670 30 4000 90 100 �33.5
BNL11-2A-1 74 65.5 OS-100381 Organic fragments 3480 30 3760 70 95 �32.7
BNL11-2A-1 85.5 77 OS-100382 Organic fragments 3430 30 3650 80 82 �32.9

3810 20 13
BNL11-2A-1 86 77.5 OS-100516 Organic fragments 4410 30 4960 90 92 �34.4
BNL11-2A-1 95 86.5 OS-100517 Organic fragments 5250 30 5980 50 59 �34.2

6080 40 29
6160 20 12

BNL11-2A-1 113 104.5 OS-100777 Organic fragments 6520 35 7460 50 64 �28.7
7360 30 34

BNL11-2A-2 3 122 OS-100518 Organic fragments 6450 30 7370 60 100 �29
BNL11-2A-2 9.5 128.5 OS-100519 Organic fragments 6710 30 7590 30 66 �28.6

7530 20 28
BNL11-2A-2 15 134 OS-100520 Organic fragments 7300 35 8100 80 100 �29.9
BNL11-2A-2 22.5 141.5 OS-100521 Organic fragments 7470 35 8320 40 51 �30.2

8230 40 49
BNL11-2A-2 26 145 OS-100778 Organic fragments 7960 40 8840 150 92 �31.8
BNL11-2A-2 29.5 148.5 OS-100522 Organic fragments 7870 35 8680 100 92 �29.8
BNL11-2A-2 33 152 OS-100779 Organic fragments 8500 50 9490 50 100 �30.1
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below the sediment-water interface and was halted by gravel. For
each basin, we constructed a master core from the longest available
records. BNL11-1 (south basin) is formed from a combination of two
overlapping core segments (BNL11-1A-1, BNL11-1B-1) from holes a
few meters apart, which were correlated using visual stratigraphy
and confirmed by radiocarbon dating. BNL11-2 (north basin) is
formed from two core segments (BNL11-2A-1, BNL11-2A-2) from
the same hole.
7

The lowest retrieved sediments in BNL11-1 consist of ~30 cm of
poorly sorted, sub-rounded sand and gravel, as much as 5 cm
diameter (Fig. 12). MS is relatively high and variable. Organic con-
tent is negligible. This unit (Unit A) is overlain abruptly at 120 cm
depth by nearly a meter of very dark grayish-brown silt (Unit B),
and LOI jumps to nearly 30%. Close to the lower contact, the sedi-
ment is very finely laminated (millimeter-scale), alternating be-
tween the dominant black and less prominent very dark grayish-



Fig. 9. Age-depth models for the four master cores. We consider the two dates shown as blue diamonds to be outliers and exclude them from the age-depth model calculations. (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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brown and gray laminae. Above 99 cm depth, the unit is massive,
grading from black to very dark brown. Prominent thin (0.5e2 cm)
layers of massive gray clayey-silt occur at 52.5, 86, and 97.5e99 cm
depth and are characterized by distinctly higher MS and low
organic content.

The very dark brown silt is overlain abruptly at 27 cm depth by
gray clayey-silt to silty-clay (Unit C) with high MS and low organic
content. This latter unit fines upwards (~25% clay at bottom to 65%
at the top) to the surface and is interrupted by a thin reddish-brown
silt layer and two oxidized laminae (21 and 3 cm depth), as well as
by a thicker, reddish-brownmassive silty fine sand layer between 5
8

and 14 cm depth.
A similar, but higher-resolution record, occurs in the north basin

of Bunny Lake ("Bunny Lake North," Fig. 13). Here, the lowest 10 cm
consist of dark reddish-gray massive fine sand, which was not
retained in the core barrel and thus is not recorded in Fig. 13. The
sand is capped by gray, massive clay from 151 to 155 cm depth (Unit
A). More than 1.2 m of organic-rich, massive silt overlie the clay
with an abrupt contact. This silt (Unit B) grades from black at its
base to dark grayish-brown at the top. Similar to BNL11-1, the unit
is punctuated by gray, massive, clayey-silt layers (12 in all) that are
characterized by distinct MS peaks and low organic content. Two of



Fig. 10. Geography of the Rapids and Bunny Lake area, showing current and former
(dashed) inlets and outlets.
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these (51e60.5 and 87.5e88.5 cm depth) also contain dark reddish-
gray fine sand, similar to that in the uppermost unit of cores in both
basins.

Gray laminated (centimeter-scale) clay (Unit C) overlies the
brown silt abruptly at 17 cm depth and persists to the core top. The
clay displays high MS and low organic content. Dark reddish-gray
massive fine sand interrupts the clay at 3e4 cm depth.

Six radiocarbon dates from the south basin of Bunny Lake range
from 480 to 7980 yr BP (Table 1). All are in stratigraphic order and
were used to create an age-depth model for BNL11-1 (Fig. 9).
Fig. 11. Data from RPD11-1. Dots adjacent to the core
9

Eighteen dates from the north basin range from 400 to 9490 yr BP
and show some minor age reversals that are most likely due to
uncertainties in radiocarbon dating. One date was excluded from
the age-depth model (Fig. 9) because of an age reversal.
8. Recently exposed plant remains

In situ relict plant remains have been exposed by the retreating
Renland Ice Cap margin north of Raven Lake (Fig. 2). Fifteen cali-
brated ages of these materials, primarily moss, but also willow
(Salix), range from ~400 to 1000 yr BP. The oldest group clusters at
~950 yr BP (Table 2; Fig. 14) and consists of three samples found
within 15 m of the 2011 ice margin, all from old landscape surfaces
with a thin drape of younger glacial debris. The remaining samples
average ~500 yr BP, with most found buried under 0.2e1.0 m of till
and exposed in sections near the ice margin. One sample consisted
of a rumpled relict surface and two were preserved in cracks in
bedrock on the lee side of a hill.

9. Discussion

9.1. Correlation of cores and interpretation of sediments

9.1.1. Raven Lake
The deepest recovered sediments in Raven Lake (our control

lake) are coarse sand and gravel, which we interpret as ice-
proximal, laid down during initial deglaciation. Following isola-
tion of the lake from glacial meltwater, sedimentation became
organic-rich. Two radiocarbon samples from RAV11-3A-1 suggest
that this transition occurred shortly before 11,460 ± 200 (OS-
105116) to 12,670 ± 60 yr BP (OS-100776) (Fig. 8). These samples
were taken from approximately the same depth in the core
(although not from the same sample) and their ~1000-yr difference
may reflect poor chronologic resolution due to slow sedimentation.
photo mark the location of radiocarbon samples.



Fig. 12. Data from BNL11-1. Dots adjacent to the core photo mark the location of radiocarbon samples.
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In RAV11-2A-1, a sample >15 cm above this contact dates to
9150 ± 140 yr BP (OS-95569), consistent with the dates from
RAV11-3A-1. However, in RAV11-1A-2, a date from close to the
same contact is only 7780 ± 90 yr BP (OS-95589) in disagreement
with dates from other cores (Fig. 8). As mentioned above, the
contact between the two units is not horizontal and becomes lower
where the older dates occur. We suggest that the contact is un-
comformable, and material is missing from the shallower cores,
possibly due to erosion or non-deposition during a period of low
lake level in the early Holocene. Because we cannot accurately
correlate RAV11-3A-1, which has the oldest ages, with the master
core, we leave dates from this core out of the agemodel. However, if
the dates are correct, by about 12,700 yr BP, the basin must have
been free of glacial ice. At minimum, dates from the master core
indicate it must have been ice free before 7780 yr BP.

Most sediments in Raven Lake consist of very finely laminated,
organic-rich silt, which shows a slight enrichment in coarser par-
ticles in the second half of the Holocene. Notably, these sediments
lack inorganic clay layers similar to those found in Bunny and
Rapids Lakes.
9.1.2. Bunny and Rapids Lakes
Because Rapids and Bunny Lakes occupy the same drainage, we

expect their sediments to be similar. For the most part, this is the
case, although the sedimentation rate was much slower in Rapids
Lake than in Bunny Lake (particularly in the north basin). In general,
resolution in the Rapids core is poor, and age reversals in the upper
sediments complicate the age model. When records from the two
lakes disagree, we favor that from Bunny Lake.

Both lakes show coarse-grained clastic sediments at the base of
the cores, interpreted to be proximal glaciolacustrine deposits. In
10
Rapids Lake, the lowest radiocarbon date affords a minimum age of
8120 ± 100 yr BP for ice retreat from the site. The basal age for the
south basin of Bunny Lake is similar, but the lowest date from the
north basin is 9490 ± 50 years old. Given that the north basin has a
more complete record, we suggest that ~9500 yr BP represents the
closest minimum-limiting age for deglaciation of both Bunny and
Rapids Lakes. As the south basin and Rapids Lake would have been
along the path of the outwash stream from the retreating glacier,
these earliest sediments may have been scoured (or not deposited)
in these basins.

Rock flour is common in the early and recent sediments in both
lakes. Immediately above the basal clastic sediments, thin layers of
blue-gray inorganic clay are interbedded with organic-rich sedi-
ments. This abrupt and recurrent change in sediment type may
reflect repeated failure and reformation of the ice dam at the east
end of Catalina Lake to allow high frequency switches between
glacial and organic sedimentation. Thus, by ~9500 yr BP ice extent
was likely already slightly smaller than at present, and it fluctuated
around this level for at least 1500 years.

The upper part of the cores is composed of a thicker unit of the
same gray, inorganic clayey silt, along with layers of coarser clastic
sediments. The onset of this unit is best constrained in Bunny Lake.
Here, a precursor event is recorded in the north basin, where a thin
gray layer dated firmly at 1340 ± 30 yr BP (AD 610) marks the first
visible rock flour since ~3000 yr BP. There is a brief return to organic
sedimentation, followed by the onset of the thick clayey silt unit
which persists to the top of the core. The onset of the thick clayey
silt unit is not dated in the north basin, but in the south basin, it
occurred abruptly shortly after 1050 ± 80 yr BP (~AD 900). Based on
the thickness of this upper clayey silt, we infer that it represents the
longest-lasting and probably the most extensive glacial event of the



Fig. 13. Data from BNL11-2. Dots adjacent to the core photo mark the location of radiocarbon samples.

Table 2
Radiocarbon ages of organic remains recently exposed by the retreating Renland ice cap. Superscripts in first column are keyed to Fig. 14. Calibration probabilities less than 10%
are not shown.

Lab # Lat. Long. Elev. (m) 14C age Error Cal. yr 2s d13C Context

1OS-103375 71.10710 �27.29640 1645 285 20 400 (60%)
310 (40%)

30
20

�22.3 Moss in bedrock crack on higher summit

2OS-103378 71.08548 �27.33017 1173 305 30 400 (74%)
320 (26%)

60
20

�23.1 Moss in ice at ice/drift contact

3OS-94910 71.10485 �27.31255 1419 330 25 390 80 �25.7 Moss/soil under 0.5 m till exposed in cut bank, 3 m from ice
4OS-95158 71.10485 �27.31255 1419 370 25 460 (58%)

350 (40%)
40
30

�25.7 Moss/soil under 0.5 m till exposed in cut bank, 3 m from ice

5OS-103373 71.10708 �27.29762 1642 430 25 490 30 �22.3 Moss in bedrock crack on lower summit
6OS-103371 71.10670 �27.30828 1483 435 30 490 40 �26.7 Moss in crack in rocks, about 1 m from ice margin
7OS-103377 71.08508 �27.33142 1174 455 25 510 20 �26.0 Salix rooted in relictfluvial terrace 2 m from margin
8OS-103437 71.10557 �27.31058 1438 470 25 510 20 �24.7 Moss/soil under rock 3 m from ice margin
9OS-95042 71.10503 �27.31155 1420 515 25 530 20 �23.6 Moss under 0.4 m of till exposed at base of cut bank 4 m from ice front
10OS-103436 71.10557 �27.31058 1438 550 25 540 (65%)

610 (35%)
20
20

�25.4 Moss on rumpled up relict surface in thrust block at ice margin

11OS-95163 71.10105 �27.31448 1267 555 30 540 (55%)
610 (45%)

20
20

�22.8 Moss/soil layer in section under 20 cm of till, same mat as 10

12OS-95043 71.10353 �27.31255 1398 675 25 650 (59%)
580 (41%)

20
10

�25.5 Moss/soil layer under 1 m of till exposed in cut through stream terrace, 6 m from ice

13OS-103376 71.08263 �27.34203 1145 980 20 830 (63%)
910 (37%)

40
10

�26.8 Salix rooted in relic surface inside historical drift limit, 15 m from ice margin

14OS-103372 71.10672 �27.30255 1554 1030 25 940 30 �21.4 Moss right at ice margin
15OS-103374 71.10718 �27.29738 1635 1130 30 1020 60 �24.3 Moss right at ice margin
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entire record (assuming negligble sediment compaction). Renland
glaciers dammed Catalina Lake, and drainage was to the west to
Bunny and Rapids Lakes, a situation that has persisted until present
11
day. We also infer that this is the most likely time for ice-cap
growth on the south plateau.

The upper clay unit is interrupted in each basin by two or three



Fig. 14. Location of dated in situ plant remains uncovered by recent ice recession. Ages are in calendar years. For samples with multiple calibration peaks, only the most probable
peak is shown; all other data are in Table 2. Samples are keyed to Table 2 with the red numbers after each age. (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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well-sorted coarser-grained silt and fine sand layers. The origin of
these layers, some of which have an orange color, remains uncer-
tain. One option is that they represent mass-wasting events, either
from the valley walls or as slush-flow events. Another is that they
reflect sediment reworking during a period of low water level
associated with a reduction in meltwater. This meltwater reduction
could be due either to unusually cold summer conditions or to brief
recession of the ice dam which cut meltwater flow to the lakes. If
meltwater inflow were curtailed, lake level would drop to the level
of the outlet sill. Any continued water-level decrease would be
dependent on evaporation (or lake-ice sublimation) exceeding
precipitation. Evidence in support of periods of low water level
comes from diatom assemblages and water-depth modelling from
the south basin of Bunny Lake, which suggest at least two periods of
relatively low water level (>6 m below present) dominated by
benthic taxa during the last 1000 years (Slemmons et al., 2016). The
most recent of these occurred at ~480 yr BP, with a decrease in
planktic-benthic ratios, and is associated with the coarse silt/fine
sand deposition (Slemmons et al., 2016).

Organic-rich silt sandwiched between the upper and lower clay
units comprises most of the cores and indicates little to no input of
glacial material for most of the Holocene. Thus, Renland glaciers
must have ceased to have dammed Catalina Lake and drainage was
to the east. There also is a small decrease in organic content over
time, similar to that at Raven Lake, which may be due either to a
long-term decline in productivity and/or gradual increase in min-
erogenic sediment. If minerogenic, it is unlikely to be from rock
flour, because the decrease in organic content is not accompanied
by an increase in MS (rock flour in these lakes has a highMS signal).

A significant feature of the organic silt unit is that it is
12
interrupted by multiple layers of gray clayey-silt, identical in color,
grain size, MS, and LOI to the rock flour being deposited today in
these lakes. We favor a glacial origin for these sediments due to this
similarity, as well as because of the lack of similar inorganic
laminae, such as might be produced by periods of heavy surface
runoff, cryoturbation or dust storms, in non-glacial Raven Lake. We
cannot exclude the possibility of mass movements producing layers
similar to these in the lakes, but given that several occur in more
than one basin, we do not favor that scenario (Fig. S1). The two
most prominent layers occur at ~3200e3500 and 7200e7600 yr BP.
If these layers do represent glacial influx, they would have formed
at a timewhen icewas generally smaller than at present in themid-
Holocene, but expanded just enough during the coldest times to
occasionally dam Catalina Lake.
9.2. Interpretation of recently exposed plant remains

Radiocarbon ages of plant remains exposed by recently
retreating ice afford information on the timing of marginal fluctu-
ations of the Renland Ice Cap north of Raven Lake. Collectively, the
dates indicate timeswhen plants were able to colonize ice-free land
that was subsequently covered by ice until recently re-exposed.
Moreover, if the plants died because of glacial overriding (as
opposed to a glacier overriding long-dead wood), then their ages
also afford direct information on the timing of ice expansion.

The oldest ages are ~900e1000 yr BP (n¼ 3, Fig. 14). Thus, when
these plants lived, Renland Ice Cap must have been smaller than it
was in AD 2011, allowing plants to grow in spaces that until recently
have been covered by ice. While we cannot be certain glacier
advance killed these plants, ice expansion at ~900e1000 yr BP
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would be consistent with the return of rock flour to Bunny Lake
shortly after ~1050 yr BP. Other samples (n ¼ 12) date to
~500 ± 100 yr BP, indicating that plants were again at least briefly
able to grow in an area close to what would later be the AD 2011
margin. Uncertainties in age calibrations also allow the less likely
probability that plants may have grown at other times between
~300 and 700 yr BP. Altogether, the plant samples suggest expan-
sion of ice beyond the current position at some point at or after
~900e1000 yr BP, with at least one period since that time (~500 yr
BP) when ice was as small as it is at present, followed by re-
expansion. One possibility is that this latter period of restricted
ice may correspond with the coarse sediment layer deposited in
Bunny Lake at about ~500 yr BP, thought to reflect a period of low
water level and reduced meltwater input.

9.3. Summary of Renland lake record and comparison with other
Scoresby Sund glacier and lake records

Sediments from the glacially fed lakes afford continuous records
of ice-cap behavior in Renland during the Holocene. Such small,
terrestrial ice caps are sensitive to changes in snowline elevation,
which in turn is influenced primarily by summertime temperature
(Oerlemans, 2001). Therefore, we infer that our record largely re-
flects a history of relative summertime temperature in interior East
Greenland over the Holocene.

The Raven Lake recordmay extend back to theMilne Land Stade,
a regional glacial advance in the late-glacial period with both
"outer" and "inner" positions. Deglaciation from the outer Milne
Land Stade moraines in the Scoresby Sund region occurred prior to
~12,400 yr BP farther east in the Stauning Alper and in Milne Land
(Hall et al., 2008b; Kelly et al., 2008; Levy et al., 2016). The degraded
lateral moraines down valley of Raven Lake may correlate to this
event, although landforms from the Milne Land Stade have not yet
been confirmed in Renland. If the oldest age from the base of Raven
Lake is correct, then deglaciation of southwest Renland was un-
derway by ~12,670 yr BP, which would be consistent with degla-
ciation following an outer Milne Land Stade position..

In contrast, the glacial lakes in this study, Bunny and Rapids,
have basal ages that extend back only to ~9500 yr BP. Either ice or
perhaps large snow drifts persisted in these basins for thousands of
years after deglaciation of Raven Lake or the dates obtained are not
close-limiting ages for ice retreat, possibly because the basins were
dry. We tentatively favor the latter for two reasons. First, based on
the differences in basal ages in the cores, we infer that there is an
erosional unconformity or hiatus in deposition in Raven Lake,
suggesting a possible period of low water in the late-glacial/early
Holocene. Second, by 9490 yr BP, organic silt free of visible rock
flour already was being deposited in Bunny Lake, suggesting that
any glacier marginwas distant, so distant that Catalina Lake did not
even send meltwater to Bunny Lake. Evidence for restricted ice by
about 9500 yr BP also is in accord with data from Istorvet Ice Cap in
Liverpool Land, Bregne Ice Cap in Milne Land, and mountain gla-
ciers in the Stauning Alper, all of which indicate ice had retreated to
at least within late Holocene positions by ~10,000 yr BP (Hall et al.,
2008b; Lowell et al., 2013; Levy et al., 2014; Lusas et al., 2017). It also
is consistent with abundant evidence suggesting expansion of
thermophilic marine fauna into the Scoresby Sund region in the
early Holocene (i.e., Hjort and Funder, 1974; Street, 1977; Hall et al.,
2008a) and an abrupt early-Holocene rise in chironomid-inferred
temperatures at Last Chance Lake in Milne Land (Axford et al.,
2017).

Although apparently smaller than present for much of the Ho-
locene, from at least 9490 until the onset of the late Holocene
glaciation about 1050 yr BP, Renland Ice Cap may have undergone
periodic fluctuations, as represented by clay layers (Fig. 15). The
13
most prominent event in terms of sediment thickness and spatial
extent was at ~7200e7600 yr BP and may have been coeval with
the Rødefjord moraines (~7600 yr BP; Funder, 1978), which were
deposited by GIS outlet glaciers in the fjords adjacent to Renland.
Whether this timing is coincidental or the result of a common cli-
matic forcing of local ice caps and GIS outlet glaciers remains un-
known, as the significance of the Rødefjord moraines is uncertain
(Funder, 1978).

Clay layers occur less frequently after ~7000 yr BP until the last
millennium, indicating that ice only rarely dammed Catalina Lake.
The only other significant clay deposition, present in all three ba-
sins, occurred at 3200e3500 yr BP. This may represent onset of
Neoglaciation with periodic refilling and draining episodes at Cat-
alina Lake. It coincides with a negative temperature anomaly
reconstructed from chironomids in nearby Milne Land (Axford
et al., 2017). In contrast, inorganic layers at ~5900 and ~4900 yr
BP in Bunny Lake North are thin and hard to find in all three basins,
suggesting either only brief periods of meltwater input or a non-
glacial origin. After a period of organic-rich sedimentation
following the ~3200-yr event, a very sharp layer of glacial clay
dated in Bunny Lake North to 1340 yr BP (AD 610) represents return
to glacial conditions. This is followed by a short interval of organic
deposition and then by onset of significant late Holocene glaciation
shortly after ~1050 yr BP (AD 900). The deposition of this upper
silty clay unit corresponds to the expansion of local ice caps to the
limits marked by the gray, unweathered drift (Figs. 4A and 3B).

At face value, onset of late Holocene glacial sedimentation (i.e.,
the “Little Ice Age”) appears to have occurred several centuries
earlier in Renland than at Bone Lake adjacent to the Istorvet Ice Cap
in coastal Liverpool Land (Fig. 1; Lowell et al., 2013; Lusas et al.,
2017) and nearly a millennium after sustained rock flour input
from Bregne Ice Cap in Milne Land (Levy et al., 2014). However, we
note that the relationship between the ice caps and the studied
lakes differs among these sites. For instance, Bone Lake only re-
ceives meltwater when Istorvet Ice Cap is within a few hundred
meters of its maximum late Holocene position and thus is suitable
for recording only the timing of maximum ice extent. Given that
rock flour can be deposited in Bunny Lake under climate and glacier
configuration similar to today, our record probably shows glacial
events to be of longer duration, with earlier onset and later
termination, relative to sites whichmay record only peak glaciation
(e.g., Bone Lake). Thus, our record is likely poised to capture the
duration (build up and demise) of glacier fluctuations, but less ac-
curate at identifying the time of maximum ice extent. As only the
very warmest times will result in sustained retreat of the ice dam
and drainage of Catalina Lake to the east, our data are perhaps more
usefully interpreted as documenting peak warmth during times of
organic deposition. The high elevation of the Renland Ice Cap
makes it ideal to record glacial activity during former warm periods
because, unlike many other indpendent ice caps in this region, it
was able to maintain an accumulation zone during the Holocene
thermal maximum. These observations lead us to stress the
importance of collecting records from numerous lakes in different
geographic and geomorphologic settings to develop a consensus on
the timing of glacial and climate events.

9.4. Comparison with other east Greenland climate proxy data

The original reason for selecting our field area was to compare
ice-marginal fluctuations with the adjacent Renland ice core
climate data (Vinther et al., 2008). However, while both datasets are
consistent with a warm early Holocene, we see little other direct
correspondence between our record of ice-marginal fluctuations
and the stable isotopic data from the top of the ice cap (Fig. 15).
Oxygen-isotope data from the Renland ice core trend nearly



Fig. 15. Comparison of the Renland lake record with regional climate proxies. A. GISP2 d18O profile (Grootes and Stuiver, 1997); B. GISP2 chemistry data as represented by an
empirical orthogonal function (O’Brien et al., 1995); C. Renland ice core d18O profile (Vinther et al., 2008); D. Temperature anomaly relative to preindustrial values inferred from
chironomids in Last Chance Lake, Milne Land (Axford et al., 2017); E. Magnetic susceptibility record - a proxy for glacial sediment input - from the north basin of Bunny Lake; F.
Chronology of the visible inorganic clayey-silt layers in Bunny Lake indicated by blue lines. (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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monotonically toward more negative values, starting at ~9500 yr
BP. Small, centennial-scale fluctuations are superimposed on the
overall record, but there is little expression of millennial-scale
changes, other than the “8200 yr event”. Strong evidence of other
millennial fluctuations, such as the Little Ice Age, is missing. One
possibility is that the ice-cap mass balance as recorded by marginal
fluctuations and meltwater is reacting largely to summer temper-
ature variations, whereas the d18O in Greenland ice cores is thought
to be strongly affected by winter conditions (Denton et al., 2005;
Buizert et al., 2014).

Dust proxy records from the new Renland ice core (RECAP core)
are in broad agreement with our data. Although not a direct mea-
sure of ice extent in Renland, Simonsen et al. (2019) interpreted
coarse particles in the ice core as indications of ice-sheet retreat in
central East Greenland at 12,100e9000 yr BP, consistent with our
evidence for rapid retreat of Renland Ice Cap during that same time
period.

Insect assemblages at Last Chance Lake in Milne Land indicate
warmer summer temperatures than today throughout the early
and most of the middle Holocene (Axford et al., 2017), in good
agreement with our records. The temporary migration of dense
dwarf shrub heath northward into the Scoresby Sund region
~8800-5500 yr BP also suggests warmer temperatures than at
present (Funder, 1978). Moreover, the period ~7800-4100 yr BP also
corresponds to a time ofminimumHolocene ice extent in southeast
Greenland (Balascio et al., 2015).

We see weak correspondence of our Renland glacial record with
the GISP2 atmospheric chemistry data, taken to reflect either
strength of the polar vortex or fluctuations in meridional atmo-
spheric circulation. Periods of strong polar circulation, indicated by
increases in an empirical orthogonal function representing variance
in the chemical assemblage, are thought to characterize cool phases
of millennial-scale oscillations (O’Brien et al., 1995). Some periods
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of strong polar circulation are coeval with times of glacial sediment
input into the Renland lakes (i.e., at ~8200 yr BP), but in general the
two records show little resemblance to each other. During the best-
dated glacial expansion - that which occurred during the last mil-
lennium - ice advanced not only in Renland but elsewhere in east
(e.g., Lowell et al., 2013; Lusas et al., 2017), northeast (Adamson
et al., 2019), and southeast (Van der Bilt et al., 2018, 2019)
Greenland several hundred years earlier than the corresponding
change in ice-core chemistry, thought to have occurred at AD 1400
(Mayewski et al., 2004). Ice-core chemistry changes also appear to
have begun after sea-ice expansion in the North Atlantic by ~ AD
1300 (Oglivie, 1992; Oglivie and J�onsson, 2001; Mass�e et al., 2008).
This relative timing among proxies may suggest that atmospheric
circulation changes lagged onset of cooling, perhaps only initiating
when a temperature threshold was crossed.

Our data afford support for suggestions from earlier work in the
Scoresby Sund region (Lowell et al., 2013; Lusas et al., 2017), as well
as from parts of northeast and southeast Greenland (Balascio et al.,
2015; Adamson et al., 2019; Van der Bilt et al., 2018, 2019), of a
precursor event or events just prior to the onset of the "classical"
Little Ice Age. For example, a "Dark Ages" advance of the Renland Ice
Cap at 1340 yr BP is coeval with expansion of Kulusuk glaciers in
southeast Greenland at ~1300 yr BP. This is likely the same event
noted in Madsen Lake on the Wollaston foreland in northeast
Greenland at 1350-1190 yr BP (Adamson et al., 2019). Glacier
advance during the main phase of the Little Ice Age in the Scoresby
Sund region began at ~1050 yr BP at Renland (this study) and
neared its maximum in coastal Liverpool Land at Istorvet ice cap at
~800 yr BP (Lusas et al., 2017). This advance corresponds in time to
a similar expansion in Madsen Lake at 940-825 yr BP (Adamson
et al., 2019), followed there by minor recession and then read-
vance at ~700 yr BP. Although the Renland lake records do not show
evidence of such a recession and readvance, the oldest group of
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plant remains adjacent to the Renland ice cap date to ~900 yr BP
and may record this minor recession. A subsequent period of ice-
marginal retreat at Renland recorded by plant remains dating to
~500 yr BP does not seem to appear in either the Madsen Lake or
Kulusuk records. Altogether, however, there appears to be strong
evidence in many East Greenland records for glacial advance at
~1300 yr BP, followed by at least one additional advance prior to the
"classic" Little Ice Age onset at ~700 yr BP. These data contribute to
a growing body of evidence in Greenland (i.e., Lowell et al., 2013;
Young et al., 2015) and elsewhere (i.e., Holzhauser et al., 2005) of
centennial-scale, pre-Little Ice Age glacial advances within the past
~1300 years.

10. Conclusions

Analysis of two glacially fed lakes and one non-glacial lake af-
fords information about past ice extent in southwest Renland.
Deglaciation commenced as early as ~12,670 yr BP and by ~9500 yr
BP, Renland Ice Cap had retreated behind its present-day extent.
The presence of organic silt within the glacially fed lakes indicates
that the ice cap was smaller than present during most of the Ho-
locene, consistent with the previously documented history of in-
dependent ice caps in the region. However, periodic inputs of
inorganic sediments to Bunny and Rapids Lakes may suggest
repeated fluctuations of Renland Ice Cap on millennial timescales,
particularly at ~7200e7600 and 3200e3400 yr BP. Expansion
beginning shortly after 1050 yr BP was the most prominent of the
Holocene and may have been accompanied by growth of local ice
caps on the plateaus above Bunny Lake. The general pattern of ice
expansion and contraction in Renland is similar to that at other ice
caps in the region, but also has important differences. These dif-
ferences include the preservation of a possible mid-Holocene re-
cord of ice fluctuations at times when lower-elevation ice caps in
the Scoresby Sund region were either absent or too small to
discharge meltwater into the studied lakes. This finding reinforces
the concept that examination of multiple geographic and geo-
morphologic settings is necessary for a full understanding of ice
variations in a region.
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