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A B S T R A C T   

Understanding the long-term difference in the response times of ice sheets, peripheral ice caps and glaciers may 
provide information about their respective sensitivities to climate change. However, there are only a few places 
where the history of local glaciers, ice caps (GICs) and the Greenland Ice Sheet (GrIS) have been recorded in the 
same area. In this study, we use proglacial threshold lake records from four sites around Sermilik Fjord, in 
southeast Greenland to determine the Holocene ice marginal variations. Combined with other published records 
from the area, we find that the GrIS margin receded to within its present extent in the Early Holocene ~9.6 cal ka 
BP, probably reaching its minimum extent by ~7.3 to 6.3 cal ka BP before readvancing to its maximum Late 
Holocene position between ~2.6 and 0.3 cal ka BP. The GICs began to retreat ~9.5 cal ka BP and completely 
melted away for an extended period between ~8 and 4 ka during the Middle Holocene. Regrowth of the GICs 
began during the early- and late Neoglacial and they reached their maximum extent between ~1.2 and 0.7 cal ka 
BP. In general, we find a coherent pattern of ice marginal variations between the GrIS and GICs, which coincides 
with the major Holocene climate changes. However, our results also demonstrate that there are differences in the 
synchronicity between individual records, which largely are dictated by the local topography that determines 
when ice marginal changes were recorded in proglacial lakes. Accordingly, this study illustrates both the ad-
vantages and limitations of the method and highlight the need for multiple proglacial lake records to constrain 
past glacier variations in a region.   

1. Introduction 

The Greenland Ice Sheet (GrIS) is the main contributor to global sea 
level rise. The ice loss from GrIS (1998–2018) was 3800 ± 339 Gt 
causing the mean global sea level to rise by 10.6 ± 0.9 mm (Shepherd 
et al., 2020). Approximately half of this loss is explained by surface mass 
balance changes, while the other half is driven by an increase in ice 
discharge (Briner et al., 2020; Mouginot et al., 2019). Another important 
contributor to global sea level rise is the more than 20,300 local glaciers 
and ice caps (GIC) in Greenland (Rastner et al., 2012) that contribute 
27.9 ± 10.7 Gt per year, approximately 14–20% of the total Greenlandic 
ice loss (Bolch et al., 2013). The ice loss from GICs has mainly been 
driven by increased summer melt (Machguth et al., 2013). In the future, 
the GICs will continue to decay all over Greenland, and may completely 
disappear in southern Greenland by 2100 CE (Machguth et al., 2013). 

The GrIS will likely also continue to lose mass at an increasing rate and it 
may completely melt by 3000 CE under the RCP8.6 scenario (Asch-
wanden et al., 2019). Although such modelling efforts provide critical 
insights into how the GICs and the GrIS will respond to future warming, 
the projections are associated with large uncertainties due to ambigu-
ities in both climate forcing scenarios and ice-climate feedback mecha-
nisms. A different, yet useful approach to gauge the sensitivity of GICs 
and the GrIS to increased climate forcing, is to use past warm periods 
such as the Holocene Thermal Maximum (HTM) as analogues for future 
warming trajectories. 

From historical observations it is well established that GICs are the 
first responders to climate change while larger ice sheets like the GrIS 
are less sensitive (Oerlemans, 2005). However, less is known about the 
difference in sensitivity of GICs and the GrIS on a longer timescale. 
Evidence from numerous proglacial threshold lakes and radiocarbon 
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dates on reworked material in Little Ice Age (LIA) moraines demonstrate 
that the GrIS was smaller than present during the HTM (Briner et al., 
2010; Farnsworth et al., 2018; Håkansson et al., 2014; Kaplan et al., 
2002; Larsen et al., 2011; Lesnek et al., 2020; Levy et al., 2017; Medford 
et al., 2021; Søndergaard et al., 2020; Weidick et al., 2004; Young and 
Briner, 2015). However, although the geological evidence clearly 
demonstrate a reduced GrIS for several millennia during the Middle 
Holocene, ice sheet models suggest that it only resulted in a modest mass 
loss, producing a global sea level rise equivalent to ~16–17 cm (Larsen 
et al., 2015; Lecavalier et al., 2014; Simpson et al., 2009). This relatively 
modest ice loss is equivalent to what is projected for 2100 CE (5–33 cm) 
using the RCP2.6, 4.5 and 8.6 scenarios (Aschwanden et al., 2019) and 
could indicate that the GrIS was rather stable during the Middle Holo-
cene when temperatures in Greenland were 2 – 4 ◦C higher than present 
(Axford et al., 2017; Frechette and de Vernal, 2009; Lasher et al., 2017). 
Fewer studies have reconstructed the Holocene glacial history of GICs 
(Balascio et al., 2015; Kelly and Lowell, 2009; Larocca et al., 2020a, 
2020b; Larsen et al., 2017, 2019; Lowell et al., 2013; Schweinsberg 
et al., 2018, 2019; Søndergaard et al., 2019; van der Bilt et al., 2018). 
From the existing data it is evident that most GICs in southern Greenland 
completely melted during the Middle Holocene except for ice caps at 
high elevations such as the Renland ice cap. In contrast, most GICs 
survived the HTM in northern Greenland probably because of increased 
precipitation (Larsen et al., 2019). However, it is unclear from these 
studies whether there is a difference between the sensitivity of GrIS and 
GIC to climate variability on a Holocene time-scale. 

The objective of this study is to investigate the Holocene ice marginal 
variations of the GrIS and local glaciers and ice caps around Sermilik 
Fjord in southeast Greenland. Furthermore, we will evaluate the 

applicability of proglacial lake records to constrain ice marginal varia-
tions. Finally, we discuss our results in relation to local and regional 
surface air and ocean temperature records. 

1.1. Study area - Sermilik Fjord 

The Sermilik Fjord in southeast Greenland is ~80 km long and up to 
12 km wide (Fig. 1). Bathymetric data generally show depths between 
~500 and 900 m interrupted by sills of <200 m (Morlighem et al., 
2017). The landscape between the fjord and the margin of the GrIS 
margin comprises a fjord landscape with coastal mountains reaching 
~1000 m a.s.l. In contrast, the landscape east of the fjord consists of an 
alpine topography 1200–2000 m a.s.l., supporting small ice caps, and 
valley glaciers. The bedrock is composed of Archaean orthogneiss, 
granites, diorite, and meta-sediments (Henriksen et al., 2009). A number 
of outlet glaciers terminate in the Sermilik Fjord, including the Helheim, 
Fenris, and Midgaard glaciers in the inner part of the fjord system. 

During the Last Glacial Maximum (LGM), the GrIS terminated off- 
shore on the continental shelf (Funder et al., 2011). It began to retreat 
from its maximum position ~17.5 cal ka BP (Mienert et al., 1992) and 
the inner shelf south of Sermilik Fjord was deglaciated between ~ 15.8 
and 14.7 cal ka BP (Kuijpers et al., 2003). Based on surface exposure 
dating it was determined that the area experienced a significant thinning 
during the Younger Dryas as a result of increased inflow of warm sub-
surface waters governed by a strengthening of the Irminger Current 
(Rainsley et al., 2018). This was followed by a rapid deglaciation of the 
entire fjord ~10.8 ± 0.3 ka as a result of Northern Hemisphere atmo-
spheric warming (Dyke et al., 2014; Hughes et al., 2012; Roberts et al., 
2008). The ice margin at Helheim Glacier at the head of Sermilik Fjord 

Fig. 1. The Sermilik Fjord region in southeast Greenland with the proglacial lakes mentioned in the text. HG = Helheim Glacier.  
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continued to retreat farther inland of the present extent at ~9.6 cal ka 
BP and remained retracted until LIA ~0.3 cal ka BP (Bjørk et al., 2018). 
Similarly, the local glaciers near the outer coast at Kulusuk and Tasiilaq 
retreated inside their present extents in Early Holocene and most likely 
melted completely away before reforming between 4.1 and 1.2 cal ka BP 
(Balascio et al., 2015; van der Bilt et al., 2018). During the 20th century 
outlet glaciers in Sermilik Fjord have retreated several kilometers (Bjørk 
et al., 2012). Helheim Glacier has experienced several periods of retreat 
and advance and likely also dynamic thinning and thickening (Bjørk 
et al., 2012; Khan et al., 2014), though a bedrock sill close to its LIA 
position has prevented further inland retreat, leading to a net mass loss 
of 0 ± 1 Gt yr− 1 during 1875–2012 CE (Khan et al., 2020). 

2. Methods 

We use proglacial threshold lakes from four sites to constrain the ice 
marginal fluctuations of the GrIS and Mittivakkat Glacier in Sermilik 
Fjord, southeast Greenland (Fig. 1). The proglacial lakes are located 
adjacent to the ice margins, and by analyzing the sediment cores it is 
possible to determine when the ice margin retreated behind the present- 
day extent and when it re-advanced into the catchment of the lakes 
again (e.g. Briner et al., 2010). Intervals dominated by laminated 
silty-clay reflect glacier ice in the lake catchment whereas intervals with 
gyttja or clayey gyttja sediments reflect periods where the glacier is 
smaller than today or completely absent. Minerogenic input to the lakes 
may also derive from other processes such as mass wasting in paraglacial 
environments or debris flows (Larsen et al., 2016; Rubensdotter and 
Rosqvist, 2009). However, the soil cover in the study areas is minimal 
and thus the input of minerogenic sediments from non-glacial sources is 
restricted. Hence, we interpret units of silty-clay as indicator of glacier 
ice in the lake catchment (Balascio et al., 2015). One exception to this is 
Site 12, where the lake basins are connected to the ocean at high-tide via 
a small inlet. Here, minerogenic sediments reflect sedimentation in a 
brackish environment. 

The proglacial lakes were cored using a percussion corer from a small 
coring platform. A Garmin echo sounder was used to measure the lake 
depth. The retrieved cores were drained, packed, and shipped back to 
Denmark where they were stored at 2–4 ◦C. In the laboratory, the cores 
were split in half, cleaned, and a detailed lithological description was 
made. An ITRAX core scanner was used to obtain high-resolution optical 
and radiographic images, to determine element contents through micro- 
X-ray-fluorescense (XRF) analyses, and to measure magnetic suscepti-
bility. The core scanning was performed at the Centre for GeoGenetics, 
University of Copenhagen, except for the core from Smaragd Sø, which 
was scanned at Department of Geology, Stockholm University. Prior to 
analysis, the core surfaces were carefully scraped, in order to obtain a 
clean and flat surface, and subsequently covered with thin (1.4 μm) 
Mylar film. The XRF setting for the cores from Site 1, Site 3 and Smaragd 
Sø were 30 kV and 50 mA with a dwell time of 30 s using a Rh tube and a 
step size of 1 mm. The setting for the core segments from Site 12 were 30 
kV and 30 mA with a dwell time of 3–11 s using a Cr tube and a step size 
of 0.1–0.2 mm. 

We have used XRF data and visual changes in the sediment cores to 
correlate the overlapping cores segments. To illustrate changes from 
minerogenic-rich sediments to gyttja we have plotted the running mean 
(1 cm) of the elements Ti, K, Si to infer the amount of meltwater influx to 
proglacial lakes (Larsen et al., 2011). At site 12, elemental ratios Ca/Fe 
and Sr/Ca and Ti were used to identify the transitions from brackish to 
lacustrine sediment (c.f. Larsen et al., 2017; Sparrenbom et al., 2013). 

Samples for radiocarbon dating were taken from the cores with the 
primary objective of dating the timing of minerogenic sediment influx, i. 
e. when the glaciers were within the catchment of the lakes. We pref-
erentially sampled and identified terrestrial macrofossils at 1-cm in-
tervals. When macrofossils were absent, bulk sediment samples were 
dated. This may be problematic because old carbon is often reworked 
into younger deposits in Arctic lakes, yielding dates on bulk sediments 

that are older than the time of deposition (c.f. Strunk et al., 2020). To 
test if ages of bulk sediment samples are reliable, we compared ages of 
macrofossils and bulk samples from two intervals in Smaragd Sø and 
found discrepancies of several centuries (Table 1). Though these are 
clearly significant, we have used these bulk ages in the study out of 
necessity. They should conservatively be regarded as the maximum 
limiting ages for those deposits. The samples were dated at the Aarhus 
AMS 14C Centre at Aarhus University (AARAMS) and at the Queen’s 
University of Belfast. Terrestrial and limnic 14C ages have been con-
verted into calendar years using the IntCal20 calibration curve (Reimer 
et al., 2020). One shell sample was calibrated using the Marine20 
(Heaton et al., 2020) and a ΔR value of − 86 ± 52, based on the ten 
closest local marine reservoir values (Reimer and Reimer, 2001). All 14C 
ages are quoted as cal. ka BP (Table 1). 

3. Results and interpretation 

3.1. Site 12 

At site 12 a large ice-dammed lake existed until 2013 when the 
Apuseerajik glacier retreated from a position close to the maximum LIA 
extent (Fig. 2A and B). After the lake drained two connected basins 
appeared: an outer brackish-water basin near the fjord at 0 m a.s.l. and 
an inner lake basin at c. 0.5 m a.s.l. (Fig. 2C). For reference, the tidal 
amplitude in the nearby Tasiilaq is c. 2.8 m. The outer basin is ~0.5 km 
long and ~0.25 km wide and is connected directly to the Sermilik Fjord, 
though a narrow stretch c. 30–40 m wide close to the former LIA extent 
of Apuseerajik glacier that likely has a shallow sill. The inner lake is 
~0.6 km long and ~0.3 km wide. The inner lake drains into the outer 
basin through a low-gradient stream. During high-tide the stream re-
verses and brackish water from the outer basin flows into the inner lake. 
The inner lake is not receiving meltwater at present, but until 2013 it 
was part of the same ice-dammed lake and received meltwater directly 
from the GrIS. The sediment cores have been collected in the inner lake 
(core 12 1/2) at 21.7 m water depth and in the outer basin (core 12 3/4) 
at 16.4 m water depth (Fig. 2D). The sediment cores from the two sites 
are very similar and can be divided into 4 units except the lower part of 
core 12-3/4, which is heavily disturbed (Fig. 2E). Unit L1 (0.7 m) and L4 
(2–3 cm) consist of light grey massive silty-clay with relatively high Ti, 
Ca/F, Sr/Ca. The magnetic susceptibility (MS) is very low, except for the 
lower part where it is moderate relative to the whole record. Unit L2 
consist of 0.5 m laminated brown gyttja with relatively low MS, Ti, and 
Ca/F ratio but a high Sr/Ca ratio. Unit L3 consist of 2.5–2.6 m of grey to 
light brown silty-clay with relatively high MS, Ti, and Ca/F and mod-
erate Sr/Ca values. 

In addition to the two lake cores, two ~2 m high terrestrial sections, 
located at each end of the inner lake, were mapped (Fig. 2C). The two 
sections are located below the maximum shore level of the ice-dammed 
lake at 63 m. a.s.l. (Fig. 3A and B). The sections can be subdivided into 
three units. Unit S1 is only present in log 1 and consist of at least 10 cm 
of dark-brown peat (Fig. 3C–E). Above this lies unit S2 consisting of 
0.7–1.1 m of sand and gravel. The top of this unit is more fine-grained, 
consisting of fine – medium sand with climbing ripples (Fig. 3D and E). 
Embedded in unit S2 are several horizons with plant fragments and thin 
layers of organic matter (Fig. 3D and E). The upper unit S3, conformably 
overlies unit S2 and consists of 1.1–1.4 m grey finely laminated silty- 
clay. 

We interpret the unit L1 as being deposited in a brackish water 
environment similar to the current condition (unit L4), where the outer 
basin and inner lake are part of, or connected to the fjord via a small 
stream (Fig. 4). Unit L1 and L4 appear very similar despite L4 only being 
2–3 cm, however, there are considerably different from the two other 
units, both of which have appear similar to other glacial deposits 
recorded elsewhere, e.g. in West Greenland (Briner et al., 2010) or South 
Greenland (Larsen et al., 2011). Radiocarbon ages of unit L1 suggest that 
both the outer basin and the lake were brackish from a minimum date of 
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~6.4 cal ka BP until the isolation (Table 1). This is in line with a relative 
sea level record based on isolation basins from Ammassalik Fjord, near 
the outer coast, which suggest that RSL was below present from c. 6.5 cal 
ka BP to present (Long et al., 2008). This sea level rise suggests that there 
has been a Late Holocene glacier expansion. 

The development of the overlying organic-rich gyttja (unit L2) in-
dicates a transition from a brackish to a lacustrine environment, that is 
to say the outer basin and the inner lake became isolated from the fjord 
system. This suggests that the GrIS retreated farther inland and the 
subsequent unloading caused isostatic uplift of the area. The HUY3 
model (Lecavalier et al., 2014) suggest a RSL c. 0.5 m below present for 
the Site 12 location, however, this is based on a uniform Greenland-wide 
earth model, and as other studies suggest that southeast Greenland may 
have a thinner lithosphere (e.g. Khan et al., 2016), and thus a different 

earth model, that would result in a more responsive rebound and larger 
isostatic uplift, which would, at least in part, explain the isolated 
lacustrine environment. The isolation is dated to ~5.1 cal ka BP and the 
lacustrine sedimentation continued until ~3.0 cal ka BP. The magnitude 
of this isostatic uplift is unknown as the bathymetry of the outer basin 
and the connection to the main fjord is not mapped, and the depth of any 
sills are unknown. Using summer mosaics from Planet Doves optical 
satellite imagery we estimate the width of the channel connecting the 
outer basin to the fjord is c. 30–40 m wide, and although the deep of the 
sill is unknown, we speculate the it is likely fairly shallow. In the 
terrestrial section the lower unit S1 consists of peat located 1–2 m a.s.l. 
and dates to ~3.0 cal ka BP. This unit is overlain by sand and gravel 
which we interpret as alluvial fan deposits emanating from streams from 
the valley. Radiocarbon ages of plant fragments in the upper part of the 

Table 1 
Radiocarbon ages from the Sermilik Fjord region, southeast Greenland.  

Site Sample name Lat. (◦N) Long. (◦W) Depth 
(cm) 

Dated material Lab. 
number 

14C age 
BP 

Cal. 14C 
(max) 

Cal. 14C 
(min) 

Mean (ka 
BP) 

Site 12 1/2 GeoG_22 66.1545◦ − 38.0123◦ 280 Mixed 
terrestrial 

AAR- 
22895 

2961 ±
37 

3315 2970 3.1 ± 0.07 

Site 12 1/2 MWP_26_381   318 Betula nana AAR- 
21592 

4215 ±
27 

4850 4645 4.8 ± 0.06 

Site 12 1/2 MWP_27   320 Betula nana AAR- 
21593 

4448 ±
28 

5284 4886 5.1 ± 0.11 

Site 12 1/2 GeoG_23   375 Mixed 
terrestrial 

AAR- 
22896 

5603 ±
37 

6481 6301 6.4 ± 0.04 

Site 12 3/4 GeoG_24 66.1627◦ − 38.0112◦ 330 Mixed 
terrestrial 

AAR- 
22897 

2998 ±
29 

3328 3073 3.2 ± 0.06 

Site 12 3/4 GeoG_25   342 Mixed 
terrestrial 

AAR- 
22898 

2959 ±
35 

3230 2997 3.1 ± 0.06 

Site 12 3/4 GeoG_26   350 Twigs AAR- 
22899 

2855 ±
33 

3072 2869 3.0 ± 0.06 

Site 12 3/4 GeoG_27   358 Mixed 
terrestrial 

AAR- 
22901 

2881 ±
34 

3149 2881 3.0 ± 0.06 

Site 12 3/4 GeoG_28   374 Mixed 
terrestrial 

AAR- 
22900 

3995 ±
40 

4575 4300 4.5 ± 0.06 

Site 12 Site_12_Astarte_100 
cm_asl 

66.1586◦ − 38.0095◦ 100 Astarte AAR- 
18744 

7088 ±
35 

7535 7255 7.4 ± 0.07 

Site 12 log 
1 

site12-log1-127cm 66.1518◦ − 38.0149◦ 127 Mixed 
terrestrial 

AAR- 
18745 

2676 ±
35 

2850 2745 2.8 ± 0.03 

Site 12 log 
1 

site12-log1-134cm   134 Mixed 
terrestrial 

AAR- 
18746 

2747 ±
26 

2920 2770 2.8 ± 0.04 

Site 12 log 
1 

site12-log1-165cm   165 Mixed 
terrestrial 

AAR- 
18747 

2706 ±
33 

2861 2755 2.8 ± 0.03 

Site 12 log 
1 

site12-log1-187cm   187 Mixed 
terrestrial 

AAR- 
18748 

2737 ±
25 

2876 2766 2.8 ± 0.03 

Site 12 log 
1 

site12_log1_222 cm   222 Mixed 
terrestrial 

AAR- 
18749 

2891 ±
27 

3150 2936 3.0 ± 0.05 

Site 12 log 
2 

1312-2-145 cm 66.1578◦ − 38.0142◦ 145 Mixed 
terrestrial 

AAR- 
18985 

2515 ±
25 

2729 2493 2.6 ± 0.07 

Site 12 log 
2 

1312-2-185 cm   185 Mixed 
terrestrial 

AAR- 
18986 

2715 ±
25 

2855 2760 2.8 ± 0.03 

Smaragd Sø SMS10_20 65.6926◦ − 37.9058◦ 20 Bulk UBA- 
17305 

766 ± 22 725 670 0.7 ± 0.02 

Smaragd Sø SMS10_22   22 Bulk UBA- 
17306 

1266 ±
26 

1282 1126 1.2 ± 0.04 

Smaragd Sø SMS10_55   55 Mixed 
terrestrial 

UBA- 
17299 

1569 ±
26 

1523 1388 1.5 ± 0.04 

Smaragd Sø SMS10_88   88 Mixed 
terrestrial 

UBA- 
17300 

2674 ±
26 

2849 2746 2.8 ± 0.03 

Smaragd Sø SMS10_88   88 Bulk UBA- 
17307 

2829 ±
44 

3071 2792 2.9 ± 0.07 

Smaragd Sø SMS10_120   120 Mixed 
terrestrial 

UBA- 
17301 

3854 ±
30 

4405 4155 4.3 ± 0.07 

Smaragd Sø SMS10_150   150 Mixed 
terrestrial 

UBA- 
17302 

4655 ±
28 

5465 5316 5.4 ± 0.04 

Smaragd Sø SMS10_180   180 Mixed 
terrestrial 

UBA- 
17303 

4735 ±
37 

5582 5326 5.5 ± 0.08 

Smaragd Sø SMS10_180   180 Bulk UBA- 
17308 

4577 ±
26 

5442 5058 5.2 ± 0.10 

Smaragd Sø SMS10_210   210 Mixed 
terrestrial 

UBA- 
17304 

6044 ±
30 

6976 6794 6.9 ± 0.05 

Smaragd Sø SMS10_235   235 Bulk UBA- 
17309 

7076 ±
35 

7971 7799 7.9 ± 0.04  
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Fig. 2. Site 12 near Sermilik Fjord. A) Overview of the Apuseerajik Glacier in 1981 showing the blocking of the ice-dammed lake in the valley. B) Apuseerajik Glacier 
in 2013 when the ice front had retreated from its maximum LIA position. C) View through the valley where the ice-dammed lake was present until 2013. The two 
terrestrial sites are marked by Log 1 and Log 2, respectively. D) Coring site 12-1/2 and 12-3/4. E). Sediment proxies from site 12-1/2 and 12-3/4 include core images, 
x-ray, lithology, 14C ages of terrestrial macrofossils (red squares), and XRF data. The succession has been subdivided into four units: a lower grey silty-clay unit L1, 
laminated brown gyttja unit L2, grey laminated silty-clay unit L3 and an upper grey silty-clay unit L4. Note: the lower succession of core 12-3/4 has been heavily 
disturbed by slumping processes. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 3. A) Fossil shorelines up to 63 m a.s.l. B) Outcrop at Log 1 with ice-dammed lake sediments. Note: person for scale. C) Outcrop at Log 1 along a small stream 
with unit S2 and S3 exposed. D) Close-up of the transition between the fluvial sediment unit S2 and glaciolacustrine sediment unit S3 at Log 1. E) Sediment Log 1 and 
2 (for location see Fig. 2). Radiocarbon ages of terrestrial macrofossils are marked with red squares. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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unit suggest that these fans were active from ~2.8 to 2.6 cal ka BP. The 
lacustrine unit L2 and the terrestrial alluvial fan deposits (unit S2) are 
overlain by laminated silty-clay, which represent glaciolacustrine sedi-
ment deposited in the ice-dammed lake. Again, the unit bares similar-
ities to other glaciolacustrine units (e.g. Briner et al., 2011; Larsen et al., 
2011), and undoubtedly reflects that the damming glacier was in an 
advanced position and closed off and isolate the lake from the fjord. The 
laminated sediments might represent annual varves as observed in other 
ice-dammed lakes in Greenland (Briner et al., 2011). However, as we 
were unable to radiocarbon date the deposits it is impossible to verify 
whether the laminae represent annual varves or not. During this phase 
the water level reached 63 m a.s.l. and flow through the valley reversed 
to drain southward into the Sermilik Fjord (Fig. 2C). No datable material 
was found in the basal parts of the glaciolacustrine sediments in the lake 
records, and we cannot determine precisely when the ice-dammed lake 
was formed. However, the youngest 14C age from the terrestrial sections 
suggest that it occurred sometime after ~2.6 cal ka BP. 

3.2. Site 1 and 3 

The lake at site 1 is located ~1.2 km from the Nattivit Apusiiat 
glacier – an outlet connected to the present GrIS (Fig. 5A). It is located 
81 m a.s.l. and is ~0.5 km long and ~0.25 km wide. At present, it is not 
receiving meltwater, but during the LIA it received meltwater directly 
from the GrIS. A sediment core was collected from the central part of the 
lake at 18.7 m water depth. The lake at site 3 is located adjacent to the 
present GrIS margin 370 m a.s.l. (Fig. 6A and B). One basin is divided 
into sub-basins where the proximal lake basin is ~1 km long and ~0.5 
km wide and the distal lake basin is ~0.8 km long and ~0.8 km wide. 
The proximal lake basin is receiving meltwater from the GrIS, whereas 
the distal lake basin at present is disconnected by a moraine or bedrock 
sill (Fig. 6A and B). Sediment cores from the distal basin were collected 
at 19.0 m water depth (site 3A). The distal lake is connected to a small 
lake via a stream, where a short sediment core was collected at 9.6 m 
water depth (site 3b). The sediment cores from both sites 1 and 3 consist 

Fig. 4. Schematic representation of the observations at the former ice-dammed lake at site 12 with correlation of the sediment units from the core sites 12-1/2 and 
12-3/4 and the Logs 1 and 2. 

Fig. 5. Overview picture of the proglacial threshold lake at site 1 (A). Sediment proxies from B) Site 1 include core images, x-ray, lithology, and XRF. The succession 
has been subdivided into two units, a lower laminated silty-clay unit (grey) overlain by a few centimetres of brown gyttja unit (brown). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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of a 2.4–2.6 m thick succession of light grey laminated silty-clay with 
relatively high MS and Ti, K and Si values (Figs. 5 and 6). This silty-clay 
is in turn overlain by a few centimetres of brown gyttja characterized by 

high MS and moderate Ti, K and Si values in all cores. 
We interpret the lower silty-clay succession as glaciolacustrine sed-

iments deposited during the continuous influx of meltwater and 

Fig. 6. Overview pictures of the proglacial threshold lakes at site 3 (A, B). Sediment proxies from C) site 3a and D) 3b include core images, x-ray, lithology, and XRF. 
The succession has been subdivided into two units, a lower laminated silty-clay unit (grey) and a few centimetres of gyttja unit (brown). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 7. A) Overview picture of the c. 1.4 km wide Mittivakkat Gletscher and c. 0.2 km long and c. 0.06-0.2 km wide Smaragd Sø. The dashed red line represents the 
LIA extent. B) Sediment proxies from Smaragd Sø include core images, x-ray, lithology, 14C ages of terrestrial macrofossils (red squares) and bulk sediment samples 
(green squares), and XRF. The succession has been subdivided into two units, a lower gyttja (brown) and an upper laminated silty-clay unit (grey). (For interpretation 
of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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sediments from the GrIS. No datable material has been found in the silty- 
clay segments of the sequence and because we were unable to penetrate 
the glaciolacustrine unit, we have not been able to determine when the 
ice margin re-advanced into either of the lake catchments. The age of the 
upper transition, when the sedimentation shifted from silty-clay to 
gyttja, likely occurred in the early part of the 20th century, as historic air 
photos shows that the glaciers fronts had retreat from their LIA 
maximum position by 1931 (Bjørk et al., 2012). 

3.3. Smaragd Sø 

Smaragd Sø (lake) is located ~ 1.1 km southwest of the present 
Mittivakkat Glacier margin ~95 m a.s.l. (Fig. 7). The lake is ~0.2 km 
long and between 0.06 and 0.2 km wide. It presently has no connection 
to the Mittivakkat Glacier, but during the LIA when the ice margin was 
more advanced; glacial meltwater flowed into the lake. Three lake cores 
in close vicinity the Mittivakkat Glacier have previously been analysed 
in a paleoenvironmental study including one from Smaragd Sø (Jakob-
sen et al., 2008). The study focused on pollen preserved in the 
organic-rich gyttja, but a marked transition from gyttja to clay in the 
upper part of the core was noted in Smaragd Sø. This undated transition 
was interpreted as a Neoglacial readvance. In this study, a sediment core 
from the central part of the lake was collected at ~10 m water depth. 
The core has a lower unit consisting of 2.2 m of laminated brown gyttja 
with low MS, Ti, K and Si values. This unit is capped by a 0.2 m thick 
layer of light grey laminated silty-clay with relatively high MS, Ti, K and 
Si values. 

We infer that the lower gyttja unit accumulated when the ice margin 
had retracted to a position behind its present perimeter, whereas the 
upper laminated silty-clay unit was deposited by glacial meltwater 
flowing into the lake. Based on the terrestrial macrofossils and bulk 14C 
ages, the catchment was glacier-free from >7.9 to 0.7 cal ka BP, during 
which time organic-rich gyttja accumulated. At ~0.7 cal ka BP the 
glacier advanced into the catchment and laminated silty-clay was 
deposited (Fig. 7). This configuration persisted until sometime before 
1933 CE when air photos document that the ice margin had again 
retreated out of the catchment. However, this recent transition is not 
evident in the sediment sequence we have, because we were unable to 
collect the water-sediment interface where it may be preserved in the 
core. 

4. Discussion 

A compilation of new and previously published records of the ice 
marginal variations from the GrIS and GICs around the Sermilik Fjord is 
shown in Fig. 8. These records of ice variability are discussed and related 
to regional climate in the following section. 

4.1. Holocene ice marginal variations of the Greenland ice sheet 

At site 12 our data suggest that the Apuseerajik glacier was smaller 
than present in the Middle Holocene from at least ~6.4 to 2.6 cal ka BP 
after which it advanced to its maximum Neoglacial/LIA position. Here it 
dammed the valley and the major ice-dammed lake was formed. The 
Apuseerajik glacier remained at its maximum position until 2013, when 
it retreated and the ice-dammed lake drained. The records from site 1 
and 3 are not very informative, as they only comprise a thick succession 
of laminated silty-clay overlain with a 1–2 cm thick layer of gyttja that 
we were unable to date. Therefore, we cannot determine when in the 
HTM the ice margin at these positions had receded to within its present 
extent or when it began to readvance to its LIA maximum. However, we 
can estimate from aerial photographs that the ice margin likely had 
receded out of the catchment by 1931 CE. There are two other proglacial 
lake records from the Sermilik Fjord region recording ice marginal 
changes of the GrIS. The first is located in the valley named Torqulertivit 
Imiat and it shows that the ice margin only receded out of lake 

catchment between ~7.3 and 6.3 cal ka BP (Larsen et al., 2015). The 
second site is located adjacent to the Helheim Glacier. Here, three pro-
glacial lake records demonstrate that it was smaller than present from 
~9.6 to 0.3 cal ka BP (Bjørk et al., 2018). 

The discrepancy between the timing of ice marginal variations of the 
GrIS may be a result of different sensitivity to Holocene climate forcing 
in addition to local settings. Some of the sites are from land-based sec-
tors of the GrIS (Torqulertivit Imiat and site 1, 3) and would be expected 
to have responded mainly to changes in surface air temperatures. In 
contrast, the sites at Helheim and site 12 are situated near marine ter-
minating outlet glaciers and are susceptible to changes in both air and 
ocean temperatures. However, even within these two categories there is 
little consistency in the timing of ice margin responses and it seems 
unlikely that observed variations are due solely to climate forcing. 
Instead, the asynchrony between the onset of climate forced adjustments 
in ice mass and the time these are finally registered in the proglacial 
lakes is controlled to a large degree by the catchment geometry unique 
to each lake. Torqulertivit Imiat is located in a valley and the ice margin 
needs to retreat 3–5 km before meltwater ceases to flow into the pro-
glacial lake (Larsen et al., 2015). In contrast, at sites 1, 3, and 12 as well 
as Helheim, the ice margins will be outside the lake catchments after 
only a few hundred meters of ice retreat from the LIA maximum (Bjørk 
et al., 2018). Similar apparently asynchronous patterns have been 
observed in other multi-lake studies from other parts of Greenland 
including the Qassimiut lobe in south Greenland (Larsen et al., 2016), 
the ice margin at Kangerdlususaq (Carrivick et al., 2018; Young and 
Briner, 2015) as well as adjacent to the Jakobshavn Isbræ in west 
Greenland (Briner et al., 2010). Because of the dominating effect of local 
catchment geometries, even proglacial lakes in very close proximity 
should not be expected to yield synchronous reconstructions of glacial 
fluctuation at the front of the GrIS. This illustrates one of the limitations 
of using proglacial lakes as indicators of ice marginal fluctuations. 

4.2. Holocene variations of local glaciers and ice caps 

The new proglacial lake record from Smaragd Sø demonstrate that 
the Mittivakkat Glacier was smaller than present from before ~7.9 to 
0.7 cal ka BP, when it advanced to its LIA extent (Fig. 8). If we accept the 
bulk ages from the existing record from Smaragd Sø then it suggests that 
it was deglaciated and gyttja had started to accumulate already by 

Fig. 8. Summary plot of ice marginal fluctuations of the Greenland Ice Sheet 
and local glaciers and ice caps in the Sermilik Fjord region, southeast Greenland 
(Balascio et al., 2015; Bjørk et al., 2018; Larsen et al., 2015; van der Bilt et al., 
2018; this study). 
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~11.4 cal ka BP (Jakobsen et al., 2008). Radiocarbon dating of dead 
plants and reindeer antlers 500 m. a.sl. adjacent to the Mittivikkat 
Glacier furthermore indicate that the glacier began to expand sometime 
between ~1.4 and 0.7 cal ka BP (Hasholt, 2000; Knudsen et al., 2008). 
The onset of LIA has also been inferred by increased aeolian activity and 
sedimentation by ~0.7 ka BP in an avalanche basin near the forefield of 
the Mittivakkat Glacier (Christiansen et al., 1999). Combining these 
different lines of evidence suggest that the Mittivakkat Glacier was 
restricted in size for most of the Holocene and it advanced towards its 
maximum position by ~0.7 cal ka BP. 

Two other GIC records are available from the Sermilik Fjord region. 
One from Kulusuk Lake records the flucuations of two small local gla-
ciers (Balascio et al., 2015). The sedimentation in the Kulusuk Lake 
began ~9.5 cal ka BP soon after the area was deglaciated. At ~7.8 cal ka 
BP the glaciers completely melted away. The glaciers reformed ~4.1 cal 
ka BP and they gradually increased to their maximum size by ~1.3 cal ka 
BP where they remained until the 20th century decline (Balascio et al., 
2015). The second record is from Ymer Lake where sedimentation began 
at ~10 cal ka BP and the catchment remained glaciated until ~9.5 cal ka 
BP (van der Bilt et al., 2018). After ~9.5 cal ka BP the glaciers 
completely melted away and it did not reform again before ~1.2 cal ka 
BP (van der Bilt et al., 2018). 

Overall, the glacial record of GIC is variable through the Holocene 
(Fig. 8). This may be related to different sensitivities to climate change 
or a consequence of the catchment configuration just as for the GrIS. The 
setting for Mittivakkat Glacier differs from the two other GIC records as 
the glacer needs to advance all the way to its maximum LIA extent before 
meltwater is recorded in the Smaragd Sø. Therefore, Smaragd Sø is not 
optimal for recording most Holocene glacier variations and it can only 
be used to determine when the Mittivakkat Glacier reached its maximum 
position. In contrast, Kulusuk Lake and Ymer Lake receives meltwater 
whenever there are glaciers in their catchments. However, the recon-
structed fluctuations at Ymer and Kulusuk Lakes are not fully synchro-
nous despite the fact that the glaciers in the two catchments are similar 
in size and located in approximately the same altitude. Instead, the 
different responses are probably related to local wind drift effects where 
snow tends to accumulate on the Kulusuk glaciers, because they are 
leeward of the dominant wind regime (van der Bilt et al., 2018). 

4.3. The influence of Holocene climate change on glacier variations 
around Sermilik Fjord 

Although there are differences in the timing of response of the GIC 
and the GrIS around Sermilik Fjord, the general pattern of glacier vari-
ation seems to be dictated by the Holocene climate changes (Fig. 8). In 
the Early Holocene both the GICs and the GrIS began to retreat behind 
their present extent and the Ymer Lake glaciers had already melted by 
~9.5 cal ka BP (van der Bilt et al., 2018). Most GICs and the GrIS 
remained smaller than present until the onset of the Neoglacial at ~5 ka 
and were probably receded to their minimum extent between ~7.3 and 
6.3 cal ka BP, when the ice margin at Torqulertivit Imiat finally retreated 
out of its catchment (Larsen et al., 2015). This period coincides with the 
HTM where summer air temperatures were 2–4 ◦C higher than during 
the mid-twentieth century over Greenland (Buizert et al., 2018) and 
locally in Scoresby Sund in east Greenland (Axford et al., 2017). In 
southeast Greenland ocean temperatures also reached a maximum Ho-
locene temperature during this period (Jennings et al., 2011; Solignac 
et al., 2006) and this may have contributed to the prolonged period of 
ice retreat behind the present extent of outlet glaciers in Sermilik Fjord. 
The timing of Neoglacial readvance was first recorded in Kulusuk Lake 
~4.1 cal ka BP (Balascio et al., 2015). Other GICs and the GrIS began to 
advance to their maximum position around ~2.6 and 1.2 cal ka BP, 
whereas others culminated during the LIA ~0.7 to 0.3 cal ka BP (Bjørk 
et al., 2018; van der Bilt et al., 2018) (Fig. 8). The gradual onset of 
Neoglacial readvance coincides with lower air temperatures in 
Greenland (Axford et al., 2017) and a general cooling in the North 

Atlantic (Balascio et al., 2015). 

5. Conclusion 

In this study we used proglacial threshold lakes at four sites around 
Sermilik Fjord, in southeast Greenland to determine the Holocene ice 
marginal variations of the GrIS and local GICs. We find that GICs began 
to retreat ~11-8 cal ka BP and completely melted away for an extended 
period between ~8 and 4 ka during the Middle Holocene. Regrowth of 
the GICs began during the early- and late Neoglacial and they reached 
their maximum extent between ~1.2 and 0.7 cal ka BP. The GrIS margin 
receded to within its present extent in the Early Holocene ~9.6 cal ka 
BP, probably reaching its minimum extent by ~7.3 to 6.3 cal ka BP 
before readvancing to its maximum position between ~2.6 and 0.3 cal 
ka BP. Overall, the pattern of ice margin variations between the GrIS and 
GICs are coherent and they coincides with the major Holocene climate 
changes. However, the new results also demonstrate that the local 
topography to a large degree dictates how the ice marginal variations 
are recorded in the proglacial lakes and this may explain some of the 
differences in the synchronicity between individual records. 
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