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Abstract In recent years, several large outlet glaciers in Greenland lost their floating ice tongue, yet little
is known regarding their stability over a longer timescale. Here we compile historical documents to
demonstrate a major ice tongue collapse of Kangerlussuaq Glacier between 1932 and 1933. This event
resulted in a 9-km retreat, exceeding any of the glacier's recent major retreat events. Sediment cores

from the fjord are used to reconstruct sea surface temperatures and to investigate a potential
sedimentological trace of the collapse. During the 1920s, local and regional sea surface temperatures and
air temperatures increased rapidly, suggesting a climatic trigger for the collapse. Fjord bathymetry played
an important role too, as the (partially) pinned ice tongue retreated off a submarine moraine during the
event. This historical analogue of a glacier tongue collapse emphasizes the fragility of remaining ice
tongues in North Greenland within a warming climate.

Plain Language Summary In the past two decades, multiple Greenlandic glaciers retreated
because their floating part (="ice tongue”) melted and broke off. While it is believed that such events are
the result of a warming climate, not much is known about how often or when such events have occurred in
the past. In this study, we compiled multiple historical sources to show that Kangerlussuaq Glacier, one of
Greenland's largest glaciers, retreated drastically between 1932 and 1933. During this event the ice tongue
collapsed, leading to a 9-km retreat, which is more than during any of the glacier's recent retreat events. By
studying fjord sediments we show that the ocean temperatures increased prior to the event, as did air
temperatures. Thus, climatic warming likely triggered the collapse. While other glaciers had already started
their retreat decades earlier, Kangerlussuaq Glacier had been stable until 1932, probably due to stabilizing
effect of an underwater moraine. Overall, this study emphasizes that ice tongues are sensitive to climatic
warming and highlights the precarious position of current ice tongues in Northern Greenland.

1. Introduction

1.1. Background and Rationale

In the past two decades, mass loss from the Greenland ice sheet has increased its contribution to sea level
rise, leading to a peak mass loss in 2012 equivalent to 1.2-mm sea level rise (Mouginot et al., 2019; Rignot
et al., 2008; van den Broeke et al., 2016). Since the late 1990s, several large tidewater glaciers displayed sud-
den signs of rapid change, marked by fast retreat, thinning, and ice flow acceleration (Howat et al., 2007;
Kjeer et al., 2012). For example, Jakobshavn Isbre in West Greenland retreated promptly in 1997, thereby
doubling its ice velocity (Holland et al., 2008). In turn, the Helheim and Kangerlussuaq glaciers in
Southeast Greenland displayed rapid retreat events in 2000-2005 and 2004-2005, respectively (Howat
et al., 2005; Khan et al., 2014; Luckman et al., 2006; Rignot et al., 2004). These observations revealed that
the dynamics of tidewater glaciers can change markedly over short time scales (Howat et al., 2007; Nick
et al., 2009). Since these events were preceded by increased inflow of deep, warm ocean waters to the
Southeast and West Greenland shelf, ocean warming has been proposed as a trigger (Christoffersen et al.,
2011; Holland et al., 2008; Rignot et al., 2012; Straneo & Heimbach, 2013). In addition, variations in bed geo-
metry have also been suggested to modulate rapid discharge events: Glacier fronts are often considered
unstable on reverse bed slopes due to the increased ice discharge associated with glacial retreat into
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deeper-lying bedrock (Nick et al., 2009; Schoof, 2007). Records of glacier variability that precede the satellite
era are needed to place the rate of changes observed during the past two decades in a longer-term context.
Such information is critical to determine the frequency with which rapid discharge events possibly occur
and to better identify the key factors that lead to these instabilities.

Kangerlussuaq Glacier (KG) is one of the largest outlet glaciers of the Greenland Ice Sheet, but relatively lit-
tle is known concerning its history prior to satellite observations. During the Holocene, KG likely reached its
maximum extent during the Little Ice Age (LIA), a cold period commonly associated with the time interval
AD 1450-1850 in Greenland (Kjeldsen et al., 2015). In the inner part of KG fjord, a terrestrial lateral moraine
marks the maximum ice extent of the LIA (Dyke et al., 2014; Kjeldsen et al., 2015). Since the 1930s, more
detailed knowledge of KG is provided by several historical expeditions: the British Arctic Air Route
Expedition between 1930-1931, The Scoresby Sound Committee's 2nd East Greenland expedition in 1932
to king Christian IX's land, The Danish Three-Year Expedition to King Christian X Land (1931-1934),
and The Anglo-Danish Expedition to East Greenland (1935), which continued as the British Expedition to
East Greenland (1936). Between 1932 and the 1990s, only a few front observations are available, showing
a front retreat of ~5 km between 1932 and 1966 and a front advance of ~1.7 km between 1966 and 1985.
Overall, between the LIA maximum and 1981 KG underwent substantial thinning of 230-260 m (Khan
et al., 2014). From 1981 to 1998 the thinning of KG was minor (40-50 m), but this was followed by retreat
periods of varying rates during the late 1990s and 2000s, along with thinning by more than 300 m after
2003 (Khan et al., 2014).

A drastic 5-km retreat event occurred during the winter of 2004-2005, and mass loss increased at a rate of 28
Gt/year (Bevan et al., 2012; Howat et al., 2007). Subsequently, ice discharge was at least 30% higher than
before the event (Mouginot et al., 2019). Another fast retreat event (~5 km) occurred between 2016 and
2018, associated with flow acceleration and thinning near the terminus (Brough et al., 2019).

In this study, we further investigate the observations of Wager et al. (1937), who noted the loss of KG's ice
tongue after expeditions in 1931 and 1935-1936. By compiling additional historical sources, including a pre-
viously unpublished aerial photo by Lauge Koch in 1933, we reveal that the ice shelf loss likely occurred as a
major singular event between 1932 and 1933. We investigate whether the glacier collapse left a sedimentary
imprint by analyzing fjord sediments, reconstruct changes in SSTs prior to and after the collapse, and discuss
the overall implications of the collapse.

1.2. Bathymetry of Kangerlussuaq Fjord

The fjord was surveyed partially in 2010 (Dowdeswell et al., 2010) and resurveyed in 2015, this time includ-
ing the inner part of the fjord (Fenty et al., 2016; NASA OMG, 2016). The fjord is on average 700-900 m deep
and has a relatively smooth floor and steep side walls (Figure 1a). It is connected to Kangerlussuaq Trough,
which crosscuts the shelf and reaches 650 m deep (Christoffersen et al., 2011). In the inner fjord a prominent
submarine ridge is present. This ridge consists of two high-amplitude ridges that are separated by a lower
amplitude, wedge-like geometry (Figure 1b; Batchelor et al., 2019). This feature is interpreted to have formed
when KG was grounded at its lateral margins but floating at its central part (Batchelor et al., 2019). This sub-
marine ridge forms a lateral extension of the terrestrial LIA moraines (Kjeldsen et al., 2015) and is thus likely
a result of the LIA advance/still stand.

2. Materials and Methods

Historical evidence was gathered from the sources listed in Table 1. Four short marine sediment cores (1- to
2-m core length) were collected during a cruise in Southeast Greenland with the MV Fox in 2012 (Figure 1
and Table S1 in the supporting information). Age constraints of the sediments were achieved using the *'°Pb
dating method. The age models were calculated based on the Constant Flux-Constant Sedimentation model
(see the supporting information). X-ray images were obtained from split core halves. Cores were sampled
continuously every centimeter for grain size analysis. The samples were wet sieved, separating them into
three grain size fractions (<63, 63-150, and >150 um). For the >150-um fraction, individual grains that
weighed more than 0.01 g were discarded in order to reduce distortion of the grain size signal resulting from
the occurrence of singular large grains (Wangner et al., 2018). Weight percentages of the sand fraction were
calculated relative to the total dry weight. Sediment weight percentages were converted to IRD fluxes
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Figure 1. (a) Sentinel satellite image displaying Kangerlussuaq Fjord and its surroundings (27 August 2018). The location
of the fjord in Greenland is indicated with a black box in the inset map. Sediment core locations are indicated by yellow
dots, full core names include the prefix “FOX12-". The orange box indicates the position of Figure 1b. O(b) Zoom of
bathymetry data displaying a large submarine moraine, marking the maximum position of the glacier during the LIA. The
moraine's location corresponds to the position of the KG front in 1932. The 1932 front position is from Mikkelsen (1933).
(c) Aerial photograph taken by L. Koch in 1933 showing the glacier front retreat of ~9 km relative to the year 1932 (Koch,
1933); red line indicates the position of the glacier front in 1932 (Mikkelsen, 1933; Figure S2).

(Andresen et al., 2012). Alkenone paleothermometry (Uf; index) was applied to reconstruct the variability of
surface water temperatures using the calibration of Prahl and Wakeham (1987). The BAYSPLINE
calibration recently suggested by Tierney and Tingley (2018) is also presented for comparison. In the
Northern North Atlantic, alkenone distributions predominantly reflect late summer temperatures (Sicre

et al., 2014; Tierney & Tingley, 2018). Detailed methodology is available in the supporting information.

List of the Historical Documents Used to Demonstrate the Collapse

Year of Description of the
Observation  publication Document type glacier front Expedition Reference
1930 1937 Land-based photograph “Floating ice British Arctic Air Wager, H. G. and Manley, G.:
(Figure 2b) tongue” Route Expedition The Kangerdlugssuak Region
1930-1931 of East Greenland, Geogr. J.,
90(5), 393-421, 1937.
1931 1932 Aerial photo (Figure S1b) No explicit description British Arctic Air Watkins, H.G., 1932, The British
provided by the author Route Expedition Arctic Air Route Expedition:
1930-1931 The Geographical Journal,
v. 79, p. 353-367.
1932 1933 Topographic map (Figure S2)  “Glacier tongue” The Scoresby Sound Topographic map by M. Spender,
Committee's 2nd published in: Mikkelsen, E.,
East Greenland 1933, The Scoresbysund
expedition in 1932 Committee's 2nd East Greenland
to king Christian Expedition to King Christian
IX's land IXs land.: Meddelelser om
Grenland, v. 104, p. 71.
1933 1933 Aerial photo (Figure 1c) No explicit description The Danish Three-Year ~ Koch, L.: The Danish Three-Year
provided by the author Expedition to King Expedition to King Christian X
Christian X Land Land, Geogr. Rev., 23(4), 599-607,
1933.
1935 1937 Land-based photograph “Ice tongue replaced Anglo-Danish Wager, H. G. and Manley, G.:

(Figure 2c)

by icebergs”

Expedition to East
Greenland

The Kangerdlugssuak Region of
East Greenland, Geogr. J., 90(5),
393-421, 1937.
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Floating tongue of Kangerdlugssuak Glacier, August 1930

Bergs and brash ice replacing the ice tongue, May 1936

Figure 2. Overview of observations presented in Wager et al. (1937). a) Indication of the approximate position (yellow dot)
from where the land-based photographs were taken, together with their approximate field of view (grey triangle). Note
that the photo from 1936 was obtained with a slightly more northern orientation. b) Photograph of the floating ice tongue
in August 1930. c) Photograph of the ice mélange in May 1936.

3. Results

3.1. Compilation of Historical Observations

The first direct observations of the KG's ice tongue occurred in 1930 and 1931 during the British Arctic Air
Route Expedition, documented by both a land-based photograph (Wager et al., 1937; Figure 2a) and an aerial
photograph (Watkins, 1932; Figure S1). Between July 1935 and August 1936, L.R. Wager revisited
Kangerlussuaq fjord as part of the Anglo-Danish expedition to East Greenland. During this journey he
observed that

“The condition of the Kangerdlugssuak Glacier was very different in 1936 from what it was in 1930. Then
a floating ice tongue 5 miles long pushed out into the fjord, where it periodically gave rise to large tabular
icebergs a quarter of a square mile in area (Plate 6). In 1936 the continuous floating tongue had been
replaced by a jumble of smaller bergs and brash ice (Plate 7).” (Wager et al., 1937, p. 407; Plate 6 and
7 refer to Figure 2b and 2c, respectively).

Apart from this paragraph, no further discussion or interpretations were provided and this finding has
hitherto not been discussed in modern literature. By compiling additional historical sources, (Table 1) it
becomes clear that the retreat observed by L.R. Wager most likely occurred as part of a massive collapse that
took place between August 1932 to August 1933. In August 1932, a detailed map of the fjord depicting the
position of the floating tongue was produced using terrestrial photogrammetry (Figure S2; Mikkelsen,
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1933). An aerial photograph obtained in August 1933 reveals that the
margin of the glacier had by then retreated by approximately 9 km and
was likely grounded (Figure 1c; Koch, 1933). These observations thus
pinpoint the rapid collapse of the ice tongue to have occurred between
August 1932 and August 1933.

3.2.. Sedimentology and Chronology

Lead dating reveals that sediment core FOX12-02R covers the past century
and thus allows comparison with the available historical observations.
The chronology of cores FOX12-03R, FOX12-04R, and FOX12-05R show
that these sediments are younger than 1960 (FOX12-04R, Figure S3) or
contain reworked sediments (FOX12-03R and FOX12-05R, see the sup-
porting information). Grain size analysis, X-ray imaging, and optical ima-
ging of core FOX12-02R indicate a mud-supported diamicton with no
signs of bioturbation (Figure S3). The grain size composition consists pre-
dominantly of silt and clay (60-90%) with larger clasts interspersed
throughout the core. Three IRD peaks of >150 pum stand out in the record

Figure 3. Close-up of X-ray image of core FOX12-02R showing an IRD layer ~ at41, 30, and 14-16 cm (Figure S4). The IRD peaks at 41 and 30 cm do not
possibly related to the glacier collapse, dated to 1930 + 12 years (see display a peak in the 63- to 150-um fraction but the peak at 14-16 cm is

Figure S3 for location in the core).

reflected in both fractions, due to a layer with a defined upper and lower

boundary (Figure 3). This layer is grain supported and contains relatively
little mud (54%). Measurements of excess >'°Pb (*'°Pb,) show a decreasing trend in top 20 cm (Figure S5).
Below this no 2'°Pb, is present. The upper 20 cm comprises the past ~100 years, corresponding to a sedimen-
tation rate of 0.18 cm/year (Figure S5). This sedimentation rate is somewhat lower but comparable to that
observed previously in the outer part of the fjord (0.25-0.34 cm/year; Andrews et al., 1994). The top of the
IRD layer at 14.5 cm is dated to 1930 + 12 years. The lower part of the core (20-131 cm) could not be dated
due to the lack of material containing "*C.

3.3.. Alkenone SST Reconstruction

The reconstructed temperatures range between 6 and 11 °C, which is significantly higher than in situ SST
observations (0-4 °C, 10-m water depth) measured in August 2004 (Christoffersen et al., 2011) and
September 2010 (Inall et al., 2014). We attribute this offset to the advection of “warm” detrital alkenones pro-
duced in the Irminger current waters. This interpretation has been previously proposed to explain similar
SST overestimations in Sermilik Fjord sediments (Andresen et al., 2013; Andresen et al., 2017). Indeed,
the SST reconstruction from core FOX12-02R shows similarities with the annual mean SST record compiled
from the South of Iceland serving as an indicator of Irminger Current variability (Figure S6, site A; Andresen
etal., 2012). Additionally, this is also reflected in other surface water temperature records in areas influenced
by the Irminger current (Figures S6 and S7). Based on this comparison, we interpret that the U§7 tempera-
ture reconstructions predominantly reflect the variability of waters in the Irminger Current, which ulti-
mately reach Kangerlussuaq fjord.

4. Discussion and Conclusions
4.1. Cause of the Ice Tongue Collapse

The SST reconstruction from core FOX12-02R together with climate observations from the region and bathy-
metric data from the fjord provides insights into the potential causes of the glacier collapse. The similarity of
the SST reconstruction from core FOX12-02R with the SST compilation from South of Iceland (Andresen
et al., 2012) suggests that waters within Kangerlussuaq fjord generally reflect a common regional pattern
of ocean variability linked to the Irminger Current. This includes a distinct warming that occurred during
the late 1920s and early 1930s, which is also present in the air temperature record from Tasiilag
(Figure 4). Temperature and salinity profiles have previously revealed the presence of Atlantic-sourced
waters in the fjord (Christoffersen et al., 2011; Jackson et al., 2014). Other investigations of fjord circulation
have also shown the importance of shelf water variability on the interactions between Atlantic-sourced
waters and the glacier front (Cowton et al., 2016; Straneo & Cenedese, 2015). Therefore, we consider it
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Figure 4. Comparison of core FOX12-02R data with historical climate records. (a) Annual mean air temperature from
Tasiilaq (Cappelen, 2011). (b) Annual mean sea surface temperature compiled from south of Iceland, representative of
the Irminger Current variability (Andresen et al., 2012). (c) Reconstructed SSTs within the Kangerlussuaq Fjord based on
the calibration of Prahl and Wakeham (1987) in red and the BAYSPLINE calibration (Tierney & Tingley, 2018) in blue.
Light-blue shading indicates the +2c interval uncertainty interval related to the BAYSPLINE calibration. (d, e) fluxes of
ice-rafted debris deposited on the fjord floor, measured for the size fractions >150 and 63-150 um, respectively.

likely that warmer Atlantic Waters during the late 1920s, evident from the SST reconstruction and regional
records, propagated to the glacier front, and influenced the stability of the ice tongue. The air temperature
record at Tasiilaq, located 400 km southwest of KG analogously reveals relatively cold air temperatures
between 1900 and 1920, followed by a rapid increase in temperatures in the 1920s. For the entirety of
Greenland, the rate of air temperature warming during the 1920s was larger by a factor of 1.33 compared
to 1994-2007 (Box et al., 2009). Thus, since the collapse of the ice tongue occurred during oceanic and
atmospheric maxima, we infer that destabilization of the ice tongue was most likely initiated by
climate warming.

To assess the role of bedrock topography and pinning points influencing the collapse, we use recently
acquired bathymetry data (NASA OMG Mission, 2016). These data show a large submarine ridge (300 m
above the surrounding sea floor), which consists of two moraines separated by a grounding zone wedge
(Figure 1b) and is positioned right at the limit of the floating ice tongue in 1932 (Figures la and 1b). Due
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to its large size and position we suggest that the ice tongue was pinned to and stabilized by this ridge. This is
consistent with the interpretation that the ridge was formed by a partially grounded, partially floating ice
shelf (Batchelor et al., 2019). This would mean that unpinning from the ridge, initiated by climate warming,
would have led to the sudden loss of support and buttressing, favoring a rapid collapse of the ice tongue.

4.2. Sedimentary Trace of the Collapse

The most striking change in IRD variability in core FOX12-02R is the presence of a coarse IRD layer dated to
1930 + 12 years. This age determination indicates that deposition of the IRD layer could have been coeval
with the 1932-1933 collapse. The IRD pebbles are generally embedded in a mud matrix, but in this layer
the IRD is grain supported and therefore stands out as an IRD anomaly that is unique in the entire record
(Figures 3 and S4). Its characteristics indicate rapid deposition of coarse IRD within a short time period.
Multiple sedimentation processes could have led to the deposition of such layers. These include (i) intense
IRD deposition from a high concentration of icebergs that linger in the fjord, (ii) an iceberg overturning that
releases a large pulse of debris, or (iii) deposition from turbidity currents. Due to the lack of particle sorting
and a fining upward sequence, turbidite deposition is excluded. Deposition related to a “random” iceberg
overturning event is likely, but owing to the timing of the IRD deposition and its uniqueness in the record
we suggest that a link with the glacier collapse is also probable. This could be the result of an increased con-
centration of icebergs within the fjord after the collapse. Although icebergs from tributary glaciers could
have contributed IRD to the core site, KG has an ice velocity of one magnitude higher than all tributary gla-
ciers combined and thus has higher potential for iceberg calving (Figure S8). Therefore, the most likely
source of IRD is KG. To conclusively link the IRD layer with the glacier collapse the layer should be dated
and sampled in multiple cores, but this was not possible due to turbidite deposition in the other cores in this
study (see the supporting information).

4.3. Wider Implications

First, the above findings aid the understanding of the general evolution of KG during the 20th century, and
second, it provides an insight into the behavior of a large ice tongue in response to climatic change. This is
important as it has been questioned whether the recent collapse/decay of ice tongues in North Greenland
(e.g., at Petermann Glacier; Reilly et al., 2019) are events that occur frequently or whether these represent
a response to current anthropogenic warming. With regard to the 20th-century evolution of KG, its destabi-
lization after the final phase of the LIA occurred remarkably late. For instance, Jakobshavn Isbrae in West
Greenland and Kangiata Nunaata Sermia in Southwest Greenland retreated from their maximum LIA posi-
tion already by 1851 (Csatho et al., 2008) and 1761 (Lea et al., 2014), respectively. While acknowledging local
and regional differences, the year 1900 has been used as a Greenland-wide time stamp of the onset of glacial
retreat (Kjeldsen et al., 2015). We suggest that the prolonged stability of KG could be explained by its pinning
to the large submarine ridge. While many other (peripheral) glaciers in East Greenland had retreated sub-
stantially in the period 1900-1930 (Bjerk et al., 2018), the response of KG was delayed due to its pinning
to the submarine moraine. When KG eventually retreated off the moraine, this resulted in a nonlinear
response. Whether the collapse of KG was followed by a prompt increase in ice flow and discharge is hard
to deduct, since the first front observation after 1933 stems from 1966 (Khan et al., 2014). In 1966, the front
had retreated ~5 km, probably indicating a moderate retreat rate during this period, related to overall cooler
conditions compared to the late 1920s/early 1930s (Figure 4).

Overall, the timing of the collapse of KG makes part of a northward trend of ice tongue break-ups at large
tidewaters during the 20th century. This trend began at the start of the early 20th-century warming with
the loss of the ice tongue at Helheim Glacier (66°21’N) around ~1900 (Andresen et al., 2017). Later, the
KG collapse (68°38'N) occurred at the peak of the 1920s-1930s warming period. The ice tongue of
Jakobshavn Isbrae (Sermeq Kujalleq, 69°10'N) retreated 11 km between 2000 and 2003 (Holland et al.,
2008) in response to the ongoing warming trend that started in the 1990s. In Northern Greenland, the
ice shelf of Zacharie Isstrom (78°20’'N) disintegrated between 2007 and 2015 (Mouginot et al., 2015)
and the ice tongue of Petermann Glacier (81°10") showed large calving events in 2010 and 2012 (Reilly
et al., 2019). From this overall trend, it can be deducted that the climatic window in which ice tongues
can remain stable has moved northward throughout the 20th and 21st centuries. With air and ocean tem-
peratures predicted to keep increasing, the loss of ice tongues in Northern Greenland seems inevitable in
the near future, but differences in retreat timing may occur depending on their local bathymetric setting.
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Overall, it is important that the nonlinear contribution to sea level rise, associated with the loss of ice ton-
gues and potential acceleration of ice discharge at these glaciers, is accounted for in simulations of sea
level rise.

4.4. Conclusions

Historical evidence is used to reveal a massive collapse of KG's ice tongue between 1932 and 1933. Observed
and reconstructed temperature records show that the glacier retreat likely occurred in response to oceanic
and atmospheric warming. The unpinning from a large submarine moraine also plays an important role
in explaining the magnitude of the event. The deposition of a distinct IRD layer coevally with the collapse
is remarkable and might represent a sedimentary trace of the collapse, although other depositional processes
unrelated to the collapse cannot be excluded. Altogether, this study provides a rare insight into a past ana-
logue of rapid destabilization of a marine outlet glacier, thereby illustrating the sensitivity of Greenlandic ice
tongues to climate warming and the importance of the local physical setting to explain the differences within
timing of the retreat of marine outlet glaciers.
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