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The rapid retreat of mountain glaciers due to climate change has led to the
expansion of glacial lakes, which can produce sudden glacial lake outburst
floods (GLOFs) due to the failure of unstable moraine or glacier dams, in
some cases triggering a cascade of consequences. This study investigates the
evolution of glacial lakes and the occurrence of GLOFs in the Cordillera Darwin
and Cloue Icefields of Tierra del Fuego, southernmost South America, from
1945 to 2024 — a region that has not been analysed in detail before. Using
historical aerial imagery, satellite data, UAV photogrammetry and field surveys,
we document a 461% increase in the number of lakes (from 33 to 185) and a
124% increase in lake area (from 28.2 + 5.6 to 63.3 + 1.9 km?) as a result of
glacier retreat. A pronounced shift from ice-dammed (71.6%-14.8% of the total
area) to moraine-dammed lakes (80.5% by 2024) reflects the destabilisation of
the ice margins and the exposure of overdeepened basins. We identified the
first recorded southernmost GLOFs in this region, including a moraine collapse
in 1997/98 that released ~8.3 + 1.2 x 10° m® of water and a larger, adjacent
cascading event in 2018 that released 28.3 x 10° m® of water through successive
moraine dam breaches. The cyclic outflows of the ice-dammed Lago Mateo
Martinic (1985-2024) underline the dynamic interactions between ice and water.
The results are consistent with global patterns of accelerated lake formation
and growth over the last century, and with the diverse and complex processes
at GLOFs that make Tierra del Fuego an important natural laboratory for
studying the deglacierising environment. This study improves the understanding
of glacial lake dynamics in the little-studied southern latitudes and emphasises
the accelerated transformation of Andean cryospheric landscapes as warming
progresses.
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1 Introduction

The global retreat of mountain glaciers and icefields in response
to climate change has dramatically increased both the size and
number of glacial lake systems, a trend observed in all mountain
regions worldwide (Shugar et al, 2020; Zhang G et al, 2024).
This decline has intensified since the end of the Little Ice Age
(LIA; Roe et al, 2017; Zemp et al., 2015), with much of the
accelerated retreat and mass loss in recent decades due to rising
air temperatures and changing precipitation patterns (Kargel et al.,
2014; Marzeion et al., 2014; Zemp et al., 2019; Faria et al., 2021;
Hugonnet et al., 2021; Zemp et al., 2025).

Glacial lakes have become prominent features of many
deglacierising environments and are of great global and regional
importance for several reasons: (1) they serve as a valuable water
resource, with their current and future storage capacity playing a
key role in regulating the contribution of ice melt to global sea level
rise (Loriaux and Casassa, 2013; Carrivick et al., 2016; Wilson et al.,
2018; Zhang et al., 2023); (2) their interaction with glaciers can
negatively affect their mass balance by increasing melt rates and
destabilising ice margins (Benn et al, 2007; King et al, 2019;
Sugiyama et al., 2019; Minowa et al., 2021; Langhamer et al., 2024);
and (3) they pose a significant hazard as a source of glacial lake
outburst floods (GLOFs), which are among the most destructive
glacial hazards and can cause widespread damage and disaster
(Reynolds, 1992; Dussaillant et al., 2010; Iribarren Anacona et al.,
2015b; Taylor et al, 2023). As described in Westoby et al.
(2014), GLOFs are complex, often unpredictable phenomena,
with each event influenced by a number of factors, including
triggering mechanisms (hydrometeorological, geomorphological,
etc.), reservoir bathymetry, geometry, composition and structural
integrity of the dam (either a moraine, glacier ice, bedrock
or a combination of these). In addition, the topography and
geology of the surrounding region play a critical role in
promoting glacial lake development and shaping flood behaviour
and impacts (Holm et al, 2004; Carrivick and Tweed, 2013;
Allen et al., 2016).

Glacial lakes can cause sudden floods (GLOFs) resulting
from the failure of an unstable dam, triggering hazard cascades
with numerous downstream impacts (Veh et al., 2023). They are
typically classified based on their dam type and geomorphologic
context (Carrivick and Tweed, 2013; Tweed and Carrivick, 2015;
Zhang T. et al., 2024), and how their characteristics might influence
any potential GLOF, the likelihood of recurrent GLOF events and
their long-term areal change (Rick et al., 2022; Veh et al., 2022).
Moraine-dammed lakes, which often form behind unconsolidated
debris left behind by retreating glaciers, are prone to instability
due to their porous and weak structure (Richardson and Reynolds,
2000; Harrison et al., 2018). Similarly, landslide-dammed lakes also
present an unconsolidated structure of poorly sorted, often angular
material (Korup and Tweed, 2007). In contrast, ice-dammed lakes
are formed by meltwater accumulating at the edges of the glacier
ice and are prone to draining when thresholds are met related to
ice thickness change, lake bathymetry, subglacial water pressure
and thermal conditions (Liestol, 1956; Walder and Costa, 1996;
Tweed and Russell, 1999; Gilbert et al., 2012). Other types of glacial
lakes, such as bedrock-dammed lakes may have greater stability
but are not immune to failure under certain geomorphologic and
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climatic conditions (Richardson and Reynolds, 2000; Carrivick and
Tweed, 2013; 2016).

Advances in remote sensing technology and geographic
information systems (GIS) have enabled significant progress in
understanding the factors that influence the formation and extent
of glacial lakes (Quincey et al.,, 2005, 2007; Bolch et al., 2008).
Satellite data and GIS analyses allow accurate monitoring of glacier
changes, lake evolution and the occurrence of GLOFs (Veh et al.,
20225 Zhang G. et al,, 2024). In particular, these tools (supported
by high-resolution aerial imagery) have proven valuable to assess
their triggering mechanisms and quantify the associated hazards
at local (Iribarren Anacona et al, 2018; Wilson et al., 2019),
regional (Iribarren Anacona et al., 2014; Colavitto et al., 2024) and
global scales (Taylor et al., 2023).

In South America, studies have documented accelerated glacier
retreat in the Andean Cordillera since the end of the LIA (e.g.,
Carrivick et al., 2024), and significant mass loss in recent decades
(e.g., Braun et al, 2019; Dussaillant et al., 2019). These changes
in glacier mass balance and dynamics from the central Andes
to southern Patagonia are accompanied by the formation and
expansion of glacial lakes, as the number and areal extent of glacial
lakes in this region increased by about 7% and 43% respectively,
between 1986 and 2016 (Wilson et al., 2018). The “Chilean Public
Inventory of Glacial Lakes” identifies ~5,400 glacial lakes across
the country, with the largest concentration in the southernmost
glaciological macrozone (Zona Austral), which includes southern
Patagonia and Tierra del Fuego (DGA, 2023). Although GLOFs
have been recorded in many regions of Patagonia, including the
Northern and Southern Patagonia Icefields, detailed studies of
their triggers and threshold conditions remain limited; they have
highlighted the importance of local topography, climate variability
and dam stability in the occurrence and magnitude of GLOF
events (Dussaillant et al.,, 2010; Iribarren Anacona et al., 2014;
Wilson et al., 2019; Colavitto et al., 2024).

In the southernmost Andes, the Tierra del Fuego archipelago
has undergone similar changes as observed elsewhere in Patagonia.
The outlet glaciers of the Cordillera Darwin and the Cloue Icefields,
for example, have retreated rapidly since 1986, shrinking by around
14% in area between the LIA and 2016 (Davies and Glasser,
2012; Meier et al., 2018). This retreat has led to the expansion
of glacial lakes (Shugar et al., 2020), but no study to date has
investigated in detail how this retreat has affected the evolution
of glacial lakes or whether new GLOFs have occurred in this
region. These glacial lakes and GLOFs do not present hazards
to any human settlements or infrastructure, as this domain is
entirely unsettled. In contrast to other regions in the Andes, the
studied region therefore offers a particularly interesting natural
laboratory for investigating the evolution of glacial lakes and GLOFs
in a study region that remains remarkably free from local human
disturbances. Unlike heavily monitored glacial environments, where
artificial drainage, hazard mitigation or proximity to infrastructure
direct research priorities towards hazardous lakes, the isolation
of Tierra del Fuego ensures that all lakes (regardless of their
outburst potential) are equally scrutinised. In addition, the low
hydraulic gradient of the archipelago, with many lakes perched
near sea level, limits the erosive power and geomorphic impact of
GLOFs compared to high relief mountainous regions. Documenting
this remote region not only extends the geographic range of
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GLOF inventories (Liitzow et al., 2023), but also contributes to
emerging research on the interaction between glacial drainage and
coastal landscapes during deglacierisation, complementing recent
work in Patagonian-Fuegian fjord systems (Bertrand et al., 2017;
Vandekerkhove et al., 2021; Piret et al., 2022), with a focus on the
characteristic low-lying, maritime environment of Tierra del Fuego.

This study has three objectives: (1) to analyse the evolution of
glacial lakes in the Cordillera Darwin and Cloue Icefields since
1945, (2) to document recent GLOFs and their characteristics in
the Tierra del Fuego archipelago, and (3) to explore possible GLOF
drainage mechanisms, placing these results in the broader context
of GLOF occurrence in the southernmost Andes. By achieving these
objectives, this study aims to improve the understanding of GLOFs
in this understudied region and contribute to the broader discourse
on the variable growth and expansion of glacial lakes in the context
of ongoing climate-induced glacier retreat.

2 Study region

The Cordillera Darwin Icefield (CDI) is located near the
southernmost reaches of the Andes in Tierra del Fuego and is
the third largest temperate icefield in the Southern Hemisphere
(Figure 1; Bertrand et al., 2017; Melkonian et al., 2013; Temme et al.,
2025). The CDI (54°39'S, 69°36'W) is bounded by the Canal
Beagle to the south and the Fiordo Almirantazgo to the north,
with the highest peak, Monte Shipton, at 2,568 m above sea level
(asl). The CDI covered an area of approximately 1,656 km? in 2022
(Izagirre et al., 2024), and is characterised by a complex network
of gently sloping high-plateaus from which land-terminating and
calving outlet glaciers flow into the fjords and lakes (Holmlund and
Fuenzalida, 1995; Porter and Santana, 2003). Around the icefield,
there are smaller ice masses to the west, including the Monte
Sarmiento massif and the Cordén Navarro range (totalling 179 km?
in 2016; Meier et al., 2018; Gonzalez, 2019), as well as many other
smaller glaciers in the eastern lower mountain ranges.

The Cordillera Darwin is a geologically unique structural high
point, as the mountain range is on average 1km higher than
neighbouring areas (Cunningham, 1995), and it is located in the
present-day core of the southern westerlies, which provides relatively
consistent precipitation throughout the year (Garreaud et al,
2013). The Cordillera Darwin range creates an orographic barrier
resulting in a strong W-E climate gradient characterised by a cold-
maritime climate at the western and southwestern margins with
high precipitation rates (up to 5,000 mmyr ! at the top of the
icefield) and relatively mild temperatures due to its proximity to
the ocean (Holmlund and Fuenzalida, 1995; Carrasco et al., 2002;
Koppes et al., 2009; Fernandez et al., 2011). In contrast, precipitation
decreases sharply towards the eastern slopes, along with a steppe-
like climate with higher temperatures to the northeast and east of
the mountain range (Holmlund and Fuenzalida, 1995; Strelin and
Iturraspe, 2007; Reynhout et al., 2021).

Isla Hoste, located southeast of the CDI and separated by the SW
arm of the Canal Beagle, is the second largest island in the Tierra
del Fuego archipelago. It is characterised by a rugged topography
with numerous fjords and inlets. The island’s climate is also strongly
influenced by southerly westerly winds, resulting in high and
relatively uniform annual precipitation (up to 2,000 mm yr™' in
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the westernmost areas) and persistent cloud cover that decreases
towards the east (Carrasco et al, 2002; Santana et al., 2006;
Garreaud et al., 2013). These climatic conditions have favoured
the persistence of several small glaciers and a small icefield on
Isla Hoste (Figure 1b), which covered an area of approximately
203 km? in 2016 (Meier et al., 2018), and accounts for 50% of the
glacierised terrain on the island (Bown et al, 2014). The Cloue
Icefield (55°10'S, 69°43'W) and the peninsula on which it is located
were first explored, photographed, described and named by the
Romanche expedition in 1882-83 (Hyades, 1887; Mercer, 1967). It
has an average elevation of 750 m, peaking at Monte Cloue (1,356 m
asl), and is drained by 12 main outlet glaciers, five of which reach sea
level and seven of which flow into lakes.

Human presence in the region is limited to sparse coastal
settlements, mainly Ushuaia, Argentina (~80,000 inhabitants) 40 km
east of the CDI, and Puerto Williams, Chile (~2,500 inhabitants)
85 km to the east. The Cordillera Darwin and Cloue Icefields are
still uninhabited wilderness areas with permanent infrastructure
only on the eastern edges of the CDI (e.g., Bahia Yendegaia). While
the Canal Beagle serves as a shipping line for scientific, tourist
and military vessels, the most significant anthropogenic impact
on the ecosystem comes from the North American beaver (Castor
canadensis), which was introduced in the 1946 (Skewes et al., 2006;
Choi, 2008; Pietrek and Fasola, 2014). Through the construction
of dams, they have considerably altered the eastern watersheds,
while the western areas of the Cordillera Darwin and Cloue Icefields
are less affected due to steeper topography and limited ecological
connectivity (Westbrook et al., 2017; Herrera et al., 2020). This
combination of minimal direct human disturbance and limited
beaver activity makes the region particularly valuable for the study
of natural cryospheric and geomorphological processes.

3 Data and methods

Our first objective is to produce inventories of glacial lakes
covering this broad region from the 1940’ to the present day. Since
the Cordillera Darwin and Cloue Icefields extend over a wide area
with frequent cloud cover, there are scarce remote sensing data
covering the entire area during this period. Therefore, a compilation
of different sources was needed to conduct this study. Table 1 lists the
sources of aerial and satellite data used for the glacial lake inventories
in 1945, 1986, 2006, 2019 and 2024. The intermediate observation
years 1986 and 2006 are similar to those used by Meier et al. (2018)
for the glacier inventory in this region.

3.1 Historical aerial photographs and
Lliboutry’s sketch map

The oldest available data set for this region are the Trimetrogon
aerial photographs acquired by the U.S. Army Air Force (USAF)
in the austral summer of 1944/45 (Figures2ab). The aerial
survey, conducted in January and February of 1945, represents
the first comprehensive airborne coverage of the CDI and Cloue
Icefield and provides a valuable basis for assessing glacial and
geomorphologic change over the past eight decades (Lliboutry,
1998). The survey was strategically carried out in mid-summer
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FIGURE 1

Location map and overview of the study region showing the inventory and characteristics of glacial lakes in 2024. (a) Southern South America and the
distribution of modern icefields (labelled with acronyms), together with the location of the study region in Tierra del Fuego (dashed white rectangle)
and other main locations mentioned in the text. NPI: Northern Patagonia Icefield; SPI; Southern Patagonia Icefield; GCN: Gran Campo Nevado; Sl
Santa Inés; CDI: Cordillera Darwin Icefield; IH: Isla Hoste (Cloue Icefield). (b) Main geographical features of the CDI, IH and surrounding areas, together
with the places mentioned in the text. The boxes indicate the location and labelling of additional figures presented in the following sections. The
current glacier outlines have been updated to 2024 from the ‘Chilean Public Inventory of Glaciers' (DGA, 2022). (c) Inventory and characteristics of
glacial lakes (2024) of the CDI, Monte Sarmiento massif, Cordon Navarro range and peripheral areas, shown on a Sentinel-2 image from 4 March 2024,
using a real colour composition with saturation enhanced by the near-infrared band. (d) Inventory and characteristics of glacial lakes (2024) of the
Cloue Icefield (IH), shown on a Sentinel-2 image from 4 March 2024, using a similar setting as in the previous subfigure.

A Main peaks

69°§G'W J_s‘

to ensure optimal conditions for snow and ice melt, which in
most areas allows glacial lakes to be clearly distinguished from
ice and land areas. However, the spatial resolution of the USAF
Trimetrogon photographs is limited by the variable image quality,
incomplete coverage of some areas, the flight line spacing and
the oblique view of the left- and right-looking acquisitions, even
resulting in gaps in some places that make it difficult to distinguish
these features. In addition, the 1:250,000 scale preliminary maps
produced by the Instituto Geografico Militar (IGM) of Chile based
on these photographs often lack precise delineations of glacial
and hydrological features, further complicating their interpretation
(Lopez et al., 2010).

Frontiers in Earth Science

The original USAF Trimetrogon photographs, from 1944/45,
served as the basis for the sketch maps published by Louis Lliboutry
in his seminal work “Nieves y Glaciares de Chile” (Lliboutry, 1956).
One of these maps covers the entire CDI and its surroundings
and provides a detailed representation of the extent of the glaciers
and the location of the glacial lakes as they existed in 1945,
providing an important historical reference for the study of glacier
dynamics in the region. For this purpose, Lliboutry’s sketch map was
georeferenced with 132 off-glacier tie-points manually identified on
high-resolution “ESRI Imagery” available via “QuickMapServices”
in the QGIS software (v3.40.5-Bratislava). In the case of the two
icefields and considering that the Cloue Icefield was not included
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TABLE 1 List of remote sensing aerial and satellite data used to compile the glacial lake inventories of 1945, 1986, 2006, 2019 and 2024. The actual
image data for each satellite-based inventory differed by + 1 year from its target year (1986, 2006, 2019 and 2024). However, most of the lakes included
in each inventory were mapped using imagery acquired in the specified target years.

Inventory | Image acquisition Instrument and Bands used Number of images | Source?
years sensor
1945 1945 Trimetrogon aerial photographs Singleband (greyscale) 245 USAF
(oblique and vertical)
1985 Landsat-5 (MSS) 1,2,3and 4 2
1986 USAF
1986 Landsat-5 (TM) 1,2,3,4and 5 1
2006 Landsat-5 (TM) 1,2,3,4and 5 4
2006 USGS
2007 Landsat-5 (TM) 1,2,3,4and5 2
2018 Sentinel-2 (MSI) 2,3,4,8and 11 2
2019 2019 Sentinel-2 (MSI) 2,3,4,8and 11 6 ESA
2020 Sentinel-2 (MSI) 2,3,4,8and 11 3
2024 Sentinel-2 (MSI) 2,3,4,8and 11 5 ESA
2024
PlanetScope (PSB.SD) 2,4,6and 8 11 Planet Labs PCB

“USAF, United States Air Force; USGS, United States Geological Survey; ESA, European Space Agency.

in Lliboutry’s sketch map, the preliminary location and extent of the ~ European Space Agency (ESA) and downloaded as Level-
glacial lakes identified with the sketch map were manually improved =~ 1C Products from the Copernicus Browser interface (https://
by (1) using the individual USAF Trimetrogon photographs  browser.dataspace.copernicus.eu/). The 2024 inventory was
(Table 1) and (2) using the previously mapped geomorphologic  derived from five Sentinel-2 MSI scenes, complemented by 11

landforms (former lake shorelines from Izagirre et al., 2024). high-resolution PlanetScope scenes (~3 m multispectral spatial
It should be noted that Lliboutry’s work remains a cornerstone  resolution) from 4 March 2024 (Planet Team, 2024).
in the glaciological literature of the Southern Andes, as it not only All satellite scenes were carefully selected based on minimal

documents the state of the CDI and surrounding mountain ranges  cloud cover and a late summer acquisition date to ensure optimal
in the mid 20th century, but also establishes a methodological ~ conditions for distinguishing surface boundaries such as ice/snow,
framework for the integration of aerial photography into  glacier/rock, glacier/lake and lake/floating ice. However, due to
glaciological studies. Despite its historical significance, the maps  challenges such as snow cover, cloud obstruction and mountain
utility is reduced by the limitations of the original photographic data. ~ shadows, in some target years (e.g., 1986, 2006 and 2019) scenes
Nevertheless, these early datasets are invaluable for reconstructing ~ from a +1 year period had to be included to ensure adequate
the long-term evolution of glaciers and glacial lakes, especially  image availability and quality. This approach allowed us to maintain
when combined with modern remote sensing technologies and field ~ consistency in the identification and mapping of glacial lakes across
observations (Rivera et al., 1997; Harrison et al., 2007; Wilson et al., the study period.

2016; Piret et al., 2021; Gorsic et al., 2025).

3.3 Glacial lake definition and delineation

3.2 Satellite imagery
The first step in establishing our glacial lake inventory was
To create the glacial lake inventories for the observation  to define which lakes should be included. Given that the study
years 1986, 2006, 2019 and 2024, we used a combination  region was extensively covered by the Patagonian Ice Sheet during
of Landsat-5, Sentinel-2 and PlanetScope satellite imagery  the last glacial cycle, many lakes in the area could be classified
(Table 1; Supplementary Table S1). All Landsat-5 MSS and TM  as glacial in origin (Davies et al., 2020). However, to focus on
scenes with a multispectral spatial resolution of 30 m were  lakes most relevant to modern glacier dynamics, we restricted
orthorectified by the United States Geological Survey (USGS) and  our analysis to the present-day ice-contact lakes of the Cordillera
obtained as Level 1 Products through the USGS Earth Explorer ~ Darwin and Cloue Icefields and their surroundings, as well as
interface (https://earthexplorer.usgs.gov/). the lakes that formed after the end of the LIA and are still in
For the 2019 inventory, we analysed nine Sentinel-  contact with or separated from the present-day glacier margins.
2 MSI scenes with a multispectral spatial resolution of  Lakes in direct contact with glaciers are particularly dynamic and
10 m. The Sentinel-2 MSI scenes were orthorectified by the  have likely undergone the greatest changes since the end of the LIA
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FIGURE 2
Methodology for reconstructing the evolution of glacial lakes in the study region using the Roncagli/Alemania glacier (Glaciar Roncagli in the figure) as

an example. (a) Historical cartography by Lliboutry (1956) showing the extent of the glaciers and an early glacial lake configuration in 1945 (labelled),
also confirmed by geomorphologic landforms such as the former lake shorelines mapped by Izagirre et al. (2024). The dashed polygon (in yellow)
marks a mountain area using the same symbolism as a glacial lake. (b) Interpretation of oblique and vertical aerial photographs acquired during the
USAF Trimetrogon campaign in early 1945. The use of these photographs together with the previous map is crucial to distinguish the real glacial lakes
in 1945 from other rugged mountain landscapes (yellow dashed polygon). (c) Visible green band (2) of the Landsat-5 TM image from 26 February 1986.
Lago Taranaki is already drained, while Lago Mateo Martinic (LMM) and the proglacial terminal lake continue to expand. (d) False colour composite of
the Landsat-5 TM image acquired on 8 October 2006. (e) Ratio composite (R = Bg,een/Byir) Of the Sentinel-2 MSIimage from 4 February 2019. (f) Final
reconstruction with the integration of the false colour composite of the PlanetScope image acquired on 4 March 2024, showing glacier retreat and

glacial lake extent and change over eight decades.

(Loriaux and Casassa, 2013; Izagirre et al., 2024). These lakes are  these lakes, we compared LIA glacier extents mapped by Davies
also more likely to experience significant changes in size, volume  and Glasser (2012), Meier et al. (2018) and Carrivick et al. (2024)
and stability due to their interaction with glacial and paraglacial ~ with historical USAF Trimetrogon photographs and recent glacial
processes (Harrison et al., 2018; Wilson et al., 2018). To identify ~ landform mappings by Izagirre et al. (2024).
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We classified glacial lakes into three main types based on
their formation mechanisms: (1) moraine-dammed lakes, which
form adjacent to glacier termini and are impounded by frontal or
terminal moraines; (2) ice-dammed lakes, which are impounded by
glacier ice, often in tributary valleys or marginal depressions on the
side of the glacier; and (3) bedrock-dammed lakes, which occupy
overdeepenings and depressions in bedrock. These classifications
help to understand the geomorphic processes driving lake formation
and their potential for future changes. In addition, we categorised
the lakes according to their area size to facilitate the analysis of size-
dependent behaviours. Small lakes are defined as lakes with an area
of less than 0.5 km? and large lakes with an area of 0.5 km? or more.
This classification corresponds to the thresholds used in comparable
studies in Patagonia (e.g., Loriaux and Casassa, 2013) and effectively
captures the different behaviours observed in the study region.

Glacial lakes were delineated using a combination of semi-
automatic and manual mapping techniques. The semi-automatic
approach employed the normalized difference water index (NDWT)
and a ratio-based method (R) proposed by Gardelle et al. (2011),
which distinguishes water from non-water surfaces using the
formula:

R= BGreen
BNIR

where Bg,,,, and By represent the green and near-infrared
spectral band values, respectively. While NDWT is widely used
for water detection, it can misclassify shadowed areas as water,
particularly along lake margins (Huggel et al., 2002). The ratio-based
method (R) mitigates this issue but can struggle to differentiate
between ice and water at calving fronts (Loriaux and Casassa,
2013). To address these challenges, we incorporated a terrain slope
threshold derived from a 30-meter resolution digital elevation
model (DEM) from the NASA Shuttle Radar Topography Mission
(SRTM GL1) Global 1 arcsec degree of the year 2000 from Open
Topography repository (NASA Shuttle Radar Topography Mission,
2013). Lakes were assumed to occupy areas with surface slopes
below 10% (5.7°), accounting for DEM uncertainties and resolution
limitations (Gardelle et al., 2011).

Manual refinement of the semi-automated classifications
was essential to ensure accuracy, particularly in complex areas
such as shadowed margins, calving fronts and regions with
This labour-intensive process
involved visually inspecting and correcting lake boundaries

mixed ice-water boundaries.
using false-colour composites of satellite imagery (Figures 2c—f;
Supplementary Table S1). This step also ensured that turbid
lakes with high suspended sediment loads—which reduce
spectral contrast and can be misclassified using ratio-based
methods—were correctly identified and included in the inventory.
Manual refinement significantly improved the quality of the lake
polygons, ensuring consistency and high accuracy in the final
inventory (Wilson et al., 2018).

Mapping errors and uncertainties were inherent in our
approach, particularly for earlier observation years (1945, 1986
and 2006) due to the coarser spatial resolution of the available
image data (e.g., Landsat-5 MSS and TM in 1986 and 2006) and the
exclusively manual delineation in 1945. In this respect, small lakes
were probably underrepresented in the early inventories (1945 and
1986) as the coarser resolution of the images possibly increased the
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apparent growth rates. Errors were also influenced by factors such as
cloud cover, snow cover and mountain shadows, which can obscure
lake boundaries and thus lead to minor biases (Gardelle et al.,
2011; Loriaux and Casassa, 2013; Wilson et al., 2018). To minimise
these uncertainties, we used high-resolution PlanetScope imagery
(3m) for the 2024 inventory, which provides a more accurate
reference for validating previous datasets. Despite these efforts,
uncertainties in lake area calculations vary considerably across
time periods due to differences in image resolution and validation
sources. Earlier estimates (e.g., + 20% in 1945 and +15% in 1986)
reflect the limitations of historical images with lower resolution,
while modern measurements achieve much higher precision
thanks to higher resolution data (e.g., £ 5% in 2019 with Sentinel-
2 and +3% in 2024 with PlanetScope). To account for these
variations, we include a mapping error of at least 1 pixel along all
lake perimeters.

3.4 GLOF identification and field
observations

In this study, we hypothesised that changes in glacial lakes
between 1945 and 2024 could reveal previously undocumented
drainage events in the Cordillera Darwin and Cloue Icefields. We
classify these events into two categories based on hydrological
and terrestrial geomorphological evidence: (1) Outflows, defined
as usually rapid discharges of water from ice-dammed lakes that
often leave stranded icebergs but have limited distal impact due to
buffering by downstream water bodies (lakes or sea) and may occur
in cyclic events; (2) Outbursts (or GLOFs), characterised by single
or cascading, sudden high-magnitude water releases that produce
clear geomorphological signatures beyond the lake basin, including
breached moraines and downstream sediment deposits.

Cyclic events such as those at Lago Mateo Martinic
are poorly documented in existing studies (Iturraspe, 2011;
Iribarren Anacona et al., 2015b; Izagirre et al., 2024). To fill this
gap, we combined remote sensing analyses with field observations
conducted between 2016 and 2024 and focused on areas with known
or suspected outflow or GLOF activity. These included the inner
part of Fiordo Fouque (Cloue Icefield) and the Roncagli/Alemania
glacier system (CDI).

Field data collection included site reconnaissance, photo-
documentation and validation of remote sensing interpretations
to constrain the timing and magnitude of GLOF events. This
process included an extension of satellite image coverage to
identify annual variations (Supplementary Table S1) and detailed
geomorphologic mapping of diagnostic GLOF features, such as
breached moraines, flood channels and sedimentary deposits, as
described by Izagirre et al. (2024). In addition, we collected
first-hand accounts from local sailors and residents of Puerto
Williams that gave us valuable insights into the dynamics of GLOFs,
particularly the events of 1997/98 and 2018 in the inner part of the
Fiordo Fouque. These interviews helped reconstruct the sequence
of events and assess the geomorphological changes associated
with GLOFs.

In March 2016, we visited the area of Lago Covadonga in the
inner part of Fiordo Fouque to document the landscape changes
caused by the GLOF event in 1997/98. Using a Nikon Coolpix
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AW100 (16 Mp), we acquired 356 overlapping photos along survey
circuits around the terminal moraine and the breached section.
These images were processed using structure-from-motion (SfM)
techniques in Agisoft Metashape Professional (v2.2.0) to create an
initial 3D point cloud model. As the camera’s geotags provided
only limited positional accuracy, the 3D model was subsequently
georeferenced using 50 virtual ground control points (GCPs)
from high-resolution satellite imagery, supplemented by handheld
Garmin etrex30 GPS waypoints (+5 m elevation precision) collected
along the lake shoreline and moraine ridge. From the georeferenced
3D point cloud, we derived a DEM that formed the basis for
estimating lake level and volume change. While no independent
GCP set was available for formal accuracy validation, the use of a
large number of virtual GCPs, in combination with on-sited GPS
waypoints and cross-comparisons of the lake shoreline with foliage
patterns clearly visible in 2016, helped to minimise horizontal and
vertical uncertainties. Using this reconstruction, we estimated the
lowering of the lake level and the area change after the GLOF
event and finally calculated the released water volume using a first-
order approximation based on the mean area multiplied by the
elevation change.

In order to document the geomorphological changes caused by
the 2018 GLOF event in the inner part of Fiordo Fouque, we carried
out an unmanned aerial vehicle (UAV) survey with a DJI Mavic 2 Pro
in August 2024. The high-resolution aerial images were processed
with SfM in Agisoft Metashape to create an initial 3D model covering
an area of 1.33 km?. Since there were no differential GNSS camera
positions during our survey, we took special measures to correct lens
distortions and minimise model warping. We created 11 synthetic
GCPs along the shoreline of both the current and former areas of
the lower lake (Lake 2). These synthetic GCPs—defined as points
with x-y-z coordinates extracted from the initial 3D model—helped
to compensate for elevation differences of several metres observed
along the shoreline due to geolocation inaccuracies and imperfect
lens distortion corrections. In the final 3D model, we constrained
these GCPs to zero elevation (all are shoreline points) and set their
positional uncertainties to 15 m (x, y) and 0.1 m (z) to prevent error
propagation into the lens distortion parameters. The conservative
horizontal value reflects the maximum expected drift of the UAV’s
non-differential GNSS receiver, while the vertical threshold accounts
for both pixel-level selection errors (<0.1 m at 0.05 m resolution)
and our use of instantaneous sea level as a zero-elevation reference.

This approach successfully generated flat water surfaces and
reduced shoreline elevation differences to centimetre accuracy,
with lens distortion residuals equal to or less than 1 pixel.
Using the optimised model, we generated an orthomosaic with
a resolution of 0.05m and a DEM with a resolution of 0.20 m,
allowing accurate quantification of geomorphological changes and
key parameters, such as breach dimensions and the released
water volume. For the comparison of pre- and post-GLOF, we
manually digitised the lake boundaries using the UAV-generated
orthomosaic (0.05m, 15 August 2024) and WorldView-2 satellite
imagery (0.50 m, 21 November 2013), identifying former shorelines
based on vegetation patterns and bedrock colour changes. Elevation
differences were calculated using the Copernicus DEM GLO-30 as
a baseline, with estimates of released water volume derived from
the mean area multiplied by the elevation change as a first-order
approximation.
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4 Results
4.1 Inventory of glacial lakes in 2024

The inventory of glacial lakes in 2024 for the Cordillera Darwin
and Cloue Icefields and their surrounding regions shows a total of
185 glacial lakes with a total area of 63.3 + 1.9 km? and a mean
lake area of 0.34 km? (Figure 1b; Table 2). The majority (81.5%)
of the lakes mapped in 2024 are small lakes (<0.5 km?; 151 lakes
totalling an area of 16.5 km?), but large lakes (0.5 km?; 34 lakes
totalling an area of 46.8 km?) contribute disproportionately to the
total area (74%).

Accounting for 75.5% (139 lakes) of the total number and 80.5%
(50.9 km?) of the total area, moraine-dammed lakes dominate the
inventory. These lakes are concentrated in regions where glaciers
retreated significantly after the LIA, particularly in the CDI, which
contains 83 lakes (37.4 km?), many of which formed and expanded
in overdeepened basins exposed by retreating outlet glaciers. The
largest are the proglacial lakes of Stoppani and Pigafetta, which have
an area of 3.6 km? and 2.8 km?, respectively. Ice-dammed lakes are
less numerous (9.8% of the total number, 18 lakes) but still account
for 14.8% (9.4 km?) of the total area, especially in zones with active
glacier dynamics such as the Roncagli/Alemania glacier in the CDI,
where the largest ice-dammed lake (Lago Mateo Martinic) has an
area of 6.5 km?. Bedrock-dammed lakes are less frequent (14.7% of
the total number, 27 lakes) and account for 4.7% (3.0 km?) of the
total area.

In spatial distribution, the CDI remains the epicentre of lake
development. It is home to the largest lakes and accounts for
59.2% (37.4km?) of the total glacial lake area (Figure Ic). The
Cloue Icefield has 15 lakes (4.7 km?) and a mean area of 0.31 km?
(Figure 1d). In contrast, the Monte Sarmiento massif (6.8 km?) and
the Cordén Navarro range (4.2 km?) are home to fewer but larger
lakes with a mean area of 0.85 km? (8 lakes) and 0.42 km? (10 lakes),
respectively. Peripheral lakes, located in recently deglacierised
adjacent areas, are hotspots for small lake formation, with 68 lakes
(10.1 km?), 85% of which are smaller than 0.5 km? and have a mean
lake area of 0.15 km? (Figure 1c).

4.2 Changes in glacial lakes between 1945
and 2024

Between 1945 and 2024, the number and area of glacial lakes
in the study region increased considerably. The total number of
lakes increased by 461% from 33 to 185, while the total area
of glacial lakes increased by 124% from 28.2 + 5.6 km?* to 63.3
+ 1.9km? (Table 3; Supplementary Table S2). In the case of the
large lakes, they increased by 162% in number (from 13 to 34),
while their area increased by 87% from 25.0 + 5.0 km® to 46.8 +
1.4 km?. This growth was not linear; there were various phases of
lake area acceleration and deceleration. The fastest increase in lake
number occurred between 1945 and 1986 (136% growth), followed
by sustained growth until 2006 (65%) and 2019 (43%), which
stabilized by 2024 (Figure 3a). In contrast, the largest expansion of
total lake area occurred between 1986 and 2006 (54.6% growth,
annual rate of 2.7% yr™!), followed by the 2019 to 2024 period (9.8%
growth, annual rate of 2.0% yr ™).
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TABLE 2 Summary of the number, area and type of glacial lakes in the Cordillera Darwin and Cloue Icefields and their surrounding regions in 2024.

Subregion Lake type Number (% of total) ’ Total area [km?] (% of total) Mean area [km?]
Bedrock-dammed 15 (18.1) 2.0 (5.2) 0.13
Ice-dammed 10 (12.0) 8.8 (23.5) 0.88
CDI
Moraine-dammed 58 (69.9) 26.7 (71.2) 0.46
Total/mean 83 (100) 37.4 (100) 0.45
Ice-dammed 1(12.5) 0.03 (0.4) 0.03
Monte Sarmiento Moraine-dammed 7 (87.5) 6.8 (99.6) 0.97
Total/mean 8 (100) 6.8 (100) 0.85
Ice-dammed 2(20.0) 0.2 (5.1) 0.11
Cordén Navarro Moraine-dammed 8(80.0) 4.0 (94.9) 0.50
Total/mean 10 (100) 4.2 (100) 0.42
Bedrock-dammed 12 (17.6) 1.0 (9.9) 0.08
Ice-dammed 1(1.5) 0.01 (0.1) 0.01
Peripheral areas
Moraine-dammed 55 (80.9) 9.1(90.1) 0.17
Total/mean 68 (100) 10.1 (100) 0.15
Bedrock-dammed 1(6.3) 0.02 (0.5) 0.02
Ice-dammed 4(25.0) 0.3 (7.0) 0.08
Cloue Icefield
Moraine-dammed 11 (68.8) 4.4 (92.5) 0.40
Total/mean 16 (100) 4.7 (100) 0.31
Bedrock-dammed 28 (15.1) 3.0 (4.7) 0.11
Ice-dammed 18 (9.7) 9.4 (14.8) 0.52
Overall (study region)
Moraine-dammed 139 (75.1) 50.9 (80.5) 0.37
Total/mean 185 (100) 63.3 (100) 0.34

The dominance of ice-dammed lakes in 1945, which accounted
for 71.6% (20.2 km?) of the total area, changed drastically during
the study period (Figure 3b). In 1986, moraine-dammed lakes were
already the predominant lake type accounting for 62.4% (19.1 km?)
of the total area, compared to 26.9% (7.6 km?) in 1945. Ice-dammed
lakes, on the other hand, declined sharply between 1945 and
1986, both in terms of area (from 71.6% to 35.6%) and number
(from 36.4% to 3.8%). From 1986 to 2024, the difference between
ice-dammed and moraine-dammed lakes widened, with the latter
accounting for 80.5% (50.9 km?) of the total area in 2024, while
the mean area of ice-dammed lakes decreased significantly, from
1.68 km” in 1945 to 0.52 km” in 2024. This transition again reflects
the role of glacier retreat after the LIA, which exposed moraines that
dammed up meltwater, while glacier thinning destabilized the ice
dams. The proportion of bedrock-dammed lakes, while still small,
steadily increased, tripling in both number (from 1 to 27) and area
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(from 0.4 km? to 3.0 km?), indicating a gradual exposure of stable
overdeepenings and depressions.

The mean lake area decreased from 0.86 km? in 1945 to 0.39 km?
in 1986 and 0.34 km? in 2024 (Figure 3a), mainly due to the
disappearance of large ice-dammed lakes and the proliferation of
small lakes, particularly in the adjacent areas of the Cordillera
Darwin and Cloue Icefields. These peripheral lakes saw the largest
relative increase in lake numbers, from 6 in 1945 to 49 in 2006
and 68 in 2024, but remained small after 1986, when the mean lake
area decreased from 0.19 km? to 0.15 km?, indicative of widespread
newly emerging glacial lakes (Figure 3c).

The total area of glacial lakes in the CDI fluctuated from 1945 to
2006, decreasing by 17% from 1945 to 1986 and then increasing by
39% during the next observation period (1986-2006). Meanwhile,
the emergence rate of new lakes increased from 0.3 yr~' between
1945 and 1986 to 1.2 yr™! between 1986 and 2006. From 2006 to
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TABLE 3 Number and area of glacial lakes in the study region and in each subregion in 1945, 1986, 2006, 2019 and 2024. The change over time
(Temporal A) for different periods is also included.

Inventory Study Monte Cordon Peripheral Cloue
region sarmiento Navarro areas Icefield

Number 33 19 3 3 6 2

Area 28.2 235 0.4 12 2.8 0.3
1945 (km?)

Meanarea = 0.86 1.24 0.13 041 0.47 0.13

(km?)

Number 78 33 7 6 25 7

Area 30.5 19.4 3.1 22 4.7 1.2
1986 (km?)

Mean area 0.39 0.59 0.44 0.37 0.19 0.17

(km?)

Number 129 56 8 8 49 8

Area 472 27.0 55 36 4.0 42
2006 (km?)

Mean area 0.37 0.48 0.69 0.45 0.16 0.37

(km?)

Number 184 81 10 10 70 13

Area 57.6 336 6.7 4.0 9.5 3.9
2019 (km?)

Meanarea | 0.31 041 0.67 0.40 0.14 0.30

(km?)

Number 185 83 8 10 68 15

Area 63.3 374 6.8 42 10.1 47
2024 (km?)

Meanarea | 0.34 045 0.85 0.42 0.15 0.31

(km?)
Temporal A Area| Rate

A (% yr™h)

1945-1986 8.1 02 -17.4 | -04 6750 | 165 83.3 2.0 67.9 17 300.0 7.3
1986-2006 54.6 2.7 39.2 2.0 77.4 3.9 63.6 32 70.2 3.5 150.0 7.5
2006-2019 22.1 17 244 19 218 17 111 0.9 18.8 1.4 30.0 23
2019-2024 9.8 2.0 114 23 1.9 04 55 1.1 6.2 12 20.0 4.0
1945-2024 1242 16 59.3 0.8 1607.5 | 203 2517 | 32 260.4 33 1460.0 | 185
1986-2024 107.3 | 2.8 92.9 24 1203 | 3.2 91.8 24 114.7 3.0 290.0 7.6

2024, the total area and number of glacial lakes increased further
(1.2 yr"1 in number and 39% in area). These observed increases

observed in 1945. The total lake area of the CDI increased by
59% (from 23.5km? in 1945 to 37.4 km?® in 2024), reflecting the
formation of smaller lakes in newly deglacierised terrain and small
ice-dammed lakes at higher elevations after 2019, together with
large moraine-dammed lakes that expanded at an accelerated rate

in number from 1945 to 2024 occurred despite a 64% reduction
in the mean lake size (from 1.24 km? to 0.45 km?), mainly due to
the nearly complete disappearance of the large ice-dammed lakes
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FIGURE 3
Temporal evolution of glacial lakes in the study region from 1945 to 2024. (a) Changes in the total number and area of glacial lakes, with the
corresponding mean lake area. (b) Evolution of glacial lake area by dam type: moraine-dammed, ice-dammed and bedrock-dammed. (c) Spatial
distribution of changes in lake area in different subregions: Cordillera Darwin Icefield (CDI), Monte Sarmiento massif, Cordén Navarro range, peripheral
areas and Cloue Icefield. The bars represent the total lake area in the individual inventory years and the black crosses show the mean lake area for each
subregion and year.
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after 2006 (Figure 3c). This applies to the proglacial lakes of the
Videla, Pigafetta, Roncagli/Alemania and Stoppani glaciers.

The Cloue Icefield experienced a 15-fold increase in lake area
(from 0.3 km? in 1945 to 4.7 km? in 2024), and the mean lake
area also increased from 0.13km? to 0.31 km?, as the land-
terminating glaciers transitioned into freshwater calving systems,
which expanded considerably after 1986 (Figure 3¢c). The Monte
Sarmiento massif experienced the fastest growth, with a 16-fold
increase in lake area (from 0.4 km? in 1945 to 6.8 km? in 2024).
Meanwhile, its mean lake area increased from 0.13 km? to 0.85 km?
(Figure 3¢), due to the expansion of large moraine-dammed lakes
such as Schiaparelli, Emma, Conway and Lovisato. In contrast, the
Cordén Navarro range showed a gradual but constant development
of glacial lakes between 1945 and 2024. The number of lakes
increased from 3 to 10, while the total lake area increased by 252%
(from 1.2 km? to 4.2 km?). The mean lake area remained relatively
stable and varied between 0.37 km? and 0.45km? (Figure 3c),
indicating that the growth of the lakes was due to the formation
of new basins of similar size rather than the enlargement of
existing ones.

4.3 Recent southernmost GLOFs and cyclic
outflows

Our analysis of multi-temporal aerial and satellite imagery,
combined with field observations and local accounts, identified
several previously undocumented outflow events and various
GLOFs in the Cordillera Darwin and Cloue Icefields between
1986 and 2024 (Table 4). Some of these events, identified by lake
extent changes in association with distinct geomorphic features
such as breached moraines and extensive large-size (>1 m) boulder
debris, represent the southernmost modern-day GLOFs recorded in
South America.

The Roncagli/Alemania glacier area in the southeastern part of
the CDI provides multiple examples of ice-dammed lake drainage
(Figure 2). Here, one of the earliest documented outflows occurred
between 14 May 1985 and 26 February 1986 at Lago Taranaki
(Supplementary Figure S1) — a large ice-dammed lake named by
a New Zealander mountaineering expedition during the austral
summer of 1970/71 (Banks and Radcliffe, 1972). Due to the limited
availability of satellite imagery prior to this drainage event, earlier
events are difficult to identify. However, high-resolution aerial
photographs from the austral summer of 1984 (acquired by the
Servicio Aerofotogramétrico de Chile, SAF) and a low-resolution
satellite image from 1985 show the lake at full capacity. In contrast,
the satellite image from 1986 shows a completely drained lake
that did not refill in the following years. Therefore, the former
area of Lago Taranaki is now a side valley with rich glacial
geomorphological features such as several former lake shorelines
and an extensive glaciolacustrine deposit (Izagirre et al., 2024).

Upstream of the Roncagli/Alemania glacier, the ice-dammed
Lago Mateo Martinic (6.5km?® in 2024) showed cyclic partial
outflows between 1997 and 2024. Annual satellite observations
revealed that the lake area repeatedly decreased by 40%-50%
(from ~10.5 km? to ~4.0km?) after each ice dam failure. At
the same time, the lake required a shorter period of time in
recent years to refill to its maximum storage capacity and outflow
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again (Table 4). Since 2010, the northern tributary has been
separated from the main lake basin. A smaller ice-dammed lake,
Lago marginal Este (0.4km? in 2024), located on the opposite
edge of the glacier, also showed repeated drainage events in the
period 2016-2024 (Supplementary Figure S2).

At the southernmost edge of the study region, a first major GLOF
was reconstructed based on interviews with sailors, who reported
extensive driftwood at Fiordo Fouque, eastern edge of the Cloue
Icefield, in March 1998. Satellite imagery and field observations at
Lago Covadonga provide clear evidence of a large GLOF event that
occurred between 5 March 1997 and 4 February 1998 (Figure 4).
A comparison of coregistered aerial imagery (1996) and Landsat
imagery (1997 and 1998) shows a 60% reduction in lake extent
after the event (from 0.35 km? to 0.14 km?), with a conspicuous
breached dam on the terminal moraine visible on the 2002 Landsat-
7 imagery. Field observations carried out in March 2016 confirmed
the outburst path and showed a drop in lake level of about 34 m and
an approximately 185 m wide breach through the terminal moraine.
This GLOF released a total water volume of 8.3 + 1.2 x 10° m?.

The most recent event was noted by a sailboat entering the
inner part of Fiordo Fouque in late March 2019. The crew onboard
reported extensive wood debris floating in the sea and a large
opening in the moraine that allowed passage into the previously
moraine-dammed lake by a lifting-keel sailboat. Once inside,
they observed that another lake, located at a higher elevation
and connected to the previous one by a stream, also had a
breached moraine. Subsequent satellite imagery analysis revealed
that the event occurred sometime between 4 and 10 November
2018 (Figure 5), when the higher-elevation moraine-dammed lake
(informally named Lake 1) catastrophically drained into the lower
moraine-dammed lake (Lake 2), which then outburst into the
flord, carving a large breached dam through the impounding
terminal moraine (Supplementary Figure S3). Field surveys in
2024, supported by UAV-derived photogrammetry, quantified the
breached moraine dimensions (130 m wide, 30 m high) and
estimated a lake level lowering of 30 m and 22 m for Lakes 1 and 2,
respectively (Figure 6). These two connected GLOFs released a total
water volume of 28.3 x 10° m> (Table 5).

5 Discussion

5.1 Evolution of glacial lakes and their
characteristics

The evolution of glacial lakes in the Cordillera Darwin and
Cloue Icefields between 1945 and 2024 highlights a regional
transformation driven by glacier retreat after the LIA, climate
warming and topographic controls. The shift from ice-dammed to
moraine-dammed lakes—evidenced by the decline of ice-dammed
lake area from 71.6% (1945) to 14.8% (2024) of total area in
this study—aligns with global patterns of glacial lake evolution
(Shugar et al., 2020; Veh et al., 2025), which have been observed
elsewhere in Patagonia (Loriaux and Casassa, 2013; Wilson et al.,
2018), and in other regions such as Alaska (Wolfe et al., 2014;
Rick et al.,, 2022, 2023), Iceland (Zhang T, et al., 2024) and High
Mountain Asia (Gardelle et al., 2011; G. Zhang et al, 2019;
Shugar et al., 2020). This transition reflects the destabilisation of
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20 Mar 2016

FIGURE 4

between 5 March 1997 and 4 February 1998.

Evolution of Lago Covadonga and geomorphological evidence and landscape changes of a glacier lake outburst flood (GLOF) in the inner part of
Fiordo Fouque, Cloue Icefield. (a) Time series of aerial and satellite images showing the transition of Lago Covadonga before and after the GLOF event.
The coregistered aerial image from December 1996 (SAF Geotec 70) and the false-colour Landsat-5 images from 5 March 1997 and 4 February 1998
show the extent of the lake before and after the GLOF event (outlined in yellow and red, respectively). The false-colour Landsat-7 image of 7 February
2002 clearly highlights the breached dam on the terminal moraine (breached moraine) and the extent of the lake after the GLOF. The location of the
ground photograph (P) acquired in the field is also indicated. (b) Ground photograph from 20 March 2016 looking across Lago Covadonga towards the
terminal moraine. The lake level before and after the GLOF is marked and shows a deep excavation on the moraine, which allowed the lake level to
drop by about 34 m and a horizontal break width of ~185 m. This geomorphological evidence confirms the occurrence and extent of the GLOF event

_breached
moraine

7 Feb 2002
Landsat-7

breached
__moraine

ice dams due to glacier thinning and the exposure of terminal
moraines that impound meltwater in overdeepened basins. The
near-disappearance of large ice-dammed lakes, such as those
documented in 1945, mirrors processes described by Loriaux and
Casassa (2013), where ice-dam collapse led to rapid drainage of
ice-contact lakes and subsequent replacement by moraine-dammed
lake systems.

The dominance of small lakes, constituting 81.5% of the
2024 inventory, highlights widespread glacier fragmentation and
meltwater ponding in peripheral deglacierised terrain. However,
large lakes disproportionately contributed to total area (74%), driven
by the expansion of moraine-dammed lakes such as Stoppani
(3.6 km?), Pigafetta (2.8 km?) and Roncagli/Alemania (2.4 km?)
in the CDI, in the Monte Sarmiento massif, and in the Cloue
Icefield. This contrast parallels findings in the Himalayas, where
small lakes dominate numerically, but larger lakes control total
water storage (Gardelle et al., 2011). Similar trends have also been
documented in the Southern Patagonia Icefield, where moraine-
dammed lakes proliferated as glaciers retreated into steeper terrain
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(Wilson et al., 2018). Conversely, the modest but steady growth of
bedrock-dammed lakes signals the gradual exposure of stable basins,
a phenomenon observed in the European Alps and Cordillera
Blanca as glaciers receded exposing bedrock overdeepenings
(Emmer et al., 2015, 2020).

Regional heterogeneity in lake development reveals the
influence of local topography and glacier dynamics. The CDI,
hosting 59% of the total lake area in 2024, emerged as the hotspot
of growth in the number and area of glacial lakes since 1986 (2.4%
yr~1), driven by the retreat of large outlet glaciers into overdeepened
valleys. A similar behaviour can be observed in the Cordén Navarro
range (2.4% yr!), where a gradual increase in lake area has occurred
through the formation of lakes of similar size sized lakes rather than
the enlargement of existing lakes (as the mean lake area remains
stable from 0.37 km? in 1986 to 0.42 km? in 2024). In contrast, the
number of glacial lakes in the Monte Sarmiento massif remained
stable, but the area increased significantly (3.2% yr!), resulting
in a growth in mean lake area from 0.44 km? in 1986 to 0.85 km?
in 2024. The Cloue Icefield doubled the number of glacial lakes
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The 2018 glacial lake outburst flood (GLOF) event in the inner part of Fiordo Fouque, Cloue Icefield. (a) Ground photograph acquired on 21 March 2016
showing the three moraine-dammed lakes: Lake 1 (upper) and Lake 2 or Lago Lientur (lower), connected by a river system (blue dotted arrows) that
flows into the fjord and Lago Covadonga (in the background) is also visible with its breached moraine from the 1997/98 event. (b) Sequence of satellite
images (NIR-band) showing the evolution of the 2018 GLOF event. The outlines of Lake 1 and Lake 2 before the GLOF event (in yellow) are based on
Sentinel-2 (3 November) and PlanetScope (4 November) imagery. The location of the ground photograph (P) acquired in the field is also indicated. A
significant drainage event occurred between 4 and 10 November, which is barely visible on the Landsat-8 image (10 November). The reduction in lake
area following the GLOF event (in red) is confirmed by PlanetScope and Sentinel-2 images from 12, 14 and 28 November. The event was characterised
by the catastrophic drainage of Lake 1 into Lake 2, followed by a secondary outburst of Lake 2 into the Fiordo Fouque, which breached the terminal

moraine and connected the former lake to the fjord system.

and the area increased considerably (7.6% yr™'), mainly due to the
appearance of large moraine-dammed lakes in the southern slope of
the icefield.

Temporal trends emphasise the non-linear response of glacial
lakes to climatic influences. The accelerated expansion of glacial
lakes between 1986 and 2006 (2.7% yr™') and 2019-2024 (2.0%
yr'!) coincides with the increased warming and glacier mass
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loss in the Southern Andes region in the late 20th and early
21st centuries (Falaschi et al., 2019; San Martin et al., 2021;
Zemp et al, 2025), and has accelerated considerably in the last
decade (2015-2024; Dussaillant et al., 2025). Similarly, the CDI-
wide average annual climatic mass balance shows a relatively
positive period during 2007-2016 and an accelerated negative
period after 2016 (Temme et al., 2025).
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FIGURE 6

Geomorphic impacts and elevation changes due to the cascading GLOF event in November 2018 in the inner part of Fiordo Fouque, derived from
UAV-based photogrammetry and DEM differencing. (a,b) Oblique UAV images from 15 August 2024 show the outlet areas of the former Lake 2 and
Lake 1, respectively. The pre-GLOF lake level (in yellow) and the post-GLOF level (in red) of Lake 1 are shown, as both still had a clearly pronounced
vegetation difference in 2024, which was slightly obscured by the snow cover. (c) Detailed map of the study site based on a Sentinel-2 satellite image
from 4 March 2024 showing the UAV survey area (dashed line) and the synthetic ground control points (GCPs) used for georeferencing. The location of
the previous aerial photographs (a/b) is also indicated. (d) Surface elevation change map (2010 CopDEM vs. 2024 UAV-derived DEM) showing ~35 m
erosion on both breached moraines and a 22 m drop in the water level of former Lake 2. (e) Longitudinal profile (x-x") along the centre flow line of the
breached moraines, showing the pre-GLOF (2010 CopDEM) and post-GLOF (2024 UAV-derived DEM) surfaces and the elevation differences. The
cross-sections through the breached moraine dam areas of Lake 1 (1-1') and former Lake 2 (2-2') are also shown (right panels).
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TABLE 5 Summary of lake area, elevation change and estimated change in water volume associated with the Fouque 2018 GLOF. The areas (km?) before
(pre-GLOF) and after (post-GLOF) are given for the upper (Lake 1) and lower (Lake 2) lakes, along with the mean lake areas used to estimate volume
change. The elevation change (m) corresponds to the measured surface elevation difference derived from digital elevation models. The volume change
is given in millions of cubic metres (10 m3).

Area (km2) Elevation change (m) Volume change (106 m®)

Pre-GLOF Post-GLOF Mean

Lake 1 (upper) 0.891 0.592 0.741 30 222

Lake 2 (lower) 0.359 0.195 0.277 22 6.1

Total 1.250 0.787 1.018 283
5.2 Drai nage mechanisms of observed and long-term glacier retreat and thinning gradually lowers the
GLOFs and cyclic outflows maximum lake level. The detachment of the northern tributary lake

in 2010 and shortening refill intervals indicate the proximity of a

The documented GLOFs and cyclic outflows in the Cordillera  critical threshold beyond which a complete collapse of the ice dam

Darwin and Cloue Icefields between 1985 and 2024 reveal different ~ becomes inevitable (Evans and Clague, 1994), as occurred at Lago
drainage mechanisms operating within the evolving deglacierising ~ Taranaki in 1985/86.

environment. The case studies highlight the interplay of dam Globally, such behaviour follows predictable patterns. Regional

stability thresholds, water pressure and erosion in initiating outflows  studies from Iceland to Alaska document cyclic outflow events

and outburst floods, while emphasising the unique constraints  associated with the degradation of the ice dams (Thorarinsson,

imposed by the region’s low relief and coastal setting. 1939; Post and Mayo, 1971; Wolfe et al., 2014), while modern

analyses show negative trends in magnitude and increasing drainage
5.2.1 Cyclic ice-dammed outflows: Lago Mateo frequency for more than 1,500 ice-dammed lakes (Veh et al., 2023).
Martinic This applies to specifically analysed ice-dammed lakes such as

The cyclical discharge dynamics at Lago Mateo Martinic show ~ Summit Lake and Tulsequah Lake in British Columbia (Mathews
a clear transition from episodic (3-4 years) outflows (1997-2016)  and Clague, 1993; Geertsema and Clague, 2005), Hidden Creek
to almost annual outflows (2017-2024), which corresponds to the Lake, Ice Lake, Suicide Basin and Strandline Lake in Alaska
“jokulhlaup cycle” proposed by Evans and Clague (1994). This  (Anderson et al., 2003; Wilcox et al., 2014; Kienholz et al., 2020;
evolution reflects the progressive destabilisation of the ice dam due ~ Rick et al., 2023), as well as Catalina Lake and Russell Lake
to the negative climatic mass balance of the Roncagli/Alemania  in Greenland (Grinsted et al, 2017; Domgaard et al.,, 2023). In
glacier (glacier-wide average —0.88 m w.e. yr™! during 2000-2023;  particular, Patagonian analogues such as Lago Cachet 2 and Laguna
Temme et al., 2025). While the increased meltwater input due to  de los Témpanos reflect the evolution of Lago Mateo Martinic
regional warming contributes to the faster refilling of the lake, the (Dussaillant et al., 2010; Friesen et al., 2015; Aniya et al., 2020), with
structural weakening of the ice dam itself (ice dam-wide average  the recent catastrophic drainage of Lago Greve potentially signalling
-52m w.e. yr ! during 2000-2023; Temme et al, 2025) appears  a new phase of regional instability (Hata et al., 2022). Conversely,
to be the dominant influencing factor, which presumably lowers  exceptions such as Desolation Lake in Alaska (increasing volume
the flotation threshold required for subglacial drainage reactivation. ~ despite decreasing ice dam; Liitzow et al., 2025) and Gornersee in
The temporal shift towards annual outflows after 2017 correlates  the Alps (stable volume but earlier seasonal drainage; Huss et al.,
strongly with the accelerated negative glacier mass balance rates ~ 2007) illustrate the role of local glaciological controls.
reported by Dussaillant et al. (2025), where the Roncagli/Alemania
glacier experienced rates of —1.32m we. yr~' in the period 5.2.2 Moraine-dammed GLOFs: Lago Covadonga
2017-2024, which is about 68% above the average of the study period ~ and Fouque system
(-0.79 m w.e. yr™! from 1976 to 2024) and well above —0.82 m In the Fiordo Fouque lake system, catastrophic moraine
w.e. yr ' observed in the period 1997-2016. This acceleration is  failures show that the initial flooding or seepage may be driven
inline with Temme et al. (2025), who assume that the CDI isentering by hydrostatic pressure, but the subsequent breaching process
a state of accelerated mass loss due to increasing surface melting. is dominated by hydrodynamic forces as high-velocity flow

The decisive factor is that the thinning of the ice dam triggersa  incises and rapidly enlarges the outlet channel (Richardson
positive feedback loop: reduced ice thickness and increased thermo- ~ and Reynolds, 2000; Balmforth et al, 2008; Westoby et al,
erosion along the subglacial conduits during each outflow event ~ 2014). The Lago Covadonga (1997/98) and Fouque-cascading
progressively weaken the integrity of the ice dam, and successive ~ (2018) events exemplify this process, where >30 m deep breaches
outflows further enlarge the drainage pathways (Walder and Costa, ~ formed through terminal moraines, providing morphological
1996; Carrivick et al, 2017). At Lago Mateo Martinic, this is  evidence of erosive hydrodynamic pressures acting on poorly
evidenced by the gradual reduction in area after the outflows, where ~ consolidated material (Costa and Schuster, 1988; Korup and
partial drainage leaves a residual lake in contact with the glacier =~ Tweed, 2007; Neupane et al,, 2019). This intense erosion during
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initial breach formation dramatically amplifies flood magnitude
by rapidly enlarging outlet channels, as shown by the 185m
wide breached moraine at Lago Covadonga and the 200/130 m
wide breached moraines at Lake 1 and 2, respectively. In both
cases, the well-preserved breached moraines and marked shifts
between lake levels before and after the GLOF events indicate rapid
drainage due to moraine failures, consistent with high magnitude
GLOFs spilling into the Fiordo Fouque as reported by local
eyewitnesses.

While the exact trigger for the initial failures in both cases
remains uncertain, the steep valley walls surrounding both Lago
Covadonga and upper Lake 1 are highly susceptible to landslides,
rockfalls or ice avalanches that can generate displacement and
seiche waves, resulting in dam overtopping and hydrodynamic
erosion—consistent with global patterns where mass movements
trigger most documented moraine dam failures (Richardson and
Reynolds, 2000; Emmer and Cochachin, 2013; Westoby et al,
2014). The absence of seismic activity during this period—despite
two magnitude 4.8 and 4.9 earthquakes 340 km away on the
Scotia plate on 6 and 8 November 2018 respectively—also
suggests that a tectonic trigger was unlikely, which in turn
supports mass movements as a more likely trigger mechanism
(Iribarren Anacona et al., 2015b; Wood et al., 2024). Other possible
climate-related triggers include intense and/or prolonged rainfall,
glacier/snow melt, permafrost thaw or melting of ice cores in
moraine dams, which could lead to moraine failure and lake outburst
(Richardson and Reynolds, 2000; Westoby et al., 2014; Haeberli et al.,
2017; Wilson et al., 2019; Colavitto et al., 2024).

The 1997/98 Lago Covadonga GLOF exhibits striking
similarities to other moraine-dammed single-lake failures
worldwide. Particularly, the estimated water volume release of
~8.3 x 105 m® places it within the mid-range of Patagonian events
like Engano 1977, Ventisquero Negro 2009 and Chileno 2015
(Iribarren Anacona et al., 2015a; Worni et al., 2012; Wilson et al,,
2019), and similar to other events such as Taraco 1935, Dig
Tsho 1985, Rejieco 1991, Lugge Tsho 1994, Tsho Ga 2009 and
Ranzeria Co 2013 in the Himalayas (Vuichard and Zimmermann,
1987; Watanbe and Rothacher, 1996; Liu et al., 2014; Veh et al.,
2019), Nostetuko 1983, Queen Bess 1997 and Elliot Creek 2020
in British Columbia (Blown and Church, 1985; Clague and Evans,
2000; Geertsema et al., 2022), Rasac 2023 in Peru (Emmer et al.,
2025), and Maud 1992 in New Zealand (McSaveney, 2002). These
comparisons are particularly meaningful as all occurred in high
relief regions where steep topography typically amplifies flood
impacts, contrasting sharply with Lago Covadonga’s low-gradient
coastal environment.

Furthermore, the cascading nature of the Fouque 2018
GLOF event—in which outburst of the upstream lake (Lake
1) catastrophically overloaded the downstream dam (Lake 2)
— illustrates the compound processes and susceptibility of
interconnected lakes to fail in a cascading process (Kirschbaum et al.,
2019; Sharma et al., 2023; Demberel et al., 2024). This sequence
released 28.3 x 10°m® of water and emphasises how regional
deglacierisation creates new process chains through hydrological
connectivity (Iribarren Anacona et al, 2023). Globally, such
cascading events are rarely reported, but they represent an emerging
risk as proglacial lakes expand in retreating landscapes and form at
higher elevations over existing lakes (Wolfe et al., 2014; Wang et al.,
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2015; Emmer et al., 2020; Veh et al., 2023; Zhang T, et al., 2024).
Therefore, the greatest potential cascading effect must consider the
presence of other lakes upstream, as even a small volume released
could trigger the outburst of a lower-lying lake or lake complex
(Rounce et al., 2016; Falatkova et al., 2019; Allen et al., 2022). An
illustrative example is the cascading GLOF in 2021 over a seven-
lake chain in Mongolia’s Tsambagarav mountain (Demberel et al.,
2024) and Patagonia’s El Gato creek lakes in 2014, where the upper
lake drained into the lower lake causing the moraine dam failure
and GLOF downstream (Colavitto et al., 2024). In other cases, the
lower-lying lake attenuated the flood, largely reducing the impact
of the GLOF downstream (Emmer et al., 2022; Nie et al., 2020).
It can be concluded that the cascading nature of the Fouque 2018
GLOF was primarily influenced by the amount of water released,
as well as the longitudinal profile (steepness and distance) of the
terrain in the lakes’ hydrological system. This event, although not
hazardous and largely attenuated by the fjord system, could be
categorised as a high magnitude event due to the total volume of
water released, while the longitudinal profile between the two lakes
before the outburst was rather short (270 m) and steep (67 m).
The geomorphological evidence and the rapid landscape changes
confirm that this was a high magnitude GLOF compared to other
moraine-dammed GLOFs in modern times (Costa & O’Connor,
1995; Emmer, 2017; Emmer et al., 2022).

5.2.3 Landscape context and geomorphological
implications

The the
geomorphological impact of GLOFs in Tierra del Fuego. In contrast

low coastal relief fundamentally limits
to events in high relief regions such as the Himalayas or the
Andes, where steep gradients generate high-energy floods with
widespread downstream impacts (Jacquet et al., 2017; Cook et al.,
2018; Dahlquist and West, 2022; O’Connor et al., 2022), the limited
elevation difference between lakes and fjords (often <100 m)
and the attenuation of flood effects by downstream lakes in
Patagonia and Tierra del Fuego restricts potential energy and
erosive power (Iribarren Anacona et al., 2015b).

In addition, the largest (>2 km?) moraine-dammed lakes in the
study region have naturally developed low-gradient outlet channels
that are incised into the moraine dams (e.g., Lovisato, Pigafetta,
Dalla Vedova, Roncagli/Alemania and Stoppani), thus maintaining
a stable lake level and limiting the occurrence and magnitudes
of GLOFs (Veh et al, 2025). In contrast, some large (1-2 km?)
moraine-dammed lakes have an abrupt (short and steep) gradient
between moraine dams and sea level and poorly developed outlet
channels (e.g., Conway in the Monte Sarmiento massif, some lakes
in the inner part of Fiordo Parry or the largest lake on the southern
slope of Cordén Navarro range). Therefore, they could be considered
as potential GLOF sites in the future, and if this occurs, local
geomorphological and landscape changes with limited downstream
sediment transport can be expected, as shown by the 22-34 m
lake level drops and deep breached moraines at Lago Covadonga
and the Fouque-cascade. Large boulders and woody debris from
outbursts are usually deposited within fjord heads instead of being
transported far downstream. This is in sharp contrast to high relief
GLOFs, which can devastate valleys more than 100 km from the
source (Richardson and Reynolds, 2000; Osti and Egashira, 2009;
Veh et al., 2020; Taylor et al., 2023).
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The documentation of these low-gradient coastal outflows
and outbursts extends the environmental scope of GLOF studies
beyond high-altitude continental mountains (Liitzow et al., 2023).
While recent work has investigated GLOF-related sedimentary
and geomorphological impacts in Patagonian-Fuegian fjords
(Bertrand et al., 2017; Vandekerkhove et al., 2021; Piret et al., 2022),
our results shed particular light on how glacial drainage interacts
with low-lying coastal landscapes during deglacierisation—a
process that is less well-documented in such maritime, low-lying
areas. This provides new insights into the drainage mechanisms
and landform signatures of GLOFs in environments where
hydraulic gradients and sediment availability differ markedly from
high-mountain systems.

6 Conclusion

The rapid retreat of glaciers in the Cordillera Darwin and
Cloue Icefields of Tierra del Fuego over the last 8 decades has
led to profound changes in the region’s glacial lake systems, with
significant implications for landscape evolution. This study shows
a substantial growth in the number and area of glacial lakes since
1945, with the total number of lakes increasing by 461% (from 33
to 185) and the total area by 124% (from 28.2 to 63.3 km?). This
growth reflects the transition from ice-dammed lakes, which were
predominant in the mid-20th century, to moraine-dammed systems,
which now account for over 80% of the total lake area. The increase
in small lakes highlights widespread glacier fragmentation, while
large lakes, although smaller in number, dominate water storage
and underline their hydrological importance in deglacierising
environments.

The decisive factor for this change is the interplay of climatic
warming, glacier retreat and topographic controls. The CDI
became the epicentre of lake development (59% of the total lake
area), which was driven by the retreat of the outlet glaciers into
overdeepened valleys. The Monte Sarmiento massif experienced
the most rapid growth (16-fold increase in area), while the Cloue
Icefield transitioned to freshwater calving systems. The temporal
acceleration of lake expansion (1986-2006 and 2019-2024)
coincided with increased regional warming and glacier mass loss
observed throughout Patagonia.

The study documents previously unrecorded GLOFs, including
the Fouque 2018 event—the largest in the region—which
released 28.3 x 10° m® of water through cascading failure of two
interconnected moraine-dammed lakes. The cyclic partial outflows
of the ice-dammed Lago Mateo Martinic (1997-2024) illustrates
the progressive destabilisation of its ice dam, which exhibits mass
loss rates nearly six times greater than the glacier-wide average. In
addition, historical reports of a 1997/98 GLOF in Fiordo Fouque
highlights the region’s susceptibility to GLOFs. Although these
events are not hazardous in this sparsely populated area, they
highlight the susceptibility of ice dams to hydrostatic failure under
prolonged meltwater input and the failure of moraine dams due to
the increase in hydrodynamic pressure caused by mass movements.
The trigger mechanisms, including prolonged warming episodes
and cascading interactions between lakes, are consistent with global
patterns, emphasizing the need for a holistic assessment of glacial
lake systems.
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By integrating historical aerial imagery, satellite data, UAV
photogrammetry and field observations, this work contributes
to a better understanding of glacial lake evolution in a remote,
understudied region. This study highlights Tierra del Fuego
archipelago an important natural laboratory for the study of climate-
induced glacier retreat, lake formation and drainage dynamics.
It extends the geographic scope of documented GLOFs to the
southernmost Andes and provides insights into the complex
interplay of geomorphologic, climatic and glacial processes that
shape deglacierising environments. The results contribute to a global
framework for understanding glacial hazards and emphasize the
accelerating transformation of mountain regions in the wake of
climate change.
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