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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 km2) 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 × 106 m3 of water and a larger, adjacent 
cascading event in 2018 that released 28.3 × 106 m3 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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3 Data and methods

     
 

3.1 Historical aerial photographs and 
Lliboutry’s sketch map
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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; SI: 
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, Cordón 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.
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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 
years

Instrument and 
sensor

Bands used Number of images Sourcea

   

     

      
        

3.2 Satellite imagery
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3.3 Glacial lake definition and delineation
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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 = BGreen/BNIR) of the Sentinel-2 MSI image 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.
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3.4 GLOF identification and field 
observations
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4 Results

4.1 Inventory of glacial lakes in 2024

 

  

 

  

4.2 Changes in glacial lakes between 1945 
and 2024

   

Frontiers in Earth Science 08 frontiersin.org

https://doi.org/10.3389/feart.2025.1641167
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Izagirre et al. 10.3389/feart.2025.1641167

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 [km2] (% of total) Mean area [km2]
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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 ) for different periods is also included.

Inventory Study
region

CDI Monte
sarmiento

Cordón
Navarro

Peripheral
areas

Cloue
Icefield

Temporal Area 
 

(%)

Rate
(% yr−1)

Area 
 

(%)

Rate
(% yr−1)

Area 
 

(%)

Rate
(% yr−1)

Area 
 

(%)

Rate
(% yr−1)

Area 
 

(%)

Rate 
(% yr−1)

Area 
 

(%)

Rate
(% yr−1)
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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, Cordón 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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4.3 Recent southernmost GLOFs and cyclic 
outflows
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5 Discussion

5.1 Evolution of glacial lakes and their 
characteristics
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FIGURE 4
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 
between 5 March 1997 and 4 February 1998.
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FIGURE 5
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.
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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 (km2) 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 (106 m3).

Lake Area (km2) Elevation change (m) Volume change (106 m3)

Pre-GLOF Post-GLOF Mean

5.2 Drainage mechanisms of observed 
GLOFs and cyclic outflows

  

5.2.1 Cyclic ice-dammed outflows: Lago Mateo 
Martinic

  

  

  

     
 

  

 
 

  

  

      
  

    

      

  

  
   

  

5.2.2 Moraine-dammed GLOFs: Lago Covadonga 
and Fouque system
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5.2.3 Landscape context and geomorphological 
implications
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