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• Multi-proxy approach allows dating of 
massive Grosse Glacier GLOF to October 
1957.

• Object-based image analysis and den-
drogeomorphology help map extent of 
GLOF.

• More reconstructions are needed in 
secluded areas to complement GLOF 
inventories.

• In addition to the 1957 GLOF, tree-ring 
analysis allows reconstructing five 
smaller floods.
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A B S T R A C T

Over recent decades, global warming has led to sustained glacier mass reduction and the formation of glacier 
lakes dammed by potentially unstable moraines. When such dams break, devastating Glacial Lake Outburst 
Floods (GLOFs) can occur in high mountain environments with catastrophic effects on populations and infra-
structure. To understand the occurrence of GLOFs in space and time, build frequency-magnitude relationships for 
disaster risk reduction or identify regional links between GLOF frequency and climate warming, comprehensive 
databases are critically needed. GLOF inventories have thus been compiled at both regional and global scales. 
While these accounts offer valuable data for hazard assessment, many GLOF events are omitted because they 
occurred before the satellite era or prior to the installation of river gauges, went unreported or were only 
mentioned in local media but not documented in the scientific literature. In addition, while geomorphic evidence 
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of past GLOFs exist, their timing oftentimes remains unknown. These discontinuities preclude the identification 
of return periods for the most disastrous events and makes the link between GLOFs and ongoing climate warming 
remain inconclusive. To overcome these limitations, long-term records have been developed using a wide variety 
of proxies. Here, we explore the potential of coupling dendrogeomorphology and geomorphic analyses to 
reconstruct a GLOF event that occurred before the satellite era. The Grosse Glacier outlet, in San Rafael National 
Park, Chilean Patagonia, was selected based on satellite imagery, historical photographs and local testimonies 
indicating a previous lake drainage. Tree-ring analysis allowed identification of a massive GLOF and five smaller 
floods from 105 disturbed Nothofagus and Podocarpus trees. Unmanned aerial vehicle (UAV) imagery and object- 
based image analysis (OBIA) were used to identify boulders and to estimate flow direction in the glacio-fluvial 
floodplain and point to the occurrence of at least one high-energy flow event. Aerial photo analysis also revealed 
the formation of a 200-m-wide breach in the frontal moraine and the disappearance of a lateral lake, estimated to 
be 1.8 km2 in size, sometimes after 1944–45. An in-depth interview with an eyewitness pinpointed the date of the 
GLOF to October 1957, in line with the estimated date of damage in the tree-ring records and precipitation 
records at Puerto Aysén. When used in conjunction, the different approaches contribute valuable insights into the 
timing and consequences of past extreme events, thus aiding in future assessments of GLOF hazards, not only at 
the Grosse Glacier but also in other high-mountain environments.

1. Introduction

With the Intergovernmental Panel on Climate Change (IPCC) pro-
jecting an alarming 18–36 % reduction in glacier mass by the end of this 
century, significant geomorphic and hydrological changes are antici-
pated to unfold in glaciated environments (IPCC, 2021; Hock et al., 
2019). Due to these changes in the cryosphere, peri- and para-glacial 
lakes formed following glacier retreat and dammed by unstable mo-
raines have been rapidly increasing in number and total area globally 
between 1990 and 2018 (Shugar et al., 2020). This trend has led to 
predictions that, with continued climate warming and glacier mass loss, 
the source location, seasonality, frequency and magnitude of glacial lake 
outburst floods (GLOF) – defined as the sudden release of water from 
bedrock-, ice- or moraine-dammed lakes in glacial environments 
(Clague, 2000; O'Connor and Costa, 1993) – will increase, along with the 
associated hazards (IPCC, 2021; Taylor et al., 2023). As they are often 
characterized by extreme flood volumes and peak discharges, their 
possible occurrence thus is of increasing concern to communities and 
infrastructure, sometimes located tens to hundreds of kilometers 
downstream of critical lakes (Harrison et al., 2018; Stuart-Smith et al., 
2021; Emmer et al., 2022; Cenderelli and Wohl, 2003; Jacquet et al., 
2017; Cook et al., 2018).

GLOF inventories have been compiled at both regional (Harrison 
et al., 2018; Emmer et al., 2022; Colavitto et al., 2024) and global (Veh 
et al., 2022) scales using various sources, including documentary and 
monitoring records, grey literature, field surveys and satellite image 
analysis. Whereas GLOF inventories are rather complete for the recent 
past, records become much more lacunary as soon as they extend 
beyond the satellite era or gauged river-flow datasets. These potential 
biases makes it unclear whether the apparent increase in reported GLOF 
occurrences is linked to a warming atmosphere or to a growing research 
attention with access to increasingly detailed data coverage (Veh et al., 
2022; Rick et al., 2023). One avenue for reducing such biases is the 
construction of historical GLOF databases with dendrogeomorphic 
techniques (Stoffel and Bollschweiler, 2008; Stoffel and Corona, 2014). 
Such approaches have proven to substantially improve the baseline 
knowledge of hazard processes, yield precise occurrence dates and 
particularly frequency–magnitude relations in mountain regions 
(Zaginaev et al., 2016; Zaginaev et al., 2019; Stoffel et al., 2011; Bal-
lesteros-Cánovas et al., 2020).

In this study, we explore the potential of two methods, den-
drogeomorphology and UAV-based geomorphic analyses, to extend 
GLOF reconstruction beyond the period covered by satellite images in a 
remote region where detailed documentation is generally lacking and 
diagnostic features potentially rapidly vanish due to vegetation succes-
sion and geomorphic reworking (Emmer, 2023). Specifically, we focus 
on characterizing a GLOF that occurred sometimes after 1944–45, likely 
following the disappearance of an ice-dammed lateral lake on the 

southwestern flank of Grosse Glacier, located in the San Rafael National 
Park (Chilean Patagonia) near the North Patagonian Icefield (NPI). To 
do so, we employ growth disturbances in tree-ring series to identify 
potential dates of the GLOF. In addition, we rely on unmanned aerial 
vehicle (UAV) imagery acquired during fieldwork to combine geomor-
phic analyses with object-based image analysis (OBIA) to identify 
boulders and deposits left by the GLOF and to estimate flow direction. 
The findings are then contrasted with an eyewitness account from an 
elderly resident who apparently witnessed the GLOF.

2. Study area

2.1. GLOFs in the Northern Patagonian Icefield region

Ice-dammed lakes are particularly common in the NPI, forming 
behind glaciers that advanced during the Little Ice Age (LIA) (Blaschke 
et al., 2014). As a result of glacier melting, the area of these glacial lakes 
has increased by 65 % between 1945 and 2016 in the region. In addition, 
and as these glacier retreat and thin (Loriaux and Casassa, 2013a), the 
potential for outburst-floods increases (Jacquet et al., 2017; Vandeker-
khove et al., 2021; Veh et al., 2023; Dussaillant et al., 2019; Dussaillant 
et al., 2010; Benito et al., 2021), with potential for cascading process 
chains when subsequent downstream lakes are impacted and large 
sediment volumes mobilized (Mani et al., 2023).

Existing databases of past GLOF occurrences in the Andes have been 
compiled using satellite imagery (Veh et al., 2022), and were com-
plemented with field surveys, and documentary data sources (Emmer, 
2017). These databases show a clear increasing trend in GLOF frequency 
since the 1970s due to more consistent GLOF reporting and increasing 
availability of satellite imagery (Emmer et al., 2022; Veh et al., 2022). In 
contrast to the Peruvian and Bolivian Andes, GLOF dynamics across 
Chile and Argentina, and in particular in the NPI, the largest body of 
non-polar ice worldwide, remain poorly documented (Burton et al., 
2022). This is particularly noteworthy as glaciers there shrink two times 
faster between 2001 and 2011 than during the 1870–1986 period 
(Davies and Glasser, 2012), and as evidence for multiple GLOF occur-
rences in this region pose an increasingly hazardous challenge to ur-
banization, which rapidly expands into formerly isolated areas (Burton 
et al., 2022), and to tourism which develops rapidly in the San Rafael 
National Park. The global GLOF inventory for the Patagonian Andes 
contains 160 historic events, mostly around NPI and the Southern 
Patagonian Icefields (Veh et al., 2022). Colavitto et al. (Ref. (Colavitto 
et al., 2024) recently added 35 previously unknown GLOFs to this 
database, bringing the total number of documented GLOFs to 195. Of 
these, the exact year of occurrence is only known for 69 events.

In the immediate vicinity of our study site, the Grosse Glacier, 
documented events just include a 2015 GLOF from a moraine dammed 
lake in the Chileno Valley entering into an ice-dammed lake located on 

S. Gorsic et al.                                                                                                                                                                                                                                   Science of the Total Environment 961 (2025) 178368 

2 



the eastern flank of Exploradores Glacier (Wilson et al., 2019), and a 
GLOF from another ice-dammed tributary of the Exploradores Glacier in 
2018 (Veh et al., 2022).

2.2. The Grosse Glacier

The Grosse Glacier (46◦26′27 S - 73◦17′22 W) is a temperate glacier 
situated at the north-eastern extremity of the NPI in Chile (Fig. 1). 
Encompassing a total area of approximately 78 km2, its equilibrium line 
is situated at low altitude (1096 m asl) compared to other glaciers from 
the icefield (Rivera et al., 2007). While the extent of the Grosse Glacier 
remains largely unknown for the first half of the 20th century, ice retreat 
was very slow between 1970 and 1991 because the glacier was almost 
entirely covered by thick debris from shear walls on the north face of 
Monte San Valentin. Considerable retreat (c. 1400 m) was, by contrast, 
reported between 2002 and 2004 and can likely be attributed to snout 
disintegration (Aniya, 2017a). Until 2007, snout retreat slowed down to 
c. 50 m yr− 1 before it increased again to c. 250 m yr− 1 (2007–2008). 
Between 2008 and 2012, the glacier stagnated before a slow retreat was 
again documented until 2015 with 50 m yr− 1. In front of the Grosse 
Glacier, a proglacial lake started to appear in c. 1986 and progressively 
enlarged by coalescing with supraglacial ponds (Aniya, 2017a; Loriaux 
and Casassa, 2013b); the lake is dammed by a 70-m high frontal 
moraine, probably from the Little Ice Age (Mardones et al., 2018).

The studied fluvioglacial plain lies 100 m below the glacier's frontal 
moraine and consists of several discharge channels. The central part of 
the plain is covered by multiple boulders and deposits as well as rem-
nants of older moraines (Mardones et al., 2018). The area is colonized by 

a mature forest stand composed of evergreen and deciduous Nothofagus 
species as well as Podocarpus nubigenus, an evergreen conifer). More-
over, a paved tourist road (X-728) crosses the site on its way from the 
town of Puerto Rio Tranquilo to the Exploradores river delta (Fig. 1).

Aerial photographs from 1944 to 45 show the presence of an ice- 
dammed lateral lake on the southwestern flank of the glacier (Fig. 2). 
In the 1974 photograph, the lake is shown as empty, revealing a 200-m- 
wide breach in the moraine, two distinct river discharge channels, and a 
large area where vegetation has disappeared (Fig. 2). By coupling the 
ALOS PALSAR digital elevation model (DEM; 12.5 m pixel− 1) with the 
historical water level line georeferenced from the digitized 1944–45 
aerial photo, we estimate the lake volume at 45 × 106 m3 with an area of 
180 ha. As a result of the assumed GLOF, the morphology of the fluvio- 
glacial plain was strongly modified: the main channel of the pro-glacial 
river was pushed northwards, presumably as a result of substantial 
sediment accumulation (Fig. 2). This sediment likely originated from the 
moraine breach at the southern part, where the secondary discharge 
channel is located. Likewise, the forest mainly vanished from the fluvio- 
glacial plain between 1944 and 45 and 1974, except for a preserved 
sector in the central southern part where the stand persisted, although it 
was likely affected by the flood too.

The proximity of the NPI to the ocean and the southern latitude – 
prone to westerly winds – explain the frequent and abundant precipi-
tation at the site (Aniya, 2013) totaling an estimated 6000–7000 mm per 
year (Aniya, 2017b). Such consequent precipitation amounts provide 
the necessary basis for glaciers to accumulate at low altitudes. The 0 ◦C 
isotherm in the study region was calculated to be around 2000 m asl in 
summer and 900 m asl in winter, with an equilibrium line of the glacier 

Fig. 1. The study site is at the outlet of the Grosse Glacier, situated in the Laguna San Rafael National Park (B). Aerial picture showing the frontal moraine damming 
the proglacial lake of Grosse Glacier (C) and the fluvioglacial plain where numerous boulder deposits can be found; this is also where the dendrogeomorphic sampling 
was conducted (D).
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at ~1000 m asl (Willis et al., 2012).
Records from the nearest meteorological station (Puerto Aysén), 

located some 120 km from the Grosse Glacier, show a marked increase in 
winter precipitation at the end of the 1920s, followed by warmer and 
drier conditions between 1938 and 1948 as well as important decadal 
fluctuations in spring and winter temperatures until 1972 (Mardones 
et al., 2018). Notably, between 1944 and 1974, i.e. the time window 
during which the ice-dammed lateral lake disappeared, we find two 
particularly rainy winters in 1958 and 1971 (Mardones et al., 2018). It 
remains, however, uncertain to what degree these temperature and 
precipitation anomalies may have contributed to the GLOF at Grosse 
Glacier.

3. Material and methods

To document and possibly date the GLOF at this particular site of the 
NPI region, we developed an original multi-disciplinary approach. This 
approach combines (1) growth-ring analyses of trees presumably 
damaged by the GLOF to possible date the event as well as (2) photo-
grammetric and object-based image analyses (OBIA) of high-resolution 
aerial photographs to validate the occurrence of the event and pre-
cisely delineate its spatial extent. Results from this approach are ulti-
mately validated against eye-witnesses accounts, and people's 
experiences provide data about the timing, extension, and damage 
induced by the flood.

3.1. Dating the GLOF with flood-damaged trees

The forest stand covering the fluvio-glacial plain of the Grosse 
Glacier, downstream of the glacial lake, hosts many trees with obvious 
signs of an extreme flood that visibly occurred many decades ago and 
therefore offers the opportunity to study these heavily damaged trees 
with dendrogeomorphic approaches (Stoffel and Corona, 2014) (Fig. 3A- 

E). Dendrogeomorphology, the study of trees affected by past geomor-
phic process activity, is in fact based on the identification and the dating 
of growth disturbances (GDs) in tree-ring series has been used repeat-
edly over the last decades to reconstruct past floods and debris flows 
worldwide (Bollschweiler and Stoffel, 2010; Šilhán, 2023) at local and 
regional scales (Šilhán, 2023; Stoffel et al., 2014; Schraml et al., 2015; 
Franco-Ramos et al., 2019; Tichavský et al., 2022). With the exception of 
a study in the Tien Shan Mountains of Kyrgyzstan (Zaginaev et al., 
2016), where the authors differentiated GLOFs from debris flows based 
on the spatial distribution (or umbrella) of damaged trees and the runout 
distances of events, dendrogeomorphic approaches have not hitherto 
been applied to understand past GLOF activity.

3.1.1. Sampling strategy
We used high-resolution images from the ESRI World Imagery 

database available in ArcGIS Pro, i.e. Landsat 4–5 TM, 7 ETM and 8 OLI 
(1985-now), Sentinel 2 A and Sentinel 2B (2015-now) satellite imagery 
to identify potential discharge channels and changes thereof at the 
outlet of Grosse Glacier. In addition, we complemented analyses with 
the 1944–45 and 1974 aerial photographs from United States Military 
Service Flights (Trimetrogron camera). Based on the results of this 
photointerpretation, we identified areas of interest (Fig. 3) for den-
drogeomorphic sampling. A dendrogeomorphic sampling of 105 trees 
was realized in November 2019 and relied on the species available at the 
study site, i.e. Nothofagus dombeyi (n = 88), Nothofagus pumilio (n = 9) 
and Podocarpus nubigenus (n = 8) (Fig. 3B). The nature of damage 
identified in these trees was mostly in the form of scars visible on the 
stem surface; often-at considerable heights above ground. These scars 
were interpreted in the field to reflect the impact of rolling boulders or 
floating trees transported by an unusual flood impacting trees. In addi-
tion to scarred trees, we also sampled trees with signs of decapitation or 
burial (Stoffel and Bollschweiler, 2008). Dendrogeomorphic sampling 
(Stoffel and Corona, 2014) consisted of the extraction of two increment 

Fig. 2. Evolution of Grosse Glacier and surroundings between 1944 and 45 (left panels) and 1974 (right panels). Comparison of large-scale photographs clearly 
shows the presence of a lateral lake in 1944–1945, which had disappeared by 1974. Details of the aerial photographs (rotated by 120◦ to focus on the moraine and the 
fluvio-glacial plain) evidence a moraine breach (right – lower panel) subsequent to the purge. Black squares (upper panel) delineate the fluvio-glacial plain where 
analysis was conducted. The photographs were taken by the United States Military Service flight using a trimetrogon camera.
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cores (Ø 5.5 mm) per tree. Sampling of scars was limited to trees for 
which the position of damage was in the assumed flow direction of the 
GLOF. Consequently, we avoided trees with scars pointing to lateral 
slopes to eliminate potential damage from rockfall. Samples from 
wounded trees were taken at the contact between the scar and the intact 
wood to make sure that the entire tree-ring record was available on the 
core (Stoffel and Corona, 2014; Zaginaev et al., 2016; Ballesteros et al., 
2010). Although a large majority of the sampling was carried out with 
increment borers, wedges (n = 9) and cross sections (n = 18) were taken 
occasionally with a handsaw. Tree coordinates were obtained with an 
accuracy <1 m with a Trimble GeoExplorer GPS. For each tree, addi-
tional data were collected including its position within the floodplain, its 
diameter at breast height (DBH), description of the disturbance (i.e., 
impact scars, branch flagging, stem burial and decapitation, relative 
orientation of damage to the flow) and information on neighboring 
trees.

3.1.2. Tree-ring analysis
Samples were analyzed and data processed following standard 

dendrochronological procedures (Stoffel and Bollschweiler, 2008; 
Bräker, 2002). Single steps of surface analysis included sample 
mounting on a slotted mount, drying, and surface preparation by fine 
sanding the upper core surface up to grit size of 600 that allowed the 
annual rings to be easily recognized under magnification. We carefully 
counted tree-rings and measured ring widths from high-resolution (1200 
dpi), digitized images using the CooRecorder 9.0 software (Larsson, 
2013). We then inspected each sample to detect GDs resulting from the 

mechanical impact of debris and floating stems such as chaotic callus 
tissue and/or abrupt reductions in trees. A marked reduction in annual 
ring widths was noted if it persisted for at least five consecutive years 
and if the width of the first narrow ring was 50 % or less of the width of 
the annual ring of the previous year (Stoffel and Bollschweiler, 2008; 
Stoffel and Corona, 2014). Such growth reductions generally reflect 
damage to the root system, loss of a major limb, or partial burial of the 
trunk by sediments (Bollschweiler et al., 2007; LaMarche, 1968). 
Northern Patagonia's growing season starts in October and ends in 
March (Suarez, 2010; Masiokas and Villalba, 2004), this is why for the 
sake of clarity we dated GDs to the year in which ring growth started (i.e. 
2018 for the 2018/2019 season), as suggested by Schulman (Schulman, 
1956) and usually used as a reference in numerous articles (Suarez, 
2010).

3.1.3. Detection of past events in tree-ring series
Determination of events was based both on the number of samples 

showing GDs in the same year and the spatial distribution of affected 
stems (Bollschweiler et al., 2008). Data from individual trees was then 
summarized in event response histograms (Shroder, 1978; Dubé et al., 
2004; Reardon et al., 2008). For each year t, an index I was calculated 
based on the percentage of trees showing responses in their tree-ring 
record in relation to the number of trees sampled being alive in year t: 

It =

((
∑n

i=1
Rt

)/(
∑n

i=1
At

))

×100 

Fig. 3. The fluvio-glacial plain (A) with the sampled trees (yellow dots) and road X-728 from the town of Puerto Rio Tranquilo to the Exploradores river delta (white 
line). A total of 105 trees with clear signs of GLOF or flood damage in the form of scars (B) or apex decapitation with scars (C) were sampled in the field, either by 
extracting increment, wedges (F) or cross-sections. The arrow in panel F points to a scar that we dated to c. 1958. Relying on an object-based image analysis (OBIA), 
we mapped individual boulders and larger deposits on highly-resolved UAV images (D, E).
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To take changes in sample depth (i.e. the number of trees available 
for analysis in any given year) into account, we discriminated events 
from not-event year relying on varying It and GD thresholds: that is, for 
instance, for a sample size of 10–20 trees, we considered that an event 
occurred if the number of GD was≥3 and the It ≥15 %. This definition of 
optimal values for GD and It has been defined at sites for which damage 
in trees and the resulting reconstruction of geomorphic process activity 
could be cross-validated against historical records, with the aim to (i) 
maximize the match between documented and reconstructed events 
while (ii) minimizing possible noise inherent to tree-ring records 
(Corona et al., 2012; Morel et al., 2023; Stoffel et al., 2017). In a final 
step, the spatial distribution of damaged trees was used to validate our 
reconstruction (Schneuwly-Bollschweiler et al., 2013).

3.2. Mapping the flow direction of the GLOF using object-based analysis

3.2.1. Boulder accumulations as markers of past GLOF events
GLOFs suddenly release large volumes of impounded water into the 

fluvial network (Ruiz-Villanueva et al., 2017) and can have large im-
pacts on the morphology of downstream valleys. They induce strong 
erosion in some places and the deposition of huge amounts of sediment 
in other locations, including large boulders (Cenderelli and Wohl, 2003; 
Costa, 1983; Kershaw et al., 2005) that otherwise remain stationary 
even during intense rainfall-driven floods (Cook et al., 2018; Huber 
et al., 2020; Dahlquist and West, 2022). GLOF signs can thus potentially 
be preserved in the landscape several decades or centuries after an event 
(Baker, 2002; Rudoy, 2002). In particular, clusters of far-traveled 
boulders are considered as a proxy for the reconstruction of past 
“superfloods” (Baker, 2002) with high energy. Characteristics of such 
high-magnitude deposits can thus be used to differentiate floods from 
GLOFs. Post-event observations suggest that debris flow fronts, laden 
with large boulders when reaching flat sectors, tend to become depos-
ited when losing the confinement of the upstream channel (Coussot and 

Meunier, 1996; Piton et al., 2018; Piton et al., 2022). Such boulder ac-
cumulations in flat sectors are thus considered to be the most reliable 
markers of past GLOFs (Lambiel et al., 2020). Additionally, elongated 
pebbles and boulders typically align parallel to the flow, with their 
longest axes oriented in the direction of deposits in high-energy, lower- 
density flows. In contrast, lobes align perpendicular to the flow due to 
the abrupt loss of energy and density, coupled with increased basal and 
lateral friction forces (Karatson et al., 2002; Bertran et al., 1997; Major, 
1998; Iverson et al., 2010; Brenna et al., 2020; Kohlbeck et al., 1994; 
Rust, 1972). In the field, we identified several in-situ deposits and a 
perpendicular arrangement of boulders along their fronts. Therefore, we 
precisely characterized boulder deposits in the fluvio-glacial plain with 
OBIA and used the accumulation patterns and boulder orientations as 
potential indicators of the GLOF event. The steps of the process used to 
detect the deposit and the boulder as well as map their orientation on the 
fluvio-glacial plain are detailed in Fig. 4.

3.2.2. High resolution aerial images from UAV and photogrammetric 
processing

Unlike satellite-based sensors or aerial imagery, unmanned Aerial 
Vehicle (UAV) photogrammetry can provide high-resolution images 
with centimetric resolution and thus allows generations high-resolution 
topographic data (Digital Elevation Models, DEMs) and orthophotos of 
exceptional detail and resolution (Fang et al., 2021), making it possible 
to calculate various morphometric attributes (Fiolleau et al., 2022). 
High-resolution images of the frontal moraine and the fluvioglacial 
plain, covering an area of 7.8 km2, were acquired with DJI Mavic 2 Pro 
and Ebee Classic drones in November 2019. We performed a total of 12 
UAV flights at altitudes ranging from 200 to 500 m above the ground, 
and cameras oriented at 75◦ to better capture steep terrains such as the 
frontal moraine walls (Fig. 4, step 1).

Each UAV flight incorporated a double grid mission strategy, 
capturing images along two primary perpendicular directions. This 

Fig. 4. Detailed overview of the procedure used to derive boulder orientation and flow direction maps from UAV-derived aerial photographs.
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approach was chosen to enhance the accuracy and quality of 3D models, 
particularly in steep and complex terrain. Acquisition resolutions varied 
from 4.85 (200 m) to 12.12 cm pixel− 1 (500 m). A minimum overlap of 
80 % was maintained between images to ensure comprehensive 
coverage and accurate data integration. Although the target surface can 
be fully reconstructed in 3D without any scale or position information, 
additional control data (i.e. direct georeferencing) is needed to extract 
oriented and scaled data (Gao et al., 2017). To ensure accuracy in scale 
and full georeferencing, ground control points (GCP) were thus 
distributed widely across the target area.

In the lab, high-resolution UAV images were processed with the 
PIX4Dmapper software (Fig. 4, step 2). A high-resolution 2D Orthomo-
saic, a Digital Surface Model (DSM) and a Digital Terrain Model (DTM) 
were derived at an average ground sampling distance of 5.36 cm pixel− 1, 
ensuring the fidelity and integrity of the spatial data. A normalized 
digital surface model (nDSM) was also computed by subtracting a DTM 
from a DSM.

3.2.3. Object-based image analysis (OBIA)
To extract information on boulders from UAV orthoimages and 

nDSM, we used an OBIA methodology (Ma et al., 2017). This technique 
consists of an image segmentation by grouping pixels together into 
vector objects before classifying objects using their properties (e.g., 
shape, roughness, or spectral properties). OBIA is superior to traditional 
per-pixel methods because it incorporates spectral information (e.g., 
colour) and spatial characteristics (e.g., shape, size, geometry, context 
and pattern), together with textural data and contextual information (e. 
g., association with neighboring objects) (Fang et al., 2021; Na et al., 
2021). By doing so, OBIA mimics the way humans visually interpret the 
information on aerial photos and satellite images (Blaschke et al., 2014). 
The advantages of OBIA are that grouped pixels can be assessed together 
to measure texture and geometry with corresponding summary statistics 
(Yeomans et al., 2019). OBIA has been widely applied in many fields of 
geomorphology, such as landslide feature extraction (Martha et al., 
2011; Stumpf and Kerle, 2011), geomorphic type classification (d'Oleire- 
Oltmanns et al., 2013; Drăguţ and Blaschke, 2006) or landform mapping 
(Feizizadeh et al., 2021) and has increasingly gained attention as 
geomorphic parameters and their derivatives can be determined more 
accurately compared to traditional geometric methods (Feizizadeh 
et al., 2021; Rodriguez-Gonzalez et al., 2010; Chen et al., 2012).

In this study, we used the multiresolution segmentation algorithm 
from the Trimble eCognition® software (Fig. 4, step 3) to identify 
boulders in a bottom-up approach where the scale factor in the seg-
mentation – i.e. the scale parameter (SP) – increases with constant in-
crements (Drăguţ et al., 2014). SP values were set to 40 as it provided the 
best fit and enabled optimal identification of both large and medium- 
sized boulders. The shape criteria defines to what degree a given 
shape may influence segmentation (Ulloa-Torrealba et al., 2020) 
compared to colour; this value was set to 0.3 resulting in a colour 
weighting of 0.7. Compactness – defined as the ratio of the area of a 
polygon to the area of a circle with the same perimeter – determines 
whether the identified objects show a more compact (fringed) or 
smoother configuration. To ensure the creation of the smoothest outlines 
for image objects, we assigned compactness a value of 0.8. Among the 
layers employed for detection (DSM, DTM and orthomosaic raster layers 
generated with PIX4Dmapper software), the normalized Digital Surface 
Model (nDSM) was assigned the highest weight to accentuate the sig-
nificance of height differences and to prioritize accurate delineation of 
boulders.

3.2.4. Spatial repartition, density, and orientation of detected boulders
The boulder shapefile, generated with the Trimble eCognition® 

software, was processed in the spatial analysis module of ArcGIS (Fig. 3, 
step 4). To map the spatial distribution and orientation of boulders from 
the shape-related attributes, we successively (1) assessed the boulder 
shapes using the Polynomial Approximation by Exponential Kernel 

(PAEK) algorithm to detect overlaps between adjacent polygons; (2) 
determined the length and orientation of each boulder (longest axis) 
using the Minimum Bounding Geometry tool which constructs polygons 
that encompass each individual boulder with a specified minimum 
bounding geometry. Using boulder density rasters, we (3) identified 
distinct clusters of high boulder accumulation, and separated these from 
areas with low boulder density. We then (4) used a kernel density 
analysis to define a threshold for the reclassification of the raster pixels 
into ‘deposits’ (representing individual lobes or ridges) and ‘non-de-
posits.’ In a next step, we (5) isolated individual boulders in dense de-
posits using the centroid of each polygon and (6) finally assumed that 
boulders oriented perpendicular to the flow indicate high-density con-
ditions and thus are pertinent to our analysis (Karatson et al., 2002; 
Bertran et al., 1997; Major, 1998; Iverson et al., 2010; Brenna et al., 
2020; Kohlbeck et al., 1994; Rust, 1972). Boulders with their longest 
axes aligned parallel to the flow, typical of lower-density conditions, 
were excluded as they were not relevant for the present study. After 
applying a correction for orthogonal boulder rotation during the depo-
sition process by rotating the mean boulder orientation by − 90◦, we 
deduced the flow direction from the perpendicularly oriented boulders 
in selected polygons (Fig. 4, step 5). In a final step, we evaluated the 
accuracy of the OBIA classification with a kappa accuracy assessment.

4. Results

4.1. Dendrogeomorphic reconstruction

A total of 105 trees was sampled in the fluvio-glacial plain below the 
Grosse Glacier. Of these trees, we had to disregard 31 trees (corre-
sponding to a rejection rate of 30 %) due to the very complex identifi-
cation of tree-ring boundaries in heavily stressed growth patterns and 
rot, thus resulting in a total of 74 trees that could be exploited for the 
dendrogeomorphic reconstruction. The oldest tree selected for analysis 
reached breast height in ca. 1670 while the youngest tree only attained 
sampling height in 2004.

The sample size reached 10 trees, i.e. the minimum threshold for the 
reconstruction of events, in the year 1933 to gradually increase until 
1985 (n = 33). The number of trees available for analysis increases 
sharply in the 1990s. Dendrogeomorphic analysis of the increment 
cores, wedges and cross sections allowed identification and dating of 
147 GDs. A vast majority of the GDs were in the form of callus tissues 
caused by mechanical scarring of stems (n = 125, 85 %) and – to a lesser 
extent – growth suppression induced by crown decapitation or stem 
burial (n = 22, 15 %). Decadal numbers of GDs identified in the tree-ring 
series remained fairly homogenous between the 1950s and 1990s 
(14–23 GD. decade− 1) but rise to 40 GD. decade− 1 as a result of the 
increasing sample size in the early 21st century (Table 1).

Based on the It and GD thresholds (see red and green dotted lines in 
Fig. 5), we identify one major event which we interpret to be a GLOF in 
c. 1958 as well as five smaller events –considered here as torrential 
floods due to the height of scars, the nature of damage and the spatial 
distribution of affected trees – in 1979, 1995, 2008, 2009 and 2011 
(Fig. 5).

Table 1 
Decadal evolution of growth disturbances (GDs) and sample depth between the 
1940s and the 2010s.

Decades Σ of GDs Mean sample depth Sample depth variation (Δ)

2010 21 74 0
2000 40 73 +3
1990 23 61 +19
1980 22 42 +13
1970 13 33 +15
1960 9 25 +6
1950 14 19 +5
1940 1 13 +5
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4.2. Detection of boulders using object-based image analysis

Boulders were automatically classified from high-resolution UAV 
images with the Trimble eCognition® software within a ~ 1 km2 large 
area located in the floodplain. These geo-objects were exported as 
polygons and manually cleaned in ArcGIS software. The cleaning pro-
cess included the removal of features that were erroneously identified as 
boulders, the rectification of overlapping polygons as well as the ag-
gregation of adjacent polygons representing a unique boulder, as 

illustrated in Figs. 6A, B. Table 2 illustrates the accuracies of image 
interpretation by assessing our classification (producer accuracy) 
against the reality on the ground (user accuracy). Results show that 70 % 
of the boulder and 78.9 % of the deposits present were classified 
correctly, the mismatches were mainly wrong classifications between 
these two categories. The overall accuracy as well as the Kappa coeffi-
cient of the supervised classification reached satisfactory values (88 and 
92.6 %), confirming that our classification to be significantly better than 
if done randomly.

Fig. 5. Overview of all GD identified in the tree-ring series (grey bars). As the number of samples changes over time (given as a sample depth; black line), we relied 
on variable index (It) and growth disturbance (GD) thresholds to date past GLOF and flood events. The reconstruction was limited to the period 1933–2019 for which 
at least 10 trees were available for analyses. A clear peak in the It threshold can be found in 1958; damage found in this year stands out clearly and was induced by 
what is interpreted a GLOF disaster. Five others, yet much smaller episodes with fewer damages can be found in the years 1979, 1995, 2008, 2009 and 2011 and are 
interpreted here as torrential floods.

Fig. 6. Illustration of steps 4 and 5 of the object-based image analysis (OBIA): Polygons identified from high-resolution UAV images as boulders and deposits by the 
automated classification algorithm (eCognition software). Left panel: Pink and yellow polygons represent boulders and deposits, respectively. Middle panel: Boulder 
polygons were manually rectified (i.e. removal of false positives and false negatives, merging of adjacent polygons) in ArcGIS. Right panel: Determination of boulder 
orientation was realized with a Polynomial Approximation by Exponential Kernel (PAEK) and minimum bounding geometry algorithms available in ArcGIS.
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After processing, 1846 boulders with areas ranging from a few to 70 
m2 (Ø 3.8 ± 4.4 m2) were retained for detailed analyses in the south-
western most part of the fluvio-glacial plain (Fig. 6A). Boulder centroids 
were used to compute a kernel density map (Fig. 7B) effectively visu-
alizing the concentration patterns of boulders within the study area. This 
density map, in turn, facilitated the identification of significant deposits 
and the subsequent quantification of their mean orientation.

This mean orientation, computed as the average direction of boul-
ders within each deposit (Fig. 7B), provides valuable insights into the 
alignment of the boulder deposits in relation to the potential flow di-
rection (Fig. 7C). After a rotation of − 90◦ applied to the mean boulder 
orientation, a correction accounting for orthogonal boulder rotation 
during the deposition process, the resulting map (Fig. 7C) shows a 
distinct southwest-northeast preferential orientation of the deposits, in 
line with the direction of an actual secondary river channel.

5. Discussion

In this study, we develop an original approach which aims at 
reconstructing past (glacial lake outburst) floods (GLOFs) in a region 
where information on past events is crucially missing. Our study site is 
located in the Laguna San Rafael National Park, a secluded area where 
tourism and human activities have been sprawling rapidly over the last 
decades. In this region, the proximity between human activities and 
glacial lakes calls for further study as several high-magnitude GLOFs 
have been reported recently and these occurrences are anticipated to 
become more frequent and intense in the forthcoming decades (Iribarren 

Anacona et al., 2015a; Iribarren Anacona et al., 2015b). More specif-
ically, the Grosse Glacier outlet was chosen after interpreting satellite 
imagery and historical pictures showing a historical emptying of a 
lateral lake after 1944–45. To document the assumed event in detail, we 
developed an original multidisciplinary approach combining remote 
sensing and tree-ring analyses to precisely delineate the area affected by 
the GLOF and to date the event.

5.1. Multi-source dating of the post 1944–45 Grosse Glacier GLOF

To reconstruct past GLOF(s) and floods, we sampled Nothofagus 
dombeyi, N. pumilio, and Podocarpus nubigenus trees showing obvious 
signs of damage caused by past extreme events. The use of these species 
is particularly challenging as a result of their complex ring structures. As 
a result, they have only rarely been considered in dendrogeomorphic 
studies so far, with the exception of N. pumilio which has been the focus 
of attention among dendrochronologists in southern South America due 
to its dominance at the tree-line, distinct tree rings and consistent cli-
mate–growth relationships (Villalba et al., 1997; Lara et al., 2001; 
Boninsegna et al., 2009). Nothofagus has also been used to reconstruct 
snow avalanches in Tierra de Fuego (Mundo et al., 2007) or flash floods 
in the Patagonian Andes (Casteller et al., 2015), but rejection rates of up 
to two-thirds of the collected samples have been reported due to com-
plex cross-dating between samples and the presence of multiple micro- 
rings (Suarez, 2010; Casteller et al., 2015; Stoffel et al., 2019). Like-
wise, Podocarpus has been widely avoided by dendrochronologists due 
to poorly-defined tree-ring boundaries, ring wedging, and the presence 

Table 2 
Confusion matrix of the supervised classification analysis of UAV imagery with producer accuracy (false negatives) and user accuracy (false positives).

Classification/ground truth Boulders Deposits Soil Vegetation Water Total Users accuracy

Boulders 14 4 1 0 1 20 70.00 %
Deposits 5 15 0 0 0 20 75.00 %
Soil 1 0 19 0 0 20 95.00 %
Vegetation 0 0 0 20 0 20 100.00 %
Water 0 0 0 0 20 20 100.00 %
Total 20 19 20 20 21 100 Overall accuracy: 88 %
Producers accuracy 70 % 78.90 % 95.00 % 100.00 % 95.20 % Kappa Coefficient: 92.6 %

Fig. 7. Detection of boulders in the southwestern part of the fluvio-glacial plain. The Kernel density map (A) highlights areas with high (dark blue) and low (light 
blue) densities of boulder deposits. Black dots represent the 1846 boulders retained after manual editing in ArcGIS. Mean orientation (double arrow) of boulders (B) 
in the main deposits (yellow polygons) identified in the fluvio-glacial plain and their respective theoretical direction (C, black arrow) of flows. Boulders were 
identified using OBIA, deposits were selected following a Kernel Density analysis by keeping only the highest values.
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of multiple or missing rings (Rozas et al., 2016; McDougall et al., 2012). 
Our rejection rate was lower with 30 %, but still substantial. Based on 
the information contained in the tree-ring records, we reconstruct one 
GLOF to c. 1958 and interpret the spatial and temporal patterns of five 
smaller torrential events to be the results of floods that occurred be-
tween 1979 and 2011.

To define the date of the GLOF more precisely, we conducted in-
terviews with local inhabitants. Although oral history as a research 
method has some limitations (e.g., recall inaccuracy, selective mem-
ories, biases), it has proven to be a useful and credible tool for historical 
research, especially in places where records do not exist or data 
collection is not possible (Byers et al., 2020; Sommer and Quinlan, 2018; 
Yow, 1994). We conducted a unique in-depth and open-ended interview 
with the only living settler who lived in the area at the time of the GLOF: 
Juana Guerrero was 87 years old at the time of the interview (2019), and 
while being confused about her age at the time of the event, she 
expressed greater confidence in recalling that the GLOF occurred in 
October 1957. Together with her husband, Juana Guerrero was part of 
the group of settlers residing in Puerto Tranquilo at that time. During that 
period, they owned cows that grazed in the Exploradores valley. She 
recalled returning to the valley after the event and witnessing numerous 
cows of various settlers found dead, some stuck up to 6 m high in the 
trees, in line with scar heights observed during fieldwork and dated to c. 
1958 with dendrogeomorphic methods. Likewise, her accounts of where 
she observed uprooted trees fits with the surfaces where younger 
recolonize the surfaces with the largest boulders. The accuracy of the 
testimony can be corroborated further with precipitation records from 
Puerto Aysen: in fact, the months of September–October 1957 were 
extremely wet with 17 days of continuous rain and total precipitation of 
330 mm. By combining the dendrogeomorphic dating with the eyewit-
ness account and precipitation records from Puerto Aysén, we date the 
major post-1944–45 GLOF at Grosse Glacier to October 1957.

5.2. Spatial extent and intensity of the 1957 GLOF

While the testimony of Juana Guerrero, the disappearance of the 
forest cover, and the occurrence of growth disturbances in the tree-ring 
series collectively indicate the catastrophic nature of the 1957 GLOF, 
they do not provide insights into its intensity and spatial pattern. Here, 
we posit that boulder deposits represent a robust signature of past GLOFs 
(Cook et al., 2018; Huber et al., 2020; Dahlquist and West, 2022) while 
providing information on their spatial extent and preferential orienta-
tion. We thus employed OBIA to locate boulder deposits in the glacio- 
fluvial plain and to infer the flow direction of the GLOF from boulder 
orientations. We find that the 1957 GLOF affected both discharge 
channels with high energy: In the main channel, the frontal moraine 
remained intact, leading to less solid material load. In contrast, the 
secondary channel experienced a significant moraine breach intro-
ducing a substantial amount of solids and greatly increasing the flow's 
density. Consequently, we find boulders aligned parallel to the flow 
direction in the less dense, higher-velocity main channel, while boulders 
in the more dense, sediment-laden secondary channel would show 
different patterns and be perpendicularly aligned.

This study therefore also shows that OBIA cannot only be used to 
quantify the degradation of boulders in complex landslide (Fiolleau 
et al., 2022), but also to model boulder deposits of GLOFs and to accu-
rately ascertain their orientation across the fluvio-glacial plain. 
Furthermore, the prevalent southwest-northeast orientation identified 
in most of the boulder deposits, consistent with the direction of an actual 
secondary river channel, not only confirms the robustness of the OBIA 
methodology, but also strongly suggests that a single GLOF occurred in 
October 1957 and deposited all the boulders or, at least, oriented them 
in the same direction.

While several GLOF events have been recorded in the region during 
and before this period, the 1957 event is now the earliest to have been 
pinned to a given year (Colavitto et al., 2024). The characteristics of the 

event, originating from an ice-dammed tributary, is remarkably similar 
to the GLOF that occurred in adjacent Exploradores Glacier in 2018 (Veh 
et al., 2022), yet has resulted in a much larger and more far-reaching 
flood.

6. Conclusions

Reconstructing historical GLOFs, especially in remote areas, is an 
important exercise because detailed case studies of such glacial hazards 
are rare, which hinders the capacity of glacial hazard practitioners to 
learn from these events. In this paper, we coupled two approaches, tree- 
ring and object-based analysis of UAV images, to reconstruct a GLOF 
that occurred between 1945 and 1974 in the secluded San Rafael Na-
tional Park in Chilean Patagonia. Despite the difficulties inherent to tree- 
ring identification and cross-dating the species analyzed in this study, it 
allowed narrowing down the date of the GLOF and thus provide 
extensive and valuable information on past GLOF and flood activity in a 
region that has been largely neglected in terms of hazard and risk 
assessment. However, estimating the date of occurrence from tree rings 
alone was not possible. A specific date could only be deduced by adding 
interviews and the analysis of precipitation records. Similarly, the 
spatial extent of the GLOF could not be fully inferred from growth dis-
turbances in trees alone, and was thus complemented the study with an 
object-based analysis of UAV images to map boulder deposits, consid-
ered a proxy of high-intensity GLOFs. The spatial patterns of the 
detected deposits and the flow direction is consistent with the direction 
of an actual secondary river channel and the morphology of the glacio- 
fluvial plain, and attest to the high energy of the 1957 GLOF. The results 
of this study could be used to fine-tune hydraulic models (Ballesteros 
Cánovas et al., 2011) and improve the accuracy of GLOF hazard and risk 
prediction further.
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