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The semi-arid Andes of South America are characterized by large areas with
glacial and periglacial environments. This study focuses on the distribution
and recent dynamics of glacial and periglacial landforms in the Las Veguitas
catchment (3000-5500 m), Cordillera Frontal of the Andes, Argentina. A
detailed geomorphological map of the catchment is presented, based on
high-resolution elevation data (ALOS PALSAR), satellite imagery (WorldView 2),
and field studies. First, a topographical analysis is performed for the entire
Las Veqguitas catchment, including elevation, slope and aspect characteristics.
Second, the altitudinal range and predominant aspect of glacial features
(perennial snow patches, debris-free glaciers, debris-covered glaciers and
supraglacial lakes on debris-covered glaciers) and periglacial features (active,
inactive and fossil rock glaciers) are analyzed. Currently, glaciers are restricted
to >4,000 m, but moraines are identified to elevations of c. 3,200 m and lower.
Active rock glaciers extend down to 3,350 m and have a more southern aspect
than both inactive and fossil rock glaciers. Third, a temporal analysis of glacier
and rock glacier flow in recent decades has been performed using a time series
of remote sensing images. The average velocity of glacier flow of the debris-
covered Vallecitos glacier is about 5.9 m/yr for the period 2006—-2020. The mean
velocity of the active part of two large rock glaciers is approximately 0.23 (Franke
rock glacier) and 0.74 m/yr (Stepanek rock glacier) for the period 1962-2017.

geomorphological map, glaciers, supraglacial lakes, alpine permafrost, rock glaciers,
andes, spatial and temporal analyses

1 Introduction

The Central Andes of Argentina and Chile (31-35°S) host the most extensive periglacial
belt in the Southern Hemisphere (Gruber, 2012), where mountain permafrost distribution is
shaped by interactions between climatic patterns, topographic features, and surface/ground
characteristics. In this semi-arid region, water supply is crucially tied to the melt of snow,
glaciers, and seasonally frozen soils during the dry season (Corte, 1997; Masiokas et al.,
20105 Schaffer et al., 2019). Freshwater reservoirs like glaciers and rock glaciers are therefore
vital, not only for sustaining ecosystems but also for supporting communities dependent on
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this water. Global warming poses significant threats to these
reservoirs, potentially altering both water availability and chemistry
(Sileo et al., 2015; Sileo et al., 2020).

The protection of glacial and periglacial environments in
the Andes has grown in societal importance, as reflected by
their designation as protected zones in Argentina (Republica
Argentina, 2011:1). Yet, these environments face challenges from
climate variability and anthropogenic activities like mining,
making it imperative to comprehensively map and monitor their
dynamics (Brenning, 2008). Mapping landforms and assessing
their recent changes is crucial for understanding the interactions
between climatic and geomorphological processes, particularly in
mountainous regions where these processes can cause significant
ecological and hydrological changes (Barsch et al., 1987).

Rock glaciers in the Andes are significant reservoirs of
freshwater, particularly in semi-arid regions where water resources
are predominantly supplied by snow and glacier melt during the
dry season (Azocar and Brenning, 2010; Schaffer et al., 2019).
Similar to other mountain ranges, such as the Alps (Barsch, 1977)
and the Himalayas (Jones et al., 2018), rock glaciers in the Andes
display dynamic behaviour influenced by permafrost conditions and
climatic variability. For example, research conducted in the Alps has
emphasized the relationship between ground ice content, surface
morphology, and flow dynamics (Barsch, 1977; Janke et al., 2015).
Integrating insights from these studies reveals that although Andean
rock glaciers exist in distinct climatic and geological conditions, they
exhibit key similarities with those found elsewhere.

Although studies of glacial and periglacial processes in the
Andes have been conducted since the 1970s (e.g., Corte, 1978;
Trombotto et al., 1997; Trombotto et al., 1999; Trombotto et al.,
2004; Schrott, 1996), they have largely focused on broad regional
overviews or specific sites outside the Las Veguitas catchment.
Existing geomorphological maps (e.g., Wayne and Corte, 1983;
Trombotto et al., 1997; Trombotto-Liaudat et al., 2020) cover
extensive areas but often lack the resolution needed to capture
detailed local dynamics. For instance, studies on debris-covered
glaciers and rock glaciers, such as those by Janke et al. (2015),
provide valuable insights but are limited to Chilean regions or lack
temporal assessments of landform evolution in neighbouring areas.
More recently, Blothe et al. (2021), Blothe et al. (2025) documented
surface velocities of active rock glaciers in Cordén del Plata range
and in the Valles Calchaquies region in Argentina. Vivero et al.
(2021), demonstrated the value of combining historical aerial
photographs and provided surface kinematics from the 1950s to
2019 for the Laguna basin in the Coquimbo region of Chile. Despite
these advances, the climatic and topographical nuances of the Las
Veguitas catchment remain underexplored, leaving gaps in our
understanding of its unique glacial and periglacial features.

This study aims to address these gaps by producing a detailed
geomorphological map of the Las Veguitas catchment, focusing on
the distribution of glacial and periglacial landforms and evaluating
their recent dynamics through remote sensing and field data.
The integration of high-resolution imagery with temporal analyses
enables us to not only document current landforms but also assess
changes over decades. More specifically, the temporal analysis covers
the years 1962 and 2017 for the rock glaciers and for the years
2006, 2016 and 2020 for the debris-covered glacier. It offers novel
contributions to understanding permafrost dynamics by correlating
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rock glacier activity with the lower limit of permafrost occurrence.
This complements the work of Trombotto et al. (1997) on mountain
permafrost monitoring in the broader Cordon del Plata region
but advances it with specific spatial data for Las Veguitas. Finally,
this study provides an updated perspective compared to the
historical focus of Wayne and Corte (1983).

2 Study area

The Las Veguitas catchment is located between 69° 22'-69°
26" W and 32° 57'-33° 00’ S in the Cordén del Plata range,
Cordillera Frontal of the Andes, Argentina (Figures 1A,B). The
study area covers approximately 28 km* and reaches heights of
nearly 5,500 m above the present sea level. The highest peaks are
Cerro Rincon (5,420 m) and Cerro Vallecitos (5,426 m). The lower
limit of the study area is 3,000 m, where streams from the Las
Veguitas catchment join the Rio Vallecitos/Rio Blanco drainage
(Figure 1B). The regional geology of Cordén del Plata has been
summarized by Heredia et al. (2012). The study region is affected
by La Jaula and El Salto east-directed thrust structures (NE-SE) and
by the Vallecitos-La Hoyada fault, which has two segments in NE-
SE and E-W direction. Bedrock in the Cordoén del Plata range is
composed of quartzites and related metasediments, rocks of volcanic
origin, primarily rhyolites and andesites, and a few plutonic rocks.
For the Las Veguitas catchment, bedrock in the southern part is
characterized by dark-colorized quartzites, whereas its northern
part is dominated by reddish-brown rhyolites (Wayne and Corte,
1983). The study area was extensively glaciated during the Late
Quaternary, with morainic complexes of this age found down to
2,650 m in the Rio Vallecitos valley. The timing of older and more
extensive glacial episodes remains a matter of debate (Wayne and
Corte, 1983; Espizta, 1993; Moreiras et al., 2016). The thermal state
of permafrost is monitored in the nearby Morenas Coloradas rock
glacier, at elevations between 3,500 and 3,800 m. Active periglacial
processes in the form of stripes and sorted circles were observed in
the study area at around 4,150 m.

Climatically, the study area is located in the semi-arid Andes
of Central South America and serves as a representative case
study for other semi-arid catchments in the Central Andes as it
shares hydrological, geological, and climatic characteristics with
other catchments in the region. There are few high-elevation
weather stations in the region and their records are short and/or
discontinuous. The nearby Vallecitos weather station (32° 59''S, 69°
21'W;¢. 2,500 m) has a mean annual temperature of 5.9 °C and mean
annual precipitation of around 460 mm (Méndez, 2004). Cerro
Cristo Redentor weather station (32° 54’ S, 70° 12’ W; 3,830 m)
reports —1.7 °C and around 270 mm for these climate variables
(Méndez et al., 2006). These numbers roughly represent the 2nd
half of the 20th Century. Based on these observations we infer a
lapse rate in mean annual air temperature of about 0.6 °C/100 m
elevation. Furthermore, mean annual air temperature in the nearby
city of Mendoza has increased by c. 1.5 °C since the beginning of
meteorological observations till present (1906-2018). The current
elevation of the zero annual temperature isotherm is probably at
¢. 3,800 m (Trombotto-Liaudat et al., 2020).

According to Lliboutry (1998), conditions for areas with this
type of climate are short-lived summers and rigorous winters with
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low temperatures, scarce precipitation and strong winds. With the
semi-arid climate, the plant cover in the Las Veguitas catchment is
quite open and represented almost exclusively by shrubs, grasses
and cushion plants. Denser vegetation is only present in small
wetland areas on outwash plains, in slope fens and on stable surfaces
of Pleistocene moraines up to 3,600 m, above which vegetation
becomes very sparse. The vegetated areas are grazed by wild
Guanaco, and a few horses and cows (Kuhry et al., 2022).

3 Materials and methods

Geomorphological mapping is widely used to understand
landscape configuration and development (Gustavsson et al., 2006).
In order to map the geomorphological processes in the Las
Veguitas catchment, an integrated analysis was carried out based
on a digital elevation model (DEM), interpretation of satellite
images and an aerial photograph (Table 1), and field investigations
(November 26-December 18, 2017). All products were projected
to the Universal Transverse Mercator (UTM) 19S zone and
WGS84 Datum.

The topographic analyses of the study area and the generation
of the contours with 300 m intervals are derived from the DEM
(Alos Palsar with 12.5 m resolution) using ArcGIS. Similarly, the
production of the slope and the aspect map in which we recognize
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eight 45° aspect intervals, with North defined as 337.5°-22.5°,
Northeast 22.5°-67.5° etc., are also based on the DEM. They are
generated through the Spatial Analyst toolbox on ArcGIS for slope
(identification of the slope gradient from each cell of the raster)
and aspect (derives the aspect from each cell of a raster surface),
respectively. The land cover map is based on a maximum likelihood
supervised classification and a training set of different land cover
classes (see Kuhry et al., 2022).

Detailed field descriptions of landforms were made below the
vegetation limit in the Veguitas catchment (<3,700 m), as well as
during hikes into high-elevation terrain (up to 4,500 m). These serve
as ground truth points for geomorphological mapping of the study
area. Based on the georeferenced WorldView 2 image (Digital Globe,
2017) with a total RMS error of 0.9 m, visual interpretations in the
field and criteria described in Table 2, we mapped active, inactive
and fossil rock glaciers, debris-free glaciers, debris-covered glaciers,
supraglacial lakes, moraines, cirques, floodplains, perennial snow
patches, and colluvium slopes with talus. For the production of
the geomorphological map, landscape elements were digitized as
shapefiles (.shp) using ESRI ArcMap version 10.5.

For the geomorphology map, distinctive landscape features are
marked by symbols (glacier cirques and larger talus cones). In
addition to exposed bedrock and slopes with colluvium, we have
mapped the surface areas occupied by landforms of glacial character
(perennial snow patches, debris-free glaciers with exposed surface
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TABLE 1 Data used in geomorphological mapping and temporal analysis.

10.3389/feart.2025.1533336

Type Date Resolution Source
WorldView 2 18-03-2017 0.5m Digital Globe
Aerial Photograph 08-04-1962 5 m, 300 DPI,1:50.000 Military Geographic Institute of Argentina
DEM (Alos Palsar) 2011 12.5m Earth data Nasa
Satellite Imagery 03-06-2006 Landsat, 20-03-2016 Airbus and 15 m, 2.5 m and 2.5 m respectively Google Earth Pro
14-12-2020 Airbus

TABLE 2 Identification criteria of landforms (based on Trombotto et al., 2014; Trombotto-Liaudat et al., 2020).

Landform type Identification criteria

Debris-free glacier

Exposed ice, crevassed surface, ice cliffs, radial and transverse flow structures, visible firn areas and accumulation zones, and sharp ice margins
forming on high mountain slopes or in cirques in Las Veguitas catchment

Debris-covered glacier
thermokarst depressions among other features

Features ice under a relatively thin layer of sediments, a chaotic surface, and exposed ice at the surface due to the discontinuity of debris or

Perennial snow

Present all year around, usually located in high elevations, shaded slopes, and near glaciers in Las Veguitas catchment

Supraglacial lakes Water bodies that form on the surface of glaciers, often within depressions in the ice or between debris mounds and are surrounded by
cryo-sediments in debris-covered glaciers; they vary seasonally, contribute to meltwater flow, and may drain suddenly via englacial or subglacial
channels

Moraines Linear or arcuate ridges of cryo-sediments and rock debris deposited by glacier movement, composed of unsorted materials (till), with no internal

ice or structured layering; they mark former glacier margins, often forming lateral, medial, or terminal accumulations across valleys and slopes

Active rock glacier

Consists of cryo-sediments, a structured upper layer, can have thermokarst lakes, showing ongoing movement expressed by transverse ridges and
furrows, a steep front (>30°), and a lobed shape along valleys or slopes

Inactive rock glacier
relief, and possibly inactive thermokarst features

Consists of cryo-sediments, show no evidence of recent movement expressed geomorphologically as a reduction of the front angle (<30°), softened

Fossil rock glacier

Consists of cryo-sediments, show no evidence of recent movement expressed geomorphologically as a reduction of the fossil front angle (<20°), a
chaotic surface pattern, and have oriented large angular blocks on its surface in the Las Veguitas catchment

Talus

Steep accumulation of angular, loose rock fragments at the base of cliffs or steep slopes, with no root zone or movement, often forming cone- or
fan-shaped bodies with high surface roughness and no transverse ridges

ice, debris-covered glaciers, supraglacial lakes on debris-covered
glaciers, moraines and glacio-fluvial outwash plains) and periglacial
landforms (larger and smaller rock glaciers). The larger rock glaciers
can be subdivided into their active, inactive and fossil parts.

The aerial photograph was orthorectified using ArcGIS Pros
Ortho Mapping tools. A single historical photograph, taken on April
8, 1962, with a Wild RC-5 camera, was used. Camera calibration
parameters were entered manually, including a focal length of
152.38 mm, and an approximate pixel size of 84.67 microns derived
from a scan resolution of 300 dpi. As no lens distortion or principal
point offset values were available, these parameters were assumed
to be zero. Interior orientation was computed using visible fiducial
marks on the scanned image. A high-resolution Digital Elevation
Model (DEM, Alos Palsar, 12.5 m) was aligned with the photo.
As only a single image was processed, an orthomosaic was not
created. To ensure more accurate measurements, we used ground
control points (GCPs) in the immediate vicinity of the investigated
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rock glacier features. The 3rd Order Polynomial algorithm was
used in georeferencing as it is commonly used for complex, non-
linear distortions. The Root Mean Square (RMS) error was 0.9 m.
A low RMS error indicates better spatial accuracy and, in general,
measures how well the georeferenced points align with the real-
world coordinates. The GCPs were identified in the WorldView-2
image acquired in 2017, which served as the spatial reference layer.

For glacier flow, we counted, mapped and calculated the size
of the supraglacial lakes on the debris-covered Vallecitos glacier
using Google Earth imagery for the years 2006, 2016 and 2020.
Based on the centroid of the lakes, the distance was measured in
ArcGIS software. Due to the low resolution of the aerial photograph
from 1962, these relatively small landscape features could not
be identified, thus the analysis relied solely on Google Earth
Pro imagery. For the Stepanek and Franke rock glacier flow, we
used the displacement of large surface features like lobes and
ridges on a scanned and georeferenced 1962 aerial photo and
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(A) Digital elevation model for the study area (contours 300 m); (B) slope map in degrees; (C) aspect map (eight classes); (D) land cover map (five

the Worldview02 2017 image. To evaluate the reliability of these
measurements, we calculated the Level of Detection (LoD) at
the 95th percentile (Blothe et al., 2025) using 10+ displacement
measurements from stable terrain surrounding the two rock glaciers
This
provided a robust threshold for distinguishing true glacier

Supplementary Figure S1 ~ (Supplementary file). approach

movement from potential georeferencing and measurement error.
The velocity (v) of the glacier and rock glaciers within the study
area was calculated with the Equation 1:

Ad
y=22

= (1

Where.

« v is the velocity (m/yr)
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. Ad is the
marker, in meters)

displacement (distance moved by the

o Atis the time interval in years

Finally, the wvelocity uncertainty (ou) for the glacier
flow, was calculated using the following Equation 2
(Jones et al., 2009; Jones et al., 2011):

oD

alyy: 2

ou
Where.
« oD is the uncertainty in displacement in meters (m) oD =

V(EpLY? + (Ep2)? + (RMSL)? + (RMS2)?
« (Ep1)? and (Ep2)? represent the image pixel size in meters (m)
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depicted in Figure 4.

Geomorphological map of the Las Veguitas catchment (Cordillera Frontal of the Andes, Argentina). The rectangle marks the area with morainic systems

o RMS1 and RMS2 represent the image georeferenced error
in meters (m)
o Atis the time interval in years (yr)

4 Results

4.1 Topographic and environmental setting
of the study area

The topographic map (Figure 2A) shows the relief of the Las
Veguitas catchment by 300 m contour lines. The study area extends
from 3,000 m to almost 5,500 m. The slope map (Figure 2B) shows
steeper slopes shaded in blue, whereas yellow represents very gentle
slopes. Particularly evident are the broad and flat valleys (in yellow),
typical of U-shaped terrain in (previously) glaciated terrain. The
aspect map (Figure 2C) displays 45° orientation intervals. Since
the study area is draining the North to South running Cordon
del Plata range towards the East, areas with a western aspect
are clearly under-represented. The land cover map (Figure 2D)
shows the five main classes that were recognized in the study
area: Snow/Ice, Barren Land, Sparse Vegetation, Dense Vegetation
and Wetland (Kuhry et al., 2022). The limit of sparse vegetation is
found on stable surfaces at an altitude of around 3,600 m, although
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single specimens of vascular plants and some lichens have been
observed up to around 3,900 m. The tall shrub limit (plant height
70-100 cm) is located at elevations of around 3,250 m. Peaty wetland
areas are found on outwash plains from glaciers/rock glaciers with a
perennial supply of water, up to an elevation of around 3,300 m.

4.2 The geomorphological map

Figure 3 presents the distribution of the main glacial and
periglacial landforms in the Las Veguitas catchment. We mapped
the following features: 4 glacier cirques, perennial snow, 8 debris-
free glaciers, debris-covered ice, supraglacial lakes, lateral moraines,
medial moraines, terminal moraines and outwash plains for the
glacial landforms. The periglacial landforms that we observed
are small active rock glaciers and large rock glaciers subdivided
into active, inactive and fossil parts, colluvium with talus and
exposed bedrock.

The inset in Figure 3 marks the location of an extensive system
of lateral, medial and terminal moraines in the lower part of the
study area, which is reproduced in greater detail in Figure 4. Figure 3
also highlights the current largest glacial feature (Vallecitos glacier,
with supraglacial lakes), the large rock glaciers (Infiernillo, Stepanek,
Franke, A and B) as well as smaller rock glaciers (1-11).
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4.3 The Las Veguitas morainic complexes

Former glacial advances are not the focus of this study.
Nevertheless, the landscape superimposition of rock glacier features
over morainic systems provides an interesting tool for the relative
dating of these landforms.

At high elevations, a lateral moraine flanks the southeastern
margin of the Vallecitos debris-covered glacier between around
4,500-4,200 m. Lateral moraines are also found along the northern
and southern edges of the active part of the Infiernillo rock glacier,
down to elevations of around 3,900 m (Figure 3). Figure 4 shows
the most impressive systems of moraines found between 3,700 and
3,200 m, in what is known as the Veguitas area proper. The youngest
of these moraines, proposed to be of Neoglacial age (Wayne and
Corte, 1983), is found at an elevation of around 3,700-3,600 m, in
the western portion of the mapped area, where it is overridden by
the small active rock glacier #10 (Figure 3). Further down (multiple)
lateral morainic ridges of the Vallecitos II stage (19.000-13.000
B.P.), suggested to be Late Pleistocene in age (Wayne and Corte,
1983), can be found between around 3,600-3,500 m, with a weakly
developed terminal moraine (mostly a line of erratics) at around
3,450 m (Supplementary Figure S2E). Also in this case, a portion of
the lateral moraine located at an elevation of around 3,550 m has
been covered by the terminus of rock glacier #11 (Figure 3; see also
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Supplementary Figure S1D). More lateral moraines, some medial
moraines and terminal moraines of the Vallecitos II stage are found
down to elevations of around 3,200 m (Supplementary Figure S2F).
The Late Pleistocene age of the Vallecitos II stage is corroborated
by cosmogenic dating of similar morainic complexes in the nearby
Angostura valley (Moreiras et al., 2016). It is important to note
that the glacier that formed the Vallecitos II stage moraines did
not occupy the full width of the U-shaped valley, which indicates
earlier and even more extensive glacier advances. The oldest, most
subdued, moraine depicted in Figure 4 corresponds to a lateral
moraine flanking the northwestern edge of the Franke valley
(Supplementary Figure S1G). Based on boulder-weathering criteria,
this moraine was correlated by Wayne and Corte (1983) with
terminal moraines of the Vallecitos I stage (>40.000 B.P.) just above
the Vallecitos weather station at around 2,650 m (Figure 1B).

4.4 Spatial analyses of glacial and
periglacial landform distribution

Figure 5A shows the altitudinal distribution of four types
of current glacial landforms (perennial snow patches, debris-
free glaciers, debris-covered glaciers and supraglacial lakes on
debris-covered glaciers) within the study area. Debris-free glaciers
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and snow patches are found above c. 4,200 m, the debris-
covered glaciers extend down to c. 4,000 m, with the supraglacial
lakes on the debris-covered glaciers confined to an altitudinal
range between around 4,350 and 4,700 m. Areas of debris-free
glaciers and snow patches have a southeastern and southern
aspect, respectively, whereas those of debris-covered glaciers and
supraglacial lakes on debris-covered glaciers are predominantly
oriented towards the East (Figures 6A-D). The large debris-covered
Vallecitos glacier currently terminates at around 4,200 m.

The lower limit of permafrost in the study area is the front
of the active Stepanek rock glacier at about 3,350 m. Some of the
smaller rock glaciers in the area terminate at around 3,650 m.
A detailed analysis has been performed for the elevation and
aspect of individual rock glaciers. The 11 smaller rock glaciers
are all considered active. There are five larger rock glaciers, which
have been subdivided into their active, inactive and/or fossil parts
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(Stepanek, Franke, Infiernillo, A and B). Figures 5B, 6E-H show
the distribution with elevation and the orientation of these rock
glaciers (and their subdivisions). For the location of the rock
glaciers see Figure 3.

Most of the smaller active rock glaciers in the study area are
located at altitudes above 3,900 m, the only exceptions being the
two small rock glaciers #10 and #11 (Figure 5B). These have a
distinctly southern aspect (Figure 3). Almost all the smaller rock
glaciers rock glaciers have a predominantly South to East aspect
(Figure 6E) and are flanked on their northern side by steep mountain
bedrock (reducing incoming solar radiation). The one exception is
rock glacier #1, which has a northern aspect but is found at elevations
greater than 4,400 m (Figure 3).

Among the larger rock glaciers, the active part of Stepanek
reaches the lowest elevation (terminus located at around 3,350 m).
This rock glacier is flanked on its northern and northeastern side by
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FIGURE 6
Orientation (in percent area for each aspect interval) of the study area as a whole (blue), in comparison with that of (A—D) glacial landforms and (E—H)
rock glaciers (orange).

steep mountain bedrock, and its terminus has a distinct southern
aspect. As in the case with the smaller active rock glaciers, the
active parts of the larger rock glaciers have often a predominant
southeastern component in their aspect (Figure 6F). The exceptions
are the active parts of Franke rock glacier with a northeastern
aspect and of the Infiernillo rock glacier with an eastern aspect,
but both are restricted to elevations of >3,900 m (Figures 3, 5B, 6F).
The active and fossil parts of the larger rock glaciers are generally
located between 3,400 and 4,100 m and have a more eastern to

northeastern aspect. An exception is the active/fossil parts of rock
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glacier A that are located above 4,200 m (Figures 3, 5B, 6G,H). These
anomalous high elevations can be tentatively explained by the lack
of steep bedrock slopes to the immediate north of rock glacier A (for
location, see Figures 2B, 3).

4.5 Temporal analysis of glacial and
periglacial landform dynamics

For the temporal analysis of glacier flow, the focus has
been the displacement of supraglacial lakes in the debris-covered
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FIGURE 7

Displacement of five supraglacial lakes on the Vallecitos debris-covered glacier between 2006, 2016 and 2020.
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100 m

TABLE 3 Size of selected supraglacial lakes on the debris-covered
glacier for the years 2006, 2016 and 2020.

No. Lake/Year 2006 (ha) ’ 2016 (ha) ’ 2020 (ha)

1 0.024 0.038 0.063
2 0.028 0.100 0.110
3 0.003 0.040 0.014
4 0.009 0.048 0.056
5 0.018 0.039 0.034

part of the Vallecitos glacier (for location see Figure 3; see
also Supplementary Figure S2C). The number of supraglacial lakes
increased from 8 in 2006 to 12 in 2020. In 2020, this number
had risen to 18. For the analysis of glacier flow between 2006 and
2020, five lakes were selected because they were persistent and
could easily be recognized despite varying snow cover over the
years of observation (Figure 7). The size of these five supraglacial
lakes has consistently increased over time between 2006 and 2020,
regardless of their location on the glacier, with lakes #3 and 5
decreasing somewhat in size between 2016 and 2020 (Table 3).
The centroid of each supraglacial lake was used to calculate their
distance of displacement from 2006 to 2020 (Table 4). The mean
velocity of the debris-covered part of the Vallecitos glacier is 5.9 m/yr
with an interesting observation that glacier flow velocities seem to
have decreased since 2016. The velocity uncertainty for the years
2006-2016 is 6.05 m/yr, 14.6 m/yr for 2016-2020 and 4.3 m/yr for
2006-2020. While the velocities calculated for 2016-2020 are within
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the velocity uncertainty, and therefore not statistically valid, the
results from 2006 to 2020 are valid and this longer time period shows
areduction in velocity compared to the 2006-2016 period indicating
that glacier flow velocities have decreased since 2016. These results
assume consistent georeferencing accuracy (RMS error +41.5 m and
pixel size 15 m for 2006 and 2.5 m for 2016 and 2020) for Google
Earth images (Potere, 2008).

For rock glacier flow, we focused on the Stepanek and Franke
rock glaciers (for location see Figure 3). Their downward movement
was assessed by measuring the displacement of prominent ridges and
lobes that could be recognized both in the 1962 aerial photograph
and the 2017 satellite image. Figure 8 shows the displacement of
three distinct features on the Stepanek rock glacier between 1962
and 2017. The mean velocity of the Stepanek rock glacier over these
55 years has been 0.74 m/yr and ranged between 0.51 and 1.15 m/yr
(Table 5). The Level of Detection (LoD), estimated from 12 stable
ground points using the 95th percentile, was 0.47 m/yr, indicating
that all measured displacements on Stepanek exceed the detection
threshold and are thus significant. For the Franke rock glacier, we used
three points (Figure 9). The mean velocity was 0.23 m/yr and ranged
between 0.16-0.30 m/yr (Table 6). The calculated LoD for Franke was
0.23 m/yr based on 13 stable ground points, placing the lowest velocity
at the detection threshold. Overall, the results clearly show that the
Stepanek rock glacier is moving at a significantly higher rate than
the Franke rock glacier.

5 Discussion

In this study, we produced a detailed geomorphological map of
the Las Veguitas catchment, focusing on the distribution of glacial
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TABLE 4 The velocity and the velocity uncertainty of glacier flow in m/yr deducted from the displacement of the selected supraglacial lakes for the
years 2006, 2016 and 2020.

No. Lake/Year

2006-2016 (m/yr)

2016-2020 (m/yr) 2006-2020 (m/yr)

1 4.80 4.31 4.67
2 6.20 4.64 571
3 7.40 2.23 6.7
4 6.69 4.21 5.9
5 7.22 4.29 6.34

3200

FIGURE 8
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Stepanek rock glacier flow, between 1962 and 2017. Numbering refers to Table 5.
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69° %

32°

69° 7y

TABLE 5 Mean velocity calculations for Stepanek rock glacier

(1962-2017).

and periglacial landforms and evaluating their recent dynamics.
We highlighted spatial patterns in rock glacier distribution tied

Location nr. Displacement (m) Velocity (m/yr) to elevation and aspect, as well as the transition from glacial to
1 30.50 0.56 periglacial regimes. Our results were compared to the national
glacier inventory of Argentina (Inventario Nacional de Glaciares,

2 28.20 0.51 ING), which is the most authoritative dataset available. Both
inventories identify debris-free glaciers (called exposed glaciers

? 631 LIS in the ING), debris-covered glaciers, active and inactive rock

Mean 1073 074 glaciers. A key difference is that the ING includes a combined
category for debris-covered glaciers and rock glaciers when
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Franke rock glacier flow, between 1962 and 2017. Numbering refers to Table 6.

69°¥,

69° %

2%

N

A

TABLE 6 Mean velocity calculations for Franke rock glacier (1962-2017).

Location nr. Displacement (m) Velocity (m/yr)
1 9.04 0.16
2 12.77 0.23
3 16.95 030
Mean 12.84 0.23

these cannot be easily differentiated, whereas our inventory
consistently distinguishes between these two landform types.
By maintaining separate categories, our inventory provides a
more nuanced understanding of cryospheric processes in the
Las Veguitas catchment and facilitates clearer comparisons of
landform dynamics and hydrological contributions across glacial
and periglacial environments. Additionally, our classification of
rock glaciers includes three subcategories—active, inactive, and
fossil—based on observed surface morphology and movement,
while debris-covered glaciers are treated as a distinct category.
Another important methodological difference is that our glacier
outlines include frontal and lateral slopes, resulting in larger mapped
surface areas compared to the ING inventory, which excludes these
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features. Furthermore, the ING classifies the Franke rock glacier
only as an active debris glacier, while our study identifies and maps
its inactive and fossil components as well. The features we mapped
as debris-free glaciers correspond to the ING’s “exposed glaciers”
category, although they are generally small in size. In addition
to the features identified in the ING, our study includes several
additional glaciers and glacier fragments. These were mapped
using high-resolution WorldView-2 satellite imagery and verified
through field observations. The enhanced spatial resolution and
local ground-truthing enabled the identification of smaller or more
fragmented glacial features that may have been omitted in the
ING due to resolution limitations or classification thresholds. These
additions contribute to a more comprehensive understanding of
the catchment’s cryospheric processes. Finally, our analysis provides
more detailed information on landform morphology and recent
surface changes.

More specifically, a detailed temporal analysis of glacier and
rock glacier flow dynamics was performed. For example, the
displacement of prominent ridges and lobes on the Stepanek
rock glacier between 1962 and 2017 was quantified, revealing
an average surface velocity of 0.74 m yr'!. This rate is consistent
with observations from rock glacier lobes in Morenas Coloradas
(Trombotto and Bottegal, 2019) and in other mountain ranges, such
as the Alps (Barsch, 1977) and Alaska (Wahrhaftig and Cox, 1959;
Meng et al.,, 2023) and in Tibetan Plateau (Hu et al., 2023). However,
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the integration of ground-based techniques can provide valuable
insights into subsurface ice content and stratigraphy, enhancing
the understanding of rock glacier dynamics. Studies conducted
in Colorado (Brown, 1925) and in Alps (Hausmann et al., 2007)
show that these techniques can assist in better understanding rock
glacier dynamics. Furthermore, regional studies contextualize these
findings. Blothe et al. (2021), Blothe et al. (2025) analysed surface
velocities of rock glaciers in the Central Andes of Argentina and in
Valles Calchaquies region, reporting similar movement magnitudes.

The findings from the Las Veguitas catchment underscore the
critical role of rock glaciers as indicators of climate change and
as contributors to water resources in semi-arid mountain regions.
The increase in the size of supraglacial lakes observed on debris-
covered glaciers suggests that these features are responding to
rising mean annual temperatures. Studies from the Tibetan Plateau
and Alaska reported an increase in lake numbers over the past
decades (Jones et al., 2011; Luo et al., 2022). Zhou et al. (2024)
linked the increase in numbers and size to rising temperatures and
precipitation. Additionally, the glacier flow from the debris-covered
glacier in Las Veguitas catchment showed a slowdown since 2016 as
higher temperatures can enhance surface melt which may initially
increase basal sliding; however, over time, glacier thinning and
reduced ice thickness can slow movement (Flowers, 2018).

Previous studies in the San Juan Andes provide additional spatial
variability in the distribution of rock glaciers due to differences in
elevation and aspect (Angillieri, 2016). These findings complement
the results from Las Veguitas, where southern and southeastern
aspects were associated with lower permafrost limits. Angillieri
(2016) confirmed that lower permafrost limits are associated with
southern and southeastern aspects by mapping over 500 active rock
glaciers with south or east facing aspect between 3,500 and 4500 m
a.s.l. in San Juan.

This study also highlights the transition from a glacial to
periglacial regime in the Las Veguitas catchment. The presence of
small rock glaciers overriding lateral moraines in the NW corner
of the Veguitas area proper (Figure 4) is particularly notable. Rock
glacier #11 appears to override a lateral moraine of late MIS2
age, while rock glacier #10, which has a more intact appearance,
overrides a lateral moraine of purportedly Neoglacial age. These
observations suggest a considerable glacial advance during the Late
Holocene, followed by retreat and the subsequent development of
rock glaciers. These dynamics are consistent with other parts of
the Andes, where the interplay of glacial and periglacial processes
is shaped by climatic fluctuations (Trombotto and Borzotta, 2009)
and in the Eastern Swiss Alps, where parts of the Bleis Marscha
rock glacier were found to override older glacial landforms,
including moraines (Amschwand et al., 2021).

The error analysis using the Level of Detection (LoD) method
revealed clear differences between the two study sites. The velocities
at Stepanek rock glacier exceed the 95th percentile LoDs, which
strongly supports the conclusion of active displacement over the
55-year period. Conversely, the lower velocities recorded at Franke
rock glacier were within or near the uncertainty thresholds. This
suggests either lower activity levels or limitations in detecting small
displacements due to co-registration inaccuracies or image quality of
the 1962 aerial photo. Furthermore, these average velocities do not
reflect potential interannual variability, as rock glacier movement
can fluctuate significantly depending on annual meteorological
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conditions (Trombotto and Bottegal, 2019). These results underline
the necessity of detailed error assessments in long-term glacier
kinematic studies, especially when relying on manually digitized
points and historical aerial imagery.

While this study provides valuable insights, several knowledge
gaps remain. For instance, the stratigraphy and ice content of debris-
covered glaciers versus rock glaciers in the Andes need further
exploration. Investigating the flow dynamics and ice content in the
Las Veguitas catchment could enhance the understanding of active
zones between debris-covered glaciers and rock glaciers.

Additionally, there is a need for chronological dating of
glacial and periglacial features in the area. Cosmogenic dating, as
applied by Moreiras et al. (2016) in neighbouring valleys, provide
valuable temporal context for understanding the evolution of these
landforms. Initiating permafrost monitoring in the Las Veguitas
catchment, similar to efforts in the nearby Morenas Coloradas
rock glacier (Trombotto and Borzotta, 2009), would offer critical
data on the thermal state of permafrost and its implications for
hydrological and geomorphological assessments in the region.

6 Conclusion

This study presents a Geographic Information Systems (GIS)
based geomorphological map of the glacial and periglacial
landforms in the Las Veguitas catchment, Cordillera Frontal of the
Andes, Argentina. The area is located between 3,000 and 5,500 m,
in the semi-arid morphoclimatic region of the Andes. The mapping
is based on interpretation of remote sensing data (ALOS PALSAR,
Worldview 2, Google Earth, aerial photo) and field observations.
This combined dataset allows a detailed topographic (elevation and
aspect) analysis of landforms, as well as an assessment of their
recent dynamics.

The main glacial and periglacial landforms in the Las Veguitas
catchment are cirques, debris-free glaciers, debris-covered glaciers
(with supraglacial lakes), small rock glaciers, large rock glaciers
(with active, inactive and fossil parts), moraines and outwash
plains. Currently, debris-free glaciers are located between 5,200
and 4,200 m, below well-developed cirques and they are facing
mostly to the southeast. The debris-covered glaciers are located
between 4,900 and 4,000 m, with supraglacial lakes developing on
their surfaces between 4,700 and 4,350 m. Both the debris-covered
glaciers and the supraglacial lakes have a predominant eastern
aspect. The mean velocity of flow for the debris-covered part of the
large Vallecitos glacier was estimated at 5.9 m/yr. Morainic ridges
are found flanking the current glaciers at high elevation (>4,200 m),
but also at lower elevations providing evidence for former glacial
advances. Particularly, the lower part of the study area between 3,700
and 3,200 m is characterized by extensive morainic systems that
have tentatively been dated to Neoglacial, MIS2 and older ages in
previous studies.

Almost all active parts of rock glaciers that exist in the Las
Veguitas catchment are located at altitudes above 3,900 m, with
the exceptions being two small active rock glaciers (terminus at
around 3,650 m) and the lower part of the large Stepanek rock
glacier (terminus at around 3,350 m). These low elevations can be
explained on account of their southeastern to southern orientation.
The terminus of the Stepanek rock glacier at approximately 3,350 m,
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marking the lower limit of permafrost in the study area, well below
the estimated current zero mean annual temperature isotherm at
c. 3,800 m. This low limit can be ascribed to the special insulation
effect of debris cover on rock glaciers, permafrost creep, as well as the
southern aspect of the lower reaches of this rock glacier. The active
parts of rock glaciers with a more northern aspect, like the Franke
rock glacier; are located at higher elevations. The rock glacier flow in
the Las Veguitas catchment was calculated for the active parts of the
Stepanek and Franke rock glaciers, with mean velocities of 0.74 m/yr
and 0.23 m/yr, respectively.

We conclude that the glacial and periglacial landforms of the
Las Veguitas catchment can be considered a prime target for
further research to determine the absolute age of Late Quaternary
and Holocene glacial advances, the type of (peri-)glaciation in
relation to glacial-interglacial climatic regimes, the development
and dynamics of large and small rock glaciers, as well as the
monitoring of the thermal state of permafrost. Glacier melt and
permafrost degradation could have a profound effect on (sub-)
surface hydrology, stream discharge and water chemistry, affecting
vital freshwater resources in the semi-arid Andes.
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