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Abstract The area studied includes a little-known portion

on the Dry Andes of the San Juan Frontal Cordillera,

Argentina, where the hydrological significance of glaciers

and rock glaciers was earlier never studied. The surveyed

sector includes Cerro El Potro (5,870 m ASL) and nearby

mountain chains (28�S). The predominant landforms in

these areas were shaped in a periglacial environment

superimposed on an earlier glacial landscape. These

regions comprise abundant rock glaciers, a noteworthy

rock glacier zone in the world, of which little is known in

South America. This work employs geomorphological

mapping to analyze the distribution of active rock glaciers

in relation to altitude, aspect and slope using optical remote

sensing techniques with GIS. Statistical estimation tech-

niques were used based on a Digital Elevation Model

(DEM) and aerial photos and Spot images interpretation.

The specific density of rock glaciers’ estimation in the

surveyed area (Argentine border) is 1.56% with corre-

sponds to 38 rock glaciers with an area of 5.86 km2 and

0.12 km3 of water equivalent. Furthermore, the analytical

results show that elevations [4,270 m ASL, a southeast-

facing aspect, and slope between 2� and 40� favor the

existence of rock glaciers, Finally, a comparison with

glacier water equivalent, which covers an area of *16 km2

and 0.9 km3 of water equivalent, shows that glaciers are

the main stores of water at 28�S (Cerro El Potro Glacier).

However, the importance of rock glaciers as water reserves

in this portion of Argentina should not be underestimated.

Keywords Rock glacier � Water equivalent �
Geomorphology � Dry Andes � San Juan � Argentina

Introduction

In the highest sectors of the Central Andes of Argentina,

the dominant landforms are related to their present glacial

(depending on the altitude and latitude) and periglacial

environments. The latter one modifies a previous glacial

environment which was able to cover topographically

lower areas in Pleistocene times.

Rock glaciers conform one of the most salient features

of the periglacial zone of this region. They are conformed

by ice and angular clasts, with a lobate or spatulate design

that slowly move downward the slope. Some of them

have surface reliefs showing longitudinal furrows and

ridges, indicating flow structures. Generally, they occur at

the foot of steep walls, which sometimes conforms to the

rim of the glacial cirques or steep slopes of glacial trough

valleys (Martin and Walley 1987). Morphologically they

are classified into tongue-shaped rock glaciers (Wahrhaf-

tig and Cox 1959) or simply debris rock glaciers, when

their length is greater than their width, and are featured

by their well-defined flow structures, as well as by pre-

senting an steep front (Barsch 1996); they are lobate rock

glaciers when they are rather wide than long (Wahrhaftig

and Cox 1959), also called in this paper talus rock gla-

ciers, valley-wall rock glaciers or protalus lobe (Walley

and Martin 1992). In general, they are small bodies of up

to 1,000 m in length. Besides, the common subdivision of

rock glaciers into active, inactive and fossil based on

morphological criteria (Wahrhaftig and Cox 1959; Martin

and Walley 1987) was applied to rock glaciers in this

study.

L. Perucca (&) � M. Y. Esper Angillieri

CONICET-Gabinete de Neotectónica y Geomorphology,

Instituto de Geologı́a, Facultad de Ciencias Exactas, Fı́sicas y

Naturales, Universidad Nacional de San Juan, Av. Ignacio de La

Rosa y Meglioli s/n, 5400 San Juan, Argentina

e-mail: lauraperucca@yahoo.com.ar

123

Environ Earth Sci (2011) 64:2079–2089

DOI 10.1007/s12665-011-1030-z



Moreover, rock glaciers are the geomorphological

expression of creeping mountain permafrost in the region

(Barsch 1996) and contain approximately 40–70% of ice

by volume constituting sizeable stores of water (Arenson

et al. 2002; Corte 1976a; Croce and Milana 2002; Schrott

1994, among others). Although rock glaciers have been

widely studied on the Chilean side (Brenning 2005a, b;

Azócar and Brenning 2009; Brenning and Azócar 2009a,

b), there are only some studies in San Juan (Argentina), in

the Agua Negra basin at 30�S (Schrott 1991; Croce and

Milana 2002, 2006). Instead, there is little knowledge about

their distribution, size, and significance as water stores

north of 29�S, excepting for studies of Perucca and Esper

(2008), Esper Angillieri (2009) in Argentina and Brenning

(2005b) and Azócar and Brenning (2009) in the Chilean

territory.

Several authors have studied rock glacier distribution

(Chueca 1992; Johnson et al. 2007; Brenning et al. 2007)

for determining the factors that control rock glacier

development. There are some collected inventories of rock

glaciers for investigating the influence of topography

(Wahrhaftig and Cox 1959; White 1979; Ellis and Calkin

1979) on their development. Therefore, one of the purposes

of this work is to discuss the distribution of active-inactive

rock glaciers in the Cerro El Potro area, in relation to

altitude, aspect, and slope, by analyzing topographical

maps, aerial photographs and satellite images.

On the other hand, an important mining project

(El Potro) stands in the studied area that comprises more

than 8,000 ha of highly prospective ground, situated on the

north margin of Rio Blanco, the political divide between

La Rioja and San Juan provinces. This project has surface

mineralization hosted in similar Permo-Triassic and Ter-

tiary intrusive-volcanic complexes. Previous sampling and

initial geophysics have outlined a copper-molybdenum

system, rich in stockworks with strong silicified and sulfide

(molybdenite) veining, and a lateral silica cap. This mining

project could affect the area with the construction of roads

over rock glaciers, the creation of deposits of sterile rock or

even the complete or partial removal of rock glaciers

as occurred in other areas of Central Andes of Chile

(Brenning and Azócar 2009b).

Therefore, intensive research is required on the distri-

bution of rock glaciers and their geomorphological and

hydrological importance in the portion of the Argentine

Dry Andes because of the growing number of mining

projects, exploration, and mining activities in the region.

Regional setting and previous research

The studied area is located in the northwest (between lat-

itudes 28�150S–28�300S and longitudes 69�320–69�400W)

(Fig. 1) of San Juan province, Iglesia Department, in the

central western Andes of Argentina, on the border with

Chile.

From a geological point of view, Cerro El Potro area

shows outcrops of Paleozoic granitoids and volcanic rocks

in uplifted blocks. To the south, continental sandstones and

volcanoclastic rocks overlap the rocks of Permo-Triassic

age. The Tertiary units are of volcanic, pyroclastic, and

subvolcanic sequences. The region also shows Quaternary

deposits caused by mass movement, rock glaciers, and

glacial and fluvial deposits. The main alignments crossing

the region show a WNW–ESE and NE–SW trend. The

dominant structural feature is compressive tectonic with

horst and graben blocks, elongated in an N–S trend, which

expose basement rocks and NW–SE dextral strike slip

faults, which have generated distensive basins.

The studied region is situated south of the Arid Diagonal

of South America, with precipitation that ranges from 150

to 200 mm. Dry climates with rigorous winters, such as the

one that characterizes the Andes from 28� to 32�S latitudes,

present very low temperatures in winter, short-lived sum-

mers, scarce precipitations and violent winds.

The Dry Andes high-mountain region has its own cli-

matic conditions, which differ from those of the larger

climate zone to which it belongs. Because of the temper-

ature drop at higher altitudes, it is typically dry and cold. A

negative thermal gradient of 0.5–1�C every 100 m altitude

increase would suggest an increase in the relative humidity

of the air and the occurrence of important precipitation

rates on the windward slope and lower rates on the leeward

side (rain shadow). The slope orientation, prevailing wind

direction, and sunshine angle are also critical factors

because of the specific wind pattern and higher isolation in

certain directions, thus giving rise to a differentiated to-

poclimate (topographical climate).

The temperature is above freezing only during approx-

imately 4 months a year. From 3,500 to 4,000 m ASL,

temperatures range between -18�C and 10�C.

Above 4,300 m ASL, the climate is characterized by

perpetual ice, where the average temperature in the

warmest month is lower than 0�C.

The highest winter temperatures recorded in the Cor-

dillera are caused by the influence of the so-called Zonda

wind, which produces a foehn effect. The yearly thermal

amplitude between winter and summer is high: 70.1�C.

Between 4,000 and 6,000 m ASL, the precipitations are

mainly snow and hail, the former associated with the foehn

effect. Below 4,000 m, rain is scarce and very irregular;

snow precipitations in the Cordilleran zone, north of San

Juan are small and decrease considerably from south to

north. Minetti et al. (1986) used annual averages from the

meteorological stations in the surrounding areas and

determined a regional average of 150 mm per year at 29�S.
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Most precipitations in the area take place in winter, mostly

snow or sleet. The frequency of days with rain or snow

precipitations is very low.

The relationship between mountain permafrost and the

weather parameters is not clearly defined, as it is the result

of complex interactions between various environmental

factors of which climate is the most important. The cli-

matic conditions of these high-mountain zones depend

mainly on the latitude, altitude, and local conditions.

For example, Ahumada (2002) recognized the presence

of periglacial phenomena between 22� and 28�S and from

65� to 68� W longitude. She set two levels in the Sierra del

Aconquija; a lower level, between 2,500 and 4,000 m ASL,

with seasonal freezing and solifluction, and a higher level,

between 4,000 and 4,500 m ASL, with intensive gelifrac-

tion, inactive or active debris rock glaciers.

Kammer (1998) and Brenning (2005b) observed that

between *23� and 27�S, rock glacier distribution is

interrupted, even though there is sufficient debris available.

On the other hand, Corte (1982) set the lower limit of

permafrost at 4,000 m ASL at 25�S.

At 30�S, the Andes are characterized by semi-arid

conditions, with extreme solar radiation intensities

throughout the year. Precipitations occur above 4,000 m

during winter, as snow or graupel. Annual precipitation

ranges from 100 to 350 mm (Minetti et al. 1986). The snow

cover is neither thick nor long-lasting. In the area of Agua

Negra, at about 30�S, the snow baseline is developed above

5,300 m, with a permanent snow cover lying frequently, in

the south-facing slopes. The continuous permafrost is

found between 4,000 and 4,800 m ASL, whereas below

4,000 m, the permafrost is found rather sporadically

(Schrott 1994).

At 33�S, Brenning (2005a, b) indicated that the snow

baseline is found above 3,800 m ASL, which corresponds

to the feeding zones for glaciers, snowfields, and geli-

fraction. Between 3,500 and 3,800 m ASL, the baseline of

the discontinuous permafrost is found. Here, the prevailing

features are rock glaciers, talus rock glaciers, ablation

zones of small glaciers, and dead glacier tongues from

thermokarst. Between 3,500 and 3,000 m, the insular per-

mafrost takes place, with the presence of inactive and fossil

rock glaciers. Finally, below 3,000 m, the predominant

occurrences are the fluvial and gravitational processes of

the region.

Rock glaciers are the main landforms of interest ana-

lyzed in the present contribution. They are frequently

described in the Central Andes of Chile and Argentina

(Corte 1976a, b; Marangunic 1979; Corte and Espizúa

1981; Schrott 1996; Scholl 1992; Trombotto et al. 1999;

Trombotto 2000; Brenning 2003, 2005a, b, 2009; Croce

and Milana 2002; Milana and Güell 2008), These records,

Fig. 1 Overview of the studied area (approximately 28�) in the semi-arid Andes. Rectangle shows the specific study area
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however, are preliminary, due to the terminology difficul-

ties found in differentiating rock glaciers, glaciers and

massive ice affected by thermokarst. Brenning et al. (2005)

have made a quantification of the regional distribution of

glaciers in the Andes of Santiago. Brenning and Azócar

(2009a) and Azócar and Brenning (2009) have analyzed

the hydrological and geomorphological importance and the

topographic and climatic controls of rock glaciers in the

Dry Andes of Chile at 27�–33�S.

From a geological point of view, the Cerro El Potro area

shows outcrops of Paleozoic granitoid and volcanic rocks

in uplifted blocks. To the south, continental sandstones and

volcanoclastic rocks overlap the rocks of the Permo-Tri-

assic age. The Tertiary units are of volcanic, pyroclastic,

and subvolcanic sequences. The region also shows Qua-

ternary deposits caused by mass movement, rock glaciers,

and glacial and fluvial deposits. The main alignments

crossing the region show a WNW–ESE and NE–SW trend.

The dominant structural feature is a compressive tectonic

with horst and graben blocks, elongated in an N–S trend,

which expose basement rocks. Also visible are NW–SE

dextral strike slip faults, which have generated distensive

basins.

Methods

For the analysis of the area, stereoscopic pairs of aerial

photographs, scale *1:50,000 obtained in a regional flight

during the fall seasons of the 1960s were interpreted.

Photographic mosaics were arranged with ortho-rectified

air photography and Spot satellite images with a resolution

of 2.5 m obtained in 2006 which were georeferenced

within a geographical information system (GIS).

On this array, an inventory of active rock glaciers and

glaciers was prepared in order to identify their possible

relationships with altitude, slope, and aspect (Fig. 2).

Altitudes were obtained from 1:100,000 topographical

charts (50 m contour line) supplied by the Instituto

Geográfico Militar de Argentina (Argentine Military Geo-

graphic Institute), and from topographical information

obtained from the Radar Shuttle Topographical Mission

(USGS 2000). Therefore, a digital elevation model (DEM),

expressed in degrees was made for the region (Fig. 3).

Using the DEM, slope aspect map (Fig. 4) was performed.

These maps have simplified the analysis of geomorpho-

logical processes. The aspect of the talus slope from where

each rock glacier originates was recorded too (Table 1).

Statistical assessment for quantification of rock glacier

and glaciers areas and water equivalent (Brenning 2005a, b)

was carried out, in order to determine rock glacier and

glacier distribution, considering the importance of these

landforms as stores of water in the Argentine Dry Andes

portion and by comparison with the Chilean sector.

As previously presented by Barsch (1996), Burger et al.

(2009), Arenson et al. (2002) and Azócar and Brenning

(2009), water equivalent of rock glaciers and glaciers was

estimated assuming that the ice-rich layer of rock glacier

permafrost has an ice content (in average) of 50% by

volume with an ice density of 0.9 g cm-3. The thickness of

this layer is estimated using the empirical rule proposed by

Brenning (2005b) based on rock glacier geometry obtained

during ground measurements:

50� ½areaðkm2Þ�0:2

Glaciers smaller than 0.1 km2 were considered snow

banks and excluded (Haeberli 2000; Chen and Ohmura

1990) empirical relationship was applied to estimate

glacier thickness as Azócar and Brenning (2009) carried

out in 9the Dry Andes of Chile:

28:5� ½areaðkm2Þ�0:357

However, as Azócar and Brenning (2009) explained, the

estimation of glacier thicknesses based on the empirical

relationship of Chen and Ohmura (1990), results in glacier

volumes 49% lower than those obtained with the

relationship of Marangunic (1979), with overly optimistic

estimates of glacier volumes.

Results and discussion

In the highest sectors of Cerro El Potro area, the dominant

landforms are related to their present glacial (depending on

the altitude and latitude) and periglacial environments. The

latter one modifies a previous glacial environment, which

was able to cover topographically lower areas in earlier

times. Although the actual glacial activity is scarce, during

Pleistocene it was an active shaping agent. It is possible to

see in this region various erosion-formed features and

extensive accumulations of glacial deposits. Fluvial activ-

ity is rather scarce in the area, limited to the action of main

rivers. They are permanent flows which re-work the ancient

glacial, periglacial and mass movement deposits. Although

their erosive power is not significant, the most visible

effects are the deepening of outwash plains.

The modern equilibrium line altitude (ELA) of glacier

north of 30�S is consistent with meridional changes in

temperature and precipitation, surpassing 5,000 m ASL

north of 30� (Brenning 2005b; Azócar and Brenning 2008,

2009). In the Cerro El Potro area, ELA is approximately at

5,320 m (Brenning 2005b).

Main glacial forms currently observed at 28�S are

restricted to higher areas, above 5,500 m ASL, with the

2082 Environ Earth Sci (2011) 64:2079–2089
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permanent ice field located in Cerro El Potro (5,879 m

ASL). At this elevation, neighboring smaller glaciers and

moraine deposits have also been noted. In addition, a large

number of perennial snow patches have been observed

whose lower boundary at the latitude of Cerro El Potro

(28�150S) was 5,000 m ASL, mainly on the south eastern-

facing slopes (Perucca and Esper 2008). The summit

plateau of Cerro El Potro hosts a 7 km2 large, mainly

east-exposed glacier (Brenning 2005b), only *3% located

in Argentina. It is the largest glacier in the area.

In the area of Cerro El Potro, the most frequent rock

glaciers are the talus-derived rock glaciers and the debris

rock glaciers (tongue-shaped glaciers). On the eastern

flank of Cerro El Potro, numerous little tongue-shaped

rock glaciers are found. In general, they are less than

1 km long and 300 m maximum width and they are

Fig. 2 Map of altitude and

distribution of glacier and

active-inactive rock glaciers in

the Cerro El Potro-Argentine

border

Environ Earth Sci (2011) 64:2079–2089 2083

123



generally smaller than those in the Chilean sector west of

the studied area.

By analyzing the altitude and slope cartography

(Fig. 3), on a 1:100,000 scale with 100 m contour lines, it

is possible to recognize that the slopes are generally

found above 20�. Only on the valleys of main rivers

(Blanco and Bermejo), the slopes are considerably smaller

(between 0� and 10�). This map has simplified the ana-

lysis of geomorphological processes. For example, debris

rock glaciers are located in areas with slopes between 5�
and 20�, and talus rock glacier in slopes between 20� and

40� (Fig. 3).

All the active-inactive rock glaciers mapped occur

above 4,270 m pointing to the possible minimum elevation

for the development of rock glaciers. From the satellite

image analysis, the limit between active and inactive rock

glaciers is estimated at 4,200 m a.s.l. in the study area

(28�S latitude).

Fig. 3 Map of slope angle and

localization of glaciers/active-

inactive rock glaciers
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A total of 38 active-inactive rock glaciers, occupying an

area of 5.86 km2, were identified. Most of them (24) are

debris rock glaciers (tongue-shaped glaciers) and only 14

are talus rock glaciers (Table 1).

In the studied area, rock glaciers are found mostly on the

southeast-facing hillsides, which get lower sunshine radi-

ation, though they are also found on some east-facing sides,

yet limited to areas with relatively low sunshine radiation

levels (Fig. 4). Therefore, if we consider aspect with

topographic positions, 25 active-inactive rock glaciers

located along valley walls occur on southeast-facing

slopes, 4 located along valley floors occur on southwest-

facing slopes, 6 located along valley floors occur on east-

ern-facing slopes and only three are recognized on valley

floors with south-facing slopes (Table 1).

Table 2 summarizes specific density estimations and

water equivalent of rock glaciers in the El Potro area

(Argentina border). In this study, the rock glacier area is

5.9 km2, which corresponds to 38 rock glaciers with

0.12 km3 water equivalent. The values obtained in the

Fig. 4 Map of slope aspect and

distribution of glaciers and

active-inactive rock glacier
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Argentine portion are consistent with those determined by

Brenning (2005a) for the Cerro El Potro area in the Chilean

portion where 42 rock glaciers were recognized with a

water equivalent of 53–80 (106 m3).

Brenning (2005a) reported rock glacier densities of 3%

at Cerro El Potro. However, rock glacier density in the

studied area (Argentina border) is approximately half

(1.6%) of that obtained from the Chilean side. The glacier

area in the Argentine border (28�S) is *16 km2, with a

water equivalent of 0.9 km3 and covers 4.3% of the total

area studied (374 km2) (Table 2).

Conclusion

Factors such as topographic shading, relief, aspect, and

elevation determine the development and preservation of

rock glaciers. Analysis of these factors in the Cerro El

Potro area (28�S) shows that, elevation [4,200 m and a

southeast-facing aspect are some of the necessary condi-

tions for the existence of rock glaciers in any form. A slope

angle below 40� is favorable for talus rock glaciers for-

mation and \20� for tongue-shaped debris rock glaciers.

Permanent snowfields and the glaciers are located above

5,500 m ASL. Between 5,500 and 4,300 m ASL, 38 active-

inactive rock glaciers are found, mainly on southeast-fac-

ing hillsides. Where slopes are steeper than 20�, there occur

talus rock glaciers, whereas in cirques above 4,300 m ASL,

the probable active tongue-shaped rock glaciers are found.

Below 4,000 m ASL, the predominant features are the

fluvial and glacifluvial landforms.

These baselines are contrastive with those of 30�S,

which has active glaciers above 3,600 m ASL, and with

those of 32�S, where the active landforms are located

above 3,200 m ASL.

The present work constitutes a first approach to the

identification and knowledge of the glacial and periglacial

processes in this little-known portion on the Dry Andes of

the San Juan and La Rioja Frontal Cordillera, at 28� and

32�S latitudes.

At 28�S, the glacial and periglacial landforms, mainly the

rock glaciers, are characteristic elements of the highest

Table 2 Areas and water equivalence of active-inactive rock glaciers

and glaciers in the Cerro El Potro area (Argentine border)

Number of

features

Area Water

equivalent

(km3)

km2 %

Active-inactive

rock glaciers

38 5.86 1.56 0.12

Glaciers 6 15.98 4.27 0.93
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sector of the area chosen for the present study. Above

5,500 m ASL, the ice cap of Cerro El Potro is found.

Between 5,500 and 4,300 m ASL, approximately, the active

and inactive rock glaciers are observed. Below 4,300 m

ASL, the prevailing features are the fossil glacial and/or

periglacial features and glacifluvial and/or fluvial landforms.

Knowledge about the spatial distribution of glaciers and

rock glaciers is very necessary for the environmental

impact assessment of mining projects exploring the area of

Cerro El Potro. Rock glaciers are important at 28�S, but

covering minor areas than glaciers.

The results presented in this work, although constituting

an important advance in knowing the number, features and

distribution of ice and rock glacier bodies lying at these

altitudes, should be regarded as indicative parameters,

though not definite ones on the hydrology of this portion of

the High Andes. From the information of this study, it is

still not possible to establish a direct and absolute rela-

tionship between the water flow of rivers, the basin areas,

and the percentage of glazed areas.

The techniques of geophysical prospection (e.g., ground

penetrating radar, geoelectric survey, seismic wave

refraction, and the like) will allow detecting the occurrence

of permafrost in the region and, with this, to permit

delimiting the active and inactive glaciers that still keep

ice, from fossil rock glaciers.

Finally, the maps along with a GIS base will help in

readily visualizing the actual incidence of mining activities

on the landforms.
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Azócar G, Brenning A (2009) Hydrological and geomorphological

significance of rock glaciers in the dry Andes, Chile (27�–33�S).

Permafrost Periglac Process. doi:10.1002/pp.669

Barsch D (1996) Rockglaciers. Springer, Berlin, p 331

Brenning A (2003) La importancia de los glaciares de escombros en

los sistemas geomorfológico e hidrológico de la cordillera de

Santiago: Fundamentos y primeros resultados. Revista de

Geografı́a Norte Grande:7–22

Brenning A (2005a) Climatic and geomorphological controls of rock

glaciers in the Andes of Central Chile: combining statistical

modelling and field mapping. Ph.D. Dissertation, Humboldt-

Universität zu Berlin. Electronic Publication, urn:nbn:de:

kobv:11-10049648

Brenning A (2005b) Geomorphological, hydrological and climatic

significance of rock glaciers in the Andes of Central Chile

(33–35�S). Permafrost Periglac Process 16:231–240

Brenning A (2009) Benchmarking classifiers to optimally integrate

terrain analysis and multispectral remote sensing in automatic

rock glacier detection. Remote Sens Environ 113(1):239–247
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