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The de La Flecha river basin is located to the southwest of San Juan Province at around 31�500 S, 68�570 W.
In this area a total of twenty debris-rock slides, in the Cordón de las Osamentas, were mapped and
studied. The mode of failure of each was determined to be a rotational slide. The areal extent of the
smallest observable landslide body is approximately 0.58 km2 and the largest is 367.76 km2. The slides
were detected through high resolution satellite imagery interpretation, digital elevation models and field
surveys, by identifying both the landslide detachment zones and landslide bodies based on the
Geographic Information System (GIS). The slides have varying controlling factors, including lithology and
slope, which seem to be the main controlling factors in causing slope instability. The spatial relationships
among the landslides and the distribution of seismic epicentres, historical earthquakes and Quaternary
faults (Maradona, Las Osamentas, Papagayos faults, La Chilca and El Mocho faults) were analysed. These
gravitational movements were triggered by seismic shocks associated with active faults.

� 2013 Elsevier Ltd and INQUA. All rights reserved.
1. Introduction

A landslide is the movement of a mass of rock, debris, or earth
down a slope, under the influence of gravity (Cruden and Varnes,
1996). They may cause loss of life and property, damage to natu-
ral resources and hamper developmental projects such as road and
communication lines.

Landslide inventories constitute a detailed register of the dis-
tribution and characteristics of past landslides. This type of infor-
mation is very important, as it gives insight into landslide location,
type, dates, frequency of occurrence, state of activity, magnitude or
size, failure mechanisms, causal factors and damage caused (Fell
et al., 2008).

Between 28� and 32�S, a series of geologic and tectonic factors
can be related to surface seismic activity, as the Nazca Plate is
subducing subhorizontally. In this intra-plate setting, important
destructive earthquakes have taken place, such as the earthquakes
of 1894 (Ms 7.5), 1944 (Ms 7.4) and 1977 (Ms 7.4).

At these latitudes, where there is high degree of seismicity, the
principal effects of earthquakes in hilly areas are landslides. To
determine the characteristics of landsides caused by seismic
events, Keefer (1984, 2000, 2002) compiled historical earthquake
er Angillieri).
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data in many parts of the world, and investigated the types of
slope failures including their environments of formation, mini-
mum shaking intensities, and distances from epicenters. His
studies indicated that earthquakes as small as 4.0 in local
magnitude (ML) can dislodge landslides from susceptible slopes,
and those with large magnitude can generate many slope failures
across wider areas (Keefer, 1984).

Several authors have studied landslides in Argentina (Fauqué
et al., 2000; Moreiras, 2004, 2005a, 2005b; Fernández, 2005;
Perucca and Esper, 2008, 2009a, 2009b; González Díaz, 2009;
González Díaz and Folguera, 2009; Esper Angillieri, 2011). The
purpose of this paper to describe and characterize the existing
debris-rock slides in the Cordón de las Osamentas, in order to better
their understand distributions, ways of emplacement, and triggers.

2. Study area

The de La Flecha basin covers an area of 299.711 km2 in the
southwest of San Juan province, Argentina. The headwater of the
basin is an important orographic system called Cordón de las
Osamentas, with the tallest peaks as high as 3400 m asl (Fig. 1).

2.1. Climate

The San Juan province supports an arid and semiarid climate;
the total annual rainfall average is very small, about 93.3 mm per
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Fig. 1. Location of study area and debris-rock slide inventory map.
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year. Winter temperatures are generally mild, ranging between 1.0
and 18.0 �C, whereas summers are hot and very dry, with tem-
peratures between 19.0 and 35.0 �C.

In the west part of the study area, near the Cordón de las Osa-
mentas, the annual rainfall rises to 280 mm, whereas to the east it
decreases to 100 mm per year. The temperature in summer reaches
39 �C (February) and in the winter �10 �C (July). The elevation
within this basin ranges between 600m asl and 3400m asl, and the
slopes range between 0� and 58�.

2.2. Geology

The study area supports a wide range of geologic units. The
stratigraphy from oldest to recent is: (a): Cambrian-Ordovician
sedimentary rocks, mainly composed of limestone, dolomite and
lutite, (b) A package of graywacke and lutite,mainly ofmarine origin
of Silurian-Devonian age, (c) Carboniferous sandstone and lutite, (d)
Neogene sedimentary rocks (conglomerate and argillite), (e) Qua-
ternary colluvial-alluvial deposits, (f) Unconsolidated modern de-
posits, sand, silt and clay, that are restricted to narrow river channels
and to the valleys.

2.3. Tectonic setting

Between 29� and 33�S andwith a convergence azimuth near 78�

(Vigny et al., 2009), the Nazca plate is being subducted at a rate of
6.3 cm/year beneath the South American plate to depths of up to
100 km (Ramos, 1988; Kendrick et al., 2003). The flat geometry of
the subducted slab is attributed to the oblique subduction of the
Juan Fernández ridge beneath the South American plate (Pilger,
1981; Anderson et al., 2007; Alvarado et al., 2009; Martinod et al.,
2010; Rosenbaum and Mo, 2011) (Fig. 2a).

In this area, Late Miocene-Quaternary tectonics have resulted in
the development of the Principal and Frontal Cordilleras, Pre-
cordillera and the Sierras Pampeanas in the eastward foreland re-
gion (Ramos, 1988). Beck et al. (2008) and Alvarado et al. (2009)
refined the location of earthquakes in the flat-slab near 30�e31�S
and showed that the shallowest part of the slab is associated with
the subducting Juan Fernandez Ridge.

This convergence between the Nazca and South America Plates
resulted in a thin-skinned fold and thrust belt in the Precordillera
Central, and a thick-skinned tectonic style in the Pampean Ranges
(Jordan et al., 1983; Smalley et al., 1993). Central Precordillera is
formed bymountain ranges extending from 29� to 32�S. It has been
described by several authors (Allmendinger et al., 1990; Von Gosen,
1992; Jordan et al., 1983; Cristallini and Ramos, 2000), as a char-
acteristic thin-skinned thrust-and-fold belt due to Neogene crustal
shortening on west dipping, imbricated structures that root down
to a 10e15 km deep main décollement.

2.4. Neotectonics

Several authors (Amos, 1954; Amos et al., 1981; Bastías et al.,
1984; Perucca, 1990; Perucca et al., 1990; Moreiras and Banchig,



Fig. 2. a) Location of the Pampean flat-slab segment between 28� and 32� S with depth-contours of the oceanic slab (Modified from Ramos et al., 2002), b) Map with the main
neotectonic structures recognized in the study area (Modified from Perucca et al., 2012).
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2008; Perucca and Onorato, 2011; Perucca et al., 2012), carried out
studies in the eastern piedmont of the Central Precordillera, and
recognized reverse faults and thrusts (Fig. 2b). Reverse faults with
Quaternary tectonic activity are found in the eastern piedmont of
the Cordón de Las Osamentas (31�450 S, 68� 550 W). All the faults are
located at a distance between 2 and 20 km from the landslide area.
The thickness of the Quaternary alluvial cover varies from 30 m in
the apical-middle sector to 10 m in the distal zone. Within the
study area, the fanglomerate alluvial cover, which is strongly
incised, lies upon Carboniferous (Harrington, 1971) and Neogene
(Leveratto, 1968) sedimentary rocks. NeS trending thrust faults
affect the lower or distal part of the alluvial fans, east-facing scarps
up to 10-m high define the fault trace. The westernmost fault in the
study area, named the Las Osamentas fault by Perucca and Onorato
(2011), has a 350� azimuth and dips 30� W. It displaces Carbonif-
erous deposits over Pleistocene sedimentary rocks with strong
dips.

The Maradona thrust is a 32 km long, NeS trending structure
that runs along the eastern piedmont of the cordón del Espinacito
and de Las Osamentas (Fig. 2b). The fault dips 45� W and affects
Quaternary alluvial deposits that overlie unconformably the
Neogene foreland strata and forms a continuous and degraded
east-facing scarp. Minor parallel trending topographic features,
marked by roughly 1e2 m-high scarps, also affect the Quaternary
deposits to the east of the principal thrust.

The Papagallos thrust commonly exhibits secondary branches
and thrusts Early Pleistocene rocks over Late Pleistocene alluvial
fan deposits, as described in several exposures near Puesto
Papagallos. This structure trends N8� Wand dips 15� to the west.
Fine-grained sag-pond sediments affected by the fault were
carbon dated to 22,420 � 390 BP, considering that the last
reactivation for this fault is older than this age (Perucca et al.,
2012).

The El Mocho fault is a N20� E striking fault that dips 70� E on
average, but locally shows values near 80�E (Fig. 2b). At surface
this structure affects Miocene rocks, which have been thrusted
onto Pleistocene conglomerates. The scarp, which reaches 18 m
in height is eroded and rounded, indicating a possible absence of
Holocene reactivation. However, a minor branch located along
the lower part of the slope affects an alluvial fan succession
whose upper portion has been related the Late Pleistoceneeearly
Holocene.

The Cerro La Chilca thrust is located a few meters west of the El
Mocho fault (Fig. 2b). It is 11 km long and strikes N15�E, south of the
de La Flecha River. Situated in the depression between the Cerro
Bachongo and Punta del Cerro in thewest and the Loma Redonda in
the east, close to the La Chilca cattle station, it extends as far south
as the Del Agua River. La Chilca is a reverse fault that dips 25�e30�

W and superimposes Neogene sedimentary rocks on Pleistocene
alluvial levels.

3. Methodology

High resolution satellite imagery (SPOT 5 with a 2.5-m spatial
resolution, taken in August 2002) fromGoogle Earth�were used to
assess the characteristics of all slides; the identified slides, and their
areas were stored, in vector format, through manual digitalization
using Arc/info GIS software. The satellite imagery was georefer-
enced to a Geographical coordinate system (WGS84).

The geological data were acquired from geologic map sheets
published by the Servicio Geológico Minero Argentino (Argentine
Mining Geologic Service) at 1:250,000 scale. Elevations were ob-
tained from topographical information obtained from ASTER GDEM
V2 (NASA, 2011). A digital elevation model (DEM), expressed in
degrees was made for the region.
Records of seismic activity from 1471 to 2012 were collected
from USGS-NEIC (2012), using a Circle Center Point (31.86

�
Se

68.95
�
W) with a radius of 60 km.

The subdivision of slides into active, inactive and fossil (WP/
WLI, 1993) was based on morphological criteria. Slides are classi-
fied active where they appear fresh on the imagery of a given date.
For the geometric interpretation of the debris-rock slide, the
following parameters were used (modified data from Dikau et al.,
1996):

- Elevation (H): maximum (Hmax), minimum (Hmin), and mean
(Hm) elevation contour level.

- Slope (S)
- Total length (L): minimum distance comprised between the tip
and the top of the Landslide.

- Length of the displaced mass (Ld): minimum distance between
the tip and the top.

- Depth of the displaced material (Dd): the maximum depth of
the slide deposit, measured on the direction perpendicular to
the plane formed by Wd and Ld.

- Width of the rupture zone (Wr): maximum width of the dis-
placed rock mass.

- Width of the displaced material (Wd): maximum width of the
displaced rock mass measured perpendicularly to the Ld
direction.

- Height of the rupture zone (Hr): vertical distance between the
crown and the foot of the rupture zone.

- Perimeter length of the displaced material (P): total contour
length of the displaced material accumulation.

- Area (At): total area, including the rupture zone and the area of
the displaced material (Ad)

- Estimated volume (V): probable volume of the debris-rock
slide deposit.

Slide volumewas determined by comparing estimated elevation
data of the pre-slide and post-slide topography using the meth-
odology proposed by Pucha Cofrep (2011). The basic premise is that
a single event (landslide) has disturbed an intact surface so that it is
possible to distinguish between the former (undisturbed) land-
scape and the disturbance (slide scar). In such cases, it is possible to
reconstruct the paleo-surface and to calculate the volume differ-
ence between both surfaces, thereby approximating the volume
gain or loss caused by the event. Finally, a digital 3D model of el-
evations was generated that allowed visualizing the actual
morphology of one of the debris slides (Fig. 3).

4. Results and discussion

The twenty landslides mapped were predominantly dry debris-
rock slides, many conditioned by the unfavorable orientation of the
stratigraphy: parallel to the slope. These slides together produced a
total volume of 7,023,859.31 m3 of debris within a total area of
2234.68 km2. Meanwidth of the rupture zone (Wr) is 219.22 m, and
the mean length of the displaced mass (Ld) 6325.38 m. Individual
aerial extent and volume range from 1.10 km2 to 530.25 km2 and
75 m3e2,153,522.64 m3, respectively. The widths of the rupture
zone (Wr) of individual slides range from 30.30 to 699.90 m and Ld
from 21.36 to 1034.17 m.

The basic bedrock geology of this part of Cordón de las Osa-
mentas was mapped (Ramos et al., 2000) as graywackes and lutites
of Silurian-Devonian age. All these rocks are strongly folded and
faulted.

Geometric characteristics of the individual slides observed
within the study area are presented in Table 1. Fig. 1 shows the
spatial distribution of the slides.



Fig. 3. 3D view (Google Earth�), and geometric analysis of the debris-rock slide #20.



Table 1
List of debris-rock slide studied in the area and their attributes and morphological parameters.

Id Status P [m] A [km2] Altitude [m asl] S [degree] Slope
aspect

L [m] Ld [m] Dd [m] Wr [m] Wd [m] Hr [m] V [m3]

Ad At Hmax Hmin

1 Fossil 1289.83 89.74 104.97 3056 2944 24.01 SSE 275.27 228.93 15.08 377.69 429.57 112 192,862.68
2 Active 481.51 14.99 25.11 3050 2933 49.01 NNE 154.99 48.37 5.57 180.12 186.98 117 24,167.93
3 fossil 3215.09 385.41 537.00 3354 2831 24.81 E 1254.85 1034.17 39.25 699.90 658.38 523 1,940,023.95
4 Inactive 1838.98 119.55 156.94 3147 2741 41.20 ESE 616.33 452.91 23.09 340.16 305.25 406 252,316.41
5 Active 91.85 0.58 1.06 2764 2747 27.24 ENE 37.14 21.36 2.59 31.58 32.71 17 n
6 Active 105.18 0.73 1.10 2814 2800 22.97 ENE 35.88 25.84 1.80 31.53 30.96 14 n
7 Inactive 1765.05 134.45 158.34 3128 2779 34.46 ENE 616.84 547.41 8.02 344.15 242.42 349 558,524.00
8 Inactive 760.57 33.65 57.57 3211 3101 19.35 ENE 332.02 186.05 12.39 171.46 204.59 110 27,197.16
9 Active 809.39 42.22 48.38 2924 2771 25.34 ENE 357.39 324.26 1.74 156.05 178.47 153 30,061.02
10 Active 155.79 1.12 1.33 2940 2905 66.11 ENE 38.28 32.22 4.06 28.21 31.67 35 1147.22
11 Active 452.09 9.60 11.70 2943 2788 44.88 E 219.65 193.92 2.31 72.13 59.59 155 1810.85
12 Active 181.70 1.51 4.45 3103 3008 41.02 ESE 144.75 30.41 1.80 30.30 41.80 95 n
13 Active 183.22 1.37 7.76 3130 3013 48.64 ESE 155.88 24.11 1.50 50.57 48.41 117 1829.51
14 Fossil 976.20 56.31 77.54 3231 3095 24.72 SE 325.12 251.37 6.21 245.63 258.12 136 105,751.23
15 Active 896.70 44.24 49.23 3043 2880 41.23 NE 247.32 226.32 6.19 217.01 194.78 163 172,535.58
16 Active 2163.25 265.39 342.20 3252 2884 31.04 ENE 713.49 141.81 27.55 530.00 489.30 368 1,470,466.79
17 Inactive 1341.67 93.82 105.95 3441 3175 28.28 ESE 561.28 527.14 6.82 181.58 226.44 266 79,464.57
18 Active 277.12 4.47 9.76 3378 3275 43.77 SE 148.88 80.66 2.45 76.16 65.25 103 5015.29
19 Inactive 207.46 2.99 4.05 2958 2902 54.97 E 68.39 52.32 11.35 59.80 61.59 56 7162.48
20 Active 2959.78 367.76 530.25 3092 2522 33.84 ENE 1023.64 587.91 40.00 560.26 528.99 570 2,153,522.64
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In all the studied slides, the movement was a typical rota-
tional block sliding with the slide body consisting of debris mass
blocks. In some slides (3, 7, 8, 9, 10, 15, 16, 19 and 20), the event
was influenced by the unfavorable orientation of the strata:
parallel to the slope, whereas the triggering mechanism was
earthquakes. In slides 3, 7, 8, 9, and 10, the general orientation of
rock mass varies from 165� to 171�, with an average value of
168�. The bedrock for slides #15 and #16 has a main orientation
of 130� and extends to 143� for slides #19 and #20. The main
body (displaced material) of #3, #7 and #15 was measured at
1034.17 m, 547.41 m and 226.31 m long; 658.38 m, 242.42 m and
194.78 m wide, respectively.

The smallest slides (#5 and #6) initiated at the top of the east
northeast-facing slope along a slope gradient of w23�. These slides
have a total area of 1.06 km2 and 1.10 km2 respectively.

The main scarp of slide #16 has an elevation of about 3252 m
and the elevation of the toe of the surface of rupture is about
3174 m indicating a height difference of up to 78 m. The width of
the deposit is 489.30 m, and the thickness is about 10e35 m. The
bottom interface is irregular, showing a composite feature of
collapse and sliding.

The main scarp of slide #16 is a triangular-shaped peak as high
as 3441 m asl., with a 10 m cliff below. The length from the top of
themain scarp to the toe of the slide is 561.28m and the elevation is
3175 m asl. The mass is at least 6.82 m thick, which calculates to a
volume of 1,470,466.79 m3.

Upslope from the escarpment of slide #18, a series of parallel
and radial open fractures filled with colluvial deposits have been
recognized. The debris mass block is 80.66 m long, 65.25 m wide
and moved 71 m downslope.

In the largest feature, debris slide #20, the main escarpment
occurs along a NNWeSSE direction for circa 1.90 km. The summit of
the crown extends from 2871m asl. on the northern side to 3090m
asl in the center and 2937 m asl in the southern part. The vertical
cliff is 24 m high in the north and reaches 96 m in the center. The
landslide body is subdivided by a series of minor landslides that
produced secondary escarpments. The landslide tongues have an
irregular topography with numerous hummocks and depressions
(Fig. 3).

The volume of all slides was calculated from low resolution DEM
data (30m). Amajor disadvantage of the use of low resolution input
data is the loss of important small-scale features that can seriously
affect the estimations. That is why the volume of slides #5, 6 and 12
was determined as null.

The number of earthquakes used in this study to evaluate the
contribution of seismicity in the initiation of landslides totaled
1999. The distribution of earthquakes is presented in Fig. 4.
Generally, among the 1999 earthquakes, 322 have magnitudes
between 4 and 5, 26 had magnitudes from 5 to 6, 5 had magni-
tudes in the range of 6e7, and 2 had magnitudes greater than 7.
The maximum corrected magnitude used in this study was 7.8,
which belongs to the 1944 San Juan earthquake. Also, the earth-
quakes are considered on the basis of their depth as crustal (0e
30 km), shallow (30e70 km) and intermediate (70e300 km).
Deep (greater than 300 km) earthquakes are not common in this
area.

The role of rainfall in initiating landslides is acknowledged.
However, while there is no doubt that precipitation has amajor role
in initiating slope failures in the surrounding sector (Moreiras,
2005b; Esper Angillieri, 2011), the abundant earthquakes that
shake the area frequently during the year have a key role to play.
Hence, it is possible and relatively safe to conclude that a number
amount of old landslides may have been triggered by high
magnitude earthquakes.

Quaternary faults located along the valley increase landslide
susceptibility (Fig. 2b). Most of these structures trend north to
south, dip to the west, and have clear evidence of Late Pleistocenee
Holocene activity. According toMoreiras and Coronato (2010), most
of the large rock avalanches recognized along the Argentine Andes
were triggered by earthquakes affecting seismic areas, as was also
reported by González Díaz et al. (2001, 2005), Fauqué et al. (2000),
Fauqué and Tchilinguirian (2002), Hermanns et al. (2001), Perucca
and Esper Angillieri (2008), Moreiras and Banchig (2008), among
others. As was previously observed by Hermanns et al. (2001),
given the proximity of all debris and rock slides to faults with
significant Upper PleistoceneeHolocene offset, it has been argued
that most of the landslides of central-western Argentina were
seismically triggered.

In summary, relation between the occurrence of rock avalanches
and regional tectonic activity is almost certain. The magnitude of
prehistoric earthquakes would have been higher than 6.0 according
to the total volume of displaced of material (Keefer, 1984).



Fig. 4. Distribution of earthquakes in the study area considering a 60 km radius from the studied area.
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5. Conclusion

Through high resolution satellite imagery interpretation, a total
of twenty debris slides were identified. In some slides, the lithology
acts as the main controlling factor.

A seismic origin related to Quaternary faults is proposed as the
triggering factor of landslides in the area, in the absence of suffi-
cient historical records and strong evidence which can allow cor-
relation of the slides with prehistoric earthquakes. However, the
paleoseismological, prehistoric and historic frequency, magnitude,
depth, and distribution of earthquakes in the area were important
to conclude in this study that many old slides were likely triggered
by strong and continuous seismicity. Nevertheless, it has not been
possibly to clearly relate a single slide to a certain trigger event or
fault. A seismic triggering mechanism is validated by the existence
of liquefaction features less than 30 km south of the landslide area.
The presence of liquefaction features located in a Late Pleistocene
lacustrine sequence and the large size of the analyzed rock ava-
lanches are consistent with the occurrence of paleoearthquakes of
Ms > 5.5. In this context, earthquakes, rather than precipitation,
should be considered as a primary triggering factor for slide
occurrence in the study area. The approach presented in this paper
is considered a valuable tool for land-use planners, contractors and
engineers in order to protect people and their assets from the
negative effects of landslides.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.quaint.2013.03.009.
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