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Debris flows in the Andean ranges of central Chile and
Argentina triggered by 2013 summer storms:

characteristics and consequences

Abstract In January and February 2013, heavy rainfall during local
summer storms triggered a large number of landslides in the
Andes Main and Frontal ranges of central Chile and Argentina
(32°-34° S). Most of the mass movements classify as debris flows,
while rockfalls and debris avalanches also occurred. The major
debris flows occurred in the Maipo and Aconcagua valleys (Chile)
and along the Mendoza River valley (Argentina). The debris flows
caused serious disruption to the international highway connecting
both countries and local roads and produced a large impact on the
population of major cities downstream, mainly due to potable
water supply cutoffs. Debris flow deposits have silt and clay par-
ticles usually ranging between 10 and 20% by weight, which favors
the movement of viscous flows in short, steep lateral gullies. Most
of the flows tended to channelize, and the materials were depos-
ited in alluvial fans and cones in areas with previous records of
such events. This indicates that they constitute a significant hazard
that may not have been properly considered in road infrastructure
and potable water supply strategies for the region. This potential
hazard may become more serious due to climate change in the
near future.
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Introduction

Natural hazards, human activities, and socio-economic develop-
ment in the semi-arid Central Andes are strongly influenced by the
precipitation regime and climate phenomena. Intense summer or
winter rainfall is the main trigger of debris flows in lower altitude
regions of Argentina and Chile, respectively (e.g., Septilveda and
Padilla 2008; Moreiras and Sepitilveda 2013). Over the long term,
the warm phase of the El Nifio Southern Oscillation (ENSO) has
been linked to major landsliding activity and above-average river
flows (Moreiras 2005; Septulveda et al. 2006; Araneo and
Compagnucci 2008). However, the influence of the Pacific Anticy-
clone seems to be limited to high mountain areas of the Andes
Main and Frontal ranges, while hillslope instability in the eastern
Precordillera is induced by humid periods of the Atlantic Anticy-
clone (Moreiras 2006; Moreiras et al. 2012).

An analysis of synoptic situations for summer and winter
precipitation events in the Central Andes has recently been docu-
mented (Viale and Nufiez 2011; Viale and Garreaud 2014). Howev-
er, the extreme precipitation processes leading to debris flows are
still poorly understood and need further investigation. This paper
presents a case study of debris flows that occurred during the
Southern Hemisphere summer in January and February 2013,
when local but very intense storms triggered a large number of
landslides, mainly debris flows, in the Andes Main and Frontal
ranges of central Chile and Argentina (32°-34° S). The major debris
flows occurred in the Maipo and Aconcagua valleys (Chile) and

along the Mendoza River valley (Argentina), some of them simul-
taneously in both countries while others were induced by more
local storms. The debris flows caused serious disruption to the
international road infrastructure and had a high impact on the
population, mainly due to potable water supply cutoffs to major
cities (Moreiras and Septlveda 2013).

Two rainfall events on 21 January and 8 February 2013 caused
several debris flows in the central Chile Andean valleys. In both
cases, the rainfall was very localized, attributed to convective cells
that caused short, locally intense precipitations in discrete
subcatchments, common in the summer season (Garreaud and
Rutllant 1997). In the few meteorological stations around the area,
the measured rainfall was null or negligible, with a maximum of
1 mm of daily precipitation in the Maipo basin for 21 January
(DGA 2013; Table 1). Therefore, there is no information on the
precise amount of rain that produced the specific flows in the
catchments, although there is enough evidence from witnesses
that heavy rain caused the landslides. The January 2013 Maipo
basin debris flows in Chile produced a high concentration of
muddy sediments in the Maipo River, the main source (around
70 %) of potable water for the capital city of Santiago (population
approximately six million). The sediments reached around three
times the maximum concentration allowed by the water treatment
plants, which had to shut down. For this reason, the water supply
to over one million people was cut off for 1 day (Moreiras and
Septlveda 2013), and many more were affected by a partial sus-
pension of the water supply. The February 2013 events caused
similar problems for several days in cities such as Santiago, Val-
paraiso, Los Andes, San Antonio, and the resort city of Vina del
Mar, as well as several smaller towns due to the high sediment
concentrations in the Aconcagua and Maipo Rivers, causing major
disruption during the peak of the summer holiday season.

In Argentina, dozens of landslide events were triggered by
several convective storms spread over a 29-day period starting
on 12 January, with a peak event of 7 February. The triggering
rainstorms were clustered in the last 19 days of January and a
major episode in the first quarter of February. More than 600
people, mainly tourists, were trapped and isolated along the
international road due to the February events and had to be
rescued. As the debris material channelized into the Mendoza
River, a turbulent current flowed violently into the Potrerillos
Reservoir clogging the floodgates of the reservoir. The water
level of the reservoir rose 0.6 m due to sediment accumula-
tion. Meanwhile, potable water pools at plants were affected
by muddy waters and the sediments causing interruption in
the water supply of Mendoza City, with a population of more
than 800,000 (Moreiras and Sepulveda 2013). Local roads to
mountain villages in both countries were also blocked by the
flows and rockfalls. However, precipitation records did not
exceed 4 mm at the existing meteorological stations in the
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Table 1 Daily rainfall data in the Maipo drainage basin, Chile, for the debris flow events of 21 January and 8 February 2013

Station Altitude Daily rainfall (mm) Monthly rainfall (mm)
21 Jan

Rio Maipo El Manzano' 850 0.7 0 0.7 0
San José de Maipo retén’ 943 55 0 55 0
Rio Maipo San Alfonso’ 1092 0 0.2 0 0.4
Maitenes bocatoma' 1143 0 7 1 7.6
Maitenes” 1160 0 6.6 N/A N/A
San Gabriel' 1266 0 4 0 53
Queltehues” 1310 0 7 N/A N/A
Alfalfal” 1350 0 6,7 N/A N/A
Embalse El Yeso' 2475 n 6.8 13 9.3

Location in shown in Fig. 2

asl above sea level, N/A not available

1. Source: Direccién General de Aguas, Ministry of Public Works, Chilean Government
2. Source: AES Gener Hydroelectric Company

area, and there are no available records for the catchments
were the flows where triggered.

In this paper, we describe the most significant summer 2013
debris flow events that occurred in the Main and Frontal ranges in
both countries, covering their key geomorphological and sedimen-
tological features, discussion on the impact of this kind of event in
terms of hazard to local communities and the main urban centers
located downstream, and comment on the influence of changing
climate and the risk of future events.

Geological and geomorphological setting

The study area comprises the Central Andes (32°-34° S, Figs.1 and
2), mainly structured during the Andean Orogeny that began
20 Ma ago (Ramos 1996) and characterized by a young relief,
abrupt topography and high slopes. At this the latitude, the Central
Andes is composed of different morphostructural provinces. The
Coastal Cordillera and the western part of the Main Cordillera
form the Chilean Andes, while the rest of the Main Cordillera, the
Frontal Cordillera, and eastern Precordillera form the Central
Andes in Argentinean territory (Fig. 1). The study area includes
only the Main and Frontal ranges in both countries. The Main
Cordillera (MC) (Thiele 1980; Ramos 1996; Wall et al. 1999; Fock
2005) is characterized by Eocene to Miocene volcanic rocks of the
Farellones and Abanico Formations in Chile and the Aconcagua
Volcanic Complex in Argentina. These rocks overlie Mesozoic
marine and volcanic rocks. The marine sedimentary rocks in Chile
correlate with the Mendoza Group in Argentina, formed by black
shales, sandstones, limestones, and gypsum horizons. Tertiary
intrusive and synorogenic continental rocks known as the Santa
Maria Formation crop out in Mt. Aconcagua Park, while several
intrusive bodies are found on the Chilean side intruding the
volcanic formations. The border area between the two countries
represents the current volcanic arc from about the 33° S south-
ward, including some active volcanoes such as Tupungato-
Tupungatito, San José, and Maipo. This sector is developed by
thin-skinned structures such as in the Aconcagua Fold and Thrust
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Belt (AFTB) (Ramos 1996), some of which still present seismic
activity (Sepulveda et al. 2008). The MC highest peak is Mt.
Aconcagua (6958 m above sea level (asl)) in Argentina, located
beside the Mendoza River basin close to the border with Chile.
Most of the border area reaches elevations over 5000 m asl. The
main drainage basins to the west in Chile are the Aconcagua and
Maipo Rivers, while the Mendoza and Tunuyén Rivers form the
largest basins on the Argentinean side of the border.

The Frontal Cordillera (FC) is composed of units formed dur-
ing the Gondwanide Orogeny of the late Paleozoic to early Meso-
zoic. It is composed of Permo-Triassic volcanic rocks, mainly of
andesitic to silicic magmatic composition, known as the Choiyoi
Group. The Tambillos Formation is distinguished by the presence
of volcanites, rhyolitic lavas, and lacustrine deposits, whereas the
Horcajo Formation has rhyolitic-dacitic pyroclastic rocks and
lavas. The subvolcanic rocks of the group are represented by
granite bodies such as the Guido Granite, rhyolitic porphyries,
and andesitic dikes. Carboniferous sedimentary rocks crop out
in contact with Choiyoi Group. Structurally, the FC behaved as a
rigid block during the Andean deformation, as shown by the
presence of thick-skinned thrusts (Ramos 1996). This system com-
prises the Cordon del Plata and Cordon del Tigre ranges with
altitudes reaching over 6000 m asl (e.g., Mt. El Plata at 6200 m asl).

Rainfall in the Andean ranges of central Chile and Argentina
varies with topography due to orographic effects (Falvey and
Garreaud 2007; Viale and Nuiiez 2011). Arid conditions character-
ize the eastern foothills of the Andes with an annual precipitation
of 200 mm, reaching 500 mm in the highest peaks. In Chile, annual
mean precipitation varies from around 300 mm in the central
valley west of the MC to more than 600 and 750 mm in the high
mountains of the Aconcagua and Maipo basins, respectively (DMC
2001). Similarly, the rainfall seasonality changes with longitude:
While intense summer rainstorms predominate in the Argentin-
ean territory linked to the Atlantic Anticyclone, in Chile, precipi-
tations are concentrated during autumn and winter forced by the
Pacific Anticyclone (Garreaud and Rutllant 1996; Septlveda and
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Fig. 1 Shaded relief map with indication of main morphostructural units of central Chile and Argentinean Andes and location of area of landslide events described in this

paper

Padilla 2008; Viale and Nuiiez 2011) also influencing snow precip-
itation in the Argentinean Andes. In summer, precipitation events
in Chile on altitudes over 2000 m have mean values from 5 to
10 mm/month with a mean of 6 events (Garreaud and Rutllant
1997) while a summer precipitation regime is found on the
Argentinan side north of 35° S (Viale and Nuiiez 2011).

The study area is frequently affected by landslide events, par-
ticularly debris flows. In central Chile, several events have been
reported over the last decades (Hauser 2000; Sepilveda and
Padilla 2008). Probably the most significant of these took place
in May 1993, which affected a large area of the MC including the
city of Santiago, where debris flows generated in the mountain
front invaded the urban area causing dozens of deaths and large-
scale destruction (Naranjo and Varela 1996; Sepilveda et al. 2006).
While many reported cases have occurred in autumn and winter
periods, there are also some reports of summer debris flows,
similar to those described in this paper. For instance, in February
1980, a number of large flows were triggered by heavy rain in the
Aconcagua and Maipo basins, including a fatal case in a tributary
of the Mapocho River (Hauser 2000).

More than 300 historical landslide events have been trig-
gered by rainfall along the Mendoza River valley in Argentina
since the beginning of the twentieth century (Moreiras 2006).
Most of the damaging events have occurred in the localities
reported in this paper. Such are the cases of the violent debris
flows channelized along Quebrada Seca in 1974 and 2007, both
destroying the international route. A debris flow coming from
Quebrada del Camino razed a vehicle in 1942 due to an
intense storm in this catchment (Moreiras 2005, 2006). In
addition, debris flows coming from the so-called Picheuta A
zone interrupted the international traffic in 1997 and 2003
(Moreiras 2005).

Methodology

The debris flow areas were visited through quick field surveys
shortly after the events in both Chile and Argentina for identifica-
tion and preliminary mapping. Later, more detailed field visits
were carried out to the main debris flows sites for mapping,
deposit characterization, and sampling. Event volumes were esti-
mated where possible based on deposit areas measured on the
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Fig. 2 Google image showing location of main debris flow events that occurred during summer of 2013 in the Maipo and Aconcagua valleys in Chile (dots), and location

of meteorological stations indicated in Table 1 (stars)

field and mean thickness of relict deposits. The granulometric
distribution of flow deposit matrix was obtained from standard
sieving tests at Universidad de Chile and Universidad Nacional de
Cuyo laboratories. Coarse-grained material percentages were esti-
mated in the field by visual inspection. Meteorological data was
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collected from the Chilean Direccién General de Aguas (DGA) and
local hydroelectric company AES-GENER. Additional information
was recovered from reports of the National Directorate of Roads
(DNV) concerning exact time of occurrence, and progressive and
removed material removed from the international road.



The summer 2013 debris flows

Debris flow and mudflow in the Mendoza River valley, Argentina, in
January 2013

The first event occurred on January 12 in Uspallata Village (Fig. 3),
located in the valley separating the Frontal Cordillera and
Precordillera ranges. The hyperconcentrated flow sourced by in-
tense rainfall affected the Provincial Route 149, which was impact-
ed by a new flow on the following day and again 2 weeks later on
January 30. Also, an isolated debris flow was recorded in the
Arroyo Negro Creek located 20 km to the west on January 13
damaging the international road to Chile (Fig. 3). Huge blocks
came down into the road.

2425000

3
h A

fgg‘ ' ¥

On January 14, several small debris flows affected the sector
known as Guido (FC) (Fig. 4), mobilizing at least a volume of
500 m® according to the dimensions of the deposits preserved in
the area. The events were mainly triggered by water saturation of
fine material provided from weathered Permo-Triassic granite
belonging to the Choiyoi Group. The susceptibility of this material
to generate debris flows had been previously discussed by
Moreiras (2005). However, two types of debris flows could be
distinguished: (a) debris flows associated with little basins—but
steep slopes—draining onto active alluvial fans where flows are
channelized, and (b) flows sourced from saturated fine material
accumulated on talus cones that mobilized without confinement
in pre-existent, well-established channels and may thus be

2450000

Fig. 3 Google image showing location of events that occurred during summer of 2013 along the international road to Chile in the Mendoza River valley
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Cluster of January 14th events

Fig. 4 a Location of debris flows reported at Guido locality (FC) on January 14 along the international road generated from the Permo-Triassic Guido Granite, and a minor
rockfall originating from fractured Paleozoic outcrops (G1); b the G1 rockfall deposit; c the G4 debris flow associated with a minor alluvial cone; d the G3 debris flow was
deposited on the road as a consequence of the lack of any channelization system (culvert); e active alluvial cone of the G3 (please note person for scale); f the G6 debris
flow associated with talus cone; g the G12 debris flow generated by mobilization of fine granitic gravel accumulated on a talus cone on Guido Granite

classified as debris avalanches (Hungr et al. 2014). In this area,
most of the material was removed by the latter type during Janu-
ary 2013 (Table 2), contrary to what is usually found in this
mountain region, where alluvial debris flows are the most com-
mon processes generated during summer rainstorms (Moreiras
2006).

Debris avalanches G2 and G3 (Fig. 4) came from a basin with a
small area (1.3 km®) and a mean slope of 36°. These events affected
the international road. Flows G4 and G5 corresponded to debris
flows draining onto an alluvial cone. In contrast, G6, G7, and G8
were generated from a talus cone 2.5 km long fed by a steep granite
outcrop of 76° slope and may also be classified as debris ava-
lanches following Hungr et al. (2014). The greatest event at the
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Guido locality corresponds to Gi2, a debris avalanche associated
with a talus cone that mobilized an estimated volume of 250 m® of
gravel (Fig. 4b).

During the same day, a minor rockfall (G1) was generated from
fractured Paleozoic outcrops at the Guido locality. Smaller clasts of
0.1 m in diameter predominated in this collapse due to damage of
the outcrop caused by blasting during road construction, but rock
blocks of 0.7-m maximum diameter were also observed (Fig. 4b).
The road pavement was not severely damaged, reason for which
we presume that collapsed material should be extremely saturated
with water, acquiring a flow-like mechanism.

Further minor events were reported during the whole day of
January 15 in the Guido locality, mainly in the sector of Gy (Fig. 4),



Table 2 Major landslide events during 2013 summer in central Chile and Argentina

Location Event code(s) Travel Angle (H/V) Classification®
Guido (AR, FC) G1 14/01/2013 95 3.28 Rockfall

Guido (AR, FC) G2, G3 14/01/2013 2667 2.6 Debris flow
Guido (AR, FC) G4, G5 14/01/2013 959 2.63 Debris flow
Guido (AR, FC) G6 14/01/2013 374 0.89 Debris avalanches
Guido (AR, FC) G7 14/01/2013 370 245 Debris avalanches
Guido (AR, FC) G8 14/01/2013 237 2.15 Debris avalanches
Guido (AR, FC) G9 14/01/2013 273 246 Debris avalanche
Guido (AR, FQ) G10 14/01/2013 224 3.74 Debris avalanche
Guido (AR, FC) G11 14/01/2013 374 232 Debris avalanche
Guido (AR, FQ) G12 14/01/2013 608 1.8 Debris avalanche
Guido (AR, FC) G13 14/01/2013 224 3.09 Debris avalanche
Guido (AR, FC) G14 14/01/2013 223 2.57 Debris avalanche
Guido (AR, FC) G15 14/01/2013 337 2.13 Debris avalanche
San Alfonso (CH, MC) SA 21/01/2013 >1300 0.02-0.16 Debris flow
Volcan River (CH MC) V1; V2, V3 21/01/2013 >990 0.23-0.45 Debris flows
Volcan River (CH, MC) VS 21/01/2013 1080 0.58 Debris flow
Quebrada Seca (AR, MC) Qs1) 23/01/2013 2446 >14.1 Debris flow
Picheuta (AR, MC) PC1, P2 07/02/2013 22296722 3.71-6.16 Debris flows
Picheuta (AR, MC) PA1 07/02/2013 971-2222 2.25-4.03 Debris flow
Picheuta (AR, MC) PA2 07/02/2013 1054-2432 2.7-5.98 Debris flow
Picheuta (AR, MC) PB1, PB2 07/02/2013 1036-3420 2.59-3.68 Debris flows
Quebrada Seca (AR, MC) Q52,Q53,Q54 07/02/2013 9043 9.13 Debris flows
Quebrada del Camino (AR, MC) Q1 07/02/2013 1682-6246 6.79-8.31 Debris flow
Cortaderas (AR, MC) CO71, others 07/02/2013 437-731 2.53-3.24 Debris flows
Cortaderas (AR, MC) — 07/02/2013 = — Rockfalls
Colorado River (CH, MC) 1, @, G, 040,00 08/02/2013 600-3000 0.29-0.45 Debris flows
Colorado River (CH, MC) (51, €S2, CS3 08/02/2013 1500-5500 0.35-0.49 Debris flows
Lagunillas (CH, MC) = 08/02/2013 60-700 0.27-0.47 Mudflows
Riecillos (CH, MC) R1 08/02/2013 N/A N/A Debris flow
Quebrada Seca (AR, MC) QS5 13/02/2013 N/A N/A

AR Argentina, CH Chile, FC Frontal Cordillera, MC Main Cordillera, N/A not available
2 After Hungr et al. (2014)

and a violent flow channelized into the Quebrada Seca gully
(Fig. 3) interrupting the international traffic of Road 7 to Chile
later on January 23. According to a report by the National Direc-
torate of Roads (DNV 2013), a huge amount of debris must have
been remobilized from the road due to this event.

The 21 January debris flows in Santiago Cordillera, Chile

The 21 January event produced important debris flows in the
Maipo River drainage basin (33.5°-33.8° S), while minor flows
and flooding were reported in the Cachapoal Valley (34° S), caus-
ing road interruptions (Moreiras and Sepiulveda 2013;
Sernageomin 2013a, b). The most damaging event occurred in the

San Alfonso Creek and other minor lateral tributaries of the
Volcén River in the Maipo basin (Fig. 2 and Table 2).

The debris flow event on this day in San Alfonso Creek, Maipo
Valley (Figs. 1, 2, and 5), with an estimated deposit volume of over
5000 m?, followed a narrow, 9.3-km-long gully with a drop in
height from about 3200 to 1090 m asl in its confluence with the
Maipo River. The thalweg slope varies between 8° and 31°. Splash
marks at bridges next to the confluence with the Maipo River show
that the flow reached heights of up to about 3 m with marks up to
5 m upstream. The thickness of the deposits varies between less
than 1 m in the distal zone up to 2 m in the middle section. The
deposits are generally well graded and are composed of
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Fig. 5 a Middle and lower sections of San Alfonso Creek with indication of sampling points. b Splash marks and flow deposits at sampling point SA(1)

subangular volcanic clasts, mainly between 5 and 20 cm, but up to
about 1-m diameter in a sandy matrix with 10-20 % medium
plasticity fines (Fig. 6). The most abundant fine materials are
found in the gully middle section.

Meanwhile, the same climatic event caused smaller debris
flows and mudflows in at least four lateral, steep creeks in a
4-km-long section plus a fifth a few kilometers further east in
the Volcdn River valley, a main tributary of the Maipo River
(Figs. 2 and 7 and Table 2). The flows deposited on alluvial
fans, where older deposits of similar characteristics can be
recognized, and affected the G-25 road. The flows originated
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at heights between 3200 and 3500 m asl, by remobilization of
loose material in the gully channels and adjacent talus cones.
The gullies vary between 3.5 and 5.5 km in length, with
average thalweg slopes of 18°-27°. The alluvial fans have
gradients between 6° and 15°. The flows tended to incise the
former channels up to about 5 m, leaving levees on the edges
and forming new erosion and deposition channels in the
alluvial fans (Fig. 7). Deposit thicknesses, varied between 1
and 2 m, are poorly graded and are composed mainly of
gravel and decimetric blocks of variable proportion in a
sandy-silty matrix, sometimes with more abundant clay. In
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Fig. 6 Granulometric distribution of 21 January 2013 debris flow deposits at a San Alfonso Creek debris flow deposits along the middle and distal sections of the gully and
b along a lateral gully (V3) of the Volcan River valley. Dashed lines indicate field estimates, and full lines laboratory analyses of the matrix materials. Sample locations

in Figs. 4 and 6
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Fig. 7 a Location of debris flows in lateral gullies of the Volcén River; b erosion channel formed by 21 January flow in a lateral creek of the Volcan River; ¢ example of

debris flow gravelly deposits

this case, finer materials are found in the upper gully and the
distal parts of the alluvial fan (Figs. 6 and 7).

The 7-8 February debris flows in central Argentina and Chile
On 7 February, at least 38 landslide events occurred along a 20-km
section of the Mendoza River valley between Polvaredas and
Uspallata (Fig. 3). They mainly correspond to debris flows and
rockfalls according to Hungr et al. (2014; Table 2). As a conse-
quence, the international traffic was interrupted for 5 days. As a
result, 180 trucks were stranded, 660 people were isolated, and 74
tourists had to be evacuated by helicopters.

The first event recorded on February y was reported at
4 a.m. near Picheuta (PCi, Table 2) associated with an active
alluvial cone system identified in this paper as Picheuta C.
This channelized debris flow ran nearly 4 km from the source
area descending 960 m over contrasting slope gradients that

range from 55° in the highest mountainous areas to less than
20° in the alluvial cone surface. This debris flow with an
estimated volume of 115,000 m® was the largest recorded in
these clustered events causing severe damages to the interna-
tional road (Route N°7, hereafter Ry). It generated a hole 8 m
deep due to basal block erosion. The thickness of the deposit
on the road was measured at 2 m over 300 m; preserved
levees of 5.3 m were observed (Fig. 8). The mean boulder size
was 0.30 to 0.60 m in diameter, while the largest blocks were
1.3 m in diameter. The matrix content was low in this deposit,
around 20 %, where gravel and sand grain sizes predominat-
ed. Boulder composition was mainly monolithic, comprising
red rhyolitic volcanites that belong to the Choiyoi Group. A
new unsuspected, smaller debris flow happened 2 h later in
the same alluvial track (PC2). Deposit thickness reached 3.8 m
and maximum blocks of 0.7 m in diameter were observed,
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\

Fig. 8 Debris flows in Picheuta area: a Google image on 15/02/2009 showing gullies of main debris flows in Picheuta area. b Deposit of PC2 debris flow over the previous
PC1 that occurred 2 h earlier, both associated with the Picheuta C active alluvial cone system (Km 1,175.7). ¢ Deposit of PC2 channelized into the previous one in the distal

part of the alluvial fan. Predominance of red color is due to lithology

with the mean clasts size varying from 0.2 to 0.8 m. In this
case, the matrix was finer and more abundant, about 50 to
60 % (Fig. 9).

During the same day, another large debris flow was reported
2 km down the valley (PA1, Fig. 8 and Table 2) on an active alluvial
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cone system identified in this paper as Picheuta A (Fig. 10). The
channelized debris flow cut the alluvial cone in two tracks and
blocked two sections of the road Ry. The estimated volume for this
event was 43,000 m’. Levees 5 m high are preserved in the main
track (Fig. 10). Deposits along the two tracks show boulders
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Fig. 9 Grain size distribution of Picheuta (PC2), Cortaderas (CO1), and Quebrada Seca (QS2) debris flows. Dashed lines indicate field estimates, and full lines laboratory

analyses of the finer matrix materials

varying from 0.2 to 3 m in diameter (Fig. 10). Some blocks reached
10 and 16 m’ in volume. The matrix content constitutes around
35 % in the middle track deposits, reaching 55 % at the toe. Boulder
composition was mainly monolithic comprising rhyolitic
volcanites of the Choiyoi Group. This debris flow ran 1.5 km from
the source area descending 700 m over steep slopes ranging from
35° to 65° Deposit thickness was measured at 2 m on the road.

Another debris flow was reported in this sector of Picheuta area
(PA2) with an estimated volume of 14,300 m>. This channelized
event ran nearly 1 km until reaching the Mendoza River and
blocked the road for about 100 m with a 1-m-thick deposit
(Fig. 11). Splash marks on a volcanite outcrop show that the flow
reached a height of 0.7 m near Mendoza River valley (Fig. 11b).
However, levees in the middle track are thicker, reaching up to
1.8 m. In this deposit, blocks of 0.3 to 0.7 m in diameter appear in
an abundant fine red matrix (Fig. 11c). The area is well known for
its past landslide activity, with previous debris flows in 1963, 1975,
1998, and 2006 (Moreiras 2005). However, estimated volumes of
these ancient events, which rarely surpassed 6,000 m?, were a third
part of the 2013 event (Moreiras 2006). Nevertheless, the availabil-
ity of much material in this little basin could potentially generate a
volume double that of the recent event.

Related to another alluvial cone in the same area, two further
debris flows identified in this paper as PB1 and PB2 interrupted the
road. The former deposited material along 20 m of the road with a
thickness of 2.5 m and blocks up to 4 m in diameter, while PB2 was
a smaller event covering 50 m along the road.

A large hyper-concentrated flow coming from the Quebrada
Seca gully also interrupted the road on February 7 (QS1, Fig. 3 and
Table 2). This flow reached the road depositing material of 3 m
high and affecting 500 m of the road and entered the Mendoza
River burying two bulldozers and other road machinery (Fig. 12).
Thirty vehicles were stranded in the mountains as a result of this
event. Debris material transported boulders up to 3 or 4 m?, and

abundant matrix reaching 50 % was observed (Fig. 12d). The grain
size distribution of this soil matrix reveals mainly gravel (Fig. 9). A
volume of 15,000 m® was estimated for this event.

Toward the north, another channelized flow from Quebrada
Seca affected the road in a section of 50 m after a culvert was
clogged by the detrital material. At least 0.5 m of material was
deposited on the road (Fig. 12e). A minor debris flow was reported
in the northern channel of the Quebrada Seca fan, drained by a
culvert that passes under Ry (Fig. 12f).

A further debris flow was reported between Quebrada del
Camino and Quebrada Seca, with no drastic consequence. How-
ever, it must be noted that this active alluvial fan is fed by an
extremely huge source area, covering an area of 60.10 km®. Per-
haps this is the reason why numerous historical events in this gully
have been documented, e.g., those in 1974, 1976, 1980, 1983, 1999,
2000, 2006, and 2007 (Moreiras 2005, 2006). The event recorded in
2007 had an estimated volume of 33,500 m>.

Furthermore, other 22 events were recorded on February 7 in
Cortaderas area located 5 km upstream, along the international
road. These events consisted mainly of rockfalls, but also debris
flows, mobilizing a total volume estimated at 50,000 m®. Particu-
larly, a rockfall in tunnel 13 buried four cars under mud and
boulders (Fig. 13). This 1-m-high saturated deposit had a limited
volume of up to 50 m? however, it posed great danger. Fourteen
persons including four children were isolated over the night before
they were rescued by the police. The flows can be classified as
debris flows (Table 2) as they are mainly composed of gravel and
boulders with scarce (<30 %) sand and fines (Fig. 9). This event
left a deposit of 1.5 m thick covering a 20-m-long section of the
road.

Rockfalls in the Mendoza Valley are associated with intensely
fractured outcroppings of volcanic rocks or weathered granites
that become water-saturated after sudden and local rainstorms
during summer time. A low threshold precipitation (6-12 mm
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Fig. 10 Debris flows that occurred on 7 February in Picheuta area generated on alluvial fan A (Km 1173.1): a location of two tracks of PA1. b Debris flow deposit removed
from the international road N°7. ¢ Characteristics of channelized debris deposit where matrix content and boulder sizes could be observed. d, e Greatest boulders observed

in the PB1 debris flow

per day) was previously determined for this region (Moreiras
2006), but some historic debris flows channelized into the
Quebrada Seca gully occurred with 23 mm of precipitation, as
recorded at Uspallata station. However, as noted initially by
Moreiras (2006), threshold value estimation is based on scarce
meteorological stations along the Mendoza River valley, excluding
upper catchment areas where most of the debris flows are gener-
ated by mobilization of debris and boulders. These
hyperconcentrated flows when channelized into long and steep
gullies may reach velocities of up to 35 to 50 m/s (Moreiras 2009).
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Several rockfalls were reported in an unstable talus zone also
located in the Picheuta area. Another debris flow was reported in
the Arroyo Negro gully. Later, on 9 February, another flow affected
the Route 149 in Uspallata after a rainstorm and a minor event
occurred in the Quebrada Seca at midday on the 13th.

In Chile, in the evening of 8 February 2013, intense localized
rainfall produced at least nine debris flows in small tributaries of
the Colorado River (33.5° S, Fig. 2 and Table 2), a main branch of
the Maipo basin along the route to the Maitenes and Alfalfal power
stations. Other minor mudflows were located at the Lagunillas ski



Fig. 11 Pictures of PA2 in the Picheuta area (Km 1,171). a Debris flow deposit removed from international road. b Splash marks near Mendoza River valley showing the
thickness of the deposit; the arrow indicates a person as scale. ¢ Detail of debris flow matrix

center east of San José de Maipo Town (Fig. 2). On the same day,
some flows affected tributaries of the Aconcagua River, including a

particularly large debris flow in the Riecillos Creek (32.8° S. Fig. 2).

The rain in the Colorado Valley generated concentrated surface
water flow in nine small and narrow gullies of ~1 km long in a
section of about 10 km along the valley (Fig. 14), blocking the road

that runs a few hundred meters parallel to the river (Sernageomin
2013a). The gully catchments reach maximum elevations between
1500 and 2500 m asl, and thalweg slopes vary from between 20°
and 25° in the gullies to 5°-10° in the depositional area. The
thickness of the deposits varies between 1 and 2 m in the deposi-
tion area, diminishing to 20-30 cm up in the gullies. Splash marks
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Fig. 12 Pictures of the channelized debris flows in different parts of the Quebrada Seca alluvial cone system: a hyper-concentrated flow QS1 (Km 1,171) that severely
impacted on international road. b Detail of bulldozer buried by the QS1 its path into the Mendoza River. ¢ Both bulldozers buried by the flow. d Debris material with
abundant matrix content (50 %). e Debris flow channelized into another channel invading the road due to culvert obstruction. f Minor debris flow coming from the

northernmost channel

vary between 2 and 5 m high along the gullies and less than 2 m
next to the road (Fig. 14). Profiles in the deposits show that this
type of alluvial activity is recurrent, with fresh deposits on top of
older but very similar deposits (Fig. 14). Field and laboratory
granulometric analyses show that the deposits vary from poorly
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to well graded, being composed of decimetric blocks in a matrix of
mud, sand, and gravel with about 10 % of fine-grained sediments,
classifying as debris flows (Fig. 15 and Table 2).

On the same day, a larger debris flow (estimated volume ex-
ceeding 10,000 m’) affected the Riecillos Creek, a 20-km-long



Fig. 13 Pictures of rockfalls and debris flows reported in the Cortaderas area: a rockfall generated from talus cones passing over a contention wall along 1.5 km of

international road, and b rockfall in tunnel 13 burying four cars (Km 1,178)

north-south trending valley, and a secondary gully in the Acon-
cagua Valley, which damaged several houses and two minor brid-
ges in the village of Riecillos located in the alluvial fan area
(Moreiras and Septlveda. 2013). The Riecillos Creek catchment
reaches up to 3600 m asl, with a gentle thalweg slope of about 5°.
At its confluence with the Aconcagua River, the creek forms a large

alluvial fan with an average slope of 2°-3°, where the Riecillos
Village is situated (Fig. 16). The main flow left in the village area
splash marks of up to 3-4 m high in trees and on houses. Close to
the fan apex, the flow did not leave major deposits in the blocky
creek bed, with the exception of 30-40-cm thick overflow deposits.
In the middle section of the debris fan, stratified debris flow
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Fig. 14 a Location of debris flows in lateral gullies of the Colorado valley; b example of splash marks; d example of 2013 fresh deposit above older, similar debris flow

deposits

deposits, including fresh sediments, can be observed, with rock
blocks generally less than 20 cm in a sandy matrix. The main
deposits are located in the distal part of the alluvial fan, showing
blocks exceeding 50 cm but mainly below 30 cm in a sandy-
gravelly matrix. Fine-grained material is less abundant than in
the apex area, possibly due to washing by the creek flow (Fig. 15).
The flows reached the Aconcagua River, leaving mud deposits
across the international road on the opposite side of the main
valley.
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Discussion

The debris flow events during the 2013 Southern Hemisphere
summer show that several events may be simultaneously produced
by very localized, heavy rainfall. The extent of the storms produc-
ing the flows may be just a few kilometers, so that they may not
have been properly measured by meteorological stations, as shown
in the Maipo Valley in Chile, where the records are quite variable
(Table 1). While the monthly values at some stations are compa-
rable to the average rainfall reported in the literature (Garreaud
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Fig. 15 Grain size distribution of 8 February 2013 debris flow deposits at a lateral tributary gullies C4 and C6 in Colorado Valley and b Riecillos Creek alluvial fan. Sample

locations in Figs. 13 and 15

and Rutllant 1997), the daily peaks during the events are generally
small or negligible, suggesting that the triggering storms are very
local, at least in Chile. This fact along with the lack of stations in
the catchments where the flows are generated makes it difficult to
determine the rainfall threshold values for the triggering of these
events in both countries. Nevertheless, it was a wet summer season
with rainfall in the region well above average . For instance, the
precipitation recorded in Mendoza City until mid-February
(60 mm) was 50 % higher than the mean monthly historical
precipitation. New but fewer cases were again detected in the

summer of 2014, including new flows in Riecillos and Quebrada
Seca. This raises the question of the potential effects of climate
change. Presumably, these heavy rainfall events in the region will
be more frequent (IPCC 2009) and therefore the hazard related to
debris flows in the mountains of central Chile and Argentina
would also be increased. Even though general circulation model
simulations predict a significant decrease in precipitation over the
region for the next five decades (Cubasch 2001), and a strong
interdecade variability with an overall negative trend (Quintana
2004) is shown by annual and winter rainfall variations in central

Fig. 16 a Location of debris flows in Riecillos Creek and secondary gully; b debris flow deposits in the apex area; ¢ splash marks in Riecillos Creek
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Chile between 30° and 33° S, increased rainfall anomalies took
place within this period. Landslide-inducing precipitation in sum-
mer seems to be conditioned by the Atlantic Anticyclone. The
cluster of events of January and February 2013 were first recorded
in the Argentinean Andes and 1 day later in Chile, suggesting that
precipitation may be related to the eastern Anticyclone.

Most flow deposits show a fine-grained soil matrix usually
ranging between 10 and 20 %, classifying as debris flows according
to Hungr et al. (2014; Table 2). The relatively high content of fines
favors the movement as viscous flows. The sand and gravel con-
tent is variable, with a tendency to be slightly coarser in Chile,
where the source basins tend to be smaller and steeper, producing
flows of smaller volume and coarser materials compared with
those of Mendoza Valley in Argentina.

Debris flows channelized into alluvial cones have been widely
reported; therefore, they are commonly considered during the
building of road infrastructure. However, the volume and frequen-
cy of these events have often been misjudged. Basic prevention
measures were omitted in many sections of the Ry international
road in the Mendoza Valley. This is the case of debris flows G2, G3,
G4, and Gs reported on January 14. Moreover, major damage
caused by many debris flows that occurred in the Picheuta area
in February was probably due to no or inadequate provision of
mitigation measures, e.g., division channels and debris retention
structures. Only the Quebrada Seca gully has been provided with
draining culverts, but the dimensions seem to be inadequate as
they were blocked during the summer 2013 events. Similarly, in the
case for the San Alfonso and Riecillos Creeks in Chile, there were
undersized bridges crossing the streams, while other cases report-
ed here lacked mitigation measures for debris flows or flash floods.

Not only debris flow processes have been underestimated.
Likewise, talus areas have been regarded as rockfall-prone areas
but ignoring the susceptibility of fine material to generate gravelly
and sandy debris avalanches. Some retention walls have been built
at the toe of this talus, but they are ineffective protection measures
for the road as boulders or flows commonly overtop those
structures.

This extreme and dramatic situation had a significant economic
cost for the province of Mendoza in Argentina and the Santiago and
Valparaiso regions in Chile. In Mendoza, six helicopters were required
to rescue people and transport food, water, medicines, and clothing to
affected tourists. Specific earth-moving equipment had to be deployed
for almost 20 days following the event for clearance of mud and rocks
from the road surface. At least 30 bulldozers and front loaders were
used and 3 were buried by moving debris at the Quebrada Seca gully.
The total economic loss due to disruption to international road traffic
was over 3 million dollars as. In Chile, millions lacked a basic water
supply for hours and in some cases several days. The events took the
authorities and communities by surprise. If predictions of increasing
heavy rainfall events due to global warming are correct, the risk faced
by the local communities will also increase. The region has a record of
historic debris flows, some of them much larger than those reported
here (Hauser 2000; Moreiras 2009); thus, the events of 2013 must be
taken as a warning. The evidence points to the need for taking into
account these natural hazards affecting our vulnerable societies in the
planning and design of infrastructure. Mountain road infrastructure
must be much more robust and provided with structural mitigation
measures, and water supply companies must not entirely rely on
surface running water from main rivers as they may quickly be
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overloaded with sediment when debris flows occur in the highlands.
For a proper design of future mitigation measures, a well-documented
description of the debris flow events and their main characteristics
would be useful, along with further investigations into the meteoro-
logical conditions that trigger these landslides.

Concluding remarks

The January and February 2013 rainfall-induced landslides in the
Chilean and Argentinean central Andes were triggered by local
summer storms. They can be classified based on their composi-
tion, grain size, and movement characteristics as debris flows,
debris avalanches, and rockfalls. Most of the landslides correspond
to debris flows, which caused serious disruption to the road
infrastructure and had a large socio-economic impact on major
cities such as Santiago, Mendoza, and Valparaiso, due to the
potable water supply relying on running river water, which was
overloaded with sediments from the debris flows in lateral gullies.
The very localized nature of the triggering storms and lack of a
dense network of meteorological stations preclude an analysis
based on good quality rainfall data. The summer rainfall patterns
in the region need to be investigated further in order to produce
rainfall threshold models applicable to hazard analyses. Most
flows were formed from remobilization of loose debris in short
but steep gullies forming tributaries of the main valleys. The
deposits are mostly coarse grained with a silt and clay content
usually over 10 %, which favors the channelized movement of
viscous flows in the lateral gullies. These events showed a high
vulnerability of the road and water supply systems, which can be
severely affected by the occurrence of relatively moderate debris
flow events. Several lessons can be learned for the development of
engineering works to mitigate the effects of these landslide haz-
ards, which are expected to be repeated maybe more frequently in
the near future due to the effect of climate change.
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