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Abstract 16 

The western flank of the Central Andes hosts some of the largest terrestrial landslides (v >km3), 17 

which morphologies are particularly well-preserved due to low erosion rates related to the 18 

hyper-arid climate prevailing in this region since the Miocene. First-order questions are 19 

pending about the factors controlling the development and the triggering of those large-scale 20 

slope failures. Previous studies provided some geomorphological analysis and dating on 21 

individual study cases, but a regional-scale vision of landslide processes long the Central 22 

Western Andes is missing. 23 

Here we report an original inventory of large landslides (areas from 0.1 to 180 km²) established 24 

along the western flank of the Central Andes between latitudes ca. 15 and 20° S, and from the 25 

Pacific coast to the Altiplano. Based on manual mapping (using satellite images analysis, 26 

Google Earth and DEMs analysis) and a compilation of previous works, we inventoried more 27 

than a thousand large landslides in this region. We then statistically explored the database 28 

according to the landslides typology, size, abundance and relation to geologic, tectonic and 29 

climatic settings of the Central Western Andes in order to provide a first insight on their 30 

controlling factors. Landslide size-frequency distribution follows a power-law with an exponent 31 

of 2.31±0.16 and a cut-off of 4.0±1.9 km² showing a strong contribution of the largest 32 

landslides to the cumulated landslide area. We revealed a dominance of rockslide typology 33 

(86%) characterized by in-mass slides, the rest being rock-avalanche type (14%) marked by 34 

typical granular-flow morphologies. Combination of specific lithology and great local relief 35 

emerge as favorable conditioning factor for large landslide initiation, in particular in the case of 36 

river incisions though ignimbrites of the Paleogene-Neogene (Huaylillas Formation), 37 

concentrating >30% of the landslides. Moreover, landslide clusters tend to follow crustal faults 38 

networks suggesting a long-term control of tectonic activity. Most of the identified landslides 39 

are paleo events. We tentatively argue that their triggering could not have been possible in the 40 

current hyper-arid conditions of the Atacama Desert and its periphery. Future research 41 



providing dating on some of the landslide clusters identified in this study is needed to explore 42 

possible temporal correlations between periods of landslide activity and external seismic 43 

and/or climatic cycles. 44 

 45 
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factors. 47 

 48 

1. Introduction 49 

Landslides are ubiquitous gravity phenomena on Earth, found in any environment with slopes. 50 

Their triggering is conditioned by the internal mechanical and hydrological properties of 51 

geomaterials (Guzzetti et al., 1996; Stead and Wolter, 2015), and may depend on external 52 

factors associated with seismotectonic activity (Fan et al., 2019) or climatic variations (Panek, 53 

2019). They constitute one of the major sources of hazard, responsible for thousands of 54 

victims and billions of dollars in damages each year (Petley, 2012; Froude and Petley, 2018; 55 

Wallemacq & House, 2018). The constant growth of the world population associated with the 56 

ongoing climate changes are factors that may severely increase the level of risk and hazard 57 

related to landslide activity (Gariano et Guzzetti, 2016; Haque et al., 2019). In this context, a 58 

better understanding of landslide processes and their causative factors is crucial and those 59 

questions have received a growing interest (Wu et al., 2015). On longer timescales, landslides 60 

are recognized as the main erosional process in orogenic zones (e.g. Korup et al., 2007). 61 

Landslide rate is thought to mirror the long-term trend of tectonic uplift, landsliding 62 

continuously affecting steep slopes along the valley flanks of incising rivers (Larsen and 63 

Montgomery, 2012). Doing so, landslides are the main agent transporting material from 64 

hillslopes to rivers and limiting the elevation and the relief construction in mountain ranges 65 

(Whipple et al., 1999; Montgomery, 2001; Roering, 2012). 66 



To disentangle hazard issues and to progress toward a better understanding of landslides 67 

processes, research strategies based on landslide inventories have shown interesting potential 68 

(Malamud et al., 2004; Guzzetti et al., 2012). Numerous landslide inventories have been built 69 

after single storm events or strong earthquakes, using remote sensing approaches to detect 70 

the triggered landslides (see reviews in Marc et al. (2018) and Tanyaş et al. (2017), for rainfall-71 

induced and earthquake-induced landslide inventories, respectively). Providing statistics on 72 

landslide processes, those inventories can highlight specific patterns and reveal generic 73 

landslide properties, such as the earthquake-induced landslide size decreasing with distance 74 

from the fault trace (Valagussa et al., 2019), the control of relief on landslide size (Medwedeff 75 

et al., 2020) or the influence of total rainstorm on the proportion of large landslides (Marc et 76 

al., 2018). However, deciphering landslides patterns on a longer time scale (hundreds to 77 

thousands of years) and at a large spatial scale is more complex because erosion continuously 78 

removes the geomorphological evidence of past events. Furthermore, automatic detection of 79 

past landslides in landscapes is not efficient at present-day and establishing paleo landslides 80 

inventory requires a manual mapping based on expert vision (e.g. Pánek et al., 2019; Görum, 81 

2019). Those inventories allow to understand the relations between large landslides and relief 82 

properties at an orogenic scale and to unravel the respective effects of long-term 83 

seismotectonic activity and Quaternary climate changes on slope instabilities. 84 

In this study, we focus on large landslides along the western flank of the Central Andes 85 

between ca. 15° and 20°S, in both south Peru and north Chile, and we aim at establishing a 86 

comprehensive inventory of landslides in this area. This region is an atypical place for several 87 

aspects. First, it is particularly active geodynamically, related to the long-term convergence 88 

between the Nazca and the South America plates (Armijo et al., 2015; Martinod et al., 2020). 89 

This global shortening generates relief construction (Martinod et al., 2020) and produces 90 

instantaneous deformation (subduction and crustal seismicity; Villegas-Lanza et al., 2016) 91 

coupled with long-term processes of surface uplift (Thouret et al., 2017) and volcanism 92 



(Mamani et al., 2009). Second, the climate of this region is specific, with some places being one 93 

the driest worldwide: referred to as the Atacama Desert in Northern Chile and Southern Peru 94 

(Hartley and Chong, 2002). This desert, where a hyper-arid climate has been maintained for 95 

several millions of years (e.g. Hartley and Chong, 2002; Dunai et al., 2005) is often referred to 96 

as a Martian proxy (Valdivia-Silva et al., 2011; Irwin et al., 2014). The long-term aridity is 97 

responsible for very low erosion and weathering rates (1-10 mm.kyr−1; Nishiizumi et al., 2005), 98 

allowing for exceptionally long preservation of landscapes and offering a unique time window 99 

to study slope instabilities at geological time scales. At the same time, strong storms can 100 

episodically occur during El Niño event. Finally, the western flank of the Central Andes hosts 101 

some of the largest landslides ever identified on the emerged Earth surface (e.g. Chuquibamba 102 

(Margirier et al., 2015), Caquilluco (Crosta et al., 2015), Lluta (Strasser and Schlunegger, 2005), 103 

mobilizing volumes of several cubic kilometers, with kilometric long run-outs, similar to those 104 

reported on the Mars surface (Lucas et al., 2014). Some previous studies have been conducted 105 

on those individual slope failures, revealing that the instabilities are ancient with ages ranging 106 

from tens to hundreds of thousands of years (Zerathe al., 2017; Crosta et al., 2017; Delgado et 107 

al., 2020; Sánchez-Núñez et al., 2020). However, questions remain about the link between 108 

those landslides and the conditioning factors along the Central Western Andes and also with 109 

the seismicity and the past climate variations in this region. Other preliminary works have 110 

revealed that much more large landslides may exist there (Audin & Bechir 2006, Matther et al., 111 

2014; Crosta et al., 2014) but a general view of the distribution of the landslide activity at the 112 

scale of the Central Western Andes instabilities is missing. 113 

The scope of the paper is to establish a landslide inventory as exhaustive as possible along the 114 

northermost Central Western Andes (ca. 15° - 20°S), our strategy was based on a review of 115 

previous works on landslides existing in the literature for this region and on an original 116 

mapping of unrecognized large landslides based mainly on satellite images, Google Earth and 117 

DEMs analysis. The finalities of this study are: (1) to provide an updated database of large 118 



landslides existing between latitudes ca. 15 and 20°S. This database will be open and may be 119 

modifiable; (2) to provide a first-order view of their typology, size, abundance and distribution; 120 

and (3) to search for statistical patterns between landslide distribution and background 121 

settings in order to better understand their conditioning factors. 122 

 123 

2. Settings of the Western flank of the Central Andes 124 

2.1 Geodynamic and large-scale morphology 125 

The Andean cordillera is located on an active tectonic margin where the subduction of the 126 

Nazca plate beneath the South American plate occurs since ∼50 Ma (Pardo-Casas and Molnar, 127 

1987) with a convergence rate of ~62 mm.yr−1 (Villegas-Lanza et al., 2016). This process 128 

generates the construction of the Andes and leads to the formation of successive volcanic arcs. 129 

Their locations varied in time and were controlled by the change of the dip of the subduction 130 

slab (Isacks, 1988; Allmendinger et al., 1997; James & Sacks, 1999; Sobolev & Babeyko, 2005; 131 

Haschke et al., 2006; Mamani et al., 2008, 2009). This dynamic produced long-term crustal 132 

thickening controlled by magmatic underplating and tectonic shortening. The western flank of 133 

the Central Andes is classically subdivided into three main areas (Fig. 1) based on different 134 

geological and morphological settings inherited from the long-term geodynamics evolution of 135 

the Andes. 136 

The first area corresponds to the Coastal Cordillera (CC) which is mainly characterized by 137 

Proterozoic craton (so-called the Arequipa massif, Cobbing & Pitcher 1972) represented by the 138 

association of gneisses and migmatites which have been later intruded by Paleozoic plutons 139 

(Cobbing & Pitcher, 1972; Cobbing et al., 1977; Mukasa & Henry, 1990). This Coastal Cordillera 140 

forms currently a narrow band reaching 50-km-wide and moderate relief and elevation up to 141 

1000 m a.s.l. along the Pacific coastline. 142 

The second area corresponding to the Central Depression (CD) exhibits Tertiary sedimentary 143 

series, the so-called Moquegua formation, unconformably resting above the Proterozoic and 144 



Paleozoic bedrock. This area corresponds to a flexural depression located in the front of the 145 

volcanic arc. This basin collected the erosional products of the Andean relief under 146 

construction. Those detrital sedimentary series can be locally more than 1-km thick (Roperch 147 

et al., 2006; Thouret et al., 2007; Schildgen et al., 2007; Garzione et al., 2008). Their lithologies 148 

evolve from thin marine sequences at the base toward conglomeratic continental deposits 149 

with interstratified ignimbrites levels at their top. At present-day, this area forms a pediment 150 

plain, almost flat with mean elevations ranging from 1000 to 1500 m a.s.l., and locally affected 151 

by fluvial incision (Thouret et al., 2007; Schildgen et al., 2007; Garzione et al., 2008). 152 

The third area corresponds to the Western Cordillera (WC) which presents a higher relief from 153 

1000 to 5000 m a.s.l. It is made of Mesozoic marine sequences and Cenozoic, essentially 154 

Paleogene-Neogene, volcano-sedimentary series related to the migration of the successive 155 

volcanic arcs (Mamani et al., 2010). One of the last main volcanic phases corresponds to the 156 

so-called Huaylillas arc (24-10 Ma, Quang et al., 2005; Thouret et al., 2007). It produced thick 157 

ignimbrite deposits (up to 300 m of thickness) at a regional scale. Along the Western 158 

Cordillera, the top of the Huaylillas deposits corresponds to a preserved paleosurface used as a 159 

reference surface at a regional scale. All this domain is affected by tectonic shortening 160 

associated with the development of large-scale anticline geometry, well underline by flexures 161 

of the Huaylillas paleosurface, and by pluri-kilometric crustal fault systems. 162 

As previously introduced, among those three sub-areas, the Western Cordillera is the region 163 

where some of the largest landslides have been reported in the literature (Chuquibamba 164 

landslide - Margirier et al., 2015; Thouret et al., 2017; Aricota landslide - Delgado et al., 2020; 165 

Caquilluco landslide - Zerathe et al., 2017; Lluta landslide - Wörner et al., 2002; Strasser and 166 

Schlunegger, 2005; Miñimiñi and Latagualla landslides - Pinto et al., 2008; El Magnifico 167 

landslide - Mather et al., 2014; Crosta et al., 2017; Fig. 1). We bring here below further detailed 168 

geological and geomorphological descriptions of this key region required to better understand 169 

the gravitational destabilization affecting the Central Western Andes. 170 



 171 

 172 

Fig. 1. (a) Study area location and major climatic features of South America showing the Intertropical 173 

Convergence Zone (ITCZ), El Niño wings and the Humboldt oceanic current, (b) focus on the study area 174 

showing the different geomorphotectonic areas of the Central Western Andes and the location of giant 175 

landslides documented in the literature (Chuquibamba landslide - Margirier et al., 2015; Thouret et al., 176 



2017; Aricota landslide - Delgado et al., 2020; Caquilluco landslide - Zerathe et al., 2017; Lluta landslide - 177 

Wörner et al., 2002; Strasser and Schlunegger, 2005; Miñimiñi and Latagualla landslides - Pinto et al., 178 

2008; El Magnifico landslide - Mather et al., 2014; Crosta et al., 2017), (c) and (d) AA' topographic profile 179 

of the western flank of the Central Andes and its geological interpretation (adapted from Armijo et al., 180 

2015), respectively. CC: Coastal Cordillera, CD: Central Depression, WC: Western Cordillera, AL: 181 

Altiplano. 182 

 183 

2.2. Lithostratigraphy  184 

The oldest rocks in the studied area correspond to the Precambrian crystalline basement. It 185 

consists of gneiss, migmatites, pegmatites, schists and diorites. This rock assemblage is located 186 

between latitudes 15°-18°S, outcropping mainly along the Peruvian Coastal Cordillera along an 187 

NW-SE orientation (Fig. 2) and was dated between 1861 ± 32 Ma and 946 Ma by Casquet et al. 188 

(2010).  189 

Paleozoic rocks were emplaced in erosional unconformity, their lithostratigraphic units are 190 

observed along the Coastal Cordillera (Fig. 2) and are represented by the Marcona (Cambrian), 191 

Cabanillas (Devonian), Ambo and Tarma (Carboniferous) formations. These units are mostly 192 

made up of limestones, conglomerates, sandstones and shales (Newell, 1945). 193 

The Mesozoic record is characterized by important Jurassic and Cretaceous marine 194 

sedimentation, controlled by the tectonic opening of the Arequipa-Tarapacá sedimentary basin 195 

(Vicente, 1981). Those deposits outcrop all along the entire western Andean flank and 196 

correspond to thick series of limestones (mudstone to grainstone) and marls of the Pelado and 197 

Socosani formations (Wilson and García, 1962; Monge and Cervantes, 2000) conformably 198 

covered by the Yura Group and the Hualhuani Formation (Wilson and García, 1962; Vicente, 199 

1981) composed of quartz sandstones and black shales interstratified. The top of the Mesozoic 200 

series is affected by an erosive discordance, overlain by volcanic and volcano-sedimentary 201 

rocks of the Toquepala Group (Bellido and Guevara, 1963; Bellón and Lefévre 1976). 202 



The distribution of the Cenozoic lithostratigraphic units is more complex and is related to the 203 

formation of the volcanic arc of the Andes, its successive migration and its importance in the 204 

creation of forearc, back-arc and intra-arc basins. In the Coastal Depression, deposits of 205 

sedimentary sequences accumulated, mainly of marine origin, also from the erosion coming 206 

from the proto-Andean under construction, which generated the almost synchronous creation 207 

of the Camaná and Moquegua basins in southern Peru and Azapa in northern Chile. These 208 

interstratified sequences of conglomerates with volcanic sequences are called Moquegua 209 

Group (Thouret et al., 2007; Schildgen et al., 2007) in Peru while in Chile they correspond to 210 

the Azapa Formation (Wörner et al., 2000; Pinto et al., 2007). These sequences, which are up 211 

to 800 m thick (Bellido, 1979), are the result of erosion of the Western Cordillera and were 212 

deposited from the Oligocene to the late Miocene. From the Eocene onwards, constant 213 

volcanic events began and continue to the present day. The Huaylillas formation (Wilson and 214 

García 1962), constitutes a wide surface that extends up to the north of Chile, where it is called 215 

Huaylillas surface (Wörner et al., 2000). This formation is a stratigraphic superposition of 216 

pyroclastic flows (Wörner et al., 2000; Mamani et al., 2010) developing a thickness between 217 

500 and 600 m (Wilson & Garcia, 1962; Salinas, 1985). This formation is well-preserved due to 218 

the hyper-arid climatic conditions and its top surface represents a regional paleosurface. The 219 

only forms of erosion are the incision of the valleys produced by the rivers descending from 220 

the Altiplano (Evenstar et al., 2017). The northeast is dominated by a large volume of andesites 221 

and rhyolites associated with ignimbrites assigned to the Barroso Group (Roperch et al., 2006; 222 

Mamani et al., 2010; Acosta et al., 2011), related to the magmatic activity of the Barroso Arc 223 

(Mamani et al., 2012). The Quaternary rocks are expressed by Pleistocene lava produced 224 

during a recent activity of active volcanoes (e.g. Sabancaya, Ampato, Ubinas) related to the 225 

activity of the magmatic arc (e.g. Mariño et al., 2021; Rivera et al., 2020). Quaternary deposits 226 

cover a large part of the basement and can reach a few meters thick. These deposits 227 



correspond to fluvial and alluvial deposits in the main valley and glacial deposits in high 228 

elevation areas that evidence recent climatic fluctuations.  229 

 230 

 231 

Fig. 2. Lithostratigraphy and main structural features of the Central Western Andes (adapted from 232 

http://geocatmin.ingemmet.gob.pe/geocatmin for Peru and https://portalgeominbeta.sernageomin.cl/ 233 

for Chile). 234 

 235 

2.3. Tectonic setting 236 

Active or neotectonic faults are mostly present along the Western Cordillera area 237 

(http://neotec-opendata.com; http://geocatmin.ingemmet.gob.pe/geocatmin). The width of 238 

the Western Cordillera shows important variations being wider in South Peru than along North 239 

Chile (Fig. 1). This variation is related to the partitioning of the deformation controlled by the 240 

Nazca plate convergence toward a curved shape boundary (Arica bend) of the South American 241 



plate (Allmendinger et al., 2005). The Western Cordillera is deformed by intense folding, 242 

inverse faults and large overflows due to the shortening and thickening of the crust mainly 243 

associated with an increase in the subducted slab angle (Armijo et al., 2015). 244 

In southern Peru, the tectonic regime is transpressive related to the activity of the Incapuquio 245 

Fault System (IFS), which extends for more than 200 km along an NW-SE direction (Fig. 2). This 246 

crustal-scale fault system displays sinistral displacement affecting mainly the Moquegua 247 

Formation and the Toquepala and Yura groups, defining a tectonic contact between them 248 

(Jacay et al., 2002). The IFS is considered potentially active as shown by the paleo-249 

seismological studies that revealed Holocene surface ruptures (Benavente et al., 2021). Other 250 

secondary fault systems are connected to the IFS such as: (i) the Purgatorio fault (PF), located 251 

between the Pampa Purgatorio and the village of Mirave, striking E-W along 70 km (Benavente 252 

et al., 2017b) or (ii) the Sama-Calientes fault (SF), striking E-W along ~50 km (Hall et al., 2008). 253 

Both are mainly reverse faults with a slight dextral component and have registered Holocene 254 

reactivations and surface failures (Benavente and Audin 2009; Benavente et al., 2017b). 255 

To the south of the Arica bend (in North of Chile) the tectonic regime becomes compressive 256 

and correlated with an important increase in the plate convergence during the last 30-20 Myr 257 

(Pardo-Casas and Molnar, 1987; Somoza, 1998). The most important structure corresponds to 258 

the West-Vergent Thrust System (WTS) located in the Western Cordillera (Fig. 2) with an N-S 259 

trending direction and extending over 450 km in northern Chile (García et al., 2004, 2013; 260 

Blanco and Tomlinson, 2013; Valenzuela et al., 2014; Morandé et al., 2015; Tomlinson et al., 261 

2015). This main regional tectonic structure presents W-dipping high angle segments 262 

associated with the development of large folds with monoclinal geometry described as 263 

regional flexures. These structures present slight variations in the magnitude of displacement 264 

along the course (Pinto et al., 2004; Farías et al., 2005) and affect rocks of the Moquegua 265 

Group and the Huaylillas formation (ignimbrites). 266 

 267 



2.4. Seismicity 268 

The western flank of the Central Andes is affected by two types of seismic activity (Fig. 3a). The 269 

first one is related to the subduction dynamics that produce earthquakes with magnitudes that 270 

could be higher than 8, with slab ruptures of several hundreds of kilometers along the 271 

subduction zone (Villegas et al., 2016). Recent strong subduction earthquakes include the 2007 272 

Pisco earthquake (Mw 8.0, depth 18 km, ~100 km north to the study area), the 2001 Arequipa 273 

earthquake (Mw8.4; depth 30 km) and the 2014 Iquique earthquake (Mw8.1, depth 20 km) 274 

(Fig.3d). Those earthquakes were also associated with swarms of seismicity and aftershocks of 275 

moderate to high magnitudes (Fig. 3a). Several historical mega earthquakes are also 276 

documented in this area (see Fig. 3a). A recurrence time between 100 and 300 years is 277 

proposed for those events for the same slab portion (Kelleher, 1972; Dorbath et al. 1990, 278 

Chlieh et al., 2011). 279 

The second one is related to the crustal faults network. The Coastal Cordillera, Central 280 

Depression and the Western Cordillera are affected by several major faults (Fig. 2 and Fig. 3a) 281 

that experienced recent seismo-tectonic activity (Lavenu et al., 2000; Jacay et al., 2002; Audin 282 

et al., 2003, 2006; Barrientos et al., 2004; Lavenu 2005; PMA 2009; Leyton et al., 2010; 283 

Benavente et al., 2017a, 2017b). The seismic record in the study area is mainly focused on the 284 

subduction dynamics because it produces the strongest earthquakes. In contrast, the western 285 

cordillera does not benefit from a seismic network allowing the location of earthquakes at 286 

crustal-scale depth in relation to the major faults distribution (Fig. 2 and 3d). However, some 287 

seismic records over the last 50 years apart from the region of Maca (upper Colca) (Fig. 3a) 288 

have been reported that indicate moderate seismicity up to Mw5. Paleoseismological studies 289 

show that some of these faults have produced recurrent shallow seismicity during the 290 

Holocene. The analyses of the offsets along the rupture surfaces are consistent with 291 

earthquake magnitudes up to Mw7.5 (e.g. Benavente et al. 2017a; Santibáñez et al., 2019). 292 

These are some examples: the Incapuquio fault (Audin et al., 2008; Benavente et al., 2021), the 293 



Purgatorio fault (Benavente et al. 2017b), the Sama-Calientes fault (Audin et al., 2006) and the 294 

Bajo Molle fault (González et al., 2015). The length of fault failure is smaller compared to 295 

subduction earthquakes, but the energy and the ground acceleration generated by the shallow 296 

ruptures along those faults can be very strong (Benavente et al., 2017a). The recurrence period 297 

for this type of crustal seismicity is commonly assumed to be about thousand years (Leyton et 298 

al., 2010; Benavente et al., 2017b). 299 

 300 

2.5. Topography 301 

As shown by the Fig. 3b and 3c, the western flank of the Central Andes is characterized by two 302 

main types of topography. First, a large wave-length topography that is directly related to the 303 

orogen formation and its evolution. This topography, with elevation ranges between 1500 and 304 

4500 m a.s.l. forms the Western Andean flank itself, striking NW-SE in Peru and NNW-SSE in 305 

Chile, roughly parallel to the subduction trench (Fig. 3b). Steep slopes (20-30°) are found at the 306 

southern extremity of the Western Cordillera, along the main reverse faults and anticlinal-307 

flexure growth (Fig. 3a). This large-scale wave-length topography is also revealed by a major 308 

paleosurface developed above the Huaylillas ignimbrite. This major geomorphological feature 309 

exists all along the western flank of the Central Andes (Fig. 2), characterized by a regular 310 

primitive drainage network forming a large striped surface. Its mean slope varies between 5° 311 

to 20° (mainly toward the South) depending on the local amplitude of the structural flexure 312 

and fault-propagation folds (Wilson and Garcia, 1962). Second, a more local but stronger 313 

topography corresponds to the deep canyons that dissect the Western Cordillera. They are up 314 

to several kilometers deep in some places in southern Peru (Cotahuasi, Majes, Tambo, see Fig. 315 

3b and c), generating strong local relief and very steep slopes (>30°) along their flanks (Fig. 3c). 316 

The formation of those canyons started during the late Miocene and is related to the regional 317 

uplift and the specific climate of this region (Thouret et al., 2007; Schildgen et al., 2009, 2010; 318 

Gunnell et al., 2010).  319 



 320 

2.6. Current and past climate 321 

The Central Western Andes of southern Peru and northern Chile are part of the Atacama 322 

Desert, known as one of the driest places worldwide. Several factors are often proposed to 323 

explain this extreme lack of precipitation: (1) the mid-latitude of the region (~20°S) located 324 

along the sinking branch of the Hadley Circulation generating high pressure of dry air; (2) the 325 

oceanic Humboldt Current, characterized by upwelling of cold water along the South American 326 

Pacific coast, which cools the air near the surface and prevent moisture evaporation from the 327 

Pacific ocean (La Niña-like conditions); (3) the rain shadow effect of the Andes limiting the 328 

transfer of moisture coming from the Atlantic and the Amazonia (Houston and Hartley, 2003). 329 

The main source of moisture is coming from the northeast, from the Atlantic Ocean and the 330 

Amazonian basin as depicted by a north-south rainfall gradient (Fig. 3d). Precipitations can 331 

reach ~1000 mm/yr in the northeastern boundary of our study area (at latitude ~15°S) and 332 

along the western boundary of the Central Altiplano (Fig. 3d). Those precipitations are 333 

seasonal, occurring mostly during the austral summer, associated with the South American 334 

monsoon regime and the seasonal southward shift of the Intertropical convergence zone 335 

above the Altiplano. Despite a little of this moisture can reach the upper part of the Pacific 336 

watersheds, the Western Cordillera, as part of the Atacama Desert, remains arid receiving less 337 

than 200 mm/yr of rain, while the coast and coastal depression receive less than 50 mm/yr of 338 

rain (New et al. 2002; Strecker et al. 2007). The hyper-aridity of the Atacama Desert, and such 339 

climatic setting, are thought to prevail since at least 10 Ma (Rech et al., 2019 and references 340 

therein), responsible for very low denudation rates over the long term (erosion<0.5 m/Ma; e.g. 341 

Hall et al., 2008; Placzek et al., 2010) and long-term preservation of landscapes. On the other 342 

hand, as the upper of the watersheds received precipitations from Amazonian moisture, the 343 

main rivers have strong erosional capacity which produced deep canyon incisions (Cotahuasi, 344 

Majes, Tambo; Fig. 3b and c) through the arid Western Cordillera. 345 



The current meteorological conditions can be episodically modulated by El Niño Southern 346 

Oscillation (ENSO) which results in a warming of the Pacific Ocean surface related to the Trade 347 

winds carrying warm water from the eastern equatorial Pacific towards the South American 348 

coast. This can lead to very strong storms such as in March 2015, when up to 40 mm of 1-day 349 

accumulated precipitation fed the Atacama region (Bozkurt et al., 2016), triggering strong flash 350 

floods and debris flows (Aguilar et al., 2020). Despite paleoclimate records covering the Late 351 

Quaternary in the Atacama region being rare and often discontinuous (e.g. Bartz et al., 2020), 352 

some evidences of past humid phases has been also reported. They included widespread 353 

pluvial stages termed the Central Andean Pluvial Event (CAPE, e.g. Quade et al., 2008; Gayo et 354 

al., 2012) recorded as lake extensions and glacier advances in the Central Atacama of Northern 355 

Chile. Records of flash floods and debris flows linked to paleo-El Niño events have been 356 

reported during the late Pleistocene in Southern Peru (e.g. Keefer et al., 2003). Then evidences 357 

of more persistent humid conditions related to ENSO-like climate configuration during the last 358 

interglacial periods are recorded as paleolakes extensions (e.g. Ritter et al., 2018; Placzek et 359 

al., 2013) and fluvial terraces aggradation in the valleys (Steffen et al., 2010; Litty et al., 2016). 360 

Those humid events are thought to have persisted over millennial to plurimillenial periods (i.e. 361 

the Ouki Event (100-120 ka), Placzek et al., 2013; Ritter et al., 2019). 362 

 363 



 364 

Fig. 3. Settings of the western flank of the Central Andes. (a) fault and seismicity (faults database: 365 

http://neotec-opendata.com and http://geocatmin.ingemmet.gob.pe/geocatmin; instrumental 366 

earthquakes from http://ds.iris.edu/seismon/index.phtml and historical earthquakes from Villegas et al., 367 

2016). (b) and (c) topography and slope, respectively (both derived from SRTM DEM of 30 m of 368 

resolution), (d) mean annual rainfall (TRMM 3B43 annual rainfall of the Andes averaged for the period of 369 

1998 to 2019). The white dashed line marks the eastern limit of our study area. 370 

 371 

3. Methods 372 

3.1 Landslide mapping strategy  373 

Our main objective was to establish an inventory as exhaustive as possible of large landslides 374 

(areas > 0.1 km²) along the Central Western Andes in a region bounded to the north and south 375 

by the exact latitudes 14.8 and 20.5°S, and to the west and east by the Pacific coast and the 376 

western limit of the Altiplano, respectively (Fig. 1b). As detailed here below, our landslide 377 



inventory was based on: (1) a review of previous works and mapping of landslides existing in 378 

the literature for this region and (2) a manual mapping of newly recognized large landslides 379 

based on specific geomorphologic criteria combing GIS analysis (using Google Earth and DEMs 380 

(30 m TanDEM-X and 2 m Pleiades). This mapping using remote tools was made possible by the 381 

collective expertise of our team acquired during several past field works dedicated to 382 

landslide-geomorphology-tectonic in this region for a dozen years. About 10% of the landslides 383 

inventoried in this study were visited in the field, several of those being mapped in detail as 384 

already published in previous works involving our team (e.g. Zavala et al., 2013; Margirier et 385 

al., 2015; Zerathe et al., 2016, 2017; Delgado et al., 2020).  386 

Indeed, the reviews of previous studies included individual landslide case studies (e.g. Strasser 387 

and Schlunegger, 2005; Pinto et al. 2008; Hermanns et al., 2012; Zavala et al., 2013; Margirier 388 

et al., 2015; Zerathe et al., 2016, 2017; Bontemps et al., 2018; Lacroix et al., 2015; 2019, 2020; 389 

Thouret et al., 2017; Delgado et al., 2020; Gaidzik et al., 2020; Sánchez-Núñez et al., 2020). We 390 

also revised a few studies including some local landslide databases such as (Audin & Bechir 391 

2006 and Crosta et al., 2014 for South Peru and Matther et al., 2014 and Crosta et al., 2014 for 392 

North Chile). Following this review, we note that two main types of landslide dominate in this 393 

region (Fig. 4): (i) coherent landslides for which the slipped mass moved in only one or few 394 

packets, typically corresponding to rockslide typology, and (ii) disrupted landslides which 395 

evolve as a granular flow of rock and boulders, typically corresponding to rock avalanche 396 

typology. In order to decipher if those two landslide types may have different controlling 397 

factors, we kept this binary classification for our mapping. 398 

The Fig. 4 illustrates the specific geomorphologic criteria that we used for mapping and 399 

classification for both cases. Importantly, a landslide phenomenon was ascribed to a site only if 400 

the formal identification of a headscarp associated to a slipped mass was possible. To the 401 

contrary, morphologies such as large erosional amphitheaters or slope-break were not 402 

mapped as a landslide if a slipped mass was not clearly identified at the scarp base. Finally, we 403 



attempted to define a qualitative state of activity for our mapped landslides, trying to 404 

distinguish between two main types (Fig. 4). First the recent or active landslides, that are 405 

known to affect human infrastructures (agricultural land, road, village, etc.), showing fresh 406 

morphologies (fresh scarp, recent river dam, etc.) and/or which are monitored and referred in 407 

published papers. Additionally, we attempted to revise each mapped landslide on the Google 408 

Earth time-lapse tools, to visually check if some surface large-scale displacements (>100 m) 409 

might occur in the last 37-years. The oldest images (from 1985 to ~2005) being of rather poor 410 

quality, only displacements of >100 m might have been detectable. Second, the ancient or 411 

paleo landslides, being typically characterized by smooth and weathered surface 412 

morphologies, partially covered by eolian sand, laharic flows or which have been significantly 413 

re-eroded or re-incised by rivers (see also Hermanns et al., 2012).  414 

In order to carry out the recognition and mapping of landslides as much as possible in an 415 

orderly and reproducible way, we gridded our study area (cells of 0.5x1 degree) and we 416 

explored and mapped analyzing cell by cell. The grid used is provided in the supplementary 417 

data. For each identified landslide, a polygon including the headscarp and the slipped mass 418 

was drawn (Fig. 5). 419 



 420 

Fig. 4. Morphological criteria used for landslide recognition and mapping along the Central Western Andes. We classified the landslides according to two main typologies 421 

(rockslide and rock avalanche) and also attempted to ascribe a qualitative state of activity (paleo or recent) to each identified case (see text for details). Illustrated examples 422 

are from (a) the Aricota paleo rockslide (Delgado et al., 2020) (b) the Caquilluco paleo rock avalanche (Zerathe et al., 2017), (c) the Siguas active landslide (Lacroix et al., 423 

2019) and (d) an active landslide from this study (landslide n°109. RRIM: Red Relief Image Map).424 

425 



3.2 Dimensional and geological landslide parameters 426 

Understanding the occurrence of landslides requires a thorough knowledge of their initial 427 

failure conditions. It thus requires data on the terrain morphology (elevation, slope, local 428 

relief) on which landslides has developed, on the lithology and on the morphometric 429 

characteristics of the landslide itself. For each mapped landslide, we complied this data in a 430 

database described in detail below (Supplement, Table 1). This database was further used for 431 

statistical analysis of landslides patterns. All calculations were made using ArcGIS software and 432 

using the SRTM DEM of 30 meters of resolution (SRTM, DOI:/10.5066/F7K072R7). The Spatial 433 

Analyst tool of ArcGIS toolbox was used to compute slope and local relief map, both calculated 434 

considering cells of 2 x 2 km. 435 

For each landslide, we extracted the area (km²) of the polygon. Then, two points were set: one 436 

located at the center of the headscarp and another one located at the landslide toe, in order 437 

to indicate the origin of the landslide and its lower limit, respectively (Fig. 5). At the location of 438 

the headscarp point, as recommended by Yilmaz and Ercanoglu (2019), we extracted the 439 

lithology in which the landslide developed following the lithostratigraphic layers defined in Fig. 440 

2. We also extracted at this location the characteristic of the topography: the elevation (m 441 

a.s.l.), the slope (°) and the local relief (m). Finally, using the headscarp point and the toe point, 442 

we calculated the landslide length (L in km) and the landslide height (ΔH in km). 443 

All of these morphometric parameters are necessary to perform basic statistical analyses 444 

(histograms) of landslide properties in order to better understand their controlling factors. This 445 

involves exploring relationships that exist between landslides, topography and lithology 446 

through analyzing the frequency distribution of landslides as a function of their area, elevation 447 

above sea level, slope and lithology. Through analyzing the relationships ΔH vs L and L vs A, 448 

according to the different landslide type, we also explored the mobility of landslide masses and 449 

their dimensional properties. 450 

 451 



 452 

Fig. 5. Landslide sketch illustrating data collection procedure. (a) plan view and b cross-section. The 453 

green polygon delimits the whole landslide area (headscarp and slided mass). The yellow dot locates the 454 

centroid of the headscarp, considered as the origin of the landslide where several data are extracted 455 

(see text for details). 456 

 457 

3.3 Landslide spatial density analysis 458 

The activity of landslides is conditioned by different factors among which are for instance the 459 

local relief, the slope, the geology of the site (lithology, faults, structures, etc.). In some areas, 460 

the interplay of those factors may generate higher landslide susceptibility and thus landslide 461 

clustering. In order to identify if the landslide location responds to a clustering in the western 462 

flank of the Central Andes, we applied the Ripley's K Function (Ripley, 1977). This function 463 

allows determining statistically if the phenomenon appears to be spatially dispersed, clustered, 464 

or randomly distributed throughout the study area. It has been often used to explore the 465 

spatial pattern of landslides in previous studies (Tonini et al., 2014; Görum et al., 2019; Panek 466 

et al., 2019). 467 

Computations were done with the R software (R Core Team, 2019), using the package 468 

‘spatstat’ (Baddeley et al., 2020). As recommended by Tonini et al. (2014), we applied the 469 

“Kinhom” function (Baddeley and Turner, 2005), which is a modification of the original Ripley's 470 



K-function for inhomogeneous point distribution. This variant “Kinhom(r)” allows taking into 471 

account the non-stationarity of the studied process due to spatial variability of the geological 472 

and topographical characteristics over the studied area (Tonini et al., 2014). The Kinhom(r) 473 

function can be defined as (Marcon et Puech, 2009): 474 

 475 

 (1) 476 

Where r is the radius in m, A is the studied area in m², the indicator C(i,j,r) is the average 477 

number of neighbors, being equal to 1 if the distance between points i and j equals at most r, 478 

or equals 0 otherwise, and λ(i) λ(j) are the process density at points i and j, respectively. 479 

Theoretically, when Kinhom(r) = πr², the analyzed points are distributed independently (or 480 

randomly) from each other. When Kinhom(r) > πr², the probability to find a neighboring point 481 

at the distance r is greater than the probability to find a point in the same area at any other 482 

place, i.e. the points are aggregated. When Kinhom(r) < πr², the points are dispersed. Final 483 

results were plotted as the Linhom function (Besag and Diggle, 1977), which is a normalization 484 

of the Kinhom(r) function to get a benchmark at zero and to facilitate visualization: 485 

 486 

 (2) 487 

We used the centroid of the landslide headscarps (Fig. 5) as point input for the Kinhom analysis 488 

as recommended by Yilmaz and Ercanoglu (2019) and references therein. In the case of large 489 

destabilized areas (> 0.1 km²), with debris that can have long run-out, the landslide headscarp 490 

centroids can provide a better assessment of the geological and topographical conditions of 491 

the landslide initiation than any other point located along the debris path or at the landslide 492 

toe for instance (Yilmaz and Ercanoglu, 2019). Finally, we used the range of radius obtained 493 



from this analysis, to calculate a kernel density of landslides over the studied area and to 494 

image the point of the higher frequency distribution of landslides. 495 

 496 

3.4 Frequency-area relationships 497 

We first explore the distribution of the mapped landslides according to their area using non-498 

cumulated histograms. Then we compute frequency–area distributions (FAD), which is 499 

commonly used to explore the statistical properties of landslide inventories, to compare it with 500 

sub-datasets of the same region or with other inventories previously published (e.g. Valagussa 501 

et al., 2019). Frequency-area distributions are plotted considering landslide-area bins versus 502 

their corresponding non-cumulative frequency-density values. It has been defined by Malamud 503 

et al. (2004) as: 504 

 505 

�(��  ) = 	
�/	�� (3) 506 

 507 

where 	
�  is the number of landslides with areas between �� and �� +  	��  , �� being the 508 

area of landslide and 	�� is the width of a given landslide area class (bin). The obtained 509 

distributions are often plotted in a doubly logarithmic plot (Tebbens, 2020 and references 510 

therein. Classically applied to landslides inventoried after strong earthquakes or storms, this 511 

analysis revealed that the frequency of landslide-sizes displays a nonlinear pattern through 512 

landslide scales (see recent review in Tanyas et al., 2019). For large to medium landslide 513 

ranges, the frequency strongly increases with the decreasing landslide areas, mimicking a 514 

negative power-law and suggesting fractal scaling. Then at a certain range of medium landslide 515 

area, the frequency area distribution generally shows an inflexion and the power-law no longer 516 

applies. Finally, a rollover is sometimes observed for the smallest landslide ranges for which 517 

the frequency decreases (Tanyas et al., 2019). 518 



Two main strategies and derivative interpretations of those distributions exist. Malamud et al. 519 

(2004) considered the inflexion and the rollover to represent the natural landslide distribution 520 

and proposed a fit of the complete distribution with a three-parameter inverse gamma 521 

distribution. A second strategy (e.g. Panek et al., 2019; Gorum, 2019) is to fit solely the tail of 522 

the distribution for medium to large landslides using a power-law above a certain cut-off value 523 

of landslide size. For landslide sizes smaller than this cut-off, the inventory is considered as 524 

incomplete. Here we applied the second strategy because we chose to map landslides starting 525 

from areas of 0.1 km² that biases the distribution for small landslide ranges. Moreover, as our 526 

inventory stack a large period of time, it is very probable that some of the smallest landslides 527 

were eroded. 528 

First, we applied the method of Clauset et al. (2009) focusing on landslide areas only (non-529 

binned). Using the maximum likelihood estimate, it provides the best fit of a power-law, and 530 

its exponent labelled alpha, for the landslide-areas higher than a certain cut-off value. To 531 

obtain the power-law fit of a frequency-area distribution, the exponent value is converted 532 

using the relation beta = alpha + 1 (Guzzetti et al., 2002; Clauset et al., 2009). We computed 533 

the FAD using equation (3) and applied log-spaced bins that respect two conditions: (1) a low 534 

number of bins according to the scale-range of the database and (2) to avoid empty bins. 535 

The power-law exponent generally varies between 1.5 and 3.5 (Tanyas et al., 2019). It reveals 536 

how much large landslides contribute to the inventory. A lower value of β value means a more 537 

important contribution of large landslides to the total inventory (Van den Eeckhaut et al., 538 

2007). 539 

 540 

4. Results 541 

4.1 Landslide inventory, typology and morphology 542 

The landslide inventory obtained in this study is presented in the Fig. 6 according to the two 543 

typologies and state of activity previously defined. The complete landslide database, including 544 



all landslide properties and a kmz file of the landslide polygons, are provided in supplementary 545 

data. In total, we have identified and mapped more than a thousand landslides distributed 546 

between ca. 15 and 20°S along the Western Central Andes, covering a total area of 3782 km² 547 

(Table 1). 548 

Our results show that gravitational destabilizations along the Western Central Andes are 549 

dominated by rockslide typology, representing ~86 % of the identified landslides while the rest 550 

corresponds to rock avalanche type (Fig. 6a). Importantly, we also show that a great majority 551 

of landslides (more than 90 %) are paleo landslides. The few active landslides that we 552 

identified are located in specific regions such as the upper Colca valley or the Sihuas region 553 

(Fig. 6b). 554 

The landslides distribution over the three main geomorphotectonic units of the western 555 

Andean flank is summarized in Table 1. The highest percentage of landslides is found along the 556 

Western Cordillera and the Central Depression, each holding 76 % and 21 % of all the mapped 557 

landslides, respectively. Regarding the typologies, the Central Depression is strictly dominated 558 

by rockslide type (~99 %), while the relative amount of rockslide/rock avalanche type is about 559 

20 % / 80 % for both the Coastal Cordillera and the Western Cordillera. We found that the 560 

Western Cordillera and the Central Depression present both about 2 % of destabilized areas 561 

while the Coastal Cordillera have only 0.3 % of its areas affected by large landslides. 562 

 563 

Table 1: Main statistics of the landslide inventory. 564 

Geomorpho

tectonic 

areas 

Surface of 

Geomorphot

ectonic area 

(km2) 

Number of 

landslides 

% of 

landslides 

Type of 

landslides 

(Number of 

landslides = 

Percentage)  

Type of landslides (State 

of activity = Number of 

landslides = Percentage) 

Total 

landslid

e area 

(km2) 

Percentage 

covered by 

landslides 

(% of total 

area) 

Rockslide 

(RS) 

Rock 

avalanche 

(RA) 



Coastal 

Cordillera 

(CC) 

15620 26 

 

3 % RS (20 = 77 

%), RA (6 = 

23 %) 

R = 0 = 0% / 

P = 20 = 

100%  

R = 0 = 0% 

/ P = 6 = 

100% 

52 0.3 % 

Central 

Depression 

(CD) 

23198 118 21 % RS (210 = 97 

%), RA (3 = 

3 %) 

R = 17 = 8% 

/ P = 193 = 

92%) 

R = 0 = 0% 

/ P = 3 = 

100% 

564 2.4 % 

Western 

Cordillera 

(WC) 

136033 862 76 % RS(636 = 85 

%), RA (131 

= 15 %) 

R = 14 = 

11% / P = 

117 = 89% 

R = 14 = 

11% / P = 

117 = 89% 

3166 2.3 % 

Total 174851 1006 - - - - 3782 2.2 % 

State of activity: R : Recent or active, P : Paleo. 565 

 566 



 567 

Fig. 6. Landslides inventory along the Western Central Andes between ca. 15 and 20°S. A) Distribution of landslides by typology: rockslide and rock avalanche. B) Landslides 568 

distribution according to their state of activity: recent (or active) and paleo. CC: Coastal Cordillera, CD: Central Depression, WC: Western Cordillera. The black grid 569 

corresponds to cells of 50 x 100 km that were explored one by one for the landslide mapping (see text for details).570 



4.2 Landslide spatial distributions 571 

Results of the Ripley's K Function applied to our landslide database are plotted on Fig. 7 as the 572 

Linhom(r) trend for the whole landslide database (n=1006), the rockslides (n=866) and the rock 573 

avalanches (n=140) group. Compared to the theoretical Linhom(r) trend for random data, 574 

those results indicate that the landslides are not randomly distributed along the western 575 

Andean flank, but instead that they display some spatial clustering, with cluster radius up to 576 

ca. 100 km. The shape Linhom(r) curves are roughly the same for both the whole dataset and 577 

for each individual typology, indicating a similar spatial pattern. The maximum distribution 578 

frequency for the different datasets is reached between 10 and 30 km (Fig. 7). This range of 579 

radius corresponds to the mean radius of the aggregates of events where the highest number 580 

of landslides is found (Goreaud, 2000). 581 

 582 

Fig. 7: Results of the Ripley's L-function for our landslide inventory. Grey bar is the range of maximum 583 

distribution frequency and is similar for the whole dataset and the two different typologies. 584 

 585 

Kernel density maps of landslides were produced using a mean and conservative radius of 20 586 

km (Fig. 8). As expected from the Ripley's K Function analysis, the spatial distribution of large 587 

landslides is not homogeneous along the Western Andean flank. Considering the whole 588 

landslide database (Fig. 8a), several clusters are revealed, the most significant ones being along 589 

the Western Cordillera zone. In particular, we note an important landslide cluster in North 590 



Chile at ca. 20°S – 69.5°W between Iquique and Arica latitudes. Three other clusters are 591 

located in southernmost Peru, 50 km northeast from Ilo at ca. 17.5°S – 70.5°W, and are aligned 592 

along a strike NW-SE. Another cluster is identified 100 km north from Arequipa at ca. 16°S – 593 

71.5°W. This zone corresponds to the upper Colca Valley where numerous landslides have 594 

been already reported and studied (e.g. Lacroix et al., 2015). Finally, two smaller clusters are 595 

detected at ca.15°S – 74°W and 15°S - 74.5°W, 50 km east from Nazca (Fig.8a). 596 

The kernel density distribution of rockslide (Fig. 8b) is similar to the one obtained for the whole 597 

database (Fig. 8a) consistently with the fact that rockslide is the dominant typology in this 598 

inventory. All the clusters previously listed also exist in the rockslide kernel density map (Fig. 599 

8b). 600 

Then, kernel density of rock avalanche also displays also a clustering mainly located along the 601 

Western Cordillera (Fig. 8c). The main clusters of rock avalanches coincide with some of the 602 

general clusters at ca. 20°S – 69.5°W, ca. 17.5°S – 70.5°W, and ca.15°S – 74°W (Fig. 8c). On the 603 

other hand, several other clusters identified for the rockslide type do not appear on the kernel 604 

density map of rock avalanches. This suggests some specificities of the factors controlling the 605 

rock avalanche processes, that may be different from those controlling rockslide occurrences. 606 

 607 



 608 



Fig. 8. Spatial distribution analysis of landslides along the western flank of the Central Andes computed 609 

thought kernel density analysis using a searching radius 20 km for (a) the whole inventory, (b) the 610 

rockslide type and (c) the rock avalanche type. 611 

 612 

4.3 Landslide size distribution 613 

According to the minimal landslide area considered for this inventory (> 0.1 km²) all the 614 

mapped landslides fall in the category “large landslide”. The histogram of landslide areas (Fig. 615 

9) shows a strong asymmetrical distribution with a decrease of the number of landslides 616 

function to the destabilized surface areas. About 93% of the landslides show areas between 617 

0.1 and 10 km² (Fig. 9a). In detail (Fig. 9b), in this range, we still observe this asymmetric trend, 618 

the landslide sizes being more represented are the range 0.1-2 km², cumulating 67% of 619 

landslides. The Fig. 9a evidences the absence of landslides for areas ranging between 80 and 620 

170 km2. Beyond 170 km², three giant landslides are recorded (i.e. Chuquibamba, Caquilluco 621 

and Lluta). Looking at the cumulative areas, the landslides of the range above 10 km² 622 

represent more than 50 % of the total landslide area although being less represented (< 7 %). 623 

The 3 largest landslides are contributing alone to 10 % of the total cumulative area. In Fig. 9c, it 624 

can be observed that the clusters along the Western Cordillera are dominated by landslides 625 

with individual areas smaller than 10 km² and located in the headwaters of the main basins 626 

and sub-basins. Interestingly, the three largest giant landslides previously mentioned do not 627 

belong to the previously described clusters (Fig. 8). Instead, they locate in areas with relatively 628 

low to moderate density of landslides. This might suggest that the factors controlling very large 629 

landslides are different from those triggering smaller features. 630 

 631 



 632 

Fig. 9. (a) Spatial distribution of landslides according to their size. Histograms showing the frequency of 633 

landslide areas and corresponding cumulative areas in percentage, (b) for the whole dataset using a 10 634 

km² bin width and (c) for the sub-range 0.1 to 10 km² using a bin of 1 km². CC: Coastal Cordillera, CD: 635 

Central Depression, WC: Western Cordillera. 636 

 637 

The obtained p-values of the frequency area density distribution of landslides are about ~0.5 638 

(Fig. 10), indicating a good consistency between a power-law model and the tail of our 639 

distributions (Clauset et al., 2009). For the whole landslide dataset (ALL), a power-law can be 640 

fitted over 2 to 3 orders of magnitude of landslide areas, displaying an exponent (beta) of 2.31 641 

± 0.16 and a cut-off value of 4.0 ± 1.9 x106 m2. Considering their respective uncertainties, the 642 

best-fit parameters of the rockslide and rock avalanche sub datasets remain both almost 643 

undifferentiable with those of the whole dataset. We note that the rock avalanche group 644 

provides a slight lower power-law exponent (2.09 ± 0.22) which may reflect a dominance of 645 

larger landslide features in this typology. 646 

 647 



 648 

Fig. 10. Frequency area density distributions of landslides in the Central Western Andes given for the 649 

whole dataset (ALL) and the sub datasets rockslide (RS) and rock avalanche (RA). The best parameters 650 

and associated uncertainties for the power-law fit of the distribution tails are given from the method of 651 

Clauset et al. (2009). 652 

 653 

4.4 Landslide morphometry 654 

The analysis of morphometric parameters (ΔH, L and A) associated with the two landslide 655 

typologies (rockslide and rock avalanche) provide first order view of the respective landslide 656 

dimensions and it highlights some trends (Fig. 11). A correlation (r=~0.7) is obtained between 657 

landslide height (ΔH) versus landslide run-out (L), for both rockslides and rock avalanches, 658 

indicating that that higher is the landslide height, longer is the run-out of debris (Fig. 11a). The 659 

behavior is similar for both typologies as most of the points overlap. The maximum run-out ~ 660 

41.3 km is obtained for a rock avalanche showing a height of ~3.3 km. However, medians 661 

reveal the greater size of rock avalanches, which are about two times higher in length and 662 

height than the rockslides (Fig. 11a). A good correlation (r=~0.9) is also obtained between the 663 



landslide run-out (L) and landslide area (A) showing that larger areas are mainly explained by 664 

greater landslide lengths (Fig. 11b). Rock avalanches have median areas that are slightly lower 665 

than rockslides. Rock avalanches distribution indicates that for the same area than rockslide, 666 

rock avalanche debris can reach greater run-out, which is consistent with the highest mobility 667 

of granular flows. 668 

 669 

 670 

Fig. 11. Morphometric parameters of the landslides for each typology. Relationship between (a) 671 

landslide height (ΔH) versus landslide length (L) and (b) landslide length (L) versus landslide area (A). r is 672 

the coefficient of correlation of Pearson. 673 

 674 

5. Interpretation and discussion 675 

5.1 Study limitations 676 



The main limitations of this landslide inventory are the following. 1) Due to the large extension 677 

of the study area, it is likely that despite our effort some landslides have been missed during 678 

the mapping. We attached a database in .xml format and a file in .kmz format that will serve 679 

for future researchers and Peruvian and or Chilean institutions who eventually wish to 680 

complete and expand this database. 2) Due to the variability of resolution of the Google Earth 681 

images, and sometimes the difficulty leading to the identification of landslide boundaries, we 682 

consider that an uncertainty of ca. 100 m applies for the boundary of landslide polygons. This 683 

also applies to all the results derived from landslide polygons (landslide area, height, length). 684 

3) In this study, we classified the landslides inventoried into two main categories, rockslide and 685 

rock avalanche, as identified by the literature in this region. More details about each landslide 686 

feature could be added during future studies, such as to distinguish between planar or 687 

rotational failure modes of rockslides to identify their dominant processes. 4) The state of 688 

activity of landslides was tentatively defined here according to morphological indices and 689 

criteria to differentiate between currently active (or recent) landslides and ancient (or paleo) 690 

events. However, the absolute ages of the great majority of the ancient landslides remain 691 

unknown and this should be completed with dating methods in future studies. Tracking 692 

quantitatively the activity of ongoing landslide failures also would be also very interesting but 693 

it requires a dedicated research applying remote sensing methods (e.g. InSAR), applied at a 694 

large-scale, which is far beyond the scope of the present study aiming primarily at establishing 695 

for the first time a comprehensive inventory of large landslides in the Central Western Andes. 696 

 697 

5.2 Landslide controlling factors 698 

In this section we discuss the primary factors that may control or influence landslide 699 

susceptibility along the western flank of the Central Andes. We perform comparisons between 700 

the landslide frequency distribution and the main settings of this area including the 701 

stratigraphy, the relief, the seismotectonic activity and the precipitation patterns. 702 



 703 

5.2.1 Landslides versus lithostratigraphy 704 

The type of material (e.g. rock, mud, soil, etc.) is recognized for several decades as one of the 705 

first parameters controlling landslide type and their spatial distribution (Varnes, 1978). Several 706 

authors further explored the relations between landslides susceptibility and lithology (Hansen 707 

1984; Guzzetti et al., 1996, 1999; Henriques et al., 2015; Kumar et. al 2019; Kumar and Gupta, 708 

2021) showing that landslides may vary in typology, dimension and movement rate according 709 

to the geomechanical, structural and hydrogeological properties of the material involved 710 

(Pradhan and Lee, 2010; Guzzetti et al., 1996). Identifying a specific lithostratigraphic layer 711 

prone to landslides can be also useful in terms of hazard management. 712 

Crossing the landslide database with the unified lithostratigraphic map, we explored the 713 

relationships between landslides and lithology along the Central Western Andes. In the first 714 

order, the results show consistency between the dominant lithologies of the study area and 715 

their respective high proportion of landslides (Fig. 12 and Table 2). It concerns mainly: the 716 

Quaternary rocks, covering ~27% of the total area and cumulating ~10% of the landslides; the 717 

Paleogene-Neogene layers, covering ~54% of the total area and cumulating ~78% of the 718 

landslides; the Mesozoic rocks, covering ~16% of the total area, are cumulating ~11% of the 719 

landslides. For the Paleogene-Neogene layers (Table 2), that are dominant in the region, we 720 

found that ~23% of landslides are located in volcanic rocks (V-C) corresponding to 721 

undifferentiated lava; ~20% of landslides located in the Sedimentary conglomerate (SC-C) 722 

corresponding to the Moquegua Formation (Fig. 12); ~32% of landslides originated in the 723 

volcanic sedimentary rocks (VS-C) corresponding to ignimbrites layers. These results logically 724 

indicate that the common occurrence of the different lithology in the study area is roughly 725 

representative of the landslide distribution. Nevertheless, a higher general susceptibility for 726 

Paleogene-Neogene volcano-sedimentary rocks (VS-C; Huaylillas formation) is shown (Fig. 727 



12a). Those ignimbrites cumulate >30% of the inventoried landslides whereas they only 728 

represent ~12% of the study area. 729 

Then some particularities emerge when looking at the landslide type distribution in detail. 730 

While the rockslides follow the same pattern as previously described (Fig.12b), we observe 731 

that the rock avalanches are more frequent in the volcanic series (Fig. 12c). The lava, toba and 732 

ignimbrite sequences of the Quaternary (QV), Paleogene-Neogene (V-C and VS-C) and 733 

Mesozoic (V-M) cumulate more >75% of the rock avalanches (Table 2). This finding can be 734 

useful for future studies dedicated to rock avalanche hazard management and call for 735 

geotechnical works to better understand why those volcanic sequences are much more prone 736 

to rock avalanches. Several previous studies reported, through field observations and data, the 737 

strong anisotropy of rock strength of the Paleogene-Neogene volcanic sequences (e.g. García 738 

et al., 2004; Strasser and Schlunegger, 2005; Pinto, et al., 2008; Irwin et al., 2014) that can be a 739 

conditioning factor for landsliding. Indeed, those volcanic sequences are made of weak layers 740 

(e.g. unwelded pumice, toba, tuff, volcanic ash, epiclastic layers) alternating with much 741 

stronger ones (e.g. lava, pyroclastic flow deposits, ignimbrite) that can have a compressive 742 

strength that can be multiple times higher (Irwin et al., 2014). This anisotropy affects also the 743 

hydrogeological properties of the material, the weaker layers being much more permeable 744 

than the stronger layers (Strasser and Schlunegger, 2005). Three main hypotheses, possibly 745 

acting at the same time, were proposed to explain the slope instabilities in this context: 746 

groundwater sapping, flood erosion of strong-over-weak stratigraphy, and the toppling of 747 

vertically jointed rock (Irwin et al., 2014). 748 

To the contrary, rock avalanche is almost absent (< 5 %) from the conglomerates of the 749 

Moquegua Formation (Table 2), that is rather affected by rockslides (~25%) (Table 2). This 750 

may be due to the fact that this formation has fairly similar overall rock strength, as reported 751 

by Graber et al. (2020), in addition to being porous and permeable that can favor the 752 



development of listric failure planes and subsequent rockslides such as the Siguas landslide 753 

(Lacroix et al., 2019; Lacroix et al., 2020). 754 

Finally, we note that the intrusive granite and the metamorphic rocks show particularly low 755 

susceptibility to large-scale landslides cumulating only <3 % of the total landslide database 756 

(Table 2). 757 

 758 

  759 

Fig. 12. a) Landslides frequency (in percent) for each lithological unit considering: (a) the whole landslide 760 

inventory; (b) the rockslide type and (c) the rock avalanche type. QD: Quaternary deposits (colluvial, 761 

fluvial, glacial, eolian); QV: Quaternary volcanic (andesitic lava, volcanic deposits); V-C: Volcanic rock 762 



(lava, toba, ignimbrite); SC-C: Sedimentary conglomerate; VS-C: Volcano-Sedimentary (ignimbrite, toba) 763 

I-C: Intrusive rocks (granite); V-M: Volcanic rocks (andesite, rhyolite); SM-M: Sediment Marine 764 

(limestone and shells); I-M: Intrusive (granite); SM-P: Sedimentary marine; I-P: Intrusive (granite); MR-765 

PP: Metamorphic rocks. 766 

 767 

Table 2: Statistic of landslides versus lithology. 768 

 

Lithology 

Code 

Lithostratigraphic 

Study area Landslides statistic 

Area km2 % 

All 

landslides 

% Rockslide % 

Rock 

avalanche 

% 

C
e

n
o

zo
ic

 

Q
u

at
e

rn
ar

y 

QD 
Quaternary Deposits: colluvial, 

fluvial, glacial, eolian 

37036 21.2% 47 4.7% 43 5.0% 4 2.9% 

QV 
Quaternary Volcanic: andesitic 

lava, volcanic deposits 

9560 5.5% 58 5.8% 51 5.9% 7 5.0% 

 
Cumulative 

46596 26.7% 105 10.5% 94 10.9% 11 7.9% 

P
al

e
o

ge
n

e
-N

e
o

ge
n

e 

V-C 
Volcanic : lava, toba, ignimbrite 

(Barroso Group) 
41126 23.6% 232 23.1% 190 21.9% 42 30.0% 

SC-C 

Sedimentary Conglomerate 

(Moquegua Formation) 
30950 17.8% 224 22.3% 216 24.9% 8 5.7% 

VS-C 

Volcano-Sedimentary: 

ignimbrite, toba (Huaylillas 

formation) 

21100 12.1% 324 32.2% 282 32.6% 42 30.0% 

I-C Intrusive rocks: granite 997 0.6% 7 0.7% 6 0.7% 1 0.7% 

 
Cumulative 

94173 54.1% 787 78.3% 694 80.1% 93 66.4% 

M
e

so
zo

ic
 

 
V-M 

Volcanic: andesite, rhyolite 

(Toquepala formation) 
8583 4.9% 47 4.7% 30 3.5% 17 12.1% 

 

SM-M 

Sediment Marine: limestone 

and shells (Yura Group) 
7232 4.1% 48 4.8% 33 3.8% 15 10.7% 

 I-M Intrusive: granite 12350 7.1% 14 1.4% 10 1.2% 4 2.9% 

  Cumulative 28165 16.1% 109 10.9% 73 8.5% 36 25.7% 

P
a

le
o

zo
ic

 

 SM-P Sedimentary Marine 576 0.3% 1 0.1% 1 0.1% -  -  

 I-P Intrusive: granite 10 >0.1% -  -  -  -  -  -  

 
 Cumulative 

586 0.3% 1 0.1% 1 0.1% - 
- 



P
ro

te
ro

zo
ic

 
 I-PP Intrusive: granite 947 0.5% -  -  - -  -  -  

 MR-PP Metamorphic Rocks 3886 2.2% 4 0.4% 4 0.5% -  -  

 
 Cumulative 

4833 2.7% 4 0.4% 4 0.5% 
  

 769 

5.2.2 Landslides versus relief 770 

In order to explore the link between landslides and relief along the western flank of the Central 771 

Andes, we analyzed the relationship between the landslides database and elevation, local 772 

relief, mean slope and river locations. Most of the mapped landslides (~62%) originate in the 773 

elevation range between 2500 and 4500 m a.s.l. (Fig. 13a; Fig. 13b) corresponding to the 774 

Western Cordillera zone (Fig. 6). Another important range of concentration is between 1000 775 

and 1500 m a.s.l., which corresponds to the Central Depression zone (Fig. 6). Analyzing the 776 

cumulative landslide area versus elevation (Fig. 13a; Fig. 13b), we found that >50% of the 777 

cumulative landslide areas are between 2500 and 4000 m.a.s.l. (Fig. 13a). This means that 778 

landslides are both more frequent and larger in this range of elevation, thus contributing more 779 

to the erosion budget. The higher landslide frequency in this elevation range may also be 780 

explained by a co-correlation with the lithology of the Western Cordillera unit, that is 781 

dominated by volcanic Paleogene-Neogene rocks, that are highly prone to destabilizations as 782 

we have previously seen (Fig. 12). 783 

The comparison between landslides and local relief show a unimodal distribution (Fig. 12c). 784 

Very few landslides (<5%) are recorded below 200 m of local relief (Fig.13c). More than 90% of 785 

the landslides originate between the local relief ranging from 200 to 800 m (Fig. 13c; Fig. 13d), 786 

with the highest frequency peak between 400 and 600 m corresponding to ~50% of the 787 

landslides (quartiles Q1 and Q3, Fig. 13c). Then, the frequency of landslides is lower for the 788 

greater local relief, <10% of landslides being located in range 800 – 1000 m. Finally, almost no 789 

landslide (<1%) are recorded for the highest local relief ranging from 1000 to 1600 m, despite 790 

that they are sharing ~8% of the total study area (Fig. 13c). Those strong reliefs (1000 – 1600 791 



m) mainly correspond to the deepest and central parts of the Cotahuasi and Majes-Colca 792 

canyons, that are almost landslide-free (Fig. 13d). Looking at the mean slope of the study area, 793 

the general pattern of landslides distribution previously described is similar, ~80% of the 794 

landslides occurring between the range of 10° and 25°, with 50% of those originating on slopes 795 

between 14 and 21° (Q1 and Q3 respectively). From slopes > 30°, the occurrence of landslides 796 

is minimal (<2%). 797 

Those results slightly differ from what is commonly reported from others large landslides 798 

inventories, where an asymmetric landslide frequency versus relief (or slope) is often 799 

obtained: the highest landslide frequency being concentrated in the highest local relief (e.g. 800 

Gorum, 2019; Panek et al., 2019; Junquera-Torrado et al., 2019). The worldwide compilation of 801 

large landslides provided by Korup et al. (2007) also shows this tendency, half of giant 802 

landslides occurring in the steepest 15% of mountainous terrain. The higher frequency of 803 

landslides in the steepest relief has been related to the threshold hillslope concept (Korup et 804 

al., 2007), predicting that above a certain hillslope-angle, or local relief, mountain flanks may 805 

fail readily because of the limitation of landscape-scale rock strength (e.g. Schmidt and 806 

Montgomery, 1995; Larsen and Montgomery, 2012; Roering, 2012). 807 

In our study area, we interpret the almost absence of large landslides in the areas of extreme 808 

relief (1000 to 1600 m) as due to a lithological effect. Indeed, the deepest sections of the 809 

Cotahuasi and Majes-Colca canyons are incised through strong lithologies such as intrusive 810 

granite, metamorphic rocks and/or limestone (Fig. 2). Those lithologies having great strength, 811 

it is probable that those canyon incisions could reach such depth without occurrence of large 812 

to very large landslides. The valley flank erosion in those contexts might be dominated by 813 

debris flows, scree, which mobilize smaller volumes of rock that are not documented in this 814 

inventory. On the other hand, looking at the general spatial distribution of large landslides at 815 

the scale of the study area (Fig. 3d) and excepting the cases the central Cotahuasi and Majes-816 

Colca canyons, we note that the landslides distribution mainly follows the river network and 817 



their incisions, where most of the local relief locates (Fig.3c and Fig.3d). This suggests that the 818 

lithological control on large landslide susceptibility might dominate, whereas the relief would 819 

come as secondary. 820 

 821 

  822 

Fig. 13. Landslide statistics versus topography considering (a) and (b) landslide frequency versus 823 

elevation, (c) and (d) landslide frequency versus local relief (calculated with cells of 2 x 2 km), (e) and (f) 824 

landslide frequency versus slope (calculated with a cell of 2 x 2 km). 825 

 826 

5.2.3 Landslides versus seismicity and active faults 827 



The link between landslide and seismicity has been well documented by the literature in the 828 

Central Western Andes, either for earthquake-induced landslides activity (e.g. Keefer and 829 

Moseley, 2004; Lacroix et al., 2013; Lacroix et al., 2015) or to tentatively link paleo landslide 830 

records with the seismogenic context of the Andes (e.g. Mc Philips et al., 2014; Crosta et al., 831 

2017; Junquera‑Torrado et al., 2021). In Fig. 14, we confront the landslide density from this 832 

study to the seismicity recorded and the main active faults. To what concern the seismicity 833 

related to the subduction, there is no evidence of an increase of landslide density closer to the 834 

subduction (Fig. 14). This may be explained by the fact that landslides eventually triggered by 835 

subduction earthquakes remain relatively small (e.g. Lacroix et al., 2013). Indeed, the inventory 836 

from Lacroix et al. (2013) indicates that the ~866 landslides were triggered during the Pisco 837 

mega-earthquake (Mw8.0) were (1) relatively small, with areas ranging between 10-4 to 10-1 838 

km²; and (2) they mostly corresponded to rockfalls and superficial topples along roads. To 839 

explain the fact that a rather low number of landslides were triggered by this Mw8.0 840 

earthquake, while around 105 triggered landslides would be predicted for such magnitude 841 

(Keefer, 2002), the authors evoked (1) the attenuation of the waves due to the depth of the 842 

seismic source and its distance with the relief (>80 km), (2) the climate setting of the region, 843 

which long term aridity does not favor soil development and strongly limits the bedrock 844 

weathering and the groundwater saturation. Observations were similar for the other historical 845 

or recent mega earthquakes of subduction such as the Arequipa Mw8.4 (2001) in southern 846 

Peru or the Iquique Mw8.1 (2014) in northern Chile (Fig. 14), for which no observation of 847 

triggering, nor reactivation of large landslides (>1 km²) were ever reported (see Borrero 2002; 848 

Stirling et al., 2002; Candia et al., 2017). At the plurimillenial-scale, Mc Phillips et al. (2014) 849 

suggest a link between landslide triggering and subduction earthquakes in the Pisco region but 850 

again it concerns relatively small landslide sizes from 10-3 to 10-1 km². Those different examples 851 

strongly contrast with our mapping showing a thousand of large to giant landslides (areas up 852 

to 180 km²) that are well-preserved along the arid Central Western Andes. In summary, given 853 



the previous statements, we suggest that while the subduction seismicity can indeed trigger 854 

small to moderate superficial landslides and rockfalls, it probably plays a negligible role in 855 

forcing large-scale and deep-seated landslides in the arid conditions of the Western Cordillera. 856 

On the other hand, frequent and recurrent subduction earthquakes (Mw8 has a recurrence of 857 

100-300 yrs; Chlieh et al., 2011) can contribute to the long-term weathering and rock damage 858 

as reported by Keefer and Moseley (2004) observing pervasive coseismic ground cracking and 859 

microfracturing of hillslope during the 2001 Arequipa earthquake. 860 

The other source of seismicity along the Central Western Andes is produced by crustal faults 861 

activity. In Fig. 14, we confront the landslide density to the neotectonic fault network as well 862 

as to the crustal seismicity. As previously stated (δ2.4), no crustal shallow earthquake of Mw>6 863 

occurred in this region during the last fifty years. One exception is the region of Maca (Fig. 14) 864 

where a seismic swarm (Mw~5) clearly correlates with a landslide cluster. In this region 865 

landslides are very specific, developing in lacustrine sediments of a paleolake (Zerathe et al., 866 

2016), where several studies (Lacroix et al., 2014; Lacroix et al., 2018; Bontemps et al., 2020; 867 

Gaidzik et al., 2020) already pointed the effect of frequent local earthquakes linked to the 868 

volcanic activity. 869 

Another interesting point is the well-marked spatial correlation at large-scale between the 870 

landslide clusters and the neotectonics fault pattern (Fig. 14). This correlation can be observed 871 

(1) in Peru where several landslides clusters are aligned, from Arequipa to Tacna, with the 872 

Incapuquio Fault System (IFS); and (2) in Chile where the West-Vergent Thrust System (WTS) 873 

overlaps the main landslide clusters (Fig. 14). Several interpretations can be raised. First, those 874 

faults play an important role in the relief building (e.g. Hall et al., 2008), thus the landslide-875 

fault correlation might be indirect, these landslide clusters being rather linked to the relief. 876 

Second, those faults are associated with thick damage zones of kilometer width, where the 877 

rock strength is decreased and the deep-water circulation along fractures is enhanced. Third, 878 

there might be a link between paleosismicity and paleo landslide triggering. This discussion is 879 



speculative because the timing of paleoearthquakes and paleo landslides remain largely 880 

undocumented. However, Benavente et al. (2017b) revealed that tectonic activity occurred 881 

along the Purgatorio fault in the last thousand years, showing two ruptures of ∼3 and ∼2 m of 882 

vertical surface offset, equivalent to seismic events of ~Mw7. Evidence of tectonic activities 883 

have been also revealed along the ~400 km long IFS (Benavente et al., 2021), where 884 

paleoseismic trenching shows at least 2–3 m of net slip in the last 500 years interpreted as 885 

single Mw7.4-7.7 earthquake. Basically, the susceptibility that a bedrock landslide could be 886 

triggered or reactivated by an earthquake (Fan et al., 2019) depends on several parameters: 887 

(1) the local rock mass properties (linked to the lithology, frequency of fractures and joint 888 

discontinuities, etc.) and the level of hillslope stability, and (2) the local ground motion 889 

produced by the earthquake that is modulated by the distance from the source and local site 890 

effect of wave amplification (topography, lithological contrast, etc.). For crustal earthquakes, 891 

relationships between landslide size and ground motion, with larger and deeper landslides 892 

associated with higher ground motion, have been reported (Valagussa et al., 2019). Case 893 

studies of earthquake-induced landslides inventories after an event of Mw7 and beyond 894 

showed that the larger landslides (>0.1 km²) are found generally in areas where the peak 895 

ground acceleration exceed 0.5 g, in the close field of the fault (at 10 to 20 km of the fault) 896 

(Valagussa et al., 2019; Junquera-Torrado et al., 2021). Therefore, it is likely that some of the 897 

inventoried large landslides in the western central Andes near the major IFS and WTS faults 898 

were triggered by past earthquakes along these faults. There is a need for more research 899 

carried out on the timing of both crustal faults and paleo landslides in this part of the Andes. 900 

 901 



 902 

  903 

Fig. 14. Landslides density (from Fig. 8a) along the Central Western Andes confronted to the 904 

instrumental seismic catalogues for the last 50 years from USGS (earthquakes > Mw5 and depth < 30 905 

km), the available historical seismicity and to the main neotectonics crustal faults (see references on the 906 

caption of Fig. 3). 907 

 908 

5.2.4 Landslides versus rainfall 909 

Rainfall is the most frequent forcing and triggering factor of mass movements in mountainous 910 

areas. Physical processes related to the addition of water on or below the earth’s surface and 911 

their effects on slope instabilities are well described by hydro-mechanical models (e.g., critical 912 

soil-state mechanics and rate-and-state friction) developed from numerical theory (Iverson et 913 

al., 2000; Baum et al., 2010) coupled to laboratory experiments and confronted to in-situ 914 

landslide monitoring and statistics (Glade et al., 2000; Dai and Lee, 2001). The influence of 915 



rainfall on landslides differs substantially upon landslide type (typology, dimension, depth), the 916 

material involved (mechanical and hydrological properties) and the characteristic of the rainfall 917 

(intensity and duration). Groundwater recharge acts as a key factor for slope failures by 918 

decreasing the resistance of materials due to pore water pressure variations (Iverson et al., 919 

2000). While shallow landslides (1-2 m depth) are usually triggered a few hours or days after 920 

the rainfall onset, depending on the time required for water infiltration and critical pore 921 

pressure increase (Iverson et al., 2000; Baum et al., 2010), larger and deeper landslides (depth 922 

> 10 m), which are the case of study in this inventory, are more likely to respond to a much 923 

longer rainfall duration (months to years). Deep-seated landslides are often in subcritical 924 

stability state and subject to long term creep deformation (Lacroix and Amitrano, 2013). These 925 

slow movements progressively increase the rock damage and the permeability, reducing the 926 

whole landslide strength, until the strain localizes along basal shear failure surfaces (Eberhardt 927 

et al., 2004) and a catastrophic collapse can ultimately occur. As shown by recent studies 928 

(Handwerger et al., 2019; Agliardi et al., 2020), the conditions for the collapse triggering are 929 

often: (1) the presence of a long-term water table water-saturating the basal shear zone; and 930 

(2) short-term pore-pressure increase linked to rapid water recharges. 931 

Active landslides are mainly located in the northern part of the study area, where the mean 932 

annual rainfall is the highest (Fig. 15a). About 70 % of the active landslides are found in areas 933 

receiving more than 400 mm/year of rainfall (Fig. 15b). This is consistent with the threshold of 934 

500 mm/yr that have been previously documented for the triggering of the Colca landslides 935 

(Zerathe et al., 2016; Bontemps et al., 2020). On the other hand, no active landslides were 936 

identified in the desertic south-western part of the study area (Fig. 15). One exception is a 937 

group of active anthropic landslides located ~50 km west of Arequipa (Fig. 15; Lacroix et al., 938 

2020; Graber et al., 2021) which develop along the flanks of the Siguas and the Vitor valleys 939 

(Fig. 16). They correspond actually to paleo landslides that have been re-activated for ~40 940 

years due to irrigation water input for agricultural lands located just uphill the destabilized 941 



valley flanks (Hermann et al., 2012; Araujo et al., 2017; Lacroix et al., 2020). Recently, Graber 942 

et al. (2021) demonstrated the critical role played by the anthropic groundwater table rise for 943 

those landslide reactivations. Moreover, several other large ancient landslides of the same 944 

type are located on the opposite valley flanks and they remain inactive in the absence of 945 

irrigation on those sides (Fig. 16). This suggests that the past activation of those ancient 946 

landslides could have been linked to climatic conditions that were not the same as nowadays, 947 

much more humid, allowing local rainfall and long-term natural recharge of the water table. 948 

At large-scale over the whole study area, the distribution of paleo landslides is not consistent 949 

with the current rainfall pattern. They display an inverse relation with rainfall, drier being the 950 

region, higher being the paleo landslide frequency (Fig. 15c). About 70 % of the paleo 951 

landslides are located in areas that currently receive less than 300 mm/yr of rainfall (Fig. 15c). 952 

This distribution might be explained by the fact that drier conditions favor long-term 953 

preservation of the paleo-landslide forms. If more humid, younger failures and erosion would 954 

have erased those relicts. However, considering the hydro-mechanical conditions required for 955 

the triggering of deep-seated landslides, it is on the other hand very improbable that those 956 

collapses occurred in such arid conditions. As shown with many examples in the literature 957 

(Odin et al., 2018) and the cases of Siguas-Vitor valleys (Graber et al., 2021), the triggering of 958 

those large landslides requires a significant recharge of water tables, that are only allowed by 959 

perennial rainfall over several months to years. Despite producing very strong storms, the 960 

intense rainfalls linked to only few days long El Niño events are very unlikely to feed such 961 

groundwater recharge. The rock-hard ground and the lack of vegetation does not allow water 962 

absorption and only lead to surficial erosion and flashfloods (Aguilar et al., 2020). On the other 963 

hand, ongoing researches on paleoclimate reconstructions in the region show that the 964 

Atacama Desert and the Central Western Andes could have experienced more long-term 965 

(years to millennial) climate variability during the Pleistocene, as recorded in alluvial fan 966 

progradation (Ritter et al., 2019; 2020), paleolake development (Ritter et al., 2017), alluvial 967 



terraces sequences (Steffen et al., 2010) and groundwater discharge deposits (Saez et al., 968 

2016). The few giant paleo landslides that were dated have failure ages that are consistent 969 

with those events (e.g. Aricota rockslide, ~18 ka with Henrich Stadial (Delgado et al., 2020); the 970 

Chuquibamba (~100 ka) and the Caquilluco rock avalanches (100-120 ka) with the Ouki event 971 

(Margirier et al., 2015; Zerathe et al., 2017). It is probable that such persistent humid periods 972 

have produced sufficient aquifer recharge promoting the triggering of those large landslides. 973 

More dating of landslides coupled with local paleo climatic studies are required to disentangle 974 

those questions. 975 

 976 

 977 

Fig. 15. a) Landslide inventory along the Central Western Andes compared to the mean rainfall of the 978 

last two decades; b) and c) Frequency of recent and ancient landslides, respectively, versus rainfall 979 

patterns. 980 

 981 



 982 

Fig. 16. Anthropic reactivation of paleo landslides induced by irrigation for agriculture along (a) the 983 

Siguas valley modified from Graber et al. (2021). See location on Fig. 13.a. The Identification of the 984 

landslides reactivated by irrigation comes from Lacroix et al. (2020) while the location of the paleo 985 

landslides is from this study. Of importance is the fact that the re-activation of those paleo landslides 986 

has need more than 40 years of constant irrigation to increase sufficiently the groundwater level, 987 

suggesting that a very different climate must have been acting there at past to produce similar 988 

conditions. 989 

 990 

6 Conclusion 991 

We report in this paper an original inventory of large landslides (> 0.1 km²) along the hyper 992 

arid Central Western Andes (latitudes ca. 15° to 20°S). A systematic mapping of newly 993 

identified landslides by satellite images, Google Earth and DEMs analysis, added to the 994 

compilation of previous works, allows the inventory of more than a thousand large slope 995 

failures. The destabilized area covers ~3782 km² and represents about 2 % of the whole study 996 

area. Landslide size distribution follows a power-law with an exponent of 2.31±0.16 and a cut-997 

off of 4.0±1.9 km², the largest landslides being up to 180 km² in size. According to the landslide 998 

typologies, the rockslides (or coherent landslides) are the dominant failure mode representing 999 

86% of the inventory while the rock avalanches (granular landslides) represent 14%. The 1000 

statistical analysis of this landslide inventory confronted to topographical, geological 1001 



constraints of this region provides first-order understanding about the main conditioning 1002 

factors of slope failures in the Central Western Andes. We identified a combination of a 1003 

lithological and relief effects on landslide distribution. Ignimbrites of the Paleogene-Neogene 1004 

(Hualylillas Formation) concentrate about 30% of the inventoried landslides. The majority of 1005 

landslides has developed along the flanks of valleys incising thought the Western Cordillera. 1006 

Nevertheless, the deepest areas of two major canyons (Majes-Colca and Cotahuasi) appear 1007 

less prone to large landslide failure, possibly because they are incising through granite. Finally, 1008 

we identified a control of fracturing and weathering related to the long-term fault activity 1009 

suggested by the spatial correlation between landslide clustering and the regional crustal 1010 

faults network. 1011 

This new landslide inventory provides perspectives on the respective roles of climatic and 1012 

seismotectonic forcing’s on the landslide activity in the Central Western Andes. Our dataset 1013 

suggests that subduction seismicity play a negligible role in forcing those large landslides, while 1014 

the clustered landslide distribution suggests a more efficient role of crustal seismicity. The 1015 

majority of the mapped landslides corresponds to paleo landslides (more than 90%), mainly 1016 

located in the driest areas (rainfall < 300 mm/yr). On the other hand, the sole active landslides 1017 

either anthropic, controlled by water infiltration due to irrigation, or either located in the 1018 

northern part of the study area receiving rainfall from the Amazonian monsoon (>400 1019 

mm/year). We suggest that the triggering of those paleo landslides could not have been 1020 

possible in the dry conditions of the Central Western Andes, even during strong earthquakes. 1021 

Alternatively, the period of activity of those paleo landslides may have been related to long-1022 

term (years to millennial) climate shift toward more humid conditions during the Pleistocene, 1023 

and possibly coupled to seismic effect. Next challenging researches will be to add chronological 1024 

constraints on this landslide inventory to explore possible temporal correlations between 1025 

periods of landslide activity and external seismic and/or climatic cycles. 1026 
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