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RESUMEN 

 Las remociones en masa co-sísmicas son parte de una cadena de geo-peligros asociadas 

al evento desencadenante, las cuales son parte del inicio de varios procesos superficiales. 

En áreas urbanas costeras densamente pobladas con potenciales fallas sismogénicas, como 

el caso del área costera entre Valparaíso y Maitencillo, Chile, es necesario pronosticar 

potenciales terremotos y remociones en masa causadas por ellos. El objetivo de este 

trabajo fue estudiar las posibles remociones en masa causadas por terremotos corticales 

de cinemática Normal o Sinistral, bajo condiciones de suelo saturado y seco. Los 

potenciales escenarios sísmicos están asociados a las fallas Marga-Marga y Aconcagua, 

miembros del Sistema de Falla Valparaíso-Melipilla (VMFS). Primero, analicé las 

pendientes y la geología superficial para categorizar cualitativamente el peligro de 

remociones en masa. Segundo, elegí áreas de acercamiento en ambos bloques de cada 

falla, en cada una seleccioné puntos representativos de laderas críticas, donde desarrollé 

un modelo predictivo basado en sismogramas sintéticos y análisis de Newmark. Los 

desplazamientos son del orden de 10-7 a 101 m, están principalmente controlados por la 

litología, secundariamente por la ruptura sísmica y la directividad. El escenario de un 

sismo en falla Marga-Marga con cinemática normal, generaría los deslizamientos más 

grandes. En el escenario de un sismo en falla de Aconcagua con cinemática normal, los 

deslizamientos son ligeramente menores. Para ambas fallas, en los casos con cinemática 

normal poseen deslizamientos más grandes que los casos con cinemática Sinistral debido 

a la directividad sísmica. Aun cuando los deslizamientos calculados no pueden ser 

interpolados, pueden ser interpretados en terreno como una ladera más grande con las 

mismas características geológicas, geotécnicas y geomorfológicas, donde es posible 

extender el potencial comportamiento para la ladera completa bajo cada escenario. 

 

Palabras Claves: Remociones en masa co-sísmicas, terremoto cortical, análisis de 

Newmark, sismogramas sintéticos, Valparaíso, Chile, Marga-Marga, Aconcagua 
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ABSTRACT  

Co-seismic landslides are a geo-hazard caused by the transient stresses during the ground 

motion shaking. Predictive-landslide models are useful tools to explore several scenarios 

for mitigation and risk reduction assessments. The objective is to study potential 

landslides caused by crustal earthquakes under strike-slip and dip-slip fault kinematics, 

and under saturated and dry soil conditions. The earthquake scenarios are studied in 

relation to the Marga-Marga and Aconcagua faults, part of the Valparaíso-Melipilla Fault 

System in the Coastal Range of Central Chile (32.5–33◦S). First, the slopes and surface 

geology were analyzed to categorize qualitatively the landslide hazard. Second, several 

areas were selected on both sides of each fault, ca. 120 representative points of critical 

slopes were selected for each scenario, where a predictive model was developed using 

synthetic seismograms and Newmark analysis. The computed displacements are from 

negligible to 101m. The displacements show a stronger lithological control than the 

seismic rupture and its directivity. The Marga-Marga normal earthquake scenario shows 

the largest displacements, and they are slightly lower in the Aconcagua normal earthquake 

scenario. Normal earthquake scenarios have larger displacements than sinistral earthquake 

scenarios due to the orientation of seismic rupture plane and the seismic directivity. Even 

though the computed slope displacements cannot be interpolated, they can be interpreted 

as a larger slope with the same geological, geotechnical, and geomorphological 

characteristics, where is possible to extend the potential performance for the entire slope 

under each scenario. 

 

 

 

 

Keywords: Co-seismic landslides, crustal earthquake, Newmark analysis, synthetic 

seismograms, Valparaíso, Chile, Marga-Marga, Aconcagua  
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1 INTRODUCTION 

A descending mass movement along a slope due to gravitational influence is defined as a 

landslide. These phenomena can occur on natural slopes of landslides, anthropomorphic 

slopes and dams. Varnes (1978, 1984) and Cruden & Varnes (1996) established a 

classification of landslides based on the material and the type of movement involved. The 

material of the mass wasting phenomena can be rock, debris or earth. The movement is 

classified as falls, topples, rotational slides, planar slides, wedge slides, lateral spreads, 

avalanches, flows, slope deformation or a complex of two or more movements. This 

proposed classification was updated by Hungr et al. (2014), where the material has been 

classified according to the geotechnical and geological properties to reach consensus on a 

shared terminology and facilitate its usage. In the resulting classification, shown in Table 

1, there are 32 possible types of landslides organized according to the main movement 

and material. These events usually are conditioned by properties of the material related to: 

a) Geology: lithology, joint orientation, bedding, faulting planes, weathering, 

texture, particle sorting, matrix, and cement composition.  

b) Geotechnics: cohesion, internal fiction angle, granulometry.  

c) Geomorphology: Slope angle, orientation, sun exposure, slope height. 

d) Hydrology: water level, ground water circulation, humidity, thickness of the 

saturated portion 

e) Anthropic activity: man-made slopes, dams, bench design 
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Table 1: Landslide Classification proposed by Hungr et al. (2013), after Varnes (1984) 

Type of movement Rock Soil 

Fall 1.Rock/ice fall 2.Boulder/debris/silt fall 

Topple 3.Rock block topple 5.Gravel/Sand/Silt topple 

4.Rock flexural topple 

Slide 6.Rock rotational slide  11. Clay/silt rotational slide 

7. Rock planar slide 12. Clay/silt planar slide 

8. Rock wedge slide 13. Gravel/sand/debris slide 

9. Rock compound slide  14. Clay/silt compound slide 

10. Rock irregular slide  

Spread 15.Rock slope spread 16.Sand/silt liquefaction spread 

17. Sensitive clay spread 

Flow 18.Rock/ice avalanche 19. Sand/silt/debris dry flow 

20. Sand/silt/debris flow slide 

21. Sensitive clay flow slide 

22. Debris flow 

23. Mud flow 

24. Debris flood 

25. Debris avalanche 

26. Earthflow 

27. Peat flow 

Slope Deformation 28.Mountain slope deformation 30.Soil slope deformation 

29.Rock slope deformation 31.Soil creep 

32.Solifluction 

Landslides can be triggered by the influence of gravity, rainfall, volcanic activity, and 

seismic activity when the soliciting stresses are greater than the resistance of the slope. 

The co-seismic landslides are caused by the transient stresses associated to the ground 

strong motion (Murphy, 2015).  

1.1 Landslides caused by earthquakes: A brief review 

Landslides caused by earthquakes are considered as chains of geological hazards that 

occur over time following the triggering event (Fan et al., 2019). During the earthquake 

falls, flows, or slides may occur on some slopes and, on others only fracture propagation 

and weakening may occur (Figure 1). These events can provide debris to create landslide 

reactivations and flows in the next months and years due to rainfall or new earthquakes 

(independently of its seismogenic source). In the long term, all the erosion and wasted 
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debris material form part of the sedimentary infill of the basins (Chen et al., 2020; 

Nakamura et al., 2014; Okamoto et al., 2013; Hovius et al., 2011; Korup et al., 2010).  

The size and distribution are related to the intensity measures (such as PGA, PGV, CAV, 

IA, duration of shaking) (Jibson 2011). Further, they are controlled by earthquake focal 

mechanism, location respect epicenter and fault trace location (if landslide location is at 

the hanging wall or foot wall) and the directivity of the propagation of seismic waves 

during rupture (Chen et al, 2017; Marc et al., 2016; Meunier et al., 2013; Chigira et al, 

2010).  

 

Figure 1: Co-seismic Landslides and their subsequent hazards triggered by crustal earthquakes. 

(Modified from Fan et al., 2019) 
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1.2 Case Study: Coastal Range of Central Chile, Valparaíso Region, Chile 

The study area is the west slope of the coastal range of the Valparaíso Region, between 

Maitencillo and Valparaíso cities, between 32.5°S and 33°S (Figure 2). The area extends 

from the western flanks of the Coastal Cordillera, at their foothills, to the west at the 

coastal plains, marine terraces and active coastal cliffs. 

1.3 Research question and Hypothesis 

The research questions are: Which are the major controlling factors on earthquake 

triggered landslides in this part of the emerged forearc of central Chile? How different 

could be the spatial distribution and displacements of landslides caused by crustal 

earthquakes scenarios: an earthquake on Marga-Marga fault or on Aconcagua fault, a 

normal kinematic or sinistral kinematic, in dry or saturated conditions? 

The working hypothesis is, the major controlling factor is lithology, and secondarily the 

rupture process in the earthquake (Somerville et al., 1997). In the strike-slip scenarios, the 

potential landslides and their displacements have a symmetrical distribution around the 

fault. In normal earthquake scenarios, the potential triggered landslides and their 

displacements are larger and more concentrated at the footwall than in the hanging wall 

(at the SW-block in Aconcagua case, and at de NW-block on Marga-Marga case). The 

area between Aconcagua and Marga-Marga faults in normal faulting corresponds to the 

footwall of both faults, in this area and these cases, the potential landslides would be 

smaller and sparse than in the hanging walls in both faults. 

The aim of this work is to study the potential earthquake-triggered landslide hazard in 

coastal areas where there is more than one potential fault kinematic. We explored in crustal 

earthquakes associated to strike-slip and dip-slip kinematic, where its fault traces are in 

high populated urban areas. A good study case is the coastal area of central Chile, between 

latitudes 32.5°S and 33°S, among the cities of Maitencillo and Valparaíso.  
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1.4 Objectives 

1.4.1 Main Objective 

Explore the magnitude and location of potential shallow landslides caused by crustal 

earthquakes in different scenarios associated to Marga-Marga and Aconcagua faults. 

1.4.2 Specific Objectives 

The specific objectives of this study are: 

a) Identify the critical areas that could be affected by co-seismic landslide based 

on the slope angle and lithology.  

b) Explore the potential behavior of critical slopes in different seismic scenarios 

c) Calculate the potential displacement of critical slopes in wet and dry conditions 

d) Know the spatial distribution of potential co-seismic shallow landslides  
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2 GEOLOGICAL SETTING 

2.1 Geomorphological Setting 

The area between 32.5°S and 33°S consist of, from E to W, the Coastal Cordillera, coastal 

plains, and coastal active cliffs. The Coastal Cordillera is composed of Paleozoic – 

Mesozoic intrusive bodies and Jurassic volcanic sequences of the Ajial Fm. Its maximum 

height in the study area is 1040 m.a.s.l.  The remnant flat relief has been interpreted as 

uplifted peneplains, whose development was initiated close to the sea level (Farías et al., 

2008). The coastal plains are related to marine terraces covered by Neogene and 

Quaternary marine, transitional and continental units. The foot of the most recent marine 

terrace is delimited by a continuous active marine cliff from southern Horcon to 

Maitencillo, which exposes the Neogene Horcon Fm. Their emerged deposits imply an 

uplift of neritic sandstones at least ca.150 m during the Pliocene and Quaternary (Encinas 

et al., 2006, 2008; Valdivia et al.,2018).  

The Aconcagua River crosses the area in E-W direction, its flood plains and estuary form 

a narrow flat surface of low elevation. In Concon, there is an active littoral dune field and 

in Horcon there is an inactive to sub-actual very extensive dune field. Both covers the 

intrusive basement and Neogene sedimentary units, forming a relative smooth and flat 

relief. Gorges carved on all type of rocks and sedimentary deposits by streams are 

frequent, whose steepest slopes are related to very narrow gorges. These stream incisions 

and the high level peneplains are indicative of continuous uplift of the region, which 

probably began before 10 Ma. Ago (Farias et al., 2008) 

 

2.2 Stratigraphy 

The study area is in the southernmost part of the Chilean-Pampean flat-slab (Figure 2) 

(Isacks, 1988; Ramos 2009; Charrier et al., 2014). The low angle of subduction and the 

absence of volcanic activity in the Quaternary in this segment are due to the subduction 
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of the Juan Fernández Ridge (JFR) since ca. 2 Ma (Yáñez et al., 2001; Le Roux et al., 

2006). The stratigraphic units are described below: 

 

2.2.1 Paleozoic Units 

These include the Paleozoic Valparaíso Metamorphic Complex outcropping at the 

Valparaíso peninsula (Gana et al., 1996). This complex is intruded by Cochoa and 

Mirasol plutonic units, of Upper Carboniferous and Permian ages respectively (Rivano, 

1993; Gana et al, 1994; Creixell et al., 2006). 

a) Metamorphic Rocks 

Valparaíso Metamorphic Complex 

(Gana et al., 1996) 

In the southern coastal area, basement rocks belong to the Paleozoic Valparaíso 

Metamorphic Complex. This was described by Gana et al. (1996) as composed of 

orthogneiss and paragneiss, with subordinated granites, tonalites, migmatites with 

amphibolitic and chloritic schists intercalations. Further south, outcropping granitic 

gneisses and amphibolite, were associated to this complex by Webb and Klepeis (2019).  

The main foliation is NW-W, dipping to S. Creixell et al. (2006) associate L-S tectonites 

with NW-W subvertical foliation to this same unit. This complex is intruded by granitoids, 

tonalites and gabbro units of Paleozoic and Mesozoic ages. 
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Figure 2: Simplified Geological Map of Coastal Range of Valparaiso Region, Chile. Geological units 

of Paleozoic and Mesozoic ages are grouped by rock type. Sedimentary units of Neogene and 

Quaternary are shown in detail. Quaternary units from West to East are: Marine Terraces Deposits, 

Aeolian Deposits, Aeolian palaeodunes Deposits, Alluvial and Colluvial Deposits and Fluvial Deposits. 
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b) Intrusive Rocks 

Cochoa Unit 

Pennsylvanian (Late Carboniferous) 

(Rivano, 1993)  

The oldest plutonic rocks pertain to the Cochoa Unit of Late Carboniferous age that 

outcrops between Concon and Reñaca towns. This unit is composed by stocks and sills of 

tonalite, granodiorite, monzogranite, granite, sienogranite, diorite and quartz-diorite 

(Rivano,1993). Creixell et al. (2006) report tectonic foliation in 315°-360°/72-90° and 

lineation in 167°-175°/42°-50°, associated to a high temperature deformation. It is 

intruded by a Middle Jurassic dyke swarm, controlled by NW-SE structures and linked to 

a NNW-SSE extensional regime (Creixell et al., 2006) 

Mirasol Unit 

Permian 

(Gana et al., 1994) 

The Mirasol plutonic Unit of Permian age is emplaced on the metamorphic basement; it 

outcrops at the southern part of the area (Gana et al., 1994). In Gana et al. (1996) it is 

equivalent to the abbreviature Pzmg.  

 It is composed by tonalites, granodiorites, monzogranites, sienogranites, granites, with 

dioritic and quartz-dioritic inclusions. The granitoids have magmatic foliation associated 

to the orientation of the mafic inclusions and to a heterogeneous mylonitic deformation 

(Gana et al., 1996; Gana and Tosdal, 1996).  
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2.2.2 Mesozoic Units 

They inclide a plutonic super unit: the Jurassic Mincha Super Unit that grouped several 

minor granitoid bodies, and a sedimentary unit: Quebrada del Pobre Formation which 

is overlain by the volcano-sedimentary Ajial Formation, both of Lower Jurassic. 

 

a) Intrusive Rocks 

Mincha Super Unit 

Jurassic 

(Rivano et al., 1993) 

Several Mesozoic plutonic stocks units have been identified in the northern part of the 

area by Rivano (1993) who grouped them into the Mincha Super Unit, composed by the 

Cavilolén, Tranquila and Puerto Oscuro Units. In the southern part of the area, they were 

described by Gana et al. (1994, 1996) and Gana and Tosdal (1996) as Sauce, Peñuelas, 

Lliu-Lliu and Limache Units. This last unit is equivalent to the Puerto Oscuro Unit of 

Rivano (1993). They constitute N-S plutonic discontinuous belts, whose ages are younger 

from W to E (Vergara et al., 1995, Gana and Tosdal 1996, Parada et al., 1999, Creixell et 

al., 2006). In turn, this Super Unit has been grouped with other Paleozoic intrusive units 

for simplicity in Figure 2. 

b) Volcano-Sedimentary Rocks 

Quebrada del Pobre Formation 

Hettangian? – Sinemurian? (Lower Jurassic) 

(Thomas, 1958) 

Quebrada del Pobre Formation is a marine sedimentary unit, composed of sandstones and 

mudstones with intercalations of limestones and pebbly conglomerates (Rivano, 1993). 

This unit outcrops at the western flanks of the Coastal Cordillera, east of Puchuncaví. This 
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formation disconformably overlays La Ligua Formation and is conformably covered by 

the Ajial Formation. Towards the north, out of the study area, this unit has a transgressive 

relationship with Los Molles Formation (Charrier et al., 2007). 

 

Ajial Formation 

Pliensbachian? – Aalenian? (Lower Jurassic) 

(Thomas, 1958) 

It is a volcano-sedimentary formation composed of ash tuffs, pumicitic lapilli-ash tuffs, 

volcanic breccias with andesitic and riodacitic fragments and sedimentary clasts in minor 

abundance. These are intercalated with plagioclase-phyric andesitic to basaltic lavas with 

a partially devitrified matrix, some ocoitic and porphyric dacitic layers are also present 

(Rivano, 1993). This formation also includes conglomerates with andesitic, dacitic and 

rhyolitic clasts, with sandy matrix and calcareous cement, sub arkoses, greywackes with 

calcareous cement, mudstones, calcilutites and calcarenites. Some syn-sedimentary 

folding and crossbedding has been reported in some sedimentary strata.  

This unit outcrops at the north-eastern part of the area, north of the Aconcagua river and 

at the west side of the Coastal Cordillera. In the Aconcagua Valley, the rocks had a 

dynamic metamorphism and some obliteration of the original textures. It has a 

conformably relationship with both, the underlying La Calera and Quebrada del Pobre 

Formations. 

2.2.3 Cenozoic Units 

All Cenozoic units of the study area are sedimentary in origin, deposited in marine, 

transitional or continental environments, with a time-span from Miocene to the Present. 

Neogene rocks are represented by the Confluencia, Potrero Alto and Horcon Formations. 

Quaternary sediments are associated to eolian, alluvial, colluvial and fluvial processes. 
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a) Neogene Sedimentary Rocks 

Confluencia Formation 

Miocene – Pliocene  

(Rivano and Sepúlveda, 1986) 

It is a 100 m thick sub-horizontal sequence of continental origin, composed of medium to 

weakly lithified, matrix-supported sandy conglomerates interstratified with large cross 

bedded lithic sandstones and mudstone lenses. Clasts are polymictic well-rounded, sizes 

up to 15cm, showing imbricated structure. This unit outcrops from South of La Serena to 

Valparaíso; it corresponds to the basal unit that unconformably overlies on Paleozoic 

intrusive and metamorphic basement and on and Mesozoic volcano-sedimentary rocks 

and interpreted as deposited in alluvial and fluvial systems (Rivano and Sepúlveda, 1986; 

Rivano, 1993); it is covered by younger continental sediments, such as Quaternary dunes, 

paleodunes, fluvial and alluvial deposits. Coquimbo Formation that outcrops outside the 

study area in the coastal range of Coquimbo Region is a lateral equivalent ti the 

Confluencia Formation, both aged Miocene-Pliocene (Rivano and Sepúlveda, 1986) 

Outcrops of this formation are observed S of Puchuncaví; in this area, they from part of a 

continental unit whose Miocene – Pliocene marine equivalents are the top of Navidad 

Formation and Horcon Formation (Gana et al., 1996; Wall et al, 1996) and Horcon 

Formation (Rivano, 1993). 

 

Potrero Alto Strata 

Miocene – Pleistocene?  

(Wall et al., 1996) 
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They consist of sub horizontal layers of weakly to moderately consolidated 

conglomerates, with sandstone and mudstone intercalations, some of which locally 

contain poorly preserved plant remains. They are interpreted as accumulated in alluvial 

and fluvial domains (channels and flooding plains) domains (FONDEF D10E1027 

Project, unpublished report, 2017). Some diatomite beds suggest lacustrine environments. 

These strata were deposited over Confluencia, Horcon, Coquimbo, and La Cueva 

Formations. They are covered by Quaternary alluvial and aeolian sediments. Their 

thickness varies from a few meters up to 50 m.  

The age is not well defined, estimates vary from Miocene to Pleistocene, having consensus 

on a Pliocene age. On one hand, Wall et al (1996) describe an outcrop where 

conglomerates are deposited over the Pudahuel Ignimbrite (0.4 Ma). On the other hand, 

Wall and Lara (2001) infer a Pleistocene age because some beds of Potrero Alto Strata 

were deposited on marine terraces constructed over Lavas Las Pataguas (18.8 to 17.8 Ma). 

Locally there are some deposits of gravels interbedded with palaeodunes deposits. 

These units of conglomerates and sandstones of continental origin were grouped on a 

newly defined unit named as “Gravel of Central Coast”. It is composed by Confluencia 

Formation and Potrero Alto Strata, and they overlay to marine Neogene units. 

Horcon Formation 

Late Pliocene 

(Thomas, 1958) 

It is described as a marine to transitional sedimentary sequence of Late Pliocene, poorly 

consolidated, up to 80 m thick, composed of dark brown to light grey, fine to medium, 

litho–feldspathic sandstones, interbedded with minor conglomerates and mudstones 

(Tavera, 1960; Thomas,1958; Rivano, 1993). There are some fossiliferous beds with 

vertebrates, chondrichthyan fossils, bivalves, gastropods, and arthropods. A specimen of 

Thalassocnus (probably T. littoralis, T. carolomartini or T. yaucensis) was described in 
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Playa La Luna with an isolated phalanx (De Los Arcos et al.,2017). It would be the 

youngest Upper Pliocene sample found of the genus in the Neogene marine basins along 

the Andean coast (Peralta-Prato and Solórzano, 2019). Carrillo–Briceño et al. (2013) 

describe a diverse chondrichthyan fossil association, such as Callorhinchus sp., 

Heterodontus sp., Carcharodon carcharias, Isurus oxyrinchus, Galeorhinus galeus, 

Carcharhinus brachyurus, Hexanchus griseus, Squatina sp., Pristiophorus sp., Rajidae, 

Dasyatidae and Myliobatidae. These taxa suggest shallow marine system with warm 

waters and high biodiversity.  

Micro-conglomeratic coarse sandstones are at the base of the formation, whose clasts 

come from the erosion of the intrusive basement, exposed north of the Horcon town.  

This unit was deposited in shallow marine environments varying from moddle to inner 

shelf that include shoreface and transitional environments, associated to a low energy 

protected bay and warm shallow waters. In its type – locality (Horcon area) it lies directly 

over Paleozoic – Mesozoic intrusive basement rocks in a non-conformity relationship; 

southwards it conformably overlies the Navidad Formation. It is covered by Quaternary 

palaeodunes and aeolian deposits. It correlates to La Cueva Formation to the South, out 

of the study area. Its continental lateral equivalent is the Confluencia Formation. It is fully 

exposed in a continuous coastal cliff between Maitencillo and Horcon and discontinuously 

from Horcon to Viña del Mar. Also, it is well exposed on gullies and anthropogenic slopes 

in Quintero, Los Maitenes, Mantagua and Las Gaviotas localities. 

Neogene marine and transitional units such as Horcon Formation are included in the 

Navidad Group; other formations outside from the study area are also included, e.g.: Capas 

de Lo Abarca (Brüggen, 1934, 1950; Covacevich and Frassinetti, 1986, 1990), La Cueva 

(Brüggen 1934, 1950), Navidad (Darwin, 1846), Licancheu and Rapel (Tavera 1968, 

1979). These related to the sedimentation and filling of the homonymous basin and its 

northern depocenter in Horcon.  
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b) Quaternary Deposits 

Deposits of marine terraces 

In the study area, there are at least 3 levels of marine terraces, carved on intrusive or 

metamorphic basement or on Neogene sedimentary rocks. They are covered by marine 

gravels and sands, and by aeolian deposits. The most recent levels are partially covered 

by fossiliferous lenses with a maximum thickness of 0.5m; these are slightly indurated 

coquinas (hardgrounds-like with different grades of lithification). Those lenses are 

partially or fully covered by aeolian sands. 

 

Palaeodunes and Aeolian deposits 

Aeolian inactive to active deposits composed by medium to fine grained well sorted sands, 

partially weathered, cover the marine terraces; weathering gives them a characteristic 

reddish-brown color. They are covered by grey to yellow medium grained, well sorted 

loose sands. There is a vegetational cover with incipient soil development. The deposits 

preserve part of their original morphology. Total maximum thickness is 30m including 

inactive, sub-actual and actual dunes. Two depositational events can be recognized in the 

palaeodunes, however it is difficult to separate from each other.  Extension of the aeolian 

deposits reaches up to 15km inland from the actual coastline. They cover all the underlying 

units obliterating their presence. 

 

Alluvial, colluvial and fluvial deposits 

Alluvial and colluvial deposits of gravel and sand are found at the piedmont of the 

Cordillera de la Costa, at the foothills and in the upper part of gorges. Fluvial deposits of 

gravel, sand, and mud are on the actual river streams or on its terraces, floodplains, or 

their estuaries.  
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2.3 Seismotectonic Setting 

The study area is in the Andean subduction margin, where are several seismogenic sources 

such as: Thrust, Intraplate of intermediate depth, Outer-rise and Crustal (e.g., Leyton et 

al, 2010; Perez-Estay et al., 2016; Ruiz and Madariaga, 2018; Santibañez et al., 2019; 

Yañez and Rivera, 2019).  

Lay et al. (2012) have been defined four megathrusts faulting domains based on several 

records of earthquakes along subduction zones and where rupture nucleates in each case 

as shown in the W – E depth view in Figure 3. Domain A is the nearest domain to the 

trench are related to tsunami earthquakes with low short period energy, anelastic 

deformation and stable sliding. Domain B is central megathrust rupture zone, where large 

slip earthquakes with low short period energy occur. Domain C is a deeper rupture zone, 

below the Moho, with modest slip earthquake with high short-period energy. Domain D 

is a transitional domain of slow slip, of low frequency earthquakes and seismic tremors at 

intermediate to high deep.  

In the historical record of megathrusts in Central Chile of domain A and B (Figure 3), 

with large rupture areas and magnitude greater than Mw8.0, are the events of 1647, 1730 

and 1751 (Ruiz and Madariaga, 2018). The 1906 Mw8.2 Valparaíso, 1928 Mw7.7 Talca, 

1985 Mw8.0 Valparaíso, and 2010 Mw8.8 Maule earthquakes initiated the rupture in the 

domain C (Ruiz and Madariaga, 2018).  

The crustal seismicity is commonly related to intra – arc fault systems and to forearc fault 

systems. The 1958 Mw6.3 Las Melosas was related to a fault system in the volcanic arc 

of Principal Cordillera. Its hypocenter was at 15km depth, it had surface rupture and 

possible focal mechanism sinistral in a plane of strike N-S or dextral in a plane of strike 

E-W (Sepúlveda et al., 2008; Alvarado et al., 2009). The 2004 6.5Mw Teno earthquake 

was related to an intra-arc fault as well, which hypocenter was located at 4.7 km depth 

(González, 2008). The focal mechanism indicates a dextral slip in a fault plane 
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N21°E/61°E, -178°; or a sinistral slip in a fault plane N70°W/88°N, -29° (CMT Global 

Catalog, Ekström et al., 2012).  

Additionally, at the southern extreme of Chile a well-studied case is the 2007 Mw6.2 

Aysén earthquake (CMT Global Catalog, Ekström et al., 2012). This event is related to 

Liquiñe – Ofqui Fault System, a sinistral intra-arc fault system, whose focal mechanism 

N84E/86E,2 and N06W/88S,176 (CMT Global Catalog, Ekström et al., 2012) with a high 

angle N-S sinistral slip (Legrand et al., 2011).  

At the forearc domain, in Pichilemu fault two earthquakes occurred a few days after 

Mw8.8 Maule in 2010, their magnitudes were Mw7.0 and Mw6.9 (Farías et al., 2011). 

Those events were part of a group of crustal seisms that occurred immediately after the 

megathrust, due an appropriated fault orientation respect to the rupture zone of the Maule 

earthquake (Vigny et al., 2011; Hayes et al., 2013; Aron et al., 2013). The deformation in 

the continental lithosphere was related to a Coulomb stress increment and an extensional 

local regime in the over-riding plate associated to an elliptical energy radiation pattern 

(Aron et al, 2013). The Pisagua Mw6.7 in 2014 is a cortical post-megathrust event, 

occurred immediately after Iquique Mw8.3 as well (Santibañez et al., 2019).  

In the forearc, between 32°S – 34°S a long-live NW-SE fault system has been recognized 

from geophysical data, surface structural data and field observations. The Melipilla 

Anomaly (Yáñez et al, 2001, 1998; Yañez and Rivera, 2019) has been interpreted as 

tabular and flat igneous body aligned with strike WNW along the Maipo Valley (at 

33°30’S), and sub-vertical dip. This zone would be a zone of weakness of the upper crust 

present since the Mesozoic. Yáñez et al. (1998) associates this fault with a dextral-

transpressional kinematic due a N-S compression and an oblique convergence between 

the Mesozoic Farallon plate and the over-riding South American plate.  

From the Melipilla fault to the north there are a set of NW faults, which is called 

Valparaíso – Melipilla Fault System (VMFS). They are associated to magnetic anomalies 

just as Melipilla fault and its anomaly (Yáñez et al., 1998). The offshore architecture has 
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been studied by several authors (such as, Mordojovic et al., 1981; Von Huene et al., 1997: 

Laursen et al., 2002: Rodrigo et al., 2011), where there are NW to WNW faults with 

Normal or Strike-slip kinematic, similar to the faults present inland. Thus, the fault traces 

of the VMFS might be extended to the offshore. Their neotectonic activity is revealed by 

the uplift of marine terraces in the coastal range. The uplift rates vary between 0.1 to 0.4 

mm/year in the Holocene (FONDEF D10E1027 Project, unpublished report, 2017).  

 

Figure 3: Block Diagram of Seismicity in Andean Subduction zone, between latitudes 30S and 35S. 

Historical megathrusts are shown with yellow lines of its rupture lengths in the area (Based on Ruiz 

& Madariaga (2018). Crustal seismicity is exhibited by the focal mechanisms of events between 1976 

and 2018 (CMT Global Catalog, Ekström et al., 2012). The focal mechanisms in red corresponds to 

major events such as: Las Melosas Mw6.3 1958 (Sepúlveda et al, 2008), Mendoza 6.4Mw, Teno Mw6.5 

2004, Pichilemu Mw7.0 and Mw6.9 2010 (CMT Global Catalog). Slab geometry based on SLAB1.0 

USGS project. Internal structure of Lithosphere and Asthenosphere is based on thermal model of 

Valdenegro et al., (2019). Megathrusts faulting domains A, B C and D (Lay et al., 2012) are shown as 

yellow bold segments. Crustal faults architecture is based on Giambiagi et al. (2015) 
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In this work, the two northernmost faults of the VMFS were analyzed: Aconcagua fault 

and Marga-Marga fault. The first one, might be coincident with a surface lineament of 53 

km, that guides the lower course of the Aconcagua river and its estuary with NW strike 

and NE high angle dip. The second one, is a set of structures with NW strike and SW high 

angle dip near Marga-Marga creek, in a 5km damage zone width and 65km of length 

(Gana et al., 1996; Thorson, 1999; Sabaj, 2008). In Marga-Marga fault has been 

recognized evidence of strike – slip sinistral and normal (with SW dip) kinematic (Gana 

et al., 1996; Thorson, 1999). This is the reflect of the cumulative movement in these faults 

along the time.  

The evidence of strike-slip and dip-slip in crustal faults has been linked with the Andean 

seismic cycle of megathrusts earthquakes by several authors (e.g., Aron et al., 2013, 

Gonzalez et al., 2015, Del Valle et al, in prep.). In the same way, Pichilemu Mw7.0 and 

Mw6.9 of 2010 earthquakes have been related to a normal faulting immediately after the 

megathrust of Maule Mw8.8 2010 (Vigny et al., 2011; Hayes et al., 2013; Aron et al., 

2013), due an appropriated fault orientation respect to the rupture zone of the megathrust. 

So, in the co-seismic of a megathrust, the well oriented structures could be reactivated 

with normal kinematic. During the inter–seismic with very low occurrence, enough energy 

could be accumulated in a compressive or transpressive regime, which is related to fragile 

deformation and strike-slip faulting (FONDEF D10E1027 Project, unpublished report, 

2017). 
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3 METHODOLOGY 

3.1 Conditioning factor of landslide hazard analysis 

The conditioning factors were analyzed to obtain a spatial model of the landslide hazard. 

Our input information were a 5-m resolution DEM and a geological geodatabase. This last 

was made by field mapping campaign and based on previous geological maps (Wall et 

al.,1996; Gana et al.,1996; Rivano,1993). Two input maps were obtained with 5-meters 

resolution: one with lithological information, one with a slope map. We have established 

five categories for the landslide hazard based in a simplified methodology of Lara (2007). 

In general, a slope steeper than 15° is categorized with high co-seismic landslide hazard 

according to Keefer (1994). So, we analyzed only the slopes with a dip greater than 15 

degrees. The hazard was categorized by lithology and slope angle as shown in Table 2. 

For simplicity of the analysis, the attitude of local faulting on slopes, topographic 

amplification, and ground water conditions were not considered. 

Table 2: Hazard categorization based on dip and lithology of slope 

CATEGORY DIP 

[DEG.] 

LITHOLOGICAL UNIT OR SEDIMENTARY DEPOSIT 

Null 0 – 15 Any rock or sediment cover 

Low 15 – 30 Intrusive, extrusive, and metamorphic competent rocks 

Moderated 15 – 30 Sedimentary soft rock or sedimentary deposit slowly to moderately 

competent 

High ≥30 Intrusive, extrusive, and metamorphic competent rocks low to 

moderately competent 

Very High ≥30 Sedimentary soft rock or sedimentary deposit low to moderately 

competent 
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3.2 GIS based Spatial distribution analysis 

Once the analysis of conditioning factors was done, in order to get a sample of spatial 

points in different lithology, slope angle and sun exposition, multiple ring buffer around 

the fault traces were created. Due limitations of the broadband ground motion simulation 

methodology, the distance to the fault trace were increased in steps of 100 m, from 1km 

up to 30km away. At each buffer ring, points equally spaced at 100 m were created. The 

points at slopes with dip angle larger than 15° were selected, because co-seismic shallow 

landslides can be triggered only on slopes steeper than 15° (Keefer, 1994). In order to 

optimize the subsequent computation of broadband synthetic seismograms and Newmark 

sliding block analysis, 13 areas of 1km per 1km were chosen. The selection of the areas 

was taking in account the localization of the first selection of slopes and the localization 

of areas with medium to high hazard susceptibility. Because most of the large landslides 

triggered by crustal earthquakes commonly occur in the surrounding area of the fault trace, 

at distances less than 15km (Sepúlveda et al., 2010; Shinoda and Miyata, 2017; Roback et 

al., 2018). Nevertheless, some co-seismic landslides can occur at greater distances, where 

there would be a much lower landslide density. 

 For all cases, 7 of the zoom-in selected areas were chosen between Aconcagua and 

Marga-Marga fault trace, in Viña del Mar and Concón cities (shown as blue squares in 

Error! Reference source not found.4). They are at the footwalls of each fault in the dip-s

lip scenarios. For the Marga-Marga scenarios, 6 zoom-ins were at the southern area in 

Valparaíso, at the SW block of the Marga-Marga fault (shown as red squares in Error! R

eference source not found.4). For the Aconcagua scenarios, 6 zoom-ins were at the 

northern area in Concón, Quintero and Puchuncaví communes at the NE block of the 

Aconcagua fault. 

At each zoom-in area, were chosen between 4 to 16 points representing critical slopes, 

whose hazard is categorized as Moderated to Very High (those areas are shown as yellow 

to red colors, Figure 4). In some cases, there are some extra points that were put in critical 
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slopes to increase the detail of the analysis. The criteria to choose the points to analyze 

was:  

• The points must be at a minimum distance of 100m and a maximum distance of 

500m between each other. 

• The points must be at different lithologies, slope dip, slope orientation.  

The selected points for compute the analysis for dip-slip and strike-slip scenarios are the 

same, but they are not the same for the Aconcagua and Marga-Marga scenarios, due the 

first sampling of points related to the multiple ring buffers around their fault traces. The 

selection of zoom-in areas for Aconcagua and Marga-Marga scenarios were done 

independently because they are independent cases. 
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Figure 4: Map of study sub-

areas, where the Broadband 

synthetic seismograms and 

Newmark analysis where 

computed. The Marga-

Marga and Aconcagua faults 

are shown. The hypothetic 

epicenters for strike-slip 

scenarios are shown as red 

stars. 
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3.3 Broadband Synthetic Seismograms 

Towards to synthesize seismic signals of the strong motion, we have taking in account the 

two possible fault kinematics for each fault: as a Normal or Sinistral. Thus, the source 

parameters as, fault geometry, corner frequency, focal mechanism were parametrized 

according to Leonard (2010). Because of the stochastic behavior of the rupture in the fault 

plane, used in Crempien and Archuleta (2015) method, ca. 60 simulations were made for 

each sub case. The broadband synthetic seismograms were simulated between 0Hz and 

20Hz. 

The fault geometry was set up according to the maximum inferred length of each fault, 

strike of the fault trace. To compute the rupture process using Green’s functions, the fault 

area was discretized in 1024 sub faults along strike and 512 sub faults along dip. 

For all cases, the source parameters were escalated using Leonard (2010). The maximum 

magnitude of an earthquake in Marga-Marga or Aconcagua fault is approximately an 

Mw7.0 or Mo=4.027∙10+19Nm, according to the maximum inferred length of 65.9km 

and 53.4 km respectively. Moreover, according to Leonard (2010), the input shear wave 

velocity was β=3.9 km/s, the rupture velocity 𝑣𝑟 = 0.8𝛽 = 3.12km/s.  
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Table 3: Values of input parameters of UCSB Broadband Synthetic seismograms 

VARIABLES 

MARGAMARGA fault ACONCAGUA fault 

Dip – Slip (Normal) 

Strike 

Slip 

(Sinistral) 

Dip – Slip (Normal) 

Strike 

Slip 

(Sinistral) 

Length (km) 65.9251 65.9251 53.3922 53.3922 

Width (km) 𝑊 20.0 20.0 20.0 20.0 

Area (km²) 1318.5 1318.5 1067.8 1067.8 

Strike (°) 𝜑 130.0 130.0 290.0 290.0 

Dip (°) 𝜃 Random (60,80) 90 Random (60,80) 90 

Rake (°) -90.0 0.0 -90.0 0.0 

Distance in strike 

direction (km) 
20 20 35 35 

Distance in 

down-dip 

direction (km) dd 

Random (0.0, W) 

Depth of top of 

co-seismic 

rupture area ZTOR 

(km) 

Random (1.0,20.0) 

Hypocenter depth 𝑍𝑇𝑂𝑅 + 𝑑𝑑𝑠𝑖𝑛(𝜃) 
𝑍𝑇𝑂𝑅

+ 𝑑𝑑 
𝑍𝑇𝑂𝑅 + 𝑑𝑑𝑠𝑖𝑛(𝜃) 

𝑍𝑇𝑂𝑅

+ 𝑑𝑑 

Epicenter 

coordinates 

WGS 84 

UTM 19S 

Y 

UTM 

E  

(m) 

𝑌
= 𝑦1

+ 𝑑𝑑𝑐𝑜𝑠(𝜃)𝑠𝑖𝑛(𝜓) 

𝜓 = 360° − 𝜑𝑦1

= 264794 

264794 

𝑌
= 𝑦1

+ 𝑑𝑑𝑐𝑜𝑠(𝜃)𝑠𝑖𝑛(𝜓) 

𝜓 = 360° − 𝜑𝑦1

= 269222 

269222 

X 

UTM 

N 

(m) 

𝑋
= 𝑥1

+ 𝑑𝑑𝑐𝑜𝑠(𝜃)𝑐𝑜𝑠(𝜓)𝜓
= 360° − 𝜑𝑥1

= 6341400 

6341400 

𝑋
= 𝑥1

+ 𝑑𝑑𝑐𝑜𝑠(𝜃)𝑐𝑜𝑠(𝜓)𝜓
= 360° − 𝜑𝑦1

= 6354190 

6354190 
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3.4 Newmark Analysis  

In the Newmark (1965) method the problem is approximated by a rigid block (Figure 5), 

which would slide along an infinite surface only when the seismic acceleration exceeds 

the critical acceleration 𝑎𝑐 (e.g., Jibson and Keefer, 1993; Jibson, 2011). The block 

displacement is accumulated each time critical acceleration is exceeded.  

The parameters that control the block behavior are internal friction angle between block 

and surface (𝜙), surface dip(𝛼). In addition, the critical acceleration (𝑎𝑐) also depends 

on bulk density of the material(𝛾′), bulk density of the water(𝛾𝑤), effective cohesion (𝑐)  

and the thickness of the sliding block (𝑡) (Figure 5). 

 

Figure 5: Newmark sliding block scheme. The problem is approximated by rigid sliding block with 

known cohesion, friction angle, bulk density, thickness, and saturated proportion. The component of 

acceleration-time history a(t) in dip and dip-direction is used in 1-D Newmark Analysis. This block 

moves only when the acceleration is greater than the critical acceleration. (After Jibson, 2011; Du, 

2018) 

The co-seismic displacement in the terrestrial surface is expressed in terms of Newmark 

Displacement (𝐷𝑛). Corresponds to the displacement of a block of rock or soil for an 

oscillation cycle due ground strong motion. In pursuance of estimate the accumulated 

displacement for co-seismic landslides, is necessary to have the predominant period and 

the oscillation duration for each point analyzed (Towhata, 2008). In this work, to calculate 
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the Newmark Displacement we calculated a Safety Factor (𝐹𝑆) for infinite slope 

previously, then the critical acceleration (𝑎𝑐) (Jibson, 2011). 

The final 𝐷𝑛 is the double integration of the difference between the acceleration time-

history and the critical acceleration (Figure 6), only in the intervals where: 

 ∫ 𝑎(𝑡) − 𝑎𝑐(𝑡) > 0  

𝐹𝑆 =
𝑐′

𝛾𝑡𝑠𝑖𝑛(𝛼)
+

𝑡𝑎𝑛(𝜙′)

𝑡𝑎𝑛(𝛼)
−

𝑚𝛾𝑤𝑡𝑎𝑛(𝜙′)

𝛾𝑡𝑎𝑛(𝛼)
 

𝑎𝑐 = (𝐹𝑆 − 1)𝑔𝑠𝑖𝑛(𝛼) 

𝐷𝑁 = ∫ ∫(𝑎(𝑡) − 𝑎𝑐(𝑡))𝑑𝑡 

We select two probable seismogenic faults: Marga-Marga fault and Aconcagua fault, 

which are part of the VMF. The Marga-Marga and Aconcagua faults have two potential 

kinematic behavior. The first case is a Dip-Slip Normal kinematic due a change in 

Coulomb stress just after a mega-thrust earthquake. This case would be like Pichilemu 

2010 Mw7.0 and Mw6.9 earthquakes, which were related to Maule 2010 Mw.8.8, 

occurred one month before those events. Both events have shown normal focal 

mechanisms (Aron et al., 2013). In long term neotectonic deformation in SFVM, in inter-

seismic phase those faults would have a Strike-slip behavior. So, the second case is a 

Strike-Slip Sinistral kinematic, which is consistent with some of the striae rake reported 

by del Valle (in prep.) 
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Figure 6: Newmark integration algorithm. A, acceleration time-history in solid line, critical 

acceleration (dashed line), the area between both curves is integrated to obtain the velocity. B, 

velocity versus time of the sliding block. C, Accumulated displacement of the sliding block (Jibson, 

2011) 
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4 RESULTS: PAPER SUBMITTED TO ENGINEERING GEOLOGY 

Title: Predicting landslides caused by crustal seismicity: A case 

study along the Coastal Range, Central Chile 

Dominique Valdiviaa, Carlos Marquardta, ∗, Jorge G. F. Crempiena, b, 

Sara Elguetaa, Gonzalo Yáñez a, Esteban Sáez a, b 

aEscuela de Ingeniería, Pontificia Universidad Católica de Chile, Vicuña Mackenna 

4860, Macul, Santiago, Chile 

b National Research Center for Integrated Natural Disaster Management (CIGIDEN), 

CONICYT/FONDAP/15110017, Santiago, Chile 

Abstract 

Co-seismic landslides are geo-hazards resulting from the triggering event of an earthquake. 
Predictive landslide models under, likely seismic scenarios, are useful tools for mitigation and 

reduction risk assessment. Our objective was to explore landslides caused by crustal seismicity 

in the Andean forearc of Chile and how such kinematics may vary between strike-slip and dip-
slip scenarios under dry and saturated conditions and how the conditioning parameters might 

control the displacements. In the Coastal Range of Central Chile (32.5–33◦S), a part of the 

Valparaíso–Melipilla fault System (VMFS) occurs, a long-lived NW-SE-trending fault system 
in the Andean forearc. The two northern faults were selected, namely the Aconcagua and Marga–

Marga faults, whose traces pass through highly populated coastal cities including Valparaíso, 

Viña del Mar and Concón. First, the slopes and surface geology were analyzed to obtain a hazard 

categorization. Then, several areas were chosen to develop a predictive model under different 
earthquake scenarios using synthetic seismograms and Newmark analysis. The computed 

displacements are from negligible to 101 m. However, under saturated conditions they can be 

larger by up to one order of magnitude than in dry conditions. The displacements also show a 
stronger lithological control than the ground motion itself. The largest computed displacements 

were for the Marga–Marga Normal earthquake scenario and the location of the largest 

displacements in all scenarios is primarily controlled by the rock/soil competence and 

secondarily by the directivity of the seismic rupture. 
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1. Introduction 

At active tectonic margins across the Earth, in particular, along subduction zones, there 

are several types of seismic sources, each with different rupture mechanics, hypocenter 

location, wave propagation and associated seismic hazards. In subduction zones, the 

main seismic hazard is from megathrust earthquakes (Leyton et al., 2009; Melnick et 

al.,2009; Vigny et al., 2011; Idini et al., 2017; Ruiz and Madariaga, 2018) and the 

secondary seismic hazard is from shallow crustal earthquakes (Barrientos et al., 2004; 

Sepulveda et al., 2008; Alvarado et al.,2009; Ammirati et al., 2019; Santibáñez et al., 

2019), outer-rise (Satake and Tanioka, 1999) and intermediate- depth earthquakes (Beck 

et al., 1998). In subduction zones, co-seismic landslides are not well understood, those 

caused by crustal earthquakes.  (Schulz et al., 2012; Valagussa et al., 2019). In regions 

such as California, Taiwan, Papua New Guinea, and Japan there have been efforts to 

estimate the spatial distribution of co-seismic landslides in near-real time (Nowicki et 

al., 2014), to study the topographic effect on co-seismic landslides ((Meunier et al., 

2008) or to study the geological characteristics of co-seismic landslides (Chigira & Yagi, 

2006) .In fact, co-seismic landslides can potentially cause damage that is greater than 

that caused by the triggering earthquake itself. 

The Coastal Range of Central Chile is located at the subduction margin between the 

Nazca oceanic plate and the South American Plate, where the latter subducts beneath 

the former at a rate of 60–70 mm/yr. The Coastal Range is situated in the southernmost 

part of the Pampean flat-slab region. It is affected by the NW-SE-trending Valparaíso–

Melipilla fault System (VMFS), whose faults are assumed to be seismogenic (Thorson, 

1999; Santibáñez et al., 2019). In this work we take the two northern faults of this 

system, Marga-Marga and Aconcagua faults and adjacent areas between 32.5 and 33°S 

(Figure 1) to analyze the slope behavior under different seismic scenarios product of the 

activation of these crustal faults.  



40 

 

 

  

One of the greatest challenges in natural hazards and earth surface processes, in 

populated areas in seismic zones is landslide hazard assessment to save human life and 

to anticipate future events (National Academies of Sciences, 2003, 2018) , especially 

using improved physics-based methods (Jibson, 2011; Wasowski et al., 2011, 2014). For 

this research, it is necessary to determine the potential spatial distribution, size and 

displacement of co-seismic landslides that might affect the target area. Historically, co-

seismic and post-seismic landslides have been responsible for fatalities, damage to 

infrastructure like dams or embankment and floods (e.g., Keefer, 2000; Bommer and 

Rodriguez, 2002; Jibson, 2007; Keefer, 2012). Rodríguez et al. (1999) argued that co-

seismic and post-seismic landslides are typically related to medium-to-high intensity 

earthquakes with magnitudes over Mw 5.0, regardless of the seismic source. 

Earthquake-triggered landslides are the main hazard in both mountainous regions and 

steep coastal landscapes (Fan et al., 2019). For instance, specific conditions are required 

for an earthquake to be tsunamigenic (Satake et al., 2020), however, any earthquake can 

trigger landslides and rock falling in slopes. There have been many studies of 

earthquake-triggered landslides. Some authors have implemented qualitative approaches 

using the categorization of hazards based on susceptibility indexes, while others have 

used computer-based quantitative mathematical models. The first studies involving the 

categorization of hazards were based on geotechnical properties, lithology, topography, 

slope orientation and angle, precipitation and snow coverage, among others (e.g., Lara 

et al., 2018; Lara, 2007; Farías, 2012; Fuenzalida, 2015; Tanyaş et al., 2017). 

Quantitative models have been used to classify co-seismic landslides in terms of their 

geomorphology and types of movement, the geology of the involved material, the 

distance to rupture and intensity measures (e.g., Chigira et al., 2003; Chigira and Yagi, 

2006; Higaki and Abe, 2013; Sugimoto et al., 2013; Chen et al., 2020; Shafique, 2020). 

The National Academies of Sciences (2003) and Wasowski et al. (2011) recommend the 

construction of more complete landslide inventories due to their relevance as an input 

for further hazard assessments. Some of these inventories are focused on particular 
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earthquakes (Keefer, 1984, 2000; Gorum et al., 2011; Harp et al., 2011; Wartman et al., 

2013; Xu, 2015; Serey et al., 2019), while others are extensive worldwide inventories 

(Rodríguez et al., 1999; Malamud et al., 2004; Tanyaş et al., 2017). This kind of 

information is valuable for statistical and spatial analyses of landslide distribution, size, 

and classification (e.g., Keefer, 2000; Malamud et al., 2004; Meunier et al., 2007; 

Caccavale et al., 2017; Marc et al., 2017). Other authors have focused on particular 

landslides or areas to study the mechanics of landslides, the interaction between seismic 

waves and landslides, or the motion of flows and falls, through numerical modelling 

(e.g., De Blasio, 2011; Lenti and Martino, 2012; Worni et al., 2013), finite-element 

modelling for an hypothetical or real landslide (e.g., Griffiths and Lane, 1999; Huang, 

2013; Harp et al., 2014; Liu et al., 2014; Podolskiy et al., 2015, García et al., 2018), or 

spectral-element modeling for a regional-scale case study (e.g., Huang et al., 2020). 

Physics-based methods for seismic stability analysis has been implemented at small 

scale and at local to regional scale by several authors (Crespellani et al., 1998; Miles and 

Ho, 1999; Bray, 2007; Del Gaudio and Wasowski, 2011; Allstadt et al., 2013; Gorum 

and Carranza, 2015; Lenti and Martino, 2012; Marc et al., 2017; Leshchinsky, 2018). 

Additionally, various authors have proposed predictive models based on statistics 

(Romeo, 2000; Stavrou et al., 2011; Sharifi-Mood et al., 2017; Pellicani et al., 2017; 

Zhang et al., 2017; Jafarian et al., 2019; Han et al., 2019) and some have proposed 

empirical relationships between landslide size, location, landslide density, or 

displacement using intensity measures (e.g., Peak Ground Acceleration (PGA), Peak 

Ground Velocity (PGV), Arias Intensity (IA), Fundamental Period of soil (TF) (Rathje 

and Antonakos, 2011; Du and Wang, 2016; Nowicki et al., 2014; Shao et al., 2020; 

Vahedifard and Meehan, 2011; Parker et al., 2017). 

Some authors have used worldwide datasets to predict and to propose relations between 

landslides and the seismic moment, the focal mechanism, the hypocenter depth, among 

others(Marc et al., 2016, 2017; Vahedifard & Meehan, 2011). Re-scaling events for 

predictive modelling is not an accurate method when seismic datasets from other 

tectonic regions are used. However, a physics-based method involving synthetic 
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seismograms offers a more robust approach (Miles and Ho, 1999; Shanmugam and 

Wang, 2015; Huang et al., 2020). A traditional way to estimate seismic-induced-

displacement in slopes is through rigid block analysis of Newmark (1965). There have 

been many interpretations of the computed displacements of co-seismic landslides with 

Newmark Analysis, in which they are associated with the potential slope behavior in the 

field and with hazard categorizations (Wieczorek et al., 1985; Keefer and Wilson, 1989; 

Jibson and Keefer, 1993; Romeo, 2000; Blake et al., 2002; California Geological Survey 

and California State Mining and Geology Board, 2008; Jibson and Michael, 2009; 

Jibson, 2011). 

Our research questions are: (1) What are the major controlling factors for crustal-

earthquake-triggered landslides in the forearc of subduction settings? (2) What is the 

spatial distribution and displacement of landslides caused by crustal earthquakes?  

The working hypothesis was that the major controlling factor is the lithology, and the 

secondary controlling factor is the earthquake rupture process. In strike-slip earthquake 

scenarios, the potential landslides and their displacements have a symmetrical 

distribution about the fault. Meanwhile, in normal earthquake scenarios, the potential 

triggered landslides and their displacements are larger and more concentrated the 

hanging wall than in the footwall (Fan et al., 2019; Gorum et al., 2011). In normal 

earthquake scenarios, on the footwall, the potential landslides are smaller and have a 

lower spatial density than at the hanging wall. The aim of this work is to study the hazard 

from potential earthquake-triggered landslides in coastal areas where there is more than 

one potential fault kinematic. Crustal earthquakes were studied associated with strike-

slip and dip-slip kinematics where fault traces occur close to highly populated urban 

areas. 

In the emerged forearc of Central Chile, potential earthquake scenarios associated with 

the two northern faults of the VMFS—the Marga–Marga and Aconcagua faults—were 

analyzed. These faults have potential dual kinematics; they can have sinistral strike-slip 
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kinematics or normal dip-slip kinematics depending on changes in Coulomb stresses 

(Rodrigo, 2011; Aron et al., 2013). The occurrence and displacement of co-seismic 

landslides were analyzed using a first approach based on conditioning factors and a 

physics-based model for four potential earthquake scenarios. First, a preliminary 

analysis was performed based on the main conditioning factors of slope failure. A GIS-

based technique considering spatial features to represent the geology and a 5m resolution 

Digital Elevation Model (DEM) was implemented, using a hazard index which does not 

depend on the seismic source. On the basis of this first analysis several areas of 1 km x 

1 km were identified, each containing several slopes where we have developed a 

susceptibility analysis based on surface lithology and slope angle. For these areas, 

broadband synthetic seismograms were constructed, and the Newmark displacement 

was calculated. The final co-seismic displacements were calculated in the dip direction 

of the slope following the classic Newmark method (Newmark, 1965) under dry and 

saturated soil conditions. 

2. Geological and geomorphological setting 

The study area is located in the Coastal Range of the emerged forearc of Chile, between 

32.5 and 33° S, at the southernmost part of the Chilean Pampean flat-slab region (Isacks, 

1988; Ramos 2009; Charrier et al., 2014). The low angle of subduction and the absence 

of Quaternary volcanic activity in the flat slab is due to the subduction of the Juan 

Fernandez Ridge (JFR) since ca. 8-10 Ma (Yáñez et al.,2001; Le Roux et al., 2006), 

immediately offshore of the study area. 

The main morphostructural units from E to W are: The Coastal Cordillera, whose 

maximum height in the study area is 1040 m.a.s.l.; coastal plains and a narrow beach 

backed by active coastal cliffs. The flat relief of the summit areas of the Coastal 

Cordillera here has been interpreted as remnant peneplains that have been rapidly 

uplifted from the original position close to sea level (Farías et al., 2008; Saillard et al., 

2009). The coastal plains are related to Neogene and Quaternary marine, transitional, 
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and continental sedimentary units covering the basement units and their morphology is 

that of marine terraces uplifted in the Pleistocene–Holocene (Marquardt et al., 2004; 

Rodríguez et al., 2013; Sepúlveda et al., 2015; Binnie et al., 2016). The exposure of 

Pliocene marine units in a continuous cliff in the northern Maitencillo and Horcon – part 

of the study area- suggests an uplift of at least 100 m during the Pliocene and Quaternary 

(Encinas et al., 2006, 2008; Valdivia et al., 2018). 

Moreover, the marine terraces in this area have an apparent high uplift rate of 0.25 to 

0.3 mm/yr. since 0.4 Ma (Melnick, 2016). The uplift of the marine terraces is segmented 

along the Andean coastal range (Melnick et al., 2009; Martinod et al., 2016). This uplift 

has been related to the seismic cycle and to the rupture process of megathrust 

earthquakes, and higher uplift rates have been related to the boundaries of historical 

megathrust earthquakes areas with low slip (Jara-Muñoz and Melnick,2015; Melnick, 

2016). 

The basement of the Coastal Cordillera is composed of Paleozoic metamorphic rocks, 

Paleozoic and Mesozoic intrusive rocks, and Mesozoic volcanic rocks (Gana et al., 1996; 

Servicio Nacional de Geología y Minería (SERNAGEOMIN), 2003). The Paleozoic 

Valparaiso Metamorphic Complex outcrops in the southern coastal area of Valparaíso 

(Figure 1) (Gana et al., 1996). This complex is intruded by granitoids, tonalites, and 

gabbro units of Paleozoic and Mesozoic ages; these units form N-S-trending 

discontinuous belts whose ages become younger from west to east (Rivano et al., 1993; 

Gana and Tosdal, 1996; Gana et al., 1996; Creixell et al., 2006). These intrusive rocks 

are partially covered by the Ajial Formation (shown in light blue in Figure 1), which 

was defined by Thomas (1958) as a volcano-sedimentary sequence of Jurassic age 

(Charrier et al., 2014; Boyce et al., 2020). This formation is composed of andesitic, 

rhyodacitic, and basaltic lavas, with additional conglomerates, sub arkoses, greywackes, 

and calcarenites (Rivano et al., 1993). The Ajial Formation is intruded by Upper Jurassic 

to Cretaceous plutonic rocks (Parada et al., 2005; Boyce et al.,2020). 
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Figure 1: Simplified geological map of the study area. Note the inferred Aconcagua fault dipping 

to the NE and the inferred Marga–Marga fault dipping to the SW. Modified from Rivano et al. 

(1993), Gana et al. (1996), SERNAGEOMIN (2003), and Charrier et al. (2014). 

The Neogene units overlying the intrusive rocks and the Ajial Formation are part of the 

Navidad Group, whose members are part of the sedimentary infill of the Navidad Basin 

(Lavenu and Encinas, 2005; Encinas et al., 2006) and its northern depocenter in Horcon. 

In the study area, the Pliocene Horcon Formation is the youngest unit (Thomas, 1958; 

Carrillo-Briceño, 2013; De Los Arcos et al., 2017; Valdivia et al., 2018). The Horcon 

Formation is constituted by three facies—micro-conglomeratic coarse lithic 

fossiliferous sandstone; fine-to-medium grained litho-feldspathic fossiliferous 
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sandstones interbedded with polymictic conglomerates; and fine-to-medium grained 

potassic feldspar-quartz fossiliferous sandstones—all of them with low-to-medium 

lithification (Valdivia et al., 2018). In these upper facies, researchers have described 

bivalves, vertebrates, chondrichthyans, and arthropods (Carrillo-Briceño, 2013; De Los 

Arcos et al., 2017). This unit was deposited in shallow marine varying to beach 

transitional sedimentary systems associated with a low-energy protected bay and warm 

shallow waters. In Figure 1, the Horcon Formation appears in orange; it outcrops in a 

continuous active coastal cliff between Maitencillo and Quintero and is well exposed in 

gullies, marine scarps, and anthropogenic slopes in the eastern area of Puchuncaví and 

Viña del Mar. 

The gravels of the Central Coast, whose members include the Confluencia Formation 

(Rivano and Sepulveda, 1991) (equivalent to the Horcon Formation) and the overlying 

Potrero Alto strata (Wall et al., 1996), are related to continental sedimentary systems 

(shown in brown and pink in Figure 1, respectively). Both the Confluencia Formation 

and the Potrero Alto strata are sedimentary sequences of medium-to-low lithification 

composed of imbricated conglomerates interbedded with sandstones and mudstones 

with large-scale crossbedding; they are related to alluvial, fluvial, and eolian systems. 

In the study area, there are at least three levels of marine terraces (Rodríguez, 2008; 

Guerrero, 2020). The associated deposits of marine sands, gravels, and eolian sand 

deposits are in unconformable contact above intrusive or metamorphic Paleozoic–

Mesozoic basement. Most recent levels are partially covered with coquinas 

(hardgrounds-like with different grades of lithification) that are partially or fully covered 

by eolian sand deposits, which are related to Quaternary palaeodunes, sub-actual dunes, 

and actual dunes that can reach up to 15 km from the actual coastline to the east. The 

composition of the Quaternary eolian deposits is medium-to-fine grained sands with 

some alteration at the lower levels. The younger levels are well-sorted fine and loose 

sands; they are related to the palaeodune field of Puchuncaví and Quintero and to the 

actual dune fields of Ritoque and Concón (this work). 
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In the foothills of the Coastal Cordillera and along gorges and gullies in this mountain 

range there are alluvial and colluvial deposits of gravel and sands. Recent fluvial 

deposits are related to actual river streams, such as the lower course of the Aconcagua 

River, as well as its terraces, floodplains, and an estuary next to Concón (this work). 

1. Seismotectonic Setting 

The study area is in the Andean subduction margin, where several seismogenic sources 

are possible, such as: interplate and intraplate (Shearer, 1975). The interplate domain is 

the more complex domain, where rupture occurs due to a loss of coupling between the 

overriding continental crust and the under-riding oceanic crust (Brune, 1970,1971; 

Madariaga, 1976; Aki, 1984; Loveless et al., 2010; Lay et al., 2012; Briggs, 2016). The 

intraplate domain in the oceanic plate includes intraplate earthquakes of intermediate 

depth (Beck et al., 1998) and outer-rise earthquakes (Satake and Tanioka, 1999). The 

intraplate domain in the continental plate is a shallow crustal domain (e.g., Sepulveda et 

al., 2008; Alvarado et al., 2009 Leyton et al., 2010; Ruiz and Madariaga, 2018; 

Santibáñez et al., 2019). 

Lay et al. (2012) defined four megathrust faulting domains: A, B, C and D; based on 

several earthquake records along subduction zones and the location where the rupture 

nucleates, as shown in the E-W depth cross-section in Figure 2. Domain A is the nearest 

domain to the trench and is related to tsunami earthquakes with low, short-period energy 

radiation, anelastic deformation, and stable sliding. Domain B is the central megathrust 

rupture zone and generates large slip earthquakes with low, short-period energy 

radiation. Domain C is a deeper rupture zone, below the Moho, and produces modest 

slip earthquakes with high, short-period energy radiation. Domain D is a transitional 

domain with slow slip, low-frequency earthquakes, and seismic tremors at intermediate 

to high depth. 

The historical record of megathrust earthquakes—that is those with large rupture areas 

and magnitudes greater than Mw 8.0—in domains A and B of Central Chile, include the 
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events of 1647, 1730 and 1751 (Ruiz and Madariaga, 2018). The 1906 Mw 8.2 

Valparaíso, 1928 Mw 7.7 Talca, 1985 Mw 8.0 Valparaíso, and 2010 Mw 8.8 Maule 

earthquakes initiated the rupture in Domain C (Ruiz and Madariaga, 2018), and their 

rupture propagated upward towards the trench. 

Crustal seismicity is commonly related to intra-arc and forearc fault systems (Farías et 

al., 2010; Leyton et al., 2010; Heinze, 2003). The 1958 Mw 6.3 Las Melosas earthquake 

was related to a fault system in the volcanic arc of the Main Cordillera. Its hypocenter 

was at 15 km depth, it had a surface rupture, and its focal mechanism was possibly 

sinistral on a plane striking N-S or dextral on a plane striking E-W (Sepulveda et al., 

2008; Alvarado et al., 2009). The 2004 Mw 6.5 Teno earthquake was also related to an 

intra-arc fault, whose hypocenter was at 4.7 km depth (Gonzalez, 2008). Its focal 

mechanism indicates dextral slip on a fault plane with strike N21◦E, dip 61◦E, and rake 

-178◦ or sinistral slip on a fault plane with strike N70◦W, dip 88◦N, and rake -29◦ (Global 

CMT Catalog, Ekström et al., 2012). 

Another well-studied earthquake is the 2007 Mw 6.2 Aysén earthquake (Global CMT 

Catalog, Ekström et al., 2012), which occurred in the south of Chile. This event was 

related to the Liquiñe–Ofqui Fault System, which is a sinistral intra-arc fault system, 

and its focal mechanism had the solution of a fault plane with strike N84°E, dip 86°E, 

and rake 2°, and a plane with strike N06°W, dip 88°S, and rake 176° (Global CMT 

Catalog, Ekström et al., 2012) with high-angle N-S sinistral slip (Legrand et al., 2011). 

Several landslides and a tsunami were triggered by the Aysén earthquake, which have 

been well studied by Sepúlveda and Serey (2009) and Sepúlveda et al. (2010). These 

authors found that the main controlling factors for the landslides were the geotechnical 

and geomorphological characteristics of the rock slopes. 

In the forearc domain, there are several fault systems with recent activity such as the 

Pichilemu fault (Arriagada et al., 2011; Alfaro, 2011; Aron et al., 2013), the El Yolki 

fault (Melnick et al., 2019), the Atacama Fault System (Niemeyer et al., 1996; Cembrano 
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et al., 2005; Hoffmann-Rothe et al., 2006; Gonzalez, 2008; Allmendinger and Gonzalez, 

2010; Cortés, 2012),the East-West Transversal Fault System (Allmendinger et al., 2005; 

Gonzalez, 2008; Gonzalez, 2010) and the Andean Transverse Fault System (Sielfeld et 

al., 2019) or Trans Lithospheric Faults in the definition of Yañez and Rivera (2019). 

Two earthquakes occurred on the Pichilemu fault on 11 March 2010, a few days after 

the Mw 8.8 Maule megathrust earthquake on 27 February 2010. These events had 

magnitudes of Mw 7.0 and Mw 6.9 (Farías et al., 2011) and were part of a group of 

crustal earthquakes that occurred immediately after the Maule megathrust earthquake 

due to a favorable fault orientation with respect to the rupture zone of the Maule 

earthquake (Vigny et al., 2011; Hayes et al., 2013; Ruiz et al., 2014). Aron et al. (2013) 

found that the deformation in the continental lithosphere caused by the Mw 7.0 and Mw 

6.9 events was related to an increase in Coulomb stress and an extensional local regime 

in the overriding plate associated with an elliptical energy radiation pattern. Similarly, 

the Pisagua Mw 6.7 earthquake in 2014 was a cortical event which occurred immediately 

after the Iquique Mw 8.3 earthquake (González et al., 2015; Santibáñez et al., 2019). In 

the Chilean forearc there are neotectonic strike-slip faults such as Chomache fault, 

Domeyko fault system, with geomorphological evidence of their displacement and 

seismic records (Allmendinger & González, 2010; Bloch et al., 2014; Mpodozis & 

Cornejo, 2012). 

In the forearc, between 32◦ S and 35◦ S, a long-lived NW-SE-oriented fault system has 

been recognized from geophysical data, surface structural data, and field observations. 

The Melipilla Anomaly (Yáñez et al., 1998; Yáñez et al., 2001) is a magnetic and CMST 

anomaly interpreted as a flat tabular igneous body striking WNW along the Maipo 

Valley (at 33◦30’S) with a sub-vertical dip. This anomaly represents a zone of weakness 

in the upper crust that has been present since the Mesozoic, that is represented at surface 

by the Melipilla fault (Wall et al., 1996). Yáñez et al. (1998) associated this fault with 

dextral-transpressional kinematics due to a N-S compression and an oblique 

convergence between the Mesozoic Farallon Plate and the overriding South American 

Plate. From the Melipilla fault to the north there is a set of NW to WNW-trending faults 
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called the Valparaíso–Melipilla Fault System (VMFS). These are associated with 

magnetic anomalies, as are the Melipilla fault and its anomaly (Yáñez et al., 1998). This 

system has been studied with field observations (Rodríguez, 2008; Sabaj, 2008) and by 

the recognition of lineaments in drainage systems (Gana et al., 1996; Castro and 

Brignardello, 1997). Figure 1 shows, from N to S, the Aconcagua, Marga–Marga, 

Valparaíso, and Laguna Verde faults of the VMFS. 

The offshore architecture of this fault system has been studied by several authors 

(Mordojovic, 1981; von Huene et al., 1997; Laursen et al., 2002; Rodrigo, 2011), who 

identified NW to WNW-trending faults with normal or strike-slip kinematics, similar to 

the faults located inland. Thus, the VMFS, as a fault system, appears to be extended to 

the offshore area. The neotectonic activity of the VMFS is revealed by the uplift rates of 

marine terraces in the Coastal Range, which vary between 0.1 and 0.4 mm/year (Sáez et 

al., FONDEF D10E1027 Project, unpublished report, 2018) and is supported by 

stratigraphic evidence. 

The present study is focused on potential co-seismic landslides associated with different 

earthquake scenarios related to the Aconcagua and Marga–Marga faults, which are the 

northernmost faults of the VMFS. Different seismic scenarios on the Marga–Marga and 

the Aconcagua fault—which have been suggested to have either normal or sinistral 

kinematics—and under dry and saturated conditions were computed. 
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Figure 2: Block diagram of seismicity in the Andean subduction zone between latitudes of 30◦ 
S and 35◦ S. The rupture lengths of historical megathrust earthquakes are shown with yellow 

lines (based on Ruiz and Madariaga (2018)). Crustal seismicity is shown by the focal 

mechanisms of events between 1976 and 2018 (Global CMT Catalog, Ekström et al. (2012)). 
The focal mechanisms in red correspond to major cortical events, namely: the 1958 Las Melosas 

Mw 6.3 (Sepulveda et al. (2008)), the 2004 Mendoza 6.4 Mw, the 2004 Teno Mw 6.5, and 2010 

Pichilemu Mw 7.0 and Mw 6.9 earthquakes (Global CMT Catalog). Slab geometry is based on 

the USGS SLAB1.0 project. The internal structures of the lithosphere and asthenosphere are 
based on the thermal model of Valdenegro et al. (2019). Megathrust faulting domains A, B, C, 

and D (Lay et al.,2012) are shown by yellow.  

 

4. Co-seismic landslide hazard analysis based on conditioning factors 

The conditioning factors of slope failure were analyzed to obtain a spatial model of the 

landslide hazard. The input information was as follows: a DEM with a 5-m resolution, 

and a geological geodatabase. The geodatabase was constructed based on a field 

mapping campaign and previous geological maps (Wall et al., 1996; Gana et al., 1996; 
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Rivano et al., 1993). Two rasters were obtained with a 5-m resolution, one with 

lithological information and one with a slope map. 

The slope characteristics that are most used in the qualitative assessment of landslides 

are the slope angle and the regional-scale lithology. For instance, for the 2008 Mw 6.9 

Wenchuan earthquake, Liu et al. (2012) produced a slope stability classification based 

on slope angle and rock competence. The slope angles were classified into four classes 

of 0–10◦, 11–30◦, 31–40◦, and >40◦, while the lithology and its competence were 

classified into four classes: high competence (thick layers of limestone, sandstone, and 

metamorphic rocks), high-to-medium competence (interbedded limestone and 

sandstone), low-to-medium competence (highly fractured rocks), and low competence 

(Cenozoic sandstones and unconsolidated sediments). 

Five categories for the landslide susceptibility were established based on a simplification 

of the methodology of Lara (2007) and Liu et al. (2012) (see Table 1). According to 

Keefer (1994), in general, slopes steeper than 15◦ are categorized as having high co-

seismic landslide hazard. Therefore, we analyzed only slopes with a dip greater than 15◦, 

and these slopes were classified as having null hazard. The hazard was categorized by 

lithology and slope angle as shown in Table 1. For analytical simplicity, the distance to 

fault traces and groundwater conditions were not considered to analyze only the main 

conditioning factors. Landslide susceptibility was classified according to the slope angle 

in the following three sub-classes: [0◦–15◦], [15◦–30◦], [30◦,90◦]. Additionally, the 

susceptibility was classified according to the lithological cover in the following two sub-

classes: (a) Paleozoic–Mesozoic intrusive, extrusive, and metamorphic rocks; and (b) 

Cenozoic sedimentary rocks, and unconsolidated sedimentary deposits. Furthermore, 

landslide hazard was classified according to the competence of the rock in the following 

two sub-classes: (1) competent rocks; and (2) low to moderate competent rocks. These 

sub-classes were used to produce a categorization with five categories: Null (Any rock 

or sedimentary deposit with slope angle lower than 15°), Low (competent Paleozoic–

Mesozoic intrusive, extrusive, and metamorphic rocks, with slope angles between 15◦ 
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and 30◦), Moderate (lowly to moderately competent and moderately weathered Cenozoic 

soft sedimentary rocks and unconsolidated sedimentary deposits, with slope angles 

between 15◦ and 30◦); Moderate-to-High (lowly to moderately competent or moderately 

to highly weathered Paleozoic–Mesozoic intrusive, extrusive, and metamorphic rocks, 

with slope angles larger than 30◦); High (lowly to moderately competent Cenozoic soft 

sedimentary rocks and unconsolidated sedimentary deposits, with slope angles larger 

than 30◦). 

Table 1: Susceptibility categorization based on dip and lithology of slopes 

Category Dip Lithological Unit or Sedimentary Deposit 

Null 0◦–15◦  Any rock or sediment cover 

Low 15◦–30◦ Intrusive, extrusive, and metamorphic competent rocks 

Moderated 15◦–30◦ Lowly to moderately competent soft sedimentary rock 

or sedimentary deposits  

High ≥ 30◦ Lowly to moderately competent intrusive, extrusive, 

and metamorphic rocks  

Very High ≥ 30 Lowly to moderately competent soft sedimentary rock 

or sedimentary deposits  
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Figure 3: Qualitative categorization of landslide hazard based on lithology and slope. 

bold segments. Crustal structures are taken from del Valle et al. (in prep) and Santibáñez et al. 
(2019).  
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4.1. Landslide susceptibility 

Categories of landslide hazard were defined as shown in Table 1. As shown in Figure 3, 

most of the steep slopes with high or very high hazard are located in the south of the 

study area near the cities of Valparaíso and Viña del Mar and in the north of the study 

area near Puchuncaví. In the former area, most of the high hazard is related to Quaternary 

sedimentary deposits with low cohesion and steep slopes situated above metamorphic 

and intrusive basement rocks. In the latter area, the high hazard is associated with a 

continuous cliff where Neogene sedimentary rocks outcrop. Figure 4 shows some 

examples of recent landslides in the study area which coincide with areas of high hazard. 

Along the coastal area in the northern part of the study area, we observed old rotational 

landslides with horizontal displacements of ca. 5 m (e.g., Figure 4A) whose trigger is 

unknown; these landslides occurred on medium-competence Neogene marine sandstone 

of the Horcon Formation, which outcrops in the most recent marine scarp in Horcon city. 

Figure 4B shows a translational landslide to the south of a road close to Quintero which 

may have been triggered by heavy rainfall in winter; its displacement is 3–4 meters and 

it occurred on low-competence Neogene continental coarse sandstone of the 

Confluencia Formation. Figure 4C shows a complex landslide at Maitencillo; it is an old 

rotational landslide on very low-competence Quaternary eolian deposits with a 

displacement of ca. 15 m. This landslide has some reactivation of smaller rotational and 

translational landslides with displacements of 1–3 m and several debris flows, whose 

runouts are 10–15 m in length. Figure 4 D shows a toppling on Neogene marine 

sandstones of the Horcon Formation on the active coastal cliff, with a maximum 

displacement of ca. 5 m. 

Based on this first categorization, areas of 1 km x 1 km were chosen to refine the analysis 

at a local scale and assess the potential displacements in areas categorized as having 

medium-to-high landslide hazard. 
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Figure 4: Example of landslides in the field (photographs taken in winter 2017). (A) Rotational 
landslide on Neogene marine sandstones with medium competence. (B) Translational landslide 

on Neogene continental sandstones with low competence. (C) A complex landslide, a 

translational landslide with small debris flows on Quaternary eolian sand deposits with low 

competence. D) Topping on Neogene marine sandstone with medium-to-low competence in the 
active coastal cliff. 

5. Ground motion simulation and Newmark analysis 

In the Newmark (1965) method, a shallow translational landslide is approximated by a 

rigid block which slides along an infinite plane surface only when the seismic 

acceleration exceeds the critical acceleration ac, as shown in Figure 5 (e.g., Jibson, 1993; 

Bray and Travasarou, 2007; Jibson, 2011; Rathje and Antonakos, 2011; Du and Wang, 

2016; Kan et al., 2017; Veylon et al., 2017; Yuan et al., 2017). The parameters that 

control the block behavior are as follows: the effective friction angle between the block 

and surface ϕ’; the surface dip α; the unit weight of the sliding material γ; the unit weight 

of the water γw; the effective cohesion of the sliding material c’; the thickness of the 
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sliding block t; and the ratio of the portion of saturated soil m. The safety factor FS is 

calculated using Equation 1 with these parameters, assuming an infinite slope model. 

Therefore, ac is calculated from the safety factor using Equation 2. The procedure for 

the calculation of the Newmark displacement DN includes a double integration, in the 

interval where ∫ 𝑎(𝑡) − 𝑎𝑐(𝑡)𝑑𝑡 > 0 (Eq. 3). The displacement stops when velocity 

decreases to 0, because the block slows down if a(t) < ac(t) (Towhata, 2008). Physically, 

the block displacement is accumulated in each cycle in which the critical acceleration is 

exceed. The co-seismic displacement of the surface is expressed in terms of the 

Newmark displacement DN. To obtain the Newmark displacement, the safety factor was 

calculated (Eq. 1), and then the critical acceleration ac was calculated (Eq. 2, based on 

Jibson et al., 2000; Niño et al., 2014; Zhang et al., 2017; and Han et al., 2019). 

 
Figure 5: Newmark sliding block scheme. The component of the acceleration–time history a(t) 

in dip-direction is used in 1-D Newmark Analysis. After Jibson (2011) and Du (2018). ϕ': 

effective friction angle between the block and surface in degrees; α: surface dip angle in degrees; 
γ: bulk density of the sliding material in (kg/m3); γw: bulk density of the water in (kg/m3); c’: 

effective cohesion of the sliding material in (Pa); t: thickness of the sliding block in (m); m is 

the ratio of saturated soil (adimensional). 

𝐹𝑆 =
𝑐′

𝛾𝑡𝑠𝑖𝑛(𝛼)
+

𝑡𝑎𝑛(𝜙′)

𝑡𝑎𝑛(𝛼)
−

𝑚𝛾𝑤𝑡𝑎𝑛(𝜙′)

𝛾𝑡𝑎𝑛(𝛼)
      (1) 

𝑎𝑐 = (𝐹𝑆 − 1)𝑔𝑠𝑖𝑛(𝛼)       (2) 

𝐷𝑁 = ∫ ∫(𝑎(𝑡) − 𝑎𝑐(𝑡))𝑑𝑡2 , 𝑤ℎ𝑒𝑟𝑒 ∫ 𝑎(𝑡) − 𝑎𝑐(𝑡)𝑑𝑡 > 0 (3) 
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Thus, two crustal faults were parametrized, and synthetic seismograms were generated for 

different earthquake scenarios in dip-slip and strike-slip kinematics, as explained later in 

the text. Once the seismic signals were obtained, intensity measures were calculated, 

namely the Arias Intensity (Arias, 1970), PGA, and PGV. Then, the Newmark 

displacement DN was calculated as shown in Eq. 3, as a double integral only in the 

intervals where �̇�(t) > 0. 

5.1. Ground motion synthetic signals 

We selected the Marga–Marga fault and the Aconcagua fault, two probably seismogenic 

faults which are part of the VMFS with two potential kinematic behavior. The first case 

that was considered was dip-slip normal kinematics due to a change in Coulomb stress 

immediately after a megathrust earthquake. This case is similar to the 2010 Pichilemu. 

The second case that was considered was strike-slip sinistral kinematics due to the 

stresses in the inter-seismic period of the megathrust seismic cycle.  

Mw 7.0 and Mw 6.9 earthquakes, which were related to the 2010 Maule Mw 8.8 

megathrust earthquake which occurred one month before. Those events have been 

shown to have normal focal mechanisms (Aron et al., 2013). 

In the long-term neotectonic deformation of the VMFS, in the inter-seismic phase, the 

faults of this fault system have strike-slip behavior. Therefore, the second case that was 

considered was strike-slip sinistral kinematics, which is consistent with some of the 

geomorphological data (Castro & Brignardello, 1997) and dip and strike of the damage 

zone (Thorson, 1999; Muñoz, 2013;). 

To obtain comparable Newmark displacements (DN), all the scenarios were considered 

with the same magnitude. To get the maximum values of DN, the extreme scenarios were 

considered, where the complete segment would be displaced. The maximum magnitude 

of a dip-slip or strike-slip on Marga-Marga or on Aconcagua fault is 

Mo=4.027∙10+19Nm, equivalent a Mw 7.0, according to the source parametrizations of 
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Leonard (2010). The input parameters for the computation of the ground motion includes 

strike, dip, rake, length width of the fault, and location of the hypocenter (Table 2).  

Table 2: Values of input parameters for compute broadband synthetic ground motion 

VARIABLES 

MARGAMARGA fault ACONCAGUA fault 

Dip – Slip (Normal) 

Strike 

Slip 

(Sinistral) 

Dip – Slip (Normal) 
Strike Slip 

(Sinistral) 

Length (km) 65.9 65.9 53.4 53.4 

Width (km) 𝑊 20.0 20.0 20.0 20.0 

Area (km²) 1318.5 1318.5 1067.8 1067.8 

Strike (°) 𝜑 130.0 130.0 290.0 290.0 

Dip (°) 𝜃 Random (60,80) 90 Random (60,80) 90 

Rake (°) -90.0 0.0 -90.0 0.0 

Distance in 

strike direction 

(km) 

20 20 35 35 

Distance in 

down-dip 

direction (km) dd 

Random (0.0, W) 

Depth of top of 

co-seismic 

rupture area 

ZTOR (km) 

Random (1.0,20.0) 

Hypocenter 

depth 
𝑍𝑇𝑂𝑅 + 𝑑𝑑𝑠𝑖𝑛(𝜃) 

𝑍𝑇𝑂𝑅

+ 𝑑𝑑 
𝑍𝑇𝑂𝑅 + 𝑑𝑑𝑠𝑖𝑛(𝜃) 𝑍𝑇𝑂𝑅 + 𝑑𝑑 
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Epicenter 

coordinates 

Y 

UTM 

E  

(m) 

𝑌

= 𝑦1

+ 𝑑𝑑𝑐𝑜𝑠(𝜃)𝑠𝑖𝑛(𝜓) 

𝜓 = 360° − 𝜑𝑦1

= 264794 

264794 

𝑌

= 𝑦1

+ 𝑑𝑑𝑐𝑜𝑠(𝜃)𝑠𝑖𝑛(𝜓) 

𝜓 = 360° − 𝜑𝑦1

= 269222 

269222 

X 

UTM 

N 

(m) 

𝑋

= 𝑥1

+ 𝑑𝑑𝑐𝑜𝑠(𝜃)𝑐𝑜𝑠(𝜓)𝜓

= 360° − 𝜑𝑥1

= 6341400 

6341400 

𝑋

= 𝑥1

+ 𝑑𝑑𝑐𝑜𝑠(𝜃)𝑐𝑜𝑠(𝜓)𝜓

= 360° − 𝜑𝑦1

= 6354190 

6354190 

 

To synthesize seismic signals of the strong motion, the two possible fault kinematics 

were considered. Thus, the source parameters of fault geometry, corner frequency, and 

focal mechanism were parametrized according to Leonard (2010). Due to the stochastic 

behavior of the rupture of the fault plane used in the method of Crempien and Archuleta 

(2015), around 50 simulations were performed for each sub-case. Broadband synthetic 

seismograms were simulated between 0 and 20 Hz (Crempien and Archuleta, 2015). For 

simplicity, the model does not consider site conditions or topographic amplification; site 

conditions were not taken in account due to the small sedimentary thickness on the 

slopes. The limitations of this model are the ground motion are simulated at stations 

further than 1km from the fault trace; so, the model cannot offer a good estimation of 

the co-seismic displacements next to the fault trace. The computed DN do not consider 

the topographic effects that could be important in some steep slopes. The model 

considers only the maximum intensity of earthquakes, Mw7.0 for all scenarios. 
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5.2. GIS-based spatial analysis of the geo-location of synthetic seismograms and 

landslide assessment 

 First, multiple ring buffers equally spaced every 100m were created. On each ring, 

equally spaced points every 100 were created. Points with slope steeper than 15°, 

different lithology and slope orientation were selected. Second, the areas were chosen 

according to the hazard susceptibility analysis and to the localization of these selected. 

Because most of the large landslides triggered by crustal earthquakes commonly occur 

in the surrounding area of the fault trace, at distances less than 15km (Sepúlveda et al., 

2010; Shinoda and Miyata, 2017; Roback et al., 2018). Nevertheless, some co-seismic 

landslides can occur at greater distances, where there would be a much lower landslide 

density. 

After the hazard categorization according to the slope angle, lithology, and competence 

of the material (Fig. 3), 14 areas of 1 km x 1 km were selected to develop the qualitative 

approach for each earthquake scenario at a local scale (Fig. 6) based on the computed 

broadband synthetic seismograms and Newmark sliding block analysis. The areas were 

selected by considering the location of slopes categorized as having medium-to-high 

landslide hazard, which are mostly associated with sedimentary soft rock and intrusive 

rocks with medium-to-low competence (Fig. 3). These areas are all located further than 

1 km from the fault trace, where the model of Crempien and Archuleta (2015) can be 

applied. Additionally, the areas were selected considering the location with respect to 

the fault plane: at the footwall or hanging-wall block in dip-slip earthquake scenarios, 

or at the left-wall or right-wall block in strike-slip earthquake scenarios related to each 

fault. In each area, around six representative points were selected on slopes which were 

categorized as having medium-to-very high landslide hazard. 

Points were selected with different rock or soil cover and different slope orientations, 

with distances of between 100 and 500 meters between each point. The dip angle and 

dip direction were calculated based on the 5-m resolution DEM. Using the dip angle and 
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the superficial geological information, the FS and ac were calculated according to the 

range of values of γ, c’, and ϕ’ in Table 3. The thickness t is 1m for all cases on 

metamorphic, igneous, or sedimentary rock, and is 0.1 to 0.5 m for unconsolidated 

sedimentary deposits. For each scenario and selected point, to compute the 

displacements under the most unfavorable conditions, the minimum value of FS was 

used. 

For all cases, according to the selection criteria for the 1 km x 1 km areas, seven of these 

areas were chosen in the southern block of the Aconcagua fault and in the northern block 

of the Marga–Marga fault, in the cities of Viña del Mar and Concón (shown as blue 

squares in Figure 6). These areas are in the footwall of each fault in the dip-slip 

scenarios. For the Marga–Marga fault scenarios, six areas were situated in Valparaíso in 

the SW block of the Marga–Marga fault (shown as red squares in Figure 6), which is the 

hanging wall in the corresponding dip-slip earthquake scenario. For the Aconcagua fault 

scenarios, six areas were located in the north of the cities of Concón, Quintero, and 

Puchuncaví in the NE block of the Aconcagua fault, which is also the hanging wall in 

the dip-slip earthquake scenario (shown as green squares in Figure 6). In each area, 

between four and 16 points were chosen representing critical slopes whose hazard was 

categorized as moderate-to-very high (see Fig. 3). The criteria that were used to choose 

the points for analysis were as follows: (a) the points must be between 100 and 500 m 

from each other; and (b) the points must have different lithologies, slope dips (although 

the dips must be larger than 15◦), and slope orientations. The same points were used to 

perform the analysis for dip-slip and strike-slip scenarios; however, different points were 

used for the Aconcagua fault and Marga–Marga fault scenarios. Figure 6 shows an 

example of a 1 km x 1 km area with the location of the simulated stations for each case 

together with the geological map, whose color legend coincides with that of the 

simplified geological map in Figure 1. 
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Figure 6: Map showing the 

locations of areas chosen to 

generate synthetic 

seismograms and apply 

Newmark analysis. The 

example magnified area shows 

the location of simulated 

stations for each case; these 

stations are located on slopes 

with different angles and 

different rock or soil units. The 

colors of the rock units are as in 

the simplified geological map 

in Figure 1. 
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Table 3: Range of values for shear strengths for each geological unit 

Geological Unit c’ 

MPa 

𝛾 

kN/m3 

𝜙 

Deg 

Paleozoic and 

Mesozoic intrusive 

rocks 

35 – 55 25 – 30 26 – 45 

Neogene 

continental 

sedimentary rocks 

with low cohesion 

0 – 20 18 – 21 30 – 46 

Neogene marine 

sedimentary rocks 

with low cohesion 

0 – 20 17 – 21 25 – 40 

Quaternary eolian 

deposits 

0 – 1 14 – 19 18 – 34 

Quaternary alluvial 

and fluvial deposits 

0 – 1 17 – 19 30 – 45 

Range of values of effective cohesion (c’), unit weight (γ), friction angle (ϕ) based on 

(Peck et al., 1974; Koloski, 1989; Carter & Bentley, 1991; Dysli, 2000; Jibson et al., 

2000; Jang et al., 2018) 

 

5.Broadband synthetic seismograms and Newmark displacements 

A total of around 50 simulations were performed for each of the four potential scenarios, 

giving a total of 185 simulations, namely an Aconcagua fault dip-slip normal earthquake, 

an Aconcagua fault strike-slip sinistral earthquake, a Marga–Marga fault dip-slip normal 

earthquake, and a Marga–Marga fault strike-slip sinistral earthquake. Some examples of 

synthetic seismograms for the vertical (Z), E-W (E), and N-S (N) components are shown 
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in Figure 7, which are plotted according to the distance to the fault plane. The stations 

with negative distances are in the footwall in the dip-slip cases, in the SW block in the 

Aconcagua fault strike-slip case, and in the NE block in the Marga–Marga fault strike-

slip case. 

The ranges of effective cohesion (c’), bulk density (γ), and effective friction angle (ϕ’) 

based on Jang et al. (2018), Jibson et al. (2000), Dysli (2000), Carter and Bentley (1991), 

Koloski (1989), and Peck et al. (1974) (Table 3). 

As shown in Figure 7, in dip-slip cases, the largest average PGA and IA reached 10.5 

m/s2 and 6.0 m/s, respectively. In those cases, the highest values of the intensity 

measures were recorded in the footwall and on the horizontal component. In strike-slip 

cases, the ground motion was symmetrically distributed on both sides of faults, with 

lower values of the intensity measures. 

For each case, the Newmark Displacement was calculated in dry and saturated 

conditions; these represent the extreme cases of a drought scenario (where 𝑚 = 0) and 

a scenario with water-saturated conditions (where 𝑚 = 1). In the strike-slip scenarios, 

there are large values of DN on both sides of the fault trace, mostly associated with a 

symmetrical rupture on a vertical fault plane. In the dip-slip scenarios, most of the large 

values of DN are in the hanging wall; however, there are some extreme cases where the 

maximum value of DN occurs in the footwall (Figure 10). This distribution is closely 

related to the high directivity of the rupture. The spatial distribution of DN is similar to 

the distribution of the intensity measures in both blocks of the faults (Figures 8 and 9). 

As shown in Figure 10, in general, in the dry cases, all of Newmark displacements are 

from negligible to 100 m, whereas in the saturated cases, the Newmark displacements 

are from millimeters to more than 100 m. Under saturated conditions, the maximum 

values of DN are up to 86 m in the Marga–Marga fault normal scenario, 21 m in the 

Marga–Marga fault sinistral scenario, 19.38 m in the Aconcagua fault normal scenario, 

and 13.93 m in the Aconcagua fault sinistral scenario. Under dry conditions, the 
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maximum DN for the same four scenarios are 1.29, 0.65, 1.59, and 1.06 m, respectively. 

The results show the groundwater conditions and the depth of the water table in the 

analyzed sliding blocks are very important to the computed DN values. Displacements 

greater than a few meters should be interpreted as slope failure. These displacements are 

related to Quaternary alluvial deposits in the Marga–Marga fault cases and eolian recent 

deposits of loose sand and alluvial deposits in the Aconcagua fault cases. 

A comparison between the slopes of the analyzed points with Quaternary alluvial or 

eolian deposits and the potential co-seismic displacements shows that a larger number 

of landslides are associated with strike-slip earthquakes on the Marga–Marga fault due 

to a symmetrical distribution of PGA, PGV, and IA on both sides of the fault trace. 
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Figure 7: Examples of synthetic acceleration–time histories for all computed scenarios. (a) 
Marga–Marga fault dip-slip Mw 7.0 earthquake. (b) Marga–Marga fault strike-slip Mw 7.0 

earthquake. (c) Aconcagua fault dip-slip Mw 7.0 earthquake. (d) Aconcagua fault strike-slip Mw 

7.0 earthquake. The offset of the signals corresponds to the distance to the fault trace. The 

locations of seismograms in the hanging-wall block for dip-slip normal cases and in the left 

block for strike-slip sinistral cases are shown as negative values. 
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Figure 8: Map of the locations of synthetic stations and their average PGA and IA for the vertical, 

E-W, and N-S components of computed ground motions for Marga–Marga fault strike-slip and 

dip-slip earthquake scenarios 
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Figure 9: Map of the locations of synthetic stations and their 

average PGA and IA for the vertical, E-W, and N-S 
components of computed ground motions for Aconcagua 

fault strike-slip and dip-slip earthquake scenarios. 
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6.1. Spatial distribution of landslides 

Using the computed Newmark displacements and the location of each synthetic station, 

each station and its calculated values of intensity measures and DN values were geo-

referenced. Figure 10 shows some magnified areas for the Marga–Marga fault 

earthquake scenarios and Figure 11 shows some for the Aconcagua fault earthquake 

scenarios. The potential displacements are plotted as arrows, whose size is related to the 

magnitude and whose direction is the dip direction of each analyzed slope. In both 

figures, the potential displacements under saturated conditions are shown in the left 

column and the potential displacements under dry conditions are shown in the right 

column. In Figure 11, areas A and B are in the N-block of the Marga–Marga fault 

(hanging wall in dip-slip scenarios), where there are larger displacements in dip-slip and 

strike-slip displacements than the displacements in areas C and D, which in the S-block. 

In Figure 12, Area F is in the N-block of the Aconcagua fault (hanging wall in the dip-

slip scenario), while areas A, B, and E are in the S block of the Aconcagua fault. 

In the Marga–Marga fault scenarios, some slopes in areas A, B, and D have significant 

displacements for the dip-slip earthquake scenario, and the other areas have larger 

displacements under this scenario. In Area C (the closest area to the Marga–Marga fault 

trace), seven out of eight slopes only produce a landslide in strike-slip scenarios. Part of 

the potential landslides coalesce in the same creek, such as in areas C and D. 

In the Aconcagua fault scenarios, in general, the displacements are larger in the dip-slip 

case than in the strike-slip case. Some slopes in areas A, B, and E have significant 

displacements only in the dip-slip earthquake scenario. Under saturated conditions, all 

areas have larger displacements in the strike-slip cases than in the dip-slip cases. In Area 

F, four out of six points have the largest displacements in the strike-slip case under 

saturated conditions. Those points correspond to high-angle slopes on Quaternary 

unconsolidated sedimentary fill.  



71 

 

 

  

 

Figure 10: Newmark displacements (log (DN [m])) vs distance to fault trace (Rx, in km) for all 

considered earthquake scenarios. (a) Marga–Marga fault dip-slip Mw 7.0 earthquake. (b) 

Marga–Marga fault strike-slip Mw 7.0 earthquake. (c) Aconcagua fault dip-slip Mw 7.0 

earthquake. (d) Aconcagua fault strike-slip Mw 7.0 earthquake. Computed displacements are 

shown according to lithology and soil water conditions (saturated or dry). 
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Figure 11: Maps of co-seismic displacements for Marga–Marga fault dip-slip and strike-slip 

scenarios under dry and saturated conditions 
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 Figure 12: Maps of co-seismic displacements for Aconcagua fault dip-slip and strike-slip 

scenarios under dry and saturated conditions.  
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7. Discussion 

The locations of the magnified areas and their points that were selected for local Newmark 

analysis on the slopes were chosen considering the initial analysis of conditioning factors. 

On the one hand, the magnitude and spatial distribution of potential displacements are 

due to the geological characteristics of the slopes, as well as their lithology, geotechnical 

properties (e.g., cohesion, friction angle, density, humidity, etc.), hydrological conditions 

(e.g., phreatic level), and other slope characteristics (e.g., dip and orientation). 

Additionally, it is relevant to consider the geomorphological conditioning factors (Chigira 

et al., 2003; Chigira and Yagi, 2006; Higaki and Abe, 2013; Sugimoto et al., 2013; Kargel 

et al., 2016), such as whether the slopes correspond to pediments, dunes, gorges, or cliffs, 

or whether they are anthropic. On the other hand, the characteristics of the earthquake 

scenarios exert a control on the magnitude and spatial distribution of the displacements 

(Sepúlveda et al., 2005; Sepúlveda et al., 2008; Sepúlveda et al., 2010; Gorum and 

Carranza, 2015; Roback et al., 2018).  

 

The computed displacements are a first approximation of the range of magnitudes of the 

potential real landslides that might occur during a certain earthquake scenario. The 

predicted displacements offer an index to correlate with landslides in the field (Jibson et 

al., 2000; Jibson, 2011). Pseudo-static methods can lead to the underestimation of the 

intensity measures and DN (Crespellani et al., 1998; Romeo, 2000; Rathje and Saygili, 

2008; Chousianitis et al., 2014; Sharifi-Mood et al., 2017). However, physics-based 

permanent-displacement analysis allows a rigorous analysis which takes into account 

the rupture process and parameters, and slope characteristics such as lithology, cohesion, 

dip, and hydrological conditions (Miles and Ho, 1999; Allstadt et al., 2013; Huang et 

al., 2020). Even though numerous assumptions are required, the computed 

displacements on critical slopes offer an approach to predict the potential behavior for 

other slopes with the same characteristics in the study area. To obtain a complete 

landslide assessment, an escalation of the spectral response and the amplitude of the 
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synthetic signals is needed, since otherwise it is not possible to interpolate the computed 

DN. 

We have analyzed the displacements of dip-slip and strike-slip scenarios for two 

different faults in the forearc of the Coastal Range of Central Chile. The probabilistic 

assessment of the seismic scenarios used in this work is the subject of new studies. It is 

necessary to study the slip rates, recurrence rate, fault geometry, neotectonic activity of 

the Marga-Marga and Aconcagua faults based on geomorphology and geophysical data. 

7.1. Controlling factors for landslide distribution and displacement magnitude 

Concerning the spatial distribution of slopes where displacement occurs at least once in 

the simulations, the control of fault kinematics seems to be stronger than that of 

lithology; however, the magnitude of the computed displacements are strongly 

controlled by lithology and the critical acceleration of the slopes. Valagussa et al. (2019) 

found that the strong ground motion controls the size of landslides and modulates the 

distribution of cohesion, lithology, and slope because of cohesion reduction and the 

distribution of accelerations. 

The computed data show a slight correlation between the Newmark displacement and 

the ground-motion intensity measures. Since the rupture process controls the seismic 

wave propagation, in the dip-slip earthquake scenarios, the largest displacements are in 

the footwall, whose peak accelerations are local maxima (Abrahamson and Somerville, 

1996; Song et al., 2018). 

In most of the analyzed points, this model based on the simulation of ground motion and 

the classical approach of Newmark analysis underestimates the co-seismic 

displacements (Jibson, 2011). This is since, on the one hand, this approach does not 

consider topographic amplification, site effects, or the effects of dynamic pore pressure 

increase. On the other hand, in this method, critical acceleration is taken as a constant 

and the sliding material is considered to be a rigid block without deformation. However, 
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at particular points situated on Quaternary loose deposits, the computed values of DN 

for saturated conditions are much larger—for example, 86.5 m in the Marga–Marga fault 

normal earthquake case, 20.9 m in the Marga–Marga fault sinistral case, 19.4 m in the 

Aconcagua fault normal case, and 13.9 m in the Aconcagua fault sinistral case. Then, 

for any of the evaluated scenarios, the slope fails for practical purposes. These outliers 

are related to FS (very close to FS=1) and very low critical accelerations. The assessment 

obtained from the models presented here offers a first approximation of the co-seismic 

landslides that can potentially be caused by crustal earthquakes in the Andean forearc. 

It is well known that the magnitude and spatial distribution of landslides depends on the 

fault mechanism and the directivity of the rupture propagation (Roback et al., 2018). The 

landslide density directly depends on the fault kinematics: dip-slip earthquakes are 

associated with a larger landslide density in the hanging wall block than strike-slip 

earthquakes (Tatard and Grasso, 2013; Gorum and Carranza, 2015). In this study, it was 

found that, in most cases, the displacements are larger for dip-slip earthquakes than 

strike-slip earthquakes; the computed displacements in dip-slip cases can be up to four 

times larger than in strike-slip cases, which can correspond to differences in 

displacement of up to 20 m. 

7.2. Field interpretation of computed landslides 

Landslides occur over large time scales and are part of the geomorphological cycle and 

the landscape evolution, as proposed by Fan et al. (2019). Even if most of the landslide 

displacements that occur on intrusive rocks or regolith are submillimetric to millimetric, 

they increase the landslide hazard by causing destabilization of blocks and slope 

weakening. Therefore, after further rainfall, fracture propagation and slope failure might 

occur in such locations. 

At the local scale, there are areas with Quaternary deposits in urban areas, such as in the 

cities of Concón and Viña del Mar, where the landslide displacements occur on slopes 

which face one another. In those cases, the potential mass movement would affect 
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populated gullies and small valleys due to the coalescence of several landslides, thus 

increasing the hazard in the down-slope areas and triggering debris flows and slope 

weakening. From figures 11 and 12, it can be seen that displacements can potentially 

occur for any slope orientation. For example, in the Gomez Carreño Park area and 

Reñaca area (areas E) and B) respectively in figures 11, 12 and in the figures of the 

supplementary material), for all considered scenarios, the displacements are constrained 

to gullies and scarps on both sides of the gorges in the N-S, W-E, SE-NW, NE-SW, and 

SW-NE directions. In the same manner, in all considered scenarios, landslides on 

Quaternary dunes in Concón can occur on both sides of the dunes and in E-W or W-E 

directions. 

Several authors have proposed categorizations of the co-seismic landslide hazard and 

some interpretations of the calculated DN. Wieczorek et al. (1985) considered that 

modeled permanent displacements larger than 0.05 m imply macroscopic ground 

cracking and failure. Meanwhile, Keefer and Wilson (1989) concluded that the 

displacement threshold for coherent landslides is 0.1 m. Romeo (2000) used a minimum 

value of DN of 10−5 m and considered that all displacements above this value were not 

significant. Blake et al. (2002) recommended considering DN thresholds of 0.05 m and 

0.15 m for slopes with large rigid human constructions (e.g., buildings and pools) and 

for ductile soils without engineered improvements (e.g., gardens and community 

equipment areas), respectively. The following criteria for deep landslides are used by 

the California Geological Survey and California State Mining and Geology Board 

(2008): DN values of 0.0 to 0.15 m imply that serious landslides are unlikely; values of 

0.15 to 1.0 m indicate serious displacements with strength loss and slope failure; and 

values of more than 1.0 m indicate significant landslides. Jibson and Michael (2009) 

found that, for shallow landslide hazard, if DN is less than 0.01 m, the hazard is low; if 

it is between 0.01 and 0.05 m, the hazard is moderate; if it is between 0.05 and 0.15 m, 

the hazard is high; and if it is more than 0.15 m, the hazard is very high. 
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Based on these interpretations, the average computed displacements are classified 

according to Jibson and Michael (2009) criteria. In Figure 13 the area B) of Reñaca is 

taken as example to show the analysis of the slope hazard based on the average DN 

values. Each computed displacement using synthetic seismograms is interpreted as a 

larger slope with same geological, geotechnical and geomorphological characteristics.  

It is possible to offer an interpretation of the potential landslide location and the 

magnitude of the displacement according to Jibson and Michael (2009) criteria. Each 

analyzed point in this work is part of a larger slope, with the same geotechnical, 

geological, and geomorphological properties and with the same soil or rock coverage 

and similar slope angles. It is possible to assume that all slopes might have the same 

potential displacement behavior under each seismic scenario. For instance, taking Area 

B) Reñaca from figures 11 and 12, we show the interpretation of the potential co-seismic 

slope displacements for all considered cases in Figure 13. Only for the Marga–Marga 

fault dip-slip scenario, under saturated conditions, there is a slope with Very High hazard 

and a computed DN of order of 101m. In general, in this area, the potential displacements 

due to an earthquake on the Aconcagua fault are smaller than for the equivalent scenario 

on the Marga–Marga fault. This can be explained by the fact that this area is in the 

footwall of the Aconcagua fault and in the hanging wall of the Marga–Marga fault in the 

dip-slip earthquake scenarios, and it is closer to the Marga-Marga fault trace than to the 

Aconcagua fault trace. 

The computed displacement that are larger than 1.0m there is slope failure. These areas 

might be affected by landslide reactivations in the future. The slope stability problem 

might change to a dynamic problem of a flow failure on the slope, where there is slope 

failure. The internal deformation of the block must be taken in account in further 

analysis, considering the post-earthquake slope profiles (Leshchinsky, 2018)and a 

discretization of the medium to study the internal deformation (Soga et al., 2018) 
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Figure 13: Interpretation of computed displacements for all scenarios for area B) of Figures 11 

and 12 
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8. Concluding remarks 

Crustal seismicity is associated with many geological hazards, the most immediate of 

which are co-seismic landslides, which are studied here. Co-seismic landslides can affect 

landscape evolution, sedimentary processes, and the changes in the hazard of future 

landslides or the reactivation of these and old landslides. In the analyzed earthquake 

scenarios for the Marga–Marga and Aconcagua faults in the Coastal Range of Central 

Chile, the lithology and geotechnical properties of slopes exert a stronger control on the 

magnitude of the displacements than the ground motion and its parameters (e.g., focal 

mechanism, kinematics, location at one or another side of the fault trace, the distance to 

the rupture plane, the distance to the fault trace). Secondarily, the locations of large 

displacements are controlled by the directivity of the seismic rupture. 

The results show that the potential displacements under dry and saturated conditions 

differ by at least one order of magnitude, so the hydrological conditions of the soil must 

be taken into account in more detail in the assessment of potential future co-seismic 

landslides. The largest computed displacements are located on Quaternary eolian, 

fluvial, and alluvial deposits with loose sand and silt. 

The computed displacements in all earthquake scenarios are comparable to each other 

because all scenarios have a magnitude Mw7.0. The largest simulated displacements are 

in the dip-slip scenarios at some points in the footwall and at the points on loose 

sedimentary deposits, which is due to lithological and rupture propagation controls. The 

largest simulated local displacements are observed on some slopes between the 

Aconcagua and Marga–Marga faults, which might be due to a strong lithological control. 

In future works, site effects, the topographic amplification of seismic waves, the internal 

deformation of the slope material, and hydrological conditions should be taken in 

account in order to improve the model. 
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5 DISCUSSION 

Fan et al. (2018) argues that co-seismic landslides form the firsts events of a chain of 

geologic hazards caused by earthquakes. This chain of hazards goes up to decades or 

centuries where all the wasted material forms part of the source sedimentary material, it 

interacts with the landscape evolution and it increases the future landslide hazards with 

reactivation of old landslide deposits or with a slope weakening. So, most of the computed 

DN on intrusive rocks or regolith are submillimetric to millimetric, it represents crack 

propagation and an increase of the landslide hazard. So, due an aftershock or a further 

heavy rainfall, the next slope failure might occur in those points.  

In most of the analyzed points the Newmark analysis underestimate the real potential co-

seismic displacements (Jibson,2011). The model does not consider topographic 

amplification, site effects, the dynamic pore pressure is neglected and approximated the 

problem by a rigid sliding block with constant critical acceleration. Only on Quaternary 

Eolic deposits the computed DN are maximum up to 86.5 m due a very low critical 

acceleration.  

The displacements and the spatial distribution of earthquake-triggered landslides depends 

on fault mechanism and directivity on rupture propagation (Roback et al., 2018). 

Landslides in dip-slip earthquake scenarios have shown larger DN than in the strike-slip 

earthquake scenarios, whose DN can be up to 4 times larger in dip-slip cases. Due a high 

directivity on rupture process, there are some points with large PGA, PGV and IA, and 

consequently large DN on the foot wall in Dip-slip scenarios. 

Romeo (2000) poses the minimum Newmark displacement taken in account is 0.00001. 

All the displacements above this value are considered as not significant. Several authors 

have proposed categorizations of the hazard based on the calculated Newmark 

Displacements (California Geological Survey, 2008; Jibson and Michael, 2009) as shown 

in Table 4. A new classification is proposed, based on the computed Newmark 

displacements, where larger values than 10-3m, smaller than 15cm are considered visible 
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effects on the slopes, as facture propagation. Displacement larger than 15cm are 

considered as real landslides.  

Table 4: Categorization of the hazard based on Newmark Displacement (Jibson and 

Michael, 2009) 

DN Categorization of hazard based on Newmark 

Displacement 

0.0 – 0.01m Low hazard 

0.01 – 0.05 m Moderated hazard 

0.5 – 0.15 m High 

>0.15 m  Very High 

Considering the categorization of shallow landslide hazard posed by Jibson and Michael 

(2009), there are some slopes that have a bigger hazard under normal earthquake scenarios 

than under sinistral earthquake scenarios. This is consistent with the highest values of IA 

and PGA under normal earthquake in the footwall.  

In the strike-slip scenarios, the spatial distribution is symmetrical at both sides of their 

fault traces, similar to the distribution of PGA and IA. The largest displacements are next 

to the fault trace, and the computed DN fades with the distance to the fault. In normal 

scenarios, the largest displacements are concentrated at the foot wall, due a pulse of 

directivity in the rupture process (Sommerville e al., 1997). In the same way, under reverse 

faulting scenarios, due seismic directivity, the co-seismic displacements have a higher 

density in the hanging wall than in the foot wall (Fan et al., 2019) (Figure 7) 
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Figure 7: Scheme of spatial distribution of co-seismic landslides under different earthquake kinematic 

(Modified from Fan et al., 2019) 
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6 CONCLUSSIONS  

Landslide caused by crustal seismicity is part of a larger chain of geologic hazards. They 

affect the landscape evolution, sedimentary processes, and the changes in the hazard of 

future landslides or reactivation of old landslides.  

1. In the analyzed areas and scenarios, the lithology and their geotechnical properties 

offers a stronger control than the ground-motion parameters (such as kinematic, 

localization at one or another block of the fault). Secondarily, the displacements are 

controlled by the directivity of seismic rupture.  

2. The computed displacements under saturated and dry conditions differ at least in 1 

order of magnitude. 

3. The biggest displacements are located on quaternary aeolian, fluvial or alluvial 

deposits with loose sand and mud.  

4. The displacements in all scenarios are comparable to each other. In the scenarios of 

dip-slip at some points on the footwall, and on loose sedimentary deposits have the 

largest displacements, due lithological and rupture propagation controls.  

5. Points between Aconcagua and Marga-Marga faults have locally the largest 

displacements. Probably due a strong lithological control.  

6. In future works, the site effects, topographic amplification of seismic waves and 

internal deformation of the material should be taken in account, to obtain more 

accurate results. 
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