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Abstract 9 

Although extension in the high Andes vs. compression in the lowlands has already been widely 10 

discussed in the literature, for the first time we recognized both extensional and contractional 11 

structures that developed contemporaneously during late Pliocene-Quaternary times in a wide area 12 

of the central Andean chain (about 90,000 km2), where crustal earthquake data are missing. This 13 

area comprises north-eastern Chile, south-western Bolivia and north-western Argentina, and 14 

extends from the Puna Plateau to the Altiplano-volcanic belt. Late Pliocene-Quaternary folds, with 15 

hinge lines trending NNE-SSW to N-S, are mostly located along the westernmost part of the 16 

volcanic belt and the eastern part of the Western Cordillera. Locally, there are coeval reverse faults, 17 

parallel to the folds, which reach up to the surface; particularly, the Miscanti Ridge, Tolocha Fault 18 

and La Casualidad Ridge may be the morphostructural expression of tens-km-long fault-19 

propagation folds, which locally show topographic scarps hundreds of meters high. North and east 20 

of the contractional structures, we found evidence of late Pliocene-Quaternary normal faults striking 21 

N-S in the southern part of the study area, and NW-SE in the northern part. Well-developed grabens 22 

are present in the higher areas of the volcanic belt and in the transition zone with the Puna Plateau. 23 

The surface rupture zones of normal fault swarms range 8 to 24 km in length, with single fault 24 

strands up to 18 km long, which are typical of tectonic structures. The distribution in space and time 25 

of the studied contractional and extensional structures indicates that they originated in the same 26 

time period; we thus address the challenging question regarding the possible origin of the stress 27 

sources, by analysing possible causes such as volcanotectonics, high topography, orogeny collapse, 28 

and gravitational spreading of the orogen, in relation also with the role played by inherited 29 

structures. We finally analyse the relations between the different structures and magma upwelling, 30 

and the potential for seismic hazard. 31 
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1. Introduction 35 

In areas of plate convergence, Andean-type tectonics have been regarded as a typical setting 36 

where subduction and related processes generate the thickening of the lithospheric wedge above the 37 
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Wadati-Benioff zone in a compressive regime (e.g. Kley et al., 1999; Cobbold and Rossello, 2003). 38 

This can be expressed by contractional tectonics with widespread folding and reverse faulting, 39 

whereby the stress field is given by horizontal greatest (s1) and intermediate (s2) principal stress. 40 

On the other hand, Nakamura and Uyeda (1980) suggested that the overall tectonics within a 41 

volcanic arc above a subduction zone can be transcurrent, with both the σ1 and least principal stress 42 

(σ3) in a horizontal orientation. Several authors recognized also the presence of normal faults, 43 

especially with outstanding examples found in Peru (Sébrier et al., 1988) and in other settings like 44 

the Himalayan region (Burchfiel and Royden, 1985). This prompted a long-lasting debate on the 45 

role played by high topography and crustal root in interacting with regional plate tectonic forces 46 

(Molnar and Lyon-Caen, 1988; Deverchère et al., 1989; England and Houseman, 1989; Wdowinski 47 

and Bock, 1994; Zoback, 1992; Gölke and Coblentz, 1996; Steinberger et al., 2001; Clark et al., 48 

2005).  49 

In South-America, most works about these topics involved mainly numerical modelling that 50 

used the World Stress Map as major source of information on the current stress field (e.g. Coblentz 51 

and Richardson, 1996; Meijer et al., 1997; Heidbach et al., 2008; Flesch and Kreemer, 2010; Ruch 52 

and Walter, 2010). However, focal mechanism solutions of crustal earthquakes in a wide area 53 

corresponding to the central part of the Andean Chain are missing, causing a formidable gap in the 54 

dataset used to conduct numerical modelling. There are only very few in-situ stress measurements 55 

that were done only at the topographic level (Schafer and Dannapfel, 1994) and thus do not 56 

represent reliable values of the crustal interior. We underscore that this area is particularly 57 

important for any attempts at understanding the relations between orogenic processes and their 58 

causes, because it represents a more complex setting than other regions of the Andes. The central 59 

Andes, in fact, are composed by the Altiplano/Puna Plateau, as well as a wide volcanic chain 60 

(missing in Peru, southern Ecuador and Venezuela, and much thinner and regular in southern-61 

central Chile), the Cordilleras and the Subandean ranges, both marked by a complex topography 62 

and a very diverse distribution of geological units.    63 

Besides the lack of reliable data on active crustal stresses in this region, also the studies on the 64 

geological structural evolution during Plio-Quaternary times are much less numerous than those 65 

dedicated to the older deformation phases, and are only related to local areas; the Plio-Quaternary 66 

tectonic evolution of some areas of the central Andes has been described as dominated by reverse 67 

faults and folds, or strike-slip faults (González et al., 2009; Eichelberger et al., 2015). Other works 68 

on the central Andes showed that faulting and folding fully developed in the Eocene-Oligocene and 69 

then ended (Jordan et al., 1997; Kraemer et al., 1999; Coutand et al., 2001; Carrapa et al., 2005; 70 

Mpodozis et al., 2005), or suggested that a maximum tectonic shortening was locally reached 71 
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during the Neogene Quechua phase (Allmendinger et al., 1997). For Gubbels et al. (1993) and 72 

Cladouhos et al. (1994), the shortening phase ceased at 9-10 Ma in the southern Altiplano and 73 

northern Puna Plateau (PP), whereas for Gonzalez et al. (2009) it has been active as long as the 74 

Quaternary west of the PP.  75 

In regards to extensional tectonics, other studies of the central Andes suggested the 76 

development of post-Miocene normal faulting with extension perpendicular or oblique to the orogen 77 

(Lahsen, 1982; Riller et al., 2001; Tibaldi et al., 2009; Schoenbohm and Strecker, 2009; Montero-78 

Lopez et al., 2010; Zhou et al., 2013; Daxberger and Riller, 2015). Further studies indicated orogen-79 

parallel or sub-parallel extension (Allmendinger et al., 1989; Marrett et al., 1994; Daxberger and 80 

Riller, 2015; Giambiagi et al., 2016), or extension just limited to parts of the PP (Cladouhos et al., 81 

1994). Most of these papers focused on limited areas and do not allow to reach a regional view for 82 

the tectonics of late Pliocene-Quaternary times; as a consequence, several papers addressed only the 83 

extensional structures, whereas others only the contractional deformations. Moreover, a map of late 84 

Pliocene-Quaternary faults does not exist for the whole studied area. We have chosen to include 85 

different domains, such as cordilleras and Altiplano, in order to reach a regional perspective and 86 

locate possible boundaries between different recent tectonic deformation fields.  87 

In view of the above, we wish to address a number of challenging scientific questions, as 88 

follow: i) the assessment of the actual deformation and related state of stress in the central Andes 89 

during late Pliocene-Quaternary times is of paramount importance for understanding its structural 90 

evolution and for conducting any reliable modelling of the recent geodynamics in western South-91 

America. Can field data allow to draw a consistent picture of the recent tectonic evolution in the 92 

area? ii) Which are the origins of the forces responsible for the different deformation processes? iii) 93 

The identification of structures of Quaternary age is key to assessing seismic hazard; the region at 94 

the junction among Chile, Bolivia and Argentina is not densely populated but, nevertheless, several 95 

rural villages are present, made of buildings characterised by very poor structure and masonry, 96 

suggesting their high vulnerability. Are there recent, major structures in the central Andes that 97 

might be of interest for seismic hazard assessment? iv) Since the central Andes host tens of recent 98 

and active volcanoes, it is scientifically challenging also to understand the type of structures, 99 

kinematics and tectonic stresses that control magma upwelling and emplacement at shallow depth. 100 

In order to tackle the above questions, we collected geological-structural data across a wide 101 

area of about 90,000 km2 encompassing north-eastern Chile, south-western Bolivia and north-102 

western Argentina, and extending from the PP to the east to the Altiplano-volcanic belt to the west 103 

(between 21°40’S-24°30’S, and 66°30’W-68°40’W) (Figs. 1A-B). The data were collected during 104 

field geological, structural and morphostructural surveys carried out over the past ten years, 105 
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integrated with the interpretation of detailed satellite images. All data are originals apart from two 106 

graben structures already published in Bonali et al. (2012) and Tibaldi et al. (2008), here reviewed 107 

due to their importance. The surveys focused on the structures affecting deposits of Plio-Quaternary 108 

age, with special attention to defining the age, geometry and kinematics of deformations. We 109 

contribute to a better understanding of the recentmost geological-structural evolution of the central 110 

Andes with a regional perspective. The results indicate the presence of contemporary contractional 111 

and extensional structures distributed in different zones. Their distribution is analysed in terms of 112 

the local geological setting, topography, altitude and spatial position, with the purpose of assessing 113 

also the possible origin of the forces that caused deformation.   114 

 115 

2. Geological-structural background 116 

The central Andes, between 20.5°S and 24.5°S, are limited to the east by the Eastern Cordillera 117 

and Subandean zone that correspond to the front of imbricated thrust slices, mostly striking N-S and 118 

located in Bolivia, and to the west by the Western Cordillera of northern Chile, characterized by N-119 

S to NNW-SSE folds and reverse faults. The region between these two cordilleras is represented by 120 

the Altiplano-PP, which extends from south-western Bolivia to north-western Argentina, and, more 121 

to the west, by the chain of volcanoes along the Chile-Bolivia and Chile-Argentina borders.  122 

The studied area (Fig. 1) comprises the PP, the volcanic arc, and the region of transition to the 123 

Western Cordillera. The oldest rocks here are intrusive plutons of Paleozoic age. The oldest 124 

sedimentary deposits are marine rocks of Jurassic-late Cretaceous age, followed by early Miocene 125 

sedimentary rocks. These deposits crop out in a scattered way, and are mostly covered by Miocene 126 

lava flows and late Miocene ignimbrites. Several stratovolcanoes of late Miocene, Pliocene and 127 

Quaternary age have been identified in the study area (Tibaldi et al., 2009, 2017a). The younger 128 

lavas are interlayered with Pliocene and Pleistocene ignimbrites that were erupted in the main 129 

phases of caldera collapse, the largest structures being the Pastos Grandes (PG), La Pacana (LP), 130 

Panizos (CP), Vilama (VC), and Cerro Guacha (CG) calderas (Fig. 1B). 131 

The Cenozoic tectonic evolution of central Andes has been dominated by contractional 132 

deformation (De Celles and Horton, 2003; Deeken et al., 2006; Strecker et al., 2007) caused by the 133 

convergence between the South-American and Nazca plates. Contraction has been accompanied by 134 

crustal thickening, followed by uplift and formation of the PP (Isacks, 1988; Allmendinger et al., 135 

1997; Elger et al., 2005). Compressional deformation began in late Cretaceous west of the study 136 

area (Mpodozis et al., 1995; Bascuñan et al., 2015), and propagated eastward in the Eocene-137 

Oligocene (Jordan et al., 1997; Kraemer et al., 1999; Coutand et al., 2001; Carrapa et al., 2005; 138 

Mpodozis et al., 2005). Local limited extension was detected in the Atacama rock succession, 139 
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corresponding to a period of extensional relaxation during late Oligocene-early Miocene times 140 

(Pananont et al., 2004). Contraction resumed again and reached its climax in the Neogene Quechua 141 

phase of the Andean orogeny (Allmendinger et al., 1997). This shortening phase ceased at 9-10 Ma 142 

in the southern Altiplano and northern PP (Gubbels et al., 1993; Cladouhos et al., 1994), and at 2-4 143 

Ma in the southern PP (Marrett et al., 1994), and shifted eastwards in the thin-skinned Subandean 144 

fold-and-thrust belt (Baby et al., 1995, Moretti et al., 1996; Echavarria et al., 2003). Following 145 

Gonzalez et al. (2009), contraction went on also during Pliocene and Quaternary times in the 146 

volcanic chain immediately west of the PP.  147 

It has been demonstrated that extension affected this part of the central Andes as well, mainly 148 

in the PP and its close surroundings (review in Daxberger and Riller, 2015). A N-S, orogen-parallel 149 

extension was proposed by Allmendinger et al. (1989) and Marrett et al. (1994). The beginning of 150 

this phase was dated to the late Miocene-early Pliocene along the southern margin of the PP 151 

(Montero-Lopez et al., 2010). In this area, Zhou et al. (2013) found Quaternary (< 1 Ma) normal 152 

faults following a NE-SW to NNE-SSW extension direction, oblique to the local trend of the 153 

mountain belt. Along the southern margin of the PP, also Schoenbohm and Strecker (2009) 154 

documented extension oblique to the orogeny, but < 3.5-7 Ma. Cladouhos et al. (1994) showed the 155 

presence of < 9 Ma, minor normal faults in the northern part of the PP. A NE-SW directed phase of 156 

extension of late Pliocene-Quaternary age was suggested by Tibaldi et al. (2009) at some sites in the 157 

PP and more to the west in the volcanic chain. In the PP as a whole, various structures pointing to 158 

E–W to NW–SE Neogene-Quaternary extension were recently found by Daxberger and Riller 159 

(2015).  160 

 161 

3. Methods 162 

In order to date the structures, we used crosscutting relationships with the stratigraphic units, 163 

the age of which has been reconstructed by local geological surveys and all published radiometric 164 

datings. Most widespread stratigraphic markers are represented by the various ignimbrite flows 165 

outpoured by calderas: the Pujsa ignimbrite (5.6 ± 0.2 Ma; de Silva and Gosnold, 2007), the Atana-166 

Toconao-La Pacana ignimbrite (4.0–4.5 Ma; González et al., 2009 and references therein), the 167 

Tucucaro-Patao ignimbrite (3.1–3.2 Ma; González et al., 2009 and references therein ), the Talabre 168 

ignimbrite (2.52 ± 0.06 Ma; Barquero-Molina, 2003), and the Purico-Cajon ignimbrite (1–1.3 Ma; 169 

de Silva and Gosnold, 2007). 170 

The presence of open fractures associated to a fault zone has been considered evidence of 171 

recent (late Pleistocene-Holocene) displacements: In fact, even in such an arid environment, the 172 

time from the base of the Eemian interglacial (126 ka BP) should have been long enough to enable 173 
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filling ground fractures by wind deposits and possible failure of fracture edges. The fractures 174 

limited to a single slope have not been considered since they might have been influenced by local 175 

gravity slope deformation. For each fault, we defined its kinematics and we quantified its: i) strike; 176 

ii) dip direction; iii) dip angle; and iv) offset. The kinematics has been defined in the field, wherever 177 

possible, by combining offset of markers with recrystallized fibres and Riedel microfractures on slip 178 

planes. In very remote areas, the fault trace has been reconstructed also with the interpretation of 179 

Google-EarthTM images. For each fold, the hinge line orientation and the fold vergence has been 180 

reconstructed. Since our paper focuses on late Pliocene-Quaternary tectonics, fault planes of this 181 

age have not been exhumed by erosion, also in consideration of the very low erosion rate of the 182 

studied region. As commonly done for geological-structural studies applied to recent faulting 183 

(McCalpin, 2009, and references therein), we reconstructed the components of kinematics based on 184 

the measurement of offset markers represented by surfaces and landforms. The vertical component 185 

of motions was measured based on the fault offset of the upper surface of the deposit, which usually 186 

coincides here with the topographic surface due to the very low erosion rate and recent age of the 187 

studied deposits. The strike-slip component of motions was reconstructed by means of measurement 188 

of lateral offset of deposits such as fluvial beds, or of landforms such as dry water gullies and water 189 

divides. The fault geometry has been reconstructed only in the case that a continuous fault can be 190 

followed in the field across not-flat terrains. The fault dip and inclination have thus been 191 

reconstructed based on the trace of the fault as followed on slopes perpendicular to the fault strike. 192 

The fault strike has been measured based on the average orientation of the fault scarp. Results from 193 

our field surveys have been integrated with information from published geological maps/papers. 194 

Although in the older part of the rock succession (pre-Pliocene), good fault striae are quite 195 

widespread, in the younger lavas and Quaternary ignimbrites, real striated tectonic planes are 196 

extremely rare. Moreover, several fault scarps affect loose deposits or hard rock covered by fine-197 

grained sediments. The few available young fault planes with tectonic striae have been processed to 198 

determine the stress tensor by means of the SG2PS software (Structural Geology to Post Script 199 

Converter - http://www.sg2ps.eu; Sasvári and Baharev, 2014). For fissures and joints affecting 200 

deposits of Plio-Quaternary age, we measured attitude and the opening direction as well, as 201 

evidence of extension orientation. These structures have been measured only if they belong to long 202 

swarms as better explained below.   203 

Slip planes can be produced by tectonics (i.e. remote regional stresses), gravity slope 204 

deformation, magma push, and lava flows. Since we focused on late Pliocene-Quaternary faulting, 205 

and erosion in the study area has been very limited during this time interval, the tectonic fault traces 206 

to be studied cannot have been exhumed by erosion and thus they represent the coseismic surface 207 
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rupture length. Based on fault length-magnitude scale, a fault reaching the surface should have been 208 

associated to an earthquake sufficiently energetic to produce a length of the surface rupture zone > 209 

7-10 km (Mark, 1977; Bonilla et al., 1984; Wells and Coppersmith, 1994; Leonard, 2010). As a 210 

consequence, we selected only those fault segments that belong to fracture swarms with total 211 

lengths > 7 km, which is more compatible with a tectonic origin, and the same approach has been 212 

used also for fissures and extensional joints. 213 

To avoid collection of data possibly linked to gravity slope deformation, comprising deep-214 

seated gravity slope deformations or shallower landslide phenomena, we again focused on long 215 

fracture swarms that cross different slopes. In regards to magma-related deformations, several 216 

recent papers have showed that dykes propagating horizontally or vertically can produce surface 217 

faulting (e.g. Ruch et al., 2016; Ágústsdóttir et al., 2016), as well as also shallow magma chambers 218 

can produce surface brittle deformation (review in Tibaldi, 2015). For magma-related graben 219 

formation, we checked the width of the studied grabens (1-4 km wide) since those induced by 220 

diking are quite narrow, mostly in the order of tens of meters to 500-800 m (Ruch et al., 2016) and 221 

up to 1.5 km at the large Hawaii volcano-tectonic rifts (Jackson et al., 1975). Then we payed special 222 

attention to the location of possible Plio-Quaternary magma chambers, and thus we did not consider 223 

the structures located in correspondence of the calderas of that age. Although we are aware that 224 

especially shallow magma intrusions can also induce long faults, we highlight that by the above 225 

described approaches we tried to minimize the possible data collection of structures of non-tectonic 226 

origin. 227 

We wish to stress that special attention must be given when collecting striae and other 228 

tectogliphes at lava and ignimbrite flows: Tibaldi (1996) demonstrated that in these rocks special 229 

criteria should be used to collect reliable fault slip indicators due to the possible presence of 230 

slickensides produced by sectors of the flow moving at different speeds that are very similar to 231 

textures induced by actual tectonic slip. For this reason, each site was evaluated using Tibaldi 232 

(1996)’s methods. This method consists in locating the slip plane respect to the possible presence of 233 

a lava flow and its flow direction, and to evaluate its vertical persistence. By comparing these data, 234 

it is possible to establish if the slip plane has been induced by lava motions. The method also 235 

considers the presence of specific features on the slip planes, called “burrs”, which develop only on 236 

lava flow slip planes and not on tectonic fault planes (Tibaldi et al., 2017b). 237 

 238 

4. Results 239 

4.1 Compressional tectonic structures 240 
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The main compressional structure that can be observed in the studied area is the Miscanti 241 

Ridge (MR) (Figs. 1B and 2A, Table 1), named after Gonzalez et al. (2009), which extends from 242 

Latitude 23.13°S southward as far south as the Chile-Argentina border. The ridge is locally 243 

discontinuous due to covering of clusters of volcanic edifices, and thus it might be difficult to 244 

recognize it along its entire lengths on satellite images. As a consequence, we also used field checks 245 

and detailed topographic maps to survey its whole spatial development. It is composed of a northern 246 

part (north Miscanti Ridge in Table 1), made of two segments for a total of 40 km, plus a southern 247 

part with a length of 35 km. In its northern part, the MR trends N10° and can be observed at the 248 

surface as a morphological symmetric high; the two ridge slopes are tens of meters up to 150 m 249 

higher than the surrounding areas. Farther south, it becomes more asymmetric, with a gentle 250 

western slope and a steep scarp facing east. The height of the western slope is in the order of 100-251 

150 m, whereas the eastern scarp reaches a maximum height of 350 m north of the border between 252 

Chile and Argentina. The MR is crossed by a few river valleys that enable studying its inner 253 

structure given by strongly deformed pre-Pliocene sedimentary strata, above which are younger 254 

deposits usually showing angular unconformities at the base. It is difficult to attribute a precise age 255 

to the older strata; they are red beds of possible Cretaceous age (Purilactis Group) or more recent 256 

sediments of Neogene age (San Pedro Formation). The younger deposits are represented by 257 

ignimbrites, dated in this area to 3.1-3.2 Ma (Tucucaro-Patao Ignimbrite, Gonzalez et al., 2009 and 258 

references therein) and younger lavas. These deposits are affected by reverse faults (Fig. 2B) and 259 

folding deformation. Near Lake Miscanti, there are several lava flows, which were affected by 260 

folding, such as for example some of the Pliocene flows of the Meñiques Volcano that now are 261 

located on the ridge top (Fig. 2A; Gonzalez et al., 2009), and a younger flow (possibly dating back 262 

to the Pleistocene) from the same volcano, whose frontal lobe was uplifted about 10 m along the 263 

eastern scarp of the MR (Fig. 2C). 264 

Seventeen km south of Miscanti Lake, the MR is obscured by a volcano (site A, Fig. 1 - 265 

67°48'58"W, 23°56'4"S) that sits on top of a NNE-trending, 13-km-long, asymmetric ridge; strata 266 

gently dip to the NW along the western side of the ridge, whereas a steeply-dipping scarp offsets 267 

Pliocene lavas along the opposite side. The volcano shows a flank collapse towards the SE, 268 

suggesting a possible influence of the movements of the underlying fold.  269 

A main reverse fault, here named Toloncha Fault (TF), crops out 14 km to the west, where it 270 

offsets the Plio-Pleistocene Toloncha volcano (TV) (see Figure 1 for location) and the 3.1-3.2 Ma 271 

Tucucaro-Patao Ignimbrite, and transitions northward to an anticline (total length 39 km). The fault 272 

strikes N00°-10°, dips to the west, and can be followed southward for 27.3 km, whereby it 273 

apparently disappears approaching a huge group of recent volcanoes. To the west there is a swarm 274 
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of folds and east-dipping reverse faults (Gonzalez et al., 2009) that we consider backthrust splays of 275 

the main TF; the dominant shortening direction is N95°.  276 

Further 13 km southward, at the Chile-Argentina border, another very high ridge reappears 277 

with pre-Pliocene folded strata giving rise to an east-vergent, NNE-SSW to N-S asymmetric fold, 278 

here named La Casualidad Ridge (LCR) (Fig. 1). The western morphological slope shows a 279 

topographic difference up to 300 m, and the eastern scarp is as much as 850 m high. A lava flow 280 

with preserved flow structures, but of difficult absolute age attribution, is tilted along the ridge at 281 

site B (Fig. 1 - 68°3'21"W, 24°44'36"S). Another lava flow produced by a volcano located on top of 282 

the ridge, is affected by a 20-40 m offset at the base of the ridge scarp (site C, Fig. 1 - 68°12'53"W, 283 

25°5'1"S). The latter lava flow has been dated to the Plio-Pleistocene (SERNAGEOMIN, 2003) and 284 

lies above an ignimbrite unit (named Archibarca/Caballo Muerto) of 3.6 Ma BP (Brandmeier, 2014 285 

and references therein). Although ages are not well constrained here, it is possible that also the 286 

Argentinian section of the ridge has moved during the late Pliocene-Quaternary times, and given a 287 

maximum age of 3 Ma for the offset lava, the minimum slip-rate is 0.01 mm/yr. In correspondence 288 

of the LCR, DeCelles et al. (2015) showed the presence of a main thrust dipping to the west. The 289 

total length of this swarm of ridge structures in Chile and Argentina is about 200 km; however, 290 

further studies would be needed to fully understand which segments of the ridges moved in recent 291 

times. 292 

At a distance of 14 km northwest of Miscanti Lake, there is a series of minor NNW-SSE to N-S 293 

trending folds that affect the Tucucaro-Patao ignimbrite (3.1–3.2 Ma; Gonzalez et al., 2009 and 294 

references therein) (Fig. 1, Table 1). They are expressed by deposits with local opposite dips that 295 

indicate anticline structures. The average shortening direction is N85°. Most are asymmetrical with 296 

eastward vergence, and locally give place to reverse faults mostly dipping west (Gonzalez et al., 297 

2009).  298 

More to the south, 10 km west of Miscanti Lake, there is another series of folds with more 299 

curvilinear hinge lines and a convex side to the east in plan view, and associated reverse faults, 300 

characterised by dominant vergence to the east (site D in Fig. 1 - 67°54'15"W, 23°43'29"S). The 301 

average shortening direction is N90°. They affect the Tucucaro-Patao ignimbrite and lavas of Plio-302 

Pleistocene age (Gonzalez et al., 2009).  303 

At the latitude of the Talabre village (Fig. 1), 12 km west of the northern termination of the 304 

MR, ignimbrite deposits referred to the 2.0-2.3 Ma old Talabre Formation (Gonzalez et al., 2009) 305 

show an outcropping reverse fault that dips towards the west (site E in Fig. 1 - 67°49'21"W, 306 

23°18'15"S). The surface fault trace is 9 km long and has a sinuous trace in plan view compatible 307 

with a shallow dip. The average strike is N-S. 308 
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North of San Pedro de Atacama, there is a major anticline that involves in its nucleus red beds 309 

of possible Cretaceous-Neogene age, above which, in discordance, there is a series of ignimbrite 310 

deposits (site F in Fig. 1 - 68°9'10"W, 22°35'45"S). The younger deposit here has been dated 4-4.14 311 

Ma BP (Puripicar Ignimbrite) (Brandmeier, 2014). The fold is 9.5 km long, with the hinge line 312 

trending NNE-SSW. The fold limbs are quite symmetric as far as the uppermost deposits are 313 

concerned.  314 

 315 

4.2 Extensional tectonic structures 316 

Immediately south of the Ollague volcano (68°10'46"W, 21°18'36"S) (OV in Fig. 1B), there is 317 

a swarm of NW-striking normal faults, mostly dipping to the SW, which affect lavas of Plio-318 

Pleistocene age, and ignimbrite deposits of Pliocene age. The fault swarm has a total length of 8 km 319 

and runs across slopes of different orientation, thus excluding a gravity slope origin. At the Pastos 320 

Grandes Caldera in Chile (PG in Fig. 1B), there is a swarm of NW-SE normal faults that in part 321 

border the caldera, and in part are nested within the centre of the caldera floor. These structures 322 

should be genetically related to the collapse of this volcano-tectonic structure and to a resurgent 323 

dome, respectively. 324 

West of the Pastos Grandes Caldera (PG), another, 19 km long, major system of NW-striking 325 

normal faults runs from the Aguilucho volcano to north of the Inacaliri volcano (Chile) (Figs. 1 and 326 

3) (Table 1). Two major faults, 10 and 18 km long, have converging dips, thus producing a 327 

symmetric graben. The graben floor is 50-150 m lower than the shoulders, which range in altitude 328 

from 4600 m to 5200 m a.s.l. The graben floor is affected by other minor normal faults, each from 2 329 

to 4 km long. The faults have dips between 50° and 70° and a rectilinear trace in plan view, which 330 

is consistent with their steep dip. They offset a series of NW-SE-aligned stratovolcanoes of 331 

Pliocene age (Sernageomin, 2003) and lava flows dated 1.1±0.2 Ma BP (Mercado et al., 2009). The 332 

longest fault bounding the graben to the northeast is sealed by a lava dome (Pabellon) dated at 80-333 

130 ka BP by Ar-Ar (Tibaldi et al., 2009) and 50±10 ka by K-Ar (Urzua et al., 2002). 334 

East of Inacalari volcano (Bolivia) eruptive fissures, punctuated by aligned vents, of 335 

Quaternary age striking NW-SE are present, suggesting that a NE-SW-directed extension has been 336 

active (Fig. 4 and site G in Fig. 1 - 67°49'17”W, 22°00'30”S). Parallel to these fissures there are 337 

also normal faults such as those affecting the De Jorcada Pliocene volcano (Fig. 4 - 22°02'10”°S, 338 

67°45'40°W): this fault swarm is 13 km long and one single fault segment, with a very sharp and 339 

poorly eroded scarp, is 6 km long. This fault faces to the SW and the topographic offset amounts to 340 

a maximum of 40 m. 341 
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Farther south, in Bolivia, there is another swarm of recent normal faults, here labelled as Sol 342 

de Mañana Graben (Figs. 1B and 5A). Here, a series of NW-striking faults with fresh scarps are 343 

present and offset the Tatio ignimbrite deposit of 1.9 ± 0.8 Ma BP (de Silva and Gosnold, 2007) and 344 

a younger series of lavas emitted by effusive centres located along the same fault swarm (Figs. 5A-345 

B).  The swarm is 13 km long in total and made of fault strands each long up to a maximum of 6.8 346 

km. The trace in plan view is quite rectilinear, consistent with a steep dip of the faults (e.g. Figs. 347 

5C-D). The maximum offset is 30 m along the master fault facing NE, and up to 30-50 m along the 348 

opposite master fault facing SW (Figs. 5A-D). 349 

Farther south, there is another swarm of normal faults with a total length of 24 km, here termed 350 

Laguna Verde Graben (Bolivia, Figs. 1 and 6). They strike more NNW-SSE in the northern part 351 

where they affect volcanoes of Pliocene-Quaternary age (Fig. 6A). Towards the south and east, the 352 

faults strike NW-SE and affect a Neogene stratovolcano and a Neogene-Quaternary dome (more 353 

probably of Pleistocene age) (Figs. 6A-C). Since these volcanoes are completely cut by the faults, it 354 

is possible to observe in section view the fault traces from an altitude of 5085 m down to 4360 m; 355 

they show a clear sub-vertical dip angle (e.g. Figs. 6B-C), thus consistent with normal faulting 356 

architecture. The longest fault segment is 9.45 km long. 357 

The area between the Licancabur volcano and the ALMA observatory is composed of an 358 

ignimbritic plateau affected by a 18 km long swarm of N-S fractures (Figs. 1 and 7A). The trace of 359 

all these fractures is rectilinear in plan view, suggesting they have a vertical to sub-vertical attitude. 360 

The swarm is crossed by a road section that allows to clearly recognize their attitude and offset (e.g. 361 

Figs. 7B-C). Most are extensional fractures, filled with loose deposits (Figs. 7B-C). Some are 362 

partially empty, suggesting a young age. The opening direction, based on offset piercing points, 363 

indicates an overall E-W trending s3. A few of these structures show dip-slip normal motions (e.g. 364 

Fig. 7B). At the surface of the ignimbrite, the water gullies crossed by these fractures do not show 365 

any strike-slip offset, suggesting pure extensional motions. More to the SW, just north of the 366 

ALMA observatory, the same ignimbrite plateau is offset by a N-S-striking fault zone with a very 367 

fresh morphology (Fig. 7D). Water gullies are vertically offset, indicating pure dip-slip motions. 368 

The fault zone, with a total length of 8.6 km, is composed of six close fault segments, with vertical 369 

scarps facing west. The fault traces are rectilinear in plan view suggesting a steep attitude of the 370 

planes. In proximity of these scarps there is no bulging of the ignimbrite succession, giving rise to a 371 

step-like geometry typical of extensional fault settings. On the contrary, the Quaternary reverse 372 

faults that here we studied are almost always associated to bulging and folding of the rock 373 

succession. The N-S normal faults affect an ignimbrite plateau composed of the 1-1.3-Ma-old 374 

Purico Formation (de Silva and Gosnold, 2007).  375 
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 It is worth mentioning that other swarms of NW-SE-striking, main Quaternary normal faults 376 

are present, but they belong to the resurgent domes in the interior of the Guacha and La Pacana 377 

calderas (e.g. Fig. 1), and thus they are not of pure tectonic origin and have to be interpreted in 378 

terms of the action of magma forces. 379 

Southeast of the La Pacana caldera, there is a graben with N-striking normal faults (Figs. 1 and 380 

8A). The whole structure is 7.8 km long, with a maximum width of 3.5 km. The bounding faults 381 

have converging dips and define a symmetric graben (Fig. 8A). The offsets of the westernmost 382 

master fault are mostly in the 5-8 m range; the maximum observed offset is 16 m (e.g. Fig. 8C); at 383 

the easternmost master fault, most offsets are as much as a few meters, up to 14 m (e.g. Fig. 8D). 384 

The faults offset ignimbrites of the Atana Member (3.96 ± 0.02 Ma BP, de Silva and Gosnold, 385 

2007) and a series of lava flows of Pliocene age (Sernageomin, 2013). Considering that, in the 386 

middle of the graben floor, we discovered empty extensional fractures striking N-S with opening in 387 

the order of 35 cm (Fig. 8B), we must conclude that some recent (latest Pleistocene-Holocene) 388 

deformation occurred here.  389 

 390 

5. Discussion 391 

5.1 The time-space distribution of deformation    392 

The surveys carried out in Chile, Bolivia and Argentina allowed us gain a major insight into the 393 

distribution of the recent-most deformation pattern in space and time. Our data show the presence of 394 

both extensional and contractional deformations, which developed within the same late Pliocene-395 

Quaternary time window; this observation was not completely put forward by the previous 396 

literature, since in the study area previous papers highlighted the presence of just contractional or 397 

only extensional structures during the last phase of deformation, ignoring or minimizing the 398 

presence of the other type of structures. For example, the paper by Gonzalez et al. (2009) described 399 

the presence only of young shortening structures in part of the area studied here, in the form of folds 400 

and reverse faults, and did not consider the presence of extensional structures. Other authors 401 

mentioned the presence of extensional faults but suggested they are of no significance, and may 402 

have formed as a result of slope instability (e.g. Arriagada et al., 2006). Other authors, on the 403 

contrary, such as for example Lahsen (1982), suggested that compressional structures do not affect 404 

deposits younger than 4 Ma BP in the whole northern Chilean Andes, which in turn are just offset 405 

by N-S normal faults. A paper by Allmendinger et al. (1989) recognized the presence of 406 

contemporaneous extensional and contractional deformations, but suggested that normal faults are 407 

only present in the PP, and shortening shifted in the Quaternary east of the PP at the foreland thrust 408 

system.  409 
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Our data instead, put forward that late Pliocene-Quaternary tectonics is in general more 410 

important than previously thought in the studied area, and that contraction and extensional 411 

deformations can develop contemporaneously at very short distance each other. In regard to 412 

contractional structures, in Table 1 it is possible to notice the age of the deposits involved in the 413 

younger compressional phase: the folds and reverse faults affect strata dated up to 2.0 Ma BP by 414 

radiometric dating or to the Pleistocene by stratigraphic methods. This indicates the presence of a 415 

compressional phase that was active in late Pliocene and Quaternary times. If we look at the 416 

youngest extensional structures, they involve deposits up to the Pliocene (2.4 Ma) and Quaternary 417 

(0.7 Ma). From the point of view of the time window, these data indicate that contractional and 418 

extensional deformations formed contemporaneously. The occurrence of diverse types of 419 

deformation during the same time implies a rotation of stress tensor in space. In the study area, 420 

Quaternary strike-slip motions have been documented at a few faults, such as at the NNE-striking 421 

Bequeville fault (Marrett et al., 1994) located in the eastern, lower corner of our study area, whereas 422 

the Calama-Olacapato-El Toro fault shows Quaternary slip only in the eastern-most part of our 423 

study area (Fig. 1) (Bonali et al., 2012; Lanza et al., 2013). Also the geometry and distribution of 424 

Quaternary folds is consistent with dominant pure shear ductile deformation; in fact, the pattern of 425 

folds with a typical en-échelon arrangement or other evidence of main Quaternary shear zones is 426 

lacking in the study area. In conclusion, during late Pliocene-Quaternary times, the studied area has 427 

been characterised by two main domains, one with horizontal s1 and s2 and the other one with 428 

horizontal s3 and s2, whereas transcurrent motions were very local along the eastern border of the 429 

area. 430 

From the point of view of the distribution in space, the late Pliocene-Quaternary contractional 431 

deformations are concentrated along the MR, TF and LCR, in Chile. The northernmost evidence of 432 

compression along the MR has been indicated at Latitude 22.98°S (7 km south of the Chile-Bolivia 433 

border) by Gonzalez et al. (2009). More to the west, late Pliocene-Quaternary contractional 434 

structures have been found south of the ALMA observatory (23.07°S), and more to the north, such 435 

as the fold at Latitude 22.42°S. The claim for extensional deformations between the latter fold and 436 

the northern termination of the MR is based on the discovery of extensional fissures and normal 437 

faults between the Licancabur volcano and the ALMA observatory (Fig. 7A). This swarm of 438 

extensional fractures and minor normal faults is composed of parallel N-S-striking planes, perfectly 439 

rectilinear in plan view, that indicate high-angle fracture planes, confirmed by the section view 440 

along road cuts (Figs. 7B-C). The measurement of opening directions shows an overall 441 

homogeneous E-W extension. All deposits of this ignimbritic plateau and the topography do not 442 

show any bulging that might indicate folding. Therefore, we need to rule out that this swarm of 443 
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structures might be the expression of extension at the extrados of a fold. The main normal fault 444 

located immediately southwest of the fracture swarm (north of ALMA) is also characterised by a 445 

rectilinear trace in plan view, which is compatible with a sub-vertical fault attitude (Fig. 7D). This 446 

geometry of the fault trace, and the regular planar topography and faulted deposits, is completely 447 

different from the setting at the reverse fault located north of the Talabre village (see Fig. 1): This 448 

reverse fault, in fact, is characterised by a bulging in correspondence of the hanging-wall block and 449 

by a sinuous shape of the fault surface trace in plan view, confirming the different kinematics.  450 

  451 

5.2 Origin of deformation 452 

The coexistence of extensional and contractional deformations in the same section of an orogen 453 

needs to be adequately explained. First of all, several swarms of NW-SE-striking, extensional 454 

faults, are located in the interior of calderas, namely the La Pacana, Pastos Grande, and Guacha. 455 

They show very similar structural features, represented by series of parallel, up to 20 km long, NW-456 

SE-striking main normal faults, and minor NE-SW-striking normal faults. They bound the caldera 457 

margin, such as in the case of La Pacana, or they affect only the caldera centre. Although they have 458 

lengths of fault surface rupture that are compatible with tectonic seismogenic faults (e.g. Wells and 459 

Coppersmith, 1994), the movements along the NW-SE faults at these calderas are here interpreted 460 

as produced by magma inflation and deflation linked with caldera activity, as already suggested for 461 

La Pacana by Gardeweg and Ramírez (1987). The NW-SE geometry of these faults, instead, may 462 

have been guided by pre-existing regional structures: this area, in fact, has been affected, in pre-463 

Quaternary times, by transcurrent motions along NW-SE regional faults, as suggested in previous 464 

literature (Riller et al., 2001; Matteini et al., 2002; Mazzuoli et al., 2008; Tibaldi et al., 2009).  465 

Other recent normal fault swarms are not related with calderas and thus their origin should be 466 

different. These fault swarms are from 7.8 to 24 km long and contain single, continuous fault 467 

segments up to 18 km long. The lengths of the measured outcropping normal fault swarms are fully 468 

compatible with the typical surface rupture length of tectonic seismogenic faults, as shown in the 469 

databases of Wells and Coppersmith (1994) and several other authors. This means that the surveyed 470 

structures may represent the topographic rupture of faults originated during prehistoric earthquakes. 471 

Although we are aware that the extremely arid climate can play a major role in preserving the 472 

morphologies, the very sharp appearance of some of these faults, such as the structure north of 473 

ALMA observatory, and the local presence of empty large ground fractures, suggest possible recent 474 

movements of late Quaternary age.  475 

Regarding their origin, most of these normal faults affect areas with a flat horizontal to sub-476 

horizontal morphology, such as in the case of the Sol de Manana graben (Fig. 5), the Laguna Verde 477 
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graben (Fig. 6), the fracture swarm south of Licancabur, the fault north of ALMA (Fig. 7), and the 478 

graben at the Argentina-Chile border (Fig. 8). The only exception is given by the Inacaliri graben 479 

that rests on top of a volcano row (Fig. 3). The latter setting can be the evidence of a gravity force 480 

responsible for the formation of the graben, possibly in connection with volcano spreading. 481 

Spreading is here a possible factor, due to the huge mass of the volcanic row and the possible 482 

presence of clay-salty deposits below it, given the vicinity with a salar deposit. In all the other 483 

cases, we have to exclude similar effects or the possible influence of slope gravity. Based on the 484 

above, and the lengths of the single fault segments as well as the entire fault swarms, we conclude 485 

that the studied extensional structures are tectonic in origin.   486 

The average altitude of the areas affected by the folds and reverse faults of late Pliocene-487 

Quaternary age is 3941 m, whereas the areas affected by the extensional structures have an average 488 

altitude of 4520 m (Table 1). These data suggest that topographic loading has an effect on the stress 489 

tensor and thus on the type of deformation (Fig. 9); our results are consistent with the study of 490 

Sébrier et al. (1988) for the Andes of central Peru, which showed that a compressional stress field 491 

with horizontal s1 dominates at an average elevation < 4000 m, whereas a vertical s1 is expected 492 

above this average altitude. In fact, the majority of normal faults considered in this study (82%) are 493 

locate in areas with an elevation > 4000 m (Fig. 10). 494 

If we consider topography as a proxy to crustal thickness, which for the central Andes has been 495 

demonstrated by Beck et al. (1996), the lithosphere below areas of higher altitude that suffered from 496 

intense crustal thickening, may be subject to thinning and extension with mass removal towards the 497 

foreland, where the crust is thinner (Fig. 9) (Schoenbohm and Strecker, 2009, and references 498 

therein). The presence of a high heat flow below the volcanic chain and the PP (Springer and 499 

Forster, 1998) facilitates this mass transfer due to the low crustal strength below these regions. A 500 

readjustment of mass transfer at depth is accompanied by uplift and collapse of some sectors of the 501 

orogen (Tibaldi et al., 2009; Bonali et al., 2012; Lanza et al., 2013; Giambiagi et al., 2016). We 502 

prefer this interpretation to the gravitational spreading of the orogen, because of the presence of 503 

orogen-perpendicular extension in the whole study area; in fact, the orogen orientation changes 504 

from N-S to NW-SE at the same latitude where we found a rotation of the normal fault strike (Fig. 505 

9), whereas the gravitational spreading model implies often orogen-parallel extension (Daxberger 506 

and Riller, 2015). In the studied area, it is interesting to note that the decrease in the frequency of 507 

tectonic normal faults from north to south correlates with the decrease in crustal thickness in the 508 

same direction: in the northern part of our study area, Prezzi et al. (2009) shows that the Moho 509 

depth is in the range -55 to -75 km and in the southern part (south of 23°20”) is from -50 to -65 km, 510 

and McGlashan et al. (2008) indicate for the same areas a crustal thickness of 67-80 km and 42-59 511 
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km respectively. This suggests that gravity flow in the crust and orogenic collapse is more probable 512 

in the northern part, consistent with the distribution of surface extension.  513 

A recent (< 10 Ma BP) broad uplift of the Altiplano-PP has been put forward by several authors 514 

(Garzione et al., 2008, and references therein). We suggest that at the surface, this uplift may have 515 

been accommodated by motions along normal faults with two different directions of extension. In 516 

the northern part of the study area, a preferentially NE-SW-directed extension, whereas, to the south 517 

a dominant E-W extension. This may be due to the effect of inherited structures produced by 518 

previous phases of transcurrent motions along NW-SE planes in the northern part (Tibaldi et al., 519 

2009, 2017a) and along N-S to NNE-SSW structures in the southern part. These structures are 520 

suitably oriented with respect to the extensional vectors induced by the orogen collapse. This view 521 

is consistent with the numerical study of the gravitational potential energy of the Central Andes by 522 

Flesch and Kreemer (2010) that shows an orogen-perpendicular s3 rotating from NE-SW in 523 

northernmost Chile (north of 22°S) to E-W more to the south, as resulting also from our field-based 524 

analysis.  525 

As an alternative, or complementary hypothesis to the above, we emphasize the importance of 526 

the MR, TF and LCR that represent a major (100 to 200 km long) corridor made of fault-527 

propagation folds, with the main slip planes dipping west. The abrupt re-orientation of the 528 

extensional structure strike from NW-SE to N-S at the latitude of the northern MR may also signify 529 

that the N-S normal faults and the MR-TF-LCR structures are genetically linked: the MR-TF-LCR 530 

allow overthrusting of the Western Cordillera tectonic units towards the volcanic chain. The 531 

thickening in the overthrusting area produces an overload on the crust with the possible formation 532 

of a flexure eastward, which in turn produces at the surface extensional structures striking around 533 

N-S, parallel to the flexure trend (Fig. 11). Anyway, this scheme fails to explain the several graben 534 

structures located far away from the compressional ridges, and thus we favour more the high-535 

topography/orogenic collapse explanation. 536 

 537 

5.3 Structure kinematics, stress tensor and volcanism 538 

The whole area of the volcanic belt east and north of the MR and LCR, comprising the studied 539 

part of the PP, is affected by normal faults of late Pliocene-Quaternary age, which show two main 540 

directions of extension: NE-SW north of the northern termination of the MR, and E-W more to the 541 

south. This stress configuration in the Andean chain and in the PP facilitates the use of NW-SE-542 

striking fractures as magma paths in the northern part of the study area, and N-S-striking structures 543 

in the southern part. This interpretation is consistent with the recent findings on the space-time 544 

distribution of volcanic centers and their morphometric characteristics by Tibaldi et al. (2017a). 545 
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These authors, in fact, put forward that the morphometry and alignments of hundreds of volcanic 546 

centers in the same area as the one documented here, are compatible with NW-SE-striking magma 547 

paths in the northern part of the area, and with N-S-striking magma paths in the southern part. Some 548 

scattering of magma path orientations exists, but this reflects the complexity of shallow magma 549 

plumbing systems in the interior of volcanic edifices, where the magma conduit can be controlled 550 

also by a number of parameters different from the tectonic stress state or regional fractures (for a 551 

review of these topics see Tibaldi, 2015).  552 

Based on the data here presented on the late Pliocene-Quaternary normal faulting, the magma 553 

paths of the volcanoes of the same age located near these structures benefitted from both the s3 and 554 

s2 being horizontal, a stress tensor orientation that is classically considered to favour magma 555 

upwelling to the surface. On the contrary, the older volcanoes that are located in the northern part of 556 

the studied area may have been controlled by previous tectonic phases characterised by transcurrent 557 

motions along the NW-SE faults, consistent with the strike-slip kinematics observed, for example, 558 

by Acocella et al. (2007), Bonali et al. (2012) and Lanza et al. (2013). For example, during the 559 

Neogene, about 20 km of left-lateral displacement took place along the Calama-Olacapato-El Toro 560 

fault (Allmendinger et al., 1983). Such a stress configuration, characterised by horizontal s3 and s1, 561 

has been increasingly regarded as also favourable to magma upwelling (Tibaldi et al., 2010; 562 

Spacapan et al., 2016). A more general control of the NW-SE faults on volcanism, and especially on 563 

caldera development in the Puna Altiplano, was suggested also by Riller et al. (2001, 2006), Caffe 564 

et al. (2002), Chernicoff et al. (2002), Petrinovic et al. (2005), and Ramelow et al. (2006).   565 

As we have seen, during late Pliocene-Quaternary times other zones within the study area have 566 

also been affected by a compressive regime. This stress state, with horizontal s1 and s2, has been 567 

classically regarded as unfavourable to magma upwelling, and magma movements have been 568 

mostly suggested to occur along horizontal planes, being the s3 axis vertical (e.g. Cas and Wright, 569 

1987; Glazner, 1991; Hamilton, 1995; Watanabe et al., 1999). Nevertheless, in the study area 570 

several Pliocene-Quaternary volcanoes are located exactly in correspondence of reverse faults and 571 

folds of the same age. For example, along the Miscanti Ridge, several volcanoes are located near 572 

the fault-propagation fold in the hanging-wall block or in the footwall block. Some of these edifices 573 

are aligned exactly in correspondence of the crest of the fault-propagation fold, as the example on 574 

the La Cusualidad Ridge portrayed in Figure 12, and have been partially involved in the 575 

compressional deformation process. This clearly suggests a direct control of contractional structures 576 

on volcano location and growth, as will be detailed below. Some volcanoes sitting atop of folds, 577 

also show evidence of huge lateral failure, as sector or flank collapse. This suggests a further 578 

possible direct connection between the folding process and volcano development, as the fault-579 
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propagation fold growth may have contributed to volcano slope instability. This is also attested to 580 

by the fact that the collapsed volcanoes have the failed flank pointing in the direction of the scarp 581 

created by the process of the fold’s asymmetric growth. This pattern is consistent with the findings 582 

of other authors obtained by way of analogue modelling (Galland et al., 2007; Tibaldi, 2008; Ferrè 583 

et al., 2012) or by field data in other areas (Tobisch and Paterson, 1990; Martì et al., 1992; Ferrè et 584 

al., 2002; review in Tibaldi et al., 2010). 585 

 We suggest that, in a contractional setting, magma can rise along ramp segments of reverse 586 

faults, although these are not oriented normally to s3, consistent with previous similar suggestions 587 

by Tibaldi (2005) and Cembrano and Lara (2009). This may be explained in terms of the different 588 

forces necessary for magma intrusion in intact host rocks (or poorly fractured rocks) versus rocks 589 

affected by continuous long faults; dyking can occur through intrusion into a newly formed fracture 590 

if magmatic pressure (pm) exceeds the lithostatic pressure (pl), plus the horizontal compressive 591 

stress in the host rocks perpendicular to the dyke, plus the host rock tensile strength (Gudmundsson, 592 

1995, 2006, 2012). If, on the contrary, the host rock has already been affected by well-developed 593 

mechanical discontinuities (usually faults) produced by previous deformation events, these planes 594 

have no cohesion (or very poor cohesion in the case of sealing effects) and magma propagates along 595 

them if magmatic overpressure (po = pm − pl) exceeds the compressive stress perpendicular to that 596 

plane. In the case of a ramp structure, the component of the stress acting perpendicularly to the 597 

plane is a fraction of s1, plus a component due to the overburden. This means that a weakness zone, 598 

such as a ramp structure, can represent a suitable magma pathway under an active compressional 599 

stress state. Once magma reaches the interface between the volcano and the substratum, magma 600 

upwelling to the crater zone may be facilitated by a local stress state linked with the volcano 601 

morphology (see Tibaldi, 2008), with previous intrusions that modified the stress pattern (Chaput et 602 

al., 2014), or with stretching at the outer-arc of a fold (Gonzalez et al., 2009; Gürer et al., 2016). 603 

 604 

5.4 Are there active faults? 605 

  Among the criteria to assess the presence of faults capable of producing earthquake hazard, 606 

the age and area (surface length for field data) of the slip plane are of paramount importance. 607 

Holocene fault slip is regarded as a prerequisite for establishing the potential for new earthquakes 608 

along a given structure. Anyway, there are several pieces of evidence that suggest quiescence times 609 

that are longer than the Holocene (Grützner et al., 2017; Williams et al., 2017, and references 610 

therein). At an active convergence zone like the Andes, where geodynamics is dominated by the 611 

presence of effective subduction between the Nazca plate and the South American plate, tectonic 612 

stresses may be transmitted to the crust above the Wadati-Benioff zone. Although stress 613 
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transmission may be attenuated by thermal processes, great crustal thickness, etc., we cannot rule 614 

out the possibility that low magnitude stresses may accumulate in the upper crust over time and may 615 

be accommodated elastically until the shear stress along the fault reaches a threshold value that will 616 

cause rare events of surface fault rupture to happen. This hypothesis is consistent on one side with 617 

the scarcity of crustal seismicity in the studied area, and on the other side by the presence of several 618 

faults that show evidence of surface rupture in Quaternary times. Moreover, there is clear evidence 619 

of Quaternary folding that might hinder reverse blind faults. 620 

Although a more detailed chronology of the most recent movements along the studied 621 

structures is not available, there are clues that further studies are required to assess if there is a 622 

possible seismic potential. We highlight, in particular, the great length of some of the studied 623 

structures: the main compressional features are the Miscanti Ridge (MR), which is made of 624 

different segments totalling about 75 km, the 39-km-long Toloncha Fault and associated fold, and 625 

the about 100-km-long La Casualidad Ridge, also showing a segmented pattern. Also the coeval 626 

normal fault swarms, although shorter than the compressional structures, are characterised by 627 

important lengths, in the order of 8-24 km. Based on published databases that put in relation 628 

earthquake magnitude with surface rupture lengths of seismogenetic faults (Geller, 1976; Mark, 629 

1977; Bonilla et al., 1984; Wells and Coppersmith, 1994; Leonard, 2010), it can be noted that these 630 

lengths are compatible with surface ruptures linked to paleo-earthquakes. The main problem in the 631 

studied area is that stratigraphy resolution is not accurate enough to enable assessing a late 632 

Pleistocene or Holocene age of the latest slip along these structures, which might aid in determining 633 

their potential seismic hazard. The presence of very fresh morphologies along the fault scarps, 634 

including very sharp fault edges, river offsets, and especially empty fissures, cannot be considered 635 

conclusive due to the very poor erosion rate of the region. However, based on the length and large 636 

number of the structures here described, we suggest that it may be worth conducting further studies, 637 

possibly integrated with paleoseismological investigations by trenching. 638 

 639 

6. Conclusions 640 

Our geological-structural data have been collected in a wide region, as large as 90,000 km2, at 641 

the border among Chile, Bolivia and Argentina, comprising part of the Western Cordillera, the 642 

volcanic belt and the Altiplano-Puna Plateau. The approach of our study is focused on the collection 643 

of data relative to surface folding and faulting of late Pliocene-Quaternary age that must comply 644 

with series of parameters that allow to consider only structures that have a higher probability of 645 

tectonic origin. The parameters for faults are scaling relationships between the length of the surface 646 

rupture zone of tectonic faults and their capability of breaking the surface, the relationships with 647 
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slope attitude (in order to exclude slope deformations), and the possible influence of local magma 648 

inflation/deflation phases. Focusing only on faults that can be attributed to young coseismic tectonic 649 

events, allows a more reliable assessment of the late Pliocene-Quaternary deformation field and 650 

related stress state, which represents the foundation for a better comparison with results coming 651 

from other methods. 652 

Respect to previous authors, we conclude by two major points: 1) late Pliocene-Quaternary 653 

tectonics is here in general more important than previously thought, and 2) within the recent 654 

tectonics, there is a division in space of the dominant deformation kinematics. In fact, the eastern 655 

part of the Western Cordillera and the westernmost part of the volcanic belt are characterised by the 656 

presence of late Pliocene-Quaternary folds, with hinge lines trending NNE-SSW to N-S, and 657 

parallel reverse faults which reach the surface. The main compressional structure is the Miscanti 658 

Ridge (MR) that runs N10° from the border Chile-Bolivia southward with a series of segments 659 

totalling about 75 km. At its apparent southern termination, the MR is covered by a dense array of 660 

Plio-Quaternary volcanoes, but further south a similar ridge reappears in Argentina with a more 661 

NNE strike and contraction is transferred more to the west along the N-S-striking, 39 km long 662 

Toloncha Fault and associated fold. Farther south, a series of main fold/fault segments give rise to 663 

the La Casualidad Ridge, totalling about 100 km with a NNE-SSW to N-S trend. These three main 664 

structures are interpreted as fault-propagation folds, which locally show evidence of late Pliocene-665 

Quaternary motions, both in the Chile and Argentina sections. Several coeval minor folds and 666 

reverse faults are present west of these structures. The important length of some of these structures 667 

and their age claim for further studies to assess if there is a possible seismic potential. 668 

East and north of the MR, several swarms of normal faults are also present. They strike NW-SE 669 

north of the MR and N-S at the latitude of the MR. They affect deposits dated to Pliocene-670 

Quaternary times on a stratigraphic basis, or radiometrically dated at 2.4-0.7 Ma BP. The normal 671 

fault swarms have length in the order of 8-24 km, and they are mostly located in flat areas, giving 672 

rise to graben structures. These data enable ruling out the hypothesis of a genesis linked to slope 673 

gravity effects, suggesting they are tectonic faults. Other NW-SE normal fault swarms are linked to 674 

caldera failure and resurgence. 675 

These data allow us to underscore that the central Andean chain has been subject to the 676 

development of coeval contractional and extensional structures of regional importance. The average 677 

altitude of the areas affected by the late Pliocene-Quaternary folds and reverse faults is 3941 m, 678 

whereas the areas affected by the extensional tectonic structures have an average altitude of 4520 m. 679 

This is consistent with the interpretation that the normal faults here might have been induced by 680 

orogen collapse.  681 
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The change in strike of the normal faults from NW-SE to N-S at the latitude of the northern 682 

termination of the MR, may be explained as resulting from orogen-perpendicular collapse and by 683 

the inheritance of pre-existing structures that reactivated under the new extensional stress field. 684 

 This extensional structural setting is favourable to the transfer of magma to the surface 685 

especially within the core of the chain. Nevertheless, several volcanoes are located also ontop of 686 

compressional features such as folds and reverse faults, indicating that magma can rise also along 687 

paths subjected to a compressional stress state.   688 

 689 

Acknowledgements 690 

We acknowledge the very useful suggestions on an earlier version of the manuscript by Joel Ruch 691 

and an anonymous reviewer. This study has been done in the framework of the 2015-2019 692 

International Lithosphere Program - Task Force II “Structural and rheological constraints on magma 693 

migration, accumulation and eruption through the lithosphere”, and previous funding from MIUR 694 

and FIRB grants. The authors wish to thank Claudia Corazzato for field cooperation. Furthermore, 695 

the director of ALMA observatory, Dr. Pierre Cox, is fully acknowledge for allowing us to access 696 

the area of the centre for field survey activity.  Federico Pasquaré Mariotto is fully acknowledged 697 

for all given suggestions on a previous version of the manuscript. 698 

 699 

References 700 

Acocella, V., Vezzoli, L., Omarini, R., Matteini, M., and Mazzuoli, R., 2007. Kinematic variations 701 

across Eastern Cordillera at 24° S (Central Andes): tectonic and magmatic implications. 702 

Tectonophysics, 434(1), 81-92. 703 

Ágústsdóttir, T., Woods, J., Greenfield, T., Green, R. G., White, R. S., Winder, T., Brandsdóttir, B., 704 

Steinthórsson S., & Soosalu, H. (2016). Strike-slip faulting during the 2014 705 

Bárðarbunga-Holuhraun dike intrusion, central Iceland. Geophysical Research Letters, DOI: 706 

10.1002/2015GL067423. 707 

Allmendinger, R.W., V. Ramos, T. Jordan, M. Palma, and B. Isacks, 1983. Paleogeography and 708 

Andean structural geometry, Northwestern Argentina. Tectonics, 2, 1-16. 709 

Allmendinger, R.W., Strecker, M., Eremchuk, E., Francis, P., 1989. Neotectonic deformation of the 710 

southern Puna Plateau, northwestern Argentina. Journal of South American Earth Sciences 2 (2), 711 

111–130. 712 

Allmendinger, R.W., Jordan, T.E., Kay, S.M., Isacks, B.L., 1997. The evolution of the Altiplano - 713 

Puna Plateau of the Central Andes. Annual Reviews of Earth Planetary Sciences 25, 139–174.  714 



 22 

Arriagada, C., Cobbold, P. R., & Roperch, P., 2006. Salar de Atacama basin: A record of 715 

compressional tectonics in the central Andes since the mid-Cretaceous. Tectonics, 25(1). 716 

Barquero-Molina, M. (2003). 40Ar/39Ar chronology and paleomagnetism of ignimbrites and lavas 717 

from the central volcanic zone, northern Chile, and 40Ar/39Ar chronology of silicic ignimbrites 718 

from Honduras and Nicaragua. University of Wisconsin--Madison 719 

Bascuñán, S., Arriagada, C., Le Roux, J., Deckart, K., 2015. Unraveling the Peruvian Phase of the 720 

Central Andes: stratigraphy, sedimentology and geochronology of the Salar de Atacama Basin 721 

(22 30–23 S), northern Chile. Basin Res. 1, 28.  722 

Beck, S. L., Zandt, G., Myers, S. C., Wallace, T. C., Silver, P. G., & Drake, L. (1996). Crustal-723 

thickness variations in the central Andes. Geology, 24(5), 407-410. 724 

Blaser, L., Krüger, F., Ohrnberger, M., & Scherbaum, F. (2010). Scaling relations of earthquake 725 

source parameter estimates with special focus on subduction environment. Bulletin of the 726 

Seismological Society of America, 100(6), 2914-2926. 727 

Bonali, F.L., C. Corazzato, Tibaldi A., 2012. Elastic stress interaction between faulting and 728 

volcanism in the Olacapato–San Antonio de Los Cobres area (Puna plateau, Argentina), Glob. 729 

Planet. Change, 90–91, 104-120, doi:10.1016/j.gloplacha.2011.08.002. 730 

Bonilla, M. G., Mark, R. K., & Lienkaemper, J. J. (1984). Statistical relations among earthquake 731 

magnitude, surface rupture length, and surface fault displacement. Bulletin of the Seismological 732 

Society of America, 74(6), 2379-2411. 733 

Brandmeier, M., 2014. A remote sensing and geospatial statistical approach to understanding 734 

distribution and evolution of ignimbrites in the Central Andes with a focus on Southern Peru. 735 

PhD thesis.  736 

Burchfiel, B. C., & Royden, L. H. (1985). North-south extension within the convergent Himalayan 737 

region. Geology, 13(10), 679-682. 738 

Caffe PJ, Trumbull RB, Coira BL, Romer RL., 2002. Petrogenesis of early volcanic phases in 739 

Northern Puna Cenozoic magmatism. Implications for magma genesis and crustal processes in 740 

the Central Andean Plateau. J. Petrol., 43, 907–942. 741 

Carrapa, B., Adelmann, D., Hilley, G.E., Mortimer, E., Sobel, E.R., Strecker, M.R., 2005. 742 

Oligocene range uplift and development of plateau morphology in the southern central Andes. 743 

Tectonics 24, TC4011.  744 

Cas, R.A.F., Wright, J.V., 1987. Volcanic Successions. Allen & Unwin, London. 528 pp. 745 

Cembrano, J., Lara, L., 2009. The link between volcanism and tectonics in the southern volcanic 746 

zone of the Chilean Andes: a review. Tectonophysics, 471(1), 96-113. 747 



 23 

Chaput, M., Famin, V. and Michon, L., 2014. Deformation of basaltic shield volcanoes under 748 

cointrusive stress permutations. Journal of Geophysical Research: Solid Earth, 119(1): 274-301. 749 

Chernicoff CJ, Richards JP, Zappettini EO (2002). Crustal lineament control on magmatism and 750 

mineralization in northwestern Argentina: geological, geophysical and remote sensing evidence. 751 

Ore Geol Rev., 21, 127–155. 752 

Cladouhos, T. T., Allmendinger, R. W., Coira, B., and Farrar, E. (1994). Late Cenozoic deformation 753 

in the Central Andes: fault kinematics from the northern Puna, northwestern Argentina and 754 

southwestern Bolivia. Journal of South American Earth Sciences, 7(2), 209-228. 755 

Clark, M. K., Bush, J. W., & Royden, L. H. (2005). Dynamic topography produced by lower crustal 756 

flow against rheological strength heterogeneities bordering the Tibetan Plateau. Geophysical 757 

Journal International, 162(2), 575-590. 758 

Cobbold, P.R., Rossello, E.A., 2003. Aptian to recent compressional deformation of the Neuquén 759 

Basin, Argentina. Marine and Petroleum Geology 20, 429-443. 760 

Coblentz, D. D., & Richardson, R. M. (1996). Analysis of the South American intraplate stress 761 

field. Journal of Geophysical Research: Solid Earth, 101(B4), 8643-8657. 762 

Coutand, I., Cobbold, P. R., Urreiztieta, M., Gautier, P., Chauvin, A., Gapais, D., Rossello, E. A., & 763 

López-Gamundí, O. (2001). Style and history of Andean deformation, Puna plateau, 764 

northwestern Argentina. Tectonics, 20(2), 210-234. 765 

Jackson D. B., D. A. Swanson, R. Y. Koyanagi, T. L. Wright, 1975. The August and October 1968 766 

East Rift eruptions of Kilauea Volcano, Hawaii. Geological Survey Professional Paper, 890, 33 767 

pages. 768 

Daxberger, H., and Riller, U. (2015). Kinematics of Neogene to Recent upper-crustal deformation 769 

in the southern Central Andes (23°–28° S) inferred from fault–slip analysis: Evidence for 770 

gravitational spreading of the Puna Plateau. Tectonophysics, 642, 16-28. 771 

de Bolivia, S.G., (1992). Geology and mineral resources of the Altiplano and Cordillera Occidental, 772 

Bolivia (No. 1975). USGPO. 773 

de Silva, S. L., & Gosnold, W. D. (2007). Episodic construction of batholiths: Insights from the 774 

spatiotemporal development of an ignimbrite flare-up. Journal of Volcanology and Geothermal 775 

Research, 167(1), 320-335. 776 

DeCelles, P. G., and B. K. Horton (2003). Early to middle Tertiary foreland basin development and 777 

the history of Andean crustal shortening in Bolivia, Geol. Soc. Am. Bull., 115, 58–77. 778 

DeCelles, P.G., Carrapa, B., Horton, B. K., McNabb, J., Gehrels, G. E., & Boyd, J. (2015). The 779 

Miocene Arizaro Basin, central Andean hinterland: Response to partial lithosphere removal? 780 

Geological Society of America Memoirs, 212, 359-386. 781 



 24 

Deeken, A., Sobel, E. R., Coutand, I., Haschke, M., Riller, U., & Strecker, M. R. (2006). 782 

Development of the southern Eastern Cordillera, NW Argentina, constrained by apatite fission 783 

track thermochronology: From early Cretaceous extension to middle Miocene shortening. 784 

Tectonics, 25(6).  785 

Deverchère, J., Dorbath, C., & Dorbath, L. (1989). Extension related to a high topography: results 786 

from a microearthquake survey in the Andes of Peru and tectonic implications. Geophysical 787 

Journal International, 98(2), 281-292. 788 

Elger, K., Oncken, O., Glodny, J., 2005. Plateau-style accumulation of deformation: southern 789 

Altiplano. Tectonics 24, TC4020  790 

England, P., & Houseman, G. (1989). Extension during continental convergence, with application 791 

to the Tibetan Plateau. Journal of Geophysical Research: Solid Earth, 94(B12), 17561-17579. 792 

Ferré EC, Gleizes G, Caby R (2002). Tectonics and post-collisional granite emplacement in an 793 

obliquely convergent orogen: the Trans-Saharan belt, Eastern Nigeria. Precambr Res, 114, 199–794 

219. 795 

Ferré, E. C., Galland, O., Montanari, D., & Kalakay, T. J. (2012). Granite magma migration and 796 

emplacement along thrusts. International Journal of Earth Sciences, 101(7), 1673-1688. 797 

Flesch, L.M., Kreemer, C., 2010. Gravitational potential energy and regional stress and strain rate 798 

fields for continental plateaus: examples from the Central Andes and Colorado Plateau. 799 

Tectonophysics, 482, 182–192. 800 

Galland O, Cobbold PR, de Bremond d’Ars J, Hallot E (2007). Rise and emplacement of magma 801 

during horizontal shortening of the brittle crust: Insights from experimental modelling. J 802 

Geophys Res, doi:10.1029/2006JB004604.  803 

Gardeweg, M., & Ramírez, C. F., 1987. La Pacana caldera and the Atana ignimbrite—a major ash-804 

flow and resurgent caldera complex in the Andes of northern Chile. Bulletin of Volcanology, 805 

49(3), 547-566. 806 

Garzione, C. N., Hoke, G. D., Libarkin, J. C., Withers, S., MacFadden, B., Eiler, J., Prosenjit, G., 807 

Mulch, A., 2008. Rise of the Andes. Science, 320(5881), 1304-1307. 808 

Geller, R. J. (1976). Scaling relations for earthquake source parameters and magnitudes. Bulletin of 809 

the Seismological Society of America, 66(5), 1501-1523. 810 

Giambiagi, L., Alvarez, P., & Spagnotto, S. (2016). Temporal variation of the stress field during the 811 

construction of the central Andes: Constrains from the volcanic arc region (22–26° S), Western 812 

Cordillera, Chile, during the last 20 Ma. Tectonics, 35(9), 2014-2033. 813 

Glazner, A.F., 1991. Plutonism, oblique subduction, and continental growth: An example from the 814 

Mesozoic of California. Geology 19, 784–786. 815 



 25 

Gölke, M., and Coblentz, D., 1996. Origins of the European regional stress field. Tectonophysics, 816 

266(1-4), 11-24. 817 

González, G., Cembrano, J., Aron, F., Veloso, E. E., & Shyu, J. B. H. (2009). Coeval compressional 818 

deformation and volcanism in the central Andes, case studies from northern Chile (23 S–24 S). 819 

Tectonics, 28(6). 820 

Grützner, C., Carson, E., Walker, R. T., Rhodes, E. J., Mukambayev, A., Mackenzie, D., J.R. 821 

Elliott, G. Campbell, Abdrakhmatov, K. (2017). Assessing the activity of faults in continental 822 

interiors: Palaeoseismic insights from SE Kazakhstan. Earth and Planetary Science Letters, 459, 823 

93-104. 824 

Gubbels, T. L., B. L. Isacks, and E. Farrar, 1993. High-level surfaces, plateau uplift and foreland 825 

development, Bolivian central Andes. Geology, 2, 1, 695-698. 826 

Gudmundsson A., 1995. Infrastructure and mechanics of volcanic systems in Iceland. Journal of 827 

Volcanology and Geothermal Research, 64(1), 1-22. 828 

Gudmundsson A., 2006. How local stresses control magma-chamber ruptures, dyke injections, and 829 

eruptions in composite volcanoes. Earth-Science Reviews, 79, 1–31. 830 

Gudmundsson A., 2012. Magma chambers: Formation, local stresses, excess pressures, and 831 

compartments. Journal of Volcanology and Geothermal Research, 237-238, 19–41. 832 

Gürer, D., Galland, O., Corfu, F., Leanza, H. A., & Sassier, C. (2016). Structure and evolution of 833 

volcanic plumbing systems in fold-and-thrust belts: A case study of the Cerro Negro de Tricao 834 

Malal, Neuquén Province, Argentina. Geological Society of America Bulletin, 128(1-2), 315-835 

331. 836 

Hamilton, W.B., 1995. Subduction systems and magmatism. In: Smellie, J.R. (Ed.), Volcanism 837 

associated with extension to consuming plate margins. Geol. Soc. London Spec. Publ., vol. 81, 838 

pp. 3–28. 839 

Heidbach, O., Iaffaldano, G., & Bunge, H. P. (2008). Topography growth drives stress rotations in 840 

the central Andes: observations and models. Geophysical Research Letters, 35(8). 841 

Isacks, B.L., 1988. Uplift of the Central Andean Plateau and bending of the Bolivian orocline. J. 842 

Geophys. Res.93, 3211–3231. 843 

Jordan, T. E., Reynolds, J., Erikson, J., 1997. Variability in age of initial shortening and uplift in the 844 

Central Andes, 16–33°30′S. In: Ruddimen, W.F. (Ed.), Tectonic Uplift and Climate Change. 845 

Springer, 41–61.  846 

Kley, J., Monaldi, C.R., Salfity, J.A., 1999. Along-strike segmentation of the Andean foreland: 847 

causes and consequences. Tectonophysics 301, 75-94. 848 



 26 

Kraemer, B., Adelmann, D., Alten, M., Schnurr, W., Erpenstein, K., Kiefer, E., van den Bogaard, 849 

P., Görler, K., 1999. Incorporation of the Paleogene foreland into the Neogene Puna Plateau, the 850 

Salar de Antofalla area, NW Argentina. Journal of South American Earth Sciences 12, 157–182. 851 

Lahsen, A. (1982). Upper Cenozoic volcanism and tectonism in the Andes of northern Chile. Earth-852 

Science Reviews, 18(3), 285-302. 853 

Lanza F., Tibaldi A., Bonali F., Corazzato C., 2013. Space-time variations of stresses in the 854 

Miocene-Quaternary along the Calama-Olacapato-El Toro fault zone, central Andes. 855 

Tectonophysics, 593, 33-56. 856 

Leonard, M. (2010). Earthquake fault scaling: Self-consistent relating of rupture length, width, 857 

average displacement, and moment release. Bulletin of the Seismological Society of America, 858 

100(5A), 1971-1988. 859 

Mark, R. K. (1977). Application of linear statistical models of earthquake magnitude versus fault 860 

length in estimating maximum expectable earthquakes. Geology, 5(8), 464-466. 861 

Marrett, R. A., Allmendinger, R. W., Alonso, R. N., & Drake, R. E. (1994). Late Cenozoic tectonic 862 

evolution of the Puna Plateau and adjacent foreland, northwestern Argentine Andes. Journal of 863 

South American Earth Sciences, 7(2), 179-207. 864 

Marsh, S.P., Richter, D.H., Ludington, S., Soria-Escalante, E., Escobar-Diaz, A., 1992. Geological 865 

map of the Altipiano and Cordillera Occidental, Bolivia. U.S. Department of the Interior – U.S. 866 

Geological Survey, Bulletin 1972, Plate 1. 867 

Martí, J., Mitjavila, J., Roca, E., and Aparicio, A. (1992). Cenozoic magmatism of the Valencia 868 

trough (western Mediterranean): Relationship between structural evolution and volcanism. 869 

Tectonophysics, 203(1), 145-165. 870 

Matteini, M., Mazzuoli, R., Omarini, R., Cas, R., Maas, R., 2002. Geodynamical evolution of 871 

Central Andes at 24°S as inferred by magma composition along the Calama-Olacapato-El Toro 872 

transversal volcanic belt. Journal of Volcanology and Geothermal Research 118, 205–228. 873 

Mazzuoli, R., Vezzoli, L., Omarini, R., Acocella, V., Gioncada, A., Matteini, M., Dini, A., Guillou, 874 

H., Hauser, N., Uttini, A., Scaillet, S., 2008. Miocene magmatism and tectonics of the 875 

easternmost sector of the Calama-Olacapato-El Toro fault system in Central Andes at 24°S: 876 

insights into the evolution of the Eastern Cordillera. Geological Society of America Bulletin 120, 877 

1493–1517. 878 

McCalpin, J. P. (Ed.)., 2009. Paleoseismology. Vol. 95, Academic press, 610 pages. 879 

McGlashan, N., Brown, L., & Kay, S. (2008). Crustal thickness in the central Andes from 880 

teleseismically recorded depth phase precursors. Geophysical Journal International, 175(3), 881 

1013-1022. 882 



 27 

Meijer, P. T., Govers, R., & Wortel, M. J. R. (1997). Forces controlling the present-day state of 883 

stress in the Andes. Earth and Planetary Science Letters, 148(1-2), 157-170. 884 

Mercado, J. L., Ahumada, S., Aguilera, F., Medina, E., Renzulli, A., & Piscaglia, F. (2009). 885 

Geological and Structural Evolution of Apacheta-Aguilucho Volcanic Complex (AAVC). 886 

Proceedings XII Congreso Geológico Chileno, Santiago, 22-26 November 2009, 22, S7_002. 887 

Molnar, P., & Lyon-Caen, H. (1988). Some simple physical aspects of the support, structure, and 888 

evolution of mountain belts. Geological Society of America Special Papers, 218, 179-208. 889 

Montero-Lopez, M., Hongn, F. D., Strecker, M. R., Marrett, R., Seggiaro, R., and Sudo, M. (2010). 890 

Late Miocene–early Pliocene onset of N–S extension along the southern margin of the central 891 

Andean Puna Plateau: Evidence from magmatic, geochronological and structural observations. 892 

Tectonophysics, 494(1), 48-63. 893 

Mpodozis, C., Arriagada, C., Basso, M., Roperch, P., Cobbold, P., Reich, M., 2005. Late Mesozoic 894 

to Paleogene stratigraphy of the Salar de Atacama Basin, Antofagasta, Northern Chile: 895 

implications for the tectonic evolution of the Central Andes. Tectonophysics 399, 125–154.  896 

Nakamura, K., Uyeda, S., 1980. Stress gradient in arc-back arc regions and plate subduction. J. 897 

Geophys. Res. 85, 6419–6428. 898 

Pananont, P., C. Mpodozis, N. Blanco, T. E. Jordan, and L. D. Brown (2004). Cenozoic evolution 899 

of the northwestern Salar de Atacama Basin, northern Chile. Tectonics, 23, TC6007, 900 

doi:10.1029/2003TC001595. 901 

Petrinovic, I.A., Riller, U., Brod, A., 2005. The Negra Muerta volcanic complex, southern Central 902 

Andes: geochemical characteristics and magmatic evolution of an episodic volcanic centre. 903 

Journal of Volcanology and Geothermal Research 140 (4), 295–320.  904 

Prezzi, C. B., Götze, H. J., & Schmidt, S. (2009). 3D density model of the Central Andes. Physics 905 

of the Earth and Planetary Interiors, 177(3), 217-234. 906 

Ramelow J, Riller U, Romer RL, Oncken O (2006) Kinematic link between episodic caldera 907 

collapse of the Negra Muerta Collapse Caldera and motion on the Olacapato – El Toro Fault 908 

Zone, NW-Argentina. Inter J Earth Sci., 95, 529-541, doi 10.1007/s00531-005-0042-x. 909 

Riller U., Götze H.-J., Schmidt S., Trumbull R.B., Hongn F., Petrinovic I.A., 2006. Upper-Crustal 910 

Structure of the Central Andes Inferred from Dip Curvature Analysis of Isostatic Residual 911 

Gravity. In: The Andes, Springer Berlin Heidelberg, 327-336. 912 

Riller, U., Petrinovic, I.A., Ramelow, J., Greskowiak, J., Strecker, M., Oncken, O., 2001. Late 913 

Cenozoic tectonism, caldera and plateau formation in the central Andes. Earth and Planetary 914 

Science Letters 188, 299–311. 915 



 28 

Ruch, J., Walter, T. R., 2010. Relationship between the InSAR-measured uplift, the structural 916 

framework, and the present-day stress field at Lazufre volcanic area, central Andes. 917 

Tectonophysics, 492(1), 133-140. 918 

Ruch, J., Wang, T., Xu, W., Hensch, M., & Jónsson, S., 2016. Oblique rift opening revealed by 919 

reoccurring magma injection in central Iceland. Nature Communications, 7, doi: 920 

10.1038/ncomms12352. 921 

Salfity JA, Monaldi CR (1998) Mapa Geológico de la Provincia de Salta, Escala 1:500.000. 922 

Servicio Geológico Minero de Argentina SEGEMAR, Buenos Aires. 923 

Sasvári, Á., Baharev, A. (2014). SG2PS (Structural Geology to Postscript Converter) – A graphical 924 

solution for brittle structural data evaluation and paleostress calculation. Computers & 925 

Geosciences, 66, 81-93. 926 

Schäfer, K. H., & Dannapfel, M. (1994). State of in situ stress in Northern Chile and in 927 

Northwestern Argentina. In: Tectonics of the Southern Central Andes, Springer Berlin 928 

Heidelberg. 103-110. 929 

Schoenbohm, L. M., Strecker, M. R. (2009). Normal faulting along the southern margin of the Puna 930 

Plateau, northwest Argentina. Tectonics, 28(5). 931 

Sébrier, M., J. L. Mercier, J. Macharé, D. Bonnot, J. Cabrera, and J. L. Blanc (1988), The state of 932 

stress in an overriding plate situated above a flat slab: The Andes of central Perú, Tectonics, 7, 933 

895–928, doi:10.1029/TC007i004p00895. 934 

SERNAGEOMIN, 2003. Mapa Geológico de Chile: versión digital. Servicio Nacional de Geología 935 

y Minería, Publicación Geológica Digital, No. 4 (CD-ROM, versión1.0, 2003). Santiago. 936 

Servicio Geológico Nacional, 1996. Mapa geológico de la provincia de Jujuy, Escala 1:500.000. 937 

Servicio Geológico Minero de Argentina SEGEMAR, Buenos Aires. 938 

Spacapan, J. B., Galland, O., Leanza, H. A., and Planke, S., 2016. Control of strike-slip fault on 939 

dyke emplacement and morphology. Journal of the Geological Society, jgs2015-166. 940 

Springer, M., Forster, A., 1998. Heat-flow density across the Central Andean subduction zone. 941 

Tectonophysics 291, 123–139. 942 

Steinberger, B., Schmeling, H., & Marquart, G. (2001). Large-scale lithospheric stress field and 943 

topography induced by global mantle circulation. Earth and Planetary Science Letters, 186(1), 944 

75-91. 945 

Strecker, M. R., Alonso, R. N., Bookhagen, B., Carrapa, B., Hilley, G. E., Sobel, E. R., and Trauth, 946 

M. H., 2007. Tectonics and climate of the southern central Andes. Annu. Rev. Earth Planet. Sci., 947 

35, 747-787 948 



 29 

Tibaldi A., 1996. Non-tectonic faulting: examples from late Quaternary trachytes of Ischia Island 949 

and basalts of Mt. Etna, Italy. Acta Vulcanologica, 8, 91-98. 950 

Tibaldi A., 2005. Volcanism in compressional settings: is it possible? Geophys. Res. Lett. 32, 951 

L06309, doi:10.1029/2004GL021798. 952 

Tibaldi A., 2008. Contractional tectonics and magma paths in volcanoes. J Volcanol Geotherm Res, 953 

176, 291-301. 954 

Tibaldi A., 2015. Structure of volcano plumbing systems: A review of multi-parametric effects. 955 

Journal of Volcanology and Geothermal Research, 298, 85-135. 956 

Tibaldi A., A. Bistacchi, F.A. Pasquarè, L. Vezzoli, 2006. Extensional tectonics and volcano lateral 957 

collapses: insights from Ollague volcano (Chile-Bolivia) and analogue modelling. Terra Nova, 958 

doi: 10.1111/j.1365-3121.2006.00691.x. 959 

Tibaldi A., Corazzato, C., and Rovida, A., 2009. Miocene–Quaternary structural evolution of the 960 

Uyuni–Atacama region, Andes of Chile and Bolivia. Tectonophysics, 471(1), 114-135. 961 

Tibaldi A., F.A. Pasquarè, D. Tormey, 2010. Volcanism in reverse and strike-slip fault settings. In: 962 

New Frontiers in Integrated Solid Earth Sciences, Editors: S. Cloetingh, J. Negendank, Springer-963 

Verlag, 315-348, DOI: 10.1007/978-90-481-2737-5.  964 

Tibaldi A., Bonali F.L., Corazzato C., 2017a. Structural control on volcanoes and magma paths 965 

from local- to orogen-scale: The central Andes case. Tectonophysics, 699, 16-41. 966 

Tibaldi A., Bonali F.L., Pasquaré Mariotto F., 2017b. Differentiating lava slip planes from tectonic 967 

faults: A key issue in structural geology. Journal Global Planetary Change, in press. 968 

Tobisch OT, Paterson SR (1990). The Yarra granite: an intradeformational pluton associated with 969 

ductile thrusting, Lachlan Fold Belt, southeastern Australia. Geol Soc Am Bull, 102, 693–703. 970 

Urzua L., Powell T., Cumming W., Dobson P. (2002). Apacheta, a New Geothermal Prospect in 971 

Northern Chile. Geoth. Res. Coun. Tran., 26, 65–6. 972 

Watanabe, T., Koyaguchi, T., Seno, T., 1999. Tectonic stress controls on ascent and emplacement 973 

of magmas. J. Volcanol. Geotherm. Res. 91, 65–78. 974 

Wdowinski, S., & Bock, Y. (1994). The evolution of deformation and topography of high elevated 975 

plateaus: 1. Model, numerical analysis, and general results. Journal of Geophysical Research: 976 

Solid Earth, 99(B4), 7103-7119. 977 

Wells, D. L., & Coppersmith, K. J. (1994). New empirical relationships among magnitude, rupture 978 

length, rupture width, rupture area, and surface displacement. Bulletin of the seismological 979 

Society of America, 84(4), 974-1002. 980 



 30 

Williams, R. T., Goodwin, L. B., Sharp, W. D., & Mozley, P. S. (2017). Reading a 400,000-year 981 

record of earthquake frequency for an intraplate fault. Proceedings of the National Academy of 982 

Sciences, 114(19), 4893-4898. 983 

Zhou, R., Schoenbohm, L. M., & Cosca, M. (2013). Recent, slow normal and strike-slip faulting in 984 

the Pasto Ventura region of the southern Puna Plateau, NW Argentina. Tectonics, 32(1), 19-33. 985 

Zoback, M. L. (1992). First-and second-order patterns of stress in the lithosphere: The World Stress 986 

Map Project. Journal of Geophysical Research: Solid Earth, 97(B8), 11703-11728. 987 

 988 

FIGURE CAPTIONS AND TABLE 989 

 990 

Figure 1. (A) Inset shows the location of the study area with the Northern Volcanic Zone (NVZ), 991 
the Central Volcanic Zone (CVZ), the Southern Volcanic Zone (SVZ), and the Austral Volcanic 992 
Zone (AVZ). (B) Structural map of the study area with main late Pliocene-Quaternary faults, folds, 993 
and calderas, based on new data from this work and previous papers and geological maps (Marsh et 994 
al., 1992; Servicio Geológico Nacional, 1996; Salfity and Monaldi, 1998; Sernageomin, 2003; 995 
González et al., 2009; Tibaldi et al., 2009; Bonali et al., 2012). Black boxes show location of 996 
corresponding figures. Letters A to G refer to geological sites cited in the main text. CP-Cerro 997 
Panizos caldera, COT-Calama-Olacapato-El Toro fault, GC-Guacha caldera, LV-Licancabur 998 
volcano, JV-Juriques volcano, LCR-La Casualidad Ridge, LP-La Pacana caldera, MR-Miscanti 999 
Ridge, OV-Ollague volcano, PG-Pastos Grandes caldera, SPA-San Pedro de Atacama, TV-Plio-1000 
Pleistocene Toloncha volcano, VC-Vilama caldera.  1001 
 1002 

 1003 

Figure 2. (A) Structural sketch map of the northern sector of the Miscanti Ridge (Chile), showing 1004 
the main late Pliocene-Quaternary compressional structures (modified after Sernageomin (2003) 1005 
and González (2009)); location in Figure 1. (B) Photo of reverse faults accompanied by folding of 1006 
Pliocene ignimbrite deposits (Tucucaro-Patao ignimbrite, 3.1–3.2 Ma); location in Figure 2A. (C) 1007 
Photo of a lava flow of estimated Pleistocene age whose frontal lobe is offset and uplifted along the 1008 
Miscanti Ridge. Rose diagrams of strike is shown for the five normal faults and for the four reverse 1009 
faults; stereo plot for field-surveyed reverse faults, with kinematics, is reported. 1010 
 1011 

 1012 

Figure 3. (A) Geological map of the Inacaliri Graben area (Chile) (modified after Sernageomin, 1013 
2003, Tibaldi et al., 2009, and Tibaldi et al., 2017a); field-measured vertical offsets of normal faults 1014 
that create the graben are reported. Rose diagram of strike is shown for the 36 faults, stereo plot of 1015 
the main field-surveyed normal faults with kinematics is reported. (B) Note the presence of the late 1016 
Pleistocene-Holocene Pabellon lava dome (21°50'20"S - 68°09'15"W) growth on the NW-striking 1017 
normal fault (modified after Tibaldi et al., 2009). 1018 
 1019 
 1020 
Figure 4. Geological-structural map of the De Jorcarda volcano and nearby Pleistocene-Holocene 1021 
aligned vents; rose diagram of strike is shown for the 13 mapped faults. 1022 
 1023 

 1024 
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Figure 5. (A) Geological-structural map with new studied normal faults that highlight the “Sol de 1025 
Manana graben” (Bolivia) (modified after Tibaldi et al., 2009, and Brandmeier, 2014). Arrows 1026 
indicate the location of field-measured vertical offsets. Rose diagram of strike is shown for the 36 1027 
faults; stereo plot of the field-surveyed normal faults with kinematics is reported. (B) Panoramic 1028 
view of offset lava flows of possible late Pleistocene-Holocene age with a maximum dip-slip 1029 
amount of about 30 m. (C-D) Detailed views of fault scarps belonging to the SW and NE part of the 1030 
graben.  1031 

 1032 
 1033 
Figure 6. (A) Geological map of the area located around Laguna Verde (Bolivia), just north of the 1034 
Argentina-Bolivia border (modified after Sernageomin, 2003, Tibaldi et al., 2009 and Brandmeier, 1035 
2014). Newly mapped normal faults affecting the area are reported. North of the Licancabur and 1036 
Juriques volcanoes, normal faults mainly strike NW-SE, whereas to the south normal faults and 1037 
extensional fractures strike about N-S and offset ignimbrites of the Purico Formation, dated at 1-1.3 1038 
Ma by de Silva and Gosnold (2007). Field-measured vertical offsets are reported as well as rose 1039 
diagrams of strike is shown for the 47 faults; stereo plot of the field-surveyed normal faults with 1040 
kinematics is reported. (B-C) Photos of a normal faults studied in the area, location in Figure 6A. 1041 
 1042 
  1043 
Figure 7. (A) Geological map of the studied area with the newly studied normal faults and 1044 
extensional fractures (geological units after Sernageomin (2003) and Brandmeier, 2014). Green dots 1045 
locate the structural stations, the respective plane to pole plots of measured joints and extensional 1046 
fractures are reported. The number in the centre of the pole plot indicates the number of 1047 
measurements, white arrows indicate the estimated σHmin direction based on the statistical 1048 
contouring of the average opening direction from the whole data set of extensional joints collected 1049 
at each site. Blue-green colours represent lowest density of contour, whereas red colour represents 1050 
highest density of data. Rose diagram of strike is shown for the 76 faults. (B) Photo of an open, 30-1051 
cm-wide, N-S-striking extensional fractures that dips to the east and shows a small (few cms) 1052 
vertical component. (C) Photo of a set of N10°-striking extensional fractures in the Purico 1053 
Ignimbrite. (D) Panoramic view of the N-S striking normal fault affecting the Purico Ignimbrite 1054 
north of the ALMA Observatory. 1055 
 1056 

 1057 
Figure 8. (A) Geological-structural map of the area with normal faults located at the border Chile-1058 
Argentina (redrawn after Bonali et al., 2012; Sernageomin, 2003; Brandmeier, 2014). Yellow dots 1059 
locate the structural stations, the respective plane to pole plots of measured extensional joints and 1060 
fractures are reported. The number in the centre of the pole plot indicates the number of 1061 
measurements, white arrows indicate the estimated σHmin direction based on the statistical 1062 
contouring of the average opening direction from the whole data set of extensional joints collected 1063 
at each site. Blue-green colours represent lowest density of contour, whereas red colour represents 1064 
highest density of data. Rose diagram of strike is shown for the 83 faults as well as the stress tensor 1065 
calculated on 11 fault planes. (B) Photo of a 35-cm-open, N-S-striking extensional fracture located 1066 
in the middle of the graben of Figure 6A. (C-D) Photos of about N-S-striking normal faults 1067 
affecting the volcanic unit of Miocene age in the western and eastern part of the graben, 1068 
respectively. The dashed line represents an offset river gully. 1069 
 1070 

 1071 
Figure 9. 3-D sketch of distribution of the main late Pliocene-Quaternary stress states in the study 1072 
area. Note that s1 is horizontal and trends about E-W in the low lands east and west of the volcanic 1073 
arc-Puna Plateau, where crust is thinner, whereas s1 is vertical in the highlands. In the northern part 1074 
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of the study area, extension is more common where crust is thicker and gravity orogenic collapse is 1075 
more probable. Crust thickness from McGlashan et al. (2008). 1076 
 1077 
 1078 
Figure 10. Shaded view of the study area, dark grey zones represent areas with elevation > 4000 m 1079 
a.s.l.; normal faults are reported as well as the rose diagrams of the fault strike for the entire set of 1080 
extensional structures (212) and only for normal faults (174) located at an elevation > 4000 m.  1081 
 1082 
 1083 
Figure 11. 3-D sketch illustrating the effect of the piling of tectonic units that may produce 1084 
flexuring in front of the advancing thrust. Flexuring, in turn, may determine extension at the 1085 
extrados of the flexure with reorientation of s3 that becomes horizontal and normal to the thrust 1086 
strike. The fault-propagation fold portrayed is the La Casualidad Ridge. 1087 
 1088 
 1089 
Figure 12. Example of a volcanic centre exactly located in correspondence of the crest of the fault-1090 
propagation fold (at 24°48'26"S, 68° 3'51"W), here corresponding to the La Cusualidad Ridge. 1091 
White lines show bedding attitude. 1092 
 1093 
 1094 
 1095 
 1096 
Table 1. List of localities characterized by late Pliocene to Quaternary deformation. Deformation 1097 
type, shortening direction, age of involved deposits, altitude and total length of the structures are 1098 
reported. 1099 

Locality Deformation  
type 

Shortening 
direction 

Age of involved  
deposits 

Altitude 
(m a.s.l.) 

Total 
length (km) 

Northern Miscanti 
Ridge (Chile) Main fold N100° 3.1-3.2 Ma 4200-

5000 40  

Miscanti Ridge – Lake 
Miscanti (Chile) Main fold N100° Plio-Pleistocene 4142-

4380 35 

Unnamed (Chile) Fold/reverse 
fault N120° Pliocene 3930-

4400 13 

Toloncha Fault (Chile) Fault (+ fold) N90° Pleistocene 3400-
4000 

27.3  
(+ 11.7) 

La Casualidad Ridge 
(Argentina) 

Fold/reverse 
fault N90°-100° Post-3.1 Ma 3700-

4950 100 

14 km NW of 
Miscanti Lake (Chile) Folds N85° 3.1-3.2 Ma 3000-

3700 14 

10 km west of 
Miscanti Lake (Chile) 

Folds and 
reverse faults N90° 3.1-3.2 Ma and 

Pleistocene 
2900-
3900 9.7 

North of Talabre 
(Chile) Reverse fault E-W 2.0-2.3 Ma 3600-

3740 9 

North of San Pedro 
de Atacama (Chile) Main fold N100° 4-4.14 Ma 3900-

4100 9.5 

Locality Deformation  
type 

Extension 
direction 

Age involved  
deposits 

Altitude  
(m a.s.l.) 

Total 
length (km) 

SW of Ollague 
volcano (Chile) Normal faults NE-SW Plio-Pleistocene 3950-

4600 8 

Inacaliri graben 
(Chile) Normal faults NE-SW Pliocene 4510-

5200 19 
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East of Inacalari 
volcano (Bolivia) Normal faults NE-SW Pliocene 4700-

5700 13 

Sol de la Manana 
graben (Bolivia) Normal faults NE-SW 1.3-0.7 Ma 4800-

5250 13 

Laguna Verde graben 
(Bolivia) Normal faults NE-SW Plio-Pleistocene 4360-

5500 24 

South of Licancabur 
(Chile) 

Extensional 
fractures E-W 1.35 Ma 3950-

4100 18 

North of ALMA 
(Chile) Normal faults E-W 1.35 Ma 3336-

3500 8.6 

SE of La Pacana 
caldera (border 
Argentina-Chile) 

Normal faults E-W Post-2.4 Ma 4380-
4510 7.8 

 1100 
 1101 


