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Abstract

The volcanism in compressional tectonic remains several unknows about the relations between
faulting, volcano positions and stress field. The Central Andes comprises a one most important
volcanic province in the world where this relation is conserved. We investigate the Miocene-
Quaternary faulting and tectonic stress evolution in the Western Cordillera between 24°S and 26°S
and compare them with the orientation of magma feeding fractures to understand the relations
between deformation and volcanism in the Central Andes. We calculated 68 new stress tensors from
faults of recognized age and reconstructed magma paths by analyzing the morphostructural
characteristics of 130 monogenetic and polygenetic volcanoes of known age. Moreover, we
integrated the database with published with previous data from Western Cordillera and Altiplano-
Puna further North to carry out a regional comparison. Results allow us to recognize three main
volcano-tectonic events. The oldest occurred in the Lower Miocene and was characterized by an E-
W greatest principal stress (01) expressed by N-S-striking reverse faults and NW-SE left-lateral strike-
slip faults: volcanoes belonging to this stage show morphometric characteristics that indicate
dominant N-S magma feeding systems. The second event, active during the Upper Miocene-
Pliocene, was characterized by an NW-SE to NNW-SWE o1, WNW-ESE right-lateral strike-slip faults,
and an NW-SE preferential direction of volcanic feeding systems. The last event was active in the
Upper Pliocene-Pleistocene, mainly in the northern part of the study area, with NS to NE-SW normal
and right-lateral strike-slip faults with an NNE-SSW-trending least principal stress (03): volcanism in
this stage is characterized by NW-SE and N-S magma feeding systems. Our results suggest that the
distributions of volcanoes were mainly controlled by variations of the stress field related to the growth
and collapse of the Puna Plateau. Magma emplacement was mostly guided by fractures parallel to
the compression direction, irrespective of the horizontal stress being os or the intermediate principal
stress 02. The magma emplacement occurred along fractures that strike perpendicularly to o1, along

strike-slip faults, or by exploitation of inherited weak structures, such as reverse faults.
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1. Introduction

A fundamental issue in compressional setting, like the Andes, is how magma reaches the surface.
Magma ascent, arrest, storage, or reaching the surface are strongly dependent on magmas
properties, as well as on structure and stress state of the host rock (Gudmundsson, 2006, 2012;
Chaussard and Amelung, 2014; Tibaldi, 2015). Andean-type tectonics develop in zones of plate
convergence, where the maximum principal stress (01) is horizontal and is related to convergence
direction (Pardo-Casas and Molnar, 1987). In the Central Andes the stress field resultant produces
widespread contraction through the formation and development of reverse faults, fold, and strike-slip
fault. Moreover, extensional structures have described associated to orogen collapse (Tibaldi and
Bonali, 2018), back arc deformations (e.g. Schoenbohm and Strecker, 2009; Haag et al., 2019; Tye
et al., 2022) and how expression to local change in the stress field (Tibaldi et al., 2009; Giambiagi et
al., 2016). Associated these faults was development a magmatic arc since late Oligocene distributed

along of Western Cordillera and back arc positions (Figure 1)

Contraction environment has been for a long time considered unfavorable to magma upwelling since
the position of o1 would favor the emplacement of sills, because the least principal stress (o3) is
vertical (Glazner 1991; Hamilton, 1995; Watanabe et al., 1999). To the magma reach the surface in
unfavorable stress field the fluid pressure must be greater than 03 or 03<0 (Sibson et al., 1988;
Sibson 2004). Indeed, for decades, it has been accredited that volcanism can occur essentially under
extensional tectonics, where a horizontal 03 and a vertical o1 facilitate magma upwelling along vertical
fractures perpendicular to s (Anderson, 1951; Cas and Wright, 1987). Besides, at convergent
margins, where compression is expected, Nakamura et al. (1977) and Nakamura and Uyeda (1980)
proposed that the stress state should be characterized by horizontal o3 and o1, corresponding to

transcurrent tectonics, with vertical magma paths normal to os.

In the Central Andes, it has been proposed that volcanism was widespread during uplift phases that
followed the main shortening events, such as those occurred in Miocene and Plio-Quaternary times
in the Altiplano-Puna Volcanic Complex with the emplacement of widespread ignimbrite deposits and
several hundreds volcanoes (de Silva, 1989; Trumbull et al., 2006; Kay and Coira, 2009; Ramos,
2009). Uplift is the outcome of crustal thickening, the latter being strictly linked with the contraction
event (Isacks, 1988; Kley and Monaldi, 1998; Beck and Zandt, 2002; McQuarrie, 2002). As an
example, based on stable isotope data, Ghosh et al. (2006) and Garzione et al. (2006, 2008) indicate
that the average elevation in the Altiplano of the Central Andes was about 2 km a.s.| before the
Miocene, and then increased to about 2.5 km a.s.l at 10—-6 Ma, suggesting that the major uplift phase
followed the contraction event at 10 Ma (Eichelberger et al., 2015). Tibaldi (2008) proposed that in
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contractional settings magma can follow a reverse fault plane in the uppermost crust and then uprise
across the volcanic cone through splay faults with a strike parallel to the underlying reverse fault,
which is to say along a plane striking perpendicularly to the local 1. Possible magma rise along
inclined reverse faults has also been confirmed by analogue modelling by Galland et al. (2007a), as
well as by geophysical data (Barrionuevo et al.,, 2019). This orientation of dykes striking
perpendicularly to o1 has been observed in contractional settings also in the interior of folds (Kruger
and Kisters, 2016; Girer et al., 2016). Additionally, it has been proposed that, in contractional
settings, magma rises along planes that are parallel to the shortening direction due to the local
development of extensional fractures, as at the Tromen volcano in Argentina (Galland et al., 2007b;
Llambias et al., 2011), or at Spanish Peaks, Colorado, USA, where dykes parallel to the shortening
direction have been interpreted as due to the interference between a regional stress state with
horizontal 61 and g3 and an overpressurized central conduit (Odé, 1957; Johnson, 1970; Nakamura,
1977). Ruch and Walter (2010) proposed Lazufre magmatic body rise throughout two phases first a
perpendicular cHmax elongation of magmatic bodies followed to fractured opening parallel to dHmax
development in hanging-wall of reverse faulting (Naranjo et al., 2018). Other models of magma rise
were proposed extensional activity of reactivated fault (Haag et al., 2019), and extension in transfer
zones of NW-SE fault system (Riller et al., 2001; Ramelow et al., 2006; Lanza et al., 2013).

Despite these observations, it remains debatable which are the structures and conditions that allow
magma to rise in the uppermost crust. Moreover, since volcanism did occur during the main
contraction orogenic, strike-slip and extensional events the discussion about the nature of magma

paths under different stress field is still open.

A more in-depth understanding of the geometry of the plumbing system that allows magma to reach
the surface, in relation to the acting stress and strain state, is not only fundamental for the
comprehension of how volcanoes generally work, but it is also of paramount importance for
contributing to the assessment of volcanic hazard. For example, in the Central Andes there are tens
of volcanoes in a dormant stage, and their possible awakening can occur with the opening of flank
vents; the location of the areas of vent opening depends on the orientation of the magma feeder dyke,

whose comprehension is thus of direct application (Bonali et al., 2011; Tadini et al., 2014).

In the Central Andes, only one study has been devoted to a detailed comparison, between magma
feeder dykes and the tectonic evolution of the region (Tibaldi et al., 2017). As a matter of fact, the
lack of this type of work in the area is mainly related to the rarity of outcropping Neogene-Quaternary
dykes that might give direct clues on the plumbing system, to the absence of shallow geophysical
data, and to the logistical difficulty of the region, which is characterized by volcanoes mostly located
in hardly accessible, remote areas. In the present work, we analyze a wide Andes region, located
between 24°S and 26°S to the south of the area studied by Tibaldi et al. (2017), and, as a next step,

we integrate and compare our data with their data and with structural data from Tibaldi et al., (2009)
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and Giambiagi et al., (2016) (Figure 1). This allows to discuss the relations between faulting, stress
state and magma feeder paths in an area of 12,720 sq km between 19°S and 26°S of western
Cordillera, representing a significant portion of the Central Andes. We present new data collected
mainly in the field, focusing on the Miocene-Pliocene-Quaternary evolution of faulting, distinguishing
the main phases, kinematics and strain. Furthermore, we show the evolution of the stress state after
processing the data on striated fault planes with calculation of the stress tensor for a fault population
of given age. Finally, we compare the structures and stress field with the orientation of magma feeder
fractures, referring to 130 volcanoes of different ages. The orientation of the shallow magma paths
has been reconstructed by using a series of morphometric indicators measured on each single
volcanic edifice; this is a method firstly proposed by Tibaldi (1995), and then consolidated by
Corazzato and Tibaldi (2006), Kervyn et al. (2012), Germa et al. (2013) and Hernando et al. (2014).
Results allow to delineate the complete evolution of tectonics and volcanism in the studied area, and
more generally, indicate how volcano growth, through the magma feeder fracture, can be sensitive
to the tectonic stress field or, instead, to the presence of mechanical weakness zones such as faults,
or to the interference with folds. These data help to better understand magma ascent in

compressional settings.
2. Geological background

The south Central Andes, between 24°S and 26°S, are composed of four regions structurally and
geologically different, which are named, from west to east (Fig. 1): 1) Forearc region, which
corresponds to the Coastal Cordillera (CC), Central Depression (CD), Domeyko Range (DO), and
Pre-Andean Basin (AB) (Figure 1). This region is characterized by several reverse and strike-slip fault
systems of long-lived deformations active since the Paleozoic (e.g. Charrier et al., 2007; Mpodozis
and Ramos, 2008; Lopez et al., 2019); 2) Western Cordillera (WC), which extends to the Chile-Bolivia
and Chile-Argentina borders, and consists of a volcanic chain active since the Upper Oligocene; 3)
Altiplano-Puna Plateau (PP), which is a basin with ca. 2000 km of long in N-S and 300 km to width,
located in northwestern Argentina and southwestern Bolivia (Almendinger et al., 1997); and 4) the
eastern fold-and-thrust belt composed by the Eastern Cordillera (EC) and the Santa Barbara Range
(SB). The current configuration of the Central Andes is the result of superimposed tectono-magmatic
processes, which have been active especially in Triassic-Quaternary times (Allmendinger et al., 1997;
Charrier et al., 2007; Oliveros et al., 2007).

The study area is located in the Western Cordillera between 24°S and 26°S (Fig. 1). The oldest rock
sequences crop-out in the Almeida range, located in the northern part of the study area (Fig. 2) (Solari
et al., 2017). These sequences correspond to carbonaceous and siliciclastic units, named Zorritas
Formation of Devonian-Carboniferous age, and continental and volcanic sequences of Upper
Carboniferous to Lower Cretaceous age, which comprise the Agua Escondida, La Tabla, and Estratos

de Cerro de Puquios Formations (Gardeweg et al., 1993; Solari et al., 2017). These formations have
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been intruded by several granites and hypabyssal intrusive suites, with ages ranging between 298
and 242 Ma (Solari et al., 2017). Mesozoic units, outcrop in the Almeida range, correspond to volcanic
and siliciclastic sequences of Triassic and Cretaceous age, represented by the Pular and the

Quebrada Pajonales Formation.

Cenozoic sedimentary rocks crop out in a scattered way: they have been deposited in the Puntas
Negras Basin since the Paleocene-Oligocene and are mostly covered by volcanic sequences of Early
Miocene and Late Miocene age (Villa et al., 2019). In the southern part of the study area, the upper
Oligocene and Lower Miocene siliciclastic sequence of Quebrada Tocomar Formation is interbedded
with the Rio Frio ignimbrite, which has been dated between 23 and 16 Ma (Gardeweg et al., 1993).
These sequences form a high plateau covered by the Miocene to present volcanic deposits of the
modern volcanic arc. This Miocene-Quaternary volcanism, started at ca. 23 Ma (Naranjo et al., 2013
a,b; 2018 a), is composed by several andesite stratovolcanoes, dacitic and rhyolitic domes, basaltic
and scoria cones, isolated pyroclastic flows, and comprises caldera structures largely preserved by
the arid climatic conditions of the area. From the geochronological datings by the Chilean Geological
Service (Naranjo et al., 2013a, b; Solari et al., 2017; Villa et al., 2019), the evolution of the volcanic
arc can be divided into four stages. The first stage includes volcanic deposits erupted between 20
and 14 Ma: these products are distributed in the southern part of the study area, along the corridor of
the NW-oriented Culampaja Lineament and in isolated volcanoes in the central part (Fig. 2). The
second stage, with ages between 14 and 9 Ma, is characterized by products mainly present along
the Culampaja Lineament and concentrated in the central part of the study area around the Pajonales
Salar (Fig. 2). The third stage, active from 9 to 3 Ma, represents the widest areal distribution of
volcanism and is concentrated in the central part of the study area with a general NNE-SSW
volcanoes range. The last stage considers rocks from 3 Ma to the current volcanic activity: these
deposits are located in narrowly-defined positions in the central part of the study area, and are
represented by Lastarria volcanoes and Cordon Azufre Volcanic Chain, which corresponds to the
long-lived Lazufre magmatic-bodies (Naranjo et al., 2018a). Moreover, in the northern part by

Llullaillaco volcano (Fig. 2).

The Cenozoic tectonic evolution of the Central Andes was dominated by continuous compression
(DeCelles and Horton, 2003; Deeken et al., 2006; Strecker et al., 2007) caused by the convergence
between the Nazca and the South American plates (Pardo Casas and Molnar, 1987, Somoza and
Guidella, 2012). The compression, mostly perpendicular to the orogen, caused shortening, which
lead to the formation of the Andean Altiplano-Puna Plateau (Allmendinger et al, 1997). The
contractional deformation onset in the Late Cretaceous produced the tectonic inversion of Mesozoic
basins, and deformations registered in the Domeyko Fault system and Coastal Cordillera (Mpodozis
et al., 2005; Bascufian et al., 2015). This contractional deformation continued forming reverse and
transpressional faulting in the Eocene-Oligocene (Jordan et al., 1987; Kraemer et al., 1999; Coutand

et al., 2001; Carrapa et al., 2005; Mpodozis et al., 2005). The Neogene to Present contractional
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deformation is especially concentrated in the back-arc position (Marrett et al., 1994; McQuarry et al.,
2005). Based on geochronological data, the compression in the Altiplano-Puna Plateau ceased at 9-
10 Ma and migrated to a more eastern position in the fold-and-thrust belt (Gubbels et al., 1993;
Clodouhos et al., 1994; Baby et al., 1995; Moretti et al., 1996; Echavarria et al., 2003). However,
contractional deformation in Miocene-Quaternary times has been described in the Western Cordillera
that affected the Neogene volcanic deposits (Gonzalez et al., 2009; Naranjo et al., 2018b). This
compressional history is well represented by the Guanaqueros-Almeidas fault (Fig. 2), which
corresponds to a reverse fault active from the Eocene to the Miocene (Villa et al., 2019), and by the
Arizaro-Pedernales fault, interpreted by Naranjo et al., (2018b) as a reverse, east vergent fault, active

in the Upper Miocene-Quaternary.

Other faults related to the Cenozoic evolutions of the Central Andes are represented by NW-striking
strike-slip faults (Salfity, 1985; Marret et al., 1994; Viramonte et al., 1984; Riller et al., 2001), which
are mainly present in the Altiplano-Puna Plateau and have been extended in the Western Cordillera
and Domeyko range by Richards and Villanueve (2002) and Yafiez and Rivera (2019). The presence
of strike-slip systems, oblique with respect to the Western Cordillera trend, is related to the
reactivation of inherited crustal discontinuities (Schoenbohm and Strecker, 2009; Lanza et al., 2013,
Riller et al., 2001), and alternatively, could be explained by slip partitioning resulting from oblique
plate convergence (Pardo Casa and Molnar, 1987; Cladouhos et al., 1994). The activity of this fault
system is related to the presence and development of magmatism in the forearc and the entrapment
of magmatic bodies (Yafiez and Rivera, 2019). In the volcanic arc and back arc positions the Neogene
activity of the NW fault system controlled the presence of calderas and volcanic centers (Screiber
and Shawab 1991; Riller et al., 2001; Matteini et al., 2002; Ramelow et al., 2006; Bonali et al., 2012;
Lanza et al., 2013; Norini et al., 2013; Richard and Villeneuve 2002).

Moreover, extension-related normal faulting has been described in the Central Andes, as distributed
mainly in the Altiplano-Puna Plateau, and locally in the Western Cordillera. Normal faults have two
main orientations: parallel and perpendicular to the orogen (Allmendinger, 1986; Allmendinger et al.,
1989; Marret et al., 1994; Daxberger and Riller, 2015). In the Western Cordillera, an extensional
regime has been suggested, related to caldera formation and emplacement of related ignimbrite
deposits (Naranjo et al., 2018a). In the study area, the most prominent extensional structures are
related to the Aguilar Caldera Formation, between 19 and 17 Ma (Naranjo et al., 2018a) and to the
Salar Grande Caldera, active between 13 and 11.5 Ma (Naranjo and Cornejo, 1992; Schnurr et al.,
2007; Naranjo et al., 2018a).

The Neogene-Quaternary normal fault parallel to the plate margin in the Altiplano-Puna Plateau and
Western Cordillera has been interpreted as due to the formation of footwall synclines and hanging-
wall anticlines with bending moment extension (Daxberger et al., 2015). Instead, extension

orthogonal to the trench has been explained by the development of fractures locally conjugated to
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the main compressive stress (Naranjo et al., 2018b). Additionally, extension has also been interpreted
as the local effect of a large vertical stress linked to high topography, since normal faults are mainly
present at the highest altitudes (Tibaldi et al., 2009; Bonali et al., 2012; Giambiagi et al., 2016). Based
on these authors, the local change of the stress field in the Central Andes is expressed by a variation
from reverse to strike-slip faulting and finally to local normal faulting and is related to lateral growth

and subsequent orogenic collapse.

3. Methodology
3.1. Structural evolution

In order to determine the various stages of deformation that affected the study area, we performed
a new field structural mapping at 1:50,000 scale, which was integrated with already published
geological data (Naranjo et al., 2013a, 2013b; Venegas et al., 2013; Solari et al., 2017; Villa et al.,
2019). The data collected in this study are represented in three maps (location in Fig. 2): Sierra de
Almeida (Fig. 4), Aguas Calientes (Fig. 6), and Culampaja (Fig. 7). The main structures exposed in
each area were firstly recognized on satellite images, using Google Earth software, and by the
analysis of digital elevation models with 12.5 m of spatial resolution obtained from ALOS-Palsar
imagery sources available from the ALASKA-VERTEX service (https://search.asf.alaska.edu).
Successively, these structures were checked in the field, and their ages were inferred through
stratigraphic relations. Structural mapping comprises the assessment of fault slip indicators obtained
from field analyses of the main fault planes, and their subsidiary planes. Moreover, we measured the
attitude of Cenozoic deposits to characterize fold structures. The field data was complemented with
the data obtained unpublished work by Crignola (2002). With these data we performed detailed
kinematic analysis and represented in stereographic plot, from which were obtained P and T axis and
movement planes. The kinematic analysis was made with fault slip-data (n = 914) obtained from
mesoscale faults recognized in pre-Neogene sequences and in Neogene volcanic deposits
(Supplementary information 1). The data were obtained at 61 structural stations, of which 20 are
distributed in deposits belonging to the Almeida Domain, 23 in the Aguas Calientes Domain, and 18
in the Culampaja Domain (Supplementary information 1). We used the classical indicator criteria of

fault slip of Petit et al. (1987) to determine kinematics.
3.2 Strain and stress analyses

The principal strain axes were computed using the Linked Bingham method implemented in Faultkin
8 software (Allmendinger, 2018). More in detail, we calculated the principal strain axes of shortening
(A 3) and extension (A 1) and the movement plane. We identified different subset data from the
heterogenous distributions based on the grouping of tension axes (T) and pression axes (P),

geological field observations, and cross-cutting relations between fault planes.
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In order to characterize the folds present in the Miocene-Pliocene volcanic and sedimentary rocks,
we performed a stereographic analysis of SO bending. The data were adjusted with a cylindrical best
fit, and the shortening axes were obtained through Bingham axial distribution method; the analysis
was performed in Stereonet 10 (Allmendinger et al., 2011).

After dividing the data throgouth kinematic analysis and field observations, we calculated reduced
stress tensors to estimate paleostresses, considering that rock ages were known, and the age of
deformation was delimited. We performed a paleostress inversion using “Structural geology to Post-
Script converter’ (SG2PS, Sasvari and Baharev, 2014), based on a computation proposed by
Angelier (1990). From this analysis, we obtained 68 reduced stress tensors with positions of the
principal axes (01, 02, and 03), and the stress ratio ¢= (0> — 03)/(01— 03) for Neogene deformations
(Table 1): each tensor was obtained from sites with an average of 13 data, and a minimum of 7.
Additionally, we used stress index R’ (Delvaux et al., 1997) to numerically characterize the stress
regime. With this index, the authors classified the solution in radial extension (0<R’<0.25), pure
extension (0.25<R’<0.75), transtension (0.75<R’<1.25); pure strike/slip (1.25<R’<1.75);
transpression (1.75<R’<2.25), pure compression (2.25<R’<2.75); radial compression (2.75<R’<3).

The stress tensor interpretation is a powerful tool; however, it should be studied with caution
(Lacombe, 2012). As a consequence, we measured mesoscale faults with many different orientations
(Kaven et al., 2011), considering the assumption that parallelism between shear and slip vectors on
a fault plane could be affected by several external factors (Twiss and Unruh, 1998, Maerten et al.,
2000, Kaven et al., 2011), which comprise mechanical and kinematic interactions between faults
(Pollard and Segall, 1987; Dupin et al., 1993; Maerten, 2000), anisotropy defined by the asymmetry
of the fault system (Maerten et al.,, 2000) or preexisting planes of weakness (Marrett and
Allmendinger, 1994; Nieto-Samaniego, 1999; Martinez-Diaz, 2002), rotations of blocks bounded by
faults (Twiss and Unruh, 1998; Gapais et al., 2000), and perturbations in the stress field produced by
fault slip at tips (Pollard and Segall, 1987; Aydin and Schultz, 1990; Barton and Zoback, 1994;
Willemse, 1997; Maerten et al.,, 2000). Moreover, we assumed that the analyzed rocks are
mechanically isotropic, and that the stress tensor is homogenous and temporally constant during the
fault event.

3.3 Reconstruction of magma feeding fractures

All volcanoes in the study area were grouped into four age classes based on existing radiometric data
(Naranjo et al., 2013a, 2013b; Venegas et al., 2013; Gonzalez et al., 2015; Solari et al., 2017; Villa
et al., 2019). More in detail, volcanoes were grouped into 1) Lower Miocene (23-11 Ma); 2) Upper
Miocene (11-5 Ma); 3) Pliocene (5-2.6 Ma); 4) Pleistocene-Holocene (< 2.6 Ma). For volcanoes
lacking radiometric data, we used a comparative morphological approach, consisting in assigning a

relative age by comparing lava texture, degree of erosion and hydrothermalization with respect to
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dated volcanoes. These observations result from the integration of published geological maps, field
surveys and remote-sensing observations from Google Earth and digital elevation models. These
observations where consistent with age assigned for Chilean Geological services, SERNAGEOMIN
(Naranjo et al., 2013a, 2013b; Venegas et al., 2013; Gonzalez et al., 2015; Solari et al., 2017; Villa
et al., 2019).

The reconstruction of magma feeding paths, based on volcanoes morphometric data is necessary in
areas where dykes do not crop out due to the presence of recent volcanoes, of an extensive cover of
epiclastic and volcanic deposits, or to very low erosion rate, all characteristics typical of the Central
Andes. The reconstruction is an indirect method that allows to assess the most plausible orientation
of the shallow magma-feeding fracture. We used the methodology proposed for pyroclastic cones
(Settle, 1979; Pasquare et al., 1988; Tibaldi et al., 1989; Tibaldi, 1995; Corazzato and Tibaldi, 2006;
Paulsen and Wilson, 2010), for volcanic domes (Pasquaré and Tibaldi, 2003) and Polygenic edificies
(Nakamura, 1977; Nakamura et al., 1977). Since the volcano morphometric characteristics can be
influenced by the dip of the substrate topography, it is necessary to inspect the substrate inclination
around the cone, which should be < 9° (more details can be found in Tibaldi, 1995). Thus, in the study
area, we measured at each cone the substrate inclination, and considered only those edifices that
rest upon a topography with an average inclination lower than 9°. Furthermore, particular attention
was given to cones growing on the flank of, or nearby, a pre-existing volcano, because this setting

can influence the morphology of the younger cone.

In total we selected 440 volcanoes, comprising both polygenic and monogenic edifices. Then we
measure directional parameters for each volcano recognized. We used morphometric parameters
that better suggest the shallow magma-feeding fracture, following the indications by Tibaldi (1995)
and Corazzato and Tibaldi (2006). These parameters are: i) in the case of well-preserved landforms,
the azimuth orientation of crater elongation, ii) in case the cone base limit is not obscured by more
recent deposits, the azimuth orientation of cone-base elongation, iii) in the case of presence of
different conterminous vents of the same age, the azimuth of the alignment of centre points of the
vent/craters, iv) in the case of presence of a well-preserved pyroclastic crater rim, the azimuth of the
line connecting the two depressed points, v) the azimuth of elongation of coalescent craters (Figure
3).

These parameters have been extended also to polygenic volcanoes (as done for example by Tibaldi
and Bonali, 2017 in the Aleutian Arc) if edifices have well preserved morphostructures. For volcanic
domes, we used the azimuth of the apical graben, also known as crease structure (Pasquaré and
Tibaldi, 2003). We used Google Earth images, together with Hillshade and RRIMM Images (Chiba
et al., 2008), which were obtained from digital elevation models with 12.5 m of spatial resolution, to

carry out these measurements.



326

327

328

329
330
331
332
333
334
335
336
337

338
339
340

341
342
343
344
345
346
347

348
349
350
351
352
353
354
355
356
357
358

4. Results
4.1. Miocene-Quaternary faulting

4.1.1 Deformation in the Almeida domain

The Almeida area is located along the border between Western Cordillera and Domeyko range (Fig.
4), where pre-Neogene sequences in contact with Miocene-Quaternary volcanic deposits are present.
In this area, Paleozoic and Mesozoic units belong to two chains: Sierra Guanaqueros to the west,
and Sierra de Almeida to the east. In the middle, there is an intermontane basin named Quebrada
Guanagqueros, which was filled by Miocene alluvial deposits (Solari et al., 2017). We identified two
main styles of deformations in the area (Fig. 4): (1) Reverse faulting along N-S to NNE-striking planes,
represented by the Pan de Azucar Fault, Fortuna Fault, and the Guanaqueros Fault System; and (2)
strike-slip faulting along NW-striking structures, represented by the Sierra de Almeida Fault, Agua

Amarga Fault, and Archibarca Fault system.

The Pan de Azucar Fault is a reverse fault with tectonic transport to the east that thrusted Paleozoic
formations over Paleocene sequences. The orientation of the shortening axis of this fault, and

associated minor faults, is ESE (stereogram E014 in Fig. 4).

In the same way, the Fortuna Fault corresponds to a system of NNW-striking reverse faults with E-W
shortening axis (E011b), with uplift of Paleozoic deposits. The mountain front formed by this fault
corresponds to the eastern limit of the intermontane basin of Quebrada Guanaqueros, which is filled
by the Quebrada Guanaqueros Ignimbrite of 9.9 + 0.5 Ma (Solari et al., 2017). Moreover, along this
mountain front, there is a pediment surface in correspondence with the uppermost part of the Upper
Miocene alluvial sequence. Starting from these data, it is possible to obtain the youngest fault activity
at ca. 10 Ma.

The Guanaqueros Fault system corresponds to several NNE reverse faults with eastern tectonic
transport, and NE-SW to E-W shortening axes. We identified that these reverse faults (E021) rise the
Paleozoic sequence, and that the Oligocene-Miocene sequence was deposited in onlap on the back
limb of the main thrust (Fig. 5A). Moreover, the same Oligocene-Miocene (18.7 + 3.6 Ma; Villa et al.,
2019) sequence is affected by other reverse faults that form scarps of decametric to a few hundreds
meters height (Fig. 5B). At measurement site E131 (Fig. 4), the scarp formed by the reverse activity
of Guanaqueros Fault is covered by pyroclastic deposits of 9.9 £ 0.16 Ma (Villa et al., 2019) and forms
a barrier to lava flows of the Llullaillaco Volcano of 1.5 £ 0.4 Ma (Gardeweg et al., 1993). According
to these data, it is possible to suggest that the Guanaqueros Fault system has been characterized at
least by two reverse episodes: the first occurred during pre-Oligocene and is associated to most of

the relief formation, and the second was active from 18.7 + 0.6 Ma until 9.9 + 0.16 Ma.
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The Sierra de Almeida Fault system is characterized by NNW- to NW-striking planes that bound to
the E and NE of the Sierra de Almeida. At this fault system, we identified two main deformation
episodes: the first corresponds to an approximate E-W shortening, that formed left-lateral (E012, and
E114a) strike-slip and reverse faults (E116). This episode affected the Oligocene to Lower Miocene
sequence of Pampa de Mulas Formation, dated at 16.3 £ 2.7 Ma (Gardeweg et al., 1993) in the West
of Sierra de Almeida. The second episode corresponds to right-lateral strike-slip movements with
NW-SE shortening axis (E114b), registered in Paleozoic rocks up to the Upper Miocene alluvial
sequence. Locally, Paleocene deposits thrusted over alluvial deposits of Middle Miocene to Pliocene
have been observed (9.2 + 0.8 to 4.7 + 0.3 Ma, Brook et al., 1986) (Fig. 5D).

The Agua Amarga Fault system corresponds to NW-striking faults located in the central part of Sierra
de Almeida. We identified two structural episodes along these faults during the Neogene: the first is
characterized by left-lateral strike-slip motions and an ENE-WSW shortening axis (E107a, E106a,
EO11a), along faults that affect Paleozoic sequences and are covered by Upper Miocene alluvial
deposits (9.9 + 0.5 Ma, Gardeweg et al., 1993) and by Quaternary volcanic deposits (1.4 + 0.5 Ma,
Solari et al., 2017). The second corresponds to right-lateral strike-slip motions and a N-S shortening
axis (E107b). The activity of right-lateral strike-slip faults displaced the trace of streams that carved
the surface formed by the Upper Miocene to Pliocene sequence (4.7 + 0.3 Ma; Brook et al.,1986);
moreover, fault traces are covered by Quaternary volcanic deposits of 1.4 £ 0.5 Ma (Solari et al.,
2017).

The Archibarca Fault system is characterized by several discrete NW-striking faults located to the
south of the Guanaqueros Fault, which pass through the Quebrada Las Zorras, the Llullaillaco
Volcano and to the south of the Quebrada Guanaqueros basin. The kinematic analysis reveals that
this fault system shows left-lateral strike-slip motions that affected the Oligocene to Upper Miocene
alluvial sequence (E123c, E005) and volcanic deposits of 16.65 + 0.06 Ma (E128a) (Villa et al., 2019)
and 9.2 £ 0.06 Ma (E129) (Villa et al., 2019). These faults are covered by deposits of a stratovolcano
dated at 5.69 + 0.04 to 4.98 £ 0.5 Ma, south of E130 (Villa et al., 2019). Furthermore, we recognized
that right-lateral strike-slip motions affected deposits belonging to stratovolcanoes dated at 15.65 +
0.06 Ma (E128b), 11.0 £ 0.05 Ma (E126), and 4.98 + 0.04 Ma (E130) (Villa et al., 2019). At site E128,
we observed cross-cutting relations between two sets of striae, where the younger, of right-lateral

strike-slip kind, interrupt older left-lateral strike-slip striae (Fig. 5D).

In summary, these structural and kinematic results, obtained in the Sierra de Almeida area, reveal
that there have been three main episodes of deformation along the studied fault systems. The first
was characterized by reverse faults with the shortening axis trending ~E-W, active during the Lower
Miocene (> 12 Ma). The second was represented by left-lateral faults, active during the Middle to
Upper Miocene. The third, active since ca. 4 Ma, is characterized by several NW-striking right-lateral
strike-slip faults, with N-S to NNE-SSW shortening directions.
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4.1.2 Deformation in the Aguas Calientes domain

The Aguas Caliente domain is located in the Western Cordillera, between 24°50°S and 25.15°S (Fig.
6). Here, geological units correspond to a Neogene to Miocene sequence of ignimbrites and other
volcanic rocks deposited continuously from the Lower Miocene (17.87 + 0.07 Ma) to the Quaternary
(Villa et al., 2019). In this area, intermontane basins were filled by Pliocene-Quaternary alluvial
deposits, formed as a consequence of erosion of volcanic deposits. We identified two principal fault
systems in the area: (1) a reverse N-S to NNW-striking system, composed by the Aguas Calientes
Fault and several parallel and isolated faults in the central part of the area; and (2) a NW-striking,

strike-slip fault system, composed of the Archibarca and Tocomar.

The Aguas Calientes Fault, located along the eastern margin of Aguas Calientes volcano, extends
from the southern sector of the Cerros de Tocomar, with a N-S strike, to the south of Aguas Calientes
volcano, where it changes strike to NNE-SSW (Fig. 6). Field kinematic data allow us to divide the
fault activity in two parts. The first is characterized by reverse faults with east tectonic transport that
affect volcanic deposits of 15.71 =+ 0.04 Ma (Villa et al., 2019). The scarp formed by the Aguas
Calientes Fault is covered by deposits of 12.12 + 0.17 Ma (Villa et al., 2019) of the Volcan de la Pena.
The second comprises the development of left-lateral NNE-SSW strike-slip faults, with a NW-SE
shortening axis (E324b, E305b), that cut the volcanic sequences of Volcan de la Pena (12.12 + 0.7
Ma, Villa et al., 2019). Moreover, during this stage, a fold formed in the eastern flank of Aguas
Calientes volcano (13.06 £ 0.07 Ma, Villa et al., 2019), associated with the Archibarca Fault system,
that is composed of several NW-striking faults located in the northern part of the area, along the Los
Asperos belt (Fig. 6). The kinematic analysis reveals two episodes of activity: the first corresponds to
left-lateral strike-slip faulting with E-W (E309) to NE-SW (E317a) shortening axes, a deformation that
affected the Lower Miocene volcanic sequence (12.50 + 0.05 Ma, Villa et al., 2019). The second
episode corresponds to NW-SE-striking right-lateral strike-slip faults, with NW-SE (E311b, E319) to
NNE-SSW (E310) shortening axes, which affected Upper Miocene deposits (5.68 + 0.03 Ma, Villa et
al., 2019).

The Tocomar Fault system, located in the central part of the study area, extends between the Aguas
Calientes volcano and the northern flank of Lastarria volcano: this system is composed of several
discontinuous, NW-striking strike-slip faults. Our data reveal two main deformation episodes, which
are in agreement with data from the Archibarca fault system. The first corresponds to left-lateral strike-
slip faults with E-W (E304a) to ESE-WNW (E320b, E313a) shortening axes, which affect the Lower
and Upper Miocene sequence of Aguas Calientes volcano (15.0 + 0.06 Ma, Villa et al., 2019; 6.1 +
0.3 Mato 7.1 + 0.7 Ma, Naranjo and Cornejo, 1992). The second is characterized by right-lateral
strike-slip movements along NW-striking planes with NNW-SSE (E308, E304b, E314) and NE-SW
(E3204a, E316) shortening axes. The youngest sequence affected by right-lateral faulting has an age

of 4.2 + 0.3 Ma (Naranjo and Cornejo, 1992) and the fault trace is covered by Pleistocene volcanic
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deposits (1.8 £ 0.5 Ma, Naranjo and Cornejo, 1992). Moreover, it is possible to find reverse, NE-
striking faults affecting the Upper Miocene sequence (E312, E318a). Reverse faults have a NNW-
SSE shortening axis, coinciding with the right-lateral fault shortening axis: this correlation reveals that
reverse faults acted as a transition zone between the NW-striking transcurrent segments of the

Tocomar Fault system.

In summary, these results show three main episodes of evolution of the Aguas Calientes domain. In
the first, the development of reverse faults occurred, with an E-W shortening axis, represented by the
Aguas Calientes Fault system. Afterwards, the left-lateral strike-slip activity of Archibarca and
Tocomar fault systems started during Middle Miocene. Finally, the fault activity shifted to right-lateral

strike-slip after ca. 4 Ma.

4.1.3 Deformation in the Culampaja domain

The Culampaja domain is located in the southernmost part of the Punta Negra Basin (Fig. 2). This
area represents the transition between the Domeyko Range, composed of Paleozoic and Mesozoic
rocks, and the Western Cordillera represented by Miocene to Present volcanic arc deposits. The
structural observations reveal the presence of two main structural trends. The first corresponds to
reverse faults with an approximate N-S strike composed by the Vaquillas and ElI Chaco faults. The
second domain is represented by NW-striking strike-slip faults coinciding with the Culampaja Fault
system. In the transition between Culampaja Fault system and Vaquillas fault there is a NNW-SSE

fault named Rio Frio Fault.

The Vagquillas Fault is located in the eastern part of the Vaquillas Altas Range. This structure
corresponds to an East-directed reverse fault with a E-W shortening axis (E501a). The fault activity
produced a decametric scarp in the Rio Frio Ignimbrite (Fig. 5F) that controlled the sedimentation of
the Upper Miocene alluvial deposits. These stratigraphic-structural relations allow us to delimit the
fault activity between 18.2 £ 0.7 Ma (Naranjo and Cornejo, 1992) and 5.4 + 1.6 Ma (Gonzalez et al.,
2015).

The Chaco Fault corresponds to a reverse fault with an East-tectonic transport and an ENE-WSW
shortening axis (E521). The fault affects the Rio Frio Ignimbrite (20.9 £ 1 Ma, Naranjo et al., 2013a)
forming a 400-m-high scarp. The scarp is covered by a lava flow of the El Chaco volcano dated
between at 17.0 £ 0.7 Ma and 15.0 + 0.6 Ma (Cornejo and Mpodozis, 1996). Associated with the main
scarp, there are several West-directed reverse faults, which thrust the Rio Frio Ignimbrite over the

Pajonales Ignimbrite.

The Culampaja Fault system is composed of several discontinuous NW-striking segments and
corresponds to strike-slip faults that extend from Vaquillas Altas range to Cerro Leon (Fig. 7). The
kinematic analysis reveals two main episodes of deformation; the first corresponds to left-lateral

strike-slip faulting (E514b) which affects the volcanic deposits of Upper Miocene age, and it is
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characterized by an E-W shortening axis. The second episode formed right-lateral strike-slip faults
with NW-SE (E505, 518b, 515a) and NNE-SSW (E501b, E512, E522, E514a) shortening axes. This
faulting also affects volcanic deposits of 4.7 + 0.6 Ma (Naranjo et al., 2013a), and the trace of the
Culampaja Fault is covered by Quaternary deposits of the Cerro Bayo volcanic complex (1.6 £ 0.4
Ma, Naranjo and Cornejo, 1992).

To sum up, the data of the Culampaja domain show three main episodes of deformation: (1) a
contractional episode characterized by reverse faults active during the Lower Miocene; (2) a strike-
slip event characterized by NW-oriented left-lateral strike-slip faults active during the Middle Miocene;
(3) a strike-slip event characterized by NW-oriented right-lateral strike-slip faulting, active from the

Upper Miocene to part of the Pleistocene.
4.2. Miocene-Quaternary Stress

The data described in the previous sections allowed us to divide the tectonic evolution of the Western
Cordillera in three main episodes (Lower to Middle Miocene, > 8 Ma BP; Upper Miocene to Pliocene,
8-4 Ma; Upper-Plicoene, < 4 Ma). The different tectonic stresses and the related structures are
described in this section.

The reduced stress tensors obtained from the fault population of the first episode (> 8 Ma BP) show
a high homogeneity in o1 orientations. The rose diagram (Fig. 8A) shows the maximum frequency of
orientation of o1 in an E-W position (N90°-100°) and few scattered data in ENE-WSW to ESE-WNW
orientations (N70°-90°). A second group, with a lower frequency of orientations, has a NE-SW
direction. Stress tensors obtained for this episode are located in the western part of the Western
Cordillera and correspond to the activity during the Lower Miocene in the Sierra del Almeida, of the
Aguas Calientes fault and the first stage of evolution of the Vaquillas and El Chaco faults (Fig. 8A).
Eight out of the obtained 26 reduced stress tensors correspond to a pure compressive to radial
compressive regime (R’>2.25; Table 1), 5 to transpressive regime (1.75<R’<2.25) and 9 to pure strike-
slip regime (1.25<R’<.1.75). The compressive regime is related to reverse activity of Guanaqueros
and Aguas Calientes faults, active until ca. 12 Ma. On the other hand, the transpressive to strike-slip
regime controlled the activity of the first stage of the Tocomar fault system, which was active until 8
Ma BP. We interpret this as a reduction of relative differences between ov (03) and Oumin (02),
associated to a 62/03 permutation. The remaining tensors obtained in this stage show transtension to
pure extension, one tensor located south of Sierra de Almeida and two related with activity of

Guanagueros and Fortuna faults (Figure 8A).

In the second episode (8-4 Ma), the directions of reduced stress tensors show a shift of o1 from E-W
to NW-SE and NNW-SSE positions (Fig. 8B). The rose diagram shows a main NNW-SSE (N150°-
160°) o1 orientation, followed by a NW-SE orientation (N120°-150°), and a lower NE-SW peak.

Orientations of o1 are mostly homogeneous and concentrated in the central part of the study area.
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The reduced stress tensors (n = 26, Table 1) show a main strike-slip regime (n = 16) and a less
frequent compressive regime (n = 6). There is also a local extension regime (n = 4) at the Archibarca

and Culampaja fault systems, here interpreted as local transfer zones along the strike-slip faults.

In the third episode (< 4 Ma), o1 orientations show a shift towards NNE-SSW (N20°-30°) with minor
scattered data with a N-S orientation (Fig. 8C). The sites of measurement of these stress tensors are
mainly located in the volcanic arc axis. The dominant regime is strike-slip at 7 out of 10 reduced stress
tensors (Table 1), while the remaining tensors are represented by local pure compression (n = 1) and
pure extension (n = 2).

4.3. Miocene-Quaternary magma-feeding fractures

In the study area, we recognized 847 volcanic vents distributed at 130 polygenic and monogenic
volcanic centers. For eroded volcanoes, we inferred a vent position in the uppermost part of the
edifice. Figure 9 shows the directions of onmax assumed as parallel to the magma-feeding fracture
obtained from the edifice elongations and vent alignment. The various oxmax have been separated in
the same three time periods that were previously recognized by the structural kinematic and dynamic

analyses. This allows a direct comparison between volcanic and structural data.

In the first episode (23-8 Ma), onmax axes are distributed in two maxima in correspondence of NW-SE
and NE-SW, followed by very few scattered data in other directions. The heterogeneity of Grmax
distribution is related to the positions of emplacement of volcanic centers; the group with a NW-SE
tendency is mainly concentrated in the southern part of the study area (ca. 25’30°S) related to the
Culampaja Fault system. The second group of onmax directions (NE-SW) is located in the central and
northern part of the study area (Fig. 9A) and is associated with the Aguas Calientes-Guanaqueros
faults. Several volcanoes in this episode have geometric relations with the reverse faults active in the
same period. For example, in Figure 10A the elongation of Aguas Calientes volcano and the related,
parallel alignment of vents (ca. 13 Ma; Villa et al., 2019) suggest a possible NNE-SSW magma-
feeding system, parallel to the strike of Aguas Calientes Fault, which was active in the Lower Miocene
until ca. 12 Ma. This result is particularly interesting since the regional stress regime in this period
was characterised by contraction along an E-W direction, which is unfavorable to magma uprising to
the surface. This example is similar to a series of other sites where it is possible to observe the same
volcano elongation parallel to the reverse fault strike.

The second episode comprises 82 oumax Of volcanoes, active between 8 and 4 Ma. The rose diagram
shows a main NW-SE oumax Orientation (Fig. 9B), homogeneous in all the study area. There is a
second minor peak of NE-SW oumax directions of, which is restricted to the trace of the Arizaro-
Pedernales Fault (Naranjo et al., 2018). The morphometric characteristics of volcanoes and vents
located above this fault trace indicate a NE-SW magma-feeding fracture, whereas those located on

the fault hanging-wall block indicate NW-SE feeding fractures (Fig. 10B).
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In the third episode (< 4 Ma), we obtained data at 20 sites with onmax axes scattered between NW-
SE, N-S and NE-SW directions (Fig. 9C). Data are mainly concentrated in the central part of the study
area (25°S to 15°30’S) and are spatially related to the Lazufre magmatic body (Anderssohn et al.,
2009; Ruch and Walter, 2010). In general, the deposits associated with this magmatic body
correspond to the Pleistocene-Holocene activity of Lastarria and Cordon del Azufre volcanoes. These
volcanoes alignment into sector have directions NS in Pleistocene Volcanoes and change principally
NW-SE direction in Holocene Volcanoes. These morphometric characteristics, indicating possible

magma-feeding fractures with main N-S and NW-SE orientations.
5. Discussion

5.1 Fault and stress evolution in the Western Cordillera

The data collected in this work allow us to recognize three main tectonic stages active from the
Miocene to the Quaternary. According to these data, we can propose an evolution model for the
Western cordillera between 20°S and 27°S. First, there has been a compressional stage with reverse
faulting and a ca. E-W shortening, followed by a left-lateral strike-slip stage, and finally by a right-
lateral strike-slip to transpressional phase. The stages recognized in the present work have been
integrated and compared with data on the conterminous zones published by Tibaldi et al. (2009),
Tibaldi and Bonali (2018) and Giambiagi et al. (2016), to understand the Neogene variation of the

stress state in the Western Cordillera and in the western border of the Altiplano-Puna plateau.

Tibaldi et al. (2009) divided the tectonic evolutions of the Western Cordillera north of Salar de
Atacama (a in Fig. 1) into four phases. The first, with E-W shortening by reverse faults in the northern
part of the area and WNW-ESE shortening in the southern part, was dated to the Miocene. The
second and third phases, of Pliocene age, are characterized by a NW-SE horizontal o1 and
differentiate due to a permutation of ov from 03 to ¢2. The last phase, dated to the late Pliocene—
Quaternary, is characterized by an extensional regime with a NE-SW horizontal o3 and a vertical 01
(Fig. 11). Giambiagi et al. (2016) studied the stress field variations along the southern part of the
Altiplano and North and South of the Puna and reported a first tectonic stage related to the build-up
of the Altiplano/Puna Plateau and a second stage characterized by its gravitational collapse. The
transition between the two stages is characterized by four stress states, which are: 1) dominant E-W
compression, 2) strike-slip with N-S compression and E-W extension, 3) strike-slip regime with E-W

compression and N-S extension, and 4) N-S dominant extension stage.

The first stage that has been determined in the present work, with the E-W o1, is associated to a
permutation of 02/03 at ca.12 Ma, which produced a change from a compressional to a strike-slip
regime. This E-W compressional phase was recognized in diachronical moments along the Western
Cordillera at ca. 20°S from the Middle Miocene to the Upper Miocene, also by Tibaldi et al. (2009).

However, in the Paniri area, the E-W compression was recognized as active before the Middle
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Miocene (Giambiagi et al., 2016), and at 26.5°S this compressional stage was active at a later stage,

since the Upper Miocene (Figure 9).

The E-W compressional stage is comparable with the Quechua Phase recognized in the South of
Peru and Central Chile (Mercier et al., 1992; Noblet et al., 1996; Diraison et al., 1998). Similar
compressional features, like reverse faults and folds, have been described along the Western
Cordillera and Altiplano/Puna Plateau. In the north of Salar de Atacama, the compressional features
developed mainly between 35-27 Ma and 19-7 Ma (Noblet et al., 1996; Elger et al., 2005), with local
tectonic quiescence and episodic extension at 27-19 Ma (Noblet et al., 1996). After 10 Ma,
compressional deformation migrated to the East towards the Sub-Andean region (Allmendinger and
Gubbels, 1996; Herail et al., 1996; Kley et al.,1996). Northeast of the Salar de Atacama, at 25-21 Ma,
the shortening activity migrated from the Eastern Cordillera to the Sub-Andes ranges (Horton et al.,
2018, and references therein). The same temporal events are proposed by Sheuber et al., (2005),
who report a compressional phase with uplift of portions of the basement at 33-30 Ma in the Western

Cordillera, and shortening in the foreland at 17 Ma.

In the southern part of Western Cordillera, Naranjo et al. (2013a) determined a reverse activity along
the Arizaro-Pedernales Fault at 13-14 Ma. In the Puna, the Lower Miocene tectonic activity is
characterized by several discrete compressional events with WNW-ESE shortening axis (Marret et
al., 1994). The main fault in this area corresponds to the Antofalla System, with reverse activity in the
Lower Miocene with E-W to WNW-ESE shortening axes (Kreamer et al., 1999). On the other hand,
compressional features were described in the forearc in the north of Chile. The main structure
corresponds to a blind reverse fault with long-lived activity from Cretaceous until Upper Miocene
(Arriagada et al., 2006; Martinez et al., 2017; Villa et al., 2019), which was active in the western border
of the Western Cordillera until the Pleistocene (Gonzalez et al., 2009; Tibaldi et al., 2017).

The second tectonic stage in our work is characterized by a strike-slip regime under a NW-SE to N-
S o1, active between 8 and 4 Ma. The computation of stress tensors in Western Cordillera reveals
that in the north part of study area between 19°S and 23°S the stress field changed first with a rotation
of a1, from an E-W to a NW-SE position, followed by o2 that became horizontal and o3 vertical (Box
2, Fig. 11). The differences between the two phases in the northern part of the Western Cordillera is
the change in the stress regime from compressional to strike-slip (Tibaldi et al., 2009). In the south
part of area, between 24°S to 26°S, the change in the stress tensor was characterized by a clockwise
rotation of oumax from an E-W to a NW-SE position in the Lower Miocene, and ca. N-S in Lower
Pliocene. At the same time, in the southern part of Central Andes a change in the stress field occurred
in the Middle Miocene, while in the south the permutations o1/02 and o2/03 occurred in the Lower

Pliocene (Giambiagi et al., 2016).

The stress field in this stage was related to right-lateral slip along NW-SE faults between 8 to 3 Ma,

distributed into three main structures: Calama-Olacapato-El Toro fault (Tibaldi et al., 2009), in the
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North of the Puna; Archibarca and Culampaja fault system in the south of Puna sector; Pedernales
Incahuasi in the most southern part of the volcanic arc (Giambiagi et al., 2016). The presence of NW-
SE faults has been recognized along the southern part of Central Andes (Salfity, 1985) mainly in the
backarc, with activity until the Pleistocene (Marret et al., 1994; Salfity, 1985; Viramonte et al., 1984;
Riller et al., 2001; Richard and Villanueve, 2002) and in the volcanic arc, which controlled the
presence of volcanic centers and collapse caldera evolutions (Riller et al., 2001; Richard and
Villanueve, 2002). In the forearc, these fault systems have been active since the Paleocene (Richard
et al., 2001) and facilitated the movement and entrapment of magmatic bodies (Yafiez and Rivera,
2019). The origin of these NW-SE faults, oblique to the plate margin, has been related to reactivations
of inherited discontinuities located in the upper crust (Riller et al., 2001; Schoenbohm and Strecker,
2009; Lanza et al., 2013), or alternatively by “slip partitioning” resulting from oblique plate
convergence (Fitch, 1972; Cladouhos et al., 1994).

The third stage recognized in our work in the south segment (24°S to 26°S), is characterised by a
stress tensor with o1 in an approximate NNE-SSW position under a transtensional regime active after
4 Ma. In the northern part of the volcanic arc, the Pleistocene stress field is characterized by extension
with a NE-SW o3 (Tibaldi et al., 2009); the same observation was determined in the Paniri region with
03 with NNE-SSW to NNW-SSE directions (Giambiagi et al., 2016). Between 24°S and 26°S the
stress tensors show a clockwise rotation from a ca. N-S to a NE-SW orientation, and a permutation
between 02/03 in the Pleistocene, which triggers a change in the stress regime from strike-slip to
extension (Giambiagi et al., 2016). On the other hand, in the southern part of the Western Cordillera
(26.5°S), during the Pleistocene, the regime is strike-slip with a N-S o3 and extensional with oz in an
E-W position, which represents a permutation of o1/02 and o2/03 active in the area since the
Pleistocene (Giambiagi et al., 2016).

Results presented in our work suggest a transtensional to extensional phase active from the Upper
Pliocene to the Pleistocene, active diachronously along the margin of the magmatic arc. In the
Altiplano segment (20°S to 23°S), several NW-SE-striking normal faults cut the Pleistocene volcanic
deposits (Tibaldi et al., 2006, 2009; Vezzoli et al., 2008). East of the Salar de Atacama, normal faults
and extensional fractures with NE-SW to E-W extensional axes affect Pliocene to Pleistocene
deposits (Tibaldi et al., 2018). These extensional structures had been interpreted as younger than
compressional deformations (Lahsen et al., 1982) or contemporaneous to shortening events
(Allmendinger et al., 1986; Tibaldi et al., 2018). Elger et al. (2005) interpreted contemporaneous

extensional and contractional faults as local features related to forelimbs collapse.

In the Puna segment between 23°S to 28°S, several extensional structures were reactivated under a
WNW-ESE horizontal extension and vertical shortening (Daxberguer and Riller et al., 2015). The

change in the stress field was observed in the Antofalla fault, with an ENE-WSW strike-slip fault and
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a parallel normal fault, interpreted as a gravitational slide (Kreamer et al., 1999). This extensional

phase in the Puna sector started after 9 Ma with a N-S o3 direction (Lanza et al., 2013).

In conclusion, we found in the study area a Neogene tectonic evolution consistent with previous
findings. These events were characterized by a large amount of shortening, concordant with the

convergence directions (Pardo Casas and Molnar, 1987), permutations of onmax and clockwise

rotations of principal stress axes.

5.2 Possible causes of stress change

As described in the previous section, the identified main tectonic phases are consistent with
deformation events described in adjacent areas. The changes of the stress field can be resumed as:
(1) Permutation of principal axes, leading to different regimes of contraction, followed by
transcurrence, and finally by extension, and (2) clockwise rotation of Ommax from E-W to N-S

orientation.

Regarding the permutations of principal stress axes, the stress regime varied during Upper Miocene
(ca.8 Ma) from pure contractional to transpressional in stage one, to pure transcurrent in stage two.
Then in the Upper Pliocene (Ca. 4 Ma) from transtensional to extensional in the third stage. For this
reason, 01/02 and 02/03 stress permutations may be invoked. During the transitions, different and

coeval faulting regimes can be active at the same time (Giambiagi et al., 2016).

In the Central Andes, like any continental margin, the regional stress field is responds to transfer of
body forces from the Pacific oceanic plate to the South America continental plate (Assumpcao, 1992;
Tibaldi et al.,, 2017), combined with topography-induced forces (Dalmayrac and Molnar, 1981;
Froidevaux and lIsacks, 1984; Zoback and Magge, 1991; Coblentz and Richardson, 1996) and
rheology conditions of lower and upper crust, associated with heat flow (Kusznir, 1991; Richardson
and Coblentz, 1994).

We consider that the convergence angle did not change significantly in terms of direction and velocity
during the Neogene (Pardo casas and Molnar, 1987; Somoza and Ghidella, 2005, 2012), and that
lithospheric vertical stress 02z, increases with thickness and with the low-density anomaly, associated
to magma bodies, beneath the mantle. However, in the upper crust 0z, is maintained constant and
equal to the lithostatic load (Fleitout and Froidevaux et al., 1982). We propose a model where the
permutations of principal stress axes occur as a response to the decrease of horizontal stress oxx
associated with variations of crustal thickness during orogenic construction. In this model, the
orogenic growth produced by compression is accommodated by reverse faulting, then, when a certain
thickness is reached, the shortening of the crust is absorbed by strike-slip faulting first and then there

are extension product of orogenic collapse (Sébrier et al., 1988; Meijer et al., 1997; Giambiagi et al.,
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2016; Tibaldi et al., 2017). These change in the regimen is produced when a critical thickness point
is reached. Thus, if the mean elevation is between 3700 and 4000 m where the tectonic regime
preferent is strike-slip, whereas in altitudes higher than 4000 m a.sl, the dominant regime is

extensional (Sébrier et al., 1988).

The switch from E-W contraction to strike-slip with N-S extension started in the Middle Miocene in the
Puna segment (24 to 26°S) and in the Pliocene in the Altiplano (20°S to 22°S). Our data are
concordant with the ages when paleo-elevations reach altitudes higher than 3700 m a.s.l., at ca. 10
Ma in the Puna segment and at ca. 5 Ma BP in the Altiplano (Schildgen and Hoke, 2018, and

references therein).

On the other hand, anmax rotations occur diachronously between Upper Miocene and Upper Pliocene.
This pattern is characterized by clockwise rotation of o1 first from E-W to NW-SE, and then from NNW-
SSE to NE-SW. The age of rotations of the stress field is concordant with the change in the relative
motion of the South American plate from E-W movement to NE-SW, found between 10 and 3.2 Ma
(Pardo-Casas and Molnar, 1987; Marret and Strecker, 2000), consistent with the concept that the
movement of the South American plate controls the upper crust deformation (Marret and Strecker,
2000). Other considerations to explain the rotation of the stress field are based on the presence of
heritage faults that act to accommodate the differential shortening related to formations of the Bolivian
Orocline (Kley et al., 1999; Riller et al., 2001). It is possible, therefore, that interactions of two or more

processes controlled the onmax rotations in the volcanic arc during the Neogene.

5.3 Orientations of magma paths

To analyze the evolution of magma paths in the Western Cordillera, south of the Pica Volcanic Gap
(Ca.19°S) (Worner et al., 1994), we have integrated the new data obtained in this work with the
magma paths reconstructed by Tibaldi et al. (2017). In the northern part of the area, between 19°S
and 23°S South of the Altiplano, the magma paths of Tibaldi et al. (2017) for the Miocene were mostly
oriented NNE-SSW and subordinately NW-SE (Fig. 12). These orientations are somewhat similar to
the magma path orientations obtained for the Lower to Middle Miocene in the present work, which
show two main orientations: NE-SW and NW-SE. Since the Pliocene, the magma paths in the North
domain (19°S to 23°S) have NNE-SSW to N-S orientations and are concentrated southeast of the
Salar de Atacama. In South segment (24°S to 26°S), magma paths have orientation between NW-
SE and NE-SW during the Lower and Middle Miocene. Then between Upper Miocene to Lower
Pliocene the magma paths have NW-SE direction. Since Upper Pliocene the magma paths are in
NNE-SSW to NNW-SSE (Figure 12). These findings are unexpected, because the classical models
predict the intrusion of magma along dikes preferentially oriented parallel to the cHmax (Nakamura,
1977; Nakamura et al., 1977). In plate convergence zones, cHmax usually coincides with the

convergence direction (Nakamura and Uyeda, 1980). In the central Andes, the convergence of the
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Nazca plate was in a WNW direction in the Lower Miocene (Pardo-Casas and Molnar, 1987), and

rotated to an E-W position in more recent times (Heidbach et al., 2008).

The NNE-SSW magma paths orientation in the Altiplano area is parallel to sub-parallel to the
subduction trench. This can be explained by the presence of a melt zone that forms and rises following
the contour of the subduction zone (Tibaldi et al., 2017). However, in the Central Andes, the
distribution of volcanoes are mainly controlled by discontinuities in the upper crust (e.g.: Riller et al.,
2001; Acocella et al., 2007; Tibaldi et al., 2018; Naranjo et al., 2018b). It is therefore likely that such
a connection exists between the orientation of inherited faults and distribution of magma paths. This
hypothesis is supported by the presence of faults and folds with N-S to NNE-SSW directions in the
Western Cordillera and Sub-Andean Zone (Elger et al., 2005). However, in the Altiplano Plateau there
are normal faults with the same orientations (Allmendinger et al., 1997). The fact that these structures
are parallel to sub-parallel to magma paths supports the hypothesis that the volcanoes in the Miocene
were controlled by the discontinuities in the upper crust. In the case of the normal faults in the
Altiplano, the vertical attitude of g1 was favorable to magma uprising. In correspondence of
compressional structures instead, with a horizontal o1 perpendicular to magma paths, magma
emplacement can be explained by rise in conjugate zones (Naranjo et al., 2018a), large magma
overpressure (Gonzalez et al., 2009), rise along reverse fault planes or their splay faults (Galland et
al., 2003; Tibaldi, 2008), or local extension within fold hinges (Gurer et al., 2016). A particularly nice
example is given by the case portrayed in Figure 10B, where the alignment of vents located above
the reverse fault trace indicates a NE-SW magma-feeding fracture, parallel to the fault strike. Instead,
another group of vents, located on the fault hanging-wall block, indicate NW-SE magma-feeding
fractures. The magma path parallel to the fault strike can be explained by a direct control of the main
reverse fault plane, or of a fault splay, consistent with the Tibaldi (2008) model. The NW-SE magma
paths can correspond to a local reorientation of the stress tensor in the hanging-wall block at a greater

distance from the reverse fault plane.

The NW-SE magma paths observed in the Miocene in the Altiplano segment by Tibaldi et al. (2017)
are consistent with the magma paths observed in the Lower Miocene to Lower Pliocene in the Puna
segment (Fig. 12). These magma paths are parallel or sub-parallel to several faults found in the study
area. In the Altiplano segment, the principal groups of magma path orientations are related to the
position and geometry of the Calama-Olacapato-El toro fault system (Salfity, 1985; Riller et al., 2001,
Bonali et al., 2012; Lanza et al., 2013). While in the south, the magma path distribution ranges
between the Archibarca fault system (Richard and Villanueve, 2002) and the Culampaja fault system
(Salfity, 1985).

The age and distribution of volcanic edifices and related magma paths, indicate that in the Puna and

Altiplano segments, there was a maximum in volcanic activity since ca. 10 Ma BP. This is consistent
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with previous authors that showed high magmatic activity in the arc since 10 Ma BP, which decreased
at 3 Ma BP (Trumbull et al., 2006; DeCelles et al., 2015). In this period, the fault regime was
trascurrent with a NNW-SSE oHmax and dominant NW-SE strike-slip faults. Strike-slip faults, which
usually have a vertical attitude, can act as deep weakness zones intercepting magma batches and
thus favouring magma upwelling (Tibaldi, 1992). The NW-SE faults found in the Chile volcanic arc,
have been, in fact, suggested to control magma upwelling (Riller et al., 2001, 2012; Caffe et al., 2002;
Chernicoff et al., 2002; Petrinovic et al., 2005; Ramelow et al., 2006; Trumbull et al., 2006; Bonali et
al., 2012; Lanza et al., 2013). Opposite to this situation, in the previous time period (> 8 Ma) when
reverse faults and folds were active, in the study area there was less volcanic activity. According to
these data, we can infer that the increase in the magmatic volume erupted in the Upper Miocene to
Pleistocene is related to a change in the regional stress field that activated NW-SE-striking, high-
angle faults, which favoured magma rise from deep sources. A note of caution is due here since other
magmatic processes have been described for the same time period to explain the increase in erupted
volumes like flare-up magmatism (de Silva, 1989; Worner et al., 2018), variations in the angle of
subduction of slab and delamination processes (Kay et al.,, 1994) and internal control in the

development of volcanic arc (DeCelles et al., 2015).

5. Conclusions

The new field study of the Neogene structures in the Western Cordillera between 24°S to 25°S and
integration of previous works between ca. 20°S and 26°S allow us to determine three main tectonic

events:

(1) A first stage characterized by a compressional regime with E-W o1 and the presence of reverse
faults and folds. In the altiplano domain (19-23°S) this regime was active until the Upper Miocene,
while in the south part of (23-26°S) it was active during the Middle Miocene (ca.12 Ma).

(2) A strike-slip stage characterized by NW-SE transpressional to left-lateral faults with NW-SE to
NNW-SSE o1. In the North part of western cordillera and in at 26°S, this stage was active during the
Pliocene. Moreover, this stage was active, between 24°S and 26°S, from the Upper Miocene (ca. 8
Ma) to the Pliocene (ca. 4 Ma).

(3) The deformation after 4 Ma was dominated by a right lateral strike-slip passing to extensional
regimen, where the cHmax were N-S to NE-SW.

The tectonic stages defined in this work are associated with two dynamic processes: i) The change
in the stress field from compressional to strike-slip and strike-slip to extensional is associated to 1/02
and 02/03 permutations and may be explained as resulting from orogen-perpendicular collapse. ii)
Rotations of cHmax from E-W to NW-SE position and then NNE-SSW orientation. This shift in the
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stress field can be associated with the change in the relative South America movements from E-W to

NE-SW and reactivations of pre-existing structures with a NW-SE strike.

Our analysis of volcano elongations and vents alignments reveals strong control of NW-SE, N-S and
NE-SW faults in the distributions of volcanism in the Western Cordillera. The magma paths with N-S
to NE-SW directions are associated with reverse faults active in the Puna domain in the Neogene
and normal faults located in the Altiplano domain. The NW-SE magma paths are related to pre-

existing NW-SE strike-slip faults.

The increase in volume of volcanism in the southern part of the Central Andes is coeval with the

transition from reverse to strike-slip faulting and thus to regional stress field changes.
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. Dinamyc Analisys (Angelier 1990)
Locations
a1 | o2 | a3 | . d Stress
Station Longitude Latitude n Trend Plunge | Trend Plunge | Trend | Plunge | @ R Misfit deg Regimen
o11b -68.55 -24.43 10 %2 19 213 56 352 27 0208 1792 134 ™
121 -68.67 -24.56 2 206 5 13 2 306 63 0.401 2041 476 ™
002a -68.633 -24.528 22 71 9 168 37 329 51 0.151 2151 15.8 TP
005a -68.634 -24.39 1 270 13 2 58 173 2 054 146 14.1 ss
01la -68.55 -24.43 21 15 74 247 10 155 12 0.635 0.635 291 PE
012a -68.589 -24.178 35 % 1 32 76 190 10 0312 1,688 27.8 ss
1‘5::‘:: 0142 -68.662 -24.205 3 233 7 325 8 80 7 0798 2798 97 RC
pomaln 106a -68.5726 -24.35413 7 7 9 332 60 2 2 0.646 1354 323 ss
107a -68.56452 2435299 30 7 4 330 69 162 20 0.704 1.29 353 ss
2 1142 -68.49941 -24.25936 12 287 27 55 51 182 2 0.797 1.203 13 ™
S 123 -68.63 -24.57 30 204 15 207 9 57 72 077 277 24 RC
% 123¢ -68.63082 -24.57113 35 69 51 248 39 338 o 0.66 0.66 29 PE
3 1282 -68.6272 -20.74756 5 85 19 328 53 186 30 0305 1695 39 ss
2 129 -68.48 -24.53 13 274 24 167 34 33 46 0.332 2322 17 PC
g 304a -68.63811 -24.93094 14 88 2 259 65 357 4 0216 1784 19.8 i
K 3058 -68.64434 -24.9138 13 I 2 135 2 3m 68 0679 2679 103 PC
Aguas Calientes 311 -68.62682 -24.79809 5 261 5 360 56 168 3 0483 1562 296 ss
Domain 317a -68.61054 -24.83172 2 29 17 355 a 143 I 0123 2123 131 i
317 -68.61054 -24.83172 5 35 10 130 2 25 62 0.604 2.604 89 pC
309 -68.60199 -24.87342 1 % 2 184 62 360 27 0.507 1.493 72 ss
401 -69 -24.965 18 104 16 19 8 310 72 0532 2532 263 pC
401b 69 24.965 2 73 3 108 58 8 7 0.409 1591 147 ss
Culampaja
Domain 501a -69.14504 -25.31058 15 111 8 201 5 324 80 0.423 2.423 233 pPC
518 -68.98555 -25.61943 10 %8 8 350 64 192 2 039 1.604 8 ss
521 -68.98717 -25.70078 35 323 8 229 25 70 64 0.58 2.58 29.9 PC
Sierra de 116 -68.48 2438 7 207 13 34 30 187 57 0349 2.349 185 PC
Almeida 114b -68.49941 -24.25936 4 335 54 166 35 72 5 0773 0773 45 ™
Domain 128b -68.6272 -24.74756 8 344 23 167 67 75 1 0508 1492 18 ss
311b -68.62682 -24.79809 8 335 16 185 72 67 9 0.767 1233 201 ™
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308 -68.61468 -24.88962 13 164 17 2 7 255 5 0536 1464 12 ss
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Domain 508b -68.95632 -25.18706 12 19 31 a5 56 294 14 0.962 1.038 7.8 U
518 -68.98555 -25.61943 1 163 70 296 6 1 19 0476 0476 401 PE
515a -68.83229 -25.4273 24 160 2 278 86 70 4 0.667 1333 127 SS
201a -68.87 -24.79 9 258 20 165 9 52 68 0322 232 257 pC
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@ Ag“;zcma‘a'i?mes 316 68652055 -25.034307 6 6 2 155 61 270 13 0475 1525 43 ss
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1 2 2 1 5142 -68.79923 -25.44358 8 13 [ 104 64 282 2 0.651 1349 116 ss

1222 Table 1. Trend and plunge of each principal stress axis (01, 02, and ¢3), ¢ Ratio, R’ value and Misfit
1223 Angle. RC, Radial compressive, PC: Pure compressive, TP: Transpresive, PS: Pure Strike-slip, TT:
1224  Transtensive, PE: Pure extension, RC: Radial extension
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Figure 1. Location of the study area as related to morphotectonic provinces and regional main

structures. A: Areas previously studied by other authors that have been integrated in the present
work: (a) Tibaldi et al., (2009); (b) Tibaldi et al., (2017); (c,d,f) Giambiagi et al., (2016). (e) Study area
of the present research with new structural and volcanic data. The main regional structures
represented in the map are LC: Linzor Lineament; COT: Calama-Olacapato-El Toro Lineament; ACH:
Archibarca Lineament; CUL: Culampaja Lineament. Morphotectonic provinces: CC: Coastal
Cordillera; CD: Central depression; DO: Domeyko Range; AB: Pre-andean Basin; WC: Western

Cordillera; PP: Altiplano-Puna Plateau; EC: Eastern Cordillera; SA: Sub-Andean range. Morpho-
structural limits from Trumbull et al., (2006).

37



1236
1237
1238
1239

1240

69°W

CENOZOIC

'=1

|

MESOZOIC

PALEOZOIC

Alluvial Gravels and Sands — Salt deposits
Ouasernary Quanernary
Voleanie Deposits
Owaternary
Alluyial deposits
Late Miocene- Pliocene
Volcanic deposits
13-9 Ma) Ignimbrite
Lower Miocene-Middle Miccene,
Volcanic deposits Quebracis Clasnmqueras
V=14 Maj Ignimbrise
Volcanke deposits
(14-20 My
Ignimbrite
A‘llﬂh' M' Lawer MioceneMiddle Miacene
Upper Oligoceme- Rio 150 Ignimbrite
Liwer Mioceng (17.23 Moy
Fen. Pampa de Muls e de Zovvers aned Toconta]
Fm, Quebrada Tocomar Tgminrbite
Valeanic and (Ca 16 May
Siliciclastic seq Pajonales Igrimbrise
Upper Paleacene- Ca 16 May
Lower Oligocene
Fm, Naranjo
Fm. Loma Amariliy
Silieiclastic sequence
Campantian-Danonian
Fm, Quebruda Pajonales
Volcaniclastic and
Siliciclastic sequences
Midlelle Triassic- Upper Triassic
Fm. Pular
Coatinentsl and o and rpw
Manichamiie Intrusives
o Soquaiices Tmifac Intrusive complex
Upper Carboniferous-d.ower (282-298 Ma)
Triassic ok
. Sierra San Juan Hypabyssal
Flasor ez Jntrusive
0, . (Lower Permiany

Estraton de Cerroa de Pquios  puradoro Pun do Azocar

Ca. 242 Ma)
Carbonaceous and siliciclusthe  Sicrmn Guanagueras Granie
sequenoes Ca. 282 M)
Devoniun-carboniferows Leon Muerto Granodiome
Fm, Zoeriles (246.233 Ma)

Parina Granites

Cu. 266 Ma)

Figure 2. Simplified geological map of the study area with volcanic edifices divided by main time

periods, based on Naranjo et al., 2013 a,b; Venegas et al., 2013; Gonzalez et al., 2015; Solari et

al., 2017; Villa et al., 2019. Dashed boxes represent areas of detailed structural maps.
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Figure 3. Google Earth images of some examples of volcanoes at which it has been possible to
reconstruct the shallow magma-feeding fracture (dashed lines), based on: a) alignment of overlapping
crater or b,c) eruptive centres, and azimuth of edifice elongation (d). Red arrow: directions of

elongations of domes. Images from Google Earth, dating from Naranjo et al., (2013b).
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Figure 4. Structural map and kinematic analysis of the Sierra de Almeida domain. Positions of
absolute ages are from Solari et al. (2017). EO05; E012; E002 and EQ05 from Crignola 2002. Location

in Figure 2.
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Figure 5. Field observations. A: Miocene alluvial sequence deposited in the back limb of a thrust fault
that uplifted the Paleozoic basement, Location Fig. 4. B. Upper Oligocene-Lower Miocene alluvial
deposits and pyroclastic sequence affected by a reverse Guanaqueros fault. C. Crosscutting
relationships between two sets of striae with right- and left-lateral oblique reverse movement. D. Plan
view of transcurrent deformations that affected the Miocene to Lower Pliocene gravels. E. Fold in the
Lower Miocene volcanic deposits of the Aguas-Calientes volcano. F. Fault scarp affecting the Lower
Miocene Rio Frio Ignimbrite.
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Figure 6. Structural map and kinematic analysis of the Aguas Calientes domain. Positions of absolute
ages are taken from Naranjo et al. (2013b), and Villa et al. (2019). Location in Figure 2.
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Figure 7. Structural map and kinematic analysis of Culampaja domain. Positions of absolute ages

taken from Venegas et al. (2013) and Naranjo et al. (2013a). Location in Figure 2.
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Figure 8. Maps of stress tensors measured at Miocene-Quaternary faults in the study area and
corresponding rose diagrams with the principal orientation of ohmax axes. A: Lower to Middle Miocene
(< 8 Ma); B: Upper Miocene (8-4 Ma), C: Post-Pliocene (< 4 Ma). Blue line: orientations of Gnmax (01)
axes, compressive regime; Green line: orientations of oumax axes, strike-slip regimen; Red line: Ohmax

(02), extensional regime. With box: R values.
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Figure 9. Maps of magma-feeding fractures, which should correspond to onmax, Obtained by volcano
morphometric characteristics measured at Miocene-Quaternary volcanoes in the study area, and
corresponding rose diagrams with their main orientations. A: Lower to Middle Miocene (< 8 Ma), blue
lines: orientations of owmax; B: Upper Miocene (8-4 Ma), red lines: orientations of Onmax; C: Post-

Pliocene (< 4 Ma), yellow lines: orientations of Ghmax.
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Figure 10. Examples of the relations between volcanoes and reverse faults of the same age. A:
Aguas Calientes Volcano; B: Arizaro Volcano. Note that at both volcanoes, the vents located near or
above the reverse fault trace are aligned parallel to the fault strike (NNE-SSW). In Figure B, vents
located at greater distance from the reverse fault strike NW-SE. Locations in Figure 9. The basemap

is given by Google Earth images.
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Figure 11. Correlations figure of stress tensors and stress regimes on the Western Cordillera from
20°S to 26°S. Left: map with distributions of correlated work. Right: shows the directions of stress
tensor for Western cordillera. Blue boxes represent locations of compiled data. Data compiled from
the present work (1), Tibaldi et al. (2009) (2), and Giambiagi et al. (2016) (3).
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Figure 12. Figure summarizing resuming the various orientations of magma paths in the Western

Cordillera (20°S to 26°S) expressed as rose diagrams in the different time periods. Data compiled
from the present work (1) and from Tibaldi et al. (2017) (2).
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Supplementary Information (S1)

Table 1. Trend and plunge of each principal strain axis from Linked Bingham Methods (A1, A2, and

A3), P and T axis. Strike and Dip of plane of solution from Linked Bingham Methods (Marret and

Allmendinger, 1990). T: Thrust, L: Left-lateral, R: Right-Lateral, N: Normal.
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