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A B S T R A C T   

This work aims to study the interaction between two of the most representative structural systems controlling the 
Caviahue-Copahue volcanic complex. To achieve this objective, a structural analysis based on outcrop-scale 
fault-slip data field surveys and analogue models were carried out. The deformation regime acting on the 
studied area was characterized, and the associated paleostresses were obtained from the kinematic data 
inversion. 

The performed analysis in Caviahue-Copahue volcanic complex allowed to define two main sets of faults 
controlling the deformation of the area: NE-SW to ENE-WSW, and WNW-ESE to NW-SE, respectively. The first 
group comprises high-angle normal faults, resulting in a horst-and-graben setting with along-strike lengths up to 
2 km. The second group shows strike-slip kinematics with a minor normal component. These NW-SE faults are 
related to the Miocene-Pliocene fissure-related volcanism and define the major caldera axis direction. In the 
geothermal area, the obtained paleostress orientation shows a consistent vertical σ1, denoting a local extensional 
regime. Regarding the geothermal field, the NE-SW extensional fault system is proposed as the main circulation 
pathways for hydrothermal fluids rising to the surface. The major NW-SE faults would act as barriers for this 
circulation. 

The set of analogous experiments was used to contrast the obtained local structural kinematic results. Two 
non-coaxial extensional events were established to achieve a local scale approach to the structural configuration 
observed in the area. Simulations aimed to understand the structural behavior of the superposition of non-coaxial 
extensive events; they allowed us to assess the role of the different fault sets surveyed in the field within the 
system. Particularly, our findings support that the NW-SE-oriented structures compartmentalize the subsequent 
NE-SW-oriented faults, acting on occasions as transfer zones.   

1. Introduction 

The evolution of a volcanic system is usually complex and controlled 
by the interaction between regional and local factors such as the stress 
field, the governing structures, the dynamics of the magma chambers, 
the elasto- and visco-plastic state of the overlying rocks and the surficial 
characteristics of each eruptive center, among others. Shallow structures 
and stress fields exert a decisive control on magma and hydrothermal 
fluid circulation (e.g., Nakamura, 1977; Sibson, 1996; Tibaldi, 2005; 
Cembrano and Lara, 2009; Sánchez et al., 2013; Tardani et al., 2016; 
Sielfeld et al., 2017; Veloso et al., 2019; Pearce et al., 2020), as well as 

deformation and destabilization of volcanic building flanks (e.g., Ven
tura et al., 1999; Siebert, 2002; Maccaferri et al., 2017). 

The relationship between shallow crust structures and volcanism can 
be clearly observed throughout the entire Southern Volcanic Zone of the 
Andean Ridge (Cembrano and Lara, 2009). Convergence between Nazca 
and South American plates is slightly oblique and establishes a dextral 
regime, with a rate of 7–9 cm/year, which has prevailed for the past 
20 Ma for the 33◦–46◦ S (e.g., Pardo-Casas and Molnar, 1987; Somoza, 
1998; Angermann et al., 1999). This regime facilitates the development 
of NNE-SSW and NE-SW structures and reactivation of NW-SE Andean 
transverse faults (Cembrano and Lara, 2009; Sánchez et al., 2013; 
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Pérez-Flores et al., 2016; Piquer et al., 2019). 
Particularly, between 37◦ and 38◦ S, an accommodation zone is 

generated between two transpressive systems (Folguera et al., 2004; 
Melnick et al., 2006), and the Caviahue-Copahue volcanic complex is 
developed in this sector (37◦ 51′ S, 71◦ 02′ W). This volcanic complex is 
located 30 km east of the current volcanic arc front (Fig. 1). The most 
remarkable morphological feature inside the Caviahue-Copahue volca
nic complex is the Agrio caldera, which constitutes a semi-rectangular 
depression of 300 km2, with a N80◦W major axis direction (Fig. 2). 
Another remarkable morphological feature is the current Copahue 
stratovolcano, located in the southwest extreme of the caldera, with 
activity during the last two decades (Fig. 2; Delpino and Bermúdez, 
1993; Naranjo and Polanco, 2004; Petrinovic et al., 2014; Caselli et al., 
2016; Tassi et al., 2017). It presents nine aligned craters in a NE-SW 
direction and hydrothermal manifestations of great interest, being one 
of the most studied geothermal resources in Argentina (e.g., Pesce, 1989; 
JICA-EPEN, 1992; Sierra et al., 1992; Mas et al., 1995, 1996; Varekamp 
et al., 2009; Mas, 2010; Tassi et al., 2017; Barcelona et al., 2019, 2020, 
2021). 

Considering that the detailed recognition of the structures associated 
with volcanic systems can reduce the possible scenarios of volcanotec
tonic hazards and contribute to the exploration of geothermal resources, 
this study explores the relationship between the local structures, the 
stress field, and the geothermal fluid circulation paths for the Caviahue- 
Copahue volcanic complex. First, inversion of kinematic indicators 
measured at outcrop scale faults was carried out. Second, the results 
were correlated with a series of analogous models, where overlapping 

non-coaxial extensive events were established to achieve a local scale 
approach to the structural configuration observed in the area. These 
models allowed us to comprehend the role of the early-formed structures 
on the younger ones. 

2. Caviahue-Copahue volcanic complex geological settings 

2.1. Tectonic setting 

2.1.1. Liquiñe-Ofqui fault zone 
The Liquiñe-Ofqui fault zone is a 1200 km long intra-arc transient 

fault system (Fig. 1; Hervé, 1976, 1994; Cembrano and Hervé, 1993; 
Thomson, 2002). It is composed of NNE-SSW strike-slip faults with 
dextral kinematics, associated with NE-SW-trending faults with normal 
and dextral kinematics. This spatial arrangement forms duplex and 
horsetail geometries at the southern and northern extremes, respectively 
(Cembrano and Lara, 2009; Rosenau et al., 2006). Furthermore, the 
Liquiñe-Ofqui fault zone controls the occurrence, distribution and ge
ometry of the major stratovolcanoes along its strike (Fig. 1; Lara et al., 
2008; Cembrano and Lara, 2009; Sielfeld et al., 2017). 

According to Cembrano et al. (2000), the Liquiñe-Ofqui fault zone 
registers ductile deformation with a dextral component between 6 and 
3 Ma. From 1.6 Ma, a brittle deformation is recorded on the surface 
through dextral strike-slip structures (Lavenu and Cembrano, 1999). 
According to GPS data, the current activity of the fault system could 
absorb about 6.5 mm/year of the forearc northward displacement 
(Wang et al., 2007). 

Fig. 1. Regional map where main morphotectonic units and fault systems are represented. (Melnick et al., 2006; Pérez-Flores et al., 2017). LOFZ: Liquiñe-Ofqui Fault 
Zone; ACFZ: Antiñir-Copahue Fault Zone. CP: Copahue volcano; CQ: Callaqui volcano; LQ: Lonquimay volcano; LL: Llaima volcano. Orange focal mechanisms (lower 
hemisphere, compressional quadrants) are taken from Barrientos and Acevedo (1992) and Global Centroid-Moment Tensor (GCMT), indicating year and magnitude. 
Modified from Melnick et al. (2002). 
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The Liquiñe-Ofqui fault zone rotates clockwise in the northern 
extreme, distributing deformation in a “horsetail” faults spatial 
arrangement (the Lomín Fault; Figs. 2 and 3; Melnick et al., 2006). This 
arrangement is composed of NE-SW-trending faults parallel to the Lomín 
River, approximately 25 km long, which ends in the southwestern sector 
of the Agrio caldera (Figs. 1 and 2). According to Melnick et al. (2006), 
these horsetail faults present transtensive kinematics, originating the 
depression where El Barco lake is located (Fig. 3). 

2.1.2. Andean transverse faults 
The Andean transverse faults are a series of oblique-to-the-arc 

discrete faults that present a WNW-ESE to NW-SE-trends (Fig. 1; 
Sánchez et al., 2013). These series are inherited faults prior to the 
generation process of the Andean ridge (Radic, 2010), which may in
fluence Quaternary volcanism in the Central and Southern Andes 
(Tibaldi, 2005; Acocella and Funiciello, 2006; Cembrano and Lara, 
2009). Remote sensing, geophysical data and field evidence suggest that 
they play a significant role as lithospheric-scale structural elements in 
depth (Yáñez et al., 1998; Sánchez et al., 2013), with active sinistral 
kinematics confirmed by seismic data (Haberland et al., 2006; Aron 
et al., 2013). According to Pérez-Flores et al. (2016), these structures 
constitute large fault zones where big hydrothermal fluids reservoirs are 
hosted, developing fracture networks associated with mineral precipi
tation. Stanton-Yonge et al. (2016) indicate that NW-SE-oriented 
cortical faults have the potential to accommodate deformation result
ing from oblique subduction, up to 0.9 mm/year and 1 mm/year of 
sinistral- and reverse displacement, respectively. 

2.1.3. Antiñir-Copahue fault zone 
Another fault system related to the caldera is the Antiñir-Copahue 

fault zone (Folguera et al., 2004). This system is located in the northern 
sector of the caldera (Figs. 1 and 2) and is defined as a dextral trans
pressive fault system. Folguera et al. (2004) determine three segments of 
approximately 30 km each long 90 km of its regional trace: a northern 
sector, composed of dextral transpressive faults; a central sector, char
acterized by dextral transtension, with subordinate transpressive faults; 
and a complex southern sector, where minor transpressive structures 
and major transtensive depocenters coexist. 

2.1.4. Callaqui-Copahue-Mandolegüe lineament and local fault systems 
The Callaqui-Copahue-Mandolegüe is a 60 km long NE-SW-trending 

transverse to the arc lineament, composed by the amalgamation of 
several volcanic centers (Fig. 2; Folguera et al., 2004, 2016; Melnick 
et al., 2006; Rojas-Vera et al., 2009; Radic, 2010): from west to east they 
are the Callaqui volcano, the Copahue volcano, the Trolón volcano, the 
Cerro Bayo dome, and the monogenetic fields of El Huecú and Man
dolegüe. Two well-developed faults systems stand out within the Agrio 
caldera: the NE-SW-oriented Copahue village normal fault system 
(Bonali et al., 2016; Lundgren et al., 2017; Vigide et al., 2017; Barcelona 
et al., 2019, 2020; Lamberti et al., 2019) and a NW-SE-trending faults 
set, named Chancho-Có-Trolope fault system in this work (Fig. 2). Fol
guera et al. (2004) and Melnick et al. (2006) interpreted the Copahue 
village fault system as a transfer zone that would respond to the defor
mation between the dextral strike-slip of the Liquiñe-Ofqui fault zone, 
and the transpression produced by the Antiñir-Copahue fault zone 
(Fig. 1). On the other hand, Melnick et al. (2006) interpreted sinistral 
kinematics for the Chancho-Có-Trolope fault system, based on the 
parallelism with regional Andean transverse faults structures. Moreover, 
recent work on local seismicity suggests sinistral strike-slip displace
ment for the NW-SE structures (Montenegro et al., 2021). Both fault 
systems have a tectonic origin and were locally reactivated due to vol
canotectonic movements (Mon, 1987). Their relative age was first 
established by Mon (1987), considering its relations to the geomor
phological features produced by the pleistocene glaciation. This author 
concludes that an early structuration responsible for the Chancho-Có-
Trolope fault system affected a first glacial abrasion surface, while 
younger movements produced very fresh scarps affecting a younger 
Pleistocene glacial pavement (NE-SW striking faults of the Copahue 
village fault system). Recently, Barcelona et al. (2020) confirmed this 
relative timing based on field observations, stating that the Chan
cho-Có-Trolope fault system formed before the extrusion of the Pleis
tocene ignimbrites, while the other set of NE-trending structures affect 
the ignimbrites of the Las Mellizas Formation (Mon, 1987; Pesce, 1989; 
JICA-EPEN, 1992). Furthermore, interferometric data indicate local 
movements associated with the NE-SW striking faults (Vélez et al. 2011; 
Lundgren et al., 2017). 

Fig. 2. Schematic structural setting of the Callaqui-Copahue-Mandolegüe lineament and the associated fault systems. Modified from Melnick et al. (2006).  
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2.2. Stratigraphic framework 

The structural basement in this area is composed of lower Tertiary 
sedimentary and volcanic rocks, known as the Andesitic Series (Groeber, 
1956; Rapela and Llambías, 1985). For Oligocene to Miocene period, the 
area was controlled by extensional basins of continental rift origin, 
mainly infilled with pyroclastic rocks (Carpinelli, 2000; Jordan et al., 
2001; Folguera et al., 2003; Burns et al., 2006; Radic, 2010). Sin-rift 
deposits are represented by sedimentary and volcaniclastic rocks from 
Cura-Mallín Formation (González and Vergara, 1962), followed by 
volcanic to volcaniclastic rocks of Trapa-Trapa Formation (Niemeyer 
and Muñoz, 1983; Suárez and Emparan, 1997). 

The Trapa-Trapa Formation is unconformably overlayed by the 
pliocene volcanism of Cola de Zorro Formation in the Chilean sector 
(González and Vergara, 1962), known as Hualcupén Formation in 
Argentina (Pesce, 1989). It is locally interpreted as the result of 
fissure-related volcanism (Melnick et al., 2006; Sruoga and Consoli, 
2011), without a defined central building. Linares et al. (1999) estab
lished K/Ar ages ranging between 5.6 and 4 Ma for these volcanic and 

volcaniclastic rocks. The Hualcupén Formation is associated with mag
netic anomalies, which suggested NW-SE oriented feeder dikes 
(Rojas-Vera et al., 2008). 

Middle-upper Pleistocene of the Agrio caldera is represented by the 
volcanic products of Las Mellizas Formation (Melnick et al., 2006). 
However, there are discrepancies between reported geochronologic ages 
from various authors. Linares et al. (1999) established K/Ar ages of 
2.6 ± 1 Ma for the ignimbritic deposit of Las Mellizas Formation, while 
Sruoga and Consoli (2011) presented Ar/Ar ages of 125 ± 9 ka. 

Following the K/Ar ages registered by Linares et al. (1999), the 
post-caldera volcanism is established after 1.2 Ma, conformed by fissure 
lavas of Trolope Formation (Pesce, 1989; Sruoga and Consoli, 2011), the 
associated acid domes of Riscos Bayos Formation (Melnick et al., 2006), 
and the development of the Copahue volcano (Delpino and Bermúdez, 
1993; Melnick et al., 2006; Sruoga and Consoli, 2011). 

2.3. Geothermal system 

The geothermal field associated with the Copahue volcano comprises 

Fig. 3. Geologic map of the Caviahue-Copahue volcanic complex. Modified from Melnick et al. (2006) and Sruoga and Consoli (2011).  
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five major manifestations: Copahue village, Anfiteatro, Las Maquinas 
and Maquinitas hot springs located NE of Copahue volcano. Chancho-Có 
thermal area is located 2.5 km north of the volcano, in Chilean territory. 
All hydrothermal zones are located over the topographic high delimited 
by the Trolope (to the north) and Chancho-Có faults (to the south; 
Fig. 3). In addition, these manifestations are located on Las Mellizas 
Formation and are characterized by intense acid-sulfated alteration and 
fumarolic activity (Groeber and Corti, 1920; Mon, 1987; JICA-EPEN, 
1992; Sruoga and Consoli, 2011; Agusto et al., 2013; Barcelona et al., 
2019). 

This hydrothermal system is intrinsically associated with the high- 
angle normal faults of the Copahue village fault system (Mon, 1987; 
Bonali et al., 2016; Lundgren et al., 2017; Barcelona et al., 2019, 2020, 
2021; Lamberti et al., 2019), which control the circulation of fluids. The 
Chancho-Có-Trolope fault system seems to compartmentalize the 
development of these normal faults (Barcelona et al., 2019, 2020). 

3. Methodology 

After a compilation of published structural maps (Melnick et al., 
2006; Rojas-Vera et al., 2009; Bonali et al., 2016; Lamberti et al., 2019; 
Barcelona et al., 2020), a detailed structural field survey was performed. 
Both kinematic indicators at outcrop-scale faults and fractures were 
obtained at different sites inside the Agrio caldera. The reduced paleo
stress tensors for several sites were calculated by the inversion of the 
kinematic indicators. Finally, interpretations made on the structural 
evolution of the area were compared and validated by a series of 
analogue models addressing the overimposition of two non-coaxial 
extensional stages. 

3.1. Fractures and faults sampling and kinematic analysis 

A fractures-and-faults survey was carried out measuring fault planes 
at outcrop scale and, when possible, slip directions, following the 
recognition criteria introduced by several authors (Petit, 1987; Angelier, 
1994; Doblas, 1998). These criteria are based on the determination of 
movement sense after recognizing kinematic indicators on a fault plane, 
such as slickensides, crystal fibers on slip planes, and associated Riedel 
fractures. 

Principal strain axes were computed using the moment tensor sum
mation method, using FaultKin software (Marrett and Allmendinger, 
1990; Allmendinger et al., 2012). This software calculates each fault 
plane shortening and extension axes (P and T axes, respectively). The 
average kinematic solution for each fault population was also obtained 
using Linked Bingham Distribution statistical method (Marrett and All
mendinger, 1990), which allowed determining the directional maxima 
of the λ3 and λ1 strain axes. Unfolding correction was not applied 
because no evidence of significate blocks rotation was identified during 
fieldwork. Classification of the kinematic solutions and the automatic 
hierarchical clustering based on centroid and euclidean distances be
tween the principal axes of the deformation tensors were performed 
using the FMC software (Álvarez-Gómez, 2019). 

3.2. Stress inversion 

The inversion method is based on the reconstruction of the stress 
field orientation, which generated the recognized faults system (Wal
lace, 1951; Bott, 1959; Angelier, 1984; Yin and Ranalli, 1993). From a 
kinematic compatible fault data set, four parameters of the reduced 
stress tensor are obtained, according to Angelier (1994): the principal 
stress axis σ1 (maximum compression), σ2 (intermediate compression) 
and σ3 (minimum compression), and the ratio of principal stress dif
ferences R = (σ2 - σ3)/(σ1 - σ3). 

The Win-Tensor software (Delvaux, 1993) was employed to deter
mine a reduced tensor by using an improved version of the Right 
Dihedral method of Angelier and Mechler (1977), and a 

four-dimensional numeric rotational optimization (Delvaux, 1993). This 
last process involves the successive rotations of the tensor, testing 
equivalent configurations under the same R, until obtaining the mini
mum value of a misfit function (Miyouna et al., 2018). Once the relation 
R has been defined, the stress regime can be expressed numerically ac
cording to the definition of Delvaux et al. (1997), using an R′ index 
which is convenient to compute the mean regional stress regime from a 
series of individual stress tensors in a given area. 

This software determines the quality of the obtained tensor based on 
the amount and orientation of fault-plane dispersion in a data set. Four 
defined quality ranges can be determined, from A (good) to D (unreli
able). In many cases, the software can indicate an E quality that does not 
imply that the results are not acceptable, but rather that the program 
considers that the requirements to validate the confidence are not given. 
In the case of the Caviahue-Copahue volcanic complex case, we use the 
inversion fault populations with at least 10 compatible faults, resulting 
in more reliable tensors. 

3.3. Experimental methodology 

3.3.1. Model setup 
After recognizing variations in the kinematic solutions for the local 

structural domains, and analyzing their origin and their relationship 
with the main structures within the caldera, a series of analogous sand 
models were carried out. The particular objective of these experimental 
model series is to evaluate the structural control exerted by the faults 
array of an early extensional stage over subsequent structures, produced 
under an overimposed non-coaxial extensional stage. With these simu
lations, we intend to assess the structural role of the anisotropies 
imposed by the Chancho-Có-Trolope fault system over the most modern 
Copahue village fault system, and in particular, to unravel the genetic 
origin of both dextral and sinistral strike-slip fault plane solutions ob
tained associated with the Chancho-Có-Trolope fault system. At this 
point, it is important to note that the genesis of both fault systems was 
oversimplified by establishing pure extensional boundary conditions, 
which does not reflect the origin of these extensional arrangements. 
Most authors agree that transtension plays a key role in the described 
structural configuration. However, at the scale of interest, the simplifi
cation assumed is valid and allows us to analyze and evaluate possible 
structural evolutions, as will be discussed later. 

The NW-SE normal faulting domain observed in the area corresponds 
to the Chancho-Có-Trolope fault system (Fig. 2), composed of faults with 
normal-oblique and normal kinematics related to fissure eruptive events 
that occurred during the Miocene-Pliocene (Melnick et al., 2006; Sruoga 
and Consoli, 2011). This structural setting was simulated in our models 
by the induction of an extensional event that gave rise to a set of 
well-developed sub-parallel normal faults, sub-perpendicular to the 
stretching direction imposed. Considering the normal kinematic solu
tions obtained for the younger NE-SW to ENE-WSW-oriented Copahue 
village fault system, a second stretching stage was overimposed on the 
previously developed normal-faults arrangement. The stretching direc
tion applied formed an angle of 60◦ with the previous one, looking to 
reproduce the natural configuration of the study case. 

A basal latex sheet was used to induce stretching to the overlying 
sand packet (Fig. 4a), reproducing the experimental approach taken in 
many previous kinds of research (Withjack and Jamison, 1986; Tron and 
Brun, 1991; McClay and White, 1995; Clifton et al., 2000; Clifton and 
Schlische, 2001; Bechis et al., 2014). A first layer of wet sand (5% H2O 
by volume) was placed over the latex sheet to represent a stronger 
basement; this small amount of water allowed the sand to have greater 
cohesion than dry sand (Naylor et al., 1986; van Mechelen, 2004; Bechis 
et al., 2014). This sand package was covered by a less cohesive dry sand 
layer, simulating a sedimentary cover (Fig. 4b). The whole sand thick
nesses established for the modelling came out from the idealized 
sequence in the area of the natural prototype. As mentioned before, the 
structural basement of the study area is composed of the Andesitic Series 
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(Groeber, 1956; Radic, 2010), which is supposed to have a different 
mechanical behavior than the weaker cover rocks (Heap et al., 2016; 
Farquharson et al., 2017; Heap and Violay, 2021). This last mechanical 
section includes the sinrift sequence of Cura-Mallín and Trapa-Trapa 
Formations, represented by a 2 cm thick dry sand layer, and the volca
nic and volcaniclastic deposits of the Hualcupén and Las Mellizas for
mations, simulated by the upper 1 cm thick layer of the model (Fig. 4). 

A basal latex sheet of 35 cm wide by 60 cm long was used, with 
attached side walls (Fig. 4a). One of them was connected to a computer- 
controlled motor, allowing the latex to stretch, while the opposite wall 
was fixed to the modelling table. The basal latex sheet purpose is to 
uniformly transfer the deformation to the cover (Withjack and Jamison, 
1986), simulating the upper section of a ductile lower crust (Withjack 
and Jamison, 1986; Bechis et al., 2014). The north direction in the ex
periments was chosen to get a reference frame where the stretching 
direction of stages I and II were N30◦ and N150◦, respectively (Fig. 4a). 
This configuration eases the correlation of the resulting fault arrays with 
the main fault systems of the Agrio caldera: the Chancho-Có-Trolope 
fault system and the Copahue village fault system. 

A 1 cm thick layer of wet sand was placed over the elastic latex sheet 
(Fig. 4b). Above, well sorted dry quartz sand with well-rounded grains, 
smaller than 300 μm and density (ρ) around 1400 kg/m3, was me
chanically sieved to get a 2 cm-thick package, reaching a total thickness 
of 3 cm (Fig. 4b). The first extensional pulse was then applied, pulling 
the moving side I at a constant rate of 0.05 mm s− 1 until a final 
stretching of 5 cm (14%) was achieved (Fig. 4a). This extension was 
enough to generate observable fault scarps on the model surface. The 
resulting relief was covered with dry sand until a new horizontal surface 
was reached. Subsequently, sedimentation was completed until reaching 
4 cm of the total thickness (Fig. 4b). 

In order to prepare the model for the second extensional stage, two 
parallel lateral wooden sides were fixed to the latex sheet in tension, 
forming an angle of 60◦ concerning the other two wooden sides (Fig. 4a). 
The western side was displaced 3.8 cm (9.5% of extension) at a constant 
rate of 0.024 mm s− 1, while the other side remained fixed to the 
modelling table. In this way, the NW-SE applied stretching affected the 
oblique pre-existing normal faults network formed during stage 1; the 
relatively low amount of extension applied accounts for the incipient 
nature of the Copahue village fault system in the natural case (e.g., 
Bonali et al., 2016; Barcelona et al. al, 2019). 

A fixed, high-resolution digital camera was used to photograph the 
top surface of the models at regular time intervals to study their map- 
view evolution. At the end of stage 1 of each experiment, their top 
surfaces were scanned with a high-resolution laser scanner, resulting in 
topographic maps with ~0.1 mm resolution. In addition, the digital 
photographs taken every 20 s were processed using optical image cor
relation techniques (PIV: particle imaging velocimetry). We used the 

MatPIV v. 1.6.1 open-source software (Sveen, 2004) for MatLab ®, 
which allows quantifying the particle movements in materials subject to 
deformation based on image correlation techniques between two suc
cessive images (Adrian, 1991; White et al., 2001; Adam et al., 2005; 
Thielicke and Stamhuis, 2014). The correlation computes the most 
probable displacement for a group of particles within the established 
search windows between one image and another, in this case, 16 × 16 
pixels (1 pixel = 0.4 mm of the model). The search areas were selected in 
32 × 32 pixels and 16 × 16 pixels (1 pixel = 0.4 mm of the model). The 
PIV results were processed with the GEODEF 1.1 software (Yagupsky, 
2010) to obtain incremental and cumulative deformation patterns. This 
analysis considers the directional derivatives for each incremental vec
tor between two images and thus allows the calculation of an incre
mental deformation matrix for each point of the model surface. In this 
work, in order to best visualize the strain pattern evolution of the models 
surface, we used two strain parameters: the ellipticity (relationship be
tween the major and minor axis of the deformation ellipse) for the in
cremental deformation, and the accumulated rotation (sum of the 
rotational component of each incremental deformation matrix) for the 
accumulated deformation. 

3.3.2. Material properties and scaling 
The selected dry sand presents density values between 1500 and 

1730 kg/m3, an angle of internal friction close to 33◦ and relatively low 
cohesion, C < 50 Pa (Yagupsky et al., 2008). van Mechelen (2004) 
showed that the dry sand cohesive strength could be increased by adding 
a small amount of liquid while other mechanical properties are pre
served. The small amount of water incorporated into the sand volume 
was blended using a mixing machine for about 5 min. Slightly moistened 
sand (5% water by vol.) acquires a density of 1900 kg/m3, an internal 
friction angle close to 40◦, and a cohesion of 400 Pa (Bechis et al., 2014). 

Models should satisfy the scaling equation proposed by Hubbert 
(1937), which relates the geometrical, kinematic and dynamic similarity 
between the model and nature. The models were scaled so that 1 cm of 
the experiment represents 1 km in the field, that is, L* = 1 × 10− 5. The 
density relationship between the granular materials 
(1200–1900 kg m− 3) and natural rocks (2600–3300 kg m− 3) is ρ* ~0.5. 
Also, both the model and the natural prototype are subjected to the same 
value of the gravity acceleration (g* = 1). Considering that the natural 
rocks cohesion values range from 15 to 110 MPa (Schellart, 2000), 
granular materials with cohesion between 50 and 400 Pa are appro
priate for the simulations. This responds to the stress relationship ob
tained, σ* = ρ* x g* x L* = 6 × 10− 6. Therefore, the materials used are 
appropriate as they satisfy the scaling criteria. 

Fig. 4. Diagrams showing the configuration of the experimental apparatus and the used materials in (a) upper and (b) lateral views.  
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4. Results 

4.1. Structural domains into the Agrio caldera 

Based on the main structures recognized in the Agrio caldera (Mon, 
1987; JICA-EPEN, 1992; Melnick et al., 2006; Barcelona et al., 2019, 
2020), it is possible to define two major structural domains. The most 
relevant structural domain (named the Chancho-Có-Trolope fault sys
tem; Fig. 2) is composed of ~WNW-ESE oriented faults, with traces of 
several kilometers in length. These structures may occasionally 
display ~ NW-SE inflections, as in the case of the Chancho-Có fault 
(Fig. 5). This domain has a regional development, crossing the caldera 
from east to west with occurrences to north and south. The most 
essential morphostructural lineaments belonging to this domain are 
found in the western and southern sectors of the caldera, where they 
define the Caviahue lake horseshoe shape and the southern caldera rim 
(Fig. 5). According to the bibliography, these structures recorded obli
que or normal kinematics related to fissure eruptive style events that 
occurred during Miocene-Pliocene (Melnick et al., 2006; Sruoga and 
Consoli, 2011). 

The second important domain is the Copahue village fault system, 
composed by NE-SW to ENE-WSW-oriented structures (Fig. 5). They 
seem to have a restricted development within the caldera area (Fig. 2), 
between the Chancho-Có and Trolope faults to north and south respec
tively (Fig. 5). Outside the caldera, in the southwestern sector, this 
orientation is represented by segments of Lomín fault (Fig. 5), while no 
structures with these strikes are identified to the east of the caldera. 

It is important to note that the hydrothermal manifestations of the 
Caviahue-Copahue volcanic complex are found in the Copahue village 
fault system domain, delimited both to the north and south by ~ NW-SE 
lineaments (Fig. 5). It was also observed that a NNW-SSE-oriented 
lineament crosses the north flank of the Copahue volcano, connecting 

the Chancho-Có thermal zone, the Copahue volcano active crater and 
the Pucón Mahuida dome (Fig. 5). This trace restricts the development 
of the ~WNW-ESE structures towards the western sector of the study 
area. 

4.2. Fractures direction and kinematic analysis 

From the survey of kinematic fault data, a total of 180 fault planes 
and 111 fractures were measured in 15 sites (Figs. 5 and 6; Appendix 1). 
First, the outcrop-scale fault populations yielded three dominant direc
tion trends (Fig. 6d): NE-SW to ENE-WSW, NNE-SSW, and NW-SE. In 
addition, fractures show three main trends: NE-SW, ENE-WSE and NNW- 
SSE (Fig. 6d). Over 75% of these structures have dips greater than 70◦

(Fig. 6e), in good agreement with measurements made by Barcelona 
et al. (2019) and field observations performed by other authors (Mon, 
1987; Lundgren et al., 2017; Roulleau et al., 2017). 

The existence of fault sets that yield more than one solution could 
indicate the presence of heterogeneities (Marrett and Allmendinger, 
1990). Several solutions can be obtained with homogeneous sub
populations that meet the requirement of kinematic compatibility. In 
particular, two solutions (a and b) were obtained on sites 8, 10, 12, 14 
and 15. Of the total kinematic indicator data for the Caviahue-Copahue 
volcanic complex, a minority of them were eventually discarded due to 
their poor quality or the dispersion of the fault data at each station. 
Kinematic analysis is summarized in Table 1. 

Twenty solutions with the corresponding principal strain axes have 
been computed for the 15 sites, widely distributed in different sectors of 
the caldera. The Karevina diagram (Kaverina et al., 1996; Kagan, 2005) 
was used to rank the kinematics of each solution (Fig. 7). A total of eight 
solutions were classified as normal, three as normal-strike-slip, two as 
strike-slip normal, two as strike-slip, four as strike-slip reverse and one 
as reverse strike-slip. These solutions were subjected to automatic 

Fig. 5. Structural settings of Caviahue-Copahue volcanic complex, taken from Barcelona et al. (2019). Measure sites are indicated with black boxed numbers. 
Location of thermal areas taken from JICA-EPEN (1992). 
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hierarchical classification (Álvarez-Gómez, 2019), and five groups were 
obtained, which are described below. 

Fig. 8 shows the spatial distribution of the kinematic solutions over a 
shaded DEM with the main structures. The most representative group is 
composed of eight normal kinematic solutions (sites 1, 2, 4, 7, 9, 10a, 
12a and 14a) that spread through the NNE flank of the Copahue volcano 
and in the geothermal field within the caldera (Fig. 8). Solutions from 
sites 7, 10a, 12a and 14a, and sites 1 and 9 have a null B-axis that cor
relates with NE and NNE trending faults, respectively; both are part of 
the Copahue village fault system. On the other hand, sites 2 and 4 have a 
null B-axis that correlates with an NNW-trending lineament towards the 
southwest of the caldera. 

Site 3, placed at the international passage of Pucón Mahuida, shows a 
reverse solution with a minor right-lateral strike-slip component. This 
solution corresponds with a transpressive local regime, where the 
shortening axis is sub-horizontal and oriented in the NE direction. The 
extensional axis, also sub-horizontal, is oriented in the NW direction. 

Normal solutions with minor strike-slip components are mostly 
placed at the Chancho-có, Anfiteatro-Copahue and Las Maquinitas 
geothermal zones (sites 6, 8a and 13, respectively). Sites 8a, between 
Anfiteatro and Copahue, and 13, immediately north of Las Maquinitas, 
are associated with a NW-trending fault with a minor left-lateral strike- 
slip component. Chancho-có (site 6) and northern Copahue (site 15a) 
geothermal zones are associated with a NE-trending fault system. 
However, while in the former the strike-slip component is minor, in the 
latter it is dominant. 

In the north of the caldera, site 5 shows a right-lateral strike-slip 
solution, with an N–S-oriented extension axis and an E-W-oriented 
shortening axis, both sub-horizontal. Although it is formed by few data, 
this NE-trending faults array is associated with a regional structure near 
the Cerro Bayo dome (Fig. 5), constituting the southern end of the 
dextral strike-slip Antiñir-Copahue fault zone. Two other strike-slip 

solutions were defined immediately north (site 15 b) and south (14 b) of 
the village of Copahue. The former has an NNW-SSE-oriented shortening 
axis consistent with a left-lateral displacement, and the latter has a 
WNW-ESE-oriented shortening axis with a right-lateral displacement. 
These solutions are structurally associated with the NE- ENE-trending 
faults of the Copahue village fault system, as will be discussed later. 

Four strike-slip – reverse solutions were obtained; interestingly, they 
are distributed along WNW-ESE structural trends inside the geothermal 
field. The solutions from sites 11 and 8 b, located between Las Maqui
nitas and Las Maquinas and between Anfiteatro and Copahue hydro
thermal zones, respectively, are pretty similar, with NW-SE-oriented 
shortening axis and NE-SW-oriented extension axis. Also, the kinematic 
solution at the Chancho-có fault (site 10 b) is characterized by an NW- 
SE-oriented shortening axis. Finally, site 12 b presents a strike-slip – 
reverse solution with NE-SW-oriented shortening and NW-SE-oriented 
extension axis at the Las Maquinitas hydrothermal zone. Despite the 
dispersion of the shortening-extension axis orientations between solu
tions, all these low representative statistical solutions (sites 8 b, 10 b and 
12 b) define similar kinematics, suggesting that they may be repre
senting a reactivation of pre-existing anisotropies not ideally oriented 
for accommodating the overall deformation. 

We interpret that most of the solutions with dominant strike-slip 
kinematics obtained inside the caldera (e.g., 8 b, 10 b, 11, 12 b, 14 b 
and 15 b) reflect the lateral movement of transfer zones of the Copahue 
village fault system, probably reactivating pre-existing WNW-ESE un
derlying faults of the Chancho-Có-Trolope fault system; this will be 
further analyzed with analogous models (Section 5.3) and discussed 
(Section 6). 

4.3. Stress inversion results 

Stress inversion was carried out in those populations with more than 

Fig. 6. (a, b, c) Steps and striation in Las Mellizas Formation. Red arrows indicate the kinematic sense. (d) Rose diagrams of fault planes and fractures population 
measured at 15 sites. (e) Pole density diagram of fractures and faults population. 
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10 fault data, which fulfilled the kinematic compatibility necessary to 
consider homogeneous faulting (Wallace, 1951; Bott, 1959). An initial 
dataset, equal to or greater than 10 compatible faults, assures a more 
reliable result (e.g., Delvaux, 2003). The stress inversion results are re
ported in Table 2 and Fig. 9. Data were excluded during processing to 
obtain a better fit with the largest possible data set. When more than four 
faults are excluded, they are not discarded; instead, they are arranged in 
a subset for a new calculation of another stress tensor. Five consistent 
paleostress tensors were obtained, all of them extensional. 

Site 2 is located in the southeastern part of the Copahue volcano. A 
paleotensor compatible with a sub-vertical σ1, a N–S sub-horizontal σ2, 
and an E-W-oriented sub-horizontal σ3 was obtained (Fig. 9). This 
configuration describes a radial extensional regime, with an R’ = 0.14 
and a “D" quality. The maximum principal stress orientation coincides 
with the obtained P-axis position in the kinematic solution (Fig. 8). 

On the northeastern flank of the volcano, site 4 also indicates a radial 
extensional regime, with a sub-vertical σ1, a NNE-SSW-oriented sub- 
horizontal σ2, and a NW-SE-oriented horizontal σ3 (Table 2 and Fig. 9). 
Compared with the kinematic solution obtained for this site, the 
maximum and minimum stresses orientations roughly coincide with the 
respective deformation axes (P and T). 

A pure extensional stress regime is recorded for site 8, located be
tween the Copahue village and Anfiteatro thermal manifestation; the σ1 
direction is sub-vertical, σ2 is sub-horizontal, trending ENE-WSW, and 
the σ3 is horizontal and NNW-SSE-oriented (Table 2 and Fig. 9). Con
cerning the main kinematic solution obtained for this site (8a in Fig. 8), 
σ3 direction is parallel to the T-axis. In addition, the maximum hori
zontal stress (SHmax) direction is in good agreement with the regional 
SHmax (azimuth 060◦) obtained by Lavenu and Cembrano (1999) to
wards the south of the Caviahue-Copahue volcanic complex, using an 
inverse microfault analysis. Rosenau et al. (2006) estimated the same 
azimuth by analyzing volcanic centers elongation and dikes directions at 
the northern end of the Liquiñe-Ofqui fault zone. 

In Maquinitas hotsprings, east of the Copahue village (site 12), the 
slip inversion gives rise to a sub-vertical σ1, a NNE-SSW-oriented σ2, and 
a NW-SE-oriented, gently dipping σ3 (Table 2 and Fig. 9). This config
uration indicates a radial extensional regime, with R’ = 0.19, suggesting 
a relatively low magnitude of σ2. The maximum (σ1) and minimum (σ3) 
principal stress directions coincide with the P and T-axis ones of the 
main kinematic solution obtained for this site (12a in Fig. 8), 
respectively. 

Finally, site 14 reveals a radial extensional regime for the Copahue 
village area. The σ1 is sub-vertical; σ2 is sub-horizontal and oriented 
NNE-SSW, while σ3 is sub-horizontal and oriented NW-SE. The 
maximum and minimum stress orientations coincide with those ob
tained for P and T axes of the main faults set of this site, respectively 
(14a in Fig. 8). 

The obtained paleostress configurations are consistent as a whole 
with a pure to radial extensional regime, with a NE-SW to ENE-WSW- 
oriented SHmax. Sites 8, 12 and 14 are associated with the Maquini
tas, Villa Copahue and Anfiteatro thermal areas (Fig. 9). Lamberti et al. 
(2019) and Barcelona et al. (2019) established that the rise of fluids in 
these thermal zones are directly linked to the normal faults of the 
Copahue village fault system. The slight differences found between the 
local SHmax obtained and the regional SHmax reported in the literature 
may be a consequence of the overpressure of geothermal fluids that 
slightly deviate the direction of the stress field (e.g., Magee and Zoback, 
1993; Sibson, 1996; Sibson and Rowland, 2003). 

4.4. Analogue models results and discussion 

The first fault scarps developed after 1-cm stretching have NW-SE 
direction, normal to the applied extension. They were located near the 
mobile edge, probably due to a higher initial stretching of the latex 
sheet. The formation of these faults gave rise to an incipient horsts-and- 
grabens array (Fig. 10). After 5 cm of mobile wall displacement, the 

Table 1 
Fault plane solution data for the 15 measurement sites in the Caviahue-Copahue 
volcanic complex area (see map on Fig. 5 for sites location). n/nt is the selected 
fault number concerning the total data for each station. λ3: shortening axis, λ2: 
null axis; λ1: extension axis.  

Site Name (rock Formation) Solution n/nt λ3 λ2 λ1 

1. Down to Trolope (Las 
Mellizas Fm.) 

a 5/6 55/ 
094 

13/ 
203 

32/ 
301 

2. Pucón Mahuida (Copahue 
Fm.) 

a 10/ 
11 

78/ 
271 

09/ 
134 

08/ 
043 

3. Hito (Las Mellizas Fm.) a 6/8 24/ 
213 

32/ 
319 

47/ 
093 

4. Volcano fault (Copahue 
Fm.) 

a 14/ 
18 

52/ 
228 

24/ 
353 

27/ 
096 

5. Cerro Bayo (Las Mellizas 
Fm.) 

a 3/4 14/ 
097 

67/ 
226 

17/ 
002 

6. Chancho-Có hotsprings 
(Las Mellizas Fm.) 

a 4/5 45/ 
023 

42/ 
230 

14/ 
128 

7. Las Maquinas hill (Las 
Mellizas Fm.) 

a 6/7 54/ 
307 

01/ 
039 

36/ 
130 

8. Anfiteatro-Copahue (Las 
Mellizas Fm.) 

a 11/ 
18 

49/ 
075 

39/ 
271 

08/ 
174   

b 5/ 
18 

06/ 
341 

53/ 
244 

37/ 
076 

9. Las Maquinas hotsprings 
(Las Mellizas Fm.) 

a 9/ 
11 

74/ 
074 

07/ 
191 

14/ 
283 

10. Chancho-Có fault (Las 
Mellizas Fm.) 

a 9/ 
16 

60/ 
123 

16/ 
243 

25/ 
340   

b 5/ 
16 

01/ 
357 

52/ 
088 

37/ 
266 

11. Blanco river (Las Mellizas 
Fm.) 

a 7/9 07/ 
150 

54/ 
250 

35/ 
055 

12. Las Maquinitas hotsprings 
(Las Mellizas Fm.) 

a 19/ 
31 

59/ 
315 

05/ 
054 

31/ 
147   

b 6/ 
31 

14/ 
217 

44/ 
113 

43/ 
320 

13. Ñires wood (Las Mellizas 
Fm.) 

a 4/6 45/ 
099 

42/ 
303 

12/ 
202 

14. Copahue virgin (Las 
Mellizas Fm.) 

a 10/ 
17 

56/ 
292 

15/ 
046 

29/ 
145   

b 7/ 
17 

22/ 
107 

66/ 
314 

10/ 
201 

15. North Anfiteatro (Las 
Mellizas Fm.) 

a 9/ 
15 

32/ 
284 

52/ 
066 

19/ 
182   

b 6/ 
15 

12/ 
353 

78/ 
171 

01/ 
262  

Fig. 7. Kaverina classification based on the principal axes of shortening (λ3), 
null (λ2) and extension (λ1) of the strain tensor solutions on Table 1 (Kaverina 
et al., 1996; Kagan, 2005). The shading of the symbols represents the groups of 
focal mechanisms resulting from the hierarchical clustering analysis. N: 
Normal; N-SS: Normal – Strike-slip; SS-N: Strike-slip – Normal; SS: Strike-slip; 
SS-R: Strike-slip – Reverse; R–SS: Reverse – Strike-slip; R: Reverse. Plot and 
clustering performed with FMC software (Álvarez-Gómez, 2019). 
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extensional faults system and associated relief were fully defined 
(Fig. 10a). The early-formed fault segments connected with each other, 
giving rise to greater length traces. Relay zones were also generated, due 
to the overlap of normal fault segments with either the same or opposite 
vergence. 

At the end of stage 1, the model was covered with horizontal dry sand 
layers until reaching 4 cm of the total thickness. In stage 2, a new 
stretching direction was imposed at 60◦ from the initial one (Fig. 10b). 
After reaching 1.2 cm of displacement, the first normal faults with short 
length (between 2 and 5 cm) became visible, close to the moving wall 
(Fig. 10b). 

After 2.4 cm of displacement, the NE-SW to ENE-WSW faults prop
agated laterally, covering the southern part of the interest area 
(Fig. 10c). The length of these structures was close to 5 cm; some showed 
slight curvatures at their ends, probably responding to border effects. In 

the western sector of the area, a minor WNW-ESE-striking fault was 
generated, with visible sinistral strike-slip displacement. 

After 3.6 cm of stretch, a NE-SW-oriented, unevenly distributed 
horsts-and-grabens system developed (Fig. 10d). The longest faults 
reached about 12 cm in length. Some of them developed curved traces. 
Also, short WNW-ESE- and NNE-SSW-oriented strike-slip faults were 
recognized. The former group had sinistral movement, while the latter 
showed dextral movement. Besides, relay ramps between opposite ver
gence normal faults were registered. 

By overlapping the structural maps of the first and second stages, it is 
observed that some first-stage structures limit the propagation of 
second-stage ones, giving rise to a compartmentalized normal faults 
array (Fig. 11a). By visual inspection, no reactivation of pre-existing 
oblique faults was registered during the latter extensional process. 

However, the incremental ellipticity maps of Fig. 11b reveal that 

Fig. 8. Kinematic results of the Caviahue-Copahue volcanic complex (equal area and lower hemisphere projection, compressional quadrants shown in white). Color 
of each solution represents the obtained groups after the automatic clustering analysis performed (see Fig. 7). 

Table 2 
Paleostress tensors from fault-slip data for the Caviahue-Copahue volcanic complex. n = number of measurements used for the inversion; nt = total number of 
processed measurements; σ1, σ2, σ3 = plunge and azimuth of principal stress axes; R = (σ2 - σ3)/(σ1 - σ3); R’ = stress regime index; α = average misfit angle.  

Site Name Location n/nt σ 1 σ 2 σ 3 R R′ α Regime Quality 

2. Pucón Mahuida 37◦52′51′′S 71◦08′48′′W 6/10 72/010 17/172 05/264 0.14 0.14 13.9 Radial extension D 
4. Volcano fault 37◦51′17′′S 71◦07′56′′W 10/14 53/212 37/035 01/304 0.11 0.11 38.3 Radial extension E 
8. Anfiteatro-Copahue 37◦48′51′′S 71◦06′13′′W 11/11 81/095 08/247 04/337 0.38 0.38 54 Pure extension C 
12. Las Maquinitas hotsprings 37◦49′10′′S 71◦05′26′′W 17/19 69/287 02/022 21/112 0.19 0.19 47.2 Radial extension C 
14. Copahue virgin 37◦49′14′′S 71◦06′08′′W 9/10 65/243 19/023 15/118 0.15 0.15 51.4 Radial extension D  
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some NW-SE linear zones absorb incremental deformation, conforming 
relay zones between the second-stage normal faults. These zones coin
cide with the location of the main pre-existing structures, showing that 
discrete segments accommodate some deformation during stage 2. Also, 
ENE-WSW directions absorbing incremental strain are seen (see sector B 
in Fig. 11b), reflecting the active normal faults mapped on stage 2. 
Finally, NNE to N–S deformation zones are detected and interpreted as 
new transfer zones between the second-stage structures, since their di
rection is sub-perpendicular to them (i.e., parallel to the stretching 
direction). 

Fig. 11c shows that the shear is accumulated in two particular zones. 
In sector A, NW-SE-oriented deformation zones predominate, associated 
with minor reactivations of previous extensional structures. However, in 
sector B, where there is a more significant development of normal faults 
generated during the second stage, NE-SW-trending structures absorb 
shear, displaying short NW-SE inflections. From this analysis, it is 
recognized that the initial structures of the model, which at first glance 
did not seem to reactivate, do so with strike-slip components linked to 
the transfer between active second-stage normal faults. These transfer 
zones express the structural heritage of the first structural stage of 
stretching. Therefore, these controls incorporate a strong imprint on the 
distribution and compartmentalization of the most recent structures, 
and their strike-slip kinematics is associated with the degree of obliquity 
between the applied stretch directions. 

As is highlighted by similar experiments in previous works (Henza 

et al., 2010, 2011; Ghosh et al., 2019), when there is an overlap of 
non-coaxial extensive events, with angles greater than 45◦ between both 
directions of stretching, the generation of the second-stage faults is 
compartmentalized by major first-stage faults. The same is observed 
during the initial to intermediate evolution of the second stage of our 
experiments (Fig. 11). Deformation concentrates over normal fault 
scarps and fault segments of the previous extensional stage that act as 
transfer zones for the active fault system. In advanced stages, defor
mation trends orthogonal to the direction of active stretching over
impose the previous structures, overcoming its structural control. 

5. Discussion and local structural characterization 

Kinematic structural analysis of fault-slip data was based on 15 
measurement sites in the Caviahue-Copahue volcanic complex. Fault 
plane solutions have roughly NNE-SSW to ENE-WSW, WNW-ESE to NW- 
SE, and NNW-SSE trends. The solutions are rather consistent, with a 
predominance of normal strike-slip kinematics. They define an exten
sional deformation regime likely leading to the NE-SW to ENE-WSW 
Copahue village fault system development (Fig. 12). This extensional 
system is morphologically well developed within the Agrio caldera. It 
correlates with extrusions of volcanic products (Melnick et al., 2006; 
Sruoga and Consoli, 2011) and the main surficial expressions of the 
hydrothermal system (JICA-EPEN, 1992; Lamberti et al., 2019). 

Paleotensors computed near Copahue village and along the 

Fig. 9. Stress inversion results for the Caviahue-Copahue volcanic complex, and its location. Lower-hemisphere Schmidt stereoplot of the fault-slip data subsets and 
corresponding stress tensor. Histogram of weighted misfit function. Major structures are shown in grey lines. 
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northeastern slope of the Copahue volcano define a local NE-SW to ENE- 
WSW-oriented SHmax, in good agreement with previous regional esti
mations (azimuth 060◦; Lavenu and Cembrano, 1999). This direction 
agrees with the main trend of the Copahue village fault system; it is also 
consistent with the alignment of craters of Copahue volcano (Nakamura, 
1977), with the Callaqui and Lonquimay volcanoes elongation axes, and 
with the alignment of other minor emission centers (Rosenau et al., 
2006; Cembrano and Lara, 2009; Bertín, 2010; Sielfeld et al., 2017). 
Within the Caviahue-Copahue volcanic complex, this direction coincides 
with the lineaments which contain the Pucón Mahuida acid dome over 

the southeastern sector of Copahue volcano, and the fissure vents of the 
Trolope Formation (Sruoga and Consoli, 2011). 

A strike-slip kinematic solution is obtained in the Cerro Bayo dome, 
northeast of the caldera (Fig. 8). Although based on a poor fault-slip 
population, the E-W-oriented sub-horizontal P-axis express consistency 
with the southern end of the regional dextral strike-slip Antiñir-Copahue 
fault zone. On the other hand, the kinematic solution and paleostress 
results in volcanic areas (sites 2 and 4 placed on Pucón Mahuida dome 
and Copahue volcano, respectively; Fig. 9) could respond to volcanic 
building lithostatic load stress (Watanabe et al., 2002; Roman and 

Fig. 10. Stage 1: first extensional event; stage 2: second non-coaxial extensional event. (a) left: plan-view of the final state after the first extensional event; right: 
structural interpretation. (b, c, and d) left: plan-view photographs, taken in different moments of the second extensional stage; right: corresponding structural 
interpretation. 

Fig. 11. (a) Structural map of stage 2 (in black), over the topography of the final state of stage 1; whose structures are mapped in grey. (b) Incremental ellipticity 
between successive pictures, calculated for 6% of extension, and (c) cumulative shear rotation in two sectors of the model (boxes in “a") after 2.4 cm extension during 
the second stage (blue = dextral shear rotation, red = sinistral shear rotation). 
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Jaupart, 2014; Maccaferri et al., 2014), where vertical shortening axis is 
expected to predominate. The influence of the inflation and deflation 
processes of the volcanic building (e.g., Vélez et al., 2011, 2016; 
Lundgren et al., 2017) over the local stress could not be ruled out. 

It is interesting to note that the strike-slip - reverse kinematic solu
tions (8 b, 10 b, 11, 12 b; three of them right-lateral) and the pure strike- 
slip kinematic solutions (14 b and 15 b left- and right-lateral, respec
tively) coexist with the normal faulting regime and associated paleo
stress configuration obtained from the Copahue village fault system. 
Moreover, this fault system overimpose the previous WNW-ESE to NW- 
SE-oriented Chancho-Có-Trolope extensional fault system. Physical 
models where different extensional phases overlap, commonly non- 
coaxial (e.g., Badley et al., 1988; Sinclair, 1995; Boccaletti et al., 
1998; Lepvrier et al., 2002; Huchon and Khanbari, 2003; Morley et al., 
2004; Bellahsen et al., 2006), usually show that the pre-existing normal 
faults orientation significantly influences the development of subse
quent normal faults setting (Henza et al., 2010, 2011; Ghosh et al., 
2019). This influence impacts on (i) the faults linkage during reac
tivation, (ii) the displacement magnitude and direction of reactivated 
faults, and (iii) the attitude, length, and amount of newly-formed normal 
faults (Henza et al., 2010, 2011; Ghosh et al., 2019). The designed series 
of analogous models aim to achieve a local scale understanding of the 
observed structural configuration, analyzing, in particular, the role of 
structural heritage (the Chancho-Có-Trolope fault system) on the 
younger normal faults array of the Copahue village fault system. 

The influence of the Chancho-Có-Trolope fault system as anisot
ropies on the subsequent development of the Copahue village fault 
system was simulated by two non-coaxial extensional events imposed on 
the analogue experiments. It is essential to clarify that the genesis of 
each fault system was oversimplified through the establishment of pure 
extensional boundary conditions. This does not imply that the studied 
prototype has suffered extensional tectonic configurations such as rift 
systems, but rather that it is intended to achieve a local response linked 
to larger-scale processes. Therefore, the first simulated stage corre
sponds with the extensional deformation episode registered by the 
Chancho-Có-Trolope fault system, probably caused by reactivations of 

the Agrio caldera during the early Pleistocene (Melnick et al., 2006; 
Sruoga and Consoli, 2011). The synthetic normal faults system was 
subjected to a new extensional stage, simulating the local response to a 
major transtensive tectonic regime, associated with the inflection point 
of the Liquiñe-Ofqui fault zone at this latitude, under a NE-SW-trending 
SHmax since 1.6 Ma (Lavenu and Cembrano, 1999; Rosenau et al., 2006; 
Somoza and Ghidella, 2012). 

Incremental ellipticity and cumulative rotation analyses for an in
termediate displacement step of the second stretching stage revealed the 
activation of transfer zones between active normal faults, taking 
advantage of pre-existing normal faults (Fig. 11). Besides, these early 
structures restrict the lateral propagation of the second-stage fault 
traces, giving rise to a compartmentalized fault array. NW-SE and N–S to 
NNE-SSW transfer zones were also identified through the incremental 
strain mapping, in addition to the WNW-ESE ones (Fig. 11). They are 
sub-perpendicular to the main strike of the normal faults of the second 
stage, as expected for transfer faults without a pre-existing structural 
fabric. For relatively low angles (less than 45◦) between both stretching 
directions, early-formed faults reactivate with strike-slip kinematics; 
this is consistent with similar studies that investigate the effect of a pre- 
existing oblique normal fault network on the geometry of the younger 
normal faults (Henza et al., 2010, 2011; Ghosh et al., 2019). 

It should be noted that some uncertainty remains on the relative 
chronology between both structural systems, given the absence of reli
able radiometric dating of key volcanic units of this area. The observa
tion of cross-cutting relations between faults is not either possible, 
because of the different levels of exposures of the units affected. How
ever, as mentioned in section 2, other sources of geological evidence can 
be invoked to sustain the proposed timing, in agreement with similar 
interpretations proposed by those authors (Mon, 1987; Pesce, 1989; 
JICA-EPEN, 1992; Melnick et al., 2006; Bonali et al., 2016; Barcelona 
et al., 2020). We therefore consider that the established order of 
deformation events applied in our experiments is so far the one with best 
constraints to establish a relevant analogy with the natural prototype. 

These experimental results help to unravel the origin of the obtained 
kinematic solutions for the WNW-ESE to NW-SE structural domain 

Fig. 12. Simplified diagram of the main fault systems in the thermal area of the Caviahue-Copahue volcanic complex, showing the kinematic solutions obtained for 
each site. Color of each solution represents the obtained groups after the automatic clustering analysis performed (see Fig. 7). 
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(Fig. 12), where the existence of fault segments with both sinistral and 
dextral kinematics would respond to the accommodation of fault- 
delimitated blocks under a local NW-SE extensional pulse, associated 
with the most recent transtensional regime that affect the study area. 

6. Conclusions 

An interpretation of the interaction between two of the most repre
sentative structural systems within the Agrio caldera was carried out 
with an exhaustive survey of kinematic fault data at outcrop-scale in 15 
measurement sites, most of them at the Copahue geothermal field. 
Several kinematic solutions and paleostress tensors were obtained and 
analyzed, and the interpretations were performed using analogue 
models to unravel the genetic origin of the results and field observations. 

The surveyed kinematic data yielded 20 fault-plane solutions. Two 
trends were mainly observed: an extensional deformation regime is 
revealed by NE-SW to ENE-WSW-oriented faults, together with strike- 
slip deformation along WNW-ESE to NW-SE-oriented faults. The solu
tions for the first faults group allowed us to validate the normal kine
matics of the Copahue village fault system. During the most recent local 
extensional event, the second faults group (Chancho-Có-Trolope fault 
system) reactivated as transfer zones. 

The stress inversion allowed us to obtain five paleostress tensors. 
They define a pure to a radial extensional regime with a subvertical σ1, 
favouring volcanic products extrusion and thermal areas occurrence. 
Four of the obtained paleostress configurations have NE-SW to ENE- 
WSW oriented maximum horizontal stress, subparallel to the regional 
one. The Copahue village fault system orientation is parallel to this 
maximum horizontal stress direction. It is regionally associated with the 
NE-SW regional transfer zone between the Liquiñe-Ofqui fault zone to 
the south of the caldera and the Antiñir-Copahue fault system to the 
north. 

Results of the experimental models presented herein provide essen
tial tools to understand the genesis of the recognized outcrop-scale 
structures and their kinematic solutions. They suggest that the obliq
uity between the two extensional episodes registered in the caldera 
(expressed by the Chancho-Có-Trolope fault system and Copahue village 
fault system) would have promoted the partial reactivation of the first 
NW-SE to WNW-ESE trending normal faults population as transfer and 
relay zones for the second-stage, NE-SW to ENE-WSW trending normal 
faults. Furthermore, models showed that the compartmentalization of 
the NE-SW to ENE-WSW faults responds to the heritage of the pre- 
existing normal faults array. The insights gained from this study may 
assist to future volcano-tectonic-related seismic events interpretation 
and improve our knowledge about the Copahue geothermal system. 
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Chilean Andes. Tectonophysics 319, 129–149. 

Clifton, A.E., Schlische, R.W., 2001. Nucleation, growth, and linkage of faults in oblique 
rift zones: results from experimental clay models and implications for maximum 
fault size. Geology 29, 455–458. 

Clifton, A.E., Schlische, R.W., Withjack, M.O., Ackermann, R.V., 2000. Influence of rift 
obliquity on fault-population systematics: results of clay modeling experiments. 
J. Struct. Geol. 22, 1491–1509. 

Delpino, D., Bermúdez, A., 1993. La actividad volcánica del volcán Copahue durante 
1992. Erupción con emisión de azufre piroclástica. Provincia de Neuquén. XII 
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Folguera, A., Rojas-Vera, E., Vélez, L., Tobal, J., Orts, D., Agusto, M., Caselli, A., 
Ramos, V.A., 2016. A review of the geology, structural controls and tectonic setting 
of Copahue volcano, southern volcanic zone, Andes, Argentina. In: Tassi, F., 
Vaselli, O., Caselli, A.T. (Eds.), Copahue Volcano, Active Volcanoes of the World. 
Springer, pp. 3–22. https://doi.org/10.1007/978-3-662-48005-2_1. 

Ghosh, N., Hatui, K., Chattopadhyay, A., 2019. Evolution of fault patterns within a zone 
of pre-existing pervasive anisotropy during two successive phases of extensions: an 
experimental study. Geo Mar. Lett. 40, 53–74. https://doi.org/10.1007/s00367-019- 
00627-6. 
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Liquiñe- Ofqui Fault Zone: differential uplift and coeval volcanism in the southern 
Andes? Int. Geol. Rev. 50, 975–993. https://doi.org/10.2747/0020-6814.50.11.975. 

Lavenu, A., Cembrano, J., 1999. Compressional- and transpressional-stress pattern for 
Pliocene and Quaternary brittle deformation in fore arc and intra-arc zones (Andes of 
Central and Southern Chile). J. Struct. Geol. 21, 1669–1691. https://doi.org/ 
10.1016/S0191-8141(99)00111-X. 

Linares, E., Ostera, H.A., Mas, L., 1999. Cronología Potasio-Argón del complejo efusivo 
Copahue–Caviahue, Provincia de Neuquén. Rev. Asoc. Geol. Argent. 54 (3), 
240–247. 

Lepvrier, C., Fournier, M., Bérard, T., Roger, J., 2002. Cenozoic extension in coastal 
Dhofar (southern Oman): implications on the oblique rifting on the Gulf of Aden. 
Tectonophysics 357, 279–293. 

Lundgren, P., Nikkhoo, M., Samsonov, S.V., Milillo, P., Gil-Cruz, F., Lazo, J., 2017. 
Source model for the Copahue volcano magma plumbing system constrained by 
InSAR surface deformation observations. J. Geophys. Res. Solid Earth 122 (7), 
5729–5747. 

Maccaferri, F., Rivalta, E., Keir, D., Acocella, V., 2014. Off-rift volcanism in rift zones 
determined by crustal unloading. Nat. Geosci. 7, 297–300. 

Maccaferri, F., Richter, N., Walter, T., 2017. The effect of giant flank collapses on magma 
pathways and location of volcanic vents. Nat. Commun. 8, 1097. 

Magee, M.E., Zoback, M.D., 1993. Evidence for a weak interplate thrust fault along the 
northern Japan subduction zone and implications for the mechanics of thrust 
faulting and fluid expulsion. Geology 21, 809–812. 

Marrett, R., Allmendinger, R.W., 1990. Kinematic analysis of fault-slip data. J. Struct. 
Geol. 12 (8), 973–986. 

Mas, L.C., 2010. History and Present Situation of the Neuquén Geothermal Project. 
Proceedings World Geothermal Congress. Bali, Indonesia, p. 2010. 

Mas, G., Mas, L., Bengochea, L., 1995. Zeolite zoning in drill holes of the Copahue 
geothermal field, Neuquén, Argentina. In: Proceedings of the World Geothermal 
Congress, pp. 1077–1081. 

Mas, G., Mas, L., Bengochea, L., 1996. Hydrothermal Surface Alteration in the Copahue 
Geothermal Field (Argentina). Proceedings 21st Workshop Geothermal Reservoir 
Engineering. Stanford University, California, SGP-TR, pp. 151–234. 

McClay, K.R., White, M.J., 1995. Analogue modelling of orthogonal and oblique rifting. 
Mar. Petrol. Geol. 12, 147–151. 

Melnick, D., Folguera, A., Rosenau, M., Echtler, H., Potent, S., 2002. Tectonics from the 
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Pérez-Flores, P., Veloso, E., Cembrano, J., Sanchez-Alfaro, P., Lizama, M., Arancibia, G., 
2017. Fracture network, fluid pathways and paleostress at the Tolhuaca geothermal 
field. J. Struct. Geol. 96, 134–148. 

Pesce, A., 1989. Evolución volcano-tectónica del complejo efusivo Copahue–Caviahue y 
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del Huecú y su relación con la sedimentación y el volcanismo. Rev. Asoc. Geol. 
Argent. 64 (2), 213–229. 

Rojas-Vera, E., Folguera, A., Spagnuolo, M., Giménez, M., Ruiz, F., Martínez, P., 
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Sánchez, P., Pérez-Flores, P., Arancibia, G., Cembrano, J., Reich, M., 2013. Crustal 
deformation effects on the chemical evolution of geothermal systems: the intra-arc 
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Vélez, M.L., Euillades, P., Caselli, A.T., Blanco, M., Martínez-Díaz, J., 2011. Deformation 
of Copahue volcano: inversion of InSAR data using a genetic algorithm. J. Volcanol. 
Geoth. Res. 202, 117–126. 
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