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This study addresses the interplay between strain/stress fields and paleo-fluidmigration in the Southern Andean
Volcanic Zone (SVZ). The SVZ coexistswith themargin-parallel Liquiñe–Ofqui Fault System(LOFS) andwithNW-
striking Andean Transverse Faults (ATF). To tackle the role of different fault-fracture systems on deformation dis-
tribution and magma/fluid transport, we map the nature, geometry and kinematics of faults, veins and dikes at
various scales.
Fault-slip data analysis yields stress and strain fields from the full study area data base (regional scale) and fault
zones representative of each fault system (local scale). Regional scale strain analysis shows kinematically hetero-
geneous faulting. Local strain analyses indicate homogeneous deformation with NE-trending shortening and
NW-trending extension at NNE-striking Liquiñe–Ofqui master fault zones. Strain axes are clockwise rotated at
second order fault zones, with ENE-trending shortening and NNW-trending stretching. The ATF record polypha-
sic deformation. Conversely, stress field analysis at regional scale indicates a strike-slip dominated
transpressional regimewithN64°E-trendingσ1 andN30°W-trendingσ3. Deformation is further partitionedwith-
in the arc through NNE-striking dextral-reverse faults, NE-striking dextral-normal faults and NW-striking
sinistral-reverse faults with normal slip activation. The regional tectonic regime controls the geometry of NE-
striking dikes and volcanic centers. NE-striking faults record local stress axes that are clockwise rotated with re-
spect to the regional stress field. NNE- and NE-striking faults are favorably oriented for reactivation under the re-
gional stress field and showpoorly-developed damage zones. Conversely, NW-striking fault systems,misoriented
under the regional stress field, show multiple fault cores, wider damage zones and dense vein networks.
Deformation driven by oblique subduction is partially partitioned into strike-slip and shortening components.
The trench-parallel component is mostly accommodated by NS-striking right-lateral faults of the LOFS. Trench-
perpendicular shortening is accommodated by sinistral-reverse ATF and dextral-reverse NNE-striking faults.
We conclude that the SVZ records a deformation history coeval with magma/fluid migration.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Bulk transpressional deformation is expected at continentalmargins
where oblique convergence dominates (e.g. Dewey et al., 1998; Fossen
and Tikoff, 1998; Sanderson and Marchini, 1984). Kinematic models
show that transpressional deformation resulting from oblique
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convergence is accommodated by distinctive structural styles along
and across to the overriding plate (Dewey et al., 1998; Federico et al.,
2010; Fitch, 1972; Veloso et al., 2015). Strain in transpressional regimes
can be partitioned into strike-slip and shortening components, depend-
ingmostly of the angle between the plate motion vector and the trench
(convergence angle, α) and thermal constraints (Blanquat et al., 1998;
e.g. Fossen et al., 1994; Teyssier et al., 1995; Tikoff and Greene, 1997).
Large convergence angles (20° b α b 90°) favor a pure-shear-
dominated transpression with no strike-slip partitioning as is observed
at Australian–Pacific plate boundary in New Zealand (e.g. Jarrard, 1986;
Mccaffrey, 1992; Teyssier et al., 1995). In contrast, low convergence
angle (α ≤ 20°) favor a strike-slip partitioned system, as in the case of
wrench-dominated transpression at the Pacific–North America plate
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boundary of thewestern US, where the SanAndreas Fault takes upmost
of the simple shear component (e.g. Teyssier and Tikoff, 1998; Teyssier
et al., 1995). The requirement of low angle of plate convergence is not
applicable to magmatic arcs, where thermally weak intra-arc shear
zones can accommodate a significant part of the bulk transpressional
deformation by developing a trench-parallel fault system (Blanquat
et al., 1998). Such intra-arc fault systems help to enhance crustal perme-
ability as they host fault-fracture networks suitable for geothermal res-
ervoirs, hydrothermalmineralization and/or volcanic activity (e.g. Caine
et al., 1996; Cox, 1999; Micklethwaite and Cox, 2004; Rowland and
Sibson, 2004; Sibson, 1994). During fault rupture, propagation of indi-
vidual faults may develop an associated damage zone where discontin-
uous fracturing, dilatant sites and minor shears dominate and provide
suitable places for storage of fluid-related materials (e.g. Connolly and
Cosgrove, 1999; Sibson, 1996; Zhang et al., 2008). As such, fault-fracture
systems are potential fluid pathways in the crust, which is otherwise
relatively impermeable (e.g. Connolly and Cosgrove, 1999; Faulkner
et al., 2010).

Numerical models, mechanical experiments and field observations
reveal that damage zones enhance rock permeability acting as a con-
duits for hydrothermal fluid flow and magma migration (e.g. Cox,
1999; Curewitz and Karson, 1997; Gudmundsson et al., 2001; Mitchell
and Faulkner, 2012; Sheldon and Micklethwaite, 2007; Zhang et al.,
2008). In hydrothermal systems, episodic mineral precipitation seals
both the intrinsic permeability related to the primary rock porosity as
well as that related to fracture networks (Cox, 2010). Therefore, repeat-
ed reactivation of the fault-fracture network is required tomaintain the
permeability within the fracture controlled hydrothermal systems.
Moreover, fault reactivation of pre-existing fault and opening of exten-
sion fractures networks or hybrid extensional–shear fractures (perme-
ability regeneration) depends mainly on depth, rock mechanical
properties, pore fluid pressure and the orientation of faults with respect
to the maximum principal stress axis (Cox, 2010; Faulkner and
Armitage, 2013; Moeck et al., 2009; Sibson, 2004, 2003, 1996).

Distinctive mineral textures observed on a variety of structural ele-
ments such as slickenfibers on fault surfaces, veins and fault-veins, sug-
gest a direct link between these and the episodic fault reactivation or
seismic cycle (e.g. Power and Tullis, 1989; Uysal et al., 2011). For exam-
ple, dilational implosion breccia exhibiting evidences of hybrid (dilatant
and shear deformation) are thought to represent co-seismic dilatancy
and hydraulic connection with an ancient geothermal reservoir (Kolb
et al., 2005; Melosh et al., 2014; Micklethwaite and Cox, 2004; Saul
et al., 2010). Other specificmineral textures, such as lattice bladed or jig-
saw calcite and silica, are thought to result from precipitation by boiling
processes, indicating quick depressurization caused by space-opening
(Moncada et al., 2012; Sibson et al., 1975; Uysal et al., 2011). Moreover,
slickenfibers, a distinctive feature of fault-veins, are interpreted as
episodic mineral growth at relatively low strain rate during the
interseismic period (e.g. Power and Tullis, 1989) and/or as a fossil evi-
dence of repeated microearthquakes (Fagereng et al., 2011).

Because magma also uses fault-fracture meshes as preferential con-
duits to migrate through the crust, the spatial distribution of intrusive
bodies, dike swarms and volcanic centers record the regional and local
stress fields (Acocella and Funiciello, 2006; Karaoğlu, 2014; Nakamura,
1977). Extension fractures develop perpendicular to theminimumprin-
cipal stress axis (σ3). Within fault-fracture meshes, the high permeabil-
ity direction is developed parallel to the intermediate principal stress
axis (σ2), which is commonly parallel to fault-fracture intersections
and orthogonal to fault slip vectors (Sibson, 1996).

Thus, the question arises as to how deformation partitioning across
the overriding plate controls the hydrothermal and magmatic fluid mi-
gration pathways. A complete geologic and structural record present in
the Southern Volcanic Zone (SVZ) provides an excellent natural labora-
tory to unravel the interactions between stress field variations within
strike-slip settings, hydrothermal fluid permeability andmagmatic em-
placement (Fig. 1). The SVZ exposes a regional fault system parallel to
theAndeanbelt, the Liquiñe–Ofqui Fault System (LOFS), and several An-
dean Transverse Faults (ATF) (called arc-oblique fault system by
Sánchez et al., 2013). These structures have different geometry, kine-
matics and complex cross-cutting relationships (Cembrano and Lara,
2009; Chernicoff et al., 2002; Lara et al., 2006; Melnick et al., 2006a;
Sánchez et al., 2013). In this study,we present the role of stressfield var-
iations at local scale on paleo-fluid/magma distribution at different
fault-fracture orientations at the northern termination of Liquiñe–
Ofqui fault system. We provide a comprehensive and integrated view
of the interplay between regional/local stress field orientation and
fault-fracture meshes in an intra-arc transpressional setting.

2. Geological background

2.1. Structural setting

Oblique convergence between theNazca and SouthAmerica plates is
the driving mechanism for the stress distribution and deformation pat-
tern imposed on the overriding plate (Beck, 1988; Cembrano et al.,
2000, 1996). For the southernmost part of South America, the conver-
gence angle (α) ranges between 64° and 70° over the last 10 Ma
(Fig. 1b) (e.g. Pardo-Casas and Molnar, 1987; Cande and Leslie, 1986).
GPS data indicates that present-day convergence velocity of the Nazca
oceanic plate is about 66 mm/year, with a subduction angle of ca. 20°
(Angermann et al., 1999).

Part of the deformation imposed by oblique platemotion is accommo-
dated in the intra-arc Liquiñe–Ofqui Fault System (LOFS) (Fig. 1) (e.g.
Arancibia et al., 1999; Cembrano and Herve, 1993; Cembrano and Lara,
2009; Lavenu and Cembrano, 1999). Thus, as a result of the subduction
process, the forearc and intra-arc zones document changes on the degree
of deformation partitioning, along and across the Southern Andes
(Arancibia et al., 1999; LavenuandCembrano, 1999; Rosenau et al., 2006).

The LOFS is 1200 km-long intra-arc strike-slip fault system, which is
defined by a series of major NNE-striking, right-lateral, strike-slip faults
associated with NE-striking normal-dextral faults that splay off NNE-
striking faults. This spatial arrangement forms duplexes and horsetail
geometries at both ends of the fault system (Fig. 1) (Cembrano and
Lara, 2009; Rosenau et al., 2006). The LOFS partially controls the occur-
rence, spatial distribution and geometry of major stratovolcanoes
(Cembrano and Lara, 2009; Lara et al., 2008; Melnick et al., 2006a;
Sielfeld et al., 2016) (Fig. 1). The LOFS records right-lateral ductile defor-
mation between 6 and 3 Ma (Cembrano et al., 2000) that is crosscut by
dextral brittle deformation since 1.6 Ma (Lavenu and Cembrano, 1999).
Present-day activity of this fault system would absorb about 6.5 mm/yr
of northward motion of the forearc, as recorded by GPS (Wang et al.,
2007) and widespread crustal seismicity (Fig. 1). Shallow (b25 km)
seismic activity (Haberland et al., 2006; Lange et al., 2008) is present
throughout the LOFS. At the southern termination of LOFS (Aysén
Fjord) a seismic swarm occurred in April 2007 together with a Mw 6.2
earthquake at 12 km of depth, with a right-lateral focal mechanism at
a NS-striking fault plane (Fig. 1a) (Legrand et al., 2011). Similarly, at
the northern termination of LOFS, inDecember 2006 aMw5.5 earthquake
at 18 kmdepthwas recorded south of Callaqui volcano (Fig. 1b). The focal
mechanism of this event (http://www.globalctm.org) can be attributable
to right lateral NNE-striking fault slip or left lateral NW-striking fault slip,
both faults are present in the area. At Lonquimay volcano (Fig. 1b), aMw.
5.3 earthquake at 15 km of depth was recorded after two months of a
flank cone eruption. The focal mechanism of this event is a right-lateral
oblique slip in a NNE-striking fault (Barrientos and Acevedo-Aránguiz,
1992; Dziewonski et al., 1990). All of these events are compatible with
ENE-shortening and NNW-extension.

The ATF, in turn, is formed by a series of discrete, NW-striking faults
inherited from pre-Andean geological processes (Fig. 1a) (e.g. Radic,
2010). At the scale of the Andean Orogen, the faults that conform the
ATF are spatially and genetically associated with the occurrence of sev-
eral ore deposits (e.g. El Pescado, Cerro Guachi and Chuquicamata

http://www.globalctm.org


Fig. 1. (a) Composite Digital Elevation Model and 1:1,000,000 geological map of the Southern Andes Volcanic Zone (SVZ) (Sánchez et al., 2013). Regional map showing the location and
extent of the LOFS (black lines), ATF (red lines) andmainHolocene volcanoes (red triangles). Previously published focalmechanisms of crustal earthquakes are shown for the LOFS (black)
andATF (red) (Barrientos andAcevedo-Aránguiz, 1992; Lange et al., 2008; Legrand et al., 2011). A selection of GPS vectors is shown (Lin et al., 2013;Wang et al., 2007). (b)Digital Elevation
Model showing the principal fault systems in southernmost Chile: LOFS (black line) and ATF (red line). Convergence velocity vector after Angermann et al. (1999). Subduction zone earth-
quakes (blue stars), ATF earthquakes (red stars) and LOFS earthquakes (black stars) are shown as well as their respective focal mechanisms (redrawn after Cifuentes, 1989; Haberland
et al., 2006; Moreno et al., 2009). The coseismic shortening and extension axes calculated for 1960 earthquake are shown (Plafker and Savage, 1970).
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mines) (e.g. Chernicoff et al., 2002), cenozoic basins (e.g. Radic, 2010)
and the segmentation of subduction earthquakes (Melnick et al.,
2009). Furthermore, transverse faults are linkedwith Quaternary volca-
nism in theCentral and SouthernAndes (Fig. 1) (Acocella and Funiciello,
2006; Cembrano and Lara, 2009; Cembrano and Moreno, 1994; Lara
et al., 2006, 2004; Sánchez et al., 2013; Tibaldi et al., 2005). Remote
sensing, field observations and geophysical evidence (such as Vp/Vs to-
mography, magnetic anomalies, gravimetry and shallow seismicity)
suggest that the faults of the ATF are deep-seated lithospheric-scale
structural elements (Sánchez et al., 2013; Yáñez et al., 1998). The ATF
partially control the past and present-day fluid flow, volcanic activity
and shallow seismic activity (Haberland et al., 2006; Lara et al., 2006,
2004; Sánchez et al., 2013; Tardani et al., 2016). One of ATF (Pichilemu
fault), recorded permanent extensional coseismic deformation in
forearc after the Mw 8.8 Maule subduction earthquake in central Chile
(35°S), including the Mw 6.9 and Mw 7.0 events at depths between 16
and 20 km WSW-trending extension axis (Aron et al., 2013). The
Lanalhue fault (Fig. 1a), another transverse fault, recorded interseismic
transpressional deformation of the forearc (38°S) including a ML 5.2 at
12 km depth with a left-lateral focal mechanism (Fig. 1b) (Haberland
et al., 2006). Within the study area, the expression of these series of
faults is the so-called Biobio–Alumine Fault System (BAFS) (Fig. 1)
(Melnick et al., 2006a; Muñoz and Stern, 1988) which is represented
by a rectilinear, NW-trending valley filled with Quaternary fluvial
deposits.

2.2. Geometry and spatial distribution of dikes and eruptive centers

At the northern termination of LOFS (Fig. 1b), flank vents and dikes
are aligned along N60°E-trending orientations (e.g. Cembrano and Lara,
2009; López-Escobar et al., 1995). Associated eruptive products range
from andesite to basalt, similar to the composition of dikes that locally
feed eruptive vents (Sielfeld et al., 2016). Most of such flank vents are
Holocene or younger (historical). At Callaqui volcano, flank vents ages
are constrained from late-Pleistocene to Holocene and dikes ages are
bracketed between 146 ± 30 ka and 77 ± 28 ka (40Ar–39Ar, basaltic
groundmass) (Sielfeld et al., 2016). At Lonquimay volcano, there was a
recent flank vent eruption on December 25th, 1988 (Navidad vent)
(Fig 2b). At Llaima volcano, flank cones record three eruptions at
2008, 1957 and ~1850 (Bouvet de Maisonneuve et al., 2012). These
young volcanic centers have been used to unravel the geometry and ki-
nematics of underlying feeder fractures (e.g. Corazzato and Tibaldi,
2006; Nakamura, 1977; Van Wyk De Vries and Merle, 1998).

Morphological analysis offlank vents on several volcanoes at the SVZ
shows the spatial distribution of their feeder fractures. For example, at
Callaqui volcano, this analysis reveals a preferential NE-trending align-
ment of feeder fractures, consistent with the spatial distribution of spa-
tially associated dyke systems. The dikes and flank vent distribution
constitute the architecture of the NE-elongation of Callaqui volcano
(Fig. 2a) (Sielfeld et al., 2016). Similarly, at Lonquimay and Llaima volca-
noes, the distribution of flank vents suggests that feeder fractures have
the same preferential orientation (N60E) (Fig. 2b and c, respectably)
(Bertin, 2010; Bouvet de Maisonneuve et al., 2012).

3. Methodology

3.1. Field and laboratory structural geology

The study area is located between the Callaqui and Llaima volcanoes
encompassing a region of about 150 km by 80 km in the main Andean
Fig. 2. Digital Elevation Models showing the preferential orientation of flank cones (red
circles) and volcanic vents (blue lines) (Bertin, 2010; Bouvet de Maisonneuve et al.,
2012; Maurice, 2012; Sielfeld et al., 2016) of the (a) Callaqui, (b) Lonquimay and
Tolhuaca, (c) Llaima volcanoes.



Fig. 3.Geological–structuralmap of the SouthernVolcanic Zone of theAndes, between37°30′S and39°S (see location at Fig. 1b) showing thenorthern termination of the LOFS and theNW-
striking faults belonging to ATF (red lines). The white squares show areas of detailed structural mapping sites.
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Cordillera of southern Chile (Figs. 1b and 3). The major structural do-
mains documented in this work were defined based on a combination
of photointerpretation on Digital Elevation Models and quickbird im-
ages (from Google Earth), previous works (Melnick et al., 2006b;
Rosenau et al., 2006; Suárez and Emparan, 1997; Thiele et al., 1987)
and our field study from regional (1:50,000) to local (1:500) scales.
We selected three representative areas for detailed structural mapping
in order to characterize the geometry, kinematics and timing of defor-
mation on structural domains of the LOFS and ATF as present in the
study area (Fig. 3). Within these areas, we defined seven key structural
sites, which are representative of LOFS and ATF fault zones; La Poza, Las
Mentas, Ralco, Lolco, Las Raices, Las Animas structural sites (Table 1)
(Figs. 3, 4a, 5a, 6a). Collected structural data include description, mea-
surement and logging of the geometry, kinematics, texture, mineralogy
and crosscutting relationship of different structural elements (i.e. fault-
veins, veins, hydrothermal breccias). When kinematics or mineralogy
was not clear at the outcrop scale, we performedmicrostructural analy-
ses by using optical microscope. When mineral identification at hand
and opticalmicroscope scalewas not possible, we used X-ray diffraction
(XRD) and scanning electron microscope (SEM). XRD analyses were
performed at the Laboratorio de Cristalografía of the Universidad de
Chile using a Bruker D8 Advance X-Ray Diffractometer (radiation Cu
Kα = 1.5406 Å), equipped with a Cu X-Ray tube (operating at 40 kV/
30 mA), Ni filter, sample spinner and a solid-state detector (Lineal



Table 1
The table summarized the detail mapping at each structural site. The information displayed is the host rock age from closer data of Suárez and Emparan (1997) and main structural elements.

Structural site Host rock Age (Ma) Structural element Principal
orientation

Mineralogy and texture Strain solution Stress solution

P T R Strain
ellipsoid

ϕ σ1 σ3 Tectonic
regime

Lolco (L). LOFS, first
order

Andesite.
Cura–Mallin
Formation

13.1 ± 0.7
K–Ar Total
rock

Dextral faults NNE Several centimetric faults with zeolite slickenfibers. 066/24 157/2 0.48 Plane-strain 0.40 066/21 335/02 Strike-slip
Veins and
Hydrothermal breccia

NE 0.1–2.0 cm-thick, laumontite, fault-veins.

Ralco (R). LOFS, first
order

Shale and
sandstone.
Cura–Mallin
Formation

19.1 ± 2.8
K–Ar Total
rock

Dextral faults NNE Several, 0.2–1.0 cm-thick faults with calcite slickenfibers. 237/57 329/01 0.27 Constrictional 0.50 041/43 138/07 Strike-slip
Normal fault NE Gauge fault core, 2 cm thick and 1 m offset.
Veins NE Syntaxial calcite, with high

dip variability, usually parallel to shale lamination
Hydrothermal breccia NNE-NE

intersection
Mosaic breccia texture with bladed-like calcite.

Troyo (T). LOFS, first
order.

Andesite.
Cura–Mallin
Formation

14.1 ± 1.6
K–Ar Total
rock

Dextral faults NS Decametric, 20 cm thick and zeolite slickenfibers. 167/61 311/25 0.56 Plain strain 0.70 211/23 312/25 Strike-slip
transtensionalSinistral faults WNW 50 cm thick fault core with zeolite slickenfibers displaying

Riedel-type shears fractures locally exhibiting
hydrothermal breccia lenses.

Veins NE 0.2–1.0 cm-thick zeolite veins form dextral duplex.
Las Mentas (LM).
LOFS, first order.

Andesite.
Cura–Mallin
Formation

11.9 ± 0.8
K–Ar Total
rock

Dextral deformed band NNE 50 cm thick foliated band and S–C fabric. 208/75 332/9 0.74 Flattening 0.40 067/31 327/16 Strike-slip
Dextral-reverse faults NS 10 cm gouge core fault
Veins NE 0.3–5 cm thick zeolite veins locally forming crackle

breccia.
Sinistral-reverse faults EW Several centimetric faults with calcite slickenfibers
Veins ENE to ESE 0.3–2.0 cm thick calcite filled with locally breccia lenses

La Poza (LP). LOFS,
intersection first/s
order

Andesite.
Cura–Mallin
Formation.

11.9 ± 0.8
K–Ar Total
rock

Dextral faults NNE Several 0.1–1.0 cm gouge thick fault cores. 243/02 153/0 0.46 Plane strain 0.20 059/05 326/46 Strike-slip
transpressionalDextral-normal faults NE Decametric fault with 15–30 thick fault core, consist of

gouge and fault breccia.

Las Raices (LR).
LOFS, second
order.

Andesite. 19.9 ± 1.4
K–Ar Total
rock

Dextral -reverse faults NNE Several 0.5–2.0 cm thick faults with calcite slickenfibers. 261/02 352/19 0.56 Plane strain 0.20 078/32 346/03 Strike-slip
transpressionalNormal-dextral faults NE-ENE Decametric faults between 10 and 50 cm thick fault core

with laumontite and stilbite veins and less calcite, locally
form hydrothermal breccia lenses.

Andesitic dikes NE-ENE 20 to 50 cm wide hosted throughout NE-ENE faults.
Veins ENE Syntaxial stilbite veins 0.5–3.0 cm thick

Las Animas (LA).
ATF

Interlayer of
andesite and
hornblende
andesite.
Cura–Mallin
Formation

– Sinistral-reverse faults
with reactivation of
normal faults

NW Foliated fault cores between 30 and 50 cm wide.
Asymmetric damage zone stronger at hanging wall. 1 m
normal offset of marker layer and 0.2–1.0 cm reverse
offsets inside of core fault, forming a gentle fault
propagated anticline fold.

– – – – 0.90 227/45 356/32 Strike-slip
transtensional

Hydrothermal breccias
bodies

NW-NE
intersection

Tabular bodies between 4 and 6 m wide which have
transition from veins stockwork, crackle breccias and
hydrothermal breccia consist of rounded clasts (10–30 cm
diameter) with zeolite-calcite matrix.

– – – – 0.60 110/19 011/22 Strike-slip

Veins and
hydrothermal breccias

NW-EW 0.2–15.0 cm wide, banded veins consist of stilbite edge
and hydrothermal breccia center with laumontite matrix
and locally calcite. 0.2–2 cm wide, stilbite veins.
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LynxEye). The resulting diffractograms were interpreted with the soft-
ware package Match! by Crystal Impact, and compared with
Panalytical-ICSD (Inorganic Crystal Structure Database) database. SEM
analyses were performed in the University College London laboratory
using a Jeol JSM-6480LVhigh-performance, Variable Pressure Analytical
Scanning Electron Microscope with a high resolution of 3.0 nm, along
with EDS (Energy Dispersive System) and EBSD (Electron Backscatter
Diffraction) using the Oxford Link system.

3.2. Fault-slip data inversion

Structural data collectedwas analyzed from regional and local scales.
The regional scale was defined by the inversion of the entered fault-slip
data collected at the study area (Fig. 3), whereas for local scale the in-
version is the results of fault-slip data of each structural site: Ralco,
Lolco, Troyo, LasMentas, Las Pozas, Las Raices and Las Animas structural
sites (Fig. 3). Two different softwares were used to determine the strain
and stress axes, Faultkin 7.4.1 and Multiple Inversion Method (MIM).

3.2.1. Determination of strain field
The software Faultkin 7.4.1 (Allmendinger et al., 2012; Marrett and

Allmendinger, 1990) is a graphical and numerical technique that allows
qualitative and quantitative kinematic analysis of fault-slip data by cal-
culating the orientations of the maximum shortening (P) and the max-
imum stretching (T) axes associated with each individual fault plane. P-
and T-axes are an integrated and alternative representation of the orien-
tation and kinematics of a fault, since calculus of both axes requires
knowledge of the orientation of the (fault) plane and of the displace-
ment vector resolved on such (fault) plane (slickenline) (Marrett and
Allmendinger, 1990). For a single fault-slip datum, the orientation of
the P- and T-axes lies in the movement plane – defined by the maxi-
mum shear vector (striae) and the fault pole vector – at 45° to the
pole vector (Marrett and Allmendinger, 1990). Themain, or representa-
tive, orientations of both P and T axes for a given fault population are
Fig. 4. (a) Google Earth image showing the Lolco, Ralco and Troyo structural sites. Panels b to c sh
dipping, sinistral fault (N85°W/45°S rake:20°W); (c) N10°E-striking, steeply dipping, dextral f
calculated assuming the data represents a uniform deformation field
(spatially and temporally). In this case, the main P- and T-axes are cal-
culated assuming that these are clustered following a statistical Bing-
ham distribution. However, non-clustered P- and/or T-axes, indicate
that the fault data population is the result of kinematically heteroge-
neous faulting, represented by girdle or multi-modal patterns of short-
ening and/or extension axes. Kinematic heterogeneity can arise from
several causes, such as triaxial deformation, anisotropy reactivation,
strain compatibility constraints and/or polyphasic deformations
(Marrett and Allmendinger, 1990).

Because P and T axes are related to the orientation of the principal
incremental strain axes, it is possible to measure the shape of the strain
ellipsoid by using the ratio, R= (E2− E3)/(E1− E3), where E1, E2 and E3
are the eigenvalues of the Bingham moment tensor obtained for each
clustered T, B and P axis respectively. R values equal to 1.00, 0.50 and
0.00 indicate ideal flattening, plane-strain and constrictional ellipsoids,
respectively. In a general sense, and as pointed by Diraison et al.
(2000), values between 0.00 and 0.35 indicate a constrictional type,
while values between 0.35 and 0.65 indicate a plane strain type. Values
in the range of 1.00–0.65 indicate a flattening type strain ellipsoid.

3.2.2. Determination of stress field
The “Multiple Inverse Method” (MIM) is based on a geometrical cri-

terion (Yamaji, 2000), being a modification of the classic inverse tech-
nique of Angelier (1984). The method is capable of calculating and
sorting the orientation of the principal stress axes derived from a het-
erogeneous fault-slip data set by generating a combinatorial amount
of groups containing each k-number of fault-slip data elements extract-
ed from the whole data set (Yamaji et al., 2005). Then it applies
Angelier's (1984) inverse technique to all of these randomly generated
subsets. Finally, the orientations of the calculated stress axes for each
generated group of k-number fault-slip data are plotted onto separate
stereograms: one for σ1 axes and another for σ3 axes sub-solutions
(Otsubo et al., 2006; Yamaji, 2000). Each sub-solution is represented
ow examples of different structural elements seen in thefield. (b) East-striking, shallowly-
ault with zeolite slickenfibers.



Fig. 5. See location in Fig. 4. (a) Dilatational jog between NNE and NE-striking dextral faults hosting bladed-like calcite; (b) oriented thin section perpendicular to the fault plane and
parallel to striae showing calcite microstructure. Note that a sigmoidal piece of the wall rock is detached at the dilational site; (c) N60°E-striking fault with subhorizontal striae and
dextral strike-slip kinematics; (d) oriented thin section photo-mosaic showing calcite slickenfibers sheets with sharp contact surfaces and a transitional texture from a brittle shear
zone in the host rock contact (da) to blocky crystal types following the slip direction. (db) Extension fractures (N70°E) locally cut some clasts of the wall-rock.
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as a tadpole indicating the orientation of one of the principal axes with
an attached ‘tail’ pointing toward the orientation of the complementary
principal axis (i.e., σ1's tadpole points toward the orientation of σ3 and
vice versa). This symbol is, additionally, color-coded according to the
calculated stress ratio (φ = (σ2 − σ3) / (σ1 − σ3); φ = 1 − stress
shape ellipsoid (R)). Thus, groups of tadpoles with similar colors and
similar orientations of their tails indicate a compatible stress field solu-
tion (Federico et al., 2010; Otsubo et al., 2006; Veloso et al., 2015, 2009;
Yamaji, 2000). The distribution ofφ-values is therefore used to establish
a φ-value range for the principal stress axes solution. In the case where
φ-histograms show a bimodal distribution, we calculated one field
stress solution for each range of representative φ-values. Thus, for the
field stress obtained, the misfit angle or difference between observed
and theoretical slip direction obtained from an assumed stress state is
calculated. The stress axes orientation solution is calibrated by choosing
the solution with a bigger number of activated faults with misfit angles
of less than 30°. Thus, the tectonic regime is defined by the principal
stress axes orientation as extensional, compressional or strike-slip
(Ritz, 1994). The strike-slip regime could be either transpressional or
transtensional regimen depending of stress ratio value (φ). A φ N 0.55
represents a transtensional tectonic regime, φ b 0.45 represents a
transpressional tectonic regime and 0.45 b φ b 0.55 represent a simple
shear dominated strike-slip tectonic regime (see detailed discussion
about φ-value interpretation at Bellier and Zoback, 1995; Siame and
Bellier, 2005).
4. Results

4.1. Architecture and geometry of fault fracture networks in the study area

Based on the detailed mapping at each structural site, the main fea-
tures of structural elements are summarized in Table 1. Structural
elements described in the study area are hosted by volcanic and sedi-
mentary rocks belonging to the Cura–Mallin Formation, dated between
19 and 12Ma (K–Ar ages on whole-rock and plagioclase from andesite)
(Suárez and Emparan, 1997).

The northern termination of the LOFS consists of three fault sets
(Fig. 3). (1) NNE-striking subvertical master faults (first order),
(2) NE-striking, steeply-dipping splay faults (second order) and
(3) ENE to EW-striking, steeply to moderately dipping local faults
(third order).



Fig. 6. (a) Satellite image showingmajor faults (black lines), lineaments (dotted line), vein orientation (cyan line) and hot springs (blue symbol) at LasMentas and La Poza structural sites.
Las Mentas structural site: (b) strongly foliated (N05°W/81°W) rock deformed band (N20°E/70°W) crosscut by ENE-striking veins. (c) Oriented thin section from the deformed band
consists of andesitic rock with preferentially oriented, undeformed plagioclase crystals forming sigmoidal S–C fabrics that indicate dextral displacement.
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First-order faults are tens of km-long, which are represented by two
subparallel faults: Malalcahuello and Troyo Faults as well as by four
synthetic NNE-striking faults in the northern area (Fig. 4a). The
Malalcahuello Fault is marked by a series of aligned scarps and valleys,
mostly covered by Holocene volcanic rocks derived from the Llaima,
Lonquimay, Tolhuaca and Callaqui volcanoes. A transfer zone is record-
ed by NE-trending alignment volcanic vents and fissure at the
Lonquimay volcano. This transfer zone appears to connect the
Malalcahuello fault with Lolco fault (Fig. 3). Lolco fault is a right-
lateral strike slip fault, which splays off northward into two NE-
striking faults forming one typical horsetail geometry (Fig. 3). At Lolco
structural site (Fig. 4a) several cm-scale thick, right-lateral strike-slip
faults exhibit zeolite slickenfibers (Fig. 4c). This fault zone cuts andesite
and tuff belonging to the Cura–Mallin Fm. (12.0 ± 1.6, K–Ar) (supple-
mental figure SM1b). A synthetic fault zone is recorded at Ralco struc-
tural site (Fig. 4a). Here, faults and veins are mostly randomly
oriented and locally parallel to shale (host rock) lamination. Locally, di-
latational jogs are formed at linking zones between NNE- and NE-
striking faults (Fig. 5a). Syntaxial bladed-like calcite crystals of about
1 cm in size fill these dilatational jogs (Fig. 5b). From outcrop to micro
scales, NE-striking laumontite-, calcite-filled veins and hybrid faults re-
late both spatially and genetically to master faults (supplemental fig-
ures SM1b1 and c2). Fig. 5c shows a hybrid fault on a thin section
from a N45°E/80°W oriented, right-lateral strike-slip fault. This section
shows a calcite slickenfiber with several parallel sheets with sharp con-
tact surfaces (Fig. 5d) and a transitional texture from a brittle shear zone
in the host rock contact (Fig. 5d, b) to blocky crystals following the slip
direction. The thin section also shows a couple of calcite extension veins
(N70°E) genetically and kinematically related to master faults (Fig. 5b,
a). Two synthetic NNE-faults are documented at Troyo structural
site and vicinity (Fig. 4a). One is a right-lateral fault-slip with 10 cm
thick of gouge fault core that crosscuts an EW-striking (Fig. 4b) fault
and is spatially and kinematically related to NE-striking veins and hy-
drothermal breccia at Troyo structural site. The second fault, further
east, is a dextral-reverse oblique fault-slip gently dipping (50°E) with
20 cm thick gouge core (supplemental figure SM1d). A rectilinear NS-
striking valley is the morphological expression of Troyo Fault Zone.
Along this valley, at Las Mentas structural site (Fig. 6a), NNE-striking
master faults locally host a synkinematic strongly deformed andesitic
dike (Fig. 5b). A thin sectionmade in this deformed rock record a dextral
slip documented by sigmoidal S–C fabrics (Fig. 5c). NE-striking veins
(Fig 5c) crosscut this deformed band and NE-striking second order
faults (Table 1).

Second order faults are NE-striking normal-dextral oblique slip and
right lateral strike-slip faults that locally connect and cut some of the
master and synthetic NNE-striking faults (e.g. Las Raices and La Poza



Fig. 7. (a) Google Earth image showing the major faults (black lines) and lineaments (dotted line) at the Las Raices and Las Animas structural sites. Las Animas structural site:
(b) photograph and related line-drawing of one NW-striking fault showing a volcanic interlayered sequence of andesite and hornblende andesite forming a gentle anticline fold near
the fault core, which corresponds to a fault-propagated fold. The fault core consists of a foliated gouge with Ca-rich zeolite veins cut by small reverse faults (c). Las Raices structural
site: (d) photograph SSW view showing NE-striking normal-dextral slip fault and NE-striking dike cut by ENE-striking tensional zeolite veins (e).
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structural site, Fig. 3). At regional scale, these fault-fracture networks
host volcanic vents and dikes (Fig. 2, Fig 3). Las Raices structural site is
a representative outcrop of second order faults (Fig. 7). Here, NE-
striking dextral-normal oblique faults consist of 10 to 50 cm thick-
banded fault core formed by laumontite and stilbite veins and hydro-
thermal breccia (supplemental figures SM2b, b1 and b2) (Las Raices
structural site, Table 1). These crosscut NNE-striking dextral-reverse
oblique slip faults with calcite slickenfibers. The NE-striking fault dam-
age zone is rather asymmetric (Fig. 7d and supplemental figure
SM2b), beingmore penetrative in the hangingwall than in the footwall.
These fault-fracture networks host syntectonic N65°E-striking dikes
(Fig. 7d) which are cut by N70°–80°E-striking, syntaxial, stilbite veins
(Fig. 7e, supplemental figure SM2b and Table 1).

The third-order fault-fractures consist of cm-scale, sinistral-reverse
faults locally exhibiting calcite slickenfibers and ENE- to WNW-
striking veins and hydrothermal breccias. One of these vein systems is
well recorded at outcrop scale at Las Mentas structural site. This
consisting of one ENE–WNW/70°–45°S striking vein system filled with
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euhedral calcite grains ranging between 0.3 and 2.0 cm in diameter.
These hybrid faults and vein networks are commonly present at second
order outcrop faults.

The Biobio–Alumine Fault System, despite being a well-marked linea-
ment in the study area, record no obvious outcrops. Nevertheless, along
stretches of the Biobío river valley, there arewell-exposed decametric tri-
angular facets and outcrop-scale normal faults developed on fluvial de-
posits indicating neotectonic activity. The master faults of the LOFS
locally cut and displace those of the BAFS at regional scale (Fig. 3, 4a).

Numerous hot springs located at theNWflank of the Tolhuaca volca-
no also define a NW-trending alignment with hydrothermal alteration
(Fig. 3). Las Animas structural site is a representative outcrop of NW-
striking faults belonging to ATF (Fig. 7a). Here, a ca. 60 m wide, NW-
striking fault zone is well exposed, consisting of two subparallel NW-
striking faults with thickness of 30–50 m and two well-exposed 2–
6m thick faults with breccia and hydrothermal breccia fault cores (sup-
plemental figures SM2c, c1 and c2).

One N50°W-striking fault (Fig. 7a, b) exhibits a foliated, 50 cm
thick core with zeolite veins. These veins are cross-cut by cm-scale
offset NW-striking reverse faults (Fig. 7c). Here, an asymmetrical
hanging wall damage zone developed, showing a significant hydro-
thermal alteration expressed as a denser occurrence of sub-vertical
stilbite filled veins and laumontite/stilbite rich matrix hydrothermal
breccias (Fig. 7b) (Las Animas site, Table 1). A gentle, fault-
propagated fold near the fault core confirms a reverse movement
(Fig. 7b). The fault breccia consists of zeolite-filled vein-breccia
that locally develops stockworks and lenticular, clast-supported zeo-
lite hydrothermal breccia bodies with sub-rounded host-rock clasts
ranging from 10 to 30 cm in diameter (supplemental figures SM2c,
c1 and c2).

4.2. Kinematics and dynamics of fault-fracture networks

4.2.1. Regional fault slip analysis
Regional kinematic and dynamic parameters result from applying

inversion procedures, seeking strain and stress fields representative of
the entire fault population (n = 190) collected from 7 structural sites
and vicinities (Fig. 8a). The regional strain analysis shows that individu-
al (single fault datum) P and T axes are widely distributed, without
forming well-defined clusters. This suggests that the analyzed fault-
slip data population carries kinematically heterogeneous information
Fig. 8. (a) Lowerhemisphere, equal-areaprojection showing the orientation ofmeasured fault p
theMIMmethod applied to our study area. Results of these analyses show the lower hemisphe
Multiple Inverse Method (MIM) (Yamaji, 2000), the color represents theφ-value from purple to
possible fit between real and modeled data. (c) Stress field solutions fromMIM, σ1 (blue triang
showing the angular misfit for each solution.
about the faulting mechanism and evolution of the intra-arc zone. Fol-
lowing this, the strain analysis would not be representative without
an arbitrary data selection (Angelier, 1984; Federico et al., 2010;
Marrett and Allmendinger, 1990; Veloso et al., 2015; Yamaji, 2000).
We analyze the fault-slip data by structural sites in an attempt to differ-
entiate local-scale homogeneous strain fields recorded within the re-
gionally heterogeneous fault-data set, as shown further along in the
text.

Regional stress analysis shows a bimodal φ-histogram distribution
with modes at 0.4–0.5 and at 0.9 (Fig. 8d). However, clustering of stress
axes solutions have associated φ−values of 0.38 and 0.90. The
transpressional strike-slip stress field associated with a φ-value of 0.38
yields a N64°E-trending subhorizontal σ1 axis and a N30°W-trending
subhorizontalσ3 (Fig. 8c, e). The transtensional strike-slipfield associat-
ed with aφ−value of 0.9 has an EW-trending subhorizontal σ1 axis and
NS-trending subhorizontal σ3 (Fig 8c, e).

4.2.2. Local fault-slip analysis
A summary of the strain and stress field results of fault-slip data at

each structural site is shown in Fig. 9 and in Table 1.
The NNE-striking fault zones show a homogeneous deformation

with well-defined clusters of P- and T-axes (Lolco and Troyo structural
sites). The principal strain axes solution indicate NW-trending
stretching and NE-trending shortening with plane- to flattening-strain
ellipsoid. At Ralco structural site, fault-slip data recorded the reactiva-
tion of shale lamination, showing a wide distribution of P- and T-axes.
The stress axes solution shows a strike-slip tectonic regime (φ =
~0.50) with a subhorizontal NE-trending σ1 and NW-trending σ3 axes.
The orientation of strain and stress axes solutions shows a good agree-
ment for these NNE-striking set of faults.

The second order NE-trending faults, well represented at Las Raices
structural site (Fig. 9 and Table 1); show a preferential clustering of T-
axes on a NNW-trending direction and a wide distribution of P-axes
with plane-strain ellipsoid. This kinematically heterogeneous faulting
could be attributed to strain compatibility (Marrett and Allmendinger,
1990) between two fault sets, with slip parallel to fault intersection (Las
Raices structural site, Fig. 9). The stress analysis indicates a transpressional
regime (φ= 0.20) with an ENE-trending σ1 and a subhorizontal NNW-
trending σ3. The minimum principal stress axis, σ3, changes plunge to
nearly sub-vertical (compressional tectonic regime) at the intersection
with the LOFS master faults (La Poza structural site, Fig. 9).
lanes and their associated displacement vector (striae); (b) stressfield solutions as given by
re stereonet (σ1 and σ3 to the left and right side, respectively, Fig. 7b)) calculated by using
red (0–1, respectively). (b)φ-histogram graph shows a bi-modal distribution of the best-

le) and σ3 (red star) with red and green lines for φ=0.9 and 0.38 respectively. (d) Graph



Fig. 9. Lower hemisphere, equal-area projections showing gathered fault-slip data and results of strain and stress analyses, at each structural site. (a) Mesoscopic fault-slip data;
(b) orientation of T (red dots), P (blue dots) and B (black) axes (e.g. Marrett and Allmendinger, 1990). (c) Orientation of calculated stress axes (σ1 and σ3) MIM (Yamaji, 2000).
(d) Density diagram of the poles-to-veins together with the orientation of σ1 (triangle), σ2 (circle) and σ3 (star) principal stress axes shown in (c).
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Fault-slip data analysis from Las Animas structural site shows awidely
scattered distribution of both P- and T-axes, suggesting a polyphasic de-
formation and/or a pre-existing anisotropy reactivation. Similarly, dy-
namic analysis of the same ATF data with the aid of the MIM shows two
distinctive stress axes solutions. The obtained strike-slip and tensional
local stress fields share a common subhorizontal, N-trending σ3 axes,
but the minimum and intermediate stresses switch position, defining
one strong solution with a subhorizontal, ESE-trending σ1 in a strike-
slip regime (φ=0.6), and a secondary solutionwith amoderately plung-
ing, WSW-trending σ1 in a transtensional regime (φ= 0.9).
Fig. 10. Transpressional strain partitioned model (e.g Fossen et al., 1994; Teyssier et al.,
1995) applied to the study area (a) non-partitioned, (b) completely partitioned and
(c) partially partitioned strain; showing shortening-trending axis (P).
5. Discussion

5.1. Deformation partitioning at the Southern Volcanic Zone

Deformation partitioning arising from oblique convergence can be
analyzed by using a geometrical relationship between the angle of rela-
tive plate motion and the trench (convergence angle α = 70°; Fig. 10)
and the orientation of maximum strain axes in the forearc and intra-
arc domains (Teyssier et al., 1995). This geometrical analysis uses the ki-
nematic model of strike-slip partitioning developed by Teyssier et al.
(1995). This model is based on two end-members: strike-slip non-
partitioned and completely partitioned. Based in this model, the non-
partitioned deformation indicates a fixed orientation of the maximum
shortening axis (i.e. P-axis) of N88°E, which is evenly distributed
throughout the forearc and intra-arc domains (Fig. 10a). Conversely,
in the case of a completely partitioned transpression, P-axis ought to
trend N100°E in the forearc and N55°E in the intra-arc structural do-
main of the LOFS (Fig. 10b). Based on these two end-members and the
kinematic/dynamic analyses shown before, we postulate a partial strain
partitioning for our study area (Fig. 10c) with P-axes preferentially ori-
entedN88°–100°E in the forearc domain and N55°–88°E in the intra-arc
domain. The strain and stress field results, from fault slip data in the
intra-arc domain, provide the tectonic context to compare the nature
of strike-slip partitioning with the geometrical model depicted on
Fig. 10. As a first approximation, the orientation of the regional-scale
strain axes is given by the average orientation of T- and P-axes obtained
for the entire fault-slip data population (Fig. 8). Although our results
show a good agreement with field observations at a local scale, the dis-
persion of both P- and T-axes obtained for the entire fault-slip data at
the LOFS (intra-arc) domain is very high, preventing the calculation of
a geologically representative average value. Another possibility is to
use the stress field as a proxy for the infinitesimal strain. Thus, the ori-
entation of the σ1-axis would be parallel to that of the minimum hori-
zontal strain axis (S3 or P) of the incremental strain ellipsoid. This
implicitly assumes that the orientation of both stress and incremental
strain axes has remained coaxial through the faults history – i.e. since
at least from the Late Miocene – in our study area.

The N64°E orientation of themaximumprincipal stress axis (σ1) ob-
tained for the intra-arc is consistent with a partially partitioned defor-
mation (Fig. 10c). In this case, the maximum shortening direction
within the forearc is likely to lie close toanEW-trend(N88°EbPbN100°-
N100°E). This orientation is favorable for the development (or reactiva-
tion) of NW-striking discontinuities as, most probably, sinistral-reverse
faults. Such geometry and kinematics are compatiblewith seismic activ-
ity (Fig. 1b) and the kinematics proposed at a regional-scale (Glodny
et al., 2008; Melnick et al., 2009) for the Mesozoic to recent history of
the NW-striking Lanalhue Fault (Fig. 1; 11), a fault of the ATF running
through both the intra-arc and the forearc region.

The stress axes orientation and stress ratio (φ=0.20) obtained from
the entire fault-slip data (Fig. 8) indicates that the intra-arc is dominat-
ed by strike-slip transpression compatible with plane to flattening
strain at each structural site. Moreover, our results from the dynamic
and kinematics analysis indicate that deformation is even further
partitioned within the intra-arc itself. The main evidence for this is the
difference between the local stress fields calculated at each structural
site and the regional stress field calculated for the entire intra-arc
zone. Fig. 11 shows the regional and local stress fields and the main
structural elements identified within the intra-arc, presenting different
scales of deformation.Within the intra-arc, there areNNE-striking faults
recording right lateral strike-slip and other oblique-reverse right lateral
strike-slip (Fig. 11). This is an evidence that intra-arc domain is accom-
modating pure and simple shear deformation. The principal stress axes
for the second order faults are slightly oblique with respect to the re-
gional stress field and show plunge variations at structural sites where
fault intersections are present (La Poza structural site, Fig. 11, Table 1).
Similarly, variation of local stress axes orientationwithin a fault systems



Fig. 11. Schematic diagram showing oblique convergence at 38°S and the strain partitioning analysis with the orientation of maximum shortening axes proposed for the forearc, and σ1 direction calculated for the intra-arc region and the local stress
field calculated for each structural site (R: Ralco, L: Lolco, T: Troyo, LP: La Poza, LM: Las Mentas, LR: Las Raices, LA: Las Animas). Details in Table 1.
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Fig. 12. Schematic block diagram illustrating the geometrical arrangement and kinematics of faults and other structural elements at the northern termination of the LOFS (black lines)
together with the main traces of the ATF (red lines). The cartoon shows the local stress field solutions and the veins main orientation at each structural site (R: Ralco, L: Lolco, T: Troyo,
LP: La Poza, LM: Las Mentas, LR: Las Raices, LA: Las Animas).
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recorded by fault-slip data or earthquake focal mechanism has been
documented at the Atacama Fault System (Veloso et al., 2015), South Is-
land, New Zealand (Herman et al., 2014), Alhama de Murcia fault
(Martínez-Díaz, 2002) and Maghreb region (Ousadou et al., 2014)
among others.

Fault-slip data analysis of the LOFS structural elements yielded ho-
mogeneous orientations of the strain axes, suggesting that deformation
occurred as a continuous deformation phase. In contrast, fault-slip data
analysis of the ATF yielded heterogeneous orientations of the strain
axes, suggesting that at least two deformation phases acted upon
these structural elements. Accordingly, the MIM analysis shows two
stress field solutions: one strike-slip (φ = 0.6) and one transtensional
tectonic regime (φ = 0.9) (Figs. 11 and 12). Field observations at Las
Animas structural site (Fig. 7b and c) document both stress field
solutions, where one conspicuous NW-striking fault shows evidence
of both normal-slip offset and of sinistral-reverse slip. The strike-slip
local stress field solution (φ = 0.6) had a similar orientation to that of
the theoretical maximum shortening axis previously discussed for
fore-arc deformation (Fig. 11). These results record a deformation
partitioning pattern within the intra-arc, accommodating part of the
shortening perpendicular to the trench by sinistral-reverse NW-
striking faults (Fig. 7c). The orientation of a second transtensional
strike-slip stress field solution (φ=0.90) is decoupled from the region-
al stress field and is consistent with the observed normal faulting and
vertical veins networks present at the outcrop scale. This deformation
pattern is similar to that obtained from focal mechanism analysis of
the NW-striking Pichilemu fault during its reactivation after the Maule
earthquake in the forearc domain (Aron et al., 2014, 2013).
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Furthermore, a similar maximum stretching axis orientation of this so-
lutionwasmodeled for the co-seismic deformationduring the 1960Val-
divia earthquake (Moreno et al., 2009; Plafker and Savage, 1970).

The geometry formed by right-lateral strike-slip NNE-striking mas-
ter fault and dextral-reverse synthetic faults with NE-striking normal-
dextral and NW-striking sinistral-reverse faults is compatible with the
geometry shown in strike-slip analog model (σ1 = 45°) (González
et al., 2012). Nevertheless, this model records a fault system mainly
composed of reverse-dextral faults accommodating the shortening im-
posed by oblique subduction. Our fault-slip data shows a strike-slip
dominated fault system probably because the analogmodel does not in-
clude the subduction zone and forearc region, which accommodate
most of the shortening component. Another important factor to consid-
er is the thermal weakness present at the intra-arc region, not consid-
ered in the analog model.
5.2. Magmatic and hydrothermal fluid migration

The integration of strain and stress analysis of fault-fracture net-
works with the microstructural analyses of minerals from different
structural elements allows constraining the tectonic and mechanical
conditions operating duringmigration and crystallization of hydrother-
mal fluids and magmas (e.g. Bons et al., 2012). The transpressional
strike-slip regime recorded in the intra-arc domain favors vertical
magma/hydrothermal fluid migration (e.g. Brogi, 2011; Faulkner and
Armitage, 2013; Sibson, 1994). The orientation of the regional stress
field (N60E-striking σ1 and N30W-striking σ3 axes) seems to control
the NE-striking orientation of volcanic feeder dikes observed at, for
example, the Lonquimay, Llaima and Callaqui volcanoes. This is also re-
corded by the NE-elongation of stratovolcanoes and flanks vents NE-
tending alignment (Fig. 2).

The NNE-to-NS-strikingmaster faults of the LOFS record a strike-slip
tectonic regime with similar orientation to that of the regional stress
field. The NE-striking veins of this system are parallel to the orientation
of σ1 and perpendicular to σ3 (Fig. 12). This fault-vein network reveals
multiple reactivation events and coeval mineral precipitation at
centimeter-scale (slickenfibers). Dilational jogs, which are likely to
serve as efficient fluid conduits, are preferentially located at the inter-
section between NNE- and NE-striking faults (Fig. 12, Lolco and
Ralco). Bladed-like texture of calcite aggregates sealing those dilational
jogs suggests that fault activity triggered mineral precipitation by tran-
sient changes in the pore fluid pressure (Sibson, 1987; Weatherley and
Henley, 2013).

The second order faults of the LOFS are spatially and genetically as-
sociated with ENE-striking veins compatible with the orientation of
the calculated local stress field (Figs. 11 and 12 Las Raices structural
site). Dikes preferentially intrude NE-striking decametric faults, which
are reused by ENE-NE-striking tensional veinsfilledwith zeolite and hy-
drothermal breccia lenses. Magma intrusion and superimposed hydro-
thermal activity record the favorable orientation of NE-ENE-striking
faults and fractures to vertical magma/fluid transport at different
times and depths. The third order structures of the LOFS aremainly rep-
resented by EW-striking tensional veins filled with zeolite and calcite,
hybrid veins and hydrothermal breccias at the outcrop scale, which
are compatible with the local stress field produced by second order
faults (Figs. 11, 12, Las Mentas).

TheATF faults are composed of a thick damage zone andmultiple fault
cores and host thicker andmore pervasive NW-striking veins and breccia
bodies than the LOFS (Table 1; Figs. 11, 12, Las Animas structural site).
Despite the fact that these NW-striking faults are kinematically com-
patible with the stress field, they have an unfavorable orientation for
faulting and therefore, are likely to require high fluid-pore pressure
to rupture (e.g. Sibson, 2004). Overpressure conditions are likely to
form breccia bodies and stockworks at meter-scale and to produce
large pore fluid pressure fluctuations. Therefore, structural elements
related to the ATF faults are not only suitable for magma and/or hy-
drothermal migration but also for transient fluid storage.

Minerals precipitated within fault-fractures network are mainly ze-
olite (stilbite and laumontite) and locally calcite. The hydrothermal ac-
tivity temperature recorded by laumontite + stilbite assemblage
indicates crystallization temperatures at 110–170 °C (Liou et al.,
1987). The differentminerals do not reveal, at regional scale, a preferen-
tial distribution or a clear spatial association with a particular structural
element. Evidence recorded at the NW-striking discontinuities reflects
the higher volume of mineral precipitation and associated larger dam-
age zone. Similar mineralogy has been recognized at shallow depths
(≤500m) in active hydrothermal systems from the Southern Andes Vol-
canic Zone, such as Tolhuaca and CopahueGeothermal Fields (Mas et al.,
2005; Mas, 2005; Melosh et al., 2012, 2010). These active systems are
also spatially related to both the LOFS and the ATF faults, suggesting
that they might be the present-day active analogs of the structural
sites analyzed.

Thus, our results show the complexity in the spatial distribution of
stress fields within strike-slip systems and their role in the geometrical
distribution of fluid flow, part of whichmay account for the reactivation
of inherited faults or strain incompatibilities at fault intersections. Our
work suggests that the structural elements, and the systems that they
define, record a long-liveddeformation coevalwithmagma/fluidmigra-
tion within the crust, from early magmatic stages to late hydrothermal
mineral precipitation (veins) that used, essentially, the same disconti-
nuities over time and space.

6. Conclusions

A complete analysis of structural elements at the intra-arc do-
main of the LOFS and ATF between 38°S and 39°S reveals the mech-
anism of control that the regional and local stress fields exert on
magma/fluid transport and arrest (Fig. 12). Our conclusions are sum-
marized as follows:

1- Deformation driven by oblique convergence is partially partitioned
into each morphotectonic domain: subduction zone, forearc and
intra-arc. At intra-arc domain, the tectonic regime corresponds to a
strike-slip-dominated transpression (Fig. 11).

2- The regional stress field at the intra-arc region is the result of two in-
dependent and homogeneous stressfields. The prevailing stress field
solution corresponds to a transpressional stress regime with a
subhorizontal, N64°E-trending σ1 axis and a subhorizontal,
N30°W-trending, σ3 axis. The second identified stress field solution
is a transtensional stress regime with a subhorizontal, N88°E-
trending σ1 axis and a subhorizontal N05°W-trending σ3 axis.

3- Deformation is also further partitioned within the intra-arc domain
by faults with NNE-, NE-, ENE- and NW-strikes. Particular features
of these faults are:
a. The NNE-striking faults show either right lateral strike-slip and

dextral-reverse displacement, accommodating part of the trench-
parallel and trench-orthogonal shortening components.

b. The NE-striking faults are mostly hybrid faults with dextral-
normal displacements. The associated transpressional local stress
regime is clockwise-rotated with respect to the regional solution,
thus favoring the emplacement of ENE-striking veins and dikes.
At the intersection between NE- andNNE-striking faults, the stress
regime is nearly compressive.

c. The NW-striking faults document two different kinematic and
dynamic behaviors. One of them is compatible with the regional
stress field and accommodates the orthogonal to the trench-
shortening component. The second stress field solution is
decoupled from the prevailing regional stress field and has a
stronger long-term deformation imprint at the outcrop scale.

4- The LOFS constitutes a localized fluid/magma pathway, where NNE-

striking master faults focus the emplacement of syntectonic dike
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intrusions and the distribution of arrested paleo-fluids mainly at
dilational jogs. The NE-striking fault-fractures host dikes and volca-
nic vents at kilometric scale, according with tensional fractures
activated by the regional stress field. These structural elements con-
stitute pathways for magma and hydrothermal fluid migration. The
local stress field variation has a strong control on the vein systems
and dikes orientation at outcrop scale.

5- ATF may constitute a large hydrothermal fluid reservoir with wide
fault zones and a strongly developed fault-fracture network spatially
associated with mineral precipitation.

6- Our observations support a strong interplay between stress field,
fault-fracture orientation and magma/paleofluid distribution. The
fault-fracture networks favorably oriented for reactivation with re-
spect to the regional stress field constitute well-defined vertical
pathways for magma/fluid transport through the lithosphere.
These structures define restricted damage zones and thin veins sys-
tems. Conversely, fault-fracture systemsmisorientedwith respect to
the regional stress field might act as efficient reservoir for magma
and fluid under high fluid pressures.
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