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Abstract Understanding the relationship between crustal faults and volcanic activity in transpressional
environments is a main goal in geosciences and could help to understand geothermal resources and
evaluate geological hazards. In the Andean Southern Volcanic Zone (SVZ), Chile, recorded seismicity is
scarce, and few studies have evaluated the relationship between volcanic activity and crustal faults from
seismic observations. Thus, in this study, we deployed a seismic network for almost 1 year to understand
the brittle deformation of the upper crust within the Puyuhuapi area, located at ~44°S in the SVZ. We
analyzed the location and kinematics of seismicity together with previously published field structural
geological data. Considering these results, we developed an integrative tectonic model for the area and
discussed which faults facilitate magma transport through the crust. Our results indicate the existence of two
NNE‐oriented seismogenic dextral to dextral‐reverse regional faults that generate a duplex in a
continental‐scale fault setting. Inside the duplex, we observed normal to strike‐slip normal focal
mechanisms which recurrently have NE trending nodal planes. At a regional scale, a strike‐slip tectonic
environment has a N60°E/18° shortening direction and a N151°E/03° extension direction. We conclude that
stratovolcanoes are located inside the duplex in a local transtensional environment where NE oriented
normal faulting may occur. These faults facilitate magma transport since they represent the preferential
orientation for dilatational fractures. Conversely, in local transpressional environments such as the
Puyuhuapi fault (NNE oriented dextral to dextral‐reverse kinematics), only minor eruptive centers of small
volume are emplaced, suggesting a less productive magma transportation process.

1. Introduction

Active geological faults represent mechanical weaknesses within the crust, which can trigger and/or pro-
mote the further development of fractures during a seismic cycle (e.g., Mogi, 1967; Scholz, 2002). These frac-
tures result in new domains with high permeability, thus generating ideal conditions to promote fluid
migration (e.g., Ingebritsen & Gleeson, 2017; Lamur et al., 2017; Pérez‐Flores et al., 2017). Consequently,
the relationship between crustal faults and fluid migration through the crust has been studied extensively
(e.g., Cox, 2005; Faulkner et al., 2010; Gudmundsson, 2011). In particular, along magmatic arcs, crustal
faults play a key role in volcanic emplacement, regardless of the local tectonic setting. Some illustrative
examples of this link between faults and volcanoes are the Taupo Volcanic Zone in New Zealand
(e.g., Cole, 1990; Rowland & Sibson, 2004), the Central American arc (e.g., Corti et al., 2005; LaFemina
et al., 2002, 2004), and the Southern Volcanic Zone (SVZ) in Chile (e.g., Cembrano & Lara, 2009;
Pérez‐Flores et al., 2016). In this paper, we focus on the SVZ, a transpressional volcanic arc where several
tectonic models have been proposed to explain the emplacement of volcanoes (Cembrano & Lara, 2009;
López‐Escobar et al., 1995; Melnick et al., 2006; Nakamura, 1977; Pérez‐Flores et al., 2016; Sánchez
et al., 2013). However, most of the data supporting these models were obtained between 38°S and 42°S
and therefore cannot account for continental‐scale variability of the nature, geometry, and kinematics of
different fault systems along the whole SVZ (e.g., horsetail fault termination at ~38°S, one main NNE
oriented strike‐slip fault between 42° and 43°S, and a transpressional duplex between 44° and 46°S).
Furthermore, the use of seismic events as a short‐term testing methodology for these models remains
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largely undeveloped for the SVZ, with some exceptions (Lange et al., 2008; Sielfeld et al., 2019). Hence,
further efforts and hypothesis testing must be performed to understand which tectonic model can explain
the emplacement of volcanoes in transpressional tectonic environment such as the SVZ.

The SVZ (Figure 1) is a volcanic arc dominated by a transpressional stress throughout a length of ~1,000 km
along theAndes, where theNazca Plate subducts below the SouthAmerican Plate (López‐Escobar et al., 1993,
1995). This volcanic arc has been correlated with the Liquiñe‐Ofqui fault system (LOFS) and the Andean
Transverse Faults (ATFs) (e.g., Pérez‐Flores et al., 2016; Sielfeld et al., 2019). Different authors recognize
the important tectonomagmatic role of NS oriented strike‐slip faults (master faults) with secondary NE
andNWoriented faults of the LOFS (Cembrano&Lara, 2009; Iturrieta et al., 2017; López‐Escobar et al., 1995;
Melnick et al., 2006; Nakamura, 1977; Pérez‐Flores et al., 2016; Sánchez et al., 2013). These authors note that
NE oriented strike‐slip faults favor the rapid ascent of magma from the asthenosphere due to the orientation
of the principal stress axis in this volcanic arc (i.e., a ~N60°E trending direction; Cembrano & Lara, 2009, and
reference therein). This occurrence generates NE‐aligned flank volcanoes, NE oriented chains of

Figure 1. Geomorphological map of the study area. Faults are compiled from Arancibia et al. (1999), Cembrano and
Lara (2009), Thomson (2002), and Vargas et al. (2013). Focal mechanisms were obtained from Lange et al. (2008) and
Legrand et al. (2011); convergence velocity vectors were obtained from the MORVEL model (DeMets et al., 2010).
NP: Nazca Plate. AP: Antarctic Plate. SAP: South American Plate. The Nazca Plate vector was decomposed, in
convergence parallel and perpendicular to margin, as shown by the gray arrow. The black rectangle show the specific
study area.
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stratovolcanoes, and NE elongated clusters of monogenetic cones (Cembrano & Lara, 2009; López‐Escobar
et al., 1995; Nakamura, 1977). The present study focuses on the southern tip of the SVZ, in the Puyuhuapi
area, where a continental‐scale strike‐slip duplex has been documented (Cembrano et al., 1996) as shown
in Figures 1 and 2. In this area, the link between volcanoes and tectonics has been analyzed only with
elastoplastic modeling. The results of previous studies suggest that the intersection between NS and NE
oriented faults may serve as a long‐lived magma pathway (Iturrieta et al., 2017).

The purpose of this work is to test the existing tectonic models using a novel crustal earthquake catalog, in
order to improve the understanding of the relationship between volcanoes and crustal faults in

(a)

(b)

Figure 2. Local structural geology of the study area. (a) Regional map. (b) Local map of Puyuhuapi fjord. Focal mechanisms were obtained from *1Kanamori and
Rivera (2017) and *2Legrand et al. (2011). Ductile deformation is according to *3Cembrano et al. (2002). Brittle deformation was obtained from the data of
*4Arancibia et al. (1999). Each brittle‐structural site is numbered according to Arancibia et al. (1999), and the age of each site was obtained from the same work.
Red and blue dots of brittle deformation represent the T‐extensional and P‐shortening direction of fault planes. Red diamonds and blue squares represent
the main extensional and shortening directions, respectively, that were obtained from the statistical Bingham distribution in the FaultKin software
(Allmendinger et al., 2012; Marrett & Allmendinger, 1990). The large black square in (a) indicates the study area. Faults and lineaments were obtained from
Arancibia et al. (1999), Cembrano et al. (2002), Mella and Páez (2011), SERNAGEOMIN (2003), and Vargas et al. (2013). Part of the map is simplified from
Vargas et al. (2013). The geological legend is as follows: (1) Paleozoic metamorphic basement; (2) Paleogene and cretaceous intrusive rocks; (3) Miocene intrusive
rocks; (4) Eocene‐to‐Miocene marine volcano‐sedimentary rocks (Traiguen formation); (5) Traiguen formation with low‐grade metamorphism; (6) Quaternary
volcanic rocks; and (7) Quaternary sedimentary deposits.
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transpressional environments. If the interaction between crustal fault systems and hot fluid circulation can
be understood in the study area, the nature and spatial configuration of geothermal reservoirs and geological
hazards will be better constrained. Specifically, we selected a small study area (80 × 80 km) near the town of
Puyuhuapi (Figures 1 and 2), which contains two active stratovolcanoes, nine minor eruptive centers, and
nine hot springs, all of which are spatially related to map traces of the LOFS. We recorded the seismicity
in this area for ~1 year in an attempt to constrain the current deformation state of the crust. By coupling seis-
mic observations with previous studies of the structural geology along exhumed faults, we define the defor-
mation process over time, which in turn allows us to define the main active crustal faults and their
kinematics. Finally, we propose a tectonic model to explain the relationship between different types of
volcanoes (i.e., minor eruptive centers or stratovolcanoes) and different kinds of faults and provide a
comparison between the model and previous models for the SVZ.

2. Tectonic Background

The tectonic of the SVZ (33–49°S) is dominated by the oblique subduction of the Nazca Plate beneath the
South American Plate, which has a N76°E trending convergence velocity vector and a convergence rate of
~73 mm/yr (DeMets et al., 2010). The direction of the convergence is presumed to have been largely stable
since the Miocene (Pardo‐Casas & Molnar, 1987); however, the convergence rate has decreased from 19 cm/
yr to the actual value of 7.3 cm/yr since the Miocene (Quinteros & Sobolev, 2013), as evidenced by exposed
brittle faults and ductile shear zones (e.g., Arancibia et al., 1999; Cembrano et al., 2002; Lavenu &
Cembrano, 1999). The other first‐order tectonic element in the region is the triple‐junction which occurs
at the Taitao Peninsula, where the Chile Rise subducts beneath the Chile‐Peru trench (Figure 1). South of
this triple‐junction, continental tectonics are controlled by the convergence between the Antarctic and
South American plates, which occurs at a rate of 20 mm/yr with a N88°W trending direction (DeMets
et al., 2010).

2.1. Crustal Faults of the SVZ

Crustal deformation in the SVZ is accommodated by two groups of faults: the LOFS and the ATF, as shown
in Figure 1 (e.g., Cembrano et al., 1996; Cembrano & Lara, 2009; Melnick et al., 2006; Pérez‐Flores
et al., 2016). The LOFS is an active fault system composed of NS oriented master faults with dextral
and dextral‐reverse kinematics accompanied by NE to ENE oriented dextral and dextral‐normal faults
(e.g., Arancibia et al., 1999; Iturrieta et al., 2017; Lange et al., 2008; Lavenu & Cembrano, 1999;
Pérez‐Flores et al., 2016; Rosenau et al., 2006 ; Villalobos et al., 2020). Geological evidence indicates that
the LOFS is a continental‐scale shear zone dominated by a transpressional regime, with a NS oriented
dextral‐slip deformation that partially accommodates the margin‐parallel component of the
plate‐convergence vector (see Figure 1). The ATF includes a group of NW oriented sinistral and
sinistral‐reverse faults oblique to the current orogen which were apparently inherited from pre‐Andean pro-
cesses (e.g., Pérez‐Flores et al., 2016; Radic, 2010; Rosenau et al., 2006). Such faults and morphotectonic
lineaments are thought to be related to the tectonic segmentation of the Andes, Paleozoic‐Mesozoic volcan-
isms, and the formation of NW‐WNW trending Mesozoic basins (e.g., Melnick et al., 2009; Radic, 2010;
Rivera & Cembrano, 2000). The study area is located in the southernmost termination of the LOFS, where
two first‐order NNE‐oriented faults comprise a strike‐slip dextral duplex with at least three second‐order
NE oriented faults splaying off the LOFS (Cembrano et al., 1996; Iturrieta et al., 2017) (44–46°S).

2.2. Volcanic Features

Many volcanoes in the study area are spatially associated with NS to NE oriented faults (Cembrano &
Lara, 2009), whereas in the northern segment of the LOFS, volcanism is locally related to NE and NW
oriented transverse faults and fault intersections (e.g., Pérez‐Flores et al., 2016).

Evidence of Quaternary volcanism has been provided by tephrochronological analysis of two lakes in the
study area, which indicate the Quaternary activity of Mentolat and Melimoyu volcanoes (Stern et al., 2015).
Melimoyu volcano (44.08°S/72.88°W; elevation: 2,400 m above sea level, a.s.l.) is a large glacier‐covered stra-
tovolcano that is elongated 10 km in an E‐W direction, with a small summit crater with a diameter of 1 km.
There is no record of historic activity for this volcano, yet tephra fall deposits preserve evidence of two late
Holocene explosive eruptions less than 3,000 years ago (Naranjo & Stern, 2004). The volcano is mainly
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andesitic; however, proximal tephra deposits from recent eruptions grade from dacitic pumice upward to
coarse dark basaltic scoria (López‐Escobar et al., 1993; Naranjo & Stern, 2004). Meanwhile, Mentolat
volcano (44.70°S/73.10°W; elevation: 1,660 m a.s.l.) is a stratovolcano formed of Pleistocene to Holocene
basaltic andesites and andesite lava flows (López‐Escobar et al., 1993). The volcano is capped by a large
summit crater infilled with either a Holocene dome or simply ice. Mella et al. (2012) reported two major
eruptions less than 4,000 years ago and some local reports suggest that an eruption occurred in the early
eighteenth century.

Additionally, close to the seismic network, there are other minor eruptive centers with observed postglacial
activity (Lahsen et al., 1994), which are referred to as the Puyuhuapi Volcanic Group (PVG) (Figure 1). These
centers consist of pyroclastic cones and basaltic lava flows (Lahsen et al., 1994) and are spatially associated
with one of the NS trending master faults of the LOFS (Figure 1).

2.3. Regional Seismicity

The availability of seismic data for the study area is limited, mainly due to the lack of long‐term local seismic
networks. However, in 2007, a large seismic swarm related to the LOFS was recorded to the south of the
study area (Agurto et al., 2012; Legrand et al., 2011; Mora et al., 2010; Russo et al., 2011; Vargas et al., 2013).
The most relevant features of this seismic sequence were as follows: (i) a high b value of 2.59 ± 0.3, which
suggests fluid circulation close to the Macá and Cay volcanoes (Legrand et al., 2011); (ii) a strike‐slip focal
mechanism of the main event (Mw 6.2), with the most probable solution being a NNE oriented dextral fault
accompanied by another event (Mw 6.1) produced by a NE‐oriented normal fault (Agurto et al., 2012;
Legrand et al., 2011; Russo et al., 2011), which implies a present‐day activation of the principal and second-
ary LOFS faults (Figure 1); and (iii) the depth of the events was within the upper 10 km of the crust (Agurto
et al., 2012; Legrand et al., 2011; Mora et al., 2010), suggesting a shallow brittle‐plastic transition in this
region.

Kanamori and Rivera (2017) analyzed a crustal earthquake which occurred on 6 June 1960 as an aftershock
of the 22 May 1960 Mw 9.5 Great Chilean Earthquake. This crustal earthquake (Mw = 7.7) has five possible
focal mechanisms, all of which have a ~N10°W striking nodal plane and four of which show primarily
strike‐slip kinematics (Figure 2 shows one of the possible focal mechanisms and Figure S10 shows all of
the possible focal mechanisms). Two other earthquakes with similar focal mechanisms were recorded by
the Global Centroid Moment Tensor catalog in the last century (Kanamori & Rivera, 2017), as also shown
in Figure 2.

2.4. Local Structural Geology

Both brittle and ductile deformation have been recorded in the study area (Arancibia et al., 1999; Cembrano
et al., 2002; Lavenu & Cembrano, 1999; Mella & Páez, 2011). Each of these styles of deformation is extremely
important for the interpretation and discussion presented in this study—brittle deformation for understand-
ing similarities and differences between long‐term (structural geology) and short‐term (seismicity) deforma-
tion processes, and ductile deformation to compare the deformation at deeper structural levels which are
now exhumed. By combining these data, we assessed the temporal evolution of the prevailing deformation
processes and kinematics in the study area since at least ~4 Ma (considering the deformation dated in
Cembrano et al. 2002).

Brittle deformation in the study area has been explained by two temporally separated stress regimes
identified from fault‐slip analyses: (1) a post‐Miocene regime with an EW shortening direction; and (2) a
Quaternary regime with a ~N60°E shortening direction (Arancibia et al., 1999; Lavenu &
Cembrano, 1999). Outcrops which show evidence of brittle deformation are shown in Figure 2, with fault
planes observed on granodiorites and diorites (obtained from Arancibia et al., 1999). Brittle deformation is
younger than the biotite or hornblende 40Ar/39Ar ages of hosting rocks summarized in Figure 2.
Additionally, north of Melimoyu volcano, NE oriented faults with lengths of ~2–5 km accompanied by NS
oriented normal faults with lengths of 5–20 km have been mapped crosscutting Miocene to Pliocene intru-
sive rocks (Mella & Páez, 2011; see upper part of Figure 2a).

On the other hand, the kinematics of ductile deformation have been defined from the lineation and foliation
measured in mylonitic rocks (Cembrano et al., 2002). Most of the ductile deformation in the study area can
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be explained in terms of right‐lateral to right‐lateral‐reverse kinematics (Figure 2). A specific outcrop, named
the Rio Cisnes shear zone, shows ~N60°E normal right‐lateral kinematics. Ductile deformation has been
dated at 4–6 Ma based on biotite, hornblende, and muscovite 40Ar/39Ar ages from mylonitic rocks
(Cembrano et al., 2002).

3. Methods
3.1. Seismic Data

We deployed a seismic network consisting of six S31f‐2.0a borehole seismometers (IESE, Auckland, New
Zealand; three‐component, short period, natural frequency of 2 Hz; locations shown in Figure 1). The
sampling rate was set to 500 samples per second. The seismic network collected data for 10 months
between August 2016 and May 2017. To improve the spatial resolution of the network, we included
data recorded by five permanent stations (Guralp 6TD, Guralp Systems, Reading, UK;
three‐component broadband seismometers) belonging to the Volcanic Observatory of the Southern
Andes (OVDAS) and by one station belonging to the National Seismological Center of Chile (CSN).
The data from the OVDAS and CSN stations were recorded at 100 and 40 samples per second, respec-
tively. The continuous seismograms were visually inspected to identify crustal earthquake events. We
only considered events with less than 8 s between the arrival times of the P and S waves; thus, limiting
the considered seismic activity to distances of less than ~65 km from the network. We detected 272 seis-
mic events, which were classified into two types: (i) Class A events, which were clearly detected by at
least six stations—that is, event which have more than 12 observed arrivals of P and/or S waves—and
(ii) Class B events, with more than seven clear P and/or S wave. According to this classification, we
obtained 117 Class A events and 155 Class B events. Figure 3 shows velocity seismograms of a Class
A event recorded at station PYU07.

Figure 3. Example of the waveform of a “class A” crustal event with a magnitude of Mw = 2.1 (13 December 2016, 09:58
UTC) recorded at station PYU07. Three components are shown, namely vertical (Z) and horizontal (NS and EW).
The arrivals of P and S waves are clearly observable in the Z and EW components, respectively. The small difference
between the arrival times of the P and S waves indicates a short distance between the source and receiver (which for
this particular case is estimated to be ~22 km); this was confirmed by the location process (which defined a
source‐receiver distance of 21 km). Note that all the events analyzed in this work had Mw > 2, as only events of these
sizes were detected at a minimum of six stations.
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3.2. Earthquake Location

Wemanually carried out the precise determination of the arrival times of P and Swaves on the recorded seis-
mograms using the SEISAN software (Ottermöller et al., 2014). To obtain an initial estimate of the location of
the events, we used the Hypocenter software (Lienert, 1994), which requires a precise local velocity model.
To determine the most suitable model, we located events using different seismic velocity models and evalu-
ated which one had the smallest arrival‐time error using the methodology described below.

First, using the Wadati software of the SEISAN package, we defined a Vp/Vs ratio of 1.72 for Class A and
Class B events. Then, as a first iteration, Class A events were located using 25,000 different velocity models
in the range defined and depicted in Figure 4a, which contains the range of velocities of all the velocity mod-
els observed worldwide (Mooney et al., 2002). Then, from these results, we chose 500 models with the smal-
lest root‐mean‐square (RMS) time errors to define a new velocity range (the second iteration in Figure 4a).
From the range defined as the second iteration, we computed 125,000 different models with better stratifica-
tion and a higher velocity resolution (layer thickness 0.5–1 km, velocity resolution 0.1 km/s) and chose the
model with the smallest RMS error. Thus, our method involves searching for the best velocity model from
the entire space of possibilities via a grid‐search technique and is not an optimization or inversion technique
as is provided by other available software (e.g., Velest).

We applied this method to Class A events only as they represent robust data with a lower chance of having
uncontrolled local variability. Most of the earthquakes were located within the upper 15 km of the crust;
hence, the velocity model was well constrained within this depth range (see Figure 4a).

To obtain accurate earthquake locations, we relocated Class A events using the HypoDD software
(Waldhauser, 2001; Waldhauser & Ellsworth, 2000). To ensure that the distance between events was small
with respect to the station‐event distance, we relocated event pairs that were separated by less than 5 km.
In order to obtain more equations than the number of degrees of freedom for each event pair, we only used
event pairs for which a minimum of eight phase observations were available. Isolated events without pairs
within 5 km were not processed with HypoDD (27 of 117 events); however, we retained their hypocentral
location. These events were processed using the location‐quality filter described in the last paragraph of this
subsection and are shown in the supporting information (file with locations: Class_A_locations.txt).
Waldhauser (2001) paid careful attention to address the location error estimated with the HypoDD software,
and the reliability of the error values must be tested using statistical methodologies (e.g., Waldhauser &
Ellsworth, 2000). To test the location error, we used a bootstrap statistical resampling approach similar to
that of Waldhauser (2001), eliminating one event per iteration in two cases—namely when the events loca-
tion start (1) in the center of the cluster or (2) in the Hypocenter catalog—totaling 234 (117 × 2) iterations.
The variability of the locations can be observed in Figures 4f and 4g. The 90% confidence level is contained
to around 2–3 km, which is sufficient to resolve and separate the main faults in the study area and to draw
conclusions regarding the tectonic setting of the region.

Finally, we filtered the 117 Class A hypocenters by their location quality based on the following criteria:
(1) location error of less than 3.5 km; (2) RMS error of less than 0.3 s; (3) events with more than 12 clearly
identified P and/or Swave phases; and (4) azimuthal gap below 240°. Following this filtering process, a total
of 81 events remained, which will be considered throughout the rest of this paper. The mean location error
was 1.2 km in both the horizontal and vertical directions, and the mean RMS was 0.13 s. Figures 4b–4e pre-
sents the statistics for the locations of the 81 remaining events. Further analysis of the earthquake location
reliability in terms of the event hypocenters and the network distribution is presented in section 4.

3.3. Earthquake Focal Mechanisms and Magnitudes

To calculate focal mechanisms, we considered events with at least nine clear P wave polarities, RMS values
of less than 0.25 s, and an azimuthal gap of less than 180°. We constrained focal mechanisms using the
FOCMEC, HASH, and FPFIT softwares from the SEISAN package. The FOCMEC focal mechanism solu-
tions were calculated with no polarity error to provide a range of possible solutions. Then, we calculated
the solutions with HASH (allowing one polarity error) and FPFIT. Lastly, we chose the solution which pro-
vided the best fit to all possible FOCMEC solutions using our own Python code (explained in detail in
Text S4). A summary of the focal mechanism selection process is presented in Text S4 and Figures S9 and
S10; meanwhile, the statistical details of the selected mechanisms can be found in Table S2. To quantify
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(a) (b) (c)

(d)

(f) (g)

(e)

Figure 4. The velocity model used to obtain earthquake locations, and the event localization statistics. (a) Gray lines
show the range of the first and second iterations to find the best velocity model. The best velocity model is shown by
the solid black line. Most of the earthquakes are located within the upper 15 km of the crust, and the refracted rays in
layers below 15 km represent only 3% of the detected rays (53 of 1,820 raypaths); thus, velocity layers below 15 km
are poorly resolved; these are shown by dashed black lines. Panels (b)–(e) show statistics for the 81 events that passed the
location‐quality filtering using the following criteria: (1) location error below 3.5 km; (2) number of phases greater
than or equal to 12; (3) root‐mean‐square (RMS) value of less than 0.3 s; and (4) azimuthal gap below 240°. Panels (f) and
(g) show the variability of the locations obtained using the HypoDD software, calculated using a bootstrap
analysis similar to that of Waldhauser and Ellsworth (2000). Both horizontal and vertical directions were analyzed. The
red ellipses contain 90% of the events.
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the uncertainty of the mechanisms, we calculated the RMS error of the P and T directions of each mechan-
ism using 90% of the possible focal mechanisms defined by the FOCMEC software (each uncertainty calcu-
lation is shown in the supporting information “Focal_mechanisms_uncertenty.rar”). We chose 90% to avoid
giving weight to a few outlier solutions; however, the supporting information contains the RMS of the P and
T directions for 100% of the FOCMEC solutions as well as a detailed analysis of the uncertainty of the trend
and plunge of the P and T directions, separately.

Additionally, in three cases, nearby events were unified to obtain a unique focal mechanism solution
(referred to in this article as composite mechanisms). This methodology allowed us to increase the number
of Pwave polarities and therefore obtain better statistics. This method assumes (although it is not necessarily
true) that most of the events share the same focal mechanism solution, or at least, all of the Pwave polarities
are together representative of the main focal mechanism. This is likely to be true for the composite mechan-
ism presented in this work, since the events selected to calculate a composite mechanism are closer than
2 km from each other and occur within a time window of 1–5 days; therefore, these probably represent
the tectonic response of a single deformation tensor. In fact, the same assumption is followed to characterize
a fault from a given structural‐geology outcrop, since many fault outcrops represent several striking and dip-
ping striated surfaces of cm2 to tens of m2 with common deformation axes, rather than a single fault plane
(Petit, 1987). Although more than one fault can be activated within a radius of 2 km around the selected
events, aswell as a single fault, fault intersections probably have coherent deformation axes (Kim et al., 2004).
Hence, our composed mechanisms are an observation of the mean deformation process around some speci-
fic earthquake clusters.

An important tectonic issue is defining the faulting type of focal mechanisms and the tectonic regime of an
area. To determine the faulting type of focal mechanisms objectively, we employed Kaverina et al.'s plot clas-
sification (Kaverina et al., 1996) using the FMC open source software (Alvarez‐Gomez, 2019). This classifi-
cation depends on the plunge of the P, T, and B axis of each focal mechanism and allows the faulting type to
be described as normal, reverse, strike‐slip, or a mixture between them—either normal strike‐slip or
strike‐slip normal depending on the predominant displacement component. This classification is shown
later in results section 5 (specifically in Figure 7c). Equally importantly, to analyze the tectonic regime of
the study area, we observed the P and T directions of seismic events and structural geological data (from
Arancibia et al., 1999) in a Schmitdt spherical projection; and calculated the main shortening and extension
directions based on the statistical Bingham distribution in the FaultKin software (Allmendinger et al., 2012;
Marrett & Allmendinger, 1990). Additionally, we calculated the strain ellipsoid shape ratio (R = (E2 − E3)/
(E1 − E3)), where E1, E2, and E3 are the eigenvalues of the Bingham moment tensor, or the T, B, and P axes,
respectively (e.g., Diraison et al., 2000; Pérez‐Flores et al., 2016). Values of R between 0.65 and 1 indicate flat-
tening deformation; values between 0.35 and 0.65 indicate plane‐strain deformation; and values between 0
and 0.35 indicate constrictional deformation (Diraison et al., 2000). These three deformation styles corre-
spond to transpressional, strike‐slip, and transtensional deformation states, respectively (Dewey et al., 1998).

The above methodology has been widely used to analyze fault slip data (e.g., Diraison et al., 2000; Giambiagi
et al., 2017; Pérez‐Flores et al., 2016) but has not commonly been used to analyze focal mechanisms.
However, the strike/slip/rake data of double‐couple focal mechanisms could be used as a substitute for fault
slip data obtained from the field, since both can be used to calculate the principal strain axes (Allmendinger
et al., 2012). Some examples of using double‐couple focal mechanisms and fault slip data in the same terms
are Obstubo et al. (2008)—who used both plane solutions from focal mechanisms to calculate the stress ten-
sor using MIM (a fault‐slip data method of Yamaji, 2000)—and Michael (1984, 1987), who developed the
same methodology for focal mechanisms and fault slip data in order to calculate the stress tensor. In the pre-
sent study, we chose to compare the fault‐slip data and focal mechanisms in terms of strain instead of stress,
since transtension and transpression have been defined as a deformation process, not a stress process
(Dewey et al., 1998; Harland, 1971). Additionally, using the Bingham distribution for the calculation of
regional P and T directions, we avoid the ambiguity of selecting one of the FM plane solutions since the P
and T directions are equal for both FM‐solutions. This approach allows an internally consistent comparison
to be made between fault‐slip data and seismological data by using the same mathematical principles.

For each of the 81 selected events, we calculated the seismic moment magnitude based on the displacement
spectra. To calculate the displacement spectra, we used a 2.5 s time window starting from 0.5 s before the P
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wave arrival for all the traces of each station. We repeated the same process for Swaves. Then, we calculated
the seismic moment (M0) according to the flat segment of the displacement spectra (e.g., Havskov &
Ottemöller, 2010) and the moment magnitude (Mw) by applying the Kanamori formula (Hanks &
Kanamori, 1979). The moment magnitude presented in this work is the mean of all traces and all stations
(for details of the moment magnitude calculation, see Text S3 and Figure S8 in the supporting information).

4. Reliability of Locations and Focal Mechanisms

Generally, theoretical location errors are restricted to 3 km in the vertical and horizontal directions
(see Figures 4d and 4e); this is in agreement with the results of the bootstrap analysis performed in this study,
where 90% of the earthquakes location uncertainties are enclosed within an ellipsoid with a horizontal dia-
meter of ~2.5 km and a vertical diameter of ~3 km (Figures 4f and 4g). However, our seismic network does
not have an ideal spatial distribution as the region has limited access due to the presence of fjords, islands,
rough topography, dense forest, and the presence of few onshore areas that are highly exposed to sea level
fluctuations, hampering the deployment of seismic stations. Thus, these results need to be interpreted with
caution; nevertheless, we are convinced that they provide reliable and geologically consistent information.
To understand and quantify the uncertainty of the location results, in Figure 5 we plot the azimuthal gap,
the nearest‐station distance and the amount of stations that recorded the earthquakes, for different longi-
tudes. We chose to separate the results by longitude since the major spatial bias is related to the poor cover-
age of seismic stations in the western side of the study area. The events were grouped into four areas
according to their longitude location (Figure 5a).

Location errors due to the number of stations and the azimuthal gap were analyzed statistically by Bai
et al. (2006). They concluded that 15 stations and an azimuthal gap of 210° lead to a location error (vertical
and horizontal) smaller than 1 km. This error was stable regardless of whether the number of stations
increased or the station distributions was improved. However, the same study showed that, even considering
our worst‐covered event, location errors do not considerably increase; indeed, according to Bai et al. (2006),
events which are recorded on six stations have locations errors restricted to 1.5 km in the vertical and hor-
izontal directions, and events with an azimuthal gap of 240° have errors of ~1 km in both directions.
Additionally, the influence of the nearest‐station distance on location uncertainties has been investigated
using well‐known events such as explosions and local earthquakes, with researchers concluding that it is
necessary to have at least one station closer than 30 km from the epicenter (Bondár et al., 2004; Dewey
et al., 1999). Other authors advise a rule of thumb in which a reliable event is required to be measured by
more than one station within a distance equal to two focal depths (Havskov & Ottemöller, 2010). In the pre-
sent study, this rule of thumb implies distances between 10 and 20 km, depending on the specific event.

According to our longitudinal analyses (Figure 5), the middle and eastern areas satisfy the requirements for
the azimuthal gap and nearest‐station distance, and the events located in these areas always have more than
six stations recording P and S phases. In contrast, the western and easternmost areas do not satisfy the
requirements for the azimuthal gap and nearest‐station distance; however, the events within these areas
always have more than seven recording stations (Figures 5f–5h). Considering this analysis, geological inter-
pretations of the western and easternmost areas are questionable; meanwhile, the middle and eastern areas
present reliable location errors, which allow more reliable tectonic interpretations.

However, we decided to keep the western events, despite their inherent location inaccuracies, as they repre-
sent an important number of crustal earthquakes (Figure 5d), with the largest seismic energy release in the
region for the studied time window (Figure 5c). Thus, these events provide valuable information to deter-
mine the nature of brittle deformation in this whole tectonic segment. Consequently, the western events
were only used to contextualize the regional seismic behavior shown in Figure 6; however, they were not
used to infer precise fault‐zone details (e.g., the striking and dipping attitude of faults).

Uncertainties in the focal mechanisms were quantified from the variability of the P and T directions. We
include these uncertainties in Figure 7a and Table S2, where all focal mechanism statistics can be found,
as well as in the supporting information “Focal mechanisms uncertainty”, which presents a detailed analysis
of the uncertainties in the trend and plunge of the P and T directions for each focal mechanism. The uncer-
tainty is summarized in Figure 5b, in which focal mechanisms are grouped in the same four longitudinal
domains as in the previous analysis. Similar to the locations, the uncertainty in the focal mechanisms has
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a longitude bias, with focal mechanisms in the western area having the highest uncertainties and those in
the eastern and middle areas having an acceptable uncertainty. Additionally, the focal mechanisms in the
western area are poorly constrained due to the large hypocentral uncertainties in this area, previously
explained. Given these facts, the middle and eastern areas have acceptable uncertainties to be employed
for the calculation of the strain regime and kinematic classifications, whereas the same is not true for the
western area. Finally, considering the location uncertainty and the mean RMS of the focal mechanisms
(33°, 26°, and 20° for western, middle, and eastern area, respectively), the interpretation of the focal

(a)

(b)

(f)(c)

(g)(d)

(h)(e)

Figure 5. Longitude analysis of the earthquakes and network parameters. (a) Map showing seismic events and the different areas, which are separated by
20 minutes of degrees, and start with the western stations. (b) Summary of the uncertainties for the focal mechanisms in each area. Values were calculated
using the uncertainties of the P and T directions (these values can be found in Table S2 in the supporting information). Panels (c)–(e) show earthquake
statistics for the different areas. Panels (f)–(h) show seismic network statistics related to the location accuracy for the events in different areas. For the 81 selected
events, all the recording stations observed the P and S wave arrivals.
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mechanisms allows low‐confidence, acceptable‐confidence, and high‐confidence conclusions to be made
regarding the tectonic regime for each area, respectively. To reduce uncertainties, focal mechanisms in
the western area (i.e., Events 1, 2, 4, and 5 in Figure 7), and high‐RMS mechanisms (i.e., Event 14) were
not considered in section 6.

5. Results
5.1. Regional Seismicity

The regional seismicity in the Puyuhuapi area reveals a presently seismogenic and kinematically
complex fault system. During the 10‐month instrumental deployment period, 81 events were recorded

Figure 6. Locations of the 81 selected events after the location‐quality filtering (more than 12 arrivals of P and/or S
waves, location error less than 3.5 km, RMS less than 0.3 s, azimuthal gap below 240°). Seismic stations are shown
by black diamonds; one station that was located outside of the map area is indicated at the upper edge of the map by
arrows representing the direction toward the station location. Profile AA′ is described in Figure 8. Areas with
clustered events are marked with black rectangles. The areas selected are also coherent with the spatial distribution of
Class A and B events, which is shown in figures S5 and S6 in the supporting information. Latitudinal and
longitudinal profiles project the observed seismicity along these orthogonal directions, where error bars represent the
uncertainty in locations (in km). Both profiles have a vertical exaggeration of 1.5.
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which satisfied the location‐quality filtering criteria. The spatial distribution of seismicity was not
homogeneous but rather was distributed along geomorphological lineaments generated by fjords, especially
the two main NNE‐trending fjords (Figure 6). These fjords are a geomorphological expression of the
mapped NNE‐oriented regional faults of the LOFS (Arancibia et al., 1999; Cembrano et al., 1996, 2002)
(see Figure 7). Accordingly, a longitudinal profile shows that most of the seismicity is concentrated in the
eastern and western flanks of the study area (see longitudinal profile in Figure 6); however, a latitudinal pro-
file shows a homogeneous spatial distribution in the NS direction. Additionally, most of the recorded seismi-
city is restricted to the region between the two main NNE oriented regional faults (Figures 6 and 7), with
only four events being located outside this area. The depths of the 81 events ranged from 0.7 to 12.5 km,
demonstrating that shallow seismicity dominates in the area. Three clusters were defined considering the
spatial distribution of earthquakes and their focal mechanisms (Figure 6); these clusters will be described
in section 5.2.

The moment magnitudes of earthquakes range between 2.1 and 4.1. Smaller events were detected
(see Figure S5); however, these did not satisfy the location quality filtering criteria. Events in the western
flank tend to have larger moment magnitudes than those in the eastern flank (Figures 5 and 6). However,
no difference in magnitude was observed in the latitudinal direction.

(a)

(b)

(c)

Figure 7. (a) Natural seismicity and corresponding focal mechanisms. In the text, we refer to each focal mechanism by the boxed number displayed next to it.
Faults are from Arancibia et al. (1999), Cembrano et al. (2002), Lavenu and Cembrano (1999), Mella and Páez (2011), SERNAGEOMIN (2003), and
Thomson (2002). The RMS values of earthquakes were estimated from the average of the P and T direction variability shown in Table S2 and the supporting
information “focal_mechanisms_uncertenties.Rar.” The Events 12, 17, and 20 are composite focal mechanism, for details see methodological section 3.3.
(b) Kaverina plot of the focal mechanisms, where the number of each mechanism is the same as in (a) (this plot was made using the FMC software
of Alvarez‐Gomez, 2019). (c) The meaning of each area in the Kaverina plot.
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Most of the focal mechanisms show strike‐slip reverse or strike‐slip normal kinematics (Figure 7b), while the
secondmost common type of kinematics is normal strike‐slip. Few dip‐slip events occur, and these generally
have some strike‐slip component. Only one event had a purely dip‐slip mechanism (Mw 3.8, Event 6; see
Figure 7).

5.2. Seismic Clusters

Three main seismic clusters were identified, which we named the Eastern, Middle, and Western clusters
(Figures 6 and 7). These three clusters are described in the following subsections. In each subsection, we
describe the location, magnitude, and focal mechanisms of the events, as well as the spatial relationship
between the events and nearby volcanic and geothermal features. The boundary between the Western and
Middle clusters is not sharp, and we propose that this boundary could represent an intersection of faults.
The two events that occurred in the intersection area were included in the Middle cluster as their focal
mechanisms and depths are similar to those observed in the Middle cluster.
5.2.1. Eastern Cluster
The Eastern cluster, which is elongated in a NS direction, consists of a total of 35 events, with magnitudes
ranging between Mw 2.1 and 3.5. The depths of these events ranged between 1.3 and 11 km; however, most
were located between 2 and 8 km. Profile AA′, shown in Figure 8, suggests that this cluster has a west
dipping distribution (~70°W).

The focal mechanisms of the Eastern cluster do not show a unique rupture mode (Figure 7b); however, most
of the focal mechanisms indicate strike‐slip reverse kinematics with one of the nodal planes striking N5° to
15°E (i.e., events 15, 17, 18, and 19). Structural evidence of NNE oriented right‐lateral faulting in the same
area (e.g., Arancibia et al., 1999) is consistent with the most common nodal planes of focal mechanisms in
the Eastern cluster. Additionally, Event 15 documents reverse faulting, and an outlier focal mechanism in
the northwestern segment of the cluster (Event 20 in Figure 7) shows EW oriented normal faulting.

(a) (b)

Figure 8. Cross‐section of the eastern cluster. (a) A close‐up of the cluster (location and legend in Figure 5). (b) Profile
AA′, where error bars indicate the theoretical location errors in km. Distances were calculated using the translation
and rotation coordinate transformation. The new coordinate system has its origin at the intersection between the fault
and the profile and has a trend or rotation angle perpendicular to the fault strike (N10°E; Arancibia et al., 1999).
Hence, zero distance and depth represent the intersection of the fault with the surface, and negative distances represent
locations westward of the fault. The red arrow in (b) indicates the surface manifestation of the mapped fault. The
topographic profile in (b) is drawn without vertical exaggeration, and the blue line represents the intersections of fjords
with the profile. This profile section allows the fault dips to be inferred from the earthquakes by assuming that they
occur in a similar fault plane.
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The volcanic and geothermal features in the area of the Eastern cluster are the minor eruptive centers of the
Puyuhuapi Volcanic Group, as well as two hot springs and one shallow well (which have surface water
temperatures of 61°C, 50°C, and 86°C, respectively; Negri et al., 2018). Themean distance between any given
earthquake of the Eastern cluster and a minor eruptive center is 4.4 km. A total of 21 events (60% of the
cluster) were located less than 5 km from the Puyuhuapi Volcanic Group (Figure 8a).
5.2.2. Middle Cluster
The Middle cluster is located at Magdalena Island, consisting of 15 events with magnitudes ranging from
Mw 2.4 to 4.1 and depths ranging from 3.8 to 11.6 km.

The focal mechanisms of this cluster suggest different kinematics but mainly vary between strike‐slip and
normal (Figure 7b). For the southern seismic events (see events 8 to 11 in Figure 7), we distinguish two kinds
of focal mechanisms, namely (1) purely strike‐slip (Events 8 and 10) and (2) normal strike‐slip (Events 9
and 11). If all these focal mechanisms were on the same surface, this surface would be a NNE striking plane
parallel to the Soto Sound lineament (Figure 7). One of the northern mechanisms (Mw 3.8, Event 6) is a seis-
mological evidence of NE oriented normal faulting in the study area, as has been recorded in the northern
and southern segments of the LOFS (Lange et al., 2008; Legrand et al., 2011; Russo et al., 2011).

The only volcanic feature in the vicinity of this cluster is theMentolat stratovolcano (44.70°S/73.10°W; eleva-
tion: 1,660 m a.s.l.), which is located ~20 km south of the cluster and is formed from Pleistocene‐to‐Holocene
basaltic andesites and andesitic lava flows (López‐Escobar et al., 1993). The volume of this volcano has been
estimated to be between 11 and 36.1 km3 (Aravena, 2016; Völker et al., 2011).
5.2.3. Western Cluster
The Western cluster consists of a total of 15 events with magnitudes ranging between Mw 2.6 and 3.6,
with a NNE trending epicentral distribution (see Figures 6 and S5). Earthquake depths ranging between
2.9 and 11.0 km. This cluster has a larger azimuthal gap than the others due to the distribution of the
seismic network, and we therefore also used seismic data from a CSN station located in Chiloe Island
(the northernmost station in Figure 1) to overcome the geometrical bias. The theoretical mean vertical
and horizontal errors are 1.5 and 1.3 km, respectively, which are small considering the scale of the
cluster, which covered an area of 50 × 20 km.

The focal mechanisms of the Western cluster are consistent with strike‐slip reverse kinematics (events 1, 2,
and 4 in Figure 7), all of which have a ~NS trending nodal solution. These kinematic agree with those of the
Canal‐Costa fault, which occurs to the south of the Western cluster and shows mostly oblique‐slip ductile
deformation (Cembrano et al., 2002). However, as was explained in section 4, these mechanisms have more
uncertainties than other clusters (see Figure 7a). In the eastern part of the cluster, Event 5 shows different
kinematics, mainly normal with a secondary strike‐slip component; for that reason, it was included in the
Middle cluster rather than the Western cluster.

No evidence of geothermal or volcanic features was found close to this cluster. The closest stratovolcano,
Melimoyu Volcano, is located ~31 km from the cluster.

6. Discussion
6.1. Regional Observations

The first‐order observation is that, of the focal mechanisms selected for discussion, 62% are strike‐slip or
strike‐slip reverse/normal (see Figures 7b and 7c), 31% are normal or normal strike‐slip, and only 6% (one
event) is mainly reverse. These results suggest that current crustal deformation within the South
American Plate along the volcanic arc is governed by faults with strike‐slip kinematics. This is consistent
with available long‐term structural geological data from exhumed faults of the LOFS at this latitude
(Arancibia et al., 1999; Lavenu & Cembrano, 1999) and along the entire LOFS (Lavenu &
Cembrano, 1999; Pérez‐Flores et al., 2016; Rosenau et al., 2006; Sielfeld et al., 2019).

Based on the geometry of mapped faults, the spatial distribution of epicenters, focal mechanisms, and
geomorphological expression, most of the seismicity described in this study can be attributed to two NNE
oriented right‐lateral faults. These two master faults (or brittle deformation zones) are the likely sources
of the Western and Eastern clusters, with most of the focal mechanisms in these two clusters presenting a
NS to NNE oriented nodal plane solution. However, if the conjugate WNW oriented nodal planes of focal
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mechanisms represent active faulting, such faults would occur as several individual discontinuities distrib-
uted within a length of 50 km. This scenario is inconsistent with the geomorphological lineaments and struc-
tural geological data (see Figure 2; Arancibia et al., 1999; Cembrano et al., 2002; Lavenu & Cembrano, 1999),
and hence, our results are likely to be evidence of two N5°–15°E striking faults which represent the main
seismogenic regional faults in the study area. Other regional interpretations for the Western cluster need
to be tested using other independent data (e.g., from long GPS records, or a new seismic network with better
coverage in the western area, between others); however, this is beyond the scope of this work. The western
fault is known as the Canal‐Costa fault and is the continuation of a ductile shear zone recognized to the
south (Cembrano et al., 2002). No indicators of brittle kinematics (e.g., slickenlines on fault planes) have
been reported on this fault from observations of the mesostructural geology. However, NS‐oriented cataclas-
tic rocks have been documented at ~46°S (Cembrano et al., 2002; Niemeyer et al., 1984). Additionally, a
Mw 7.7, probably NS trending, dextral earthquake was recorded along the southern prolongation of the
Canal‐Costa fault on 6 June 1960 (Kanamori & Rivera, 2017; Figures 2 and S10). On the other hand, the east-
ern fault—which has previously been known as the Liquiñe‐Ofqui fault (Ramos & Ghiglione, 2008;
Thomson, 2002) or the Liquiñe‐Ofqui fault zone (LOFZ) (Arancibia et al., 1999; Cembrano et al., 1996)—has
well‐known fault outcrops and produced shallow crustal earthquakes of the 2007 swarm (Vargas et al., 2013).
To avoid confusion between the LOFS (a regional system of spatially and kinematically related faults) and
the LOFZ (a single continuous fault zone), we locally refer to the eastern fault as the Puyuhuapi fault.
Therefore, the Canal‐Costa fault and the Puyuhuapi fault correspond to the two main regional master faults
defining the Aysen strike‐slip duplex (Cembrano et al., 1996).

6.2. Fault Geometry and Kinematics in the Aysen Duplex

In this subsection, we discuss details of the Puyuhuapi fault zone and the intraduplex domain in terms of
fault geometries and kinematics. The Canal‐Costa domain was not included since there are no reliable
focal mechanisms to allow a novel discussion further than the above‐mentioned spatial association
between the western cluster and the previously documented brittle and ductile deformation. Conversely,
for the Puyuhuapi fault zone and intraduplex domain, some novel interpretations can be made from the
well‐constrained focal mechanisms, as well as the seismicity distribution. We discuss the seismological
observations, the mesostructural brittle faults, and the recorded ductile deformation; thereby, we finally
describe the seismic productivity in terms of the number of earthquakes and their magnitude, and the
volcanism, within both domains.
6.2.1. Puyuhuapi Fault Zone
The Puyuhuapi fault zone has a NNE elongated epicentral distribution along a length of at least 50 km.
Based on the distribution of earthquake depths (Figure 8b), the Puyuhuapi fault zone can be inferred to
dip ~70°W between the surface and ~12 km depth. Regarding the domain kinematics, most of the focal
mechanisms are strike‐slip reverse (Figures 7a and 7b) and the most common nodal solution is a N5–15°
E‐striking plane (e.g., Events 13, 15, 17, 18, and 19 in Figure 7). The ruptures recorded in focal mechanisms
indicate a variable dip and prove that this fault zone can generate purely reverse earthquakes (Event 15) and
earthquakes that are a mixture between right‐lateral and reverse (Event 18). Variable dip and some
oppositely striking planes (i.e., Mechanisms 16 and 21) suggest a deformation zone that involves more than
a single fault (i.e., Hernandez‐Moreno et al., 2014; with several block rotations). Considering the earthquake
distribution, this fault zone may have a thickness of up to 10 km, half of which occurs to the north in the
LOFS (Hernandez‐Moreno et al., 2014) and concentrated to the west of the surface trace of the Puyuhuapi
fault.

A previously published analysis of brittle faults in the Puyuhuapi fjord by Arancibia et al. (1999) is consistent
with the existence of reverse and strike‐slip faulting. Furthermore, a paleostress inversion shows that a trans-
pressional regime has prevailed since the Pleistocene (~1.6 Ma from 40Ar/39Ar from biotites), which allows
the coexistence of NS to NNE oriented right‐lateral and reverse faults (Arancibia et al., 1999). Ductile defor-
mation in the area is also consistent with the seismological observations made in the present study.
Specifically, the Puyuhuapi Quarry shear zone shows a NNE striking, steeply dipping magmatic foliation
and down‐dip mineral lineations accompanied by outcrop‐scale indicators such as the C/S fabrics of
dextral‐reverse ductile deformation (Cembrano et al., 2002; Figure 2). Similarities between long‐term
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ductile, brittle, and present‐day shallow crustal seismicity suggest continuous protracted transpressional
crustal deformation on the Puyuhuapi fault zone.

Regarding the seismic productivity, the Puyuhuapi fault zone is the most seismically active structure in this
region, hosting most of the recorded earthquakes (47% of the total) and being associated with a lower
moment release per event compared to the other fault domains (mean Mw ~ 2.7). The high seismic activity
of this fault zone is also supported by the moderate‐to‐high slip rate of ~3.5 mm/yr that was estimated by
Stanton‐Yonge et al. (2016) using boundary element modeling. Other evidence of high activity along the
Puyuhuapi fault is the young ductile deformation that is now exhumed and has been dated at 4 Ma
(Cembrano et al., 2002). This ductile deformation is observable at the surface due to a high exhumation rate
of ~2.5 to 3.3 mm/yr (and probably also a high rock uplift rate), that can be estimated assuming that the
brittle‐ductile transition is located at a depth of ~10–12 km, according to the depth of seismicity.
Moreover, as described in section 5.2.1, all of the minor eruptive centers and most of the hot springs in
the study area are spatially related to the Puyuhuapi fault zone, and a thermal anomaly has been inferred
along this fault using fission‐track thermochronology (Thomson, 2002). Thus, fluids and high temperature
may influence, at least in part, the low magnitude and high recurrence rate of the seismic activity in this
fault zone.
6.2.2. Intra‐Duplex Domain
Along the intraduplex domain, focal mechanisms exhibit variable geometries and kinematics, varying from
strike‐slip to normal mechanisms (Figures 7a and 7b). Shallow crustal earthquakes are widespread along
this domain, and thus several concealed and outcropping faults are expected. However, considering that
there are few documented surface faults within this domain, we cannot associate the intra‐duplex seismicity
with any specific outcropping fault. Nevertheless, it is remarkable that several focal mechanisms show nor-
mal or strike‐slip normal ruptures (Figure 7b). Regarding the orientation of the normal faults, only Event 6
has a single nodal plane striking solution, namely, N69°E. Most other normal mechanisms are consistent
with NE or WNW orientations (e.g., Events 3, 5, 9, and 11). Numerous NE oriented normal and
dextral‐normal faults have been observed along the SVZ (e.g., Cembrano & Lara, 2009; Pérez‐Flores
et al., 2016; Rosenau et al., 2006; Vargas et al., 2013; Villalobos et al., 2020), and similar focal mechanisms
were detected during the 2007 Aysen swarm (Legrand et al., 2011; Russo et al., 2011). In particular, NE
oriented faults and NE oriented lineaments have been found to be kinematically coupled with volcanoes
and some of the minor eruptive centers located in the SVZ (Cembrano & Lara, 2009). Hence, considering
Event 6 and the structural observations along the SVZ, NE oriented faulting seems to be the most appropri-
ate solution for the normal kinematics in the intra‐duplex domain, although, with the available information,
we cannot discard a WNW‐oriented normal solution.

No mesostructural brittle fractures have been documented inside this area, probably due to the low accessi-
bility of most offshore outcrops. However, north of Melimoyu volcano, NS oriented strike‐slip faults and NE
oriented normal faults have been mapped crosscutting Miocene‐to‐Pliocene intrusive rocks (Mella & Páez,
2011; Figure 7). Mella and Páez (2011) also reported a NS oriented normal‐dextral fault ~20 km in length
along the Yanteles–Melimoyu fault zone. These observations were made far from the seismicity presented
in this work—at least ~20 km—and thus, the seismicity is not clearly related to these previously documented
faults. The ductile deformation of this domain is restricted to the Canal‐Jacaf shear zone, where there is a NS
oriented subvertical mylonitic foliation with a poorly defined down‐dip stretching lineation; however,
outcrop‐scale observations suggest a dextral‐reverse displacement (Cembrano et al., 2002).

Regarding the seismic productivity of the intraduplex domain, 38% of the seismicity is accumulated with a
mean magnitude of Mw = 2.9. Major stratovolcanoes are located within the duplex, and thus the faulting
in this area may be relevant for understanding their emplacement (see section 6.4).

6.3. Tectonic Model and its Regional Consistency With Previous Works

Here, we present a conceptual tectonic model of the brittle crustal deformation within the SVZ constrained
to the region between 43°50′ and 45°00′S. This model captures both the instantaneous deformations
reflected by our novel seismological data, and the long‐term deformation recorded in structural geology
measurements (Arancibia et al., 1999; Cembrano et al., 2002). The presented model constitutes a conceptual
framework approximating the governing tectonic processes in the SVZ, which by nature have a complex
evolution in time and space (e.g., Bonali et al., 2015; Hobbs et al., 2019; LaFemina et al., 2005;
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Stanton‐Yonge et al., 2016). In particular, the conditions presented in this model are indicative of long‐term
intra‐plate behavior.

The proposed model represents the continental‐scale fault architecture of a duplex with two main NNE
oriented master faults, separated by ~60 km with dextral to dextral‐reverse kinematics (Figure 9a). Based
on the 15 focal mechanisms accepted in section 4, the mean shortening direction of the area is N60°E/18°
and the mean extension direction is N151°E/03° (Figure 9b). This model is consistent with the duplex
configuration proposed by previous authors (e.g., Cembrano et al., 1996, 2002; Hervé, 1994). However, some
details are not entirely consistent with the positive‐flower model suggested by Ramos and Ghiglione (2008)
and Thomson (2002), in which master faults are joined in the brittle‐plastic transition. None of the recorded
earthquakes in the present support such joining in the brittle‐plastic transition and no focal mechanisms
from the deeper zones of the faults show listric behavior. Furthermore, most of the focal mechanics pre-
sented here have subvertical planes, suggesting several separated subvertical fault arrangements which
accommodate strike‐slip deformation. This difference can be explained by one of the following possibilities:
(1) the small time window used in the present study means that insufficient seismicity is collected to shed
light on these listric/curve brittle faults or (2) this joining occurs, but is located in the lower ductile crust.

In our tectonic model, we simplified most of the normal kinematics in the intraduplex domain to NE
oriented faults or ruptures. However, several explanations for normal faulting can be evaluated: (1) NE
oriented normal faulting in Event 6 due to a continuous dextral deformation (Figure 10a); (2) WNWoriented
normal faulting due to a rotation of the shortening direction (Figure 10b); or (3) a complex deformation

(a) (b)

(c)

Figure 9. (a) Tectonic model of the study area based on earthquake locations and focal mechanisms determined in the present study and the discussion in
sections 6.1 and 6.2, shown together with the structural geology of exhumed faults (Arancibia et al., 1999) and ductile kinematics (Cembrano et al., 2002).
Dark yellow symbolizes volcanic lava strata and blue symbolizes water bodies (e.g., fjords and sounds). The red dashed line represents the approximate location of
the brittle‐ductile transition (~11 km depth). (b) Directions of regional shortening and extension calculated from the 15 selected focal mechanisms of this
study using the statistical Bingham distribution in the FaultKin software (Allmendinger et al., 2012; Marrett & Allmendinger, 1990). Blue and red dots show the
P and T directions of each event, respectively. (c) Directions of regional shortening and extension calculated from the seven mesostructural sites of Arancibia
et al. (1999). Blue and red dots represent the P and T direction of each fault slip data, respectively. In (b) and (c), black diamonds, triangles, and squares
represent the regional strain directions of E1, E2, and E3, respectively, where E1, E2, and E3 are the eigenvalues of the Bingham moment tensor; n represents the
number of data; and R = (E2 − E3)/(E1 − E3).
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process which includes several rotated blocks and their particular shortening and extension directions
(Figure 10c). Only possibility (2) can be discarded since there is no regional horizontal rotation of the P
and T directions inside the duplex (Figure 11). We prefer solution (1) instead of (3) since the first solution
is consistent with previous observations in the area (Cembrano & Lara, 2009; Iturrieta et al., 2017;
Rosenau et al., 2006; Vargas et al., 2013) and the only normal event with a clearly striking rupture plane
(Event 6). Besides, a similar tectonic setting has been observed in real cases, for example, the prevalence
of normal faulting between the San Jacinto and Coyote creek faults—two strike‐slip reverse faults in
California which could be analogous to the Canal‐Costa and Puyuhuapi faults (Nicholson et al., 1986). To
perform an evaluation of Hypothesis (3), further work must be done, such as a widespread analysis of
magnetic rotation vectors (e.g., Hernandez‐Moreno et al., 2014) or decades of seismic and GPS
observations. Additionally, some vertical rotation of the P axis is observed in the intraduplex domain
(Figures 7b and 11), which suggests that the height of the volcanic edifice and/or the upward intrusion of
laccolite may increase the vertical stress (e.g., Van Wyk de Vries & Merle, 1998; Turcotte &
Schubert, 2014), stimulating normal faulting.

Comparing our model with the documented seismicity, the same fault geometry and kinematics are
observed in the north (Lange et al., 2008) and south (2007 Aysen swarm; Agurto et al., 2012; Legrand
et al., 2011; Russo et al., 2011) of the study area. According to these authors, right‐lateral NNW to NNE
trending faulting accompanied by NE trending normal to normal right‐lateral faulting has been interpreted
as the predominant faulting type. The differences between the seismicity recorded in this work and the pre-
viously documented seismicity can be summarized as follows. Between 41° and 43°S, only one main
NS‐oriented master fault of the LOFS (as well as several secondary faults) have been documented (Lange
et al., 2008), suggesting that the duplex configuration does not extend to the north of the study area.
Conversely, to the south of the study area, the events of the 2007 Aysen swarm reveal the main NS oriented
fault associated with the Puyuhuapi fault (Agurto et al., 2012; Legrand et al., 2011). Additionally, Kanamori
and Rivera (2017) showed three events with magnitudes of Mw 5.0, 5.2, and 7.7, which can be attributed to
the Canal‐Costa fault (see Figure 2). Thus, the duplex configuration can be expected to extend at least until
the epicentral location of 45°42′S (Kanamori & Rivera, 2017) to the south of the study area and until 44°S
(Events 1 and 2 in this paper) to the north.

Our tectonic model is consistent with the elastoplastic model proposed by Iturrieta et al. (2017) in terms of
geometry and kinematics, and our work partially validates the fault geometry proposed by these authors.
The first‐order similarities between our model and that of Iturrieta et al. (2017) are as follows: (1) the fault
geometry; (2) the fact that the main NS oriented faults, such as the Canal‐Costa and Puyuhuapi faults,

(a) (b) (c)

Figure 10. Different deformation (a. continuous, b. inverted, c. discrete) processes that can explain the normal faulting
inside the duplex. See text for further details of the reliability of each deformation process.
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have a transpressional regime, as inferred by the stress shape ratio (Iturrieta et al., 2017) and supported by
the focal mechanisms presented in our study (Figures 7 and 11); and (3) the stress shape ratio of
elastoplastic modeling and focal mechanisms suggest that NE oriented faults inside the duplex should
have a transtensional stress regime (Figure 11). However, there are differences between the reverse‐slip
behavior predicted by Iturrieta et al. (2017) and seismicity presented in this work, namely that the
seismicity presented here suggests that reverse‐faulting behavior is concentrated in the Puyuhuapi fault,
whereas the elastoplastic modeling of Iturrieta et al. (2017) predicts that thrusting will be concentrated in
the Canal‐Costa fault. Despite these differences, the similarity between both works supports the results of
the elastoplastic modeling as a predictor of the brittle crust deformation.

Figure 11. Table showing the main differences in volcanism and tectonic settings in the study area (each domain is
defined in Figure 9a). The volcanic edifice volume was estimated from Aravena (2016) and Völker et al. (2011).
Seismological beachballs were calculated from the P and T directions of focal mechanisms using the Bingham statistical
method in the FaultKin software (Allmendinger et al., 2012). R is the strain ellipsoid shape ratio described in the
text, according to Diraison et al. (2000) and Pérez‐Flores et al. (2016). Long‐term brittle deformation was obtained
from the fault slip data of Arancibia et al. (1999). The Puyuhuapi fault domain was calculated from brittle
deformation Sites 1, 2, 3, and 7 (see Figure 2), and the eastern Puyuhuapi domain was calculated from brittle deformation
Sites 4, 5, and 6. The brittle tectonic regime was defined based on the values of R.
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The brittle structural geology of the study area documented by previous authors (Arancibia et al., 1999;
Lavenu & Cembrano, 1999) shows similar patterns to the measured seismicity at a regional scale
(see Figures 9b and 9c). Most of the exhumed faults are NNE oriented right‐lateral faults, such as our
inferred Puyuhuapi fault. Paleo‐stress inversion suggests that a transpressional regime with a shortening
direction of N60°E has existed in the study region since ~1.6 Ma (Arancibia et al., 1999; Lavenu &
Cembrano, 1999, Figure 9c). The shortening direction calculated using the P and T vectors of all the seismic
events analyzed in the present study is equal (N60°E, Figure 9b), suggesting the continuity of the stress
regime since the Quaternary.

Additionally, ductile deformation recorded by Cembrano et al. (2002) also shows similar patterns to the
seismicity and the model presented in the present study, as reflected by the four studied shear zones
(see Figure 2): (1) the Puyuhuapi Quarry shear zone in the Puyuhuapi fjord shows reverse and
right‐lateral deformation (Cembrano et al., 2002), consistent with Events 13 to 19 in the present study
(Figure 7); (2) the Canal‐Jacaf shear zone has right‐lateral kinematics, consistent with the kinematics
observed for Events 8–11 a few kilometers to the south (see Figure 7). However, there are differences in
the observed dip‐slip component, since according to focal mechanisms dip‐slip component may be normal,
otherwise according to ductile deformation in Canal‐Jacaf dip‐slip component may be reverse; (3) the
Canal‐Costa shear zone provides the main published structural geological evidence of the Canal‐Costa fault
and reflects a NNE oriented right‐lateral fault with reverse kinematics. Seismicity presented here, also
suggests strike‐slip reverse kinematics on Canal‐Costa fault (i.e., Events 1 and 2) but with a low confidence,
as was discussed in section 4; and (4) the Rio Cisne shear zone displays NE‐oriented right‐lateral normal
deformation, similar to that suggested by the N69°E striking nodal planes of Event 6, among other events.
Finally, ductile deformation has been dated at ~4 Ma (Cembrano et al., 2002) based on the 40Ar/39Ar dating
of biotite and muscovite. Accordingly, ductile deformation, brittle faulting, and seismicity suggest that the
regional stress field and fault kinematics have been relatively constant since ~4 Ma. The similarity between
the ductile and brittle behavior in this area indicates that the shear deformation process is not restricted to
the upper crust, but rather extends to the brittle and ductile crust with a similar strike and dip (consistent
with the shear zone model of Scholz (1988)).

6.4. Spatial Correlation Between Volcanoes, Faulting, and Tectonic Settings

To better understand the faults and tectonic characteristics that are spatially associated with the different
types of volcanism in the study area, we divided the tectonic model into four areas from west to east:
(1) the Canal‐Costa fault domain; (2) the intraduplex domain; (3) the Puyuhuapi fault zone domain; and
(4) eastward of the Puyuhuapi fault (Figure 9a). For each area, we will summarize the type and volume of
volcanic edifices (the latter as a proxy to estimate eruptive rates), seismic data, and the available mesostruc-
tural geological data (Figure 11) to discuss the tectonic regime and its implications for magma transport
through the crust.

The volume of volcanic edifices differs significantly between the four domains. In the Canal‐Costa domain,
there is no evidence of volcanism. In the intraduplex domain, two large stratovolcanoes are identified:
Melimoyu, with a volume of ~60–142 km3, and Mentolat, with a volume of ~11–36 km3 (Aravena, 2016;
Völker et al., 2011). Geoffroy et al. (2018) calculated non‐DRE tephra volumes of ~2.6 and ~1.6 km3 related
to two closely spaced Holocene explosive eruptions at Melimoyu. Phenocryst thermobarometry of these
events suggests magma residency at moderately shallow sub‐volcanic depths (>8.5 km; Geoffroy et al., 2018).
The eruptive style, magma volume, and extrusion rate in this domain suggest the presence of a local favor-
able tectonic condition for magma emplacement and transportation to the surface. In this domain lava com-
position varies between dacite, andesite, and basalt considering the Mentolat and Melimoyu volcanos
(López‐Escobar et al., 1993; Naranjo & Stern, 2004). In the Puyuhuapi fault domain, there are nine minor
eruptive centers aligned with the Puyuhuapi fault with a combined volcanic edifice volume of ~1.2 km3

(Völker et al., 2011). Minor eruptive centers are commonly formed by short‐lived multiple eruption phases
(e.g., Brand &White, 2007; Houghton & Schmincke, 1989) and their occurrence suggests relatively low rates
of magma supply (Takada, 1994) when are compared to the stratovolcanoes. The seismogenic Puyuhuapi
fault, which controls the distribution of minor eruptive centers, could facilitate the direct transport to the
surface of basaltic magmas that originated in the mantle and experienced differentiation processes
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that included at least olivine fractionation (Lahsen et al., 1994). In the eastern domain, no volcanism has
been identified.

Regarding the tectonic regime, transtension and transpression can be inferred from the strain ellipsoid
obtained from the analysis of seismicity and brittle faults, which is available for the three eastern domains
(Figure 11). According to the seismic observations in this study, the intraduplex domain is dominated by a
transtensional tectonic environment (R = 0.31); the Puyuhuapi fault domain, which has a low eruptive
rate, is dominated by a transpressional environment (R = 0.74), as documented by previous authors
(Arancibia et al., 1999; Cembrano et al., 2002); meanwhile, the eastern domain has a strike‐slip regime
(R = 0.55), as supported by the structural geological data (Figure 11). Additionally, the tectonic regimes
of different domains are consistent with the faulting mode observed from seismicity; that is, in the intra-
duplex domain varying from normal to strike‐slip and in the Puyuhuapi fault zone domain varying from
strike‐slip to reverse (Figure 11). Regarding the P direction, it is remarkable that the focal mechanisms of
the intraduplex domain have a more vertical shortening direction than those of the other domains
(Figures 7b and 11).

Considering previous models linking volcanism with tectonics in the SVZ, several declare that NE oriented
faults are the easiest pathways for magma ascent (Cembrano & Lara, 2009; López‐Escobar et al., 1995;
Nakamura, 1977; Pérez‐Flores et al., 2016; Rosenau et al., 2006; Sánchez et al., 2013) since these faults are
perfectly oriented to develop dilatational fractures (e.g., Cox, 2005; Hill, 1977; Scholz, 2002, Figure 10a).
Similar observations have been made from theoretical and analogous models (Van Wyk de Vries & Merle,
1998), in which graben formation parallel to the shortening direction was observed close to volcanic edifice.

In the present study, we propose a NE orientation as the preferred solution for normal faulting, which is
almost parallel to the regional‐scale shortening direction (Figures 9b and 9c) and remains constant for each
domain (see the P direction in Figure 11, which varies between N54°E and N81°E). Therefore, the seismo-
logical observations from the southern tip of the SVZ presented in this work agree with the dilatation frac-
tures hypothesis, based on the short‐term brittle deformation. Additionally, focal mechanisms indicate a
vertical rotation of the P shortening axis inside the duplex, which can be stimulated by the upward intrusion
of laccolites and the increase of vertical height due to volcanoes (Turcotte & Schubert, 2014; Van Wyk de
Vries & Merle, 1998), thus promoting the formation of normal faults (i.e., the Yanteles‐Melimuyu fault
zone). The upward intrusion of laccolites and volcanic height may also increase σ2 and E2, since both are
vertical in the study are; consequently, E2 get similar to E1 promoting a local transtension. Thus, the combi-
nation of laccolite intrusions, the increasing height of volcanoes, and NE trending faults can explain the fact
that the largest extruded lava volume is concentrated in a local transtensional area where dilatational frac-
tures may occur. There, the presence of dilatational fractures and this particular tectonic setting may also
permit a wide range of magma compositions varying between basalt, andesite, and dacite (Mentolat and
Melimoyu volcanoes), much more variable than the exclusively basaltic magma observed along the trans-
pressional NS oriented Puyuhuapi fault. Notably, in the study area, the transtensional environment occurs
in certain areas within the strike‐slip and/or transpressional domains defined by the main NS oriented
faults, which are oriented perpendicular to the direction of the subduction of the Nazca Plate beneath the
South American Plate.

Nevertheless, the emplacement of volcanoes cannot be attributed only to the NE oriented faulting. This is
due to the fact that, although these dilatational fractures allow an easy path for magma ascent, such ascent
does not necessarily lead to magma emplacement and accumulation. Fault interaction may also be an
important factor in volcano emplacement, as has been discussed by other authors (e.g., Iturrieta et al., 2017;
Pérez‐Flores et al., 2016; Sánchez et al., 2013). Additionally, even with the new seismic data and recompila-
tion of structural geology information presented in this study, the fault continuity and attitude inside the
duplex cannot be completely resolved. Thus, further effort must be made to identify the specific fault settings
below the stratovolcanoes in the study area. For example, using local structural geology in the vicinity of vol-
canic edifices or deploying a longer‐term seismic network (with a duration of at least a decade). However,
despite the uncertainty in fault interactions, it is remarkable that higher volcanic edifice volume, high erup-
tive rates, and variable magma composition can be found in (1) a local transtensional tectonic environment
with (2) a P axis that is more vertical than those in the other domains (Figure 7b) and with (3) NE oriented
normal or partially normal faulting, as suggested by numerous seismological evidences. In contrast, in
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transpressional environments, such as the NNE oriented Puyuhuapi fault, only basalts with small volcanic
edifice volume and low extrusion rate are observed, suggesting a less productive magma transportation
process.

7. Conclusions

We deployed a temporary seismic network for 10 months between August 2016 andMay 2017. In this period,
we recorded more than 200 seismic events. Eighty‐one of these events passed our location‐quality filter
(location errors less than 3.5 km, RMS less than 0.3 s, more than six stations with clear records of P and S
wave phases, and azimuthal gap below 240°), and these were selected for further analysis. The magnitudes
of the selected events ranged betweenMw 2.1 and 4.1 and their depths varied between 0.7 and 12.5 km. The
main conclusions of this work are as follows:

1. The spatial distribution and kinematics of the events shows that most of the seismicity can be attributed
to two parallel, NNE oriented master faults with dextral to dextral‐reverse kinematics separated by
~60 km. Both faults are consistent with the geometry of mapped faults. These two main faults (the
Puyuhuapi and Canal–Costa faults) generate a duplex configuration which controls the
continental‐scale fault settings between at least 44° and 45°30'S.

2. At the regional scale, the P and T axes of all focal mechanisms are consistent with a strike‐slip regime
with a N60°E/18°E shortening direction and a N151°E/03°S extensional direction. Our results are coher-
ent with the Quaternary (~1.6 Ma) stress regime calculated from exhumed faults (Arancibia et al., 1999).
Most interestingly, our results are also consistent with long‐term ductile deformation for the Puyuhuapi
and Canal‐Costa faults documented by Cembrano et al. (2002), dated at ~4 Ma. This long‐term ductile
deformation suggests an unchanged transpressional regime since ~4 Ma along the Puyuhuapi fault
zone. Additionally, the similarity in the fault strike and fault kinematics between both deformation
processes (brittle and ductile) reveals a crustal‐scale shear deformation occurring along the brittle and
ductile crust.

3. Inside this duplex, widespread normal to strike‐slip normal faulting can be inferred from earthquake
focal mechanisms. It is remarkable that, inside the duplex, local transtension dominates and major stra-
tovolcanoes are emplaced.

4. Our results suggest that the emplacement of stratovolcanoes—which implies the ascent of large volumes
of magma—is spatially related to normal faulting in a local transtensional environment inside the
duplex. Conversely, all minor eruptive centers in the study area—with low volume of magma extruded
—are spatially associated with the Puyuhuapi fault zone in a transpressional environment at the eastern
edge of the duplex. Generally, for the whole SVZ and locally in the study area, NE trending faults are
perfectly oriented to develop dilatational fractures since they are subparallel to the local and regional
shortening direction. These faults would allow a higher magma flux through the crust in comparison
with the master NNE to NS trending strike‐slip reverse faults of the LOFS.

Data Availability Statement

The location, date, and other details of the earthquakes (Class A and Class B events) can be found in the
Zenodo repository (https://doi.org/10.5281/zenodo.3472066). Details of the network installation, HypoDD
results, and focal mechanisms can be found in the supporting information in Microsoft Word format.
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