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Copahue, Southern Andes
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Volcanoes can enter in episodes of unrest, which might end later in an eruption,
with little warning. They are normally produced due to the inner dynamics of
the volcano, but can also be triggered by external earthquakes. To detect these
periods early, it becomes crucial to understand the dynamics of the different
structures (such as fault systems) of the volcano, as they can act as magma
pathways and can also generate instabilities on it. In this article we study the
seismicity of Copahue (central-south Chile), which sits atop a complex system
of faults, and was importantly affected by the 2010 Mw 8.8 Maule earthquake.
We focused ourselves in the temporal variations of the b-value of theGutenberg-
Richter law during the 2012–2022 period. During this timeframe the volcano had
a series of crises, which led to seven eruptive phases. Our results show that the
system does exhibit signs of a future unrest phase weeks to months before there
is a change on its alert level, and they are mostly linked to the activity of a N-S
fault zone, located not beneath themain crater of Copahue, but around 10 km to
the East. Most of the crises start after drops in the b-value of this structure, with
sudden variations in b-value being also noticeable as a response to the 2015
Mw 8.3 Illapel earthquake. Our results show a correlation between instances of
fluid injection and release in the relevant structures of an active volcano with the
variations of the b-value. This allow us to use the temporal variations of the b-
value as a tool to anticipate the inner dynamics of the system, particularly when
there is a strong structural control on it, such as in the case of Copahue. We
also found out that the influence of the 2010 Mw 8.8 Maule earthquake was
long-lived, affecting mostly the structures that later destabilized the volcano for
the most part of a decade, therefore enhancing magma injection into the whole
system. This seems to have changed since 2021, which might indicate a waning
in the influence of the megathrust earthquake in Copahue volcano.
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1 Introduction

Volcanic eruptions are one of the most hazardous natural
phenomena in the world, with a wide range of styles and sizes.
Given that more than 8% of the 2015 world’s population lives
within 100 km of a volcano with at least one significant eruption,
and more than 1 billion people (14.3%) lives within 100 km of a
Holocene volcano, (Freire et al., 2019), it is important to understand
how an episode of volcanic unrest unveils. Such an epidose does
not necessarily ends up in an eruption, but it is a requirement
for that. Therefore, its early detection is of the most importance,
particularly because volcanoes tend to show some characteristics of
complex systems, such as that a volcano in two very similar states
can finish in two very different scenarios (Sparks, 2003). In addition,
volcanoes also can be very sensitive to external perturbations, such
as external earthquakes, with a wide range of potential responses,
going from small changes in seismicity to periods of calm, and
in the most extreme cases, instabilities that end up in eruptions
(Manga and Brodsky, 2006; Bonali et al., 2013; Seropian et al., 2021).
Recent research has shown that the geometry of local fault systems
is very important in modulating the response of the volcanoes to
external earthquakes, which is consistent with the notion that faults
can serve as fluid pathways (Farías et al., 2017), and are therefore
fundamental in establishing the dynamic state of a volcano (Eggert
and Walter, 2009; Pritchard et al., 2013). All this makes it extremely
important to look up for subtle signals that might indicate changes
in the dynamics of volcanic systems, which can help to get an early
detection of volcanic unrest.

Because eruptions can begin with little to no warning, and
considering that a volcano can be in an unrest phase for months
before an eruption, the study of volcano seismicity is crucial, as
it can provide a large insight on the dynamics of the fluids and
faults that compose a volcanic system (Gudmundsson, 2011;McNutt
and Roman, 2015; Roman and Cashman, 2018). Because of the
strengthening of seismic networks around active volcanoes, we now
have more data than at any moment in history to try to see in detail
the dynamic changes in a volcano (Farías and Basualto, 2020). In
particular, one of the most common events that are captured in a
volcanic setting are Volcano-Tectonic (VT) events, which tend to be
characterized by clear onsets of P- and S-waves in a seismogram,
with a relatively high (> 5 Hz) frequency content (Wassermann,
2012). These events are caused by shear failure triggered by stress
buildup, which results in slip on a fault plane, similar to what
we observe in a tectonic earthquake source (Wassermann, 2012).
These events can indicate the presence of an increase in the stress-
driven deformation, due to sources like increasing magma pressure,
a progressive material weakening of the volcanic edifice, or thermal
activation of the hydrothermal system (Bell et al., 2014). Typically,
the most common indicator of volcanic unrest is an increase in
the rate of VTs. One particular source that can produce VTs is
the activity of crustal faults, which in turn can play an important
role in the migration of fluids (water, magma) from depth into the
surface, promoting eruptions later on (McGarr, 2014; Basualto et al.,
2023). Sincemany volcanoes have fault systems nearby that can serve
as magma pathways, the study of VT and Distal VT events–with
the latter occurring not at the volcanic edifice, but rather in distal
fault systems, which are located between one and 10 km from the
place where a future eruption might occur (White and McCausland,

2016)—can give us a hint of how fluid moves up; but we need to
be careful in the interpretation of the seismicity we get (White and
McCausland, 2016). For instance, activation of faults (evidenced
by VT events) can generate an increase in permeability, which in
turn can promote fluid motion. Or also, sometimes fluid injection
into certain fault systems can produce deformations in them,
inducing seismicity. In both cases VT events do appear, but they
are the consequence of different processes (Roman et al., 2006; 2008;
Pritchard et al., 2019). In any case, fault systems seem to play an
important role in the migration of fluids towards the surface.

Thus, looking at the activity of fault systems that are close
to volcanoes is important since it can give us an idea of how
a volcano gets unstable, to then enter into a period of unrest.
Regularly, the study of earthquakes in these faults is carried
out by analyzing event locations, focal mechanisms, and event
rate in time (Cardona et al., 2021). But VT events do also fulfill
Gutenberg-Richter law (Gutenberg and Richter, 1944), although
with a narrower magnitude range than what we would expect
in a non-volcanic tectonic setting, like a subduction margin, for
example, (Schorlemmer et al., 2005). Because of this feature, we can
complement any analysis of VT activity by looking at the b-value of
the Gutenberg-Richter law. This value has been suggested to provide
an insight on the stress state of a region (Scholz, 2015), and it has
been widely used in tectonic settings, but not so much in volcanic
ones because of the limited magnitude range of the VT events
(usually with magnitudes less than 5) (Jacobs and McNutt, 2010;
Nishimura et al., 2016). However, there are a number of studies that
studied the stress state in volcanic systems in places like Mexico
(Rodríguez-Pérez et al., 2021), Japan (Chiba and Shimizu, 2018),
and Indonesia (Sukrisna et al., 2013), by looking at this value in the
distribution of VT earthquakes. Recently, the temporal evolution of
this value has been applied in the study of the rare rhyolitic eruption
of Cordón Caulle, Chile, in 2011, showing the potential of using the
analysis of this variable to get an insight into the state of a volcano
before an eruption (Basualto et al., 2023).

Central-South Chile is one of the very good regions of the world
where we can look up to the dynamics of complex volcanic systems,
because of the presence of active volcanoes with a large output of VT
earthquakes, that have also shown responses to large earthquakes
in the past (Bonali, 2013; Farías et al., 2014). This characteristic
suggests that a number of these active volcanoes have undergone
changes in their stress state over time, and therefore are good
candidates for the study of the dynamic evolution of their seismicity.
Copahue volcano (37.85oS - 71.04oW) is one of these volcanoes.
It is one of the three volcanoes with the most eruptive phases in
Chile since the 2010Mw 8.8Maule earthquake (the other ones being
Planchón-Peteroa and Nevados de Chillán). It usually produces a
large number of VT events, and it has shown an interesting reaction
to the 2015Mw8.3 Illapel earthquake, with an eruption 17 days after
the mainshock (Farías and Basualto, 2020). All this comes to show
that this volcano is a good candidate for analyzing its VT seismicity,
looking for subtle changes before and after moments of crisis.

The central-south chilean (33oS-46oS) margin is dominated by
the fast (∼66 mm/yr) oblique subduction between the Nazca and
South American plates (Ruiz and Madariaga, 2018), which has
enhanced the occurrence of several megathrust earthquakes, such
as the 1960 Mw 9.5 Great Southern Chile and the 2010 Mw 8.8
Maule earthquakes (Ruiz and Madariaga, 2018). In this region there
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is a large number of active volcanoes, which concentrate most
of the volcanic activity in Chile in historical times (Stern, 2004).
Around 37oS there is a transition in the tectonic regime, particularly
in the volcanic arc, which is evidenced by the presence of the
Liquiñe-Ofqui Fault System (LOFS, 37o-47oS), which is a 1.200 km
long NNE strike-slip intra-arc fault system, active since Miocene
(Cembrano et al., 2000).The LOFS consists of subparallel NNE fault
strands distributed across the axis of the Andean Main Cordillera
with maximum lengths of branches of ∼60 km (Maldonado et al.,
2021). The LOFS is characterized by a right lateral strike-slip regime
that also controls the Quaternary volcanism (Cembrano et al.,
2000; Cembrano Perasso and Lara, 2009). Shallow seismic activity
has been documented along the LOFS (Haberland et al., 2006;
Lange et al., 2008; Legrand et al., 2011; Sielfeld et al., 2019) and focal
mechanism of main earthquakes can be attributable to right lateral
NNE-striking fault-slip (e.g., a Mw 5.3 close to Lonquimay in 1989,
a Mw 5.5 south of Callaqui volcano in December 2006, and a
Mw 4.7 north of Choshuenco volcano in February 2021, http://
www.globalctm.org). Astudillo-Sotomayor et al. (2021) estimated a
slip rate of 18.8 ± 2.0 mm/year over the past 9.0 ± 0.1 ka for a single
strand of the LOFS located 13 km west to Reigolil-Pirehueico fault,
confirming that this first order active structure. The trace of the
LOFZ is locally interrupted by the Andean Transverse Fault System
[ATFS] (Cembrano Perasso and Lara, 2009; Sánchez et al., 2013;
Maldonado et al., 2021), a NW-WNW striking arc-oblique long-
lived basement fault system linked to pre-Andean crustal weakness
zone associatedwith Permian-Triassic tectonics (Piquer et al., 2021).
The nature and kinematics of the ATFS are not well constrained;
however, available field and seismic data indicate that some of
their branches are active showing mainly left lateral strike–slip
kinematics during the interseismic phase of the subduction seismic
cycle (Haberland et al., 2006; Lange et al., 2008; Sielfeld et al., 2019)
and normal kinematics during the coseismic phase (Aron et al.,
2015; Sielfeld et al., 2019).

TheCaviahue-CopahueVolcanic Complex [CCVC] is a basaltic-
andesitic volcano located in the Central Southern Chile Volcanic
Zone (CSVZ, 37–41.5o S) (Stern, 2004). This volcano is located at
the northern end of the LOFS (37.5oS and 71oW), in the Chile-
Argentina border. In this complex tectonic setting, a transtensional-
NE transfer zone has been developed, linking the NNE LOFS with
theNS inverseCopahue-Antiñir Fault Zone [CAFZ] (Folguera et al.,
2015; Sielfeld et al., 2017). This transtensional-NE structure
is conformed by the Callaqui-Copahue-Mandolegüe volcanic
lineament. The CCVC is composed of the Caviahue caldera and
the Copahue stratovolcano. The Caviahue caldera is a square-
shaped depression of ca. 20 km × 15 km, defined as a pull-apart
intra-arc basin due to the NE-transition zone between LOFS and
the CAFZ (Melnick et al., 2006). The Copahue’s stratovolcano and
the syn/post glacial eruptive centers are aligned in a NE direction
(Figure 1), parallel of a sub-horizontal maximum compressive stress
σ1 (Bonali, 2013), suggesting the existence of a potential extensional
structure that might enhance the magmatic intrusions during
the Holocene. The volcanic activity began 1 Ma ago; however, in
the Upper Pleistocene, volcanic activity has consisted mainly of
andesitic to trachydacitic lava flows (Linares et al., 1999), in contrast
with the basaltic-andesitic products that have been erupted in more
recent times.TheCopahue geothermal systemhas been developed at
the northeastern part of the Copahue volcano (Figure 1). It mainly

extends over the Copahue Village Fault System, composed of a
set of extensional No60 striking faults developed in a structural
block between the Trolope and Chancho-có WNW striking faults
(Barcelona et al., 2019; Barcelona et al., 2020; Tardani et al., 2021).
This fault architecture (NE and WNW-striking faults) and the
complex interaction between them seems to control the permeability
and pathways of the hydrothermal fluids/meteoric water and the
magma storage beneath the Caviahue Caldera (Barcelona et al.,
2019). Lundgren et al. (2017) using InSAR process suggest two
different magmatic chambers (Figure 2), and later Tardani et al.
(2021) proposed the presence of independent hydrothermal
systems, using trace elements measured in water hot springs. Both
are located along the NE lineament, the shallower (centered at
2.5 km) is located in the north flank of Copahue volcano, and
the second, deeper (centered at 7 km), between Chancho-co and
Trolope fault.

The Copahue volcano has also shown an interesting behavior to
large megathrust earthquakes from the far field. The 2012 eruption,
which started a series of periods of unrest and mild new eruptions
which lasted for 9 years (Global Volcanism Program, 2023), has
been proposed to be promoted by the static changes in the stress
tensor due to the 2010 Mw 8.8 Maule earthquake (Bonali, 2013;
Bonali et al., 2013), which led to the occurrence of unclamping in
magma pathways. In addition to this case, the Copahue volcano had
a new eruption in October 2015, only 17 days after the occurrence
of the 2015 Mw 8.3 Illapel earthquake, located more than 650 km
away. In this case, Farías and Basualto (2020) proposed that dynamic
changes in the stress tensor due to the passage of the seismic waves
created openings in the intersection between the N-S fault from the
north-east side of the Caviahue caldera and the NE faults that seem
to pass beneath the volcano, which later increased the permeability
of these structures, which acted as magma pathways, generating a
swarm of local earthquakes which ended with the new eruption. All
this points out to Copahue as a very sensitive system to external
perturbations, such as megathrust earthquakes.

This article is focused on the seismicity of Copahue volcano,
in central-south Chile, with a special focus on the variations of
the b-value of its seismicity, looking for indicator of variations on
the stress state of the system before, during, and after periods of
crisis, in the 2012–2022 period. Since the start of its monitoring,
in 2012, the volcano has had 12 periods of yellow alert, 9 periods
of orange alert, and 2 periods of red alert, according to the four
step definition of OVDAS-Sernageomin (with alerts going, from
less dangerous to the most, green, yellow, orange, and red). We will
analyze these variations in space and time, with the aim of obtaining
early indicators of unrest episodes.

2 Materials and methods

To account for the changes in the dynamics of Copahue
volcano, we used data from the monitoring network of OVDAS
(Figure 1). The network currently involves 11 seismic stations
located around the Copahue volcano. Data we present in this article
was recorded during a timeframe of 11 years, from January 2012,
to December 2022. The OVDAS permanent seismological network
around Copahue volcano has changed over time, and since 2020 is
composed of 11 broadband seismometers.The last three stations that
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FIGURE 1
Setting of Copahue volcano-Caviahue caldera. (A) shows Central-south Chile, with the location of Copahue volcano in orange, also showing the
rupture zones of the more relevant earthquakes in this zone since 2010. (B) shows the location of all locatable Volcano-Tectonic (VT) earthquakes in
the Copahue volcano-Caviahue Caldera system from 2012 up to 2022, including this last year. OVDAS stations are shown in large triangles here. (C)
shows the operation times of the stations. (D) shows a simplified structural sketch of the system, along with the epicentral distribution of the best
located VT events and the seismological stations (as large triangles). Black, purple, and blue lines indicate dextral, normal, and inverse faults
respectively, based on the description of (Tardani et al., 2021). Transparent dark orange, dark green, and dark yellow regions show the main fault zones
of the system we propose in this study, suggested from the distribution of the seismicity.
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FIGURE 2
Temporal evolution of seismicity at Copahue volcano and Caviahue caldera, with the alert levels by OVDAS as background colors, in the 2012–2022
period, including this year. From top to bottom: number of all VT events per day, magnitudes of the located VT events in time, number of LP events per
day, number of daily VLP events, and a closeup in the y-axis of the count of LP events per day, to show more in detail the background LP activity. Black
line with the “IQ” tag shows the date of occurrence of the 2015 Mw 8.3 Illapel earthquake. Black line with the “E” tag marks the moment on which there
was a new eruption following that earthquake. Black line with the “LQ” tag marks the date of occurrence of the Mw 6.2 2022 Lebu earthquake, which
was followed by a small increase in released seismic energy. The circle with the white capital “M” letter indicates that during that day the number of VT
events was larger than 400, with 708 VT earthquakes being recorded then. The purple bullet points with a white cross inside (bottom panel) mark the
instances on which the daily LP count was larger than 100 events.

were added into the network were installed by Argentina’s OAVV in
2020. Table 1 shows the details of each station, including location
details and the year since they have been operating.

Primary analysis was carried out by OVDAS personnel, who
identified individual seismic events from the continuous signal and
extracted the basic information for each of them. The HYPO71
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TABLE 1 Details of the OVDAS seismic stations used in this study, including the timing of operation. All stations started their recordings in the indicated year,
and have been online since.

Name Code Latitude (o) Longitude (o) Sensor Natural period (s) Installation year

Mahuida MAH −37.889178 −71.167708 Reftek 151 30 2012

Copahue COP −37.837189 −71.160365 Reftek 151 30 2013

Maquinas MAQ −37.835833 −71.072727 Reftek 151 30 2013

Ralco RAL −37.877480 −71.206158 Reftek 151 30 2014

Frontera FR2 −37.819248 −71.122522 Reftek 151 30 2016

Hito HIT −37.887538 −71.113000 Reftek 151 30 2016

Mellizas MLZ −37.843053 −71.115472 Reftek 151 30 2016

Pehuenche PE2 −37.851760 −71.203090 Reftek 151 30 2019

Agrio Superior AGS −37.882089 −71.072007 Guralp 3T 30 2020

Bayo BAY −37.795984 −71.034834 Guralp 3T 30 2020

Trolope TLP −37.776302 −71.087290 Guralp 3T 30 2020

routine was used to obtain the hypocentral location of the Volcano-
tectonic (VT) events (Wassermann, 2012), with the 1-D velocity
model shown in Supplementary Table S1. The reference level, which
is where zero depth is defined, is at 2,500 m over the sea level. Each
location is cataloged by a quality letter, which is assigned following
the levels of statistical error on each location, following the method
of Lahr (1999). In that regard there are four categories in theOVDAS
catalog, from A to D, with A being the highest and most reliable. In
the Copahue catalog we have categories A, B, and C. Categories A
and B have a well constrained depth, with errors lower than 3.3 km,
and with 90% of the events of this subset having vertical location
errors lower than 1.1 km.This is not the case for categoryC, although
the magnitude value is still reliable, as most of the earthquakes have
depths lower than 10 km from the reference height at 2,500 m over
the sea level, and are close to the seismic stations, which allows a
reliable estimation of their magnitude.

Long Period (LP) and Very Long Period (VLP) events, linked
with the fluid dynamics of the system, were also classified and
cataloged (Kumagai and Chouet, 1999; McNutt and Roman, 2015).
Instances of anomalous volcanic activity have been reported by
OVDAS since May 2012 in different official reports (Reportes de
actividad volcánica [RAV] and Reportes Especiales de Actividad
Volcánica [REAV]; https://rnvv.sernageomin.cl/volcan-copahue/),
on which this observatory has summarized the different states of
alert related to the different types of unusual activity that the volcano
has evidenced over the last decade. There are four alert levels of
activity on each volcano in the OVDAS classification: green alert,
when the volcano is on its base state; yellow alert, when there is
a sign of unrest, which may include minor explosions in the main
crater of a volcano; orange alert, when the volcano is in a more
altered state than it was during a yellow alert; and red alert, when a
major eruption is about to occur in the volcano imminently, or when
this eruption is in course (OVDAS, https://www.sernageomin.cl/
abc/doc/Alerta_Volcanica.pdf).

To follow the temporal dynamic behavior of the Copahue
volcano-Caviahue caldera system we focused ourselves in retrieving
the temporal evolution of the distribution of events in a timewindow,

by the means of the Gutenber Richter law, which states

log10N = a− bM,

where N is the number of earthquakes greater or equal to
magnitude M, and a, b are the constants (Gutenberg and Richter,
1944). More specifically, we focus on the value of the b parameter,
or b-value, which has been proposed to function as an indicator
of the stress state in several systems (Schorlemmer et al., 2005).
The calculation of the b-value has been extensively used in the
study of earthquake sequences in mostly tectonic settings, and
not so much on volcanic systems, mainly because of the relatively
low range of magnitudes of the seismicity we can record in
a volcano, compared with what can be captured in tectonic
settings. This problem is reflected in the completeness magnitude
of the catalog, which is often difficult to find in volcanic settings,
and therefore creates unreliable b-values. Nevertheless, recently
van der Elst (2021) developed a new method for the estimation of
the b-value, which is insensitive to transient changes in catalog
completeness, which allowus to obtain reliable values of b, regardless
of the completeness magnitude of the catalog. This method is
called “b-positive,” and is based on the positive-only subset of the
differences inmagnitude between successive earthquakes. Using this
method, we calculated the temporal b-value of the VT seismicity
that was located within the Copahue volcano and its surroundings,
including theCaviahue caldera.With a total of 11,912 located events,
we have a dataset that is large enough to calculate the temporal
variations of the b-value in a reliable way. For this, we used amoving
window of 160 events, with an overlapping of 92.5%. The size of this
moving window is not far from what other studies have used with
the b-positive method to study temporal variations on the b-value
(e.g., Neves et al., 2022), and allowed us to have a reliable estimation
of both the b-value and its short-term temporal variations.

Since the Copahue volcano-Caviahue caldera system includes
a complex system of faults, we need to analyze individually the
different important zones of the volcano in terms of its dynamics,
with the aim of understanding what is the role that the structures
play in destabilizing the volcano, so we can divide our domain
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accordingly afterwards. To do this, we look at the spatial density
of VT events, the spatial distribution of their depths, and the
spatial distribution of the cumulative seismic energy released.
We calculated the seismic energy released by a particular event
following the method of Tobyáš and Mittag (1991), which states
log10(E) = 1.2+ 2.0Ml, with Ml the local magnitude of the catalog.
We then calculated the total released energy in a window of
0.01o × 0.01o in latitude times longitude, in order to obtain a map of
the total energy released in the Copahue-Caviahue caldera system.
Since the numbers involved here have a large variation, we calculated
log10 of the total energy released on each window, for better
visualization. In this line, we also calculated the average depth of all
the VT events on the windows described before, using the events
with RMS values lower than 0.3 and depth errors lower than 3.3 km.
The median of the RMS and vertical location error of this subset of
events were 0.08 and 0.6 km, respectively. We then compared these
results with the reported structural geology context at the region
to obtain a separation of the whole system in smaller regions of
interest.

After dividing the whole dataset in regions, we followed the
temporal variations of the b-value and the average depth on each
region, with the same moving window described above. Given that
we have enough data in this window to carry out reliable statistical
analysis, we use the data from the whole catalog here. Finally, for
the interpretation of the resulting time-series, we will consider that
low/high b-values are characteristic of tectonic settings dominated
by reverse/normal or strike-slip faulting (Schorlemmer et al., 2005;
Scholz, 2015) and how these faults promote the transit of thermal
fluids or the rise of magmas (Roberts et al., 2015; Konstantinou,
2022).

Finally, in order to assess the influence of the 2010 Mw 8.8
Maule earthquake in the system, we calculated the static stress
transfer produced by it.We did this by using the equations by Okada
(1992), which calculates the deformations produced by dislocations
in a halfspace. For this, we used the slip distribution of the Maule
earthquake reported by the USGS (https://earthquake.usgs.gov/
earthquakes/eventpage/official20100227063411530_30/executive)
as our source.

3 Results

3.1 Global overview the activity at Copahue
in the 2012–2022 period

The seismic activity of Copahue volcano is composed mainly of
Volcano-Tectonic (VT), Long-Period (LP), and Very Long Period
(VLP) events. Both LP and VLP events are related to fluid dynamics,
with the latter being associated with processes that can lead to
eruptions in andesitic magmas, or with unsteady hydrothermal fluid
flow in cracks (Waite, 2021), while VT seismicity is produced by
brittle fractures in the area beneath and surrounding the volcanic
system, triggered by stress changes that can be produced by a large
number of mechanisms, including the dynamics of faults hosted in
the crust below and around the volcano. Figure 2 shows the daily
count of each one of them in time, with the different alert levels from
OVDAS, for the 2012–2022 period. We can see how the different
types of events tend to be clustered in time. This is particularly true

for the occurrence of LP events, reachingmore than 1,000 events per
day on some occasions.

During this timeframe of 11 years, Copahue volcano underwent
a series of crises, which are reflected in the changes on the alert levels
(see Figure 2). Following the reports ofOVDAS,we can see thatmost
of the increases in the alert level occurs after the occurrence of a
large number of either VT and/or LP and VLP events in a relatively
short period of time, or after periods of increase in the tremor signal,
and/or instances of explosions at the level of the crater. Table 2 shows
the details of each increase in alert level during the 11-year period of
this study, adding the details of responses from Copahue to external
earthquakes.

Given that there is a complex structural control in Copahue
volcano, we can see a rather heterogeneous spatial distribution of
VT earthquakes. Figure 1B) shows the epicentral distribution of all
VT events that were located by OVDAS in the 2012–2022 period.
The total number of detected events was 22,004 in this timeframe,
with 11,912 being localized. From here on we will study this last
subset, as there is a magnitude calculated for their members. These
events are located not only beneath the volcanic edifice, but also in
the Caviahue caldera, and to the north of the volcano. We can see
the presence of several clusters of seismicity, and a global trend that
seems to follow the geometry of the main faults of the system, in
particular with the horsetail splay faults of the Liquiñe-Ofqui Fault
System (LOFS).

Due to the large number of events, and in particular after taking
into account that most of the seismic activity is located outside
the volcanic edifice, we focus ourselves in the distribution of this
seismicity in space and time, as VT earthquakes can provide us with
crucial information about the stress state of the system, and about
which are the most likely magma pathways.

Figure 3 shows the temporal variation of both the b-value
and the average depth of the seismicity within each window. We
also calculated the b-value of the complete catalog, obtaining
b = 1.0± 0.1, with a R2 value of 0.95, which indicates a very high
level of confidence in this estimation. Although this number is what
is considered to be representative of the dynamics in a tectonic
setting, and not in a volcanic one, we can see that the temporal
variations are important, and occur in both short and long periods
of time. In particular, it is interesting to notice that there are several
instances where the b-values drop before the beginning of a new
volcanic crisis, marked by a yellow and/or an orange alert. We can
also see a series of changes in regimes, from b-values lower than 1,
which would indicate a high level of differential stress, enhancing
the opening of cracks and/or structures, which later can promote
fluid motion through these structures; to b-values larger than 1, that
can indicate periods fluid injection, where the occurrence of low-
magnitude earthquakes dominate the catalog. Following the green
alert level that started in November 2020 we can see that both the b-
values and the average depths did stabilize in time, with values close
to the global averages (b = 1.0± 0.1, d = 4.8± 0.9 km).

3.2 Regions of interest

Since the variations of b-value and average depth presented in
Figure 3 are very noticeable, and considering that the seismicity in
this volcanic system involves not only the volcano area, but also its
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TABLE 2 Summary of the increases in alert levels, based on the reports by OVDAS.We alsomark the occurrence of relevant tectonic earthquakes (2015Mw 8.3
Illapel and 2022Mw 6.2 Lebu events).

Date YYY-MM-DD Previous alert level Updated alert level Reason of the change

2012-12-22 Orange Red Increase in the reduced displacement of tremor signal (up to 8.8cm2),
accompanied by harmonic tremor, and two explosions

2013-01-05 Yellow Orange Change in seismic regime, with the apparition of 21 VT and 58 LP
events in less than 2 hours. This was accompanied by the occurrence of

3 spasmodic tremor events

2013-01-22 Yellow Orange Swarm of LP and VLP events, accompanied by an increase in the
number of VT earthquakes, with a total of more than 500 events in less

than 8 hours

2013–05-07 Green Yellow One phreatic explosion, with the presence of incandescence up to
150 m from the top of the crater

2013-05-23 Yellow Orange Increase in LP and VT activity, accompanied by larger gas emissions,
up to 300 m from the top of the crater

2013-05-27 Orange Red Swarm of seismicity, composed of 4,577 events in 24 h, with the
majority of them being Hybrid events (which starts as a VT, ends as an

LP event), with larger release of seismic energy

2014-03-20 Yellow Orange Increase in the Reduced Displacement of the tremor signal (up to
10cm2), accompanied by a swarm of 58 VT events in less than 6 h

2014-10-11 Yellow Orange Occurrence of two explosions in the main crater of the volcano, with
ash columns over 3,600 m high from the volcano crater. This was
preceded by a large number of LP and VLP events in the previous

fortnight (5390 LP and 53 VLP)

2015–10-06 Yellow Yellow Change in the activity in Copahue volcano involving a new eruption,
with a new eruptive column reaching 200 m over the level of the crater.
This was preceded by a large number (984) of VT events since the 2015

Mw 8.3 Illapel earthquake

2017-06-04 Green Yellow Increase in the height and energy of the ash column

2018-03-24 Green Yellow Sudden increase in the production of LP events (48 in less than 3 h),
followed by two hydrothermal explosions hours after

2019–04-05 Green Yellow Increase in seismicity production during March 2019, including a large
production of VLP, and VT events (281 and 943, respectively), which
suggests the intrusion of a new magma body into the volcanic system

2019-09-30 Yellow Orange Occurrence of three LP events with very high Reduced Displacements
(5,529cm2, 2,824cm2, and 753cm2, respectively), accompanied by a
production of VT events (242 in less than 24 h), with a maximum

magnitude M l3.5

2020-06-17 Green Yellow Variations on the tremor released energy, accompanied by stronger gas
emissions. Months before there was an increase in the production of

VLP events, with a maximum of 80 events in 1 day

2022-11-15 Green Green Larger seismic energy production following the occurrence of the Mw
6.2, November 13th, Lebu earthquake. This was not reflected in an

increase in the number of VT, LP, or VLP events

surroundings (Figure 1), we analyzed the spatial distribution of the
number density of events, the depth of the better located earthquakes
(RMS < 0.3 and vertical location errors lower than 3.3 km, which
account for 2,632 events, a 22.09% of the complete catalog), and
the spatial distribution of the cumulative energy released. Figure 4
shows this in detail. We can see different behaviors that seem to
correlate with the presence of geological structures and features
presented in Figure 1. From the spatial density of events we can
see the presence of several clusters of seismicity, which lie in four
main zones: the first one being the Copahue volcanic edifice, the
second one, located to the northwest of the volcano, correspond

to the Chancho-co hydrothermal field, which is a well-known and
visited hot springs location, the third corresponds to the northern
part of the Caviahue caldera, and the fourth is the southern portion
of the Caviahue caldera, which is where in 2017 Montenegro et al.
(2021) found a series of similar strike-slip earthquakes, following the
trend of the LOFS splay faults.

The first zone also contains the spot where Lundgren et al.
(2017) found a strong deformation prior to the 2012 eruption onset.
The third zone identified here contains more than one cluster of
seismicity, and therefore could be divided into two parts. However,
the structures that have been identified in this region point out that
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FIGURE 3
Variation of b-value (black line) and average depth (blue line) of the VT seismicity at the Copahue volcano-Caviahue caldera system, from August 2013,
until December 2022, including this last month. Alert levels are marked following the color code by OVDAS, and black lines indicate the occurrence of
the 2015 Mw 8.3 Illapel earthquake (IQ), the eruption in Copahue volcano that followed (E), and the occurrence of the 2022 Mw 6.2 Lebu earthquake.
Statistical errors in the b-value calculation are shown as a pink strip.

FIGURE 4
Spatial distribution of the number density of VT earthquakes (A), average depth of VT events (B), and log(E), with E the released cumulative energy (C).
(D) shows the distribution of the four zones on which we divided our domain in this study. All plots were obtained using the data from 2012 to 2022,
including that year. Calculations for number density and released energy were carried out with the whole dataset, whilst the calculations for average
depth were performed using only the events with A and B location quality.

there are two main fault systems here: a series of NE faults, and a
NS fault zone which then connects with the Copahue–Antiñir fault
system [CAFS]. Therefore, we can consider this to be a microsystem

on itself, with the NS fault zone intersecting the NE ones. This is
partially supported by the average depth distribution, which shows
a different behavior of the northern part of the Caviahue caldera
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respective to the southern one. The former has significantly deeper
seismicity than the latter, and it seems to be delimited by the presence
of the horsetail splay faults proper of the northern limit of the LOFS.
Seismicity gets shallower as we move into the west in this zone,
connecting with another portion of the space with relatively deep
seismicity, which seems to mark some form of natural limit on
the western side of the Caviahue caldera. This idea of dividing the
domain in four regions seems to be in agreement with where the
higher values of released energy are, and we will therefore divide our
domain in the zones described in Figure 4D).

3.3 Temporal analysis of b-values

Wedivided our domain in fourmain zones, as shown in Figure 4,
and we followed both the b-value and the average depth of the VT
seismicity on each zone. Figure 5 shows the whole evolution of these
quantities, along with the count of daily LP and VLP events as a
reference, accompanied by the alert levels of the volcano decreed by
OVDAS-Sernageomin. Due to this window size, which was selected
to guarantee stable results on the b-value calculation, we cannot get
a value for the parameter b on each zone before the year 2014. From
then on we can see strong variations of the b-values over time on
each zone, both in the long and the short term, as well as changes in
the average depth of the seismicity of each zone during the window
on which we calculated the b-value.

Zone A exhibits its larger variations on b-value during the years
2014 and 2015, going from low values (0.7–0.8) up to larger ones
(1.3–1.4). The fluctuations occurred in a variable time-window,
with the largest increase in b-value (from 0.7 up to 1.4) taking
place in a timeframe of less than 6 months, and with the largest
drop (from 1.7 to 0.8) occurring in about 2 months. In contrast,
we can also see the presence of other significant drops in b-value
(in 2015 and 2019), which occurred suddenly. During the years
2014 and 2015, apart from the fluctuations in b-value, we can see
that the average depth of the seismicity also varied, sometimes
in a synchronized manner with the variations of the b-value. In
particular, this occurred before the largest increase in b-value, due
to the occurrence of a large number of small earthquakes. Following
this increase in b-value, which started from low values, the depth
of the seismicity also increased, suggesting a deeper source, around
4.5 km. After the 2015 Mw 8.3 Illapel earthquake, both the b-value
and the average depth of the VT seismicity did stabilize, suggesting
a steady state of the volcano, which was sustained over more than
3 years. During this last period the volcano was in the middle of
a series of eruptions, which started 17 days after the 2015 Mw 8.3
Illapel earthquake. Following this “steady state” phase the b-value
started to gradually increase, at the same time that the average
depth of the seismicity decreased, going from a deeper source to a
shallower one, at around 3.2–3.4 km beneath 2,500 m over the sea
level.

Fluctuations at zone B were not as prominent, and tended to
take a long time. The b-value varied from a minimum of 0.79 up
to a maximum of 1.23 in a timeframe of more than 2 years, with the
average depth of the seismicity getting deeper in the same timeframe,
although the variations were rather small (from an average of
2.33–3.02 km). All of this suggests a relatively stable behavior of this
zone, both in depth and b-value, over time.

We can see strong variations in both average depth and b-value
in zone C over short and long timescales. The minimum values for
these quantities were 2.81 and 0.69 km, and the larger ones were
9.12 and 1.67 km, respectively, thus making this zone the one that
exhibited the greater variations on these quantities of all the four
zones of our study area. Between 2014 and 2016 fluctuations of b-
value occurred in relatively short time-windows of weeks, although
there were relevant changes in the stress regime during these years,
evidenced for a transition in the b-values from 1.33 to 0.77, and
then back again to 1.39 at the beginning of 2015. From then until
the occurrence of the 2015 Mw 8.3 Illapel earthquake the b-values
were kept above 1, although with a slight global decrease, with
relatively shallow sources of seismicity (around 3 km). In themonths
following the Illapel earthquake there is an important change of
regime, going from generally lower b-values and deeper sources.
Large, short-lived, variations of b-value appeared after 2019, with
sudden changes on the stress regime, and a shallowness of the VT
activity.This was particularly noticeable before a series of yellow and
orange alerts. From 2021 onwards the seismicity of this zone entered
a steady state, with b-values around 1 and an average depth close to
5 km deep.

Zone D also has important variations on both b-values and
average depth in time. In contrast to zones A and C, short-time
variations of b-value and depth were present after 2016 and not
before, where we can see a long-term change in the stress regime,
going from low b-values (around 0.7) to high values (around 1.6)
about a year after. Average depth also got larger during this period
(2014–2016), going from 3.5 km to roughly 6 km, suggesting the
presence of a deeper source. Although there was a slight decrease in
b-valuewhen the 2015Mw8.3 Illapel earthquake occurred, the long-
term mechanism that controls the seismicity in this region seemed
to remain relatively stable. We can see a change in the dynamics
of this zone starting in the second half of 2016, when there was a
sudden drop in the b-value, which then started a decreasing trend
for almost a year, reaching values as low as 0.67. After this the
tendency of the b-value started to change again, reaching relatively
high values (with a maximum of 1.44) during January 2019. After
that we can see an abrupt drop in b-value, accompanied by an
important shallowing of the VT seismicity. From then on the b-
values started to increase again, and at the same time the source of
the seismicity got deeper. Finally, from 2021 onwards both b-value
and average depth stabilized in values closer to 1 for the former, and
5–5.5 km for the latter.

3.4 Changes in b-value during crises

Since our focus is in the periods of crisis of the volcano, here
we show the results around them in time. Because we use windows
of 160 events to calculate the b-value, we can only see results to
analyze VT seismicity in the four zones defined above from 2014
onwards, missing the two instances of red alert of 2012 and 2013.
In this window we have a total of 8 and 3 periods of yellow and
orange alert, respectively. Orange alerts tend to be short-lived, with
the largest of them being 13 days long. In addition, we also put a
focus on the influence of the 2015 Mw 8.3 Illapel earthquake on the
system, since the volcano started a series of eruptions 17 days after
this megathrust but, since the magnitude of these earthquakes were
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FIGURE 5
Temporal evolution of the b-value and average depth of VT seismicity at Copahue volcano-Caviahue caldera system on each one of the zones defined
in Figure 4D), from 1 January 2014, to 1 January 2023. We also show the daily count of LP and VLP events in the top panel as a reference. Black lines
show the b-values whilst blue lines show the average depth on the moving windows used for the calculations. Statistical errors in the b-value
calculation are shown as a pink strip. Alert levels are marked following the color code by OVDAS, and vertical black lines indicate the occurrence of the
2015 Mw 8.3 Illapel earthquake (IQ), and the eruption in Copahue volcano which started afterwards (E) (Farías and Basualto, 2020). All calculations were
made with the complete catalog of located VT earthquakes. We do not show the occurrence of the Mw 6.2 Lebu earthquake as there is not a clear
variation on the studied quantities around that date.

small, the alert level was kept at yellow. Figures 6, 7 show close-ups of
Figure 5 during the 2014–2015 and 2018–2020 periods, respectively.
Given that Zone B does not appear to show significant changes
before any moment of crisis in the volcano, these figures do not
include the results of this zone.

We can see that the source of the seismicity of Zone A got
slightly shallower before the onset of the orange alert of October
2014, without a significant change in b-value. In the case of Zone
C there was a clear change in the regime of the b-values about
3 months before the orange alert of October 2014, going from values
of 1.2 to 0.7. This occurred during little over a week and a half,
and was accompanied by the shallowness of the seismic source. It
is very interesting to notice that, after zone C entered into a new
stress regime (characterized by low b-values and shallow seismicity),
there was a constant increase in VLP and LP activity at the volcano,
with a particularly high number of LP events following a swarm-like
occurrence of VLP earthquakes. We do not have reliable locations

of these events, which is why we do not present them in this article,
but we need to stress that their most likely location lies inside zone
A, and not C. Therefore, we see a change of stress in zone C which
is later followed by activity most likely in zone A. The orange alert
of October 2014, was decreed little over 2 months after the change
in regime on zone C. Zone D, on the other hand, does not show
significant changes on its activity that are clearly followed in time
by LP and VLP events.

Following the period of orange alert of October 2014, the
three zones experienced changes in their stress state, evidenced by
fluctuations in b-values and depths. B-values on zones A, C, and
D increased after this alert, with a significant increase in average
depth in zone C, and a decrease in depth in zone A. Average
depths in zone D were stable in time. More than 6 months before
the occurrence of the 2015 Mw 8.3 Illapel earthquake there was a
sudden, but rather small, change in b-value in zone C. This was
followed by a deeperization of the source of seismicity in zone A
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FIGURE 6
Temporal evolution of the b-value and average depth of VT seismicity at Copahue volcano-Caviahue caldera system on Zones A, C, and D, from 1
January 2014, to 31 December 2015. We also show the daily count of LP and VLP events in the top panel as a reference. Black lines show the b-values
whilst blue lines show the average depth on the moving windows used for the calculations. Statistical errors in the b-value calculation are shown as a
pink strip. Alert levels are marked following the color code by OVDAS, and vertical black lines indicate the occurrence of the 2015 Mw 8.3 Illapel
earthquake (IQ), and the eruption in Copahue volcano which started afterwards (E). All calculations were made with the complete catalog of located
VT earthquakes.

and the appearance of a large number of LP and VLP events, at the
time on which both b-values and average depth on zone C were
relatively stable. InMay 2015we can see a sudden drop in b-values in
zone A, which was accompanied first by shallower VT earthquakes,
and then followed by the onset of an important number of VLP
events.When the Illapelmegathrust occurs, we can see an important
drop in b-values at zone A, which was then followed by another
drop in b-value, this time in zone C. Average depths right after the
megathrust were about 3.5–4 km for zone C, and 4.2 km for zone A,
respectively. A new eruption started after this, preceded by 17 days
of short-lived changes in b-values that we can mostly appreciate in
zone C.

There was not a clear change in b-values or average depths
at the onset of the yellow alert period which began at the end of
February 2018. During this period of unrest the volcano had a strong
production of LP and VLP events, alternating their dominance over
the catalog in time. Although average depths were relatively stable in

zone C during this period, we can see a change in the stress regime
in September 2018, evidenced in a slow drop on its b-value, which
began about 6 months before the alert level went back to green. After
this drop started we can see a new increase in b-values of zones A
and D, with a steep reduction in b-value and average depth at zone
D when the yellow alert ends.

The next crisis started in April 2019, with a new instance of
yellow alert. It is very interesting to notice that in the months prior
to this moment the source of seismicity at zone C was the deepest of
the whole catalog, and it was followed by a noticeable increase in b-
value, from 0.8 up to 1.6, which took almost 2 months to complete.
During this increase in b-value the average depth of the seismicity
dropped roughly 3 km, and also there was a strong, swarm-like,
occurrence of VLP events. After reaching a local maximum of 1.67
in the b-value of zone C, the b-values of both this zone and zone A
started to drop, with the most noticeable changes being present in
zone C. This fall in the b-value started 3 weeks before the beginning
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FIGURE 7
Temporal evolution of the b-value and average depth of VT seismicity at Copahue volcano-Caviahue caldera system on Zones A, C, and D, from 1
January 2018, to 31 December 2019. We also show the daily count of LP and VLP events in the top panel as a reference. Black lines show the b-values
whilst blue lines show the average depth on the moving windows used for the calculations. Statistical errors in the b-value calculation are shown as a
pink strip. Alert levels are marked following the color code by OVDAS. All calculations were made with the complete catalog of located VT earthquakes.

of the yellow alert, which lasted almost 5 months. During the yellow
alert we can see a regime of low b-values and relatively shallow
average depths in Zone C, accompanied by a progressive decrease
in b-values and average depths in Zone A, as well as a very slight
increase in b-value and relatively stable values of average depth. In
the 2 weeks before the start of the orange alert of September 2019,
we can see a significant and sudden drop in the b-values of zone
C, which occurred at the same time that the source of seismicity
became shallower there. We can also see slight but sudden changes
in zones A and D, but they were not as relevant as the ones of zone
C. From the end of the orange alert until the end of the subsequent
yellow one the activity was characterized by the appearance of a large
number of LP events, at the same time that the b-values of zone C
increased until values close to 1, in synchronizationwith the increase
in average depth. There was also a boost in the b-values of zone
D during this time, going from relatively high values (1.44) up to
higher ones (1.78). All the zones of the Copahue-Caviahue caldera
systemdid stabilize following the start of the green alert ofDecember
2019.

3.5 Revisiting the static stress changes due
to the 2010 Mw 8.8, Maule earthquake, in
the different zones of the
Copahue-Caviahue caldera system

Since we have four main areas on which we analyzed the
variations of b-values and average depth of VT seismicity, we need
to further understand which structures dominate them, looking for
potential signals of destabilization of the volcanic system. According
to our results and prior structural geology studies, the main faults in
each one of the zones are: a series of NE faults for zone A, following
the elongation of the volcanic edifice, a NW structure for zone B,
a N-S fault in zone C, which is where most of the seismicity seems
to be concentrated, and NW faults in zone D. With this mind, and
considering that Copahue is one of the three most active volcanoes
in Chile after the 2010 Mw 8.8 Maule earthquake, we calculated the
static stress variations induced by this megathrust event, looking at
differences between representative points of each region, at different
depths.
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FIGURE 8
Static stress changes induced by the 2010 Mw 8.8 Maule earthquake in Copahue volcano-Caviahue caldera system, which is sketched in panel (A).
Panel (B,C) show the changes in Normal stress (B) and Shear stress (C). Each calculation was carried out in one of the green stars from panel (A), which
indicate representative points of each one of the zones on which we divided our domain. Stars A, B, C, and D correspond to zones ZA, ZB, ZC, and ZD,
respectively.

Figure 8 shows the variations in normal and shear stress at each
one of the points considered on its first panel, which are part of the
structures described above. Our aim is to understand the changes in
the stress regimes at each one of these faults produced by the 2010
Mw 8.8 Maule earthquake. We can see that zone 2 got the larger
changes in both normal and shear stress, the first one promoting
unclamping. The fault that is the least affected is the NW-trending
structure of Zone D which, although unclamping was promoted on
it, the change in normal stress was smaller than the other ones; also,
the change in shear stress was smaller as well, when compared to the
other structures of the Copahue volcano - Caviahue caldera system.
Both Zones A and C had similar values of normal stress change,
in the order of 2.7–2.8 bar, and they are also heavily sheared, with
changes in shear stress being larger than 1 bar.

If we take Zone B out of the analysis for a moment, we can see
that both zones A and C were similarly affected on their dynamics
by the Mw 8.8 Maule earthquake, with zone D being the one that
underwent the lower changes of stress on its main structures.

4 Discussion

We analyzed the VT seismicity of Copahue volcano, southern
Andes, which is located in a region that is composed of a series
of complex fault systems, proper of a transition zone in Chile’s
tectonic setting, at the northern edge of the LOFS (Melnick et al.,
2006; Tardani et al., 2021). This volcano had a series of crises during
the 2012–2022 period, starting with the precursory activity to its
2012 eruption (Lundgren et al., 2017), entering in a steady state in
2021, being in green alert since. The VT seismicity of the volcano
shows an heterogeneous distribution of events, which are mostly
generated outside the volcanic edifice, rather than beneath it. Based

on the spatial distribution of seismic energy, number of events,
and average depth of seismicity, we identified four main zones,
which seem to be dominated by specific structures: Zone A, which
corresponds to the volcano edifice, contains a clear NE structure.
Zone B contains a locally known hydrothermal system, which seems
to be dominated by a NW fault. Zone C is the most complex, it
contains the northern portion of the Caviahue caldera, and contains
a series of NE-trending faults that seem to intersect with a larger, and
possibly older, N-S fault which latter connects with the Copahue-
Antiñir fault system towards the north. These NE faults might serve
as a stress transfer zone. Lastly, zone D contains a series of NW
trending faults, which seem to be part of the horsetail splay faults
of the LOFS (Barcelona et al., 2019; Tardani et al., 2021).

We focused ourselves on the evolution of the b-value of the
whole catalog and on each one of the zones described above. The
global b-value of the whole system is b = 1.0± 0.1, which is typical
of a purely tectonic regime, and is low compared with other volcanic
systems, such as Makushin volcano, in Alaska (Bridges and Gao,
2006). This result is consistent with the known strong structural
control over the whole system, as this is a complex region that marks
the transition from South Chile, which is dominated by the LOFS
in the arc to Central-South Chile, which seems to be dominated
by NS reverse faults (Cembrano Perasso and Lara, 2009). Under
this idea, fluid motion tends to occur over a preferred series of
faults, which has been suggested before for this volcano (Farías and
Basualto, 2020). Our results add to this notion, suggesting that the
NS fault zone that seems to be present in the eastern side of the
Caviahue caldera does play an important role in the generation of
seismicity, which can be triggered by fluid motion and/or its own
tectonics.

We carried out the analysis of the seismicity by also looking at the
temporal evolution of the b-value and average depth of each zone.
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We can see that, while most zones do present important changes
in their stress state (which can be evidenced by the variations on
the b-value around b=1 and the fluctuations in depth), zone B
does not present a behavior that can be considered similar to the
other three, which suggests that the mechanisms that generate the
seismicity in that zone are mostly related to the dynamics of the
hydrothermal field, that does not seem to interact with the other
parts of the whole system. Our results also show a combination
of different b-values and average depths in time: for b-values that
are lower or greater than 1, we can see the occurrence of shallow
or deep seismicity. Each combination suggests a different scenario.
When the b-value is larger than 1we havemore presence of relatively
low magnitude seismicity, which can be attributed to episodes of
injection of fluid into the structures. When the average depth is
relatively low (≤3 km)we can think that we have hydrothermal fluid
injection (Barcelona et al., 2019), and when the average depth is
relatively deep (>4 km), we propose that we have magma injection
at depth, into an important structure (Lundgren et al., 2017). On the
other hand, when the b-value is lower than 1 we have the presence
of larger magnitude earthquakes, which might indicate a period of
release of fluid, leading to lower b-values. When the average depth
of the seismicity is low, we propose that the fluids that are most
likely involved are of hydrothermal nature, with magmatic fluids
being protagonists when the depth is higher. It is very interesting
to notice that each one of the zones do transition from moments of
fluid injection to fluid release, but they do it in variable timescales.
All this suggests a relationship between moments of fluid injection
and release and the variations on the b-value, which indicates when
they are occurring.

Consequently, variations on b-values and average depth do have
a tendency to be more noticeable before and after moments of
volcanic crises. Globally we can see a trend where the b-value of
the whole VT seismicity of Copahue volcano drops weeks tomonths
before a moment of crisis (reflected by an increase in the alert level),
which evidences instances changes in the stress state of the whole
system, which lead to instabilities in the volcano. More specifically,
and looking into each one of the zones of the Copahue volcano-
Caviahue caldera system, we can propose several mechanisms that
help to explain the variations of the b-value and average depth before
and after moments of crisis. In that line, we propose that in the
months before the October 2014, orange alert a release of shallow
fluids is evident in zone C, thus creating a reduction in the effective
stress there. Since this is followed by a stark increase mainly in LP
event production, we propose that this release of fluids created a
stress reduction that was later transferred into themainNE structure
of the Copahue volcano edifice, which was already at a low stress
level. The orange alert of the volcano started at the end of this
process, and consisted of a strong volcanic tremor signal and a large
output of LP events, which evidences an important instance of fluid
motion beneath the volcano,which is consistentwith themechanism
we propose here. Following the October 2014, orange alert we can
see a moment of charge of fluid in zones A and C that last for
about 6 months, on similar depths (3.5–4 km), which suggests that
they are dominated by hydrothermal fluids, as it has been seen in
other volcanic systems in theworld (Konstantinou, 2022).Then both
zones show evidence of fluid release, but in different timescales, right
before the occurrence of the 2015 Mw 8.3 Illapel earthquake, which
is where we can interpret our results as a sudden release of fluids, as

evidenced by a sharp reduction of b-value in both zones A and C. In
both zones the average depth of the seismicity also reduces quickly
and for a few days, which supports the idea of fluid motion in the
shallow portions of the system. Merely 17 days after the occurrence
of the Illapel earthquake, a new series of eruptions began at Copahue
(Farías and Basualto, 2020), triggering a new change in the stress
regime, where we can see a reduction in effective stress in both
regions, and the presence of a deeper source of seismicity, which we
propose to be associated to magma input. While we do not see an
important change in the tendency of the b-values and average depths
before and during the June 2017, yellow alert, it is very interesting
to notice that, during the period of the 2018 yellow alert, we have
a moment of apparent fluid injection in zone C, reflected by the
increase in the b-values. Since the subsequent drop in b-values and
shallowness of the seismicity in zone C was followed by larger values
of b in zone A, we propose that, during the last quarter of 2018,
fluid was released from zone C and was later injected into the rock
beneath the volcano in zone A. A new instance of magma motion
started in the second quarter of 2019, once again in zone C, as
suggested by the sudden appearance of deep VT events, which was
then followed by a change in b-value from 0.8 up to 1.6, in less than
3 months. When the b-value suddenly fell, the yellow alert of 2019
started. During this period the seismicity of zone A is proper of what
we should expect when there is a release of fluids in the structures of
the region.Thewhole systembecame evenmore unstablewhen there
was a newmoment of sudden opening in themain structures of zone
C, likely related to the dominance of hydrothermal fluid dynamics.
This was followed by what seems to be a regime of hydrothermal
fluid-dominated VT seismicity occurrence. Although we also see
a shallowing and fall in the b-values of the seismicity in zone D
before the series of crisis of 2018 and 2019, these changes were not so
pronounced as the ones we saw in zone C, and therefore we suggest
that this might be a change either produced in the northern section
of zone D, in what could be the southern edge of the N-S fault that
we see in zone C, or a change that is related to the dynamics of the
local faults there, without a clear connection with the instabilities of
the volcano.

Our results also show that the b-value is a good indicator of
the stress state of Copahue volcano, which is affected by episodes of
fluid injection and release. Consequently, we can correlate temporal
changes of b-value (and average depth) of the VT events with
episodes of fluid migration through the main pathways of the
system. This allows us to an early identification of instabilities at
the volcano, with weeks and even months of anticipation respect
to the onset of an eruption, or an instance of alert level change.
Not only we can identify the onset of episodes of instability, we can
also detect where. The temporal variations on b-value allow us to
identify which structures are the most likely to induce an instability
in a volcanic system. One example of this is what we see in zone C,
which seems to include the intersection between a N-S fault with
a series of NE faults that are linked to the activity of the volcano:
most of the periods of instability at the volcano start with an anomaly
of the b-value in this region. Thus, if we have important seismicity
in that zone, we can expect the transfer of fluid into the volcano
afterwards, in a timeframe of weeks to months. We need to stress
that we only can do this in a volcano with a large production of VT
seismicity, so this method is not likely to provide us an important
insight in volcanoes dominated by fluid dynamics-related seismicity,
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such as Villarrica (Richardson et al., 2014) or Llaima (Franco et al.,
2019).

In addition to this long-term forecast of possible crises, we
can also see that external perturbations, such as the 2015 Mw 8.3
earthquake, can create instabilities in the volcanic system in a very
short period of time. This can occur either due to the alteration of
the fluid dynamics or by the creation of instabilities at the local fault
systems, that later can serve as pathways for fluid to migrate. This
latter case is the one that is detectable by the short-term variations
of the b-value, and therefore, in volcanoes with a strong structural
control, such as Copahue, we can detect where instabilities are
created. If this happen to occur in structures that are linked to fluid
migration, then it is possible that we can detect a future volcanic
crisis after an earthquake, in a short term. This comes to show
us that the analysis of the b-value variations allow us to a better
understanding of the critical state of the volcano, considering the
whole system, and not only the main edifice.

Our analysis suggests that Copahue volcano has been strongly
affected by earthquakes in the past. In particular, during the period
of time on which we studied the VT seismicity of Copahue volcano,
this system was under the influence of two large earthquakes,
although in different situations: the volcano has been in the post-
seismic phase of the 2010 Mw 8.8 Maule earthquake, which created
strong changes on its local stress tensor, which should last for several
years (Bonali et al., 2013; Seropian et al., 2021), and also underwent
dynamic stress changes due to the passage of the seismic waves from
the 2015 Mw 8.3 Illapel earthquake (Farías and Basualto, 2020). We
manage to capture the whole response of Copahue volcano to the
latter, finding out that the effect on the stress regime was not short-
lived, as the instability produced by the passage of the seismic waves
of the megathrust (located more than 650 away from the volcano)
triggered a period of instability on zone C, which is the one that
seems to facilitate the movement of magma from depth into the
Copahue crater. This instability was later followed by an extended
period of apparent magma motion into the Copahue crater, as
suggested by the low b-values and deep sources of VT seismicity, as
well as for the almost continuous emissions at Copahue-Caviahue
crater. This might be related to openings in the intersection between
a N-S trending fault in the northern side of the Caviahue caldera
and a NE-trending system of faults that come from the volcano,
as it was previously suggested by Farías and Basualto (2020). The
effect of the 2010 Mw 8.8 Maule earthquake is more difficult to
see, as we do not have data of the behavior of the volcano before
this megathrust event. Nevertheless, the static stress transfer shows
that both the N-S fault that dominates Zone C and the NE-trending
fault of zone A are the two structures that get the largest changes
in normal and shear stress changes of all the ones that seem to
be linked to the superficial activity of the volcano. Even more
noticeable is that the stress changes in these structures are very
similar, with a marked contrast with what we obtained in the NW
trending faults of zone D. Thus, we propose that the effect of
the 2010 Mw 8.8 Maule earthquake was particularly strong in the
NE and in the N-S structures, strongly promoting unclamping in
them. Since these faults seem to be the most important for the
critical state of the volcano, then we can speculate that most of
the activity from the Copahue volcano in the period of this study
has a strong influence of this earthquake, particularly before 2020
(with composite effect of it and the 2015 Illapel earthquake during

2015–2016). From then onwards the volcano has reached what seem
to be baseline levels, with both b-values and average depth being
very close to the normal activity we should expect from a series
of structures in a tectonic setting (b-value around 1). Perhaps the
effect of the 2010 Maule earthquake has been waning since 2020,
and/or maybe the volcano just entered in a steady state. If it is
the former, observations like the ones we have, when applied to
other volcanoes, could provide an insight on for how long is the
static stress change relevant for the volcanic activity after a large
earthquake.
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