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Reactivating and Calming Volcanoes: The 2015 MW 8.3
Illapel Megathrust Strike
Cristian Farías1 and Daniel Basualto2,3

1Departamento de Geología y Obras Civiles, Universidad Católica de Temuco, Temuco, Chile, 2Departamento de
Ingeniería en Obras Civiles, Facultad de Ingeniería y Ciencias, Universidad de la Frontera, Temuco, Chile, 3Escuela de
Geología, Facultad de Ciencias, Universidad Austral de Chile, Valdivia, Chile

Abstract The 2015 MW 8.3 Illapel earthquake was followed in a time frame of weeks to months by
very different responses from Nevados de Chillán, Copahue, and Villarrica volcanoes, all located more
than 580 km from the rupture zone. Here we show how Nevados de Chillán and Copahue started new
eruptive phases, and Villarrica entered in a period of relative calm. Using seismic, geodetic, and
geochemical observations, in combination with numerical wave propagation simulations, we also show
that the geometry of the fault system controlled the impact of the earthquake on each volcano. We argue
that the sensitivity of a volcano toward an earthquake depends on both its critical state before the
mainshock and the geometry of its fault system. This is a case where the same earthquake generates very
different responses at the same time, at large distances, rendering volcanoes as very sensitive systems.

Plain Language Summary Earthquakes can affect volcanoes in a wide range of distances and
time windows. Most of the literature has focused on the cases where episodes of volcanic unrest
(including eruptions) follow earthquakes, with very few cases of periods of calm being reported as responses
to a seismic event. On 16 September 2015, a largeMW 8.3 megathrust shook central Chile and was followed
by very different responses from three volcanoes located more than 580 km away. They were Nevados de
Chillán, Copahue, and Villarrica. Both Nevados de Chillán and Copahue erupted within weeks and months
following the megathrust, but Villarrica entered in a period of relative calm. This contrast in the responses
from volcanic systems to the same large earthquake has not been reported before. We also performed
numerical simulations to analyze the impact of the seismic waves on each system. We found out that the
geometry of the underlying fault systems that serve as fluid motion pathways at each volcano controls
the way an earthquake can affect them, even at large distances, which renders volcanoes as very
sensitive systems.

1. Introduction

Most of continental Chile is dominated by the fast oblique subduction between the Nazca and South
American plates, which converge with a mean speed of ∼66 mm/year. The MW 8.3 2015 Illapel event
occurred in what was a highly locked zone (Métois et al., 2012; Ruiz & Madariaga, 2018), as part of a large
sequence of strong earthquakes (1880, 1943, and 2015), which have partially unlocked the northern section
of the 1730 MW 9.1–9.2 megathrust earthquake rupture zone. The earthquake had a 200 km long rupture
zone with a maximum slip in the order of 8 m (Heidarzadeh et al., 2015; Ruiz et al., 2016; Satake &
Heidarzadeh, 2017; USGS, 2015). Nineteen volcanoes in the Central‐South Chile Volcanic Zone (CSCVZ,
considered here from −33° to −40°) were under monitoring by the Chilean Volcano Observatory
(OVDAS). Three of them followed the mainshock with changes on their activities during a period of several
weeks. They were Nevados de Chillán (NdC), Copahue (COP), and Villarrica (VIL), located 581, 692, and
863 km away from the earthquake hypocenter, respectively. These volcanoes are located in a very active geo-
logical setting, where the right‐lateral strike‐slip Liquie‐Ofqui Fault System (LOFS; Pliocen/Holocene) and
NW Andean Transverse Faults (Paleozoic/Triassic) are important geological features (Legrand et al., 2011;
Sánchez et al., 2013), whose activity also has a large influence on the CSCVZ (Catalán et al., 2017;
Cembrano & Lara, 2009; Cembrano et al., 1996; Stanton‐Yonge et al., 2016; Tardani et al., 2016). Figure 1
shows the geometry of the main fault systems for each volcano, based on several descriptions (Bonali et al.,
2016; Cardona et al., 2018; Gonzalez‐Ferrán, 1995; Melnick et al., 2006; Meulle‐Stef et al., 2016; Moreno &
Clavero, 2006), and also shows the rupture zones of the most recent historical earthquakes in the region
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(Ruiz & Madariaga, 2018). Some of them have been followed by eruptions at NdC, COP, and VIL up to 2
years after their occurrence date (Bonali, 2013; Farías et al., 2014; Watt et al., 2009). Following the
findings of Farías et al. (2017) and Farías and Galván (2020), we argue that the geometry of each main
fault system of a volcano helps to control the influence of external earthquakes on them. We studied the
seismic, geodetic, and geochemical observations of all the volcanoes of the CSCVZ, obtained from OVDAS
and performed wave propagation numerical simulations in order to better assess the influence of the
Illapel megathrust on the CSCVZ.

2. Data and Methods
2.1. Data and Volcano Monitoring Routines and Networks Used by OVDAS

To account for the changes on the dynamics of each one of the three volcanoes studied here, we used data
from the monitoring network of OVDAS (Figures 1 and S1 in the supporting information). The network

Figure 1. Left panel: Chile map, including the 2015 MW 8.3 Illapel earthquake slip distribution from Heidarzadeh et al. (2015), a sketch of the main fault
systems and inferred fluid reservoirs for the different volcanoes, and the rupture zones of the 1906, 1943, 1960, 1985, and 2010 earthquakes. Right panels:
Zoom to Nevados de Chillán (top), Copahue (middle), and Villarrica (bottom), showing OVDAS station distribution, as well as a sketch of the main
faults (in purple) and fluid reservoirs (in orange) for each one of them at h¼ 3,000m depth.
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involves several seismic, GPS, and Differential Optical Absorption Spectrometer (DOAS) stations, as well as
optical cameras. Data presented and analyzed in this article was recorded in a time window of 1 year, from
February 2015 to January 2016. OVDAS personnel identified individual seismic events from the continuous
signal and extracted the basic information for each of them. The HYPO71 routine was used to obtain the
hypocentral location of the Volcano‐tectonic (VT) events (Bachmann et al., 2012; Wassermann, 2012). The
size of Long Period (LP) (Kumagai & Chouet, 1999; McNutt, 2005) and Very Long Period (VLP) events
was obtained by calculating the reduced displacement (DR) (Aki, 1981). To monitor the seismic activity in
real time, both the RSAM (Real‐time Seismic Amplitude Measurement; Endo & Murray, 1991) and SSAM
(Real‐time Seismic Spectral Amplitude Measurement; Rogers & Stephens, 1995) analysis tools were used.

To measure the SO2 concentration at Copahue volcano, OVDAS used a mini‐DOAS station called “Mellizas”
(MLZ in Figure S1), which is located 5 km east‐northeast (ENE) of Copahue volcano summit, in the direc-
tion of prevailing winds. This station operated during the daylight, taking scans between 3 and 14min,
depending on light intensity, producing a total of 50 to 140 per day. Data were evaluated and processed by
the NOVAC software.

We also used data from the five continuous double‐frequency geodesic GNSS stations installed around
Villarrica volcano. Data were recorded every 15 s in 24 hr files. Postprocessing was carried out by Trimble
4‐D Control software, considering a 10° elevation mask over the horizontal, a minimum of four satellites
in simultaneous common registration for each point, using ephemerides released with 2 weeks of lag, for
accurate processing data. This methodology allows location accuracy in the order of 2 mm in the horizontal
position and 5mm in the vertical position for each calculated point. We only used the VN2‐TRL line (Figure
S1) because this pair of GPS stations showed the clearest deformation in this period of time.

2.2. Details on the Implementation of the Numerical Simulations

To be able to tell whether the changes in volcanic activity by NdC, COP, and VIL, can be linked to the Illapel
earthquake, we analyzed the plausible physical mechanisms which could have altered them. Due to the
large distance between the earthquake and the volcanic centers, the permanent change in static stress is neg-
ligible (lower than 100 Pa) at the volcanoes under study here (Bonali, 2013; Bonali et al., 2013; Farías et al.,
2017; Walter, 2007; Walter & Amelung, 2007), so we focused on the dynamic influence of the megathrust in
the stress tensor, energy density, and in the dynamics of the local fault systems.We carried out 2‐Dwave pro-
pagation numerical simulations, using the method of Farías et al. (2017), where we consider the fluid reser-
voirs of each one of the volcanic systems and their fault systems as places with different elastic parameters.
We simulated the seismic wave propagation due to the Illapel earthquake in the chilean backarc using a 2‐D
fluid‐saturated x‐y poroelastic domain buried at h ¼ 3,000m, for computational efficiency. We used a
2,500 × 2,500 km plane, which includes the 525 × 1,050 km area of interest inside. Figures 1 and S1 show
an schematic view of the main features of our domain, including a sketch of the main structures, the refer-
ence frame, and the rupture region of the Illapel megathrust event fromHeidarzadeh et al. (2015). Because of
our 2‐D modeling, we assumed faults to continue vertically up to at least h. We used an explicit
finite‐differences scheme following the method of Farías et al. (2017), with a spacing between neighboring
points in the grid of 1 km. The domain was larger to prevent artificial wave reflections at the boundaries,
after using the Convolutional Perfect Matched Layer technique (Farías et al., 2017; Martin et al., 2008) to
dampen the perturbations first.

We coupled the seismic wave‐induced changes in the stress tensor due to the Illapel megathrust with fluid
dynamics in order to follow the short‐term interaction between stress transfer and fluid motion. Following
the method of Farías et al. (2017), we considered a fluid‐saturated poroelastic domain to perform each simu-
lation. Due to our reference frame election, we used the convention that compression is negative. To gener-
ate the Illapel earthquake in a 2‐D domain, we started from the source slip distribution published by
Heidarzadeh et al. (2015). We then used the equations by Okada (1992) to calculate the displacements pro-
duced by the megathrust in an x‐y plane buried at h ¼ 3,000 m depth. Afterward, we took the projection of
the rupture area into this displacement field, and wemoved each point of this section, to produce the seismic
waves, following a temporal displacement function based on the work of Bizzarri (2012). Due to the 2‐D nat-
ure of our domain, this procedure generates only body waves. We also simulated a Rayleigh wave with a per-
iod of about 20 s, which is consistent with the waveforms of the earthquake recorded at NdC and COP (data
from VIL was temporary lost during the earthquake; see supporting information), and then we added the
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contributions from body and surface waves to obtain the displacement and velocity fields. We then followed
the changes in stresses, velocities, displacements, energy density, and fluid overpressure, in time and space.
Table S1 shows all parameters we used, based on the definitions of the Farías et al. (2017) model equations.

3. Results
3.1. Preseismic State of the Volcanoes in the CSCVZ

Only NdC, COP, and VIL showed signs of unrest in the CSCVZ in a time frame of several months and weeks
prior to the 2015 Illapel megathrust. NdC had an unusual rate of VT seismicity several times during 2015
(Figures 2 and S4), and a slight increase in LP activity about 2 weeks before the Illapel earthquake, eviden-
cing a system with activity slightly higher than usual. COP volcano was in the midst of several minor erup-
tive phases, which started on 22 December 2012 (Venzke, 2020), being in an altered state before the
earthquake. Figure S12 shows its alert levels from September 2014, to September 2016. Notice that not all
eruptions are accompanied by a red alert level (see the supporting information for more details). An increase
in VLP seismicity and SO2 degassing activity 2 weeks before the mainshock (Figures 2 and S5) suggest that
most of COP activity came from the internal fluid dynamics of the volcano before the waves arrived. The
open‐conduit VIL volcano had a brief eruption on 3 March 2015, which lasted less than a day (Johnson &
Palma, 2015; Venzke, 2020). GPS observations (Figures 2 and S6) show active deformation in the following
months, which has been linked to a posteruptive episode of magma intrusion from depth (Córdova et al.,
2015). There was also a slight increase on LP activity before the Illapel earthquake, which was accompanied
by a boost on the RSAM (Figures 2 and S6). Another volcano that had anomalous seismicity before themega-
thrust onset was Laguna del Maule, which showed seismic swarms in April and August 2015 (Figure S12),
which seems to be linked to the rapid uplift that has been recorded on the volcanic complex since 2011, as
reported by Cardona et al. (2018), and not to a period of increased volcanic activity before the earthquake.

3.2. Response of the Volcanoes in the CSCVZ

The activities of NdC, COP, and VIL volcanoes suffered important changes following the Illapel earthquake.
The coseismic unrest at NdC, evidenced by a stark change in the dominant frequencies of the SSAM, is
mostly linked to fluid activity, since there is no apparent increase in VT seismicity in the weeks following
the mainshock (Figure S8). This is consistent with the change in the Reduced Displacement (Aki, 1981) after
the Illapel earthquake (Figure S4). The volcano then exhibited a second stage of unrest, which led to the
beginning of an eruptive phase in January 2016. The explosions during 2016 and 2017 were mostly phreatic
(Luengo et al., 2017), indicating that the main source of unrest comes from the excitation of the large hydro-
thermal field of the complex. Magma arrived into the surface when a fissure was open on top of the erupting
crater (OVDAS‐Sernageomin, 2017). Since then, a dacitic lava dome has been growing on top of the fissure,
accompanied by small explosions, pyroclastic flows, nocturnal incandescence, and even a lava flow
(OVDAS‐Sernageomin, 2018, 2019). COP volcano followed the megathrust with two Ml 2.8 and Ml 3.3 VT
events, which occurred beneath the volcano main crater immediately after the arrival of the Illapel earth-
quake seismic waves (OVDAS‐Sernageomin, 2015). This was followed by an important VT swarm on a
nearby, north trending fault, that lasted for 17 days (Figures 2, S5, and S9). Afterward, a new eruptive phase
began, fueled by new andesitic magma, ending on 30 December 2016. VIL exhibited an immediate increase
in VT activity in an apparent second‐order NE striking fault and a boost on LP event rate, which lasted for a
week and a half (Figures 2, S6, and S10), following the earthquake. There was also an noticeable occurrence
of high‐frequency LP events, evidenced by changes in SSAM (Figure S6). There was also a change in the
deformation rate of the volcano. Its posteruptive inflationary process ended 2 weeks before the Illapel earth-
quake, entering in a short‐lived metastable phase. A deflationary process was evident after the megathrust
and stopped in November 2015, with the volcano entering in a period of relative stability after that
(Figure S6). Therefore, we link VIL LP activity boost to the influence of the Illapel earthquake in the shallow
fluids that were already present at the volcano once the earthquake occurred, and not to newmagma coming
from depth. Two other volcanoes from the CSCVZ did show an increase on their activities in the months fol-
lowing the earthquake (Figure S12), but we do not have evidence to associate them to the influence of the
seismic event. They were Laguna del Maule and Planchón‐Peteroa. The former showed two more seismic
swarms in November and December 2015 in the same region as the ones that occurred sporadically since
2011 (Cardona et al., 2018). The latter showed a significant boost in LP activity, which was accompanied
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Figure 2. Observations by OVDAS on Nevados de Chillán (NdC), Copahue (COP), and Villarrica (VIL), from 1 August 2015 to 31 January 2016 (NdC and COP),
and from 1 June 2015 to 31 December 2016 (VIL). Illapel earthquake occurrence is marked with a dotted line. First and second panels show the daily VT event
rate in red bars (with the magnitude of the larger events in a day in black dots) and the SSAM, for NdC. The first week of the SSAM record may contain
some contamination from the aftershock signals of the Illapel earthquake. Third and fourth panels show the daily VT event rate (and magnitude of the larger
earthquakes) and the daily VLP event rate (with the cumulative released energy) for COP. Fifth and sixth panels show the RSAM and the difference of the
position of the TRA and VN2 GPS stations for Villarrica. Gray regions highlight the eruptive phases of NdC and COP, which started on 6 January 2016 and
3 October 2015, respectively.
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by mild degassing, in January 2016. The lack of a correlation between the beginning of the unrest and the
timing of the earthquake does not allow us to link it to the influence of the Illapel earthquake: This
increase in the number of LP events seems more likely to be related to the natural activity of the
volcano, which has had several periods of phreatic activity and seismic unrest since 2010. Another
volcano that had a period of unrest after the earthquake was Láscar, in North Chile. Phreatic explosions
were registered in October, which have been linked to the occurrence of heavy rains and not the
earthquake (Gaete et al., 2020).

3.3. Influence of the Illapel Earthquake

Themost prominent impact of the earthquake comes from the surface waves (Farías et al., 2014; Fuchs et al.,
2014; Hill et al., 2002; Jay et al., 2011; Manga & Brodsky, 2006). In our case Rayleigh waves have a period of
about 20 s, so they still have an important amplitude at a depth of 3 km (Stein & Wysession, 2003). Figure 3
shows the waveforms with the maximum variations in the mean stress and the kinetic energy density, at the
reservoir of each volcanic system. Peak values of mean stress are relevant, in the order of 0.5–1 bar, which
means that the earthquake could have affected the dynamics of the hydrothermal fluids during the shaking.
The values of peak kinetic energy density in the volcanoes are in the order of 12–17 mJ/m2, which are high
enough to induce hydrothermal responses (Wang & Manga, 2010).

We calculated the differences in displacement between points located at both sides of the faults (Figure 4)
when the amplitude of the shaking is the largest and computed them both normal and parallel to the fault
line. Displacement differences normal to the structures tell us whether we have clamping (negative values)
or unclamping (positive values) at them, and differences in the displacement parallel to a certain fault line
tell us about the shearing induced by the earthquake at the structure. Here we are considering that some of
these faults might be related to preexisting magma pathways. The earthquake is promoting clamping at
these structures and the parallel component of the displacement difference shows an important left‐lateral,
strike‐slip motion at them. For NdC, this motion induced in the main NW trending structure is large enough
to induce a permanent increase in permeability beneath the volcano (Pérez‐Flores et al., 2017). Past works
have linked this NW fault as one of the main pathways to move and store fluids (Farías & Galván, 2020;
Farías et al., 2014). In COP we can see two interesting behaviors: The main fault, which is the northernmost
section of the LOFS, is activated with left‐lateral strike‐slip motion near the proposed fluid reservoir. The
second behavior occurs at the northern in the border of the Caviahue caldera, where there is a transition
between the LOFS and a N‐NNE fault that has been proposed in the literature (Bonali et al., 2016;
Melnick et al., 2006). Right at the transition we have a north trending fault section, where the earthquake
promoted mostly clamping (see S1 trace in Figure 4). Nevertheless, as we go toward the south, the
left‐lateral induced motion becomes relevant, in particular near S2 and S3 points, which correspond to the
northern sections of the LOFS. This effect, which occurs because of the fault geometry, generates a temporal
transtensional regime in the transition between the two fault systems, which is where the 17 day long VT
swarm occurred right after the earthquake (Figure S9). Villarica volcano, the farest of the three to the

Figure 3. Left panel: Dynamic variations on mean stress due to the 2015 MW 8.3 Illapel earthquake at Nevados de
Chillán (NdC), Copahue (COP), and Villarrica (VIL) volcanoes during the first 600 s that followed the megathrust,
which is where the larger variations occur. Right panel: Dynamic variations on kinetic energy density, due to the same
earthquake, during the first 500 s that followed the mainshock occurrence.
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Illapel rupture zone, sits in a complex system of faults. Clamping is the lowest of the three volcanoes because
of this, but the left‐lateral motion induced is still considerable, in particular in the NE trending fault, which
we suggest it can be related to fluid motion since it follows the alignment of several secondary cones of the
volcano. Therefore, the increment in permeability due to the transient shearing could have been larger at
this structure, which the fluids might have later used to mobilize.

4. Discussion and Conclusions

Our results show that even at large distances an earthquake can significantly affect active volcanic systems.
This is a well‐known phenomenon (Bebbington & Marzocchi, 2011; Delle Donne et al., 2010; Eggert &
Walter, 2009; Linde & Sacks, 1998; Sawi & Manga, 2019; Walter & Amelung, 2007), but this case is

Figure 4. Top panels, from left to right: Variations on displacement normal to a fault at several points of Nevados de Chillán (NdC), Copahue (COP), and
Villarrica (VIL) volcanoes. They are calculated around the S points marked in the bottom panels of the figure. Middle panels, from left to right: Variations
on displacement parallel to the fault lines. Negative values reflect left‐lateral motion, and positive values right‐lateral motion, respectively. Bottom panels:
Sketch of the main faults and reservoirs used in the simulations (in purple and light brown, respectively), with the location of all the S points, and the
maximum variations on displacement sketched as vectors. Vector colors represent the S point at which they are measured, and their sizes are scaled. At NdC,
all these points are located in a NW fault, while all S points in COP are emplaced in the NE‐NNE faults. Finally, at VIL the S2 and S4 points are located
in a NE fault, while all the others are on top of the larger NW fault.
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special, as the 2015MW 8.3 Illapel earthquake affected three volcanoes (NdC, COP, and VIL) in very different
ways, with unexpected consequences. In the short term, the earthquake induced important peak dynamic
stress changes in the order of 0.5–1 bar at each volcano, which were not strong enough to break the rock
at 3 km depth but were large enough induce shearing at certain faults at the volcanoes, that likely increased
the permeability, thus allowing high‐pressurized fluids to move afterward. This led to an immediate
response of these systems, which were already in an altered state before the mainshock.

Nevertheless, the dynamics of each volcano in the weeks and months following the Illapel mainshock were
different, although they were related to the earthquake impact on them. In the case of NdC, the influence of
the Illapel event at the main NW fault was large, and the motion it induced on the structure likely increased
the permeability, which helped hydrothermal fluids to mobilize. A couple of months later, the first phreatic
explosions began at the volcano, which likely opened spaces so the magma could arise. This happened later
though, when a fissure was opened on top of the active crater, almost two years after the eruption started. At
COP, the earthquake created an unexpected transient transtensional regime at the NE border of the
Caviahue caldera, in the same place where a VT swarm was recorded afterward. The seismic waves also
induced a left‐lateral motion at the LOFS, which could have increased permeability at the hydrothermal sys-
tem. These two combined effects likely destabilized the volcanic system, which entered in a new eruptive
phase 17 days after the 2015 Illapel earthquake. Finally, the seismic waves also affected VIL volcano. The
short‐term response consisted in an increase in seismicity, which was most likely due to the combination
of an increase in permeability and a hydrological response mechanism during the passage of the seismic
waves. The long‐term response from the volcano was a deflation process, which could have been related
to the earthquake via a topographic resonance mechanism with the volcanic edifice (Namiki et al., 2019),
where the lateral motions from the very low frequency surface waves were very important. This might have
induced lateral magmamotion, and even a descent, afterward, thus calming the volcano, which then entered
in an stable phase. This lateral fluid motion has been suggested in the past in the CSCVZ (Pritchard et al.,
2013). It is worth noticing that this long‐term response has been rarely seen in literature (Namiki et al.,
2019; Sánchez & McNutt, 2004).

Overall, these three very different responses, as such large distances from the earthquake rupture zone, point
out to the very complex mechanisms on which an event such as the Illapel megathrust can affect volcanic
systems. It also has important implications about the sensitivity of a volcano toward an external perturba-
tion, where both the preseismic state of each one and the geometry of their fault systems can help us to
understand why they do or do not respond to an external earthquake.

Data Availability Statement

All geophysical data fromOVDAS belongs to the state of Chile and is open to all, but contacting the officer in
charge of data access (Fernando Gil Cruz, email:fernando.gil@sernageomin.cl) is a requirement, in accor-
dance to the law N 20285 on the access to public information, promulgated on 11 August 2008. All codes
needed to perform the numerical simulations can be found at the following DOI: 10.17605/OSF.IO/
3X47G. For instructions on how to use the codes, researchers can contact the corresponding author, Dr.
Cristian Farías.
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