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Couplings between large magnitude subduction zone earthquakes and the subsequent response of their respec-
tive volcanic arcs are generally accepted, but the mechanisms driving this coupling are not known. The 2010
Maule earthquake (Mw8.8) ruptured approximately 500 km along strike in the south-central part of Chile, and
provides an opportunity to investigate earthquake–volcano interactions. In an exploratory campaign, we de-
ployed four broadband seismometers atop and surrounding the Nevados de Chillán volcanic complex because
it is located directly behind one of the two primary slip patches of the Maule Earthquake. The data recorded
(from December 2011 to April 2012) shows significant seismic activity, characterized by numerous volcano tec-
tonic events and tremor episodes occurring within the volcanic complex.We recorded two strong aftershocks of
the Maule earthquake (Mw 6.1 in January 2012, and Mw 7.1 in April 2012) and investigated the response of the
volcano to the incoming seismic energy. We find that volcanic tremor increased significantly upon arrival of the
seismic waves from the Mw 6.1 event, which was then followed a few hours later by a significant increase in
volcano-tectonic events when tremors subsided. This delay between tremor and volcano-tectonic events sug-
gests that fluid and/or magma migration (manifested as tremor) readjusted the local stress state that then in-
duced the volcano-tectonic events. The increased activity persisted during the subsequent two weeks. In
contrast, the Mw 7.1 event, which occurred at a similar epicentral distance from the volcano, did not produce
any significant seismic response of the volcanic complex. Analysis of the particle velocity records of the two
events shows that the volcanic systemwas perturbed in different ways because of the incidence angle of the in-
coming energy, inducing a back-elliptical vertical and fault parallelmotion for theMw6.1 and no clear directional
dependence for theMw7.1. This suggests dilatation-inducedfluidmigrationwithin the complex, and a kinematic
mechanism of the perturbation rather than the perturbation amplitude. Our results demonstrate the importance
for continued monitoring of the arc behind Maule, with an increased seismometer and GPS array density to de-
termine the style of deformation currently occurring in the arc.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The influence of large magnitude earthquakes on volcanic activity
has been a long-standing topic in Earth sciences. Recent improvements
of monitoring networks combined with accurate analyses of historical
records may allow a better understanding of the mechanisms underly-
ing earthquake–volcano interactions. Static and dynamic stress trigger-
ing have been proposed to explain why volcanic systems may react to
remote earthquakes. However, the debate on the physical processes
controlling such interaction is still on-going and large data sets are nec-
essary to distinguish between existing ideas (Marzocchi et al., 2002;
Eggert and Walter, 2009; Bebbington and Marzocchi, 2011).
Static and dynamic stress triggering operate at different time-scales
and distances. Dynamic triggering is induced by immediate effects
caused by the passage of seismic waves through a geological system at
or near a critical state (Hill et al., 2002; Ichihara and Brodsky, 2006). Nu-
merical studies suggest that the convex structure of folded and faulted
geological layers in volcanic and hydrothermal systems can focus seis-
mic energy enhancing local stress variations (Davis et al., 2000; Lupi
et al., 2013). This affects the physical equilibrium of the system and pro-
motes fluid pressure variations by suggested mechanisms of rectified
diffusion (Brodsky et al., 1998), volatile exsolution (Sparks et al., 1977;
Manga and Brodsky, 2006), and other manifestations of rising fluids
(Hill et al., 2002). Dynamic stress triggering operates over short time-
scales (i.e. the immediate response to passing seismic waves), however,
volcanic responses can occur up to several days after the earthquake be-
cause of the time required by the perturbed system to evolve. Brodsky
and Prejean, (2005) and Hill (2008) show that dynamic stresses can
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Fig. 1. a) Geodynamic setting of Chile between 33° and 38° and array distribution. The slip of theMaule earthquake is taken from USGS and dark gray indicates themaximum slip of 14 m
which occurred at 35 km deep (Moreno et al., 2010). The southern and northern beach-balls mark the locations and focal mechanisms of the January 23rd, 2012, M6.1 and March 25th,
2012,M7.1 aftershocks, respectively. The northern portion of the Liquiñe–Ofqui fault zone (LOFZ) is alsomarked in themap. b) Topographic image ofNevados deChillán volcanic complex.
The red dotted squares indicate the location of the temporary stations and the inset shows the three main cones of the system.
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travel great distances as stress decays according to 1/R1.66, with R being
the distance from the hypocenter. Heat flux variations (Harris and
McNutt, 2007; Delle Donne et al., 2010), seismic swarms (Hill et al.,
1995) and transient deformation Johnston et al., 1995 are among the
most common effects induced by transient seismic waves in volcanic
centers. Examples of volcanic activity triggered by dynamic stress fronts
are the eruption of Cordón Caulle volcano, Chile, 38 h after the Mw9.5
Valdivia (1960) earthquake (Lara et al., 2004), swarming in the Long
Valley Caldera, USA, few minutes after the Mw7.3 Landers (1992)
Table 1
Historic eruptions of NdC volcano and historic mega-thrust earthquakes that occurred
within 500 km from the complex, since 1900 AD. Distance stands for the distance be-
tween the epicenter location and the NdC. the eruptive events always occurred at the
Volcán Nuevo, except once (2nd of July 1935, Volcán Viejo). For several historical records
both the exact date and the VEI of the eruption are not specified. Mega-thrust events are
shaded in gray and under “eruptive characteristics” we list historic information about
the eruptions: C stands for central emission, FV forflank vent emission, RF for radialfissure
emission, E for explosive eruption, PF for pyroclastic flows, PH for phreatic eruption, LF for
lava flow, D for dome creation, and MF for mud flow. Historic eruptions and mega-thrust
events are taken from Siebert et al., (2012) and SSN (2013), respectively.

Date Magnitude Epicenter Eruptive
characteristics

Eruption
VEI

Distance
[km]

16.08.1906 8.2 Valparaíso FV, E, LF, MF 2 420
–.–.1907 − − FV, E 1 −
29.01.1914 8.2 Constitución E 2 250
–.–.1923 – – FV 2? –

10.04.1927 – – E 2? –

30.11.1928 8.2 Talca FV, E 2? 210
17.01.1934 – – E 2? –

02.07.1935 – – FV, LF, MF 2? –

24.01.1939 8.2 Chillán – – 100
–.–.1945 – – – – –

–.–.1946 – – FV, E 2? –

22.05.1960 9.5 Valdivia – – 350
–.–.1965 – – FV – –

–.–.1972 – – FV – –

–.07.1973 – – FV, E, PF, LF, D 2 –

03.03.1985 8.0 San Antonio – – 400
29.08.2003 – – C, RF, E, PH 1 –

21.01.2009 – – – – –

27.02.2010 8.8 Maule region – – 140
earthquake (Hill et al., 1993), the increase of seismicity of the Uturuncu
volcano, Bolivia, immediately after the arrival of the surface waves in-
duced by theMw8.8Maule earthquake (Jay et al., 2011), and the sudden
increase in volcano-tectonic (VT) seismic activity at Llaima volcano,
Chile, after the Maule earthquake (Mora-Stock et al., 2012).

Static stress triggering mechanisms are proposed to explain
marked increases of volcanic activity over longer time-scales (from
months to decades). Static stress variations promoted by large mag-
nitude earthquakes decay according to 1/R3 and are proposed to be
caused by the post-seismic viscoelastic relaxation of the upper litho-
sphere (Walter and Amelung, 2007), or intermediate timescale
changes in local kinematics (Lupi and Miller, 2014). Additionally,
upwelling of deep fluids following mega-thrust earthquakes may
be favored due to reduced normal stresses exerted on the volcanic
plumbing system and that may modify the physical state of magmat-
ic reservoirs. A new mechanism (Lupi and Miller, 2014) to explain
the post-seismic increase of eruptive rates proposes that reductions
of the horizontal principle stress (σ1 = σH) induced by mega-
thrust earthquake transforms the stress regime from a compression-
al environment to a strike slip faulting regime in the arc, which in
turn favors themobilization of magmas. This is in agreement with re-
cent findings that show the coexistence of compressional and
transpressional tectonic regimes over long time-scales in the Suban
basin, Sumatra (Hennings et al., 2012), and with seismic activity
occurring in volcanic arcs residing atop subduction zones recently
affected by mega-thrust earthquakes (i.e. Sumatra, Chile, and
Japan). The Mw9.5 Valdivia (1960) earthquake and its fore- and
after-shocks (four foreshocks greater than Mw7.0, including a
Mw7.9) induced large static stress variations in the volcanic arc.
The geomechanical perturbation of this megathrust event may
have induced the eruptions of Cordon Caulle and Copahue in 1960,
Nevados de Chillan in 1965, and possibly Quizapu and Planchon
Peteroa volcanoes in 1967. Static stress variations may last for de-
cades as shown by cGPS measurements that indicate that the back-
arc facing the 1960 Valdivia rupture zone is currently dominated by
westwards displacements (Khazaradze et al., 2002; Brooks et al.,
2011).

Central Chile is an ideal natural laboratory for investigating sub-
duction zone earthquakes and the subsequent response of volcanic
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Fig. 2. Cumulative number of eruptions of Nevados de Chillán volcanic complex and mega-thrust events since 1900. Dotted vertical lines indicate mega-thrust earthquakes whose hypo-
center was located less than 500 km from the volcano. Details on date, magnitude, and epicenter–volcano distance are shown in the vertical sentences. More information about eruptive
behaviors can be found in Table 1. Note that the historic earthquake records may be affected by non systematic reporting.
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arc because of the 2010 Mw 8.8 Maule earthquake and its rich after-
shock sequence (including events as large as Mw 7.1). The area is ex-
tremely remote and rugged, and thus complicates the logistics of
instrumentation, but this also offers a low-noise environment for
seismic studies. It was observed in September 2010 that a Ml 5.2
earthquake at Planchón-Peteroa volcano was followed few hours
later by a volcanic eruption, and our goal was to search for a similar
behavior around the Nevados de Chillán volcano. We chose the
Nevados de Chillán complex because it resides directly behind the
high slip patch of the Maule earthquake, and has a geometrically in-
triguing feature of striking NW–SE that may be in part controlled by
post-megathrust kinematics. In an exploratory campaign, we de-
ployed four broadband stations from December 2011 to April 2012
around the Nevados de Chillán volcano, and recorded numerous vol-
cano tectonic (VT) events, volcanic tremor, and background activity.
We also recorded the response of the complex to two distant Maule
aftershocks (Mw 6.1 at 192 km distance and Mw 7.1 at 200 km
distance), and found different reactions of the volcano complex.
The observed behavior provides insights into the mechanisms
driving the triggered response of the volcano plumbing system.
Table 2
1. D velocity model used for NdC, with vp and vs being P-wave and S-wave velocities, re-
spectively. This model is based on the work of Bohm et al. (2002) and it is currently in
use by the Volcanologic Observatory of the Southern Andes (OVDAS, in Spanish) in Chile.

Depth [km] vp [km/s] vp/vs

0 5.51 1.75
5 6.28 1.75
20 6.89 1.75
35 7.40 1.75
45 7.76 1.75
55 7.94 1.75
90 8.34 1.75
2. Geodynamic and geological setting of Central Chile

The tectonic setting of Chile from33°S to 47°S is characterized by the
oblique subduction of the Nazca plate underneath the South American
plate (Fig. 1a).

Plate convergence of approximately 66 mm yr−1, is accommodated
by large-magnitude earthquakes along the length of the collision zone,
and arc volcanism is ubiquitous. The most prominent geological feature
of this part of Chile is theNNE–SSWstriking Liquiñe–Ofqui fault, a right-
lateral transpressional fault zone running from 38°S to 47°S. Monoge-
netic cones and basaltic to andesitic volcanoes (i.e. Villarrica, Llaima
and Osorno) reside upon the Liquiñe–Ofqui fault, while more evolved
volcanic systems (i.e. Nevados de Chillán and Copahue) reside along
NW–SE striking lineaments, antithetic to the direction of the arc
(Cembrano, 1992, 1996; Lavenu and Cembrano, 1999; Cembrano
et al., 2000; Lange et al., 2008; Cembrano and Lara, 2009). Morphologi-
cal evidence shows that the Liquiñe–Ofqui fault terminates approxi-
mately near the Copahue volcano (38°S) (Cembrano and Lara, 2009),
but strike-slip moment tensor solutions of shallow seismic activity fol-
lowing theMaule earthquake document that strain partitioning extends
in the arc also between 33°S and 38°S (Lupi and Miller, 2014).
Nakamura (1977) suggests that the large scale distribution of volcanoes
and their elongation can provide insights into the stress orientation at
the regional scale. Lupi and Miller (2014) propose a ‘bookshelf’mecha-
nism to explain the occurrence of NW–SE trending lineaments across
the Chilean and Argentinean border.
Table 3
Location of the four seismic stations deployed around Nevados de Chillán volcanic
complex.

Location Station Latitude Longitude Elevation [m]

Las Bravas LB 36.926 S 71.501 W 1799
Valle Hermoso VH 37.078 S 71.340 W 1217
San Fabián SF 36.670 S 71.287 W 824
Volcán Viejo VV 36.872 S 71.370 W 3118
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Fig. 3.Volcano tectonic events at the Nevados de Chillán. a) Deep VT, with an inlet with P-
and S-wave arrivals marked in red, b) shallow VT, and c) high frequency swarm events
found in the dataset for Nevados de Chillán from December 26th, 2011, to February 5th,
2012.

Fig. 4. Trace and spectrogram of tremor events. a) High frequency tremor event found
throughout the normal activity of the volcano. b) Spasmodic volcanic tremor found in
NdC complex after the swarm occurring on the 5th of January 2012.
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Nevados de Chillán experienced significant static stress changes in-
duced by the Maule earthquake (Lupi and Miller, 2014), which was one
reason for choosing this site for investigation. Additionally, Dzierma and
Wehrmann (2010) studied the (pre-Maule) probability of a VEI ≥ 2
eruption within the next ten years for ten Chilean volcanoes located be-
tween 33°S and 42°S. Their analyses showed that Llaima, Villarrica, and
Nevados de Chillán volcanoes are the most likely candidates to erupt,
followed by Puyehue and Calbuco volcanoes. From hereafter we will
refer to the Nevados de Chillán volcanic complex as NdC.

The NdC volcanic complex (Fig. 1b) consists of 24 cones distributed
along a 12 km long lineament striking approximately N290 (Fig. 1b)
(Gonzalez-Ferrán, 1995). VolcánNuevo, VolcánViejo andVolcánNevados
are the threemain volcanic centers. Volcán Nuevo resulted from the 1906
eruption that occurred immediately after the 1906Valparaíso earthquake.
Table 1 provides detailed information about the location of mega-thrust
epicenters and the occurrence of volcanic activity at NdC. Due to the re-
cent explosive activity of the Volcán Nuevo and to the rapid development
of tourism in the area, the NdC is considered a high-risk volcano.

Fig. 2 shows the cumulative number of eruptions of the NdC during
the past century and the occurrence of mega-thrust earthquakes nearby
the NdC. Since the recorded VEI of many eruptions is similar, as showed
in Table 1 the comparison of both time series can show interesting
insights. It emerges that from 1900 to 1940 the volcano appeared more
sensitive to external perturbations than in present the time, and only in
three cases (1906, 1914, and 1928) the volcano entered in an eruptive

image of Fig.�4


Fig. 5. a) Epicenter map of the seismic events within the Nevados de Chillán volcanic complex. Stations are marked as black triangles. Typical signals for shallow and deep VT events are
drawn next to the location of the respective type of event. Note the difference of the waveform for both deep and shallow events. The orange circle marks the region where the non-
locatable shallow events may be located. b) Locations of the events, from the perspective of the transverse cut marked by the red line in a), with A and B being the same points marked
there. The error bars indicate theuncertainty of the locations in the vertical direction.Due to the geometry of the array, some extra uncertainty should be added in the left–right component
of the locations in the cross section. The gray area is the projection along the line and the vertical direction of the yellow circle in a). Notice howmost of the shallower events are located
beneath the Aguas Calientes valley.
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phase almost immediately after the occurrence of a mega-thrust
earthquake.
3. Seismic network and methods

We deployed four Trillium 240 broadband seismometers equipped
with Reftek130data loggers around and atop theNdC complex fromDe-
cember 2011 to April 2012. Data were continuously recorded at a sam-
pling rate of 100 Hz. We used a STA/LTA triggering algorithm (Withers
et al., 1998) to mark the events, which we inspectedmanually to deter-
mine P- and S-wave arrivals. We used SEISAN (Ottemöller et al., 2011)
and the 1D velocity model reported in Table 2. Our temporary network
consisted of one station (VV) atop theNdC volcano surrounded by three
stations (LB, VH, and SF) (Fig. 1) approximately 20 km from VV station
(Table 3). Sporadic technical problems resulted in somediscontinuity in
Fig. 6. Seismicity at Nevados de Chillán fromDecember 26th, 2011, to February 5th, 2012. Gray a
a M6.1 regional earthquake, respectively.
our dataset. The time window presented here (from December 26th,
2011 to February 5th, 2012) is continuous. Our array is the first ever
to be used to study the NdC complex, but accessibility in this remote re-
gion resulted in a non-optimal geometry. Nevertheless, epicenter loca-
tions are well constrained north–south, but accuracy is limited in the
east–west direction.
4. Results

We registered many different events during our experiment, with
the vast majority recorded by station VV only and identified as
volcano-tectonic (VT) earthquakes (McNutt, 2005; Wassermann,
2012), (Fig. 3), and tremor events (Fig. 4). In the first case, waveforms
were 10 to 40 S long, with frequency content higher than 5 Hz.
Among this type of event we defined three sub-categories: i) Events
nd orange bands show periods of strong background tremor and triggered seismicity after
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Fig. 7. Number of VT events per hour on Nevados de Chillán volcano before and after the
M6.1 aftershock. The vertical dashed line marks the occurrence of the M6.1 and the red-
shaded region highlights a strong increase of tremor events after the M6.1 earthquake.
Next, tremor subsides and the number of VT events strongly increase (yellow-shaded
area).
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characterized by clear P- and S-wave onsets, with a dominant band
around 8 Hz. Our network allowed us tomanually locate approximately
50 earthquakes, with magnitudes ranging from Ml 0.1 to Ml 1.8 and
depths from 0.1 km to 30 km; ii) events lacking of a clear S-wave
onset, with a lower frequency band, typically around 6 Hz, which are
shallow VT events according to the literature (Wassermann, 2012);
iii) swarm events dominated by frequencies from 13 to 15 Hz (Fig. 3),
which occurred between 16:00UTC and 19:00UTCof January 5th, 2012.

Tremor events last approximately 60 S and can also be separated
into two sub-categories according to the shapes of the waveform and
their occurrence patterns. The most common tremor was characterized
by an excitement of the 8 Hz band, andwas recorded by station VV only.
Fig. 8.Number of VT events per hour occurring at the Nevados de Chillán volcano before and aft
lines mark the average number of VT events per hour.
Similar events were recognized by Leet (1991) who described them as
composite hydrothermal-magmatic tremor. Another possible source
for this type of event is the superposition of several very shallow VT
events. The second type of tremor occurred only between January 6th
and January 8th, 20 h after the high frequency VT swarm (spike of
Fig. 6). These signals were recorded by VV, LB, SF, and VH stations and
were marked by clusters of high-amplitude signal dominated by 2 and
8 Hz frequencies (Fig. 4b).
4.1. Seismic activity

Fig. 5 shows the distribution of seismic events around the NdC. The
NW–SE cross-section across the volcanic edifice shows that seismic ac-
tivity clusters beneath the south-eastern flank of the cone Volcán Viejo,
andmore specifically below the Aguas Calientes valley, which is an area
characterized by fumarolic activity and hot springs.We could not locate
several VT events because they did not appear in all the stations of our
array, and most of them were only registered by VV station. However,
due to the lack of a clear S-wave onset in most of them, and the short
time between the arrival of P and S-waves (generally separated by
less than a second), it is likely that these events were originated at shal-
lowdepths, in the surroundingof VolcánViejo cone (see shaded areas of
Fig. 5). Deeper events are more dispersed and range from 10 to 25 km
deep and fall outside the volcanic complex. Magnitudes of the shallow
events range between Ml 0.1 to Ml 0.8 while the deeper events have
somewhat larger magnitudes (the largest being a Ml 1.8 earthquake).

Fig. 6 shows the number of VT events per hour recorded at station
VV from December 26th, 2011, through February 5th, 2012. The peak
on the left-hand side of the chart highlights a seismic swarm that oc-
curred on January 5th, 2012 at 17:00 UTC, and lasted for 2.5 h. During
this interval VT events are marked by a higher frequency content (see
Fig. 3c), with a dominant band around 13–15Hz, andwith a remarkably
shorter coda compared to other VT earthquakes recorded during our
seismic campaign. Twenty hours after this swarm, the VT event rate de-
creased down to approximately one event per hour and continuous
tremor marked by clusters of high-amplitudes emerged.
er theM7.1 aftershock. The vertical dashed linemarks the occurrence of theM6.1 and blue
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Fig. 9. Waveform and spectra for the M6.1 and M7.1 earthquakes.
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4.2. Response to large regional earthquakes

On January 23rd, 2012, a Mw 6.1 aftershock occurred at the subduc-
tion interface (25 kmdeep, USGS), approximately 192 km from the NdC
volcanic complex (Fig. 1). The volcanic activity at NdC before the event
was low, with less than one event per hour. The Mw 6.1 earthquake oc-
curred at 16:04 UTC, afterwards (17:04 UTC) tremor activity increased
noticeably and lasted for approximately 9 h. When tremor stopped at
02:00 UTC, the VT event rate increased to an average of 3.5 events/h.
P

M7.1

M6.1

E

N
T

RV
V

VRT Frame for M6.1VNE Frame

Fig. 10. Schematic representation of the relative location of theMw6.1 andMw7.1 events to the
frames used in our analysis. More detail on each one of the frames is given on the text.
Fig. 7 shows the total number of tremor and VT events before and
after the occurrence of the Mw 6.1 earthquake, highlighting the onset
of double-couple events after tremor subsided. A second large after-
shock of the Maule mega-thrust earthquake occurred on March 25th,
2012, 200 km away (34 km deep, USGS) from the NdC complex
(Fig. 1). At the time, station VV was suffering 12 hours of daily data
loss due to energy-storage issues. Nevertheless, we captured the signal
of theMw7.1 earthquake and analyzed the VT rate of the available data.
Comparing theMw7.1 post-seismic recordswith the ones that followed
Main NdC Fault

North

R

T

VV

FNFP

VPN FrameVRT Frame for M7.1

main lineament of the Nevados de Chillán volcanic complex, and the different coordinate
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Fig. 11. Velocity particle motion plots in Volcan Viejo station for the Mw6.1 and Mw7.1 event in the VNE frame. The signal was filtered between 0.01 Hz and 0.1 Hz and the velocity is
measured in nm/s. The N-V axes identify the north-vertical plane, E-V the east-vertical plane and the N-E axes identify the north-east plane. Note the dominant oscillatory behavior in-
duced by the M6.1 earthquake on the N-Z and N-E planes in contrast to the motion induced by the M7.1.
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theMw6.1we found that before theMw7.1 earthquake the seismic ac-
tivity was particularly intense with an average of three events per hour
(Fig. 8). However, the available data show that the VT rate decreased to
one event per hour after the earthquake. Although our analysis is biased
by the lack of data, the reduction of the number of events per hour fol-
lowing the Mw 7.1 aftershock is clearly shown. This type of response is
similar to that recorded for Mt.Wrangell andMt. Veniaminof volcanoes
after the 2002, Mw 7.9 Denali earthquake (Sanchez andMcNutt, 2004).

5. Discussion

We investigated the seismic activity of the NdC complex after the
Maule earthquake and found that seismic activity mainly occurs from
2 to 5 km deep beneath the region called Aguas Calientes, a valley
known for its natural hot springs and fumaroles. Deeper events also
occur below the volcanic complex down to approximately 20 km
deep. We did not locate several low-magnitude seismic events because
they did not appear on a sufficient number of stations. However, their
waveforms are characteristic of shallow VT events. This points to a
local origin that may be within the volcanic system, possibly beneath
the Aguas Calientes valley. The location of this shallow seismicity plus
the type of tremor events we recorded in our campaign suggest that
the activity at the NdC has a strong hydrothermal component, thus
making the volcano an active hydrothermal-magmatic system.

We observed different responses of the NdC to two large Maule af-
tershocks (Mw 6.1, Fig. 7 and Mw 7.1, (Fig. 8) originating at similar hy-
pocentral distances from the NdC. We identified a triggered response of
theNdC after theMw6.1 event but not after theMw7.1 event. Note that
although data loss during the Mw 7.1 event introduces a bias, we regis-
tered a decrease in VT when compared to the behavior prior to the Mw
7.1 event (blue lines in Fig. 8 indicate the average rate). Fig. 9 shows the
waveforms and spectra of the two aftershocks of theMaule earthquake.
The maximum amplitudes in a ground motion seismograph of the two
events are comparable and are on the order of 1 to 2mm for the vertical
component at station VV. Using particle motion plots, we investigated
the effect of the incidence angle of the incoming seismic waves and



Fig. 12. Velocity particlemotion plots in Volcan Viejo station for theMw6.1 andMw7.1 event, each one in a frame rotated to its backazimuth (VRT frame). The signal was filtered between
0.01 Hz and 0.1 Hz and the velocity ismeasured in nm/s. For each earthquake, the R-V axes identify the radial-vertical plane, T-Z the transverse-vertical plane and the T-R axes identify the
transverse-radial plane.

124 C. Farías et al. / Journal of Volcanology and Geothermal Research 283 (2014) 116–126
found that the difference between the effect produced by the two
events may lie there. Fig. 10 shows a scheme of the different coordinate
frames used in the observation point given by the location of VV station.
Figs. 11, 12, and 13 show particle velocity motion plots for both
earthquakes in station VV, filtered between 0.01 Hz and 0.1 Hz, in
different coordinate systems: vertical/north/east (VNE), vertical/
radial/transversal (VRT) for both events, and vertical/NdC fault
normal/NdC fault parallel (VNP). In the VNE frame the most noticeable
feature is how the particlemotion induced by theMw6.1 event presents
a dominant motion along the east and vertical directions, with ampli-
tudes around 10 mm s−1, while the Mw7.1 event induced velocities
with maximum amplitudes on the order of 20 mm s−1, but without any
preferential orientation. The induced particle motion in the VRT frame
shows how, for theMw6.1 event, the transversemovement is significant-
ly smaller than the radial one, suggesting that the wave train is mostly
dominated by Rayleigh waves rather than Love waves. In the case of the
Mw7.1 event, there is no clear dominance of either transverse or radial
motion modes. Finally, on the VPP frame it can be appreciated how the
Mw6.1 event induced amotion oblique to themain fault of the NdC com-
plex, which may help to create a fault-parallel motion, thus enhancing a
stress change along the main lineament of the system. On the other
hand, the Mw7.1 does not show a preferred direction of motion.

The analysis of particle motion in the three different coordinate
frames suggests that theMw6.1 eventmay have induced a ellipticalmo-
tion in the main fault of the NdC, with dominant fault-parallel and ver-
tical components, thus promoting the creation of spaces for the fluids to
arise and move along the lineament, as reflected by the important in-
crease on seismicity right after the passage of the wave train. This indi-
cates that the observed behavior of triggered tremor followed by VT
events was controlled by dilatational processes due to the Rayleigh
waves. This is consistentwith other studies that report triggered tremor
due to the passage of the Rayleigh waves in regions like Japan after the
2004 Sumatra–Andean earthquake (Miyazawa and Mori, 2005, 2006).
In a more general work frame, our observations are also consistent
with other studies showing permeability increases correlating with
passing seismic waves (Kitagawa et al., 2002; Elkhoury et al., 2006).

image of Fig.�12


Fig. 13. Velocity particle motion plots in Volcan Viejo station for the Mw6.1 and Mw7.1 event, in the VNP coordinate frame. The signal was filtered between 0.01 Hz and 0.1 Hz and the
velocity ismeasured in nm/s. The FP-Z axes identify the fault-parallel/vertical plane, FN-Z the fault-normal/vertical plane and the FP-FN axes identify the fault-parallel/fault-normal plane.
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6. Conclusions

We presented data from a seismic campaign that took place from
December 2011 to April 2012 around theNevados de Chillán (NdC) vol-
canic complex, in Central-Southern Chile. We recorded numerous
volcano-tectonic (VT) and tremor events within the volcanic complex.
The majority of the events was shallower than 5 km deep and occurred
beneath the south-east flank of the volcano. Two major aftershocks
(Mw 6.1 and Mw 7.1) of the 2010 Maule earthquake, at similar dis-
tances for the NdC elicited different responses. The response to the
Mw6.1 event was characterized by an increase of tremor activity 1 h
after the earthquake, followed by a marked increase of VT events
when the tremor subsided. This strongly suggests a fluid driven mecha-
nism induced by the passage of the seismic waves. In contrast, the Mw
7.1 event did not trigger a response of NdC. We propose that this differ-
ence in behavior is a result of the incidence angle of incoming energy,
where the Mw 6.1 showed predominantly EW (arc-oblique) particle
motion and the Mw 7.1 showed no particular oscillatory path. An alter-
native explanation could be that the response to the Mw 6.1 event re-
laxed the system and therefore was not perturbed sufficiently to
induce a response from the Mw 7.1. Future seismic campaigns with a
higher density array will allow triggered responses to be constrained
with better accuracy.

The volcanic arc behind theMaule earthquake is an excellent natural
laboratory for investigating earthquake–volcano interactions, and
should be instrumented in the future to better understand earth-
quake–volcano interactions and the internal dynamics of perturbed
arc systems.
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