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plate on 5 September 2012 inducing a ground acceleration of 0.5 m s−2 at the Irazú-Turrialba volcanic
complex. We use data from six seismic stations deployed around and atop the Irazú-Turrialba volcanic
complex to show the increase of local seismic activity after the M7.6 Nicoya earthquake. The response
consists in more than 300 locatable earthquakes occurring in swarm sequences along a fault system that
intersects the Irazú-Turrialba volcanic complex. In addition, we point out that major aftershocks are followed
by increases of seismic activity in the same region. The weak static stress variation imposed by the main slip
of the Nicoya earthquake at the Irazú-Turrialba volcanic complex suggests a dynamic triggering mechanism.
We expand this concept suggesting that this behavior may be similar to the one observed in the Chilean
and Japanese volcanic arcs during the M8.8 2010 Maule, Chile, and M9.0 2011 Tohoku, Japan, earthquakes.
Finally, we highlight that the combined action of dynamic stress and short-lived coseismic relaxation may
trigger seismic activity in geological systems in near-critical conditions.

1. Introduction
Static and dynamic stresses generated by large magnitude earthquakes act at diﬀerent timescales and
distances. Static stress variations operate over decades and relatively short distances (the stress decays
according to 1/R3 , where R is the distance from the epicenter) [Hill et al., 2002] while dynamic stress aﬀects
the near ﬁeld and far ﬁeld during the propagation of the seismic waves. Eﬀects of moderate to large magnitude earthquakes in the near ﬁeld and far ﬁeld are well documented [e.g., Hill et al., 2002; Marzocchi et al.,
2002; Walter et al., 2007; Eggert and Walter, 2009] and include hydrogeological responses [Wang, 2007; Wang
and Manga, 2010], triggered seismic activity [Husen et al., 2004; West et al., 2005; Hill and Prejean, 2007],
temperature variations at hydrothermal systems [Johnson et al., 2000; Dziak et al., 2003], variations of water
levels in boreholes [Roeloﬀs, 1998; Matsumoto et al., 2003; Weingarten and Ge, 2014], triggered volcanic
activity [Linde and Sacks, 1998; Manga and Brodsky, 2006; Walter et al., 2007; Delle Donne et al., 2010], and
triggered mud volcanism [Mazzini et al., 2007; Manga and Bonini, 2012; Lupi et al., 2013]. In addition, earthquakes may promote the coseismic precipitation of gold deposits and induce mineral phase precipitation
in hydrothermal systems [Weatherley and Henley, 2013]. Volcanic and hydrothermal environments are particularly sensitive to external perturbations because of the (often) critical conditions encountered at depth
[e.g., van der Elst et al., 2013].
The oblique subduction of the Cocos plate beneath the Caribbean plate imposes strain partitioning in the
upper plate leading to intense and shallow seismic activity along a NW striking fault system (and the associated NE trending antithetic faults) running through the volcanic arc [Corti et al., 2005; Lewis et al., 2008;
Montero et al., 2013]. The maximum slip of the M7.6 Nicoya earthquake (5 September 2012, 14:42 UTC) was
approximately 2.5 m (∼9.76◦ N, 85.56◦ W) [Yue et al., 2013]. It induced a ground acceleration greater than
4.9 m s−2 close to the epicenter [Protti et al., 2014] and an average ground acceleration of 0.5 m s−2 near the
Irazú-Turrialba volcanic complex (ITVC) [Yue et al., 2013]. The ITVC is cut by the southernmost segment of the
East Río Sucio Fault (ERSF), a right-lateral strike-slip system that joins the Finca Liebres volcanic depression
between the Irazú and Turrialba volcanoes (Figure 1bottom). At the surface, this area is not characterized by
any strong hydrothermal activity. The only hot thermal spring is Quebrada Peña (60◦ C), near the Turrialba
volcano, while around the Irazú volcano sparse hot springs emissions range from 30◦ C to 60◦ C.
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Figure 1. (top) Map of Costa Rica and tectonic setting around the Irazú and Turrialba volcanoes. The Nicoya earthquake occurred at the subduction interface, and the inverted fault plane solution shows almost a pure reverse slip. The
gray-shaded inset shows the Irazú-Turrialba volcanic complex (red triangles show the main craters) and the distribution
of the seismic stations (black triangles). The stations are deployed on volcanoclastic deposits due to the lack of suitable
sites on bedrocks. However, the site ampliﬁcation eﬀect for the seismic stations around the ITVC aﬀects the higher frequencies only (i.e., above 15 Hz). (bottom) The map (modiﬁed after Montero et al. [2013]) represents the tectonic features
of this region including the East Río Sucio Fault (ERSF). Other abbreviations are for the Central Río Sucio Fault (CRSF), the
West Río Sucio Fault (WRSF), and Finca Liebres Volcanic Depression (FLVD).

The last major eruption of the Irazú volcano occurred in 1963 (VEI = 3), while the most recent volcanic activity took place on the NW ﬂank in 1994 and consisted of a small magnitude phreatic explosion [Alvarado
et al., 2006]. The Turrialba volcano was quiescent during the last century until the 5 January 2010 when a
VEI = 2 eruption occurred at the SW crater. Activity at Turrialba continued with repeating explosions (VEI
from 1 to 2) until May 2013 and returned to a dormant state in June 2013.
The Observatorio Vulcanológico y Sismológico de Costa Rica (OVSICORI) maintains a network of six seismic stations around the ITVC (Figures 1(top, inset) and 2) to monitor the volcanic activity of the area. After
the M7.6 2012 Nicoya earthquake the network recorded more than 300 locatable seismic events occurring
in swarm sequences during the 24 h following the main slip (Figure 2, top). In this occasion, the Irazú and
Turrialba volcanoes behaved diﬀerently. Several events occurred around the Irazú volcano, while almost
no seismic activity was recorded beneath the Turrialba volcano. We use data from the OVSICORI seismic
network to shed light on the interaction between dynamic stresses and critically stressed geologic environments and to describe the occurrence of seismic activity along the ERSF after the M7.6 2012 Nicoya, Costa
Rica, earthquake.
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Figure 2. (top) Epicentral distribution of seismic events at the Irazú-Turrialba volcanic complex after the M7.6 Nicoya
earthquake. Depth 0 refers to the sea level (i.e., ∼3 km below the ground surface). Pink and red circles show the location
of the seismic events before and after the M7.6 Nicoya earthquake, respectively. Turquoise circles represent the location
of the seismic events the day after the Nicoya earthquake. Body wave arrivals were manually picked and located with
SEISAN [Havskov and Ottemoller, 1999]. However, due to the limited number of stations, and their subaligned distribution, location accuracy is aﬀected by up to ± 3 km errors laterally and vertically. The velocity model used is taken from
Quintero and Kissling [2001].

2. Data
Before the M7.6 Nicoya earthquake, the seismic activity at the ITVC was mostly located beneath the NW
ﬂank of the Turrialba volcano with hybrid seismic events characterized by dominant frequencies between 4
Hz and 12 Hz, from 1 km to 8 km depth (pink events in Figure 2). After the main shock of the Nicoya earthquake a swarm sequence took place beneath the E ﬂank of the Irazú volcano. Based on a spectrogram
analysis the ﬁrst local event occurred 40 s after the arrival of the P waves, which corresponds to the arrival of
the S waves. We could not constrain this ﬁrst motion further as it overlaps with the signal generated by the
Nicoya main shock. The second local event (M3.8), the largest of the seismic sequence, occurred after the
coda of the surface waves at 14:48 UTC. However, the swarm sequence only accelerated signiﬁcantly after
14:57 UTC with 75 (locatable) seismic events occurred during the ﬁrst hour (Figure 3). Nonlocatable events
increase the total number of event occurrences to more than 110 events per hour.
Three pairs of aftershocks followed the main slip of the Nicoya earthquake approximately 1 h, 8 h, and 14 h
after the main slip, respectively (Figure 3). The ﬁrst pair of aftershocks (M4.4 and M4.5) struck during the
peak of seismicity triggered by the main slip. Hence, we could not decouple seismic activity promoted by
the main slip from the one promoted by the ﬁrst pair of aftershocks. However, the following aftershocks
triggered swarm activity along the fault plane inducing two peaks of 30 events per hour and 20 events per
hour, respectively (Figure 3). Local earthquakes continued throughout the day and returned to normal levels
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Figure 3. Cumulative number of seismic events triggered along the East Río Sucio Fault by the M7.6 Nicoya earthquake
and its aftershocks (red dashed lines). The only M ≥ M4 earthquake that shows a local earthquake within the waveform
is the M7.6 earthquake (within the S waves). We could not recognize any local seismic event within any of the waveforms
of the aftershocks. The increase of seismic activity that follows each pair of aftershocks is smooth, except for the ﬁrst
pair that is followed 11 min after by a sharp increase of local events. After the second and third pair of aftershocks the
increase of local seismicity is less marked. Overall, the aftershock decay versus time ﬁts an Omori’s decay [Utsu, 1961],
with k, c, and p of 8.5, 0.1, and 1.0173, respectively.

after approximately 30 h. A similar, but ambiguous, behavior was recorded in the same region on the 27 of
August 2012 (04:37 UTC) after the M7.3 El Salvador earthquake. The dynamic stress
𝜎D ∼𝜇 ⋅ PGV ⋅ vs−1

(1)

imposed by the M7.3 El Salvador earthquake was ∼0.5 kPa (using vs of 5300 m s−1 ). Yet the local earthquake
rate along the ERSF increased from an average of four events per hour to 12 events per hour after the
earthquake. After the El Salvador earthquake the ﬁrst seismic event at the ITVC occurred several hours
(09:25 UTC) after the main shock. The number of local earthquakes grew to seven events per hour from
10:00 to 11:00 UTC reaching the peak of 13 events per hour from 10:00 UTC to 12:00 UTC. Then the seismic
rate decreased back to seven, four, and two events per hour from 12:00 UTC to 13:00 UTC, 13:00 UTC to
14:00 UTC, and 14:00 UTC to 15:00 UTC, respectively.
The moment magnitude of the seismic events triggered by the Nicoya earthquake varies from M0.5 to M3.5,
with a clear dominance of events between M0.5 and M1.0. Moment magnitude 0.5 is the magnitude threshold of detection for our array. Hypocentral depths vary from 10 km to 0 km (Figure 2), with the vast majority
of the earthquakes being shallower than 5 km depth. The epicenters are distributed along a NW-NE region
stretching from the southernmost part of the ERSF to the easternmost part of the Irazú volcanic ediﬁce.
This region showed a similar behavior after the M7.3 1983, the M7.0 1990, and the M7.6 1991 earthquakes
oﬀshore Costa Rica.

3. Discussion
We performed a Coulomb stress analysis [Toda et al., 2011] to calculate the static stress imposed by the
Nicoya earthquake on the ERSF. Due to the poor signal-to-noise ratio we could not invert for moment tensor solutions for the largest events of the seismic sequence presented here. Hence, we used as receiver fault
subparallel to the arc the plane identiﬁed by the M6.1 earthquake that occurred on 8 January 2009 near
the volcano Poás (strike, dip, and rake of 306, 86, and 150, respectively), with a friction coeﬃcient of 0.6 and
a depth of 10 km. The resulting Coulomb stress change imposed on the ITVC by the Nicoya earthquake is
∼1 kPa. The variability associated with the speciﬁc values used for the shear modulus and for the velocity of
the shear waves may induce small variations in the value of the dynamic stress associated with the passing
S waves. However, the dynamic stress 𝜎D imposed at the ITVC by the passing S waves is 0.3 MPa (assuming
LUPI ET AL.

©2014. American Geophysical Union. All Rights Reserved.

4145

Geophysical Research Letters

10.1002/2014GL059942

Figure 4. Coupled eﬀects of elastic unloading and dynamic stress propagation. The reduction of the principal stress
𝜎1 = 𝜎n from preseismic (dashed line) to coseismic (solid line) times translates into a reduction of the conﬁning pressure
on the fault plane. This promotes the reduction of the eﬀective normal stress 𝜎neﬀ and facilitate the reactivation of
the fault.

a shear modulus of 30 GPa, an average shear wave velocity of 5300 m s−1 according to Quintero and Kissling
[2001] and a measured PGV of 0.05 m s−1 at the ITVC). This suggests that the seismicity triggered along the
ERSF was not principally induced by static stress variations but rather by dynamic stress triggering.
The portion of the ERSF aﬀected by the triggered seismic activity corresponds to the easternmost part of the
Irazú volcanic ediﬁce. In critically stressed volcanic environments, small variations of conﬁning pressure may
promote shear failure on optimally oriented fractures. Additionally, under such conditions the reduction
of conﬁning pressure may lead to an increase of the ﬂuid pressure at depth (i.e., via gas phase exolution)
promoting hydrofracturing [Sibson, 1981] and vertical migration of hydrothermal ﬂuids along the fault plane
[Lupi et al., 2011]. Violay et al. [2014] show that the presence of pore ﬂuids strongly aﬀects the initial frictional
weakening promoting slip conditions at depth, particularly for small magnitude events (slip less than 0.5 m).
Hence, variations as small as 0.3 MPa may have been suﬃcient to perturb this part of the ERSF that crosscuts
the volcanic ediﬁce of the Irazú volcano. Our ﬁndings are in agreement with recent conclusions of Prejean
[2013] who points out that response of volcanic systems to incoming seismic energy is often observed on
the sides of the volcanic ediﬁce (i.e., in the hydrothermal systems or in groundwater reservoirs) rather than
above the magmatic plumbing system.
Superimposed on the seismic dynamic trigger we also propose an eﬀect due to the coseismic elastic deformation caused by the main slip. This mechanism would correspond to the “tectonic pull” described after
megathrust earthquakes by recent authors. Pritchard et al. [2013] and Takada and Fukushima [2013] highlight that volcanic systems residing in volcanic arcs at convergent margins undergo a rapid subsidence (from
days to months) immediately after the occurrence of a large magnitude subduction earthquake. This is also
supported by continuous GPS measurements [Vigny et al., 2011] that show uplift and subsidence of few centimeters at diﬀerent regions in the volcanic arc during the Maule earthquake. A similar behavior was also
observed by Ikuta et al. [2012] in Japan during the M9.0 Tohoku-Oki earthquake. Lupi and Miller [2014] suggest that at obliquely convergent margins lateral motion in the volcanic arc is promoted after part of the
conﬁning stress is removed by the megathrust slip. In oblique subduction zones, the shear stress is then
accommodated in the overriding plate by trench-parallel, regional-scale, strike-slip faults that may be reactivated when the eﬀective normal stress 𝜎neﬀ along the fault planes is reduced. However, contrary to the
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Chilean and the Japanese cases, the Nicoya earthquake did not impose long-term Coulomb variations on
the volcanic arc. Figure 4 suggests that over a short time window (i.e., less than a year), ignoring viscoelastic eﬀects and assuming an elastic upper crust, the coseismic reduction of the normal stress 𝜎n imposed by
the earthquake slip at the subduction interface may also aﬀect distant faults facing the region of main slip
of the earthquake. In this case fault unclamping may not be large magnitude (i.e., 1 kPa) but may still facilitate shear failure. In addition, upwelling ﬂuids can ultimately reduce the eﬀective normal stress 𝜎neﬀ along
the fault plane further. This would support the observation of peaks of seismic activity following the major
aftershocks of the Nicoya earthquake (Figure 3). The eﬀects of ∼M4.5 earthquakes have been suggested to
be negligible for distances larger than 30 km from the epicenter [Manga et al., 2009]. Yet, Figure 3 shows two
clear peaks of increased seismic activity after the major aftershocks of the Nicoya earthquake. Recent laboratory experiments at elevated slip rates show that friction may reduce as low as 0.05 once the fault plane is
reactivated [Di Toro et al., 2011]. Hence, in fault systems where friction is reduced, less seismic energy may
be required to trigger seismic activity remotely.

4. Conclusion
Examining the seismic records from the OVSICORI seismic network around the Irazú-Turrialba volcanic complex before, during, and after the M7.6 Nicoya earthquake we ﬁnd evidence of triggered seismic activity. The
seismicity is remarkably higher (more than 300 locatable earthquakes within 24 h) if compared to the normal seismic rate of ﬁve to six events per day normally occurring at the ITVC. The seismic rate triggered by the
Nicoya megathrust earthquake is also larger than the peaks of seismicity sometimes observed at the ITVC
that reach a maximum of 150 of events during the entire seismic series that may last from 1 to 5 days. The
epicenters of the events triggered by the Nicoya earthquake are distributed along the southernmost part of
the East Rio Sucío Fault system, a right-lateral strike-slip fault that joins the Finca Liebres Volcanic Depression
between the Irazú and Turrialba volcanic ediﬁces. The calculated static stress imposed by the M7.6 Nicoya
earthquake on a fault plane subparallel to the southernmost end of the East Rio Sucío Fault was smaller than
the dynamic stress imposed by the passing seismic waves. The maximum dynamic stress was in the order of
0.3 MPa and may have been the principal factor that determined the reactivation of the fault. However, we
suggest that under the assumption of an elastic upper crust, the coseismic reduction of the normal stress
𝜎n imposed by the main slip at the subduction interface may also have aﬀected this part of the fault system.
Due to the swarm-like character of the seismic sequence and the likely presence of a ﬂuid circulation system
maintained by the elevated geothermal gradient of the area, we suggest that the triggered seismic activity
may have involved ﬂuid mobilization.
The decay of the number of seismic events along the East Rio Sucío Fault follows an Omori’s decay. However,
we point out that powerful aftershocks of the Nicoya earthquake (i.e., ∼M4.5) also aﬀected and enhanced
seismic activity along the fault as suggested by peaks of seismic activity up to 14 h after the main shock. This
may be favored by the coupled eﬀects of a reduced friction of the reactivated East Rio Sucío Fault and the
result of shear failure due to increased ﬂuid pressure.
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