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SUMMARY

Previous research revealed a dynamically triggered earthquake front propagating along South-
west Japan, in correlation with the arrival of surface waves from the 2011 /9.0 Tohoku-oki
earthquake. However, some characteristics of the dynamically initiated seismic activation have
not been investigated in detail. We analyse first the dynamic triggering process, using NIED
waveform data. Our results suggest that at several triggering sites in SW Japan, including
volcanic areas in Kyushu, the arrival of larger amplitude Love waves may correlate better
with the occurrence of first locally triggered events compared to the Rayleigh wave arrivals.
We also observe that triggering takes place during relatively long-period surface waves. We
search for other cases of dynamic triggering in SW Japan by remote large earthquakes and
show that the distinctive phase arrivals of both Love and Rayleigh waves from the 2008
M7.9 Wenchuan earthquake triggered local events in Kyushu. These observations suggest that
sharing motion on well-lubricated local faults may have started failure in these areas. Based
on the analysis of an extended earthquake catalogue, we find that the stacked seismicity for
the dynamically triggered regions in SW Japan after the 2011 Tohoku-oki earthquake has
a significant, albeit weak increase after the megathrust event, followed by a relatively slow
decay towards the background level for the next several days. The relatively slow decay may
reflect the temporal pattern of stacked, swarm-like clustered seismicity, which has been mainly
activated at volcanic/geothermal areas in Kyushu. The decay of seismicity within a single,
activated earthquake cluster may have, however, different characteristics. The analysis of the
aftershocks initiated dynamically at the Yufuin-Beppu geothermal area (Kyushu), by the 2016
M7.3 Kumamoto earthquake, shows a fast decay that may reflect quick stress recovery near
higher-temperature volcanic or geothermal regions.

Key words: Earthquake hazards; Earthquake interaction, forecasting, and prediction; In-
duced seismicity; Statistical seismology.

seismicity activation has been observed predominantly at volca-
noes, although there were cases of triggered events associated with
active faults.

1 INTRODUCTION

The dynamic triggering of seismicity at remote locations by the pas-

sage of surface waves from large earthquakes is a well-documented
phenomenon, with many such cases reported and analysed world-
wide (e.g. Hill ez al. 1993; Brodsky et al. 2000; see Hill & Prejean
2015, for a recent review). Somewhat surprisingly, remote acti-
vation of earthquakes in Japan is relatively scarce (Harrington &
Brodsky 2006), despite high-levels of seismicity associated with ac-
tive faulting and volcanism. There are, however, two notable cases
of widespread remote dynamic triggering in Japan, after the oc-
currence of the 2011 M9.0 Tohoku-oki earthquake (e.g. Miyazawa
2011; Yukutake et al. 2011) and the 2016 M7.3 Kumamoto earth-
quake (e.g. Enescu et al. 2016; Miyazawa 2016). In both cases,

The physical mechanisms responsible for the remote activation of
seismicity are still poorly understood. Two main classes of models
(Hill & Prejean 2015) have been proposed to explain the triggering
by dynamic stresses: (1) direct triggering by frictional failure and
(2) triggering through excitation of crustal fluids. As documented in
previous studies (e.g. Aiken & Peng 2014), fluids are active agents
in volcanic and geothermal areas, which may explain the more
vigorous and widespread triggering in such regions.

Miyazawa (2011) reported an earthquake triggering front, prop-
agating at about the same speed as the Rayleigh waves (of 10-20 s
period), from the 2011 Tohoku-oki earthquake; the furthest seismic
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activation has been observed in southern Kyushu, at the Ibusuki
volcanic area, at about 1350km epicentral distance. Yukutake
et al. (2011, 2013) studied in detail the triggering around Hakone
volcano by the passage of the surface waves from the Tohoku-oki
earthquake, using a local seismic network, and revealed details of the
triggering process. As discussed by Yukutake et al. (2013), the ini-
tiation of seismicity activation is likely dynamic, however the static
stress changes may have also played a significant role (Yukutake
etal.,2011,2013; Enescu et al. 2012). Similarly, Kato ez al. (2013)
analysed the triggering by both static and dynamic stress changes
in Hida region and Shimojo et al. (2014) showed that the seis-
micity increases in Northern Nagano region, immediately after the
Tohoku-oki earthquake, was likely initiated dynamically. As shown
in all these studies, aseismic transients (fluids or slow-slip) may
have contributed significantly to the triggering process. Indeed, the
triggered sequences at or close to geothermal and volcanic areas
show migration and other swarm-like characteristics, which are the
signature of possible aseismic transients (e.g. Kumazawa & Ogata
2013; Kosuga 2014; Shimojo et al. 2014).

Another widespread remote triggering in Japan followed the 2016
M7.3 Kumamoto earthquake, when small events have been triggered
as far as Hokkaido (at an epicentral distance of about 1650 km), by
the passage of the main shock surface waves; the strong directivity
effect and an increased trigger-ability after the 2011 Tohoku-oki
earthquake where hypothesized as probable causes of widespread
activation (Enescu et al. 2016). It is remarkable that the /7.3 main
shock triggered dynamically a relatively large event (of M5.9) in
the Yufuin-Beppu geothermal region, Kyushu (e.g. Miyazawa 2016;
Uchide et al. 2016); the Tohoku-oki earthquake triggered seismicity
in this region as well (Miyazawa 2011).

Here we revisit the remote triggering in SW Japan by the 2011
M9.0 Tohoku-oki earthquake, focusing on two issues of importance
for seismic hazard that have not been addressed previously. First,
we investigate the correlation between the occurrence of early post-
Tohoku-oki events and the passage of both Rayleigh and Love waves
from the main shock. To get a better physical insight of the trig-
gering mechanisms we search for previous triggering in Kyushu, by
other large remote earthquakes occurred worldwide after 2005. Sec-
ond, based on an improved earthquake dataset, we analyse the pre-
and post-Tohoku-oki seismicity pattern in all triggered regions, and
discuss the temporal extent and decay characteristics of stacked and
individual earthquake sequences activated in SW Japan. Since one
of the geothermal areas in Kyushu, activated after the 2011 megath-
rust earthquake, has been also dynamically triggered following the
2016 M7.3 Kumamoto earthquake, we compare the decay of ‘nor-
mal’ aftershocks, triggered by the static stress changes due to the
Kumamoto main shock rupture, with that of dynamically initiated
seismicity at the geothermal area.

2 DATA AND METHOD

We use the earthquake catalogue data of the Japan Meteorological
Agency (JMA) as well as the Hi-net (high-sensitivity) and F-net
(broadband) waveform data provided by the National Research In-
stitute of Earth Science and Disaster Resilience (NIED).

To detect locally triggered events, we use a two-way Butterworth
bandpass filter in the frequency range of 10-30 Hz. As we have
experimented before (e.g. Shimojo et al. 2014), such a filtering
ensures good detection of remotely triggered events, while avoiding
at least in part the high-frequency noise. In most cases, the remote
detections were confirmed and the earthquakes were localized by
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identifying the P- and S-wave arrival times of the triggered events.
To correlate the observed remote triggering with the passage of
surface waves from the main shocks, we have used Hi-net and
F-net data in the frequency range of 0.01-0.2 Hz (5-100 s). In
this respect, the Hi-net data were processed using the approach of
Maeda et al. (2011), who showed that the Hi-net waveforms can
be successfully used to retrieve long-period ground motions after
applying an appropriately designed recursive filter.

For the analysis of the earthquake catalogue data, we determine
the magnitude of completeness (M,) by using the entire magni-
tude range (EMR) method (Woessner & Wiemer 2005). Determi-
nation of b-values (of the frequency—magnitude distribution) or of
the Modified-Omori law parameters are performed for M > M.
The b-value is estimated using a Maximum Likelihood approach
(MLM) (Aki 1965). The parameters of the Modified Omori law,
n(t) = K/(t + c¢)>—where n(¢) is the frequency of aftershocks per
unit tine, at the time ¢ from the main shock and p, ¢ and K are
constants—are determined by maximizing the logarithm of the like-
lihood function (Ogata 1983). Standard errors of parameters are
obtained from the inverse of the Hessian matrix of the likelihood
function (Ogata 1983).

3 DYNAMIC TRIGGERING
CHARACTERISTICS IN SW JAPAN

3.1 Immediate activation of seismicity after the M,, 9.0
Tohoku-oki earthquake

We have first created a catalogue of earthquakes occurring in SW
Japan in the first ~30 min after the 2011 M9.0 Tohoku-oki earth-
quake, which is used throughout this study. All the earthquakes de-
tected on the high-frequency seismograms and located afterwards
are listed in Table 1. The earthquake were located by using the
HYPOMH program (Hirata & Matsu’ura 1987) and the same 1-D
velocity model used by the JMA. Fig. 1 presents the spatial distri-
bution of the detected and localized earthquakes. Note that most
of these events are not recorded in the JMA catalogue since in the
aftermath of the 2011 Tohoku-oki earthquake the large amplitude
surface waves obscured many small earthquakes and, in addition,
JMA was overwhelmed with the detection and location of thousands
of events occurring off-shore Tohoku region. Miyazawa (2011) dis-
cussed already the migration of an earthquake front in SW Japan
and the triggered areas that he identified are similar with ours. This
section discusses some characteristics of Love and Rayleigh waves
at the triggering sites, which have not been previously addressed.

We have not included in our investigation the vigorous activation
of seismicity at Hida Mountain (Kato ef al. 2013) and around Izu
Peninsula (Toda ef al. 2011; Enescu et al. 2012), including Hakone
volcano area (Yukutake ez al., 2011, 2013): these cases have been
analysed in detail before and both static and dynamic stress changes
from the 2011 Tohoku-oki earthquake have been shown to play a
triggering role.

The areas of activation shown in Fig. 1 are in Aichi and
Tokushima, at depths around 30-45 km, the area in Hyogo and Tot-
tori, at depths of around 15-25 km and finally the relatively shallow
(0-15km depth) triggering at several locations in Kyushu Islands
(in Nagasaki, Fukuoka, Oita and Kagoshima prefectures). The trig-
gered earthquakes in Aichi and Tokushima occur at the subduction
of Philippine Sea Plate under the Japanese Islands, very close to
the subduction interface (e.g. Hirose et al. 2008). The shallower
triggered events in Hyogo, Tottori and Fukuoka are associated with
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Table 1. Catalogue of early triggered events in SW Japan, after the 2011 A/9.0 Tohoku-oki earthquake.

Number Hour Minute Second Latitude Longitude Depth (km) Magnitude Area

1 14 51 51.09 34.804 137.173 38.49 3.0 Aichi

2 14 53 26.73 35.040 137.194 40.97 3.1 Aichi

3 14 55 5.17 34,981 137.182 27.67 2.9 Aichi

4 14 51 0.64 35.741 134.981 13.99 2.6 Hyogo

5 14 52 26.51 35.683 134.751 13.54 2.3 Hyogo
6 14 55 2945 35.736 134.982 13.52 2.5 Hyogo

7 14 51 38.21 33.873 134.474 3143 3.1 Tokushima
8 14 54 55.40 33.890 134.532 33.78 1.8 Tokushima
9 14 55 1141 34.011 134.531 35.16 2.0 Tokushima
10 14 55 30.30 33.734 134.547 36.86 2.2 Tokushima
11 14 52 36.39 33.123 131.233 8.20 2.7 Kyushu
12 14 53 28.90 31.234 130.573 1.62 2.4 Kyushu
13 14 54 26.89 33.113 131.203 7.10 2.6 Kyushu
14 14 56 33.17 33.107 131.208 9.76 1.7 Kyushu
15 14 57 20.27 33.702 130.226 8.57 2.4 Kyushu
16 14 58 6.63 33.106 131.185 4.50 1.3 Kyushu
17 14 59 11.21 32.756 130.068 0.38 1.2 Kyushu
18 14 59 51.69 33.298 131.435 1.51 1.1 Kyushu
19 15 1 24.82 33.269 131.402 3.79 0.9 Kyushu
20 15 3 27.19 32.949 130.993 1.32 0.8 Kyushu
21 15 5 5.23 33.302 131.429 1.60 0.8 Kyushu
22 15 5 32.63 33.298 131.441 1.49 0.8 Kyushu
23 15 13 42.08 32.891 130.950 8.71 1.9 Kyushu
24 15 13 42.95 32.924 131.004 16.61 1.8 Kyushu
25 15 14 18.14 32.979 131.052 22.18 1.4 Kyushu
26 15 14 20.75 33.297 131.434 1.48 1.2 Kyushu
27 15 14 31.10 32.893 130.949 9.67 2.5 Kyushu
28 15 14 32.82 32.926 131.006 22.24 2.3 Kyushu
30 15 15 11.96 32.892 130.951 9.25 2.5 Kyushu
31 15 16 28.06 33.293 131.492 0.95 0.9 Kyushu
32 15 17 3.55 32.865 130.970 10.86 2.0 Kyushu
33 15 17 6.63 33.034 131.111 20.95 1.8 Kyushu
34 15 17 27.08 32.898 130.947 9.29 0.6 Kyushu
35 15 17 44.51 32.886 130.938 6.79 0.5 Kyushu
36 15 19 12.22 33.385 131.188 15.20 1.9 Kyushu
37 14 55 32.34 35.496 133.843 24.45 2.7 Tottori

The table is listing the origin time (hour, minute second) for the earthquakes detected at the areas in SW Japan shown in Fig. 1, on 2011 March 11, after the
occurrence time of the Tohoku-oki megathrust (2011 March 11; 14:46:18), as well as their location (latitude, longitude and depth), magnitude and geographic

area.

a strike-slip environment (e.g. Terakawa & Matsu’ura 2010; Toda &
Enescu 2011). Finally, the events in Nagasaki, Oita and Kagoshima
occur in volcanic/geo-thermal areas, in a preponderantly extensional
tectonic regime. All these areas are located at relatively large dis-
tances from the Tohoku-oki earthquake (Fig. 1), thus making the
initiation of seismicity activation by static stress changes from the
megathrust event unlikely (Miyazawa 2011; Toda ez al. 2011). We
have verified our assumption by calculating Coulomb static stress
changes using the model of Suzuki e al. (2011) as source (i.e.
the Tohoku-oki rupture model) and nodal planes of F-net (NIED)
CMT focal mechanisms (1997—present; earthquakes of M > 3.0),
selected in all the areas discussed above, as receivers (considered
representative for the local faulting structures). We used an appar-
ent coefficient of friction of 0.4, but variations within 0.2—0.8 range
produced equivalent results. The estimated stresses are all on the
order of 0.01 MPa or less; note that a value of ~0.01 MPa is con-
sidered as an effective stress triggering threshold of seismic events
(e.g. Stein 1999). The largest dynamic stresses in all investigated
areas were at least one order of magnitude larger (e.g. Miyazawa
2011). In Kyushu, where most significant remote activation has been
observed (as explained later in the paper), the static stresses were
below 1 kPa. We therefore conclude that the role of static stress

transfer from the 4/9.0 Tohoku-oki megathrust to trigger seismicity
in the areas discussed in this paper is not significant.

We look at the characteristics of immediate triggering by show-
ing in Fig. 2 the high-frequency (10-30 Hz) vertical component
velocity seismograms together with the low-pass filtered (5—100 s)
displacements on the vertical, radial and transverse components at
Hi-net stations, for four of the triggered regions (Fig. 1). It is clear
from Fig. 2 that the first events triggered in each region (see also
Table 1) correlate well with the passage of both the Love and
Rayleigh wave trains from the main shock. We also observe that the
Love wave displacement amplitudes (as seen on transverse com-
ponents) are significantly larger than the amplitudes of Rayleigh
waves (as seen on vertical and radial components). Moreover, the
triggering in Hyogo, Oita and Kagoshima regions (Figs 2b—d) oc-
curs at the peak of Love wave arrival or close to it (same could be
seen for the Tokushima region (not shown)).

For example, the triggering in Kagoshima (Fig. 2d) occurs
during the passage of Love waves with displacement amplitudes
as high as 12.4 cm, while the Rayleigh waves are significantly
smaller (~5.4 c¢cm, as seen on the vertical component displace-
ment seismogram). Note that both the low- and high-frequency
waveforms are shifted at the occurrence time and location of
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Figure 1. Map showing the distribution of seismic activity in Japan for
the first 30 min after the My 9.0 Tohoku-oki earthquake (2011/03/11
14:46:18.12 JST). The main shock is shown by yellow star, IMA-catalogued
events are shown by grey circles, while coloured circles represent manually
detected epicentres, coloured as a function of depth. Volcanos are plotted as
red triangles. Inset shows the NIED Hi-net stations (inverted purple trian-
gles) used in Fig. 2. The areas of seismicity activation that are discussed in
this study are Aichi, Hyogo, Tottori, Tokushima, Oita, Fukuoka, Nagasaki
and Kagoshima, named after the prefectures where they belong. The area
labelled ‘Oita’ contains the Yufuin-Beppu and Aso volcanic subareas (which
are mentioned in the text). The Aichi and Tokushima regions correspond
to a subduction environment, dominated by reverse faulting, while all the
other inland areas are located in a strike-slip environment. The Oita and
Kagoshima regions are well-known for their volcanic/geothermal activity.

the first triggered event in each region, by considering aver-
age Love, Rayleigh and P-wave phase velocities of 4.1, 3.9 and
6.5km s, respectively. We have checked and found that variations
around these values do not influence the results significantly (since
the triggered events occurred close to the corresponding Hi-net
station).

While dynamic triggering by Love waves (shearing motion) at
active faults is not a surprising result, volcanic regions in Kyushu
are expected to more likely respond to excitation by compressional,
Rayleigh-wave type motion, if fluids are involved. Unfortunately,
the estimation of dynamic stresses considering not only the ampli-
tude of shaking (e.g. the displacement amplitudes at the trigger-
ing sites), but also the source—receiver geometry (e.g. Gonzalez-
Huizar & Velasco 2011), is very challenging since the earthquakes
triggered dynamically by the 2011 Tohoku-oki earthquake are small
and thus their focal mechanism cannot be determined. In addition,
the focal mechanisms of the triggered events by the megathrust
earthquake are many times ‘atypical’ (e.g. Toda ef al. 2011) and
using focal mechanisms of past events as a proxy to calculate dy-
namic stress changes may provide biased results. Nevertheless, we
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will show in Section 3.2 that Love waves from another large re-
mote earthquake triggered small events in Kyushu, in two distinct
volcanic/geothermal areas, allowing us to suggest a model for the
remote triggering.

We note that at least for some cases (Figs 2¢ and d) the dynamic
triggering is observed during the passage of surface waves with
relatively long periods (20-50 s), as exemplified in Fig. 3(a) for
the Ibusuki area, at YKWH station. These relatively long periods
are confirmed using also broadband F-net data. Surface waves of
10-25 s period are usually reported as most efficient at dynamically
triggering earthquakes (e.g. Brodsky & Prejean 2005; Enescu et al.
2016; see also discussion at Sections 3.2 and 3.3).

3.2 Evidence of dynamic triggering in Kyushu by both
Love and Rayleigh waves from the 2008 M,, 7.9
Wenchuan earthquake

The results presented in the previous section show the possibility
that the large-amplitude Love waves are at least in part causing
the initiation of triggering after the 2011 9.0 Tohoku-oki earth-
quake. We will further explore in this section the triggering mech-
anism by looking at potential activation due to other remote, large
events.

Harrington & Brodsky (2006) performed a systematic analysis
of remote triggering of seismicity in Japan; they found that only
following the 2004 M9.0 Sumatra earthquake there is statistically
significant evidence of remote triggering, which occurred in the
Kyushu Islands, at the Ibusuki volcanic field (southern Kyushu;
same area as the one labelled ‘Kagoshima’ in our study). We have
used the ANSS world-wide composite catalogue to search for events
of M > 7.5 after 2005 and classified them by the amplitude of
shaking observed at Hi-net stations in Kyushu, close to volcanic
sites. Larger surface wave amplitudes, which correspond to dy-
namic stresses above a few kPa (Section 3.3), were observed after
the 2008 M7.9 Wenchuan, 2012 M8.6 Sumatra, 2005 M8.6 Nias,
2007 M8.1 Solomon Islands, and 2007 M8.4 Sumatra earthquakes.
Small events that are difficult to separate from the background noise
were observed at Ibusuki following the 2012 Sumatra earthquake.
The more clear and relevant triggering for our discussion is ob-
served during the passage of surface waves from the 2008 M7.9
Wenchuan earthquake. All the other remote earthquakes mentioned
above are non-triggering events (for the areas of interest in our
study).

Fig. 4 shows distinct triggering of local earthquakes by the 2008
Wenchuan earthquake, with recognizable P- and S-wave arrivals
(S—P times of less than 2 s at the stations used in the figure;
there were too few available P- and S-phases, however, for locating
these events). Two of the events are triggered close to Aso vol-
cano, during the passage of Love and Rayleigh waves, respectively.
Similar triggering is observed in the southern part of Kyushu, at
the Ibusuki volcanic field. The triggering occurs during the pas-
sage of surface waves with periods of ~10-20 s (Fig. 3b), simi-
lar with other well documented cases (e.g. Hill & Prejean 2015;
Enescu et al. 2016).

These results suggest a possible dynamic triggering scenario in
Kyushu by the surface waves of large remote earthquakes. The
arrival of Love waves initiates triggering on fault segments well-
lubricated by the presence of fluids at or close to volcanic areas;
these areas, already brought at or close to failure, are further ac-
tivated by the passage of Rayleigh waves that possibly cause fluid
excitation, responsible for additional cracking. Note that a similar
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Figure 2. Remote earthquake triggering in SW Japan correlated with the arrival of surface waves from A,, 9.0 Tohoku-oki main shock. High-frequency
(10-30 Hz) vertical velocity seismograms from NIED Hi-net stations are shown at the top of each plot, followed by low-frequency (0.01-0.1 Hz) vertical,
radial and transverse displacement components seismograms, respectively. Time (s) is considered relative to the Tohoku-oki main shock; (a) triggering in Aichi
area, shown at HAZH station; (b) same as in (a), but for Hyogo area at AMNH station; (c) for Oita area (more precisely, close to Kuju and Aso volcanoes),
at the OGNH station; and (d) for Kagoshima area, shown at YKWH station; the grey arrows show the time-interval used for plotting the velocity spectra in
Fig. 3(a). The numbers indicate manually detected events (listed in Table 1).
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amplitude spectra (nm s~! Hz) versus frequency, using the filtered velocity seismograms (0.01—1 Hz) for the vertical (red) and transversal (blue) components.
(a) For the 200-s surface wave train (see Fig. 2d) of the 2011 Tohoku-oki earthquake; (b) for the 200-s surface wave train (see Fig. 4c) after the 2008 Wenchuan
earthquake.
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Figure 4. Remote triggering in Kyushu by the 2008/5/12 15:28:01 (JST) My, 7.9 Wenchuan earthquake. (a) NIED Hi-net stations (black inverted triangles)
used in (b), (c) and (d), as well as volcanoes in Kyushu (grey triangles); Dashed rectangles (1) and (2) represent the area labelled ‘Oita’, which corresponds
to two distinct volcanic subareas, close one to each other, (1) Yufuin-Beppu and (2) Aso, respectively; area (3) shows the 2016 Kumamoto rupture area; Inset
shows a regional map with the location of the 2008 Wenchuan earthquake. (b) High-frequency (10-30 Hz) vertical velocity seismogram at HKSH station
(close to Aso volcano) is shown at the top of the plot, followed by the low-frequency (0.01-0.2 Hz) vertical, radial and transverse displacement seismograms,
respectively, relative to the origin time of the Wenchuan earthquake. The two identified earthquakes correspond to the arrival of surface wave trains; (c) Same
as in (b), but at YKWH station (in southern Kyushu); the grey arrows show the time-interval used for plotting the velocity spectra in Fig. 3(b); (d)—(g) Plots
showing the P- and S-wave arrivals on vertical (U) and horizontal (E-W) velocity seismograms, respectively, for the local events that are likely triggered by
the passage of Love [(d), (f)] and Rayleigh [(e), (g)] waves from the Wenchuan earthquake.

scenario of triggering has been also proposed in another tectonic
environment, in the Nankai Trough, based on observations of both
Love and Rayleigh wave triggering of tectonic tremor following the
2011 M9.0 Tohoku-oki earthquake (Chao et al. 2013).

3.3 A summary of dynamic triggering mechanisms

Based on the results of Section 3.1, we regard the seismicity activa-
tion in SW Japan, at the sites shown in Fig. 1, to be initiated by the
strong shaking due to the passage of both Love and Rayleigh waves
from the Tohoku-oki megathrust earthquake.

Following the approach underlined in previous studies (e.g. Peng
et al. 2009) and assuming plane wave propagation for teleseismic
waves, the peak dynamic stress o is proportional to Gu /V,;, (Jaeger
& Cook 1979), where G is the shear modulus, u’ is the peak particle
velocity, and V), is the phase velocity. We use a nominal G value of
30 GPa, V,, =4.1km s! for the Love waves, and V,, = 3.5km ™!
for the Rayleigh waves. The estimated dynamic stress change val-
ues at the furthest triggered site, in Kagoshima (station YKWH,
on the transverse component), are of about 131 kPa (0.13 MPa),
which is at least 10 times larger than the minimum values of stress

that have been shown capable of triggering seismicity (Peng et al.
2009 and references therein). Thus, we infer that the strong shaking
by the passage of Love waves might have initiated the triggering
process.

The possibility that the Love waves initiated the triggering in
Kyushu, specifically near Aso volcano and at the Ibusuki volcanic
field, is confirmed in Section 3.2 by the analysis of remote seismicity
triggering from the 2008 7.9 Wenchuan earthquake. The events
near Aso are triggered at dynamic stresses of about 63 and 99 kPa, as
calculated from velocity seismograms recorded at HKSH station,
on transverse and vertical components, respectively. Similar val-
ues of dynamic stress (51 and 101 kPa, respectively) are estimated
at station YKWH, in Ibusuki. The passage of Rayleigh waves (of
comparable or even larger amplitudes) triggered as well local events
(Section 3.2 and Fig. 4). Note that the other investigated teleseismic
events, namely the 2012 M8.6 Sumatra, 2005 M8.6 Nias, 2007 M8.1
Solomon Islands and 2007 M8.4 Sumatra earthquakes were asso-
ciated with maximum dynamic stresses in Kyushu of 18, 9, 5 and
4 kPa, respectively, significantly smaller than those corresponding
to the passage of surface waves from the 2011 A9.0 Tohoku-oki
and 2008 M7.9 Wenchuan earthquakes. The dynamic stress val-
ues estimated in this study are consistent with those reported by
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Figure 5. Seismicity map of SW Japan for the areas with observed dynamic triggering. Grey circles represent earthquakes from the JMA catalogue, selected
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first week after the main shock, as explained in the main text. Black stars show the epicentres of the 2000 /6.6 Tottori earthquake and the 2005 7.0 Fukuoka
earthquake, respectively. Dashed rectangles, in Kyushu, mark the same areas as in Figs 4 and 8. Red triangles represent volcanos.

Chao & Obara (2016), who searched for triggered tectonic tremor
in Japan, following the 2012 M8.6 Sumatra earthquake and other
large teleseismic events.

4 TIME-DECAY CHARACTERISTICS
OF TRIGGERED SEISMICITY AT
VOLCANIC AND NON-VOLCANIC
REGIONS

4.1 Short-term activation of seismicity in SW Japan, after
the 2011 M9.0 Tohoku-oki earthquake

We search for subtle short-term activations of seismicity at areas
where dynamic triggering due to the passage of surface waves has
been previously confirmed (see Section 3.1 and Fig. 1). First, we
combine our manually detected earthquake dataset (Table 1) with
the JMA earthquake catalogue. If a JMA-catalogue earthquake oc-
curs within less than 5 km and less than 2 s from a manually detected
earthquake, the two events are assumed identical (and only the man-
ually detected event is selected). Then, we select earthquakes within
circles of a radius of 30 km, at depths from 0 to 50 km, centred at
the epicentres of the events that have been detected in the first 30
min, in SW Japan, after the occurrence of the M9.0 Tohoku-oki
earthquake. Variation of the selection radius in the range 2040 km
produces similar results. The results of this selection, for a time
window of 120 d, centred on the 2011 Tohoku-oki earthquake, are
shown in the map view of Fig. 5.

To detect the temporal extent of seismic activation, we plot in
Fig. 6 the cumulative number of events (with epicentres shown in
Fig. 5) versus time. The plot can be interpreted as stacking of seis-
micity in the dynamically triggered regions. Note that stacking is
often used to enhance the ‘useful” but weak signal from the ‘back-
ground’, for example when discussing properties of foreshocks and
aftershocks (e.g. Enescu et al. 2009).

The cumulative number of earthquakes (with magnitudes larger
than the overall completeness magnitude, M > M, = 0.5—see inset
of Fig. 6, upper plot and related explanations in figure’s caption)
shows a clear, albeit relatively weak activation that coincides with
the timing of the 2011 Tohoku-oki earthquake (Fig. 6). The seismic-
ity rate in the first (67 events/d) and second (28 events/d) days after
the Tohoku-oki event increased 11.2 and 4.7 times, respectively,
compared with the rate of the events in the day before the occur-
rence of the megathrust (6 events/d). The background rate estimated
from the seismicity (M > 0.5) occurred in the studied areas from
the beginning of the year until the occurrence of the megathrust
event leads to a similar event-rate of 5 events/d. The seismicity rate
(6 events/d) after one week from the megathrust event returned
to pre-Tohoku-oki earthquake levels. The 7-d relative seismic-
ity increase after the Tohoku-oki earthquake in the triggered ar-
eas has a clear decay with time; this decay can be fitted by a
Modified Omori law, as shown in Fig. 6. One can notice the
relatively low p-value (~0.66) obtained for the fitting. The re-
sult should be interpreted with caution since the level of cata-
logue incompleteness might be problematic at short times after
the Tohoku-oki megathrust and ‘contamination’ with background
seismicity may bias the parameter towards smaller values (Utsu
et al. 1995). Nevertheless, equivalent results have been obtained
for higher magnitude thresholds, M = 0.7, 1.0. Based on the es-
timated Omori-law parameters (Fig. 6), the return period of seis-
micity rates to the background level (6 events/d) lasts about 10 d.
The results suggest that despite an overall slow decay (i.e. low
p-value) of seismicity rates, the weak seismicity activation in the
studied areas returns to the background level in 7-10 d.

To better understand the nature of seismicity activation in SW
Japan, after the 2011 Tohoku-oki earthquake, we plot in Fig. 7 the
cumulative number and magnitude of earthquakes versus time for
some of the triggered areas (Fig. 1). Regions at or close to volca-
noes in Kyushu are most clearly activated (i.e. ‘Oita’, ‘Nagasaki’ and
‘Kagoshima’ regions). For other non-volcanic areas, the seismicity
might be activated only during the passage of main shock surface
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waves (e.g. the ‘Hyogo’ area). Note also the relatively high seismic-
ity background in the three volcanic areas mentioned above. While
the immediate post-Tohoku seismicity rate increase is clear in most
regions, an Omori-type decay is difficult to identify; this observa-
tion contrasts with the results of Fig. 6, where stacking enhances the
‘signal’ during the activation period against the background level.

We could not find any evidence of triggering at non-volcanic
sites following the 2008 /7.9 Wenchuan earthquake or other remote
large earthquakes occurred after 2005. The passage of surface waves
from the 2008 Wenchuan earthquake was associated with dynamic
stresses of 30-80 kPa (at the non-volcanic sites), while other remote
earthquakes produced significantly lower values, in the range of 10—
40 kPa for the 2012 Sumatra earthquake and on the order of 10 kPa
or less for the 2005 Nias, 2007 Sumatra and 2007 Solomon Islands
earthquakes. Moreover, the seismicity activation at volcanic sites in
Kyushu after the 2008 Wenchuan earthquake is relatively weak and
might take place only during the passage of surface waves from the
main shock.

In some cases (e.g. Fig. 7, the ‘Oita’ region), the larger events
occur at the very beginning of the triggered sequence, in others
(e.g. in ‘Nagasaki’ region) the first triggered events have smaller
magnitudes and are followed by larger events, similar with a
seismic swarm. Such observations indicate that the higher rates
of seismicity after the initial excitation by the Tohoku-oki sur-
face waves are likely related to local static stress interactions and
crustal fluid movement. While the time decay for the stacked earth-
quake sequence is relatively smooth (Fig. 6(a)), one can notice
a more stair-like pattern for the individual areas (Fig. 7), which
may indicate relatively quick and short local activations, possibly

signatures of a fast decay. Local stress interactions (Ziv 2006) and,
likely, excitation of fluids at volcanic and geothermal sites (e.g.
Kosuga 2014; Shimojo ef al. 2014) caused the seismicity rates to re-
main above the background level after the passage of surface waves
from the 2011 Tohoku-oki earthquake, however for a relatively brief
time. Such an interpretation is consistent with the findings of Brod-
sky (2006) for long-range triggered seismicity that continues after
the passage of surface waves.

The immediate seismicity triggering in Fukuoka (Kyushu; Fig. 7)
does not occur at or near a volcano (Fig. 5), however the area expe-
rienced a large earthquake (M7.0) nearby, in 2005. The very brief
triggering period in Tottori occurred in an area of active fault-
ing, relatively close to a 2016 M6.6 event, where rather frequent
moderate-size events have occurred often in the past. These obser-
vations may support the interpretation (e.g. Enescu ef al. 2016) that
dynamic triggering could be a proxy for detecting areas of relatively
high seismic potential.

What causes the relatively slow decay of seismicity rates for
the stacked sequences in SW Japan? Aiken & Peng (2014) doc-
umented a relatively slow decay (p-value ~ 0.7) of dynamically
triggered seismicity at geothermal sites in the United States, for
roughly the first hour after large remote main shocks. Enescu ef al.
(2009) reported a slower temporal decay (p-value ~ 0.7) of stacked
swarm-like seismic sequences in California, compared with the
more typical main shock-aftershock sequences (p-values ~ 1.0).
These results suggest that the decay found in this study (p-value
~ 0.7) could be the effect of stacking swarm-type seismic se-
quences triggered predominantly at geothermal/volcanic areas in
Kyushu. Some further support for this interpretation comes from the
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Figure 7. Cumulative number and magnitude distribution of events versus time, for the areas indicated in Fig. 5. The vertical red line in each plot represents
the occurrence time of Tohoku-oki earthquake, while the following two vertical red dashed lines represent 2 and 7 d from the main shock, respectively.

observed trade-off between the p-value and c-value of the Modified
Omori law. By fixing the p-value above 0.7 and inverting only for
the c-value and K-value, we have observed a tendency of estimated
c-values to increase. For example, a fixed p-value = 1.0, results in a
c-value = 0.04 d, which is one order larger than the previously de-
termined c-value (Fig. 6). We hypothesize that the slightly different
timing and decay characteristics of seismicity activation in various
areas may result in either a relatively small overall p-value or large
c-value. Thus, the temporal characteristics of an individual earth-
quake cluster might be different than the collective behaviour doc-
umented above; however, unfortunately, the number of dynamically
activated events is too less for some quantitative local (one-cluster)
analysis. Since the 2016 M7.3 Kumamoto earthquake triggered dy-
namically a relatively large event (£5.9) at Yufuin-Beppu geother-
mal area (Kyushu), which was followed by many other local earth-
quakes (likely aftershocks of the 5.9 event), we will compare in
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Section 4.2 the decay rate of aftershocks following the M5.9 event
with that of aftershocks around the M7.3 main shock fault area
(non-volcanic region).

4.2 Relatively short durations and fast decay of
aftershocks at volcanic regions in Kyushu, after
the 2016 M7.3 Kumamoto earthquake

We have documented in the previous section a stronger activation
of seismicity following the 2011 Tohoku-oki earthquake at some
volcanic areas in Kyushu compared to other regions. Two of the
triggered areas are situated in the region labelled ‘Oita’. At a closer
look, one can distinguish two main subareas of activation: the one
close to Aso volcano and the other one to the northeast, in the
Yufuin-Beppu region. These areas have been seismically activated
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“Yufuin-Beppu’ regions (M > 1.5).

during the 2016 M7.3 Kumamoto earthquake sequence as well (e.g.
Uchide et al. 2016; Yagi et al. 2016). It is important to remark
that Miyazawa (2016), Uchide ef al. (2016) and Yoshida (2016)
demonstrated the dynamic triggering initiation (by main shock body
or surface waves) of seismicity at the Yufuin-Beppu region, where
a M5.9 occurred at very short times after the main shock.

The aftershock area following the 2016 M7.3 Kumamoto earth-
quake can be divided into three subareas, as shown in Fig. 8(a).
The ‘Main’ area, where the fault rupture is located, the ‘Aso’ area,
which is at the northeast end of the fault and close to Aso volcano,
and finally the Yufuin-Beppu geothermal area.

Fig. 8(b) shows the decay of aftershocks in the three areas men-
tioned above, for earthquakes above the completeness magnitude
(M, = 2.5). We observe that the p-values at Aso volcano and
Yufuin-Beppu geothermal region are unusually high: 1.27 £ 0.03
and 1.51 £ 0.08, respectively; the aftershock decay in the ‘Main’
area is characterized by a p-value of 1.03 £ 0.02, which is ‘nor-
mal’ for an aftershock sequence. We have obtained similar results
for a threshold magnitude of 3.0, thus we conclude that the re-
sults are robust against parameter variations. Note also that in a
detailed study of Zhuang et al. (2017), regarding the level of mag-
nitude completeness after the 2016 Kumamoto earthquake, it was

found that p-values are less sensitive to completeness issues and the
parameter is robust against changes in the threshold magnitude. The
relatively short period of activation and fast decay of aftershocks at
the Yufuin-Beppu region can be qualitatively confirmed also by the
magnitude versus time plots in Fig. 8(c).

How can we explain the fast seismicity decay for “Yufuin-Beppu’
and ‘Aso’ areas? As discussed by Klein ef al. (2006), large decay
rates (p-values > 1.2) of aftershocks are generally found near ac-
tive volcanic centres and may associate with higher temperatures
near shallow magma reservoirs and faster stress relaxation follow-
ing main shocks. In addition, the occurrence of a relatively large
aftershock (M5.9) at the “Yufuin-Beppu’ region may have released
almost completely the accumulated tectonic stresses (i.e. an almost
complete stress drop), thus explaining the quick attenuation of seis-
micity and weak seismic activity after more than one month from
the main shock (Fig. 8c).

We finally attempt to integrate our observations on the decay of
dynamically activated seismicity. The remote earthquakes activated
preponderantly at geothermal and volcanic areas in Kyushu follow-
ing the 2011 Tohoku-oki earthquake had swarm-like characteris-
tics, with an overall temporal decay of seismicity rates that follows
the Modified Omori law. The estimated small p-value discussed in
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Section 4.1 is likely an effect of stacking sequences with different
temporal characteristics (including different seismicity rate decays).
Note that there are some well documented cases that report fast
aftershock decays following larger earthquakes that occur within a
swarm sequence (Utsu et al. 1995). The vigorous seismicity that fol-
lowed the 2016 Kumamoto earthquake displayed clear contrasting
aftershock decays: ‘normal’ p-values around the main shock rupture
and large p-values at volcanic/geothermal sites. The aftershocks in
the Yufuin-Beppu region, following a dynamically triggered rela-
tively large event (M5.9), had the fastest decay. We hypothesize that
while large surface waves from the Kumamoto earthquake could
dynamically trigger the M5.9 event (e.g. Miyazawa 2016), the local
conditions (temperature and possibly stress) resulted in a fast decay
and abrupt termination of aftershocks in the area.

5 CONCLUSIONS

We have documented the dynamic triggering as well as the temporal
extent and decay characteristics of seismicity activation at remote
locations in SW Japan, following the 2011 M9.0 Tohoku-oki earth-
quake. The first events in each of the triggered areas occur during the
passage of large Love and Rayleigh waves from the main shock. We
have observed that the amplitudes of surface wave displacements on
transverse components are significantly larger than those on vertical
or radial components and hypothesized that the Love waves played
a significant role in initiating remotely the seismicity activation in
SW Japan, after the megathrust event. We have also noticed that the
surface waves responsible for the dynamic triggering after the 2011
Tohoku-oki earthquake are characterized by relatively long periods
(2050 s) compared to those (1025 s) usually reported as most
efficient at remotely triggering earthquakes. The large shaking (i.e.
dynamic stresses) associated with these longer period surface waves
was likely the dominant factor responsible for event-triggering. The
potential of both Love and Rayleigh wave triggering at or close to
two volcanic areas in Kyushu is confirmed by the detection of local
events that occurred during the passage of surface waves from the
2008 M7.9 Wenchuan earthquake. Our results imply that sharing
motion, induced by the passage of Love waves from the remote
large earthquake on well-lubricated local faults, may have facili-
tated and started failure in these areas; the subsequent passage of
Rayleigh waves triggered also local earthquakes.

The analysis of a combined catalogue of events—either detected
in this study on high-pass filtered continuous waveforms, for the
early times after the 2011 Tohoku-oki earthquake, or recorded by the
JMA—showed that the stacked seismicity for all activated areas had
aclear, albeit weak increase immediately after the megathrust earth-
quake and continued after the passage of seismic waves, for a period
of about one week or less. The decay of activated-earthquake rates
towards the pre-main shock levels follows the Modified Omori law
and is relatively slow, with p-values of about 0.7, possibly indicat-
ing the stacking of swarm-like triggered sequences. The increased
rates of seismicity after the passage of seismic waves are most evi-
dent in three volcanic/geothermal regions in Kyushu: Oita (includes
seismicity near Aso volcano and at the Yufuin-Beppu geother-
mal region), Nagasaki and Kagoshima (at the Ibusuki volcanic
field).

Finally, the aftershock analysis around Aso volcano and at the
Yufuin-Beppu geothermal region, following the M7.3 Kumamoto
earthquake, revealed a fast decay of aftershock rates (p-value > 1.2),
which suggests quick stress relaxation nearby high-temperature,
shallow magmatic reservoirs. Since dynamically triggered events

are usually observed at geothermal/volcanic sites, future studies
should assess whether the fast decay reported in this paper is a
general characteristic. In cases where swarm-like seismicity acti-
vation is observed, it will be of interest to analyse the decay of
aftershocks following larger events within the swarm. The contin-
uous improvement of seismic network detection capabilities may
allow an accurate characterization of such temporal features, thus
contributing to a better earthquake hazard assessment.
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