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Abstract

the past low swarm activity.

During the passage of the seismic waves from the M7.3 Kumamoto, Kyushu, earthquake on April 16,2016, a M5.7
[semiofficial value estimated by the Japan Meteorological Agency (JMA)] event occurred in the central part of Oita
prefecture, approximately 80 km far away from the mainshock. Although there have been a number of reports that

M < 5 earthquakes were remotely triggered during the passage of seismic waves from mainshocks, there has been

no evidence for M > 5 triggered events. In this paper, we firstly confirm that this event is a M6-class event by re-
estimating the magnitude using the strong-motion records of K-NET and KiK-net, and crustal deformation data at the
Yufuin station observed by the Geospatial Information Authority of Japan. Next, by investigating the aftershocks of

45 mainshocks which occurred over the past 20 years based on the JMA earthquake catalog (JMAEC), we found that
the delay time of the 2016 M5.7 event in Oita was the shortest. Therefore, the M5.7 event could be regarded as an
exceptional M > 5 event that was triggered by passing seismic waves, unlike the usual triggered events and after-
shocks. Moreover, a search of the JMAEC shows that in the 2016 Oita aftershock area, swarm earthquake activity was
low over the past 30 years compared with neighboring areas. We also found that in the past, probably or possibly trig-
gered events frequently occurred in the 2016 Oita aftershock area. The Oita area readily responds to remote triggering
because of high geothermal activity and young volcanism in the area. The M5.7 Oita event was triggered by passing
seismic waves, probably because large dynamic stress change was generated by the mainshock at a short distance
and because the Oita area was already loaded to a critical stress state without a recent energy release as suggested by

Keywords: Dynamic earthquake triggering, Aftershocks in Oita, The 2016 Kumamoto earthquake

Introduction

The M7.3 Kumamoto, Kyushu, Japan, earthquake at 01:25
on April 16, 2016, was accompanied by many aftershocks
in Kumamoto and Oita prefectures (Fig. 1). Approxi-
mately 30 s after the M7.3 mainshock which occurred in
the Kumamoto area, a moderate event occurred in the
Oita area during the passage of S waves from the M7.3
event. The Japan Meteorological Agency (JMA) esti-
mated the magnitude of this event to be 5.7, which is
used as a semiofficial value because the seismic waves
from the M7.3 event overlapped waves from the M5.7
event. Although the M5.7 event can be called an after-
shock because of the relatively short distance from the
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and indicate if changes were made.

mainshock, this event has both the aspects of an after-
shock and a dynamically triggered event since the Kum-
amoto aftershock area and the Oita aftershock area lie
along different fault zones between which there is a seis-
mic gap where almost no aftershocks occurred (Fig. 1d).
The epicentral distance between the mainshock and the
MS5.7 event is approximately 80 km.

Hill et al. (1993) studied seismicity remotely triggered
by the 1992 M7.3 Landers earthquake. They found that
triggered activities in two areas with at distances of 415
and 740 km from the mainshock began during the pas-
sage of surface waves from the M7.3 event. The maxi-
mum magnitudes were 3.4 and 1.6, respectively, in the
two areas. The largest earthquake triggered by the M7.3
event was a M5.6 event in southern Nevada occurring
22 h after the mainshock at distance of 240 km, which
was preceded by smaller 19 events which started 91 min
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Fig. 1 a Epicenters of M > 3 aftershocks in the Oita area from April 16 to May 31, 2016, listed in the JMA earthquake catalog. The green diamond
denotes the epicenters of the M5.7 event (semiofficial value by JMA) relocated in this study, which occurred immediately after the mainshock.
The arrow indicates the hypocenter location of the M5.7 event determined by JMA. The red squares denote the K-NET and KiK-net stations used in
this study. Assumed normal faults with a dip of 70° for calculating surface displacements are also shown. For M5.7 models (solid line), L = 11.2 km,
W = 5.1 km, and slip = 35.5 cm. For M6.0 models (dotted line), L = 16 km, W = 8 km, slip = 50 cm. b Depth section of hypocenters and assumed M
5.7 faults. The top and bottom depths are 5.4 and 10.6 km (red), 3.4 and 8.6 km (orange), and 1.4 and 6.6 km (green). € Assumed M6.0 faults with top
and bottom depths of 6.2 and 13.8 km (red), 4.2 and 11.8 km (orange), and 2.2 and 9.8 km (green). d Epicenters of M > 2 events from April 14 to May
31.The blue circle shows the M7.3 mainshock of April 16. The box denotes the area shown in a

after the mainshock. Yukutake et al. (2013) detected
five earthquakes of M < 4.2 below the Hakone volcano
during the passage of the surface waves from the 2011
M9.0 Tohoku-oki earthquake, whereas the largest event
of M4.8 occurred 22 min after. These studies imply that
events triggered during surface waves have relatively
small magnitudes (M < 5), whereas moderate events
(M ~ 5) occur several tens of minutes after the main-
shock at the earliest. Parsons and Velasco (2011) found
that there had been no significant increases in 5 < M < 7
earthquake activity during the passage of surface waves
from 205 M > 7 mainshocks during the past 30 years.

The earliest onset of triggered M > 5 events begins ~200 s
after the surface waves have passed, but most are delayed
by hours. They considered that nucleation process for
larger earthquakes requires a longer time.

If the semiofficial value of M5.7 is not an overestima-
tion, the event in the Oita area can be considered to be
an exceptional M > 5 event that was triggered by pass-
ing seismic waves from the mainshock. In this paper, we
firstly confirm whether M5.7 was an overestimation by
using strong-ground-motion records and crustal defor-
mation data. Next, using the JMA earthquake catalog
(JMAEC), we investigate the delay times of aftershocks
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of 45 earthquakes which occurred in and around Japan
to compare the delay time of the M5.7 event. Finally, we
study swarm earthquake activities and the other trig-
gered events in the Oita area.

Estimation of magnitude

As shown in Fig. 2, the acceleration records from the
MS5.7 event have much larger amplitudes than those from
the mainshock, at the observation stations denoted in
Fig. 1 of K-NET and KiK-net of the National Research
Institute for Earth Science and Disaster Prevention
(NIED). Integrating the acceleration records, we obtained
the velocity data. The velocity waves from the A5.7 Oita
event overlap the S coda waves from the M7.3 Kuma-
moto mainshock as shown in Fig. 2 (middle column).
Applying a 1.5-Hz high-pass filter to the velocity records,
we eliminated the overlapped mainshock coda waves,
as shown in Fig. 2 (right hand). By reading the arrival
times of the P and S waves, and the maximum ampli-
tudes of the high-passed velocity, we located the event
and estimated the magnitude. The located hypocenter
was 33.28°N, 131.33°E, depth = 7.4 km, which is plotted
in Fig. 1 as well as the epicenters of M > 3 aftershocks
in the Oita area from April 16 to May 31, 2016, listed in
the JMAEC. The location of this event determined by the
JMA is 33.27°N, 131.35°E, depth = 11.8 km. Based on a
formula proposed by Watanabe (1971), we estimated the
magnitude to be 6.0 using the maximum velocities at the
five stations.

Next, we examine the magnitude on the basis of crustal
deformation. Figure 3 shows the vertical displacements
during the M7.3 event observed by the Geospatial Infor-
mation Authority of Japan (GSI) (http://www.gsi.go.jp/
chibankansi/chikakukansi_kumamoto20160414.html). In
the stations surrounding the Yufuin station, the vertical
displacements are approximately zero, whereas a 5 cm
subsidence is observed at the Yufuin station which is con-
sidered to be attributed to the M5.7 Oita event. The after-
shocks in the Oita area are distributed along the Yufuin
fault, as shown in Fig. 1. An active fault map (National
Institute of Advanced Industrial Science and Technology
2016) shows that the Yufuin fault is a high-angle normal
fault dipping northward. We calculated the vertical dis-
placements using program code DC3D (NIED site, http://
www.bosai.go.jp/study/application/dc3d/DC3Dhtml_E.
html) based on the formulation by Okada (1992) due to
normal faults with a dip of 70° assuming fault lengths
(L in km), widths (W in km), and slips (D in cm) corre-
sponding to M = 5.7 and 6.0 for various depths based
on the following relations (Utsu et al. 1987): log L = 0.5
M —18,log D =05M — 1.3, L/W = 2. The assumed
faults are shown in Fig. 1 with a caption denoting the top
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(d,) and bottom (d,) depths, L, W, and slip of the fault
models.

Assuming M = 5.7, the shallowest fault model over the
depths from 1.4 to 6.6 km can account for a vertical dis-
placement of approximately 5 cm, although the depth of
the M5.7 event was estimated by the JMA to be 11.8 km.
A fault model of M6.0 can provide the observed displace-
ments, and the depth (7.4 km) of this event estimated by
this study falls within the range of the assumed fault.

Horizontal displacements observed by the GSI
(http://www.gsi.go.jp/chibankansi/chikakukansi_kuma-
mot020160414.html) show a 4 cm right-lateral displace-
ment along the Yufuin fault at Yufuin station. Since the
observation stations surrounding the Yufuin station
show some displacements, the displacement at Yufuin
is affected also by the M7.3 mainshock. Figure 4 shows
a right-lateral displacement of 1.5 cm for the shallow
M6.0 fault model, which is consistent with the observa-
tion. When we assumed a normal fault with a strike-slip
component, the horizontal displacement increased. Since
the CMT solution (http://www.data.jma.go.jp/svd/eqev/
data/bulletin/cmt.html) estimated by the JMA of the
MS5.4 event which occurred near the M5.7 event at 07:11
on April 16 denotes a normal fault with a right-lateral slip
component (dip = 68, strike = 243, rake = —148), the
M5.7 event possibly has a strike-slip component. How-
ever, we cannot quantitatively constrain the strike-slip
component from the data because we cannot separate
the contributions from the M7.3 and M5.7 events.

From the estimations using strong-motion records and
crustal deformation data, we can conclude that M5.7 is not
overestimated. Since M > 5 events are not usually triggered
by passing seismic waves from respective mainshocks as
described in “Introduction,” this event in the Oita area can
be considered to be an exceptional M > 5 event. Because
the event occurred during the passage of seismic waves, it
is suggested that dynamic stress change played an impor-
tant role. Miyazawa (2016) estimated the Coulomb failure
stress change due to the passing waves of the M7.3 main-
shock to be approximately 0.5 MPa that is an order of
magnitude larger than the estimated static stress change.

Delay times of aftershocks

In addition to the remote triggering reported by previ-
ous studies, in this subsection we focus on aftershocks to
understand whether M > 5 events can occur immediately
after mainshocks, or during the passage of seismic waves
from mainshocks including nearby cases. To address the
problem, we investigate the delay times of aftershocks
based on JMAEC using the search program TSEIS. Delay
time here means the interval between a mainshock and
an aftershock.
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Fig. 2 Vertical component of acceleration (left), unfiltered velocity (middle), and 1.5-Hz high-pass filtered velocity (right) at five K-NET and KiK-net

stations
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Fig. 3 Vertical displacements observed by the GSI. Inset shows a displacement of 5 cm subsidence at the Yufuin GPS station and its surrounding
stations

Table 1 shows 45 earthquakes in and around Japan
from 1995 to 2016 which were treated as mainshocks
and whose data were analyzed in this study. M > 6 inland
earthquakes, M > 7 offshore earthquakes, and some other
events were chosen. Figure 5a shows the relation between
the magnitudes and the delay times for the largest after-
shock that occurred during the first month after each
mainshock. The colors of the symbols denote the magni-
tudes of the mainshocks. When the M7.3 off Tohoku event
on March 9, 2011, and the M6.5 Kumamoto event on April
14, 2016, were regarded as mainshocks, aftershocks were
searched for during the first 2 days because each event was
followed by a larger event (next mainshock) 2 days later.
The shortest delay time was 0.12 h (7.2 min) for a M4.9
event after the 1997 M6.2 northwestern part of Kagoshima
prefecture earthquake. Utsu (1961) studied the delay
times of the largest aftershocks of 352 mainshocks which
occurred from 1926 to 1959. He found that the shortest
delay time was 2 min for the event of M6.7 after the M7.0
Oga peninsula earthquake of May 1, 1939.

Figure 5b shows the delay times for the earliest M > 5
aftershocks. The M5.7 Oita event after the 2016 Kuma-
moto earthquake shows the shortest delay time of 33 s
(0.009 h). The second-shortest delay time is 1 min 36 s
provided by the M5.7 event after the M7.0 Fukush-
ima prefecture earthquake of April 11, 2011. As swarm
earthquakes were triggered immediately after the 2011
Tohoku-oki earthquake in this area before the M7.0
mainshock, the sequence in the Fukushima area is not
a typical mainshock—aftershock sequence. Nucleation

process of the M5.7 event may have started before the
M7.0 mainshock. The delay times of the earliest M > 4
aftershock and those of the earliest aftershocks of all
magnitudes are shown in Fig. 5¢, d. If a matched-filter
technique (Shelly et al. 2007) is used, more events can
be detected prior to the first event listed in the JMAEC.
As far as the author knows, however, delay times shorter
than that of the M5.7 Oita event have not been reported
for M > 5 aftershocks. The largest aftershock of the 2016
Kumamoto earthquake was a M5.9 event. If we adopt
M6.0 as the magnitude of the Oita event, as estimated
in this paper, this event is plotted as the earliest event of
the largest aftershock in Fig. 5a. The M5.7 Oita event is
located far away from the mainshock compared with the
other events of M < 8 as shown in Fig. 5e.

Including remotely triggered events and aftershocks,
no M > 5 events have been known to occur immediately
following mainshocks, or during the passage of seismic
waves from respective mainshocks except in the case of
the M5.7 Oita event. This M5.7 event may be an excep-
tional event triggered under particular conditions which
we have not fully understood.

Low earthquake swarm activities prior to the 2016
Kumamoto earthquake

The red circles in Fig. 6b show the epicenters of M > 3
earthquakes in the Oita area from 1983 to April 15, 2016,
and Fig. 6¢ shows the cumulative number of earthquakes
in the same period and area. Seismic swarm activities
can be seen to have frequently occurred, each of which
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Fig. 4 Calculated displacements for various fault models of M5.7 (left) and M6.0 (right). x, y, and z components are denoted from top to bottom. The
arrows indicate the Yufuin GPS station

consisted of 100 to more than 1000 events. As the seismic
swarms usually include M > 3 events, the areas shown
in Fig. 6b, where M > 3 earthquakes occurred, are coin-
cident with areas of swarm activities. The blue circles in
Fig. 6b show M > 3 aftershocks from April 16 to May
31, 2016, for the 2016 Kumamoto earthquake, which are
located along the Yufuin fault zone (the Yufuin fault and
the extension section). It should be noted that the areas
in which the M > 3 events occurred from 1982 up to the
2016 Kumamoto earthquake and the Yufuin fault zone
where the 2016 aftershock occurred do not overlap each
other. In other words, the 2016 aftershocks seem to have
occurred in an area where there was low swarm activity
for more than 30 years before the Kumamoto earthquake,

although Fig. 6a shows that the distribution of M > 2
earthquakes from 1983 to April 15, 2016 (red), and the
distribution of M > 2 aftershocks (blue) overlap in part.
After the 2011 M9.0 Tohoku-oki earthquake, inland
events were triggered in many areas where seismic
activities were relatively low before the M9.0 event
(e.g., Hashimoto 2011). These events are considered to
have occurred as a result of a change in the static stress
field. The aftershocks following the M5.7 Oita event in
the Yufuin fault zone were probably caused by the com-
bined effects of static stress change and delayed dynam-
ically triggering due to both the M7.3 Kumamoto event
and the AM5.7 Oita event. The low swarm activity might
have prohibited the Yufuin fault zone from large energy
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Table 1 Earthquakes for which aftershock delay times are examined

Date Location Mainshock The largest aftershock The earliest M > 4 aftershock
The earliest M > 5 aftershock The earliest aftershock
M M Delay (h) Distance (km) M Delay (h) Distance (km)
07-01-1995 Off lwate pref. 7.2 6.2 3.975 11.7 4.0 0127 39
6.2 3975 1.7 4.0 0.127 39
17-01-1995 Kobe 7.3 54 1.862 428 44 0.040 4.7
52 0.059 10.8 44 0.040 4.7
04-12-1995 SE off Etorofu 73 6.7 0.224 529 6.1 0.158 369
6.1 0.158 369 6.1 0.158 369
26-03-1997 NW Kagoshima pref. 6.6 49 0.121 17 49 0.121 1.7
3.1 0.057 1.7
13-05-1997 Satsuma, Kyusyu 6.4 5.1 17.894 4.2 5.1 17.894 4.2
5.1 17.894 42 2.8 0.131 85
25-06-1997 N Yamaguchi pref. 6.6 43 6.743 04 40 0.136 34
27 0.068 6.8
04-05-1998 SE off Ishigaki 77 53 87.640 350 44 0456 39.8
53 87.640 350 44 0.456 39.8
03-09-1998 N Iwate pref. 6.2 43 0.201 54 43 0.201 54
19 0.144 22
28-01-2000 SE off Nemuro Peninsula 7.0 49 232228 59.6 42 0.106 54
3.7 0.088 58
21-07-2000 Off Ibaraki pref. 6.4 4.1 3.836 16 4.1 3.836 16
26 0.103 35
06-10-2000 W Totori pref. 7.3 56 47.794 235 4.1 0.058 84
56 47.794 235 39 0.045 6.1
24-03-2001 Geiyo 6.7 52 38.216 22 40 0337 13.6
52 38.216 22 26 0.082 10.8
18-12-2001 Near Yonagunijima 7.3 57 236.645 14.3 44 0.124 13
5.0 0.734 10.6 44 0.124 113
26-03-2002 Near Ishigakijima 7.0 53 3.100 227 53 3.100 227
53 3.100 22.7 2.5 0.797 256
26-05-2003 Off Miyagi pref. 7.1 49 357.992 12.3 4.1 0.070 29
4.1 0.070 29
26-07-2003 N Miyagi pref. 6.4 55 9.720 10.7 4.0 0.025 42
5.1 3.148 5.7 4.0 0.025 4.2
26-09-2003 Off Tokachi 8.0 7.1 1.298 33.1 43 0.162 120.5
5.1 0.255 299 43 0.162 120.5
05-09-2004 SE off Kii Peninsula 74 6.5 32472 16.7 4.7 0.072 216
59 5562 220 4.7 0.072 216
23-10-2004 Chuetsu 6.8 6.5 0.635 5.8 53 0.060 25
53 0.060 2.5 53 0.060 25
29-11-2004 Off Kushiro 7.1 6.9 187.716 12.2 6.0 0.074 7.6
6.0 0.074 76 37 0.071 6.5
20-03-2005 W off Fukushima pref. 7.0 58 739.296 124 46 0.037 6.9
54 53.031 1.5 46 0.037 6.9
23-07-2005 NW Chiba pref. 6.0 4.7 344.508 33 46 0.041 29
46 0.041 29 4.6 0.041 29
16-08-2005 Off Miyagi pref. 7.2 4.7 640.702 8.2 46 0.094 11.6
46 0.094 116 3.1 0.087 30.2

15-11-2005 Off Sanriku 7.2 4.8 242.824 199 4.5 0.091 32.1
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Table 1 continued

Date Location Mainshock The largest aftershock The earliest M > 4 aftershock
The earliest M > 5 aftershock The earliest aftershock
M M Delay (h) Distance (km) M Delay (h) Distance (km)
4.5 0.091 321
25-03-2007 Off Noto Peninsula 6.9 53 8.496 16.5 5.1 0.021 5.1
5.1 0.021 5.1 5.1 0.021 5.1
16-07-2007 Off Chuetsu 6.8 58 5.405 6.6 46 0.048 35
58 5.405 6.6 46 0.048 35
08-05-2008 Off Ibaraki pref. 7.0 58 30.597 333 46 0.094 53
54 0.761 194 46 0.094 53
14-06-2008 Iwate-Miyagi 7.2 57 0.607 24.0 4.5 0.047 85
57 0.607 24.0 4.5 0.047 85
24-07-2008 C lwate pref. 6.8 48 11.026 15.8 48 11.026 15.8
27 0.234 29
11-09-2008 Off Tokachi 7.1 5.7 0.199 58 57 0.199 58
5.7 0.199 58 57 0.199 5.8
11-08-2009 Suruga Bay 6.5 4.5 61.066 10.1 4.0 1.102 14.1
3.1 0.081 37
27-02-2010 Near Okinawa-honto 7.2 54 15.807 04 4.0 0.242 12.1
5.1 4.288 4.1 3.1 0.151 1.1
22-12-2010 Near Chichijima 7.8 6.6 28.502 274 4.7 0.165 634
54 0.364 57.2 4.7 0.165 634
09-03-2011 Off Tohoku 7.3 6.8 18.646 269 46 0.148 27.0
6.2 0.199 10.30 4.6 0.148 27.0
11-03-2011 Off Tohoku 9.0 7.6 0.488 2624 6.8 0.084 103.8
6.8 0.084 103.8 6.8 0.084 103.8
12-03-2011 N Nagano pref. 6.7 59 0.544 4.7 4.1 0.073 7.3
59 0.544 4.7 3.6 0.033 7.6
15-03-2011 E Shizuoka pref. 6.4 4.2 0.140 4.8 4.1 0.060 42
32 0.035 3.0
07-04-2011 Off Miyagi pref. 72 54 43.160 104 45 0.066 19.1
54 43.160 104 4.5 0.066 19.1
11-04-2011 Fukushima Hamadori 7.0 6.4 20.858 12.1 4.8 0.019 104
57 0.027 7.1 48 0.019 104
07-12-2012 Off Sanriku 7.3 6.6 0211 1.1 4.1 0.183 30.2
6.6 0211 11.14 33 0.170 325
13-04-2013 Near Awajishima 6.3 39 0137 2.0
22 0.046 25
22-11-2014 N Nagano pref. 6.7 4.5 0492 9.8 4.5 0492 9.8
34 0.034 5.0
14-11-2015 W off Satsuma Peninsula 7.1 59 22480 44.6 52 0431 9.8
52 0431 9.8 35 0.157 37.2
14-04-2016 Kumamoto 6.5 6.4 2.620 54 58 0.684 54
58 0.684 54 4.1 0.027 9.2
16-04-2016 Kumamoto 7.3 59 0.347 17.5 57 0.009 79.8
5.7 0.009 79.8 5.7 0.009 79.8

The magnitudes, the delay times, and the distances from each mainshock are listed for the largest aftershock, the earliest M > 5 aftershocks, the earliest M > 4
aftershocks, and the first aftershocks of all magnitudes. If the magnitude of the largest aftershock is <5, no data are filled for the earliest M > 5 aftershocks
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release, although M > 2 events frequently occurred
before the Kumamoto event. In order to understand
why the passing waves triggered the M5.7 event in a
relatively inactive area, further investigation is needed.

Other possibly triggered events in the Yufuin fault
zone

Miyazawa (2011) showed that many events were triggered
during the passage of surface waves propagating over
Japan in a southwestern direction from the 2011 M9.0
Tohoku-oki earthquake. Kiyomoto et al. (2014) obtained
the earthquake distribution dynamically triggered during
and immediately after the passage of the surface waves
from the M9.0 event. Figure 4 in their paper shows that
area of the triggered events in Oita is almost the same as
the Yufuin fault zone. Green circles in Fig. 7 show M > 0
earthquakes that occurred in the Yufuin fault zone during
the first week after the 2011 Tohoku-oki event listed in
the JMAEC, which does not include the events detected
by Kiyomoto et al. (2014). The cluster events that began
2 days after the M9.0 event are possibly triggered events.
It is known that some swarm activities start as a result

of delayed dynamic triggering and other swam activi-
ties start from a dynamically triggered event by passing
waves and persist for certain period (e.g., Hill et al. 1993).
As there was an interval of 2 days between the two clus-
ter activities in the Oita case, the events shown in Fig. 7
could be classified as delayed triggered events, although
such classification is not essential.

Figure 7 also shows that earthquake distribution (red)
during the first week after the March 20, 2005, west
off Fukuoka prefecture earthquake (M7.0) is concen-
trated within a small area (131.37°E < long. < 131.4°E,
33.23°N < lat. < 33.26°N) where the aftershock cluster of
the 2016 Kumamoto earthquake is also concentrated. In
the small confined area, 30 events occurred from 1983 to
April 15, 2016, half of which occurred during the 3 days
following the Fukuoka earthquake, and the other 15
events occurred sporadically over 30 years. This strongly
suggests that the 15 events in 2005 were triggered by the
Fukuoka earthquake. The 2016 aftershock distribution
area along the Yufuin fault zone seems to be sensitive to
dynamical triggering, whereas swarm activity was very
low.
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Next, we examine the events that occurred during
the earlier period, from 1923 to 1982. The M4.1 event
of April 22, 1975, shown in Fig. 7, is considered to be
an aftershock or a triggered event due to the 6.4 cen-
tral Oita earthquake of April 21, 1975. The other after-
shocks of the M6.4 mainshock are distributed in the
south of this area in the direction of WNW-ESE (Fig. 8),
which is probably along the fault of the mainshock (e.g.,
Yamashina and Murai 1975). As the M4.1 event does not
lie on this fault, this event was possibly triggered by the
M6.4 mainshock, unlike typical usual aftershocks.

The M3.6 event at 15:35 and the M4.0 event at 19:54 on
November 19, 1941, in Fig. 7 were probably triggered by
the M7.2 Hyuganada, east off Kyusyu, earthquake at 01:46
of the same day. Figure 8 shows the epicenter of the M7.2
Hyuganada event and M > 3 events which occurred during
the first week after the mainshock. In Hyuganada, other 4
M > 7 events have occurred since 1923 that did not trigger
events in the Oita area. Although the earthquake activity
in 1941 can be explained by non-causal coincidence, we
cannot rule out the possibility that the 1941 M 7.2 Hyu-
ganada event triggered the two events which occurred on
the same day in the Yufuin fault zone. Except the possibly
triggered event, almost no M > 3 events occurred in the
Yufuin fault zone from 1923 to 1982.

Discussion and summary

In the Yufuin fault zone, a M5.7 event was triggered dur-
ing the passage of seismic waves from the 2016 Kuma-
moto earthquake. We confirmed that this event was a
M6-class event by re-estimating the magnitude using the
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Fig. 8 Epicenters of the 1975 M6.4 central Oita earthquake (red), the
1941 M7.2 Hyuganada earthquake (blue), and M > 3 events which
occurred during the first week following the mainshocks
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strong-motion records of K-NET and KiK-net, and crus-
tal deformation data at the Yufuin station observed by
the GSI. Previous studies have not reported that a M > 5
event has ever been remotely triggered by passing seis-
mic waves. We found that the delay time of the M5.7 Oita
event is the shortest among the M > 5 aftershocks result-
ing from 45 mainshocks that recently occurred in and
around Japan. Including remotely triggered events and
aftershocks, no M > 5 events have been known to occur
immediately after a mainshock, or during the passage of
seismic waves from a mainshock except in the case of the
M5.7 Oita event. The M5.7 event could be regarded as an
exceptional event.

In the 90 years prior to the 2016 Kumamoto earth-
quake, in the Yufuin fault zone no M > 3 earthquakes
occurred, except for the possibly triggered events. This
suggests that earthquake activity in this zone is rela-
tively low during this period. On the other hand, the
zone appears to respond readily to remote triggering by
large earthquakes. Some events were triggered during
the passage of the surface waves from the 2011 Tohoku-
oki earthquake. We found by searching the JMAEC that
five mainshocks including the 2016 Kumamoto earth-
quake possibly triggered the events in the Yufuin fault
zone. Hill et al. (1993) pointed out that many sites of
remotely triggered activity are closely associated with
areas of geothermal activity or young volcanism. Oita
prefecture is the most geothermally active area in
Japan, and young volcanoes, Yufudake and Tsuru-
midake, exist along the Yufuin fault zone. The Yufuin
zone has both conditions for triggered activity. Hill
et al. (1993) also pointed out that one of the significant
factors for remote triggering is nonlinear interaction
between dynamic stress in seismic waves and crustal
fluids. Parsons (2005) argued that it is possible that
the seismic waves could change some of the frictional
parameters leading to a triggered event. Nagata et al.
(2012) introduced shear stress effect to the rate- and
state-dependent frictional law, suggesting that dynamic
stress change could cause change in the contact state
of a fault surface. Whether events are triggered during
the passage of the seismic waves or delayed triggered
is probably determined by combined effects depending
on respective conditions. Harris and Day (1993) per-
formed numerical simulations of rupture propagation
along parallel strike-slip faults to investigate a jump
over a fault step including the cases taking account
of effects of pore pressure changes. Although their
assumed geometry was different from the fault zones
in Kumamoto and Oita, extended simulations would
be helpful for understanding the cause of dynamic trig-
ger in Oita area, where hydrothermal effects probably
played an important role.
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The M5.7 Oita event was triggered by passing seismic
waves probably because a large dynamic stress change
was generated by the mainshock at a short distance and
because the Yufuin fault zone was already loaded to a
critical stress state without recent large energy release.
The latter is suggested by the low swarm activity in the
Yufuin fault zone before the 2016 Kumamoto earthquake.
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