Remote triggering In Japan before.ara-diter the
2011 M9.0 Tohoku-elk-earthquake: Study cases
and_imusqicdtions for earthquake nucleation

B. Enescu (1), K. Shimojo (1,2), A. Opris (1,2), Y. Yagi (2)

(1) Department of Geophysics, Kyoto University
(2) Faculty of Life and Environmental Sciences, University of
Tsukuba

AR N

University of Tsukuba

National Central University, Taiwan, 2018



Remote triggering of earthquakes as a
possible stress-meter: the case of the 2016
M7.3 Kumamoto (Japan) mainshock

B. Enescu (1), K. Shimojo (1,2), A. Opris (1,2), Y. Yagi (2)

(1) Department of Geophysics, Kyoto University
(2) Faculty of Life and Environmental Sciences, University of
Tsukuba

National Central University, Taiwan, 2018



Reference papers:

Enescu, B., K. Shimojo, A. Opris & Y. Yagi, Remote triggering
of seismicity at Japanese volcanoes following the 2016
M7.3 Kumamoto earthquake, Earth, Planets and Space,
68:165, DOI: 10.1186/s40623-016-0539-5, 2016.

Opris, A., Enescu, B., Yagi, Y., and J. Zhuang, Triggering and
decay characteristics of dynamically activated seismicity in
Southwest Japan Geophys. J. Int., 212, 2, 1010-1021, doi:
10.1093/gji/ggx456, 2018.

National Central University, Taiwan, 2018



May, 2003 |

72 Romania is a seismic

1 |
| 4 K2 Stations - SP
/; <> K2 Stations - BB

2 rmansen | COUNErY, known for its

A CTBT Station

| { intermediate-depth (60 —

¥ Bucovina Ari ray

‘ 200 km) earthquakes.

0 km

\ § ucharest}@od

i _ S~ Y _soo

44°N 3 MPLUS C:ilalngul‘ M“>3 2 '\\ » ""5: “2“"‘\..’\ i
084-2003 L 4 urhlu 0P v
Y o<60km o> 60km ¥ ‘(;r \’.{ c e."\ I
200N R MO O i"‘- TN £ 4 )

20°E 22°E 24°E 26°E 28°E 30°E

The largest earthquakes
(like the 1977 Mw7.4
Vrancea earthquake)
can be very destructive.




Career steps...

Education:

> 199546 H : %, E3LBucharest K= (Romania) #hBkiIRE Epith & - thEk B F
> 2001F128: ¥YEFtEL, EiLBucharestkE KEF ¥ EZFEF

> 2004438  Hx (EZE), REAFE KEiEFHITE

Work:

> 19954 7H —20004%3 A : X8, EIL Ik ¥IEFH AT (Romania) EHITE
> 2004448 —2007%2A Al &, RBRFEHKARAR

> 20073 A —200848H : HFAlthR &, thEkF FHM R 2—(GFZ) (Germany)
> 2008F9R —201257H : HRIIRE, () B KHFHEiM#FZEAT (NIED)

> 201248 —20164F3A : AR, HRAXFHRERFHREMBKGECHFER

> 201648 ~ - HEER REAKRFE XFR BFEMER Btk EFH=E



Main directions of study
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EQ Triggering

Near-field: within a few fault-length distance from the mainshock

® Triggering by static (permanent) stress changes (ACFS or ACFF), due
to co- and post-seismic slip on the mainshock fault; static stress
attenuates relatively fast with distance, as ~D-3;

® Triggering due to excitation of crustal fluids (e.g., a reduction of
normal stresses after a large mainshock and the existence of high
pressure fluids may facilitate fluid migration within the fault zone,
thus triggering EQs).

Far-field: up to thousands of kilometers from a large earthquake

® Triggering by dynamic stresses due to passage of seismic waves; in
general, triggers small earthquakes (e.g., the 2008 M8.0;3JI| Kith =
earthquake triggered small events in Kyushu, Japan); dynamic stress
attenuates slower with Distance, as ~D-3/2, for the surface waves;

® Triggering by fluid movement, excited by the passage of surface
waves.




Evidence of dynamic triggering in Kyushu from the 2008
Mw7.9 Wenchuan earthquake
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Activation of seismicity following the M9.0
Tohoku-oki earthquake:

- off-shore (aftershocks);

- Inland & short-range (Tohoku region);

- remote activation (as far as Kyushu, about
1350 km away from the Tohoku earthquake
hypocenter)



Seismicity Pattern After the 2011 Tohoku-oki EQ (1)
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Decay and expansion of the early
aftershock activity, following the
2011, Mw9.0 Tohoku earthquake

Lengline, Enescu,
Peng & Shiomi, GRL, 2012

Distribution of Hi-net catalog
aftershocks occurred in the first
eight days from the Tohoku-oki
mainshock (red circles), slip
(colored) and afterslip distribution
(Ozawa et al., Nature, 2011)
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Remotely activated in SW of Japan after the 2011 Tohoku-oki earthquake
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Immediate activation of seismicity
after the M9.0 Tohoku-oki earthquake

1. Correlation between the
occurrence of early post-Tohoku-
oki events and the passage of both
Rayleigh and Love waves from
the mainshock.

2. Relatively short temporal extent
(about 10 days)
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Opris et al., 2018



Remotely activated in SW of Japan after the 2011 Tohoku-oki earthquake
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Dynamic stresses during the passage of surface waves from
mainshock (S. Kyushu, ~ 1350 km from Tohoku epicenter)

L.THF

2 —

G — shear modulus (30 GPa)

. LF

2

Vs — phase velocity ( 4.1 kmy/ 5)

7]
=

=1
=
-
4'5\
‘o
L=

]

=

u — peak particle velocity

’ (‘2.1 L':l‘ﬂ/q')

£ LF

: |

- o LF

o4= 154 kPa
(0.15 MPa)

The Coulomb static stress changes (ACFS) are on the order of
0.002 MPa (about 100 times less than the dynamic ones).




Remote activation of seismicity following the
2016 M7.3 Kumamoto earthquake



Research background

(1) Remote activation of seismicity due to the passage of seismic waves
from large earthquakes is well-documented (Hill et al., 1993), BUT

(2) Such distant EQ triggering is scarce in Japan (e.g., Harrington and
Brodsky, 2006), with the exception of the remote EQs activated after
the 2011 M9.0 Tohoku-oki earthquake (e.g., Enescu et al., 2011;
Miyazawa, 2011; Yukutake et al., 2011).

(3) Responsible physical processes are unclear (e.g. Hill & Prejean,2007).



The 2016 Kumamoto earthquakes (EgAR#EIZDLNT) (1)
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The 2016 Kumamoto earthquakes (EgAR#EIZDLNT) (2)




The 2016 Kumamoto earthquakes (EEARMEIZDLVT) (3)

NLMDIMFBOEFLEER < HEOBE-2cm/F

— ELENE e TLEA V& TD DB (05~03EDT)
y :} VERR 0« < FRERESSE
b k) %} ¢ ) L T - _
r - ‘ s ETSu
%i ""H ? — 3 S . »
= & -“'- K
: J KR
-

TTT

4
e
=1 =
%*%

0} 13T

F =D

A EgE

7 Do

% o

- = 1

=
bgﬁ

The earthquakes occurred on the “High Strain Rate Area of Japan”



Method. In order to detect remote triggering following the
2016 M7.3 Kumamoto EQ we have examined the
continuous waveform data at more than 1000 seismic
stations (Hi-net, JMA volcano stations, V-net) all over Japan.

We have also computed dynamic stresses using a relatively
simple approach, based on the peak particle velocity.
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Comparison with the beta-value statistics map

Beta-value quantifies the change of envelope-waveform
amplitudes after the Kumamoto EQ compared to the level

before the mainshock, for 1000s windows.
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Remote triggering in Japan, following the Kumamoto EQ
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Remote triggering in Japan, following the Kumamoto EQ
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Discussion and Interpretation



Velocity peak-amplitudes

These amplitudes are typically equal or above 0.2 cm/s, with the
exception of Hokkaido, where smaller peak amplitudes (of ~0.1 cm/s)
have been recorded.

Harrington and Brodsky (2006): for the case of the 2004 Sumatra
earthquake (peak amplitudes of 0.25 — 0.7 cm/s in Japan), only the
largest amplitudes (~0.7 cm/s) triggered seismicity in Kyushu.

Dvnamic stresses

Several kPa to tens of kPa:
thresholds comparable to others reported worldwide, but unusually
small for Japan (e.g., Van der Elst and Brodsky, 2010).



Seismicity change in the JMA catalogue

Marchll. 2011
2010-2012,0—- 25 km M9.0 Tohoku-oki EQ

Areas activated by
2016 Kumamoto EQ
were also activated in
2011 by Tohoku-oki!
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Discussion and Conclusions

1. The 2016 M7.3 Kumamoto EQ triggered unprecedented
seismicity (M ~ 1.0) in many areas of Japan, as far as Hokkaido, in
particular at volcanoes in Hokkaido, Chubu and Tohoku regions.

p Dymamic stresses in the areas of Brenguier et al., Science, 2014
remote triggering range from a few kPa 5 3
to tens of kPa, at threshold levels
significantly smaller than found before
for Japan.

3. Triggering mechanisms: excitation of
fluids at volcanoes, strong directivity effect.

4. Many volcanic areas in NE Japan may
be more triggerable after the 2011
Tohoku-oki earthquake than before!
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Earthquakes of M > 5.0. occurred in NE Japan, within one month from M9.C
2011 Tohoku-oki earthquake
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Maximum Coulomb stress changes (ACFF) on nodal planes




=D FRAY Triggering

Source fault

Receiver fault

Toda, 2005

ACFF -8 03585 Receiverlifi [E is getting easier to slip ,
ACFF -1E D355 Receiverlifi & is getting difficult to slip.

In general, small earthquakes were observed to be triggered on nearby
receiver faults when the ACFF is larger than 0.01 MPa.



HE DRI Triggering

Coulomb static stress model:

ACFF=At + u’'Ac

ACFF
AT

—  Coulomb®iE I A Z{E (Coulomb Failure Stress Change)
— WD I N @I NDERTZE(E (shear stress change)
— [ IC TH % ALK IN 7] (normal stress change)

— A (T EEE(EL (apparent coefficient of friction)

ACFF -8 D355 Receiverlif & is getting easier to slip ,

ACFF -1

- D355 Receiverltf /& is getting difficult to slip.
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