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Figure 1 The relationship between Wenchuan earthquake sequence and ScS. (a) The Wenchuan mainshock (the green star indicates the hypocenter
and the beach ball indicates the centroid location), the first M6 strong aftershock (red circle) and other aftershocks (black circles). The triangles indicate
the locations of the CD2 and YZP station. (b) Schematic diagram of ScS raypath. (c) M-T diagram of Wenchuan mainshock (green) and early after-
shocks. Red represents the first M6 strong aftershock and blue for ScS arrival time for mainshock
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Figure 2 Broadband waveforms with band pass filtering (0.01-0.02 Hz) for ENH, CD2 and YZP stations. The blue dashed line marks the ScS theo-
retical arrival of M7.8 Wenchuan mainshock, and it is also the time 0 in (a), (b). In (c), (d), (e), and (f), time O corresponds to Beijing time 14:43:14 (the
origin time of the first M6 aftershock)
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Table 1 Earthquake parameters of the first strong aftershock of May
12, 2008 Wenchuan earthquake from different sources
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Figure 3 Comparisons of ScS observations, synthetic waveforms calculated with ray theory and SEM. (a) Comparison of observation (black) and
synthetics by ray theory (red) for the ENH station. U-D, N-S, E-W represent vertical, north-south, and east-west components. (b) Comparison of obser-
vation (black) and synthetics by ray theory (red) for the CD2 station. (¢) Comparison of synthetics by SEM for the CD2 (blue) and the ENH stations
(black). (d) Comparison of synthetics with SEM (black) and ray theory (red) for the CD2 station
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Figure 4 Synthetic waveforms of the mainshock ScS and the first strong aftershock for the CD2 station. From left to right, it is east-west (a),

north-south (b), and vertical (c). The top three waveforms are shown on a uniform scale. They are the mainshock ScS synthetics, the first strong after-
shock waveforms, and the stacked waveforms after filtered. The bottom three waveforms are broadband synthetic waveforms, where ScS is amplified
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Figure 5 Comparisons of observations (black) and synthetic waveforms (red, green). The first row is the filtered waveform of the ENH station, and
the green is the mainshock ScS synthetics. The second and third rows are the filtered and broadband waveforms of CD2, respectively, in which the
green is the mainshock ScS synthetic waveform and the red is the strong aftershock synthetics. For the CD2 station, time O (grey dashed line) corre-
sponds to Beijing time 14:43:14. The blue dashed line marks the mainshock ScS theoretical arrival. For the ENH station, the mainshock ScS theoreti-

cal arrival is marked by time 0
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Figure 6 Stress changes caused by Wenchuan mainshock ScS at depth of 14 km. (a) shows the 7,, component. (b) shows the T,. component. Black,
red, blue, and green represent the low-pass filter periods of 10, 20, 30, and 50 s, respectively. The reference point for the horizontal axis time is the

origin time of the Wenchuan mainshock (14:27:59, Beijing time). The dashed line marks the origin time of the first M6 strong aftershock. The solid

line marks the arrival time of the mainshock ScS
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Figure 7 M-T of earthquake sequence of three large earthquakes around the Tibetan Plateau. (a) 2005 M7.6 Kashmir earthquake; (b) 2015 M7.8 Ne-
pal earthquake; (c) Wenchuan earthquake. The blue thin line indicates the arrival time of the mainshock ScS. The red line represents Wenchuan first M6
strong aftershock

it B AR K B IRIS DMCAn h E 3 E & WA AE P 0.

RPN

1 GulJC, Xie X B, Zhao L. On temporal distribution of large aftershocks of the sequence of a major earthquake and preliminary theoretical
explanation (in Chinese). Chin J Geophys, 1979, 22: 32-46 [4 4k, BI/NE, BXFT. R4 RE M A) 2 A 4 0F SO e R, bk
A, 1979, 22: 32-46]

2 LiXJ,Gao M T, Gao Z W, et al. Magnitude and distance distribution of strong aftershcoks in Sichuan-Yunan region (in Chinese). Acta
Seismol Sin, 2008, 30: 397-404 [E Wef, Wi, ek, . )IEH DR YR 1 FIEE B 43 i R 1E. HhZ 544, 2008, 30
397-404]

3133



A % b B 2018H10FH 635 H30H

10

11

12

13

14

15

16

17

18

19

20

21

22

3134

Zhong Q, Shen W H, Shi B P. Fast calculation of near-fault static stress change and its implications for the hypo-central estimation of
moderate to large aftershocks: A case study of the 2008 Wenchuan Mw7.9 earthquake (in Chinese). Chin J Geophys, 2015, 58:
172-183 [fEk, WSCZE, LAV, LT)Z N ) 28 Al Pk 1153 0 vk KX 5 AR a5 [l 43 A R /R 78 S0 DA Mw7.9 01 e Ry {51, b3k
YIHAEAR, 2015, 58: 172-183]

Peng Z, Vidale J E, Houston H. Anomalous early aftershock decay rate of the 2004 Mw6.0 Parkfield, California, earthquake. Geophys
Res Lett, 2006, 33: 1-5

Helmstetter A, Shaw B E. Relation between stress heterogeneity and aftershock rate in the rate-and-state model. J Geophys Res Solid
Earth, 2007, 111: 1-12

Nur A, Booker J R. Aftershocks caused by pore fluid flow? Science, 1972, 175: 885-887

Stein R S, Lisowski M. The 1979 Homestead Valley earthquake sequence, California: Control of aftershocks and postseismic defor-
mation. J Geophys Res Solid Earth, 1983, 88: 6477-6490

Perfettini H, Schmittbuhl J, Cochard A, et al. Shear and normal load perturbations on a two-dimensional continuous fault: 2. Dynamic
triggering. J Geophys Res Solid Earth, 2003, 108: 2409

Brodsky E E, Prejean S G. New constraints on mechanisms of remotely triggered seismicity at Long Valley Caldera. J Geophys Res Solid
Earth, 2005, 110: 1-14

Benzion Y, Lyakhovsky V. Analysis of aftershocks in a lithospheric model with seismogenic zone governed by damage rheology. Ge-
ophys J Int, 2006, 165: 197-210

Zhao L B, Zhao L F, Xie X B, et al. Static Coulomb stress changes and seismicity rate in the source region of the 2 February, 2014
Mw7.0 Yutian earthquake in Xinjiang, China (in Chinese). Chin J Geophys, 2016, 59: 3732-3743 [ 7%, X4, /N8, % 2014
4E2 12 AR T M Mw7.0 HbR2IE D FR S 2 AR AL R AR R B % MR IR, 2016, 59: 3732-3743]

Zhang Y F, Zhang G H, Shan X J, et al. The coseismic source slip and Coulomb stress triggering of 2015 Nepal Gorkha Mw7.9 and Ko-
dari Mw7.3 earthquake based on InSAR mearsurements (in Chinese). Seismol Geol, 2017, 39: 104116 [5kilIg, 5k FE %7, Hopd, %5
2015 4FJE /R Gorkha Mw7.9 #1158 5 Kodari My7.3 31 5% InSAR $048 5 i B FC R 77 fil % 43 M7, 32 3%, 2017, 39: 104-116]

Shan B, Zheng Y, Liu C L, et al. Coseismic Coulomb failure strss changes caused by the 2017 M7.0 Jiuzhaigou earthquake and its rela-
tionship with the 2008 Wenchuan earthquake. Sci Chin Earth Sci, 2017, 60: 2181-2189 [#ixif, K5, X MAl, %5, 2017 4F M7.0 ZJLFE
TR )2 P 1o 1 78 A S 5 2008 AR TN HBRR I G AR, rhERR2: HUBERERL4, 2017, 60: 1329-1338]

Zheng Y, Ma H S, Lii J, et al. Source mechanism of strong aftershock (Ms=5.6) of the 2008/05/12 Wenchuan earthquake and the impli-
cation for seismotectonics. Sci Chin Ser D-Earth Sci, 2009, 52: 739-753 M5, DAz, B, &5 [ ARTE (Ms =5.6)195% IR
PLEIR RS RS LR, P ERE D3 HuERkBH2#, 2009, 52: 413-426]

Shan B, Xiong X, Zheng Y, et al. Stress changes on major faults caused by Mw7.9 Wenchuan earthquake, May 12, 2008. Sci Chin Ser
D-Earth Sci, 2009, 52: 593-601 [z, AEAE, A58, %¢. 2008 4F 5 H 12 H Mw7.9 301 Hu % 5 3009 B Wi)2 07 78 4k, s EEE D
$: HbERELE, 2009, 52: 537-545]

Wan Y G, Shen Z K, Sheng S Z, et al. The influence of 2008 Wenchuan earthquake on surrounding faults (in Chinese). Acta Seismol Sin,
2009, 31: 128-139 [Ji K%, WIEHE, BATH, 4. 2008 4501 HLRZ X JH B W72 A2 0. HURe 274, 2009, 31: 128-139]

Li L, Adhikari L B, Li G, et al. Charateristics of temporal-spatial distribution of the aftershocks of the 2008 Ms8.0 Wenchuan earthquake
(in Chinese). Chin J Geophys, 2018, 61: 17971805 [Z=H, Adhikari L B, 254K, %5, JLF &M H M5t 01| 8.0 B ARt a8
SIARHEAE. HuER B AE, 2018, 61: 1797-1805]

Parsons T, Ji C, Kirby E. Stress changes from the 2008 Wenchuan earthquake and increased hazard in the Sichuan basin. Nature, 2008,
454:509-510

Shi Y L, Cao J L. Some aspects in static stress change calculation—Case study on Wenchuan earthquake (in Chinese). Chin J Geophys,
2010, 53: 102-110 [AEFE, WHF. FEC R 1 THE K H R h 2 T 8 0 e —— A M2 S ). sk 324, 2010, 53:
102-110]

Shao Z G, Zhou L Q, Jiang C S, et al. The impact of Wenchuan Ms8.0 earthquake on the seismic activity of surrounding faults (in Chi-
nese). Chin J Geophys, 2010, 53: 1784-1795 [BFZ&RI, AR, H KM, 5. 2008 4F50)1 Ms8.0 HuaE ] J& 171 1 J2% b i 16 3h A2 el 3t
BRI H2EAR, 2010, 53: 1784-1795]

Xie Z D, Zhu Y Q, Yu H Y, et al. Pattern of stress change and its effect on seismicity rate caused by Ms8.0 Wenchuan earthquake (in
Chinese). Sci Chin Earth Sci, 2010, 40: 688-698 [fif# Wik, AKICH, T, 5. Ms8.0 PN MIRE = A N 3 728 fb 25 18] 43 At B LT
R BVER . T EBRE HERERE, 2010, 40: 688-698]

Hu X P, Yu C Q, Tao K, et al. Focal mechanism solutions of Wenchuan earthquake and its strong aftershocks obtained from initial P
wave polarity analysis (in Chinese). Chin J Geophys, 2008, 51: 1711-1718 [AZE-, frdfEa, FMF, 5. FIH P 340 3h TRl R & s
7R B AR AR AR R ML A, Bk BELZE4R, 2008, 51: 1711-1718]



23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

Wang Q C, Chen Z L, Zheng S H. Spatial segmentation characteristic of focal mechanism of aftershock sequence of Wenchuan earth-
quake. Chin Sci Bull, 2009, 54: 2263-2270 [EE#%, PhFEsr, M. B KRR T F1 52 EALH i 25 [4r BORRAE. Rl-gid i,
2009, 54: 2348-2354]

Yi G X, Long F, Zhang Z W. Spatial and temporal variation of focal mechanisms for aftershocks of the 2008 Ms8.0 Wenchuan earth-
quake (in Chinese). Chin J Geophys, 2012, 55: 12131227 [Z ks, B, EUf. 301 Ms8.0 MR A2 iZ IR ML i 25 A A e AE. M
RPIEAEIR, 2012, 55: 1213-1227]

Gomberg J. Observing earthquakes triggered in the near field by dynamic deformations. Bull Seismol Soc Am, 2003, 93: 118-138

Felzer K R, Brodsky E E. Decay of aftershock density with distance indicates triggering by dynamic stress. Nature, 2006, 441: 735

Van d E N J, Brodsky E E. Connecting near-field and far-field earthquake triggering to dynamic strain. J Geophys Res: Solid Earth,
2010, 115: 1-21

Wang Q, Xie C D, Ji Z B, et al. Dynamically triggered aftershock activity and far-field microearthquakes following the 2014 Ms7.3 Yu-
tian, Xinjiang earthquake (in Chinese). Chin J Geophys, 2016, 59: 1383-1393 [EB{, futh, FLEIe, 4. 2014 45 T W Ms7.3 HmX]
JG SEATR R /NG S M S S R fih k. BRI R4, 2016, 59: 1383-1393]

Hill D P. Dynamic stresses, coulomb failure, and remote triggering—Corrected. Bull Seismol Soc Am, 2012, 98: 66-92

Lin C H. A large Mw 6.0 aftershock of the 2008 Mw 7.9 Wenchuan earthquake triggered by shear waves reflected from the Earth’s core.
Bull Seismol Soc Am, 2010, 100: 2858-2865

Guo A, Wang Y, Li Z, et al. Observation of core phase ScS from the Mw 9.0 Tohoku Oki earthquake with high rate GPS. Seismol Res
Lett, 2013, 84: 594-599

Luo Y. Source mechanism study of small to moderate earthquakes (in Chinese). Doctor Dissertation. Heifei: University of Science and
Technology of China, 2010 [Z#. i/ NRRIRS IS, #0030 A8 P EBMEH AR K, 2010]

Qian Y, Ni S, Wei S, et al. The effects of core-reflected waves on finite fault inversions with teleseismic body wave data. Geophys J Int,
2017, 211: 936-951

Aki K, Richards P G. Quantitative Seismology. 2nd ed. Susalito, California: University Science Books, 2002. 5-43

Kikuchi M, Kanamori H. Inversion of complex body waves. Bull Seismol Soc Am, 1982, 72: 491-506

Helmberger D V. Theory and application of synthetic seismograms. In: Kanamori H, Boschi E, eds. Earthquakes: Observation, Theory
and Interpretation. Amsterdam: Elsevier Science Ltd, 1983, 37: 174-222

Zhang Y, Feng W P, Xu L S, et al. Spatial-temporal rupture process of the 2008 great Wenchuan earthquake. Sci Chin Ser D-Earth Sci,
2008, 52: 145-154 [5K53, WIS, ¥F 14k, . 2008 4E QIR MR A = e R 2. s EAL: D M HUERFLY:, 2008, 52:
1186-1194]

Wang W M, Zhao L F, Li J, et al. Rupture process of the Ms8.0 Wenchuan earthquake of Sichuan, China (in Chinese). Chin J Geophys,
2008, 51: 1403-1410 [E TR, &S, 200, 4. W1 8.0 Fh 2 Pt 7. HheRP 3024, 2008, 51: 1403-1410]

Hartzell S, Mendoza C, Ramirezguzman L, et al. Rupture history of the 2008 Mw 7.9 Wenchuan, China, earthquake: Evaluation of sepa-
rate and joint inversions of geodetic, teleseismic, and strong-motion data. Bull Seismol Soc Am, 2013, 103: 353-370

Ekstrom G, Nettles M, Dzieworiski A M. The global CMT project 2004-2010: Centroid-moment tensors for 13017 earthquakes. Phys
Earth Planet Int, 2012, 200-201: 1-9

Kennett B L N, Engdahl E R, Buland R. Constrain on seismic velocities in the earth from travel times. Geophys J Int, 1995, 122:
108-124

Montagner J P, Kennett B L N. How to reconcile body-wave and normal-mode reference earth models? Geophys J Int, 1995, 125:
229-248

Nissen-Myer T, Fournier A, Dahlen F A. A two-dimensional spectral element method for computing spherical earth seismograms — 1.
Moment-tensor source. Geophys J Res Astron Soc, 2010, 168: 1067-1092

Shen Z K, Sun J, Zhang P, et al. Slip maxima at fault junctions and rupturing of barriers during the 2008 Wenchuan earthquake. Nat Ge-
osci, 2009, 2: 718-724

Somerville P G, Irikura K, Graves R, et al. Characterizing crustal earthquake slip models for the prediction of strong ground motion.
Seismol Res Lett, 1999, 70: 59-80

Yang Z X, Chen Y T, Su J R, et al. The hypocenter and origin time of the Mw7.9 Wenchuan earthquake of May 12, 2008 (in Chinese).
Acta Seismol Sin, 34: 127-136 (B8 41, FKIEZFE, &%, 5. 200845 H 12 H U Mw7.9 HAZ R IR0 E 5 K A2 21, 24,
2012, 34: 127-136]

Hill D P, Prejean S G. Dynamic triggering. In: Schubert G, ed. Treatise of Geophysics. Amsterdam: Elsevier Science Ltd, 2015. 273-304

3135



A % b B 2018H10FH 635 H30H

Summary for “2008 47 )I[H1fE ScS W REEME T HEA 6 BAREY

Did the core phase ScS of the Wenchuan earthquake trigger its
first M6 aftershock?
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The temporal pattern and generation mechanism of strong aftershocks are important for seismic hazard mitigation purposes, as
aftershocks usually hamper rescue efforts and cause further damage to ground and buildings that have been weakened by
mainshocks. Previous studies have demonstrated that both static stress change and dynamic stress can trigger aftershocks. Sur-
face waves are thought to be effective in triggering seismicity, and there are limited studies of the triggering capability of far
field body waves. About 15.5 min after the 2008 M7.8 Wenchuan earthquake, an M6 aftershock occurred, and it has been pro-
posed that it was triggered by the core reflected ScS phase of the mainshock. It is important to study this proposal in detail be-
cause it is the first case of a strong aftershock triggered by core reflected body waves. In this paper, we investigate the effects of
ScS triggering with ray-base theory. We calculate the geometrical spreading factor of ScS at short distances and derive equa-
tions relating moment tensor, focal depth and displacement of ScS. For very short epicentral distances, theoretical analysis
demonstrates that the displacement of ScS is almost zero on the vertical component, while the ScS east-west and north-south
components are in proportion to the M,. and M,, of the moment tensor respectively. This prediction is consistent with observa-
tions of ScS at station ENH. However, the purported ScS signal at station CD2 is very strong on the vertical component, which
is inconsistent with the theoretical prediction. From the moment tensor of the Wenchuan mainshock from GCMT, we estimate
that the ScS displacement is about 1 mm and particle velocity about 0.01 mm/s, consistent with the observations at station
ENH. We also calculate synthetic seismograms of ScS and compare them with observations, and confirm that ScS is observed
at station ENH. But the long period signal at station CD2 does not agree with the theoretical ScS waveforms; this could have
resulted from the filtering of clipped waveforms of the M6 aftershock. The M6 event was relocated by modeling the P wave
polarity and the differential travel time between P and S waves. Broadband synthetic seismograms of the M6 event recorded at
CD2 were also computed, assuming a focal depth of 14 km and strike 90°, dip 25° and rake 110°. The synthetic seismograms
agree well with the observations in amplitude, polarity and timing of P and S waves, suggesting that the source parameters of
this event are reliable. Furthermore, we find that the M6 aftershock actually occurred before the ScS arrival, thus invalidating
the hypothesis that the mainshock ScS triggered the M6 aftershock. The stress due to ScS for receivers at different periods from
10-50 s was also calculated, and the stress change was found to be less than 1 kPa for periods longer than 30 s. The relatively
weak dynamic stress due to ScS results from the free surface boundary condition, which requires that some components of the
stress must approach zero for shallow receivers. Further, the boundary condition leads to a difference in the dynamic triggering
capability of horizontally propagating surface waves and almost vertically propagating body waves, because the latter involves
of direct body waves from deep Earth and surface-reflected waves, which interact to reduce the amplitude of the dynamic
stress. Since previous studies demonstrated that seismic waves with periods longer than 30 s are more effective in triggering
seismicity, it is probable that the dynamic stress caused by ScS is too weak to trigger aftershocks. In summary, we propose that
ScS from the Wenchuan earthquake did not trigger the strong aftershock, and this has been confirmed with analysis of the 2005
Kashmior and the 2015 Nepal earthquakes in the Tibetan Plateau. The core reflected phase ScS of great continental earthquakes
may have low potential to trigger strong aftershocks. Further studies of the triggering potential of ScS for subduction earth-
quakes are needed, as statistics on lag time of strong aftershocks suggest a peak around the ScS arrival time, though the case of
ScS triggering for Wenchuan earthquake did not hold to be viable.

dynamic triggering, reflection from core-mantle boundary, ScS, Wenchuan earthquake, strong aftershocks
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