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Abstract: We relocated 4184 earthquakes that occurred in Shanxi reservoir,
Zhejiang Province from 12 September to 30 December, 2014 by using double-
difference algorithm and determined the focal mechanism solutions of 11 M, >
3. 0 earthquakes using the method of CAP in this paper. Based on the analysis
of the high-resolution hypocenters and focal mechanisms, we investigated the
activity features of the earthquake swarm and its relationship with the fault. On
the mapping view, the epicenters of the 2014 earthquake swarm occurred in the
extended northwest direction of 2006 seismic swarm belt, which forms a linear
belt, running parallel to the south of the Shuangxi-Jiaoxiyang fault. The reloca-
ted hypocenters mainly distribute in layers from 0. 7 to 6 km in depth. The
cross section profile which is perpendicular to the seismic belt strike shows that
the seismic plane dips to southwest with a high angle. Most focal mechanisms
are strike-slip type. The nodal planes of the focal mechanism solutions that
share the same orientation with the trend of the seismic belt distribution of NW
show the feature of dextral strike-slip. Taking the fault location error into con-
sideration, the earthquake swarm may align along the rupture plane of the
Shuangxi-Jiaoxiyang fault. The high-resolution hypocenters and focal mecha-
nisms delineate the structure and activity nature of the fault. Since there is no
distinctive main shock in the earthquake swarm and most earthquakes locate
above 6 km in depth, so we can conclude that the earthquake swarm was not
caused by the activity of the Shuangxi-Jiaoxiyang fault, but induced by the res-
ervoir water storage. However, it is possible that the Shuangxi-Jiaoxiyang fault
may be activated by the water storage of reservoir to generate tectonic earth-
quake in the future. No evidence shows that there is obvious relationship
between the level of the reservoir water storage and seismicity, and the swarm
activity becomes greater with time, which may be caused by the pore pressure
increasement due to the long term penetration of the reservoir water to the fault
plane.

Key words: Shanxi reservoir; earthquake swarm; seismogenic mechanism;
reservoir induced seismicity; Shuangxi-Jiaoxiyang fault
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Fig. 1 Epicenter distribution of the 2006 and 2014 earthquake swarms
and the faults in Shanxi reservoir region
F, : Shuangxi-Jiaoxiyang fault; F»: Baizhangkeng-Chantou fault; F3: Baizhangkou-Paigian fault;
F,: Hongkou-Zhangkeng fault; F5: Jiangkou-Huixi fault; Fg: Nanpu-Jiaoxiyang fault;
F;: Dongkeng-Zhangkeng fault; Fg: Yanshang fault
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Fig. 2 Relocated epicenter distribution of the 2014 earthquake swarm from
September 12 to December 30, 2014
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Fig. 4 The comparison between the observed waveforms (black) and the synthetic seismograms
(red) of the M, 4. 4 earthquake occurred on October 25, 2014
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of the P wave arrival times between observed and calculated values (in s) below. The first line below
the waveform is the difference of the arrival times between observed and calculated values (in s) ,
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The number on the beach-ball represents the moment magnitude
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Table 2 The focal mechanisms of eleven M; Z>3. 0 earthquakes in the

2014 earthquake swarm of Shanxi reservoir

R % T ROl P T 4 Bl

Moo sEm fif WS Em WBifM Wi AL Wi U/ Wi Jrfnf i

H-0 W43 o o o o /o o o o o /o o o

/ / / / / / / / / / / /
09-17 20.47 3.5 308.7 72.1 172.6 41.0 83.0 1.0 173.9 7.5 266.1 17.7 61.6 70.7
09-23 13:20 4.2 311.0 81.0 173.0 42.1 83.1 9.1 176. 4 1.5 266.7 11.3 79.1 78. 6
09-23 17.40 3.7 309.2 83.2 164.9 41.0 75.0 7.0 355.8 5.7 264.3 15.5 105.5 73.5
09-27 08.:30 4.1 38.0 83.0 10.0 306.8 80.1 172.9 172.2 2.1 262.6 12.0 72.7 77.8
09-27 08:41 3.5 119.0 60.0 150.0 225.1 64.3 33.7 351.2 2.7 83.6 41.3 258.1 48. 6
10-03 11:42 4.0 311.0 71.0 174.0 43.0 84.3 19.1 175.7 9.2 268.5 17.5 58.9 70.1
10-15  15:49 4.0 39.0 83.0 —1.0 129.1 89.0 —173.0 354.3 5.7 263.9 4.2 137.2 82.9
10-25  18:42 4.4 311.0 81.0 —21.0 44.4 69.3 —170.4 266.1 21.5 359.2 8.0 108.8 67.2
10-25 19:29 3.8 310.0 81.0 172.0 41.3 82.1 9.1 175.6 7.1 265.7 12.0 81.9 78.0
10-26  07:03 3.4 118.0 77.0 163.0 211.9 73.4 13.6 165. 4 2.4 74.5 21.1 261.7 68. 7
10-30  19:25 3.3 130.0 63.0 161.0 228.9 73.1 28.3 357.7 6.7 91.8 31.7 257.2 57.4

4 WMEXKEEBEHSKEKMLHXR

o [ M 2 A I o B B AR L %, 2000 4F DL BIHE K 4 P IX S A 52 R AR HIHE
KT 2000 4F 5 H R K. FEX RS hih T 2002 4F 7 A 28 HBY—K M3, 5 MR,
VG AR KA MR G 8l . IF R I — E #Y I [R]RRAE (AT 7).

[

(] — L
2000 2002 2004 2006 2008 2010 2012 2014 2016
FE

[ 7 2000—2016 AR HIHE K 2 DX 5 Mee J&] () B K P2 K i AR A 18] (2L €8

Fig. 7 M-t diagram (black) of the earthquake records in Shanxi reservoir

4.0r

3.0F

KA /m

region and the storage water level (red) from 2000 to 2016

BB B IR K R XK 29 5 B8 4 4F & 4B — GRBF R AR . B 2002, 2006,
2010, 2014 4R A EREG S, Hrfr 2006 4EF1 2014 4F 1Y REHE Y 51 AR B R, Ml 0 E ¢
s H 2014 AR RS S0 B 0 Tt R . MRS S A BE A RN BN g . TFRER . K
WIFF S K AL AT 5 A M AR RE B I AR TR ORI, X TETT AR R ULK E (AR LA, 2012) 1L
FHLF K (Liu et al » 2011) K BeVa A7 S K P (B iy 25 1993) S8 X rlULEE B2 B 42 i B
IKPE KA B TH B R B2 & R (R A5 35, 19935 FEEILT4E, 2013). HHZR K FELE 2006
A M4 6 MR R A TTEOR  KALREIRZY 21 ms 7E 2010 4R R RE R A0, AKAZHKIEZY 13 m A2
A5 2011 AR DU KR AL 8 iy HAEAGSF- A s 2014 4R R BE R AE H K A7 JF TE W) A8 fk. Bk



656 Hh = 2 Eild 39 %

b IR KPR KA AR AL SRR RIS B A OC AR AN WA . RN 3 n] RE IRy K 1) JE IR BT S
ST KIS 1B Y B L B r 2

5 RERFINEHSHRMEXRR

RS Zh AR A B E RS 5E ¥ 91 (Lay, Wallace, 1995), 7E/K ., kil &
Hb ARG Bl XA A YRR R TR S BN S 2 i T A A 8 3 B B i85 & 19 (Johinson, McEvilly,
1995; Noir et al, 1997; Audin et al, 2002; Saccorotti et al , 2002; Parotidis et al, 2003;
Yukutake ez al, 2008). A4 b = 1 ShRFAE 53 AT . IR K R K R R BUAFAE 4 4R — IR
PR AR . ARRAMRIRAFTE A AR R RETG 2l W 25 47, 2006 4EF1 2014 48 P IR 52 B I 97 1Y) 70 8
PLEE IR 7R 52 h Y BV S AT A A AR DR — fRRE PR 2w . 2014 SRR AR 5 K A
1E 2006 4EFZRERY NW ] SE A 9 77 1] b CPoP = 55 20110 PR RE B 1 b 52 20 A1 % R — 2%
Mo RE AT . TR IR B AR R R UT E R NW i) XU — FE IR PE W7 20 A o 1 S 23 A 78
RO, X AT RE S TR A BE R BN . HOE AR 22K B — BOA T A
1 RE ARG Bl S A7 R L0 B LT IS 3 (Hill, 19775 Sibson, 1987, 1996). & A
P25 R AT, NW pa) 35 T i 58 sh M B2 A E 8, 58P & 55 (2011 Fr 5 19 2006 4
e 1 PR AL A 1 45 2 — B0, DLW U 52 e 91 aT RE X O I NW ) BUR — £ 2 eI 2405 3l
MIAE R, H RS 3 0 AT R R ] VT RS 1 L. B P 2 55 (20100 A i RUR — R R R T R
2006 AR IR K P FERE R K R A . RO RERE 9 W 25 Sh P AR M G R ROR GRS
Sy AT BETT BURE — R R PR 2L 00 A o I 20 1 Y D 4 M T RRAE K0S S v . (H i TR B
AR HHGRIRR R . oA R ST AR R W 200 3 BT S 8O 45 R IR 2K IR
JRHFZ G Sl B R T A A A RTE h EK AU s AR s IE i ALB R AR | & TR R
W8l Rk K 3 52 15 Sl A A B RS S W RT RE . T — EZ T R S B k. A R AR
4 365 b 52 0 AT RE . PRI I T2 WK S8 0 A 1) 2% A7 R0 B4 T Bl P e A R A A i R Y e G M 2 LA
HY, WL HEANE.

6 g5

AR SCHE G X WHR K 2014 4F 9—12 A R A i e By 1) i BB 2 A2 A ML =3, 0 HRR
A R AL A S8, DA SR K R K A7 5 b 7 R AR e R I 0 AT s A5 T LA 45 1R 50N

D) HOH E L IR K 2014 AR AP S B AR IR 254 0. 7—6 km IREELEIN 722 70
fii s 7 4,55 km Z [ W BLEE. 2014 SEREAEF 20 A 7E 2006 4FFEHE NW [a] 4E fif 9 5 14
B PR ) — A% R L A 2l B T RE O3 A TR RUR — R IR PRI R b RT3 2 B
Wisdie) NW L 82 19 B 5. R RE 17 5 U8 73 A 220 10 H X0 — £ 18 3 W7 2R 2 Ay T LA sy 9 2 T 1)
SW. HAETE [ b & A SR ES:, BAROE R, T 8A W B R 28
MR IR AE 6 km DL, NICGRBEIG S0 R 8 TOK R L MR, BUE — fREIER A
SERRE YOI A e M o FHORORAT WA e A My 072 o BRSO 1 i 72 14 T E.

2) R K %R PR X5 K T A R A AR, BT IZOK I MR TR T KRR A T R . AR A
WKLYy 4 48, JRRRERIM AR . KRR A2 AL 5 RIS 8 O R R WD . R0 sl vl e 2 i
JE KT W2 R T R B B S DR FL B R S BT B AR R R M . MR I Bl
A i PR ] 28 A 4 5 0 3 T SR e T A A T M R ) A B R R A R ) A I R (E A



53 T OME5E . WivLWHE K E 2014 4R BB TG 3h & AL B 5T 657

HE— B RABEIE.

3) WARRREMBIER » Hoi2 i S A Bl (] 28 45 3 56 (1 4, (H 3 FUR — P 1 0 4
0 A ST AR A T BRI B A R R R R e R R G [ IR — AR R P IR R
TR AR 3 7 B DR A 3 R 4 2% 1 A TR DRSS R — P S A A

A4) ARSI B8 X022 % o 07 9 B ﬁ?‘%ﬂ@mﬁﬁ%fﬁy FE 40 25 3t %) ) e 7= W J= 114 2 (]
B2 A E (7 B 30 4 7% H%F)ﬁﬂ {REAH B AR — E B N R 25 . AR AT
e A RN N PR B R0 i — 20 48 RS L. 53 A2 AT AR AR AT S i
H DX 3 R B A Xﬂ‘HzKIﬂ%%H#E@ﬂﬁ"FiETEF%E‘J@%, Xt B A AR ) R B
KPR SR Z AR BA T EE I E L.

WA 72 J) 72 7 B A T i G AR X A 4RI 1 2 DX T J2 0 A [ v [ 32 Ry b
T BT 58 BT DX M 72 5 19 52 U2 000 7 e g o 7 0 H 2L 4R i 1 SEIS_CAP Ry . i
148 3t 752 W 0 TR A 5 v B BB T RO Bt M MR St VR A e — I R LAY

2 % X W

Wiy 2&. 1993, BRVE AR Mod. 7 3R ER T LT ], Ude =24k, 15(2): 76-80.

Chen X S. 1993. Study on cause of formation of the Shiquan earthquake (M 4. 7)[J]. Northwestern Seismological Jour-
nal, 15(2): 7680 (in Chinese).

P HLEL ., SRR RAASE . A58, AORRR. 2013, KB R A # K 51 4 XN J) 8 e sg ma o3 #r L) 1. i . 33(4) . 32-42.

Cheng H H, Zhang H, Zhu BJ, Zheng L, Shi Y L. 2013. Stress field changes after the impoundment of Kariba Reser-
voir[J]. Earthquake, 33(4): 32—42 (in Chinese).

e, BREESL, MM, ZAETE. 2012, KPRV R MR 51 1 R RIS BURE 25 S g . DU MEAR A LT ). Hb ek
YyELE R, 27(3) : 924-935.

Hua W, Chen Z L., Zheng S H, Yan C Q. 2012. Differences existing in characteristics of source parameters between res-
ervoir induced seismicity and tectonic earthquake: A case study of Longtan reservoir[ J]. Progress in Geophysics,
27(3): 924-935 (in Chinese).

TR, BB P =, 2013, WHE K H 78 /N B AR AL AR AR AE DR X 0], MR TR 24, 35(3): 684-691.

Zhang F, Zhu X Y, Zhong Y Y. 2013. Study on the characteristic of focal mechanism solutions of the Shanxi reservoir
earthquake[ J]. China Earthquake Engineering Journal , 35(3); 684—691 (in Chinese).

Bz, SRR, B AR, 2010, hLM IIHE K 2R M R F R E A 5 R P A A e S s LT ). P E AR . 26(3): 265272,

Zhong Y Y, Zhang Z F, Kan B X. 2010. Simultaneous inversion of earthquake relocation and velocity structure in the
Shanxi-reservoir, Wenzhoul[J]. Earthquake Research in China, 26(3); 265-272 (in Chinese).

oMz, WL, AL 2011, BHEOK A M4, 6 FRIERT I E (5 & R I AT 78 L) ], HURRHTSY, 34(2) . 158-165.

Zhong Y Y, Zhang F, Zhao D. 2011. Precise relocation and seismogenic structure of the Shanxi reservoir earthquake
sequence in Wenzhou, Zhejiang Province[ J]. Jowrnal of Seismological Research , 34(2) ; 158—165 (in Chinese).

Bz, SRR, BSEAE. 2015, IR K FE M AR HH U AR S A RRAE LT ], R M B S Mk 8l Jy 4% . 35(5) ¢ 871-875.

Zhong Y Y, Zhang Z F, Kan B X. 2015. The temporal and spatial distribution characteristics of seismic wave velocity
ratio in Shanxi reservoir[J . Journal of Geodesy and Geodynamics. 35(5): 871-875 (in Chinese).

RHIZ . KWL, TARIE. 2010, W7 VLR K 2 b 524 20 2 o S M B 520 ). w3 RR L 26(4) : 380-390.

Zhu X Y, Zhang F, YuJ Y. 2010. Study on precise positioning and structure of the Shanxi reservoir earthquake, Zhe-
jiang Province[J]. Earthquake Research in China s 26(4): 380-390 (in Chinese)

ARYREF, 24, ATk, FIBL 20100 JEININEKEHLGR S iU [T]. MRS, 32(4) : 423432,

ZouZ X, LiJ L, Yu T H, Wang Z. 2010. A study on S-wave splitting using waveform data from Shanxi reservoir



658 b = B 39 %

5

induced earthquakes in Wenzhou of China[]J]. Acta Seismologica Sinica , 32(4): 423-432 (in Chinese).

Audin L, Avouac J, Flouzat M, Plantet J. 2002. Fluid-driven seismicity in a stable tectonic context: The Remiremont
fault zone, Vosges, France[]J]. Geophys Res Lett, 29(6): 1091. doi:10.1029/2001G1.012988.

Hill D P. 1977. A model for earthquake swarms[J]. J Geophys Res, 82: 347-352.

Johnson P, McEvilly T. 1995. Parkfield seismicity; Fluid-driven?[J]. J Geophys Res, 100(B7) . 12937-12950.

Lay T. Wallace T. 1995. Modern Global Seismology[ M]. New York: Springer: 393.

Liu S M, Xu L H, Talwani P. 2011. Reservoir-induced seismicity in the Danjiangkou Reservoir: A quantitative analysis
[J]. Geophys ] Inter, 185; 514-528,

Noir J, Jacques E, Békri S, Adler P M, Tapponnier P, King G C P. 1997. Fluid flow triggered migration of events in the
1989 Dobi earthquake sequence of central Afar[J]. Geophys Res Lett, 24; 2335-2338.

Parotidis M, Rothert E, Shapiro S A. 2003. Pore-pressure diffusion: A possible triggering mechanism for the earthquake
swarms 2000 in Vogtland/NW-Bohemia, central Europe[]]. Geophys Res Lett, 30 (20): 2075. doi; 10. 1029/
2003GL018110.

Roche V, Baan M. 2015. The role of lithological layering and pore pressure on fluid-induced microseismicity[J]. J Geo-
phys Res, 120 923-943. doi:10.1002/2014]JB011606.

Saccorotti G, Ventura G, Vilardo G. 2002. Seismic swarms related to diffusive processes: The case of Somma-Vesuvius
volcano, Italy[J]. Geophysics, 67: 199-203.

Sibson R H. 1987. Earthquake rupturing as a mineralizing agent in hydrothermal systems[]J]. Geology, 15(8): 701—
704.

Sibson R H. 1996. Structural permeability of fluid-driven fault-fracture meshes[ J]. Struct Geol , 18(8); 1031-1042. doi:
10.1016/0191-8141(96)00032-6.

Waldhauser F, Ellsworth W L. 2000. A double-difference earthquake location algorithm: Method and application to the
Northern Hayward fault[J]. Bull Seismol Soc Am . 90 1352—-1368.

Yukutake Y, Takeda T, Obara K. 2008. Fine fault structure of a moderate earthquake in the 2007 earthquake sequence
of Northen Mie, Japan[]]. Earth Planet Space, 60; 981-985.

Zhao L, Helmberger D V. 1994. Source estimation from broadband regional seismograms[]J]. Bull Seismol Soc Am
84(1). 91-104.

Zhu L P, Helmberger D V. 1996. Advancement in source estimation techniques using broadband regional seismograms

[J]. Bull Seismol Soc Am, 6(5); 1634-1641.



