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The pore pressure diffusion characteristics of Xianyou
earthquake swarm in Fujian Province

Hu Shufang®  Qin Shuanglong Li Qiang Lan Shu

(Fujian Earthquake Agency, Fuzhou 350003, China)

Abstract: From August 2010 to December 2015, a series of small earthquake swarms occurred
in the Xianyou area of Fujian Province. Based on the pore pressure diffusion mecha-nism, the
small earthquakes data of precise location is analyzed, and it is found that the Xianyou
earthquake swarm sequences are cluster distributed in spatial terms and have obvious zoned phe-
nomenon. The origin time is obviously influenced by the modulation effect of water level
change in Jinzhong reservoir. The pore pressure diffusion coefficients of five subregions (4 to
E) were 0.04, 0.08, 0.07, 0.12 and 0.05 m’/s, and along with the seismicity intensity chan-
ging from strong to weak, the pore pressure diffusion coefficients changed from increasing to
decreasing. The Xianyou earthquake swarm is located in the area where the fault structures
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developed, and the predominant direction of epicentral distribution is in accordance with the
Shicang fault, and the pore pressure diffusion coefficient along the fault strike is the maxim-
um, which shows that the active tendency of the underground fluid is along the Shicang fault
from northwest to northeast. The fluid pore pressure coefficient in each subregion is closely
related to the maximum diffusion distance, the maximum induced earthquake and the energy
released by earthquakes. In addition, when the water level of Jinzhong reservoir falls, the dis-
tance from the first small earthquake (trigger source) to the triggered earthquake in the subre-
gion has a decreasing trend, with the range of earthquake groups shrinking, and earthquake
frequency and magnitude increasing. This could lead to the conclusion that, when the water
level drops, fluid pore pressure diffusion acted repeatedly at the same site, which caused the
stress level easier to reach the saturation or critical level in the area near the trigger source, and
then triggered a larger earthquake, this is also a possible explanation for the occurrence of
stronger earthquakes during the drawdown of water levels. This study will be of reference signi-
ficance to the prediction of seismicity in Xianyou area in the future, and provide a scientific
basis for quantitatively determining risk of reservoir induced seismicity.

Key words: reservoir induced seismicity; Xianyou earthquake swarm; pore pressure diffusion
coefficient; Jinzhong reservoir
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24 BT 5 - R A R A B0 LB R AIE 163

SR P AR A U B S R (B L 2008) , U wphvg=1.73 (1) .
2 BEEATHRHEGHE

73R Shapiro 45 (1997, 1999, 2000, 2002, 2005a, 2006) Fil Parotidis % (2004) 42 Hi ¥y J7
A BAL T KA T 7 3 R R — 18 A A d A (18 2) , BRSBTS
Biot (1962) £ i T AE 35 2] 25 ) 53 P AL B s v A Jo o A FL IR T3 97 O e, D

oP 0 opP .
E—a—xi[l)ija_xj}’ i j=1, 2, 3 (1)
KA1, Dy W BRI PO FLIBIE S x, xS UL A5 B 1 K A 26 R
A B A4 ) SR, (D) AT AR R
oP oP
E - axiﬁxj ’ (2)
A0 5 Ry A4 R, (D) AT AR R
op__,
E—DV P, 3)

K, DRABENY BRE, VIRBEHMES. —BAh, AR EDY R D
F 107 —10 m¥s Z [ .

TERAS BRI R, BRIK P OAETE— B a W/NERIR, BRETH B FLBR R 13 8
Poe ™, TEREER.C r ALY FE ) D7 FE N

P(r.D) :Poe’i“"% exp [(i— ) (r—a) % } 4)

K, r I B KSR R, o MR, FELPREA R, B RIE o o7 B &, 7
to IFZ0, WK 1 MG fik % T MR G Bh, B 0<se<<to W, P(t) =Py; M t<0 I 1>1¢,
i, P(1) =0, filt kMR R F1 0 0 (FE 3) . i HA TR i

e =
o o
T

ot
%

Py

=]
N
T

=)
T T
4

HEIH:
ks

Iy

LT
58888

e

o BRI

2n 4n
) t
®

o

B2 EKFEENREEAGH Kl 3 HUEMAERE (5] A Shapiro ef al, 2002)

Shapiro et al, 2005a)
Fig. 2 A model of water injection induced

earthquake (after Shapiro et al, 2005a)

Fig. 3 Square wave energy spectrum

(after Shapiro et al, 2002)



164 i = 2 it 40 &

e (22)
2

4P02f02 (,_)21‘02 . (5)
MRE 7 R AT LAGE th, 05 2n/e, B AT RE 2 MRS fl K AT R A 45 4. Bk TR B AT

r = VarDr, (6)

UL CFE e P 8 3 118 41 40 46 AR i 43 A el L
Bl 0 4 i Ak & R R ) R R A

Shapiro 45 (1999) W H AR E 0 55 T 76 T
PEE O EA MRS il & R R SR, AR T
LB B e s (E4), ikl
KA, AR AR LR Bk & R
HORTZRRRAE, 2k 2 Mg 2k, ik it iR 45
1B VE A FLBR R 1 3 80 B3R R AT, ¢ R AR
155 1k T AR 20, 1 A ) 60 4 2k R AE A
LB E 9 R B D 4 0.05 m’s.

FL B 3 B A R ) AE SR RR AIE 2 A8 U A

K4 3EE 1993 4175 Soultz TR T2 g
RAHH r—t 142 (5] A Shapiro ef al, 1999)
1 FIRIMIK L, 2 FoRIER LR

Fig. 4 Schematic map of r—¢ achieved from the

hot dry rock experiment in Soultz, France TEA IR 5 ki A Z 5, il 5 Hb e (9 5 7 ]
in 1993 (after Shapiro et al, 1999) BEFFSL LR EL B WK AT (] . Parotidis 45 (2004)
Curve 1 denotes the envelop line, while KR IE R B AE L S AH R P B R 38, EsL T
curv  dente he delayln Dt RVHELI A L . 345 4 TLBRIE 197 Hnd

(] By = 4 SiE R Ty e, R

- t t
r— \/6Df(£—])]n(m), (7)

W by B 6 Bl 4, MR8 R EIR T AR

A7) F I T A TE A SE HG A R = P w0 s O, 0 5 40 0 2% A TR Y
P HAR B R A B P 4 P SR i 2R 2.

S 3R 2 AN (AT 56 UE ) 4% R IR HR A B A LR B OR B IR A, a8 R T A
SR M AR B XA FLIR R 0 9 BOR K. J e A O gl R mT LUORE Wt st Al LB g PR A 1R Y
W20 1. 340, T 52 BB A RE Y BR ) L 7R 15 S A 00 E PE RO SE e, OF AR BT A 99 G AR
Py n] A B0 AE R A, AR I AN 15 1 AT o o A R A R S i ORGSR YT ECR K,
L8 3 73 B 7 T A A DI el SR 3 T L K SCHB B AR 1R A S LB D T R BB R O &
oK 7 72 IX M = 1 gl B R AR Bk B DR 45, 2011) .

3 AllirEHh X 3 R M B A E K S M R TR B

MO R 3 73 X 7, Al e 7 B 30 2l X2 T iR — 8 B THIX, G DX RAAR 7R P 1) 7 2435 3
R IX 358 1 DB e 2 S 05 8l O 16 R I 194 U 6k M R 38 6 3t A, DS o i DX i 5 R i
(] B b TR Bl R 9 2l X R T B A NW i A A U B — e ) W SR B Y AR IR
TR S IR | T OC IR 2 NE [n] A3 Y 1 AR —4 %2 W7 2417 B — 2R U 28007 e T 2L (151 5)



24 BT 5 - R A R A B0 LB R AIE 165

2o b 38 T R R AT DL A Bl oK R IX
B 3T A7 7 5 2% NW ] [ 26 PR 52 A%, X

ﬁNWﬁMﬂﬁﬂﬁE@%ﬂﬂ@%%
24, WIS 24 ZE A 20 km DL b, GE W)
ﬁﬁ%ﬁ,i%%%%ﬁﬂ%@.ﬁ@
Wr 244 298 20 km, LA E 9] NW310°,
i 1] NE ¢ SW, fil fi 5 BE, K £ ik
80°LA I, = Iy Wy 24 Mok % Ay AN T
P AR AT, DWT ISR F W, i &

5T 2906 8y, J12 1 5 DLk o Ak 4
P E, W NW [a VLS S Kk

118°40"E 118° 45" 118°50"

25°45'

4 25% 40

125735

B, RS ZE HKERYE 200m L L, W% OER PR CORUNENE
e o o S — BRI — 4
VT 5 7 HLSRHT I SR 55 P 4 eI
B e K 2 22 km, AR E TR B s Al X b 72 b o R s R
NW330°, {5 il SW. 16iff 70°—80°, fifk Fig. 5 Seismogeological structure around Xianyou area

OB s R B, W T B, iR I DLkt | SR D, R NW R A L 3
AU E R R, H ORI S A R A DY 22 R I T T 2 E 0]y NE35°—70°, {17 NW 5 SE,
1071 2 60°—80°, F LRI My rkAl . EFRPCARMWTI, Rk EME MRS, BIRIEW, B2
WG Sh AR, o2 v B DU AR Dy 2, W 0T by | T A AR, B R T sl A D 5
20 L

i 75 ) 320 3t X T S M 0 Sl A5, IR RE 50 km A ALIE S B 1R M50 MR,
B 1544 AEAEAL M, 5.2 Hh7% . 1971 4F AN 52 B JF 10 06 AT, 752 XA 320 50 km S 6l 4 JE M =4.0
MR R AL PR, AU R R R 20 b X T B R DR | B9 RE X

4 A=A ESRIFLBRE A1 8 B AE

4.1 iR R B FF 51 s 3h K H = (8 43 7 4 AiE
il b X 2010 4 8 JT Hy 3L It b R 4 Bl Aok, /NS SR 5 4 K 2R B8 K AL A2 Ak
WOIA R (& 6), o IR\ B8 —F- i 10 1 AR A 130 1 51 2 5 S AN R B I BE T 0 2010 47 8

50

4.0

3.0 F

M,
o

20

2011 2012 2013 2014 2015 2016
i

K6 @k BEK A8 1 BAlF s e M—r &

Fig. 6 The water level change of Jinzhong reservoir and M—¢ map of Xianyou earthquake swarm



166 b s 2

il 40 %

A ZE 2011 4F 4 7, B BOKEC LE K, ARICFEANM R, HEE A RAL, LA M <3.0
B /NG B 3, R UK B B o 2011 48 12 H 2 2012 48 8 1, iZm Bk
FEKAL AL F T B AR, MR TR Sl A A K RN A B KO IR AR TR, KR TR S AR — K M4.0
MR, BRI 20124F 4 7 15 HANGE Mp4.1 Ho25 BFEC T R 2012 4F 11 H % 2013 4F 6 J1, i BT Bk
FEAKALAETF BT R, MR IE s L M =3 0 BRI s o 32 BFBEIV o 2013 4F 7 H & 2014 4F
8 H ., I BOKEKM AT T NREM EF AR, MRS s i El, KA T 4 M =4.0
HiGZ, o RHLE N 2013 4E 9 H 4 HAlE M 5.0 Hi5Z; BFEEV 2014489 A E 201548 12 A, %
W BOK BEK LIRS TR B B PR RE AR, MRS B 2 R IR R A

B Al it 7% BF 51 2 P TR ik e B T g ke, B DL 4 oK R B KB R AR — A /NE R
4R TR FL B R J7 3 A S5 (25.62°N, 118.72°E) , i Ab “FEK 7 fil & T 1 X B 3 i) /N SR R O 3
B UL AT DLARAS R 2 R A B — RIVINE S HEA SZ RN e B 7), o e g DS IX N5 —
UONEAE A il &R, AT B2 X /N R T 5 ik iR 2 ) B

11

250
10
9}t 240
gL 3230
7+
E 1220 £
Lo 2
sk 1210 %
4 b 4200
5 7. ! 14190
2F L .
. c ci, -1 180
1 } j' IS
0 . . . . . 170
2011 2012 2013 2014 2015 2016
Sy
[ 7 BT R A AR B AL R R Y e
Fig. 7 Plot of ¢ for Xianyou earthquake swarm based on single source triggering model

118748’

118°51'

@ 2012-11—2013-06
@ 2014-09—2015-12

© 2011-12—2012-08

@ 2010-08—2011-04
@ 2013-07—2014-08

8 ANWERRET 515 b 5 X U3 43 A
Fig. 8 The epicenters of Xianyou earthquake

swarm and regional structure distribution

 25° 42

25°36'

HI P 7 T LUE B AR
T RR RS Bl 004 W) f 45 2 AR A O
ANE S, B N ) A AR AR X
WA /N RN K A AR S BUE TEA Y
S A X T RE B LA X . Ul I A
IK KA S e B Bl I, R AR Bl AR
T4 A KO B O B LA KB, i HL
MIEZE &, A [ X3 ) 7 v 1k
SOR R RS I N S L NS
BT AE /D XN B LR S AL R
JIAERTTR 0 3 752 1 A & A 0 25 () o3 A
Frrl MWl . Rk, AT AR 1 g
RS B v B8 LA /N XS8R A DA 4 X 2 57
14 3 72 35 Bl X (] 8) , SR 2 s TEA
14 FL B 0 4 Bl Ak i s ML, o B



24 BT 5 - R A R A B0 LB R AIE 167

/KN K R 5 e b RE I RRAE . R, Sl 43175 e b R T B DX ) T AR I e B () i 2 R
D 12 ] 4 v D D) R 45, 2011) .

FF LR, Rl R R A—E S A X (EI8) . Hr, 1 B R R EE P
A, HEEH D HAEX A TR B R 7E BIX, MR B EN 2, HERKIRT0;
m, IV, VB ESNERTE C, D, EX, Ko, D XMEHEHRZL, /56 uBbRk;
CXMEXWEFDXY, CRALT D XM B Xk, MHREHK L H 2 B 4L R
EXALT D XA PEIL, M5 H A x> HAE b, DR 7 o0 A T8 B A/ . Bk X3 Y
Hi 5 T 91 1 3 B AR U AR AL B BT HOME FE R AE T SO A o X AL R B R B
(PRI X g
4.2 ENRIBENTHRHUHEE

TECANE R HE A—E 3% 5 A0 KO i R BN BE X 4, DL o K& KR 3 — ik
INEAE R il kR, R (6) 15 B4 4 X /NI S e (B 9) 4% 43 X 11 448 K 36 43 /1N i
S TR g e, JEAG 5t A—E X FLBR 1 3 5 R 205 518 0,04, 0.08, 0.07,
0.12 F10.05 m*/s. JH TSR Y B R A BAKS 5] T3 2.

10 F (@) | 10 -

i : :

L L L L L ]7() L - - L L L

2011 2012 2013 2014 2015 2016 2011 2012 2013 2014 2015 2016
fy SR

250 %)
4240
230 _ 8
4220
= 6
1 ZI()% L
4200 4+
2
0

10 ()

g i

. . i . . 170 . . . i . 170
2011 2012 2013 2014 2015 2016 2011 2012 2013 2014 2015 2016

4 4

10 |-(©)

e 80

L L L L T 170
2011 2012 2013 2014 2015 2016
oty

PO MFRERE A—E 53 X/NERERY r—r SO L A 3 496 2 e RFAIE
Fig. 9 Plot of r—t and corresponding parabolic envelopes characteristics

for each earthquake swarm in subregions 4 to £ of Xianyou

4.3 BENRXIBEEY BER

RGBT 2 450 K ALBUR I R R, 456 5 KIS B AE (3R 3), T LA
b Al i ARG B R LA R LA AL

1) B Al 7= 3 249 A 7 Wy 2 e 7 XA, AR I3 A T 18] 55 M R B ONW ) A TR — B



168 i = 2 it 40 &

F 2 AERER A—E KALBRE Y R BN S 8GR
Table 2 Parameters for estimating diffusivity of pore pressure
in subregions 4 to E of Xianyou earthquake swarm
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Table 3  Seismic characteristics in subregions 4 to E of Xianyou earthquake swarm from 2010 to 2015

e ke O gy RW O RDEGE D i

My BB km 232 [E)/d /(m*s2) i E/]
2010-08—2011-04 A (SN 2.8 68 4—20 5.4 260 0.04 2.26X10°
2011-12—2012—-08 B 1 4.1 230 4—21 8.4 229 0.08 1.12X 10"
2012-11—2013-06 C 1 3.8 490 5—19 7.2 228 0.07 5.13%X10"°
2013-07—2014-08 D " 5.0 1 803 3—13 9.3 397 0.12 2.97X 10"
2014-09—2015-12 E " 2.5 351 3—18 6.7 456 0.05 1.08X10°

F A R S AT AE 10 km B RGBT . A4S W R ] NE, 00 A 40 hE, sk M, HLIBr L 28 )
X, 5Kk 24 BN K B i IE , EK I R B BEIR N 1T, NI s & MR . 54,
SR IEA R SR R CHIRIR SR ), WA A T3 T oK RIAFAY BB I8, A R T KK E .

2) Al 5 AN R R S AR 4 X & b 7R I FLBR R 9T BOR B, &4 X BLA A5 3 1 AL
Bt R 4 B R B A R AR A 2] ) B OK PEE K SR IE S B M O R, Hi A KA
THBWRM PN, % XL Y SR B/ B XA T A W 2 i A, iR 4310 1
AT 5 aw W 2OE M —E A C XA T A S WA AR, HAZ 5 K5 fi f b — B
A5 m 7 [ 3RS 5 D IX AL T 41 8 W 24 B9 2 0, b7 o0 A (4 1 350 1) 5 7 48 W 245 1) JLFF
17, XA E DY BRI K EXS DX ES, AL T4 oK FERIMHE, R 5016 o
B 0 O 3 ) .Sl R A X LI R BT EBOR B, BT RLE S [ ) LR ) Bk
RBEAEAS ) 51, VIR )2 Gk 1 B R Sk

3) IR KB K MR RS . 5 Kk b iR IR B K R T b AR RE i M e T 45 R A, SR AW R FLBR
FE AP 8RB A, W72 B & 0 B R bR AR gl , R B i £ HALBRE 13-
HR B RN G KRB Z B I o4 X A G C &R

4) A—E X KY BB r 5B D8 BUR B E AR OC, 03 34 528 90 s S Y s sl 1 28
TERLEE, (AFLBR ) 3 HOR B /N R HBOHr 2 i) 8] 22 [ A9 AH SC M I A ] G

5) AN MR TG 2 SOK PEE KRR B, Rl & My =3.0 M 2 kK AETE K PEAK AL
RE AR o R v, T K AL Tk R v g R R R A X AN L R AT A (2013) AR I L AR
(2014) BFFE R, BH BT, 8K MR & A 1E K FE KA 2R T R st e - THB B, il
RERE R KL 2R B AR 0 SR ZU A AR (L 10) L 34, NEL 10 Rl LUE s KA
[0 I W SN TR WA N DR S A N =2 v L P S A e A o I A € R S T R T
KRS, /NG Ay Y5 B . UK AL T BT, A FL BRI ) 4 81 A TR — b s AR



24 BT 5 - R A R A B0 LB R AIE 169

9r 250
8+ - 240
T Y230
6l
= 220 E
<50 k=)
= 210 %
4+
L 200
.
2F L 1190
1 ; i T 4180
£ ] ; . .
0 ) i i .. iy } . . 170
2011 2014 2015 2016

i
B 10 il My =3. 0 MR O (3 0) 5 G Bk BEK AL AL FIY OB S - Z I 6 R
LR FRY BURR r RS
Fig. 10 The relation between Xianyou M; =3. 0 earthquakes (pink dots) and the

water level change and diffusion distance » of Jinzhong reservoir

The red arrows represent the change trend of the diffusion distance r
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