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Fig. 1 Statistical diagrams showing the M=3. 0 earthquakes
in central United States since 1973 ( data from https.//

WWW. USgs. gov)
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Fig. 2 Diagrams showing the relationship between hydraulic
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fracturing and earthquake activity in Hahn river basin in
Canada

(a) RIVEREFRET; (b) KIEBUFIES; (o) MREESEA
WA B WA B (4 Farahbod et al. | 2015; Kao et al.
2015)

(a) In the process of hydraulic fracturing; (b) after hydraulic
fracturing; (c¢) log—log plot of seismic moment and injected fluid

volume (from Farahbod et al. , 2015 and Kao et al. , 2015)
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Fig. 3 Induced earthquakes activated by injections in
enhanced geothermal system (EGS) near Pohang in South
Korea ( modified from Lee et al. , 2019)
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Fig. 4 Three types of induced mechanism of earthquakes produced by activating pre-existing fault through hydraulic fracturing
(' modified from Eaton, 2018)
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M Sa),
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INVPAE s IR RO S VG L D R SRS VAVIR N
&) o P, BTl s 2R PR 25 57, G AR S i i
SRR AR AR A AN TR e T B[R] X T

B 5 S W= A i 3 T ILI AY B R — PR AR IR I
N (TNO, 2014)

Fig. 5 Mohr—Coulomb failure criteria of induced
earthquakes on activated pre-existing fault

(a) fLBRIETIY B, 7 o WG F IR ST, 0, SHIERITT, P 9 fLBR
1,70 ANERIT o AR I R B, TTEAME AL T P
BRI T o, HUKFA BT o, BB/ aAP; (b)
FLBSRMON , AEAR 8 AR TE A FIASERE M i A i fg v, 3
AN o, WS AP KFHRBN ) o, /N (ay,) AP,
Sty =a 2 A () FLBUE AL B

SROSER G, =35 ARG 3 20O b 22 2 A e 2

(a)Pore pressure increase, 7 .;, 0,, P, 7y, o are critical shear

stress, the total normal stress on the fault, pore pressure, cohesion
and Biot’ s coefficient, respectively, the vertical and horizontal
effective stress reduce 0AP during fluid injection; (b) poroelastic
stress changes, the vertical and horizontal effective stress reduce
aAP and (a-vy, ) AP, respectively during injection in permeable
reservoir; (c¢) combined effect of poroelastic stressing and pore

pressure increase brings the fault to failure
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Fig. 6 Experimental results of induced earthquakes by injection of fluid at Rangely oil—gas field in Colorado, USA
(from Raleigh et al. , 1976)

Mr FF R S R i b AR I O 22 S R
(Cornet, 2015; Guglielmi et al. , 2015) . @i 3EK
T4 DU TF R DX 1) 175 b 7% () AR I AN 28t i
AR S AT E MR )1 23 b i ES A R Ay A

3 WMAETEASHESHEHMEXR

RESR IR IE AR R R BN R Z —
Do A5 T LA J P i AR AR A 175 K b 7= ) A5
FFNRRBEWE 7 1 BE A5 X 175 A PR M b R ST AL
B JE A 43 1 SRR [

20 4t 60 AFAUTESE R Z R 22 M 22 A% Bl H
HEAT T 35 24 WK 5 ke R SIE 56, & 30 b 7% 0 B i
V1% 22 S Y ML 52 355 Sy v i A s ) A A 5 R 1Y
(Raleigh et al. , 1976, & 6) , DI 4 HY 1738 i 42 1]
W s P A R 0 W75 R b R A TR R AT AT
i R F W St AR ST 0 i A SR AE W A T A e v

AT DA 252 W 0 R A D T L S ek R A A T
TV RS AR A v] 45 1 M 7R 52 307 L N ( Guglielmi
et al. , 2015; Cornet, 2015) , #RT, 76 5 R ) 1K
T A v SIS S N e R O AL S — M A

TARTE A SRR 2 K3 3 NS EN AR,
BRIy AMRFR V, Fi R S P AR R, AR
b3k 78 PR A S B A bR L 2 T
[

IEFENT , B R E RIS mAREA
BV BOE He, BV A B AR R BURCR , 7T B IS &
RIVETE R R (McGarr, 2014) . FARIEAFTE
A )Rl s e AR IE N ) o, FIFLBRE T p RS
PN R MR e, BEAh P AR i AR, i
PRIEGRAR A G B B30 5 b2 B0 78 43 58 UM
JIAHRE GRBHTIY ) 2 AR S R R R A
BOTHE o BRI, — 2L B ) OR R A B B AR R
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VERBEARMETF AN AT 56 i R 70 2017 48 )
[ Mw 5.5 )75 K b i, 101 H St P 7 A9 A4
WA, B ERBIGENS = A Qb KRR T T AR
f91/500 (Lee et al. , 2019) . HMEE T ZHiAHN
R B K b 7R R 4032 T AR T AR e 45 IR
SEB b g VP AR K/ AR B AR T BRI A
R A IRTZ T A IER ST o, FLBRE T p FIIEE#E 2R
Bow Z I B G R , B LR B V. P FIR
Z BB ERE A O R B AR B VI /N8 A ik 2
SR IXRERA R AE SE B & R A

WU, SeAFRb A ) 22 S i K 2 HAT B
M, 2021 4 9 H 16 H ¥ B b2 R U], Ik = &
AAE NWW [a] F 7f b, TAS & X8k - 2L 0 NE
BT X B DA RO R R T, AN [R] A5 i)
R ) A7 Wi 2425 5 s (A R AR R AH [R] ( Wang
Maomao et al. , 2020) , 7EFRARE ATy o] AR F 3
JE GO A TWZ T 5 ) 0 BT I8 R
Wi 228 2 e sl 2, 0 BT T [ 94 1 17
K, W2 B 5 kb F AR . AR — R B, an SR
AT LA B 40 D 2R ) TR S 7 R R A ol ) B 4
PRI AR5 o) R BE SOl ok AR A W7 J2 1 ™ AR
(4 B I 1 B B B ARG, A ] B8 52 B0 75 % b i o 3 1)
NEC

4 RS

H AT, I BR E A R o) 16 i A2 A Ri AT 1Y
S b JTT 2 A VPG R et A v ) A 3E AT P ]
S5 JEAFRY AT e IR A i W S 2 K
J 2 i e VP b 52 1 S DR S A, B 1 AT LA
TG IR 7 R 2R 33K S W J22 22 [) ) sl L R [ 91
I MBS, AR TTUAT 5 A& M7= R A 7E Z AR Y
Wrgd b, gk )1 g 2021 4F 9 A 16 H ¥ EL e &
AEAEARFNEY NWW [a] #4387 b 1A & X 2 A
(1) NE [ B84y, SCI KT 005 i B 2 51k il <0 I
RAE TG S5 A MR 3 R R U A A T
Zfj( Mignan et al. , 2017; Verdon and Bommer, 2021 ;
BRF45, 2021) , BB RR /N, Tl i 3 1E 3 AT
(SRAT) |, bR 3 5 R POR B — B, AR
PR B AT (BT ), R R it — 2D
H R I73 vy ARG B, DU 5 S b % 1 A DA Ml (4L
$1) o NS AT RS, HATE il PR b
(14 RS 25 il SR 22—, (HE R T A AR 5 B Y
AR R RN 12 R A D R AR AN [ [ A X
B0 ) T [ (B AH 22 1R K (Atkinson et al. , 2020) ,

BRI Z AN A ) P B —4e A A8 T I 75 e
5= & H: MR ( Shapiro et al. , 2010; Broccardo et
al. , 2017) , 38 i b 3 F5LAL BRREAR XU ( Fryer et al. |
2020) Fi K& T i FE 1 2 %2 Bl J5 ¥ (Hager et al.
2021) FEAS R J7 20k S B 5 & b 7R I BL 245 1
e Z A AR

5 e

T3 375 & HRE I 5 N TAR ML 58 B BAT 2% )
(AT 23 FH DG, PRI 38 300 AN ] R 98 44 3 L 752 1)
BUAVERAF 30575 K bR I Bl A B — e T 1
~10 km JEE P, K ) R — M T AE 1~2 km,
PROKTFEE M E) 10 km 80 KT F (Kim, 2013;
Ellsworth, 2013) . MR IR, —MAE S km LA
1w DURRE BT 2 B, A6 TR a) B0 i DA
AENETE 5 ( Keranen et al. | 2014)

KT HURETE 35 Tl R A I 25 A0 6 | Davis
G (1992) $2 0 T YU HL T AR TE AR AR RS R
BRI 7 Kbk, 4 X R R R R IR X E IR
R M T 1 R 5 I AR T A R S MR O )
i [ 2 75 S 5 7R R A AR AN T B S AR A

Bifi 5 4Bk R REVR T & A H BB 3R, 5 4
FESR DX HR SRR 3 S AR B 5 B AR R A 2
EAFRFL HET N 3.0 K LUT B AERIRTE
BLER 3.0 F XL EGEDE AR, W
FEIK 3 e 5875 e 1 52 30 52 AR G 2 HE 1 fin &2 K P RS
WALH 0. 3% K BT M=3.0 UL EWiEA
HZ P4 (Atkinson et al. , 2016) .

TARIE AR TLRETE kK 2 KR AR Y
G, PN AR SR IR KRR T e T A S BR
E IS R BT 1 SR, AT G ST AR
IRE AR GRS S5 575 R RO R G 2
TARRWEAE S8R % K& i E ) EBR (McGarr,
2014) , SRIM, BA Z 0 WK 5 & R &k A TE
7 37 1) A R R AR s W7 2 I A5 & b R nT RE
L7 DR el b 1 RN T 2 A 7K S P s ) 1 3 3R R
LS G ERE Y & QA S BB 95 3 E oY) VA= e e el
W5 5 DX S i 1 b 2 A 24 B M 72 ( Van der Elst et
al., 2016) , FE DU 24K M 2018 4F Mw 5.3
bR AN Bk L A K ) R 245 & 1 KR
FHRE I T B M R AR (Lei Xinglin et al. |
2019) .

UG R MRS Tl A =it 72 5o % bl 56
Z (HR AT TA S , DX et Jo b 3k P58 R Dk 524 4 1
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SRS A b R R B Y O IR R R, BRI
ST 25 R FE O A 1 Tk 2R X, 48 KA 53 X
S5 A ML 1) RO AN 5 Y, AN A X 5 R ) L ot
WEET A 2 B W] 0 9375 & A R Pk L 752 ( Foulger
et al. , 2018) , IXFHFAE 1Y BT 55 1 32 Jmy B I 24
HuJZE & BRI BY 52 e, A0 S8 AR vz far 5o Y
Kingfisher DU H JE 2 M Mg i 52 2 Wi 2 K&,
HRUALTF & AR, 3.5 G LL R AFE 3 % AE 65
W, ZHIH) 10 f5 (Kolawole et al. , 2019) . Mi7E
b J5T ) 365 AH X RS E Y 36 1 A7 1k 8 M TP R Y
Marcellus T H AL AR N () Bakken T15
M, oA 3.5 UL R RYRE , AR ZEFRE Y
PR 5 )1 Fe L R b B AR 38 S5 AR TR] TUA S
FRAAL TSR LASK 04 b 7 176 2 22 10 . B PO B 1
A H AT b R AR R R B L A3, i1 e A
TORE PR ARG A 3.5 LN A M R AR R
IR LA 1 R

FR, AR B0 5 5% 119 e R ML o A
IR —FONR 25 R RIS S T R AR R FBTE
980 BRI, IR 1 OC T35 A 1 i ity i) 0 % 4 AR
FERIRTEA WD | TUE ST R T2 A 2 K
ANSATE SN T 0 G RS 2 I i
HERA AT BT 35 25 1 (W2 0 A1 5 2 () 45 g 17
filt - 38 SR I K Oy P SR R e A 2 8 10 g
A i FEFRRHNGRIE AT LI K 7R R A T
A4, 05 [ FEAR e B far 25 M BUA S TP R Xl
SSHAT RGEEE TR R R R A T,
TR BUJR BT HL 3 T S5 22 7 28 2= 5 M 4 1 el i
BRI AR A R A R 45 RR U W] SR
(Hager et al. , 2021 ; Kwiatek et al. , 2019) ,

6 ZEip

(1) TAVFFRIFELEHZLL 3.0 9 LI Ay AR#
IR N F  ETE R E P T Y SR R R
WAFHEEL 3.0 UL EAYF B R H B MRk b
2, KE BN BAR

(2) AR R Tk 16 shifs & s = i 5 XA R AH
[7) , [ — [ ZEAN [] Tl T 2R X35 b 7% 37 3l 1 10 22
AR, R MR T SR E AR OC  RE
PR 2R 12 DXl ) b J5 A 3 T S R R 251

(3) TP REAF & 172 5 IX Jal by it i 72 1) ) 5 s v
SO CER PRI S T 24 5 BT EE A . U 5%
REVRIT 106 S e 28 1 A2 5 DX 3l g 1 R A 38 T
iR R A A AU D IO ) T R st T A R i A s

B2 R, R T oCa R IR AT TR

BREIUA ST RIG B, IR MU LR 5 IR A<

Je A IR AR AR R 5 B — 2D,

A X335 DX A 1 5 i T A 3 i 7 i 275 i

i, DLW Z ) R R e — DR i, i

S JE AT R VORI M S5 BT R Al b 15 4

UNEY -GS = 3o

B RO L SO T G R AR OB Bl R

M E SRR,
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Underground resource exploiting and induced earthquake: State and progress
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Abstract; Clean energy such as the Shale gas and geotherm is becoming an increasingly important part of
global energy exploiting and has been a major growth point of China future energy output, which would exert
positive effect on ensuring energy security and peaking carbon emissions and carbon neutral. However, the induced
earthquakes caused by underground industrial exploiting is increasingly atiracting people’ s attention. Understanding
the relationship between industrial activity and induced earthquake and managing the seismic risk of induced
earthquake have been important project and challenge for the current world. Therefore, this study surveys the global
typical cases of induced earthquakes and introduces their basic characteristics and differences among different
countries. Also, the main manner, physical mechanism and the relationship with fluid injection of induced
earthquake are analyzed and summarized. We suggest that the induced earthquake is not only closely related with
the fluid injection itself, but also is controlled and determined by the local geology and fault condition.
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