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Abstract: Stress drop measures the stress release level over a fault during an earthquake rupture. As one of the
important parameters for characterizing source mechanisms and predicting strong ground motions, the stress drop is
controlled by the tectonic environment, focal mechanism, and type of earthquake sequence. The stress drop meas-
urements from the seismic data also depend on the observation frequency band. Therefore, the values obtained from
various seismic phases, such as body and surface waves, may be different. Previous studies have often used indi-
rect methods to remove the attenuation effects along the propagation path to obtain the source spectra and then es-
timate the stress drops. Using a broadband high-resolution Lg-wave attenuation model, the attenuation effect can be
directly corrected to obtain the Lg-wave source excitation spectra. By fitting the observed spectra to the theoretical
source model, we can calculate the seismic moments and corner frequencies from which the stress drops can be cal-
culated. Taking a typical tectonic earthquake and a potentially induced earthquake, that is, the 2017 Mg7.0 Jiu-
zhaigou earthquake sequence and the 2019 Mg 6.0 Changning earthquake sequence, in the eastern margin of the
Tibetan Plateau as examples, we explored the potential physical differences between tectonic and induced earth-
quakes. The stress drop in the 2017 Jiuzhaigou mainshock was approximately 27 MPa. The stress drops, and the
magnitude of its aftershocks rapidly decay. However, for the 2019 Changning earthquake sequence, the temporal
variation of stress drops declined slowly, with two aftershocks having stress drops comparable to the main shock.
For an area with long-term water injection, it takes a long time to recover to its equilibrium status once a large
earthquake disturbs the regional stress field. Given that no apparent difference in the absolute level of stress drops
can be observed between the two types of earthquake sequences, the stress drops alone cannot be used to distin-
guish between induced and tectonic earthquakes in this area. The increasingly accumulated underground water may
have created pathways linking multiple fault systems in the changing salt mining. Thus, the possibility of future in-
duced earthquakes cannot be ruled out.
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Fig. 1 Map showing a broadband regional Lg-wave Q distribu-
tion, overlapped by faults (thin black lines), geological
sutures (thick black lines), and seismic stations (trian-
gles) (Zhao et al., 2013a, 2013b). Abbreviations: BH,
Bayan Har Block; CB, Cathaysia Block; CDB, Chuan-
dian Block; HM, Himalaya Block; ICP, Indo-China
Plate; LH, Lhasa Block; NCC, North China Craton; OB,
Ordos Basin; QB; Qaidam Basin; QDO, Qinling-Dabie
Orogen; QM, Qilian Mountain; QT, Qiangtang Block;
SB, Sichuan Basin; YC, Yangtze Craton
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Topographic maps showing the eastern margin of the Tibetan Plateau, overlapped by both the locations of the 2017 Jiuzhaigou
and 2019 Changning earthquakes and their aftershock sequence. (a) Map showing the eastern margin of the Tibetan Plateau
overlaid with major block boundaries (thick black lines), fault system (thin black lines), and subduction zone (line with trian-
gles). The black beach balls denote focal mechanisms of nearby earthquakes larger than the local magnitude of 6.5. The blue
arrows represent the GPS velocities concerning the Eurasia block (modified from Kreemer et al., 2014). The red stars show the
location of the 2017 Jiuzhaigou and 2019 Changning earthquakes. (b) Map showing the location of the 2017 Jiuzhaigou earth-
quake (red star) with its aftershock sequence (blue circles). (¢) Map showing the location of the 2019 Changning earthquake
sequence, overlain by anticline (black lines), syncline (black dashed lines), salt mine area (green square), and shale gas well
(blue cross-circles). The relocation data and focal mechanism for the 2019 Changning earthquake sequence are retrieved from
Lei et al. (2019). Abbreviations: BH, Bayan Har Block; BSA, Baixiangyan-Shizitan anticline; CB, Cathaysia Block; CDB,
Chuandian Block; CNA, Changning anticline; CXS, Changguan-Xuyong syncline; FJS, Fujiang syncline; HLA, Huaxiang-
Liangzi anticline; HM, Himalaya Block; HYF, Huya fault; ICP, Indo-China Plate; JCXA, Jiacunxi anticline; JLA, Junlian anti-
cline; JWS, Jianwu syncline; KLF, Kunlun fault; LCS, Luochang syncline; LH, Lhasa Block; LRBF, Longriba fault; MJF,
Minjiang fault; NCC, North China Craton; OB: Ordos Basin; QB; Qaidam Basin; QDO, Qinling-Dabie Orogen; QM, Qilian
Mountain; QT, Qiangtang Block; SB, Sichuan Basin; SHA, Shuanghe anticline; TLA, Tenglong anticline; TZF, Tazang fault;
XLS, Xiangling syncline; XSA, Xunsichang anticline; XSLZF, Xueshanliangzi fault; YC, Yangtze Craton; YHA, Yuhe anti-
cline
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G EBE LB KT 2.0 (Zhao et al., 2010) . 3&
AT IR) B LR AR AN MR FF 22 Dt = AR ik LR
— ANl A DB B A0 S M LE RO i %
(Zhao and Xie, 2016) . WA 2 LIRS, W%
HRE F PR b LA T L T RO/ AN ]
FEAHOFE P B A R G i AR, (H B0 2 F
EAY, ATV A] BeAS B 2 1R Tl sk R AT R
J5FN & BRIV S8 . A I T A A v [ 7 2 R
Hf b0 AN E SRR & W EE rhoolicdE, B
R E B =S T AT B R S A
I3 AT, ARYE Zhao &5 (2013a), 1 56X HufZ A0 S E
AT AL B 38 Ik 22 B A i N SR A b s R s R
3.6~~3.0 km/s (PRI % AR Le 3, RIS R A
55 L i 55 K 10 B 1) 7 46k X P 98 4] B iy e 75 7 41
TE Lg WA 75 73 471 P4 i 25 14 00 I 2 4 2 11 10% H
TR R . XAE 5 R RS 43 0 AT L AR
e, 733 Lg AN PRI B3R il o2
B TR S, B e N BN RS
SAMK IR R, FRATO Lg 9f5 5 34T
FWEAREE, FEIERUE ML 2.0 1F T BRAER I & &
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Jit ) Lg 9 s, 18 2] Lg 9% % T 15 £ 3 4
(Ringdal et al., 1992; Schlittenhardt, 2001) .

22 RREMEAERE

FEL MRS, G kB4 ke
g AT %275 4 (Xie and Mitchell, 1990):
AkaSkaijijrkj (3)

P S RS, G2 JLT T HE v KR A
Gy = (dod)) "%y AR B R B, B B E N
100 km, A 300 k556 36 j 2 HIBE B (Street
etal, 1975); P eiMiiN, rrt Lg BAk il 15
S BEHLACRE, SE AW, Bl = L D g
k B G0l j AR A BRI, nT AN CE
a2 FRER 0T Lg 9% O BEARLIRAT. 78 O A X 8t
FERERAE AL B oL, MRS e R
[) V) A 7 25 N ] DA LA 2 9 A 22 B A g
e ] AR, FRAT DR P O S AR 1 S RO S
B, PG - WG A KK RZ IR (Zhao
etal., 2010, 2013a, 2013b):

u |~ a Jsee] 5 Jss+[  or @
LA HEFE 4 F1E 53 5357 T 32 9k 8)) 2 6 QA 5= Y
Mo meS SRR ZZHZ MR FR, T Mk s filt
o AR B G MR G s . e e Bt R b, FRATTN
AN AT AR, By sP=0, YI5P<e, HL
H e Sk 3 b 50 1E AR 1) 22 56 B {. (U, Ottemoller
et al., 2002; Zhao and Mousavi, 2018) . FJH &H 1
o = 3 PR MLSE L B O (AL RE 8 W bR AL 4k
il B3 % NP (EP Y N =4I UE T PR WA DO =3
PR T 3 — DA E . BUAR 5 X6 i AH OC 1 B
WA 2, HXUE BPs Re 8 4 o HERG L 29 R O {H,
RFRATTRE— P OAC IR AT 32 B R L2 5 (A, Fan
and Lay, 2002; Xie et al., 2004) . 7£ ek firp, 3%
MIARVF O (EAE X AT N7 10% FEATH
TUREFr, DA N ey 508 S G AR 6) 45 SR 1R 5% i 1 i 5=
HAFBAEA e, BRSOk 2= K B
/N3 (LSQR) J7 iR ARZMETi#2 (Paige and
Saunders, 1982), H A0 55 H 4 HiAg A6 . BHJE Fi
SR, BRI O (H, R R AR 5 JE
A7 Rl PR 7 R BT AWANES A G ol s A =B AL o
Bk AR E R 250 IR, IEIIR IR AR 25
TOER /NI R FRVR R AL O TE R RN AR Ry 45 2R
BT

23 RESHMESMNNIBERETE

T ARIObR M 2 R Mo I R fe, FRATIEE
R R I R AU L BRI
M
dmpv3 {1+ [1+(f/fO]")
Horb, oy a3 ) S e U5 X A o8 5 MR 5 1
n AT AR, BRI ek R £ ( Abercrom-
bie, 1995; Boatwright, 1980; & i K 4%, 1999) . X
TIRE (5), 4 n=2 I A d5 H H 1 02 5% Y5 A Y
(Brune, 1970) . BT &4 R 2005 5 0 I 7
1 % 1) S 1 RO U R N AT O, LB Y T
1.5~4 2 [} ( Abercrombie, 1995; Boatwright, 1980;
Dahlen, 1974; Madariaga, 1976; Prieto et al., 2004) .
PRI, AT ARV T B n fE B b 5 AR Mo F #
W A, TSR IR AR () 2 U & S 4L
e T 2R b % P A7) R T R AR R A M R 4
A, W R Le ¥ 58 ) 52 B ARE 5 1)
SO, X LB ROk BN . ITOKARA .
AT B I — I 1 2 1 R 8. 3 e I LB AIC A Mg 7
AWM, — R S e LT BR A 2 B
% {5 ™ Ltk %05 ( Abercrombie, 2014; Boyd et al.,
2017; Drouet et al., 2005); & &5 — MESIE L
AU 2 R S AW e 1 5 ) 18 R AT A 1%
( Abercrombie, 1995; Allmann and Shearer, 2007;
Ottemoéller and Havskov, 2003) . Ffl124 iR 38 == b
EET5 100k 25 B SR HIE 7, A5 e L B A 20 ) 2
TEA 3.0, 4.0, 5.0 A1 10.0, FJ FH A [7 45 W L 0 1k
15 2R P 15 S I8 R YRR RR A A5 R o, 1R
15 W LU TGV A 5 HEAT A IS 25 B, [ IR ie S 5
L YA Y L RN =R N P 7 X = JakU ALEAE
KL R Ut R B 73, 0 HUG 43 AR I AL
KirZz. B, B H 3 a8 b IE AN i gt 1) 8
1 5 A T B A1 S o AR T4k 2 o v e R
AP T R 7 R A T R DT R P AT R A
EC. bR T M AR IR S 2k M, SRR S R 8 SR A R
WL A AN R A R S e B, Rayleigh [
A2 Lg WREEZ & R A (Ma etal., 2012;
Wald and Heaton, 1991), ifi {5 % T 254 5y e 75 mf,
e AL R 7 100 e LU AN 2 S DR K AT Al P A 2%
FRbR. BOK = b e 1) o VAol AT A0 H AT v (R 4 )
Pl A= (RARA R, DRI 52 AR AT 7 1) 52 i) 452
AR, BN R b R AT AT PR 0 0 i s A
(R R AR . X M/ 2 S PR IR 23 AR5 2

SN =

®)
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DRk, S M Lg SoH SRR N ) B 10 J5 3 S AT el e J5UAR G S RSG5 v () 17 519

NARATE P e A, A /N MR A A B AT AR
(03 #7145 0075 3K 6 /)N 55 110 b 7 R RN 4573 A%
AT AR AR oy DR, FRATTAE $ids 4k #
G54 T X PIRN TV, B e S I LG SNR=2.0 1) 3
2K 3KAF 0.05~10.0 Hz 2 8] FEAN T 1 1) 5 Y5 3
RRHG ARG Lg BRI, #ie — A Em
BT A, 6 TREH N T 3.5 g, e k£
SIS ARSNGB . BRI AR 2K
TESE T 3.5 M HLRE K 0.05~10.0 Hz (175 I &
AU A Ar B R R RN M A TN TR T
3.5 R4, I A LR IR oR HOk v B AR
B, LAY BRI IR A28 . X0 58 /) b 3 1 8 4k
Wik, WEAS B 2 BR2 TR 7y, XA
TRAT A8 (PR AT S5 23R Ak U b i R . P d
BRI K 7 3202 — R AR 9 25 4 JR Ak B0 (Kirk-
patrick et al., 1983), ‘&l it fi /MU I A5 1% Lg
FEURIE 2 (R R ZE ) L2 e BORA TR AR Mo P31
AR f RN =R B 2R . 33— DA Bootstrap J7 1%
iU Mo T3 AR f A= I R R n KR 22
(Efron, 1983) .

N T B0 UE B E A B AR A R AR e e
SO, FRATTECA T H AN [ 45 e LE B {E SNR=3.0,
4.0~ 5.0 F1 10.0 Jf &5 &k r Uk A2 L 515
BRI SH, WK 3 . AP rTLUE 2|, wE
AR AT L AT 1) 7 v B 17 e DU 19 K R I 3 M B
FREFA. Ay ST~ fh Bt e R m P B = 1) R
Pl AR HUE M LA N 2.0, FFEB 0/
BRI AR (0 Ak T R IR S 4L

P 8 ML 52 H Mo AT KAl T RE RS 2 M (Hanks
and Kanamori, 1979):

2
Mw = glogMo -6.03 (6)

LT[R B W E A RUE 1% (Brune, 1970; Eshelby,
1957), KHZRW =5 —N A28 R IR SERL
v By IR g (RIS AE 3N B 2 1, R B Rk
A A

CIMy (1Y
M"ﬁ@ @

FEh AW 212 R Ny

_k
ke
Horp ke 2 — MO8 T B R IR L £
A H T Bz A B 45 R K B Madariaga

R 3

(1976), At A5 FH A BR 25 4332 50F [ 45 oy 2 A 7 g 47
TEE L, B A BYVIGE 1 90%,
SAFT P PRI S P kAE5 04 0.32 F10.21. PRIt
N g B R DL T MR Mo RN 4 A R £ S A
2|, B:

)

3
Mo fe
AT=6 (Ollv)

3 2017 SESLFEHHUZE R 2019 K 7
3= P2 R R S 5

31 XiHESS

29 e SRR T AL kIR s, DY )1 %
b PG G ) L by B B AT SR A M e AR T .
A% 1 1T 23 &5 4 R A v 1Y M RE W B P (Bai et al,
2010; Royden et al., 2008) . 3% J& FIZE 82 AT 1A% 45
RRO,  EE RIAR R 7 AEAE S 2 AR R 5
P, SRR A AT R ZU A TE R 4 44 Rl (Bao
et al., 2015; Zhao et al., 2013a) . {E N L ENE fir B 44
VU0 2 5, T ] W ey K52 4 5 1)
g B R E R, SRR A . Flhn, 2008 4301
My7.9 HiFZ R 2013 45 125 11 My 6.6 b 7% 5l K 2B 75 %
Tl Wr24a7 | (Hao et al., 2013; Shen et al., 2009) .
2017 SESLIEV Mg 7. 0 MR8 R AR AF TS B AR AR
S B W 2T R i BT 2 L RV KT SR 5 2 B 2R
LI DT R A X (RS, 2017) L AR
s R A A BRI A e EE R, RE
W 5 I B R T IA 12 mm/a. L AR A2 215
I3 T AR TR IR 52, T RS A B Tk (Eric
etal., 2007) .

LD NI e Y VAR 778 TR A iole Loy PR & BLRA =Y AU
K EAREMUTIAEE (Wang et al., 2014) . P4 1|
M = DARE A AN 4 8 55 2 N REAE, LT AN
RN, HAA EIWIVERFE (He et al,, 2019; Wang
etal., 2001) . PY)I| 7 b py 5 FH ) 12 285 A6 = 6 1 &6
Wy AR SRYE (He et al., 2019) . TR,
DU 1| 2 A 0 P R V5 B P A BTN, 1T RE S R
TF AN TS F S5 T3S 3 R B 9 K A % 4l
W, PUNZEH R K X, R A SR
B O R AR DL b IR 8 b A 2 3% Bl il KRR
RN, FEOE RHLE RN (Jia et al., 2020,
Lei et al., 2017, 2020) . K7 5 8 (1 B i Hu X 015 S,
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Fig. 3

B TR E 20, H 2008 4T T
FIFER, 2011 SEBEAT K IFE IR,

TR TSR T AFEEME LA (4D A3 AR LEBIE 2.0 8D IERESHC R, (ao). (d-
. (g-D M G-D BRIRRFEEEEEN 3.00 4.0, 5.0 f110.0 FIOEESHEE R B ORK O 2 B 2550k M>
3.5 FI My <3.5 MBI 45 3

Comparison of source moments M, (left column), corner frequency (middle column), and stress drop (right column) obtained
using visually determined truncation and different SNR thresholds of 3.0 (a-c), 4.0 (d-f), 5.0 (g-i), and 10.0 (j-1). Shown in
each panel are parameters obtained using different thresholds (vertical coordinate) versus those using threshold 2.0 (horizontal
coordinate). The black and grey circles are for earthquakes with M;>3.5 and M; <3.5, respectively

RUBDKTHEA AP RTUE T, [NIHEB 0

2014 FETFUR W5 B PE 2 BB B AN ( Chen et al., 2014; Lei et al.,
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Fig. 4 (a) Water injection, pumping, and water loss rates for
the Changning salt mine (modified from Shen et al.,
2022; Sun et al., 2017) and (b) seismicity in the Changn-
ing and its surrounding area

2017) . K B0 A A7 TR HOR AT AL
JEZ) 2.7~3.0km, [ 1990 4F 44 5 e KR £
2004 TEIF AR AKCE AT Sh TR, SRR T
W AR BRI BB WK (Ruan et al., 2008) .
FESRN TP RIS RE T, WEAKIFEANGRAA, HfEHR
Ry, ARG TR MR kK [ED L. SR, TEA
R IR S R AY L B EARh I B AR
R Wi 4 PR, XGR ERAT )RR B PR S e
ANfE (EANEMEIEHE) BV L 2013 4F
JE TCVESAFIE NG EA, (HZ X =S 3
PEASRAR 1, BH AR 2019 AR AEK T HURE, AlREE
B A% b DR N B ARAE IS . 2019 E KT
Mg6.0 i FEAL K 77 b X AL S0 Hi X 7 1 R
Z by AN R EL R T 2 R A X B AR
05 VR 2 i B v T R R 21 I R 3,
THHARER KT (Heetal, 2019; Sun et al.,
2017; Wang et al., 2013) . Rlk, 2019 K 7 HuE
JPAU T g5 K I AR B 8 K

32 R

FIHHFE Lg 97k, SHTHAE Q (HREIE, 3K
157 2017 4FEJLFEVHFN 2019 4FK T #5541 T & A
HiRE Y L s P s 5. it 5 R R IR s L A 15
AT AR B R E A AR, JEm vk T A
HiL R RN ) B 2 Y R B A RN T B

BAFEI0, b A 5 A G AT ] i
Kl 5 40 G 2 R oR ) JLAN S48 2017 4F 8 H 8
H Mg7.0 JU Z€ 5 1 75 7 41 1Y 3 5% M58 4 6.67x
10VN-m , #MAMHEN 034 Hz, Ml FREEN
2.88, [ JJP& K 27 MPa, AR 41 N ) B ) R
{4 0.63 MPa. 2019 4 6 H 17 H M6.0 £ 7* 1 7E
() E S A o 2.14x 10 N-m, 5 M 4E K 0.51
Hz, &R BEN 3.47, N JJFEAE N 32 MPa, %
ANHORE P HI Y BRI R 0.78 MPa. 5] 6a 223 T
P A 1R 7 41 b 5 5 R 2 TR DG R 45 R
37 MR R 0 A 9 FEL 1014~ 1017, 45 £ AR A A
71 0.3~2.4 Hz. &l 6b AFIH A (4) 152]1HE
i My CENC BT 45 H 1) Hb 7 1 7 9 My 2 TR) () 9%
R, AW I 2 Pk [R] U AT A0 PR A B RE R B R 2
Ji PERE G K R 53 o My ~1.45Mw (K7 i 7E 7
), VAR M~1.42My (U HE RS . BT
O V2 K TR G5 Hh T PR RE 2 TR SR R I 5T
(Goertz-Allmann et al., 2011a; Munafo et al., 2016),
41, Bethmann 2% (2011) A K EHRALE 3.0~5.0
Z ) My My S AR — B0, TR T 2N R R
My~ 1.5Myy. b7 P 7% 2 55 50 R G 2 1) 1) 22 7 FT g
PET XA R Gbr B TR P A RSB, nlfg
152 4 3R s A% 5 00 e A O 11 3 R IS 1) R )
(Munafo et al., 2016) .

2017 LRI HLRE 7 41 R R S e KRR
FZEBCR. AT R RE P, REEEE LR AR
BT RE. WK 7af 7o s, BLEZE P,
HP LB R R A B R E S D, 1 v By
i 4.0 HUL ERIRRE, H B A AR SN B .
2017 4E UV ML RE TG I W M AR A Y, K b il i 4
P 2 B 2R o R e i 45 IR o W S 1L [ R B AR
FAEAER BR A 4L, H R34 P E4) 4~16 km
(R . 7 2 e R B0 X 3 5 3 5 B 1 v . ) e
LERAXT N (FRIESE, 2017; T R, 2017;
TEEAE, 2018) . 2019 FK T Hu = 7 41 3 AR
FERUTHBIX, I 7R3 M R 7 41 5 i K TG 8 4 )
MK (B 7o) . EEHEI TR IERLE, 20 £
Fok, K MM 3 km AAEANT KEK (Lei
etal., 2019) . 4 T ST 15 RHE LN ) B 25 A]
Ak, BATTRE AT M R B E 30008 ) (1) T B T
L AERZ 20 km WOREE B, N R HAR K
AR, X T RE SR T T R R ) A TR AR R AN A
IRy o3 A (I 7d) . [R) RE AR B4 1 24 1R PR IR AR 7%
BAVAE RN B, X0 RE 2 TR R
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Fig. 5

Lg-wave source excitation spectra for 12 selected events from the Jiuzhaigou and Changning earthquake sequence. The origin

time of each event is on the top of each panel. The black crosses are source spectra inverted from the observed Lg-wave spec-
tra. Solid lines are the best-fit source models, and pink shades are their standard deviations. All the fitting frequency bands for
smaller earthquakes (M, < 3.5) are visually selected. The local magnitudeM; , moment magnitudeMw, seismic moment My, cor-
ner frequency f., and high-frequency falloff rate n along with their standard deviations, are labeled in each panel
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Fig. 6 (a) Seismic moment versus corner frequency for the 2017 Jiuzhaigou earthquake sequence (green dots) and 2019 Changning
carthquake sequence (red dots) in this study. The dashed lines mark constant stress drops for 0.1, 1.0, and 10 MPa. (b) The
local magnitude M measured by CENC versus moment magnitude Mw derived from the seismic moment M. The dashed line
represents the relation of My, = My. The red and green solid lines represent the best fit relation between M and My for the
2017 Jiuzhaigou and 2019 Changning earthquake sequence, respectively
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Fig. 7 The spatial distribution for the 2017 Jiuzhaigou (a, b) and 2019 Changning (c, d) earthquake sequence. The filled color in (a)
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