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Abstract In this paper, the flexural isostasy and gravity variations before the 2021 Madoi Ms7. 4
earthquake were studied using the EIGEN6C4 Bouguer gravity anomalies, SIO V15. 1 topography
model and the repeated gravimetry data. Firstly, based on the lithospheric flexural isostatic
model, combining with Bouguer gravity anomalies and topography data, the effective elastic
thickness (T.) and the flexural isostatic gravity anomalies of the lithosphere in the epicenter and
its surrounding area (northeastern Qinghai-Tibet Plateau) were calculated using the finite difference
method. The results show that T, ranges from 0 to 100 km in the northeastern Qinghai-Tibet
Plateau, with obvious lateral changes and close relationship with block tectonic structures. To
the north of the Bayan Har block, T, of the Qaidam block is as high as 50~80 km, to the south,
T. of the Qiangtang block is larger than 20 km, with local high values larger than 30 km in the
south of Wudaoliang and larger than 40 km around Yushu-Dege area. T. of the Bayan Har block
is 0~20 km, which is smaller than that of the north and south blocks, and it is more prone to
deformation. Therefore, the mass in the Bayan Har block moves eastward under the north and
south holding, and it is the primary area of eastward material flow in the central part of the

Qinghai-Tibet Plateau.
strength change (T. gradient zones), as well as on the faults where T. is low. The Madoi Ms7. 4

Earthquakes are prone to occur in the transition zones of lithospheric

earthquake occurred in the area with low T. inside the Bayan Har block, with an effective elastic
thickness of about 15 km near the epicenter. The analysis of repeated gravimetry data before the
earthquake shows that the 3 ~ 5 years’ accumulated gravity variations since 2015 present a
regional change characteristic of negative-positive-negative from west to east, and a high gradient
zone of gravity variation perpendicular to the fault zone is formed with the epicenter as the
boundary, which mainly reflects the deep tectonic movement situation in the process of material
flow from the Qinghai-Tibet Plateau to east before the earthquake. The gravity variations since
2018 is mainly characterized by a weak regional change from positive in the west to negative in the
east around the epicenter, which shows that the epicenter area has been in the “solidification”

state of high stress and strain, and the earthquake occurred at the turning point of the zero value

line of gravity variations.
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Fig. 1 The tectonic settings around the Madoi Ms7. 4 earthquake area

The focal mechanism solution is the fast solution of GCMT, and the historical earthquakes larger than Ms5. 0 are from China seismic

network (https //news. ceic. ac. cn/) , according to the records of earthquakes since 1500, the aftershocks with Ms$3. 0 are records

from China seismic network before May 27, 2021. The background topography model is downloaded from Scripps Institute of Oceanography,
SIO V15. 1.
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Fig. 2 The EIGEN6C4 Bouguer gravity anomalies around the Maduo Ms7. 4 earthquake, 2021

in Qinghai Province(l1 mGal=1X10-sm ' s-2)
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Fig. 3 The lithospheric effective elastic thickness (Te) around the Madoi Ms7. 4 earthquake, 2021,

in Qinghai Province
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Fig. 4 The calculated flexural isostatic gravity anomalies around the Madoi MS7. 4 earthquake , 2021
in Qinghai Province (1 mGal=1X10-sm ' s-2)
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Table 2  Statistics about the selected gravimetry data and instruments’ parameters used around

the Madoi M;s7. 4 earthquake, 2021, in Qinghai Province
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Table 3 Statistics of the gravimetry data processing
accuracy around the Madoi Ms7. 4 earthquake, 2021,
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&AL 2R 100410 m » 572,

2015—2019 4E (& 6b) 1Y) 4 4E BE AL B
N B R IX R R LT Ty A A gk S Ry T PR b 6 -
ARHEIEMESS E NGB EEIER D ET 1T
TWrRA LM, EAREE I NER, EP AR RAIE
)R B R I (HAR AR 35 60 10 m » 72 DU
L ERE AR EREE 90410  m - 577,

2015—2020 4E (| 6c) 1) 5 4E BFUE & {b B
NN ES s o Nl o = i 1 N v R v <o
fera #3152 B IX K AN E 13 26 - R IE AR R
fiE, B 378 Al A6 B A S 1) 2 T L R T AR



O] SRS 20214075 5102 MsT. A BN B Rt S S SERIE 14280 3143

38°N-

32°N-

38°N -

34°N -

34°N -

32°N -

-T 150

-120

=6 201547 DLk B E S5k
(a) 2015—20184F EFfHE 1251 5 (b) 2015—20194F EfHEE 725 1L ; (¢) 2015—20204F EfHE JZE{L(ArGal=IXl:—sm - 2).
Fig. 6 Cumulative gravity change since 2015

(a) Cumulative gravity change during 2015—2018, (b) cumulative gravity change during 2015—2019,

and (c) cumulative gravity change during 2015—2020 (1 >uGal=1X10-sm ' s-2).

JEEfIEE LR E (HEE6 ab JuFEUE &
PN e kg 45X10-8m » s 2> TETTE JJ28 1L
2 110X10-8m ¢+ s—-2.

MEBERETLALFE 2/0 EH2018F LIKE T H
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M LAPE ) F T~ ToM 250 B8 ST AL TN
o DUZR A BB Y TEAR AL - 20194 DIk @2 DA
RIEE JALTEEIZ P Y as Y0228 w2
20202k T S W 2L A 1A 28 B AV EE S LS
T

2 2018FEDIRIVE IT(L
2018 AR EAM—IG 2% EAZ /KRR — T8

ML Z |0 7/ &EN=0 MET7 abc B E
AT PRAERE th R fH i 3 22 DU MR EE 728 (b B
MR RN BB AL TE (L E (A
2018—20194F (E[7a HYLFHHE (L ER,
HRE A X E R 2 P AL IE - FREF DU iR e 9 EE 2L,
= TR A E 1 E /12 (B2 —15X10-8m « s-2,
2019—20204F (E[7a HYLFHHE (L RS,
RS R B A B T BB e RE T AT A B ER
§9TA b FAEE N BB ELHE (L
2018—20204F ([E]7a HY2FERIHE LR
TN MR A EE B 2 PRI IE - ARILTIAY BOESS 2
b RES 20155 DRIVEHK I R TR E 7B bka s
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Fig. 7 Gravity changes since 2018
(a) Gravity changes during 2018—2019: (b) Gravity changes during 2019—2020 ,
and (c) gravity changes during 20182020 (1 #Gal=1X10-sm ' s-2)

A FE v i X B ST A BRI A AE 115X
10-8m ' s-2 DAL

MAT PR R4 AR E JJ 28 {R75 , 2018
TELR I 2 BB R i X B A BRIV B RE X
RATERTAFECH A EL IR JEE S5 (H
N EBRL S JRF SR 5.

<Hifig
41 TeSkHiis

WIPEEChte (B9 0~100 km, S55E a8 it
SR

TS A ETRE R 0 km<<Te<<30 km),
Sy TR i e R S WA el i BRI
TEVETSGHT ) BB IULLCRA EIRSIET WA
B aEsNIN R IR RIZ MR TEER (/N
S5 2005).

SRR PR B AE R & Bl B S A RS R
RNETFPGFEHTXAS0~80 km, 5Fk R 2013 %4
HH 50~90 kmAJordan fI Watts 2005 #54HJ 50~
60 kmABraitenberg = 2003 45HiAY 60~80 km —Z(.
SRR S eE S s hrEE s T
RAEE A TFX w5 AHRT Jordan and
Watts, 2005 ; 257k 7755 ,2013).



98 NS 2021l FERBL M7 4 BN EHRNHEEFSEMENEL 3145

B U oz B A2 T 0 SR B AR T s s i R
DX, T Ay 0~20 km, & f1 B 58 BES. H FLE 3
PAZR, T H 20 km 3 26980/ 206 ) 1l I 4 B iy
10 km PLF. 859 0 & A B R E W@ EE ALk
RN I E B R IR 5 T AR I £ R NI
R VU1 7 3t BEL 5 /5 s A 72 28 T 4 R )R, LA %
TE RG¥ v HEE H 3 5. B h UK AR b R e
G TR 2 45 (Wang et al. , 20105 7 t il 5%,
2014) , [F] i B A vy /AR BH 1R R b F R AR (2B A
25,2009 B4 %, 2021 , R W] DX S A7 7E IR 58 BE 1Y
HoFe OB R R, T2 A3 AR B R b S A
Pl R (A SR T [ b T B iz B A AR B AR 1) 2 e 1)
WHPUE T, RN B LAE (<10 km).

FEPE YR RER 43 I T, KT 20 km, FLIE R
PLFG IR KT 30 km B9 EHE X, B R —1E 45 H
X BRI R F 40 km F =B X, 3% 28 5 5 & {H X
PR T A X AR AR, Ms5. 0 D B R R E B S E

L5 bR WY K s A A RSO R A ]
AL B, Bk 2 TR) o o BB R 2 ROR Bk
7] BB A7 TEJR BB 00 o SR BE A A B T B/ R AR
-5 TR A M 72 TE A8 (W 1 A7 IR, e ik i i &
i PR SR A AL R B A R e SR AR AL R R
To KIRBAR T DX 53 50 43 A7 TE A TE B 2 58 1
WA H I A % B Jordan and Watts, 2005 ; Simons et
al.» 2000). T, 52 W i1ty 33 b v Ji P 8 A I 088 T2 76 [
22 Uk W TE 77 980 0 J5UTE Bt 2 o, A B 43 % K ol
Bk By GE 1 AR &3 — 0, A A BB 5R B R i B ik
AN Ty Wi AR 35 3 B0 e B T ) BB AR R AR B T Ok LI
B R A R ER R i AR S i T X
4.2 T. 58FFH

A EA SRR B SRR R L H
He Wy N R FR AR S RALE A B Rk Ty 22 R
S8, 5 70 08 Y A R AR 35 5F M 0% (Forsyth,
1985;Burov and Diament, 1995; 22 35 & f1 A W 5%,
2006). T, P45 B AT LAy & J5 N 3 1 3 0 30 AL
T S B T R AL S 2 R HE GRRIZL 58, 2004 ; ZRRILEE
2014).

JAHE R o AR B BE S KR R B E R R AR
T SR 55 78 Ak B2k 8 1A, DL B T /0 IX 48R e By 34
b SRR TG S PR YRR R — AR S R
T, B AR T T P R 1Y JR) B A 3 AR DX, X
BE X 38 AR AR X D & M5, 0 UL A ERMLGE, BTG
Ms7.0 DA b KM 2. OB W i B ik AR 8B L1 22 TR

P dbds, & A B R EEAR /N (— i T.<C10 km) , iz Bt
XSRS A S T R AEMETE A, R IE ) &
ANINTE Sh PR A L AR RS RN R R
T B DIR K , 51 4 B2 25 o 4R 2 350 e Ak Py el 2%
gt 1947 FEiR H Me7. 7 HiRE.

R Z Ms7. 4 i 5B R AAE OB R Bk iy
L2 T, 8N (~15 km), HALTH T. & Wi K,
)8 A B TR R 59 Rt . R BT
P A R W By T. A2 4k, (R el 2 iy 35 5 28 )
SEIEE /N (<2010 m » s, AL F 22, Bk
TEIE 7] bR o IR AL T B R 3 IR 3, B 2 08 3)
N RLIK S5 1 W 3 o 2, X 5 AR IR I8 2 1 1B DLk
W 32 R IR ML R — 3R
4.3 W& MT. 4 MEREHTUHIE

HbRB SEBR bR TE IR Y R R AR AE
TE s W S4ats AN W7 R 01k B A R IR A IS T 58 R
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R AR B L ER N AP TE R  RAERS S 5 ER H
RIE WAL, = B 0Bl E ) 2 AT DU 4
FIRBRIE A TR, 9F 0T R E M W
PO R 55 ,2020).

BT R, 2 AR R K B nT S 1 ) AR AR
TE, S B E NN BEFRTHER. isR%
(1980 FE4 BT 1975 A IR Hb 2B Al 1976 4F B5 1L M 78
B 5 5 7748 A et 48 Hh b 2 00 I 38 % 7 3 A8 Ak KR
EREERIIEN, B ERMERE TR RN E
JIASARE N AT T BSR4 A, Li T Fu(1983)
R SRR AR B R L M B RS B AR b i
BOAREILHERERP XA TN R EES
(FE IOy A (FE N EE-BERER
AR I HAEIRTHE R E R E S SR A B
BB — B0k, O B4R (201D MR X 2009 4F 2 18 Bk
% Ms6. 0 b B 1 & ) 78 AR 0 40 BT . 5 5 R IR
PR 48 1« B XA T 2 7 A48 1k U 4 BR 4 A R 5
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I HL e R S R A i R P A UL B B R AR fb
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B R (22 5 i, 1990).
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IR IEAE L. GNSS R 7K M & 3R 0 7 s 5 Ak T
BARBET L FE D, B AR A5 Sf A L AR X 3 1
il 45 M B T B ~ 6 mm a7 R R A SR
THE A 1~2 mm « a ', R K R & X B 7E 0~
3mm e+ a 'BULH (Liang et al. , 2013; Hao et al. ,
2014). A8 KRR Al BB A B4 HA 1Y 58 ZU b 3R 2 LGB
R UHTEE, 2008) B BRI 7 = B 2 Hs 3l 3l
YK 10 mm « a  (HENEERBGNMEE)
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2 4 R AT E ) W] B A T AL, 3~
5 AE Ry RINE Jy A2 Ak B PG I AR A7 AE R Y - 1E-
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(B 7. 7 -1E- 17 i B AR ) A8 Al 25 35 57 v TR 4 T
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AL AR R DR ED fl— [ ST DA PG s DX R T 5 OE
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f1% 55 8 1 78 A0 ) RS IR R B iR R AR A B T RTIY OF
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RE T b 52 A o 1 1 5.

5 #Hip

A3CH H EIGEN6CA 8 3R An SIO V15, 1 3y
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KREBY), HE R AL gk T. 2R 2. T.

J52 B ) 33 o o D P 5 A PR o 22 R U AR T
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e AL SRR LR Y IR 7R B 8.
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(DI Z Ms7. 4 o BRT VI 3] T 524 s ] R
MR A, B 2015 4R LISE 3~5 £ 1) RBIE
AE S AL EFHIE~100410° m » s 7, H [
RERBE R A -E-A AR LESE L E 2018 4 LUK E
Hh R JE] 00 DX DA OK 3t 55 AR AR Ol B M B R A AR
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Ml Py 2 B DY A 02 B A G R A B A R [ B
WFR UL Ms7. 0 DL b 5% 5 5 28 16 4 B B 0% 3
KB ASFLRRAE 2 1 1 55 A8 1k n] BE B R 5 B X b 5%
C AT A RS S N R T R LR B R

References

An MJ, Shi Y L. 2006. Review on lithospheric thickness research of
the Chinese continent. FEarth Science Frontiers (in Chinese),
13(3): 23-30.

Braitenberg C, Wang Y, Fang J, et al. 2003. Spatial variations ol
[lexure parameters over the Tibet-Quinghai platean. Earth Planet.
Sei. Lett. s 205(3-4): 211-224.

Burov E B, Diament M. 1995, The ellective elastic thickness (T.)
ol continental lithosphere: what does it really mean. J. Geophys.
Res. : Solid Earth, 100(B3) . 3905-3927.

Chen B. 2013. The ellective elastic thickness over China and
surroundings and its lithosphere dynamic implication [Ph. D.
thesis] (in Chinese). Wuhan: China University ol Geosciences
(Wuhan).

Chen CY, Ren] W, Meng G J, et al. 2013, Division, delormation
and tectonic implication ol active blocks in the eastern segment
ol Bayan Ilar block. Chinese J. Geophys. (in Chinese), 56
(12); 4125-4141, doi; 10. 6038/cjg20131217.

Chen S, Wang Q S, Zhu Y Q, et al. 2011. Temporal and spatial
[eatures of isostasy anomaly using gravitational admittance model at

eastern margin ol Tibetan Plateau. Chinese J. Geophys. (in



98 NS 2021l FERBL M7 4 BN EHRNHEEFSEMENEL 3147

Chinese) , 54 (1): 22-34, doi: 10. 3969/j. issn. 0001-5733.
2011.01.004.

ChenY T, Gu II D, Lu Z X. 1980. Variations ol gravity belore and
alter the ITaicheng earthquake, 1975 and the Tangshan earthquake,
1976. Acta Seismologica Sinica (in Chinese), 2(1); 21-31.

Forsyth D W. 1985. Subsurlace loading and estimates ol the [lexural
rigidity of continental lithosphere. J. Geophys. Res. . Solid Earth,
90(B14): 12623-12632.

FuG Y, Gao SII, Zhang G Q, et al. 2015. Gravitational isostasy
background and surlace delormation response characteristics of
the 2015 Nepal Mz8. 1 earthquake. Chinese J. Geophys. (in Chinese),
58(6): 1900-1908, doi: 10. 6038/ cjg20150606.

Fu G Y, Wang Z Y. 2020. Crustal structure, isostatic anomaly and
[lexure mechanism around the Jinghe Ms6.6 earthquake in
Xinjiang. Chinese J. Geophys. (in Chinese), 63(6): 2221-
2229, doi; 10. 6038/cjg2020N0076.

Gan W J, Zhang P Z, Shen Z K, et al. 2007. Present-day crustal
motion within the Tibetan Plateau inlerred [rom GPS measurements.
J. Geophys. Res. ; Solid Earth, 112(BR); 08416, doi; 10, 1029/
2005]B004120.

ITao M, Wang Q L, Shen Z K, et al. 2014. Present day crustal
vertical movement inlerred [rom precise leveling data in eastern
margin ol Tibetan Plateau. Tectonophysics, 632 281-292.

IIu M Z, ITao IT T, Li II, et al. 2019. Quantitative analysis ol
gravity changes [or earthquake prediction. Earthquake Research
in China (in Chinese), 35(3): 417-430.

IIunMZ, Jin T Y, Ilao II T, et al. 2020. Lithospheric ellective
elastic thickness and its tectonics in the southeastern Qinghai-
Tibet Plateau. Chinese J. Geophys. (in Chinese), 63(3): 969-987,
doi: 10. 6038/ cig2020N0225.

Jia MY, Zhan J II. 2000. TIIE structure and ability ol the China
seismological gravity monitoring system. Acta Seismologica
Sinica (in Chinese), 22(4): 360-367.

Jia SX, LiuBJ, XuZF, et al. 2013. The crustal structures ol the
central Longmenshan along and its margins as related to the
seismotectonics of the 2008 Wenchuan earthquake. Science
China Earth Sciences, 57(4) . 777-790, doi; 10. 1007 /811430~
013-4744-9.

Jiang X D, Li D Y, Gong W, etal. 2014. Dillerential delormation
and uplilt mechanisms of the eastern and western Tibetan
platean, Chinese J. Geophys. (in Chinese), 57(12): 4016-4028,doi:
10. 6038/ cjg20141214.

Jordan T A, Watts A B. 2005. Gravity anomalies, [lexure and the
elastic thickness structure of the India-Eurasia collisional system.
Earth Planet. Sci. Lett. , 236(3-4): 732-750.

Kirby J F. 2014. Estimation ol the ellective elastic thickness ol the
lithosphere using inverse spectral methods: the state of the art.
Tectonophysics, 631: 87-116.

LiCX. 2009. The long-term [aulting behavior ol the eastern segment
(Maqin-Maqu) of the East Kunlun [ault since the Late Quaternary
[Ph. D. thesis] (in Chinese). Beijing: Institute ol Geology, China

Earthquake Administrator.

Li R IT, Fu Z Z. 1983. Local gravity variations belore and alter the
Tangshan earthquake (M =7. 8) and the dilatation process.
Tectonophysics, 97(1-4): 159-169.

Li R IL 1990. A new stage and new tasks ol gravimetry. Earthquake (in
Chinese) , (6); 7-18, 75.

Li Y D, Zheng Y, Xiong X, et al. 2013. Lithospheric ellective
elastic thickness and its anisotropy in the northeast Qinghai-
Tibet plateau. Chinese J. Geophys. (in Chinese), 56(4). 1132-1145,
doi: 10. 6038/ cig20130409.

Liang M J, Zhou R J, Yan L, et al. 2014. The relationships between
neotectonic activity of the middle segment of Dari [ault and its
geomorphological response, Qinghai province, China. Seismology and
Geology (in Chinese) , 36(1): 28-38.

Liang M J, Yang Y, Du F, et al. 2020. Late quaternary activity of
the central segment ol the Dari [ault and restudy ol the surlace
rupture zone of the 1947 M 7%/, dariearthquake, Qinghai province.
Seismology and Geology (in Chinese) ,42(3) . 703-714.

Liang S M, Gan W J, Shen C Z, et al. 2013. Three-dimensional
velocity [ield of present-day crustal motion of the Tibetan
Plateau derived [rom GPS measurements. J. Geophys. Res. :
Solid Earth , 118(10), 5722-5732.

Liu X F, Xiao L Z, Mei X P, et al. 2005. Characteristics of
seismicity and sequence patterns in Qilianshan seismic belt.
Northwestern Seismological Journal (in Chinese), 27(1): 56-60.

McNutt M. 1979, Compensation ol oceanic topography: An application of
the response [unction technique to the Surveyor area. J. Geophys.
Res. : Solid Earth, 84(B13): 7589-7598.

RenJ J, Xu X W, Yeats R S, et al. 2013. Latest quaternary
paleoseismology and slip rates ol the Longriba [ault zone,
eastern Tibet: Implications [or [ault behavior and strain partitioning,
Tectonics , 32(2) . 216-238.

Shen C Y, Li II, Sun S A, et al. 2009. Dynamic variations ol
gravity and the preparation process ol the Wenchuan 8.0
earthquake. Chinese J. Geophys. (in Chinese) , 52(10) . 2547~
2557, doi: 10. 3969/j. issn. 0001-5733. 2009. 10. 013.

Shen C Y, Tan II B, Ilac II T, et al. 2011. Mechanism of
precursory gravity change belore Yao an Ms6. 0 earthquake in
2009. Journal of Geodesy and Geodynamics (in Chinese) , 31
(2): 17-22, 47.

Simons F J, Zuber M T, Korenaga J. 2000. Isostatic response ol the
Australian lithosphere: estimation of ellective elastic thickness
and anisotropy using multi-taper spectral analysis. J. Geophys.
Res. : Solid Earth , 105(B8): 19163-19184.

Tapponnier P, Xu Z Q, Roger F, et al. 2001. Oblique stepwise rise
and growth il the Tibet Plateau. Science, 294 (5547). 1671-
1677.

Van Der Woerd J, Ryerson F J, Tapponnier P, et al. 2000. Unilorm slip-
rate along the Kunlun [ault: Implications [or seismic behavior and
large-scale tectonics. Geophysical Research Letters, 27 (16);
2353-2356.

Van Der Woerd J, Tapponnier P, Ryerson F J, et al. 2002. Unilorm
postglacial slip-rate along the central 600km of the Kunlun [ault



3148 H 2R 4 B % R (Chinese J. Geophys. ) 64 &

(Tibet) , [rom % Al, °Be, and C dating ol riser ol[sets, and climatic
origin of the regional morphology. Geophys. J. Int. , 148 (3). 356-
388.

Van Wees ] D, Cloetingh S. 1994. A [inite-dillerence technique to
incorporate spatial variations in rigidity and planar [aults into 3-
D models [or lithospheric [lexure. Geophys. J. Int. . 117(1):
179-195.

Wang C Y, Lou II, Silver P G, et al. 2010. Crustal structure
variation along 30°N in the eastern Tibetan Plateau and its
tectonic implications. Farth Planet. Sci. Lett. , 289(3-4) . 367-376.

Wang Q, Zhang P Z, Freymueller J T, et al. 2001. Present-day
crustal delormation in china constrained by global positioning
system measurements. Science, 294(5542) ; 574-577.

Wang Q S, Teng ] W, Zhang Y Q, et al. 2008. The ellect ol crustal
gravity isostasy and Wenchuan earthquake in Longmenshan [aults and
adjacent area. Progress in Geophysics (in Chinese), 23 (6) .
1664-1670.

Wang W L, Fang L II, Wu J P, et al. 2021. Altershock sequence
relocation of the 2021 Mg7.4 Maduo earthquake, Qinghai,
China. Science China Earth Sciences, 51(7): 1193-1202, doi:
10.1360/SSTe-2021-0149.

Wang X B, Zhu Y T, Zhao X K, etal. 2009. Deep conductivity
characteristics of the Longmenshan, Eastern Qinghai-Tibet
Plateau. Chinese J. Geophys. (in Chinese), 52(2): 564-571.

Watts A B. 2001. Isostasy and [lexure ol the lithosphere. Cambridge:
Cambridge University Press.

Wen X Z, Xu X W, Zheng R Z, et al. 2003. Average slip-rate and
recent large earthquake ruptures along the Garzé-Yushu [ault.
Science in China Series D : Earth Sciences ,46(2) :276-288.

Wen X Z, Du F, Zhang P Z, et al. 2011. Correlation ol major
earthquake sequences on the northern and eastern boundaries of
the Bayan Ilar block, and its relation to the 2008 Wenchuan
earthquake. Chinese J. Geophys. (in Chinese), 54(3): 706-
716, doi: 10.3969/j. issn. 0001-5733. 2011. 03. 010.

XuX W, Wen X Z, Chen G II, et al. 2008. Discovery ol the
Longriba [ault zone in eastern Bayan Ilar block, China and its
tectonic implication. Science in China Series D Earth Sciences, 51
(9):1209-1223.

Xu X W, Chen G II, Wang Q X, et al. 2017. Discussion on seismogenic
structure of Jiuzhaigou earthquake and its implication [or current strain
state in the southeastern Qinghai-Tibet Plateaun. Chinese J. Geophys.
(in Chinese), 60(10): 4018-4026, doi: 10. 6038/¢jg20171028.

Zhan Y, Liang M J, Sun X Y, et al. 2021. Deep structure and
seismogenic pattern of the 2021. 5. 22 Maduo (Qinghai) Ms7. 4
earthquake. Chinese J. Geophys. (in Chinese), 64(7) . 2232-
2252 ,doi; 10. 6038/cjg202100521.

Zhang P Z, Deng Q D, Zhang G M, et al. 2003. Active tectonic
blocks and strong earthquakes in the continent of China.
Science in China Series D . Earth Sciences ,46(2) .13-24.

Zhang P Z, Shen Z K, Wang M, et al. 2004. Continuous delormation of
the Tibetan plateau [rom global positioning system data. Geology, 32
(9). 809-812.

Zhang P Z, Xu X W, Wen X Z, et al. 2008. Slip rates and recurrence
intervals of the Longmen Shan active [ault zone and tectonic
implications [or the mechanism of the May 12 Wenchuan earthquake,
2008, Sichuan, China. Chinese J. Geophys. (in Chinese), 51(4):
1066-1073.

Zhang P Z, Deng Q D, Zhang Z Q, et al. 2013. Active [aults,
earthquake hazards and associated geodynamic processes in
continental China. Scientia Sinica Terrae (in Chinese), 43 (10):
1607-1620.

Zhang S X, Zhang X, Wang S X, et al. 2008. Analysis ol crustal
vertical delormation belore and alter Wenchuan M s8. O earthquake.
Journal o f Geodesy and Geodynamics (in Chinese), 28(6): 43-
46, 52.

Zhang Y Q, Wang Q S, Teng J W. 2010. The crustal isostatic
anomaly beneath eastern Tibet and western Sichuan and its
relationship with the distribution of earthquakes. Chinese J.
Geophys. (in Chinese), 53(11): 2631-2638, doi: 10. 3969/j.
issn. 0001-5733.2010. 11. 011.

Zhao L II, Jiang X D, Jin Y, et al. 2004, Ellective elastic thickness
ol continental lithosphere in Western China. FEarth Science-
Journal of China University of Geosciences (in Chinese), 29
(2): 183-190.

Zheng Y, Li Y D, Xiong X. 2012. Ellective lithospheric thickness
and its anisotropy in the North China Craton. Chinese J.
Geophys. (in Chinese), 55(11): 3576-3590, doi: 10. 6038/j.
issn. 0001-5733.2012. 11. 007.

ZhuY Q, Liu F, Li T M, et al. 2015. Dynamic variation ol the
gravity [ield in the Sichuan-Yunnan region and its implication
[or seismic risk. Chinese J. Geophys. (in Chinese), 58(11) .
4187-4196, doi: 10. 6038/¢jg20151125.

Zhu'Y Q, Shen C Y, Zhang G Q, et al. 2018. Rethinking the
development of earthquake monitoring and prediction in Mobile
Gravity. Journal of Geodesy and Geodynamics (in Chinese) ,
38(5): 441-446.

Zhu Y Q, Zhang Y, Zhang G Q. et al. 2020. Gravity variations
preceding the large earthquakes in the Qinghai-Tibet Plateau
[rom 21st century. Chinese Science Bulletin (in Chinese), 65

(7). 622-632.

Mt i 32 5 2% STk

TRE, ABK. 2006, PEKRHAEABEESAIFR. ¥,
13(3): 23-30.

BRlE. 2013, PEASRAAEE Y HEERE RES %28 L [E
+ig]. R R EBRKE.

BRZ, F4T. SEAL. 2013 EEFvE R HuR 4R 3505 30 ik g
R JEERRE R & B L. s BRI B AR, 56 (12). 4125-
4141, doi: 10.6038/cjg20131217.

WA, TS, IBFH. 2011 ERBEREGE I SRR HK
FE R A RE. HERYEER, 54(1): 22-34, doi: 10.3969/].
issn, 0001-5733. 2011. 01. 004,

WRIEZE, WSS, ARl 1980. 1975 FEW ALY 1976 4F /5 L #h



98 NS 2021l FERBL M7 4 BN EHRNHEEFSEMENEL 3149

BWEME AT, HEEHR, 21, 21-31.

-, mmde, KERZ. 2015, 2015 4FJEIH/R Ms8. 1 #1i B A #
FENWMEE R S FIP B ARE. H R B R, 58(6)
1900-1908, doi: 10. 6038/¢jg20150606.

%, E|RT. 2020, FEMHT 6.6 ZHBE DR BEWE 1Y
WREU R AGEEEIE Ry HEEW. 6306). 2221-
2229, doi: 10.6038/cjg2020N0076.

A, AR, TSRS, 2019, MIBA MM E AR E
FRAHT. FEME, 35(3): 417-430.

HHE, 2BF, BEES 2020 FRSEREGEABEG M
MEEREWER L. B YEER, 63(3): 969-987, doi:
10. 6038/cjg2020N0225.

HRE, BEE. 2000, FEBBE ALK RNEW ST,
B, 22(4): 360-367.

B, XES, RYEZ 2014, BB BEFMMESES
P B, HER . HERE, 44(3) . 497-500.

EY, =EE, EHF. 2014 FRARARANEREZTSET
Bl Hb 3R P 4R, 57 (12): 4016-4028, doi: 10. 6038/
jg20141214.

ZRRA. 2009 RECHI AW RB B —H i) B W4 K H83
R3], b b B E R BT R

Zads. 1990, EHEMFHBERTES. HE, (6. 718, 75.

ERHEAMEE. WY, 56(4). 1132-1145, doi: 10,
6038/cjg20130409.

AR, FEE, BR%. 2014, FEXAWATEMEFESN S0
MEF KR S RIRTT. MBM BT, 36(1); 28-38.

RG], R, R FE. 2020, FEEE WP BB U A S B
51947 4F MT¥ /BRI BT A 5T, B, 4203,
703-714.

XUNR. M AER . W75 T4, 2005, ¥R LU BB H B IE B4R E K
FPRIER. PO B, 271 56-60.

HEM, 228, ORE. 2009, EAHEHEBL G Ms8. 0 4
BAE SR MR ¥R, 52(10). 2547-2557, doi: 10.
3969/5. issn, 0001-5733. 2009, 10. 013,

HIEFH, Wk, MEEEE. 2011, 2009 k% Ms6. 0 s BE Y
BiJR AR AL HLEE. RN & S ERsh S, 31(2) . 17-22, 47.
TS, B, WARTES. 2008 BITWH AR RS R M FTESN
WA S 50O E. IR R, 23(6); 1664-1670,
TAE, Bk, RETE. 2021, 2021 FHELE Ms7. 4 BT

B K E M BEST. P EBE - #ERBLSE, 51(7), 1193-1202, doi,

10.1360/S8Te-2021-0149.

TEAR, Fl%, MG ELE 2000 FREELRS LTS ks
TRER LSS M ARAE. M BRI 2R, 52(2) : 564-571.

ISR, B, MIEEL. 2003, HA—F AW 2480 2108 3h
RERARMBEHE. FEBZ OB, 33(SD: 199-208.
B, MoF, RS, 2011, BEEERRAILMEADRRKME
FRIRI KRB E S 2008 FERIT B, HERPHEEMR, 54(3):

706-716, doi: 10.3969/]. issn. 0001-5733. 2011, 03. 010.

HE s, MAE, MRS 2008, EFIERI I AR H U
WHRARERMWEE Y. PEM 2 D&, k%, 38
(5): 529-542.

B, B, TRRE. 2017. AEWHERENEBERT
BEEAE SIS N A REITIE. BB 28, 60010):
4018-4026, doi: 10.6038/cjg20171028.

B, BE, SR, 2021, 2021 4FE5 F 22 HEWIBE Ms7.4
WEGFIIRE R A B EER mERY B 2R, 64(7) . 2232-
2252, doi: 10. 6038/cig202100521.

B, BER. WERS. 2003 FEKEHRZEDSEDHH
B AEBF OB, 33EERD . 12-20.

KR, wHE, WEESE. 2008, 2008 AWl 8. 0 K B R BB
ZEESEE R A ERE. R EEIR, 510,
1066-1073.

KRR, WK, WITEL. 2013, PERKE N BERE
RIS R, hERE . WEE2, 43(10): 1607-1620.
W, WA, EWELE. 2008, Wi 8. 0 B EHEEEE

AT, R & 5 ERsh J1%, 28(6): 43-46, 52.

TokHE. EHS, BEI 2010, JIFARABR M FTHERE R
HE5MmEBHSHFMALR. #SBRY MR, 53(11). 2631-2638,
doi: 10.3969/j. issn. 0001-5733. 2010. 11. 011.

WAL, B, &84, 2004, FETFEH KRS AE A ST
BT, #iBRB - TR 2R, 29(2) ; 183-190.
B, ZAK, BERE. 2012, R R BEAETNBEEEE AT
RS, M ERYHESE R, 55(11) . 3576-3590, doi. 10. 6038/

j.issn. 0001-5733. 2012. 11. 007.

BMEF, WH, F,WSE. 2015, JIEMKE LG EEL IR
Bk a . B E R, 58(11). 4187-4196, doi: 10.
6038/¢jg20151125.

WMEH, FEM, KEKE. 2018 RERFIEHNUNFMERS
BEE. R & 5HEkshJ1%, 38(5): 441-446.

MEE, F, ERE. 2020, 21 HAURETERE R RKEWE D
AR fh. BL2EE R, 65(7): 622-632.

(CRIamiE HEIID



