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Figure 1. (a) Active faults along the east-north margin of Tibet plateau. The sources of faults are
from previous studies *'**** Mechanisms used in the plot are from Global CMT
(1976.01.01-2022.01.01). The GPS data are from Wang et al '\, The Qilian-Haiyuan fault zone
(QLHYF) is composed of following segments'®”), including Halahu fault (HLHF), Tuolaishan
fault (TLSF), Lenglongling Fault (LLLF), Jinqianghe-Laohushan fault (JQH-LHSF), Haiyuan
fault (HYF), Liupanshan fault (LPSF) and Qishan-Mazhao fault (QMF). (b) The slip rates along
Qilian-Haiyuan fault are obtained in the previous studies ”**°!. (¢) The 1986 and 2016 Ms6.4
Menyuan earthquakes and aftershocks !
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Figure 2 Point source inversion result of the mainshock. (a) Waveform misfits versus source
duration. (b) Waveform misfit versus depth with the optimal source duration. (c) Waveform
comparison for regional and teleseismic records. Black and red traces show the synthetics and
observations, respectively. The numbers below the seismograms are cross-correlation coefficients.

The removed waveforms were mostly clipped records
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Figure 3 (a) Spatial distribution of Ms>3.0 aftershocks. The gray dots are aftershocks relocated by
Fan et al''!. The regional active faults (gray lines) are from previous studies *>**), where LLLF
means Lenglongling fault, TLSF means Tuolaishan fault, and SNQLF means Sunan-Qilian fault.
(b) Rupture directivity fitting of two large aftershocks event#13 and event #14. Black and blue
traces are the observations and modeled waveforms. Red dots show the resolved relative source

duration at each station, and the red line shows the best-fitting prediction.
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Table 1 Point source parameters of Ms>3 aftershocks (before 26" of January)
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Table 2 Information of SAR data used in this study.

A (YYYYMMDD) SR | BRES
LilREE| KATIT I
F K ME] (m) (d)
T26 20211229 | 20220110 T -96.2 2
T33 20211229 | 20220110 FEEZ 53.5 2
T128 20220105 | 20220117 FHHL 38.7 9
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Figure 4 Coseismic deformation of the mainshock derived from subpixel offset techniques using
Sentinel-1A SAR data. (a) the coseismic Light-of-Sight (LOS) deformation. The blue beach ball is
the focal mechanism estimated from this study. The seismic solutions of the mainshock are from

the CAP solution in this study and USGS W-phase solution, respectively. The regional active
faults (black lines) are from previous studies ****!, where LLLF means Lenglongling fault, TLSF
means Tuolaishan fault, and SNQLF means Sunan-Qilian fault. LX is the location of a large
deformation along Lanxin rail line. (b) Coseismic LOS deformation from track 33. The red lines
are faults ruptured in the mainshock. (c) the observed and modelled coseismic deformation along
the profile AA’ for the T33 and T128 coseismic deformation data
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Table 3 Detailed information of the fault traces mapped from the SAR deformation products.

B SE L EFE) | i) | KEE(km)”
F1 101.17461°E, 37.79490°N 88.65 70 17.9
F2 1 101.19257°E, 37.81408°N 100.9 88 8.5
F2 2 101.27058°E, 37.79730°N 108.1 88 5.7
F2 F2 3 101.32183°E, 37.78218°N 110.3 88 3.9
F2 4 101.35690°E, 37.76754°N 123.9 88 3.1
F2 5 101.40695°E, 37.73677°N 127.2 88 8.0

Ve, AR B R AR A R R AR R, 4, FCrR T s T O 2 A A DA R
P SRS st A i B T TR

N T/ TR R B S T TR S AR, ARG T128 A1 T33 PN HUIE [F) R L LR T
(Light-of-Sight, LOS) 15374y 53T VU b SR T A HESRBES), 25 pTa 21
I AR R BTN AE R R PN, BRI 2T, SR U RO . B AR R 20
RZE VR AR DS LI TR F AR MEMERR S, AT 2% 18] _ESRAE R FR) 20 A1 3 B2 By — M A
HAHE AR, SRS ROE A R BV B S 0E 2 2 i 1, JCHBEE TR R,
SEZHUNIE 2 4 SO S5 R AT REAFAE 35 2 i dE . AW TEh 32 TR AR E L SRAE R Al 3
AL 7 1 AR P A, EH B KIS AT 12 SR A B (R RAE HAHE A BE 78 7006 A2 X T =T 3 240
MM NfRRZE R, BATRAEARIT A, B DU Ak 2 B ik ds, X BOR R
Z2 M DXIFER AT I R, JF EOFrisAT IO e, H B2 AL Ui a8 ) B4 K2 HORA
FA AR Al ik E, RERCENMFERZENRGME. ZIECHE 2015
SEJEIA/RIBTE A 2017 45 BA MO R 1 1 3 SO 5 B rp AR T RAF I RCREY). T SPO 45
AR T AR SR FIRE (AR T U, JFBCH SEINASN R AR S 1015 B, HA SRR
HOR AR TS R (B 4e) DLtk St b A FHAZ 2045 2
AR SR 3 7 S L I (R 0 (P R 3R EDO T JE 7 R R VR DGt
BE R FIERGURAN SAR AAL” s AT W R 5, R BIBZ, 5ACHIN F2 Bk
RARXS L, H IR A S 1) FLBGK AR S PROd A B4, T128 Ui LOS
[N AR MR EER /N, A B TR = AR, i BAT S 3R AT M 2 A g



4. RIRBHEE SHRYLF

R4 InSAR IS MREL R, o WIS R — KR 5 2 (3 F. InSAR
KR ELHEARR 7 F1 A F2 PISRAHR MO s T 2 (3D, H F2 E PG AGE ) R 2R B
AR o SR P M R T 2 R 2 i v B R RS, o B — BRI AT A X P AR R S R
ARE T INEUE S WIS AL, AR TEh 3RAT] B HER A% 78 58 1 45 SRR PR 17 2 A
1, Flo F2 B BRSO A R 2 IR AT BB Dy 70080 8o, Sy 1 Rl i A v
JETH LRI BN, FATTR AR EE RSS2 B oy =Y, B EEb R (0 km IREE) K
F10.25 km X 0.25 km 850 K /NG R BEAHSC IR BELJE R4 1.15 kK143 W12, i 444531 1280
NTWiZE. HIEF] InSAR B M FERENLH (K 3a) B BRI = 7 At A e
WA RE, REPUERM T TENESIARE (200, 20°) KEAREE, PLbRiE
TR B R B L A, EL Bl S 1] REE— A5 e A0 A 5 1 ANV R T B T 1 A A
Bye. BRI, BT ORI S AL A AR Y, R Sl G 2 A SE A R e de s — R A R
T MR S B SO TR NME AT AR R, JRATIIELR My AR AL R
JINY AR 40 S 1 B — B i) B A A 20 ok, FC R B T S 118 S BT e AR R R
B A ol 3 R RSO e 2 RIS R KRS 2 (1 453 5 R B R Ao AR o A B AT R
FAE HBAIF & 1 PSOKINV S AR 5E e, 128 H i C 4 s R T4 H AN 7t

[3,52-55]

Length Along Strike(km)

gy ¢ -3 Q
_ 3@ i Slip(m) PostEQ(days)
£ ° —
< 6 X 0 2 4 0369
& 91 M1 M2 M3 M4 Ms Me
[a)
12 =20 000
, (o)
E ]
£ ©
5 9
[a)
121

12 © % 3 06 3 6 9 1 15

Length Along Strike(km)
B 5 ) [FE 4eig iy (a) F1 BOF 3 S a0 E M3 B H I R B IREE
SERL (RE 1 H 17 B 48R, 20t F R ABA S % 7 AR SO E 10 3 75 40 0oy B A



Hu = & P E (7R A B S R (b)) F2 AN B v - 35 7 1 2 B3 TR PR 5 70 AT
Horh RO = ABRE T 2B BRI AL
Figure 5 The slip distribution of the mainshock. (a) the slip along the segment F1. The color dots
are relocated aftershocks . The red star marks the hypocenter of the mainshock based on the
CENC solution and the centroid depth obtained in this study. (b) The slip distribution along F2.
The dark triangle is the location of a large deformation site along the Lanxin rail line.
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Figure 6 Data misfits of the InNSAR cosiesmic observations from the best-fitting slip model. (a-c)
observed, modelled and difference of the T33 coseismic interferogram (20211229-20220110). The
results are all re-wrapped within a range of [-5,5] cm. Note that the nan-hole of the interferogram
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Figure 7 Integrated interpretation of the 2022 Menyuan earthquake sequence. (a) the surface
ruptures. aftershocks and cumulated surface formation of the 2016 and 2022 Menyuan
earthquakes in track T128 in a 3D perspective plot. The green dots are the all regional seismicity
before the 2022 Menyuan mainshock. The red dots are aftershocks following the 2022 mainshock,
while the blue dots are aftershocks following the 2016 mainshock. The rectangles are sub-faults
used in the modelling, in which the patches of slip > 0.5 are filled in yellow. (b) the histogram of
depths of the aftershocks of the 2016 mainshock®®’. (c) as (b), but for the aftershocks of 2022
mainshock!"

HOFRRRE BT LR, AR U 2 R A AR AT T T 2Rty v JE U BRI 3 Ll B Bl s
B XA, MBI T ANE S (FLATF2) (4 /15) , FIEREARN, &5
ANBUEASICIX AL, F2 2B Auravaf A I Wi, o8 2 IAMETE B3 K E ARk
(B4 1 72) o FEARERBBUGXER F2 3 f1F2 4 W 3:ZAGLEA IR W2 (& 5b f1
Ta) o YEULHERT, LR RAIIABIR R A AEFESR L W R X — Ik Fi A, HRR R 3 TR X



W, FERE—BIEA RIS IR P R, B B RRRAE (B Sb) o ASCEETIIEAIE)
13 2000 3 FE T2 T AR A Al 95°/740/-1°, S IX A R EWZ F1 TS0k k—5L.
ARICH CAP P SIFEAEBEN 0.05~0.15 Hz (6.7~20 s) , AL P i I3h B B 46 05 2.
{H5 GCMT $iB (I 50~150 s, Hub8: 150~300 s) P USGS W-phase #i B (100~1000
) PSRHELAT SR A B AR . R, AN P S WIBNME (95°/74°/-1°) , F| CAP fif (104°/72°/-2°) ,
F|) GCMT fi#t (104°/82°/1°) , T USGS W-phase fi (104°/88°/15°) , Bl N I dhs
(RIS B A K B, BT R B T2 T LA B B @i i O A, B R AR R E . A
Y FE 1 3 BV B A A AE R IR T AL I, o8 O A B S R BT 2 L 3 B RFAE . 25 B
W, AR E B FEWT B ANME T DL I InSAR [RIE A, [R5 AR o 4 R A
Ff— B, F2_1 1 F2_2 BUE v IR Wi A TE e, BA BRI SNAHE, RAEHEN
SUREIRENE 10 RNR B EZERERE (EI5b) .

U Ta 7, 2022 4F 1195 b R A 445 1) 2R 3t 257 B9 7E 2016 45 K A1 Ms6.4 [ 195 5>
AT AT R AR s L, BT T128 B Wk B AR BRI (B 7a) , AL
B H) 2016 4 FE ) AR R ILAE X Sk B R AT HHAHE, HAREESE. FR,
S IR LR R B KPR LP AL XES (& Ta) . 2022 41 TJRHLE RZIRE (K 7o)
it LSIRT 2016 FHIRE (B Tb) , HBEFENMIE 6 km AT . HEBIREEMRE
15 B BRAFE R R, AR R IF R M 8 2 AR E T LA — 2D T . 2016 4F
HFE LI 14 km (9 RR-K DB W2 E 8R4 1986 4F Ms6.4 ZithE (B 7) Plo wr i, %
[X 1986 4= LUK =K M>6 MHFE FAF R AETEAFMNIZ L, fiR T X b s E T i = 2
E

AU 72 ) T SRR e BRI RV e W R A, LAl e e v (B 2 F1 4).
2016 F [ TR E K AELEA TIE BRI MI~5 km B)— 20 IR MRt eI & b, %I
IR, 2P R . BTN RIS, U A R — LT e e R A
FEVRRE N~9 km, REFRA LA ISR A A, IR TAE 8~12 km JEH] . 1986 4F
AR HTE R AELE BE AR A I WL DLAb~14 km (9 IRAR- K S E W L, [RIFE R — ol A i 7%
FERIREE N~T ke 457K GPS 33775 ) 5 AR BT D138 diR 77 17 4 BT 4 SR 07 T s - —
U001 SRR FRAE T 24 M 5 KA 3= FE R IR AL R (NED J7 1), SA0E-1 R I3 R 4R
A8 o 25 FERIK = YN FE IR W7 20T A A7 7 S 3 22 500, 0 1986 A1 2016 4F [l b 2 14 (1 bt 2 401 A
21 50° , 2022 FIIHEHERZEMEERE (>70° ) , MR LAHERIE S — i 7134 T E L
] A B A 4 R R LRI 1 B R R — o b bR T th R R Wi M 4B s 7 VA IR i 24 i 1



WA ig 2 il (&1 8) « FEFF I J [ T AR J7 [l R o) 3 e AU A& 1 5T, AR Ly P
RIS 32 - Do KR 7 i T W 2R T )3 L el RUBE AR M 5 1 X 22 iz 3l %2
W= JUART R, PR ) v A P v e W 2R 2 RSP BT U I i), AR R K i
FEM TR BT DI SR E R, B RAGHER, AR RGER MR, 2022 1R M2
WA A A= B — 51 s TTx T AR B R IR R 3ty RSP T 7 AR B L R 2 v, ko LS
PR P I A R AR VIR S R R M R R AR R R, 1986 A 2016 AF MR AL X R FH AL W
JERIBAEAEIGE 1 TR R A B ORRE R, BT 48 TR T RN 1R 2~ T A (e K B2 58 2 g 7] 1)
FATRPE RT3 SCE T 2L, T LA 32 TR A (K A T R M R B R TR 2 K T o S i
W R R R (K 8) « WNEAHKEHRICFKKE, 2022 FFH R HH S KA TE TR
AR B AR, BT 2016 R 1986 AR U ST AR RIS . X =
O SR ) 1 SR A R SR, “ARXIARAEIRAL) 1 AT e S e b e i, BAR
BRI 7 SRR IC S A 8 RE SR WL SR A K o B 1A T IR 2R 5 4 LA R A 0 B o SRR T
M=, EL ] AR AGTRE PRI 158 7 b P 5 D 4R 7R A 18 T T 2 A B A — M AR X AR AR A 3

& EERM) o

(20167)

Bl 8 (ML RRR) AEXTFRARIE-fg A iE R GAER G B, Herh by 207 BoRIE T Yuan
SR X B E Ye SO BEAET SRR XK 3 R O A
Figure 8 Illustration of the Qilian-Haiyuan asymmetric flower structure. The faults used in the

[25,38]

plot is from the study , while the crust structures are from a latest study '*!. The regional

maximum principle stress direction is from Zhang et al'®”, marked by the dark arrows



5.2 REKHREEEDT

P BCAR T BB, FRATIHE T 8 S AR T 0 7 182 73 i R 43 T2 %) el o A A e
A BEAS N /18R, W] FHACFS = At + WAo MR, Hop AgEE %R S HILIR L 7
AL FEM S5 BB R AL 0.6, FATLAR RIG WA, FESRILMTAR, LARA el
161) UG S A 7 T - S S BT 2 LT J2 AR R 2B B8 2 e BT DI B T, - R S S J2 4
gi— TN 88° (WAL THER MR o TR 45 RIS R AL JE R X R =4 T
SRENI N s (B S, HriR iR BN EEAC BT BRI, - TR A8 2 2R DA 2 R fih
AR R ATt e RIS 73R DX BT VIR AR I B /1 284 BN S8 %, BN 3 SR
1R HI R 2R

7 2 G B R R e A TR P AR B A3 Tt R BRI R, ) AP AR AN RN s — SR Al R IR B AR R I
2, BINC AR RAIN ST, BRI BRI — XA W2, S8Ryt — B,
BESEASR IR SR . A H BB R FRR B A B e AR R, BT T RETEBUR, (EHARE
BARJEH W fgt. UL Fan S MR UL B L RRE RIE NS %, HAhaE T M>0.1 () 585
KEAE, DLERKT NG RA, T+ T RBEME RN TR GiRE7R, 72%
FIARE A T ACFS > 0.1MPa fIXHK, R LN HBA B Al RN . AL RIS TR
j AL IR ZEWE AL RIS o AEAS TR I A2, R BAT BRI T FPERAIE, 2205 3 R i
RS e (B sb) , JRCAAER)E 10 RAIEE] 2016 FRE I XL % . A=,
WP ERAF AEACFS > IMPafJFEAE R /4R THIX, EBCA R ERIARFRY JE. B, /2t —bxt
T REAT, T 5 St KU e HE

BA HE R 7 MR B, 78 e I )RR CRAMIERRRAE 7.3~7.5) B IFIRE /Y 1643+568
yr M BRI R MR E R R IR A 1000 a Mo U IS 345 i W 2477 78 22 B R RE T 4 0
fiE, AR R I R 25, DLRA AR A IR W R G B =, HOKR R R ]
BELIAN 19504450 a. =i BROCEF I, 1927 4E5TR M 8.0 bt 7B BRI 1 3 5 24 7
B AN g, T 4 9T - B B Ll W3R Be i GPS 5535t B3R IK B S I8 45 2R 5 7m JH P i
TRIEIEE] 20125 km, HiRERIA R OAIEIIEREAHS, I, # R B I WA (1)
RHERBRATREME 7.3°7.5 Z M, IO B RIS BNZAE BT, WENZBOE LU &
AR . 55 —J5TH, Yao and Yang R AT R R T ORI RE 1) B 5 et 2o PG 5
FERIFTRE . HIWTA eI W2 B P REf K R D i ) 7 ARSI FEIEms, EAAKHE— 2T



TAE. [EIBT, SRR JE U LA R 4 ] W 50 6 s L D 2R % £ 66 P A7 (1 75 R SR B A5 O

6 &it

ARSCBA S T I 37 R P A5 SR InSAR %dls , VEANERTT T 2022 4 1 H 8 HE ']
U5 Mw6.6 HiFE (K FERE BRI, e T R AR AE T I ek, JERG X
HE) T G5 AR R T S M R VS B M A0 A 1 Mt AR E AR SR, SRR SGIR AR R LA

1) 307 2 R 27 BERL— BB 7R I R R & — IROR AR AE R R v i i 2ty b it /e g
FEM A, HOURBENCA 4 km, HELN Mw 6.58~6.68 (i 7% 22 Al b A [F)45 B D

2) HTh BT EE B 19 B0 0 AR T IR 45 SR A IR R I S SUB A e T R B I R Al
RE5K) (F1ATF2) - F1 WPETESR LW BIB X A, AEla) 88.6°; F2 Wyve JLIk i i e o,
H 76 17 45 2 ) AN 100.9°78 46 31 127.2°, BRAHIFE 2@ AL 45 R, B A E B ICHE & /& — R 3)
T DX AR XU A 2 e A A

3)[A)E InSAR JEA i€ B Al FR R AL 4B 1 M IR RR i R AL A% 1K Bl ~4 m, RN 4 km,
54 5 2 O TR 8. Fan SE NUHRHLIOREE 10 K P9 A FERS & 0 2 17 e A1 5 R R v
F) REILE AN, B [ R SR 1 A FEAG R ) T R R T iR R TE 12% LA o R
IS 743 A7 5 SR S5 ) R 2 P i (AR ) 2 4 v, L R WL T R FE o0 A, T xR
KIBFEHL R TR =1

4) LR X IGRAE 25 K AT s R TR B 1, AR - SR T 2 R G N AR KRR AR A i
ity BET DU A e, RE DL i 7 OB X IR AR SR o IXAN R IR A S5
Lttt R PPAG B LR T Pk

Bt

Hhy 7R I BOHE ok B b [ R R st BR A B A AT BT B SR AR A A & O 0y (dois
10.11998/SeisDmc/SN) FI IRIS-DMC, #5454 B GMT5.4.5 2117, Jgisf v 51 b 7% = b 55
WEFCRTZEVERIT 9T 5 A 8 SR 8, AR IR RS 18 B 56 AE T W G W 52 1 17 8 20 B e
LR R =P LRI MR B U W, AR %,



S 76 CHR

10

11

12

Fan L, Li B, Liao S, et al. Precise earthquake sequence relocation of the January 8, 2022,
Qinghai Menyuan Ms6.9 earthquake. Earthq Sci, 2022, 35

Yang H, Wang D, Guo R, et al. Rapid report of the 8 January 2022 Ms 6.9 Menyuan
earthquake, Qinghai, China. Earthq Res Adv, 2022, 2

LiZ H, Han B Q, Liu Z J, et al. Source Parameters and Slip Distributions of the 2016 and 2022
Menyuan,Qinghai Earthquakes Constrained by InSAR Observations (in Chinese). Geomatics
and Information Science of Wuhan University, 2022, [Z=¥xift, ZEMN, XJHRIT, et al. InSAR
HIRARTH20165F /2022 FHEB/TRBBERESHELBN /. BOXNKEFREE
BRIEERR), 2022 ]

XuYC, GuoXY, FengL L. Relocation and focal mechanism solutions of the MS6.9
Menyuan earthquake sequence on January 8, 2022 in Qinghai Province (in Chinese). Acta
Seismologica Sinica, 2022, 44:1-16 [T, =, BM. 2022F1 A8HEF &I TR
MS6.9t B FFAIEE M MBIFENHIR . HEFIR, 2022, 44:1-16]

He X, Zhang Y, Shen X, et al. Examination of the repeatability of two Ms6.4 Menyuan
earthquakes in Qilian-Haiyuan fault zone (NE Tibetan Plateau) based on source parameters.
Phys Earth Planet Inter, 2020, 299: 106408

Fang X, Zhang W, Meng Q, et al. High-resolution magnetostratigraphy of the Neogene
Huaitoutala section in the eastern Qaidam Basin on the NE Tibetan Plateau, Qinghai Province,
China and its implication on tectonic uplift of the NE Tibetan Plateau. Earth Planet Sci Lett,
2007, 258: 293-306

Yuan D-Y, Ge W-P, Chen Z-W, et al. The growth of northeastern Tibet and its relevance to
large-scale continental geodynamics: A review of recent studies. Tectonics, 2013, 32: 1358—
1370

Meyer B, Tapponnier P, Bourjot L, et al. Crustal thickening in Gansu-Qinghai, lithospheric
mantle subduction, and oblique, strike-slip controlled growth of the Tibet plateau. Geophys J R
Astron Soc, 1998, 135: 1-47

Zhang P-Z, Burchfiel BC, Molnar P, et al. Late Cenozoic tectonic evolution of the Ningxia-Hui
Autonomous Region, China. Geol Soc Am Bull, 1990, 102: 1484-1498

Zheng W, Zhang P, He W, et al. Transformation of displacement between strike-slip and
crustal shortening in the northern margin of the Tibetan Plateau: Evidence from decadal GPS
measurements and late Quaternary slip rates on faults. Tectonophysics, 2013, 584: 267-280
Dong Z P, Feng J G, Wang X, et al. Analysis on Characteristics of Seismic Migration Activity
in Qilianshan Tectonic Zone (in Chinese). Recent Developments in World Seismology, 2007,
10:8-14 (AT, DRA, Fb % ELHBTHEIBFDHTHN. ERLED
75,2007, 10: 8-14]

Guo P, Han Z J, Jiang W L, et al. Holocene Left-Lateral Slip Rate of the Lenglongling Fault,
Northeastern Margin of the Tibetan Plateau (in Chinese). Seismology and Geology, 2017, 39:

I, BHE, EXH 5 EWBERILEARRITRSH t EiA R,



13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

HEH R, 2017, 39: 323-341.]

He W G, Yuan D Y, Ge W P, et al. Determination of the Slip Rate of the Lenglongling Fault in
the Middle and Eastern Segments of the Qilian Mountain Active Fault Zone (in Chinese).
Earthquake, 2010, 30: 131-137. [fAIXX 5%, RIEFA, BFEME, F BEUSESNMETHIRES
RIS B EIERNBREE. HE, 2010, 30: 131-137]

Guo P, Han Z, Mao Z, et al. Paleoearthquakes and Rupture Behavior of the Lenglongling Fault:
Implications for Seismic Hazards of the Northeastern Margin of the Tibetan Plateau. ] Geophys
Res Solid Earth, 2019, 124: 1520-1543

Lasserre C, Gaudemer Y, Tapponnier P, et al. Fast late Pleistocene slip rate on the Leng Long
Ling segment of the Haiyuan fault, Qinghai, China. J Geophys Res, 2002, 107

Liu-Zeng J, Klinger Y, Xu X, et al. Millennial Recurrence of Large Earthquakes on the
Haiyuan Fault near Songshan, Gansu Province, China. Bull Seismol Soc Am, 2007, 97: 14-34
Wang M, Shen Z K. Present-Day Crustal Deformation of Continental China Derived from GPS
and its Tectonic Implications. J Geophys Res Solid Earth, 2020, 125: ¢2019JB018774

Ge W P, Wang M, Shen Z K, et al. Intersiesmic kinematics and defromation patterns on the
upper crust of Qaidam-Qilianshan block(in Chinese). Chinese Journal of Geophysics, 2013,
56(9): 2994-3010 [EHM8, 8, LIER, F. SAKRABELMRAEEE LhFTHRE
EEFIES TR MR, HIRYELIR, 2013, 56:2994-3010]

LiQ,Jiang Z S, Wu Y Q, et al. Present-day Tectonic Deformation Characteristics of
Haiyuan-Liupanshan Fault Zone (in Chinese), Journal of Geodesy and Geodynamics, 2013, 33,
18-22 [Z38, TS, RitR, & BRE-~EUMHAEINSWETIAFLE KUE5H
BRFN /13, 2013, 33: 18-22]

Guo P, Han ZJ, An YF, et al. Activity of the Lenglongling fault system and seismotectonics of
the 2016 M S6.4 Menyuan earthquake. Sci China Earth Sci, 2017, 60: 929-942

Li Z, Xu X, Tapponnier P, et al. Post-20 ka Earthquake Scarps Along NE-Tibet’s Qilian Shan
Frontal Thrust: Multi-Millennial Return, ~Characteristic Co-Seismic Slip, and Geological
Rupture Control. J Geophys Res Solid Earth, 2021, 126

ZhouL,JiL, LiZ., et al. Study on Current Deformation Process and Seismicity of
Lenglongling Area based on Small Earthquakes and GPS Data (in Chinese). Journal of
Seismological Research, 45(1):1-7 [A#, =Riz, TKE, &. FE/NEMGPSERS
R RIGHXI ST LR SHEES). HERR, 2022, 45: 1 7]

Zhang Y-P, Zheng W-J, Zhang D-L, et al. Late Pleistocene left-lateral slip rates of the Gulang
Fault and its tectonic implications in eastern Qilian Shan (NE Tibetan Plateau), China.
Tectonophysics, 2019, 756: 97-111

Xu X, Yeats R obert S, Yu G. Five Short Historical Earthquake Surface Ruptures near the Silk
Road, Gansu Province, China. Bull Seismol Soc Am, 2010, 100: 541-561

Yuan DY, Champagnac JD, Ge WP, et al. Late Quaternary right-lateral slip rates of faults
adjacent to the lake Qinghai, northeastern margin of the Tibetan Plateau. Bull Geol Soc Am,
2011, 123: 20162030

Li C-Y, Zhang P-Z, Yin J-H, et al. Late Quaternary left-lateral slip rate of the Haiyuan fault,
northeastern margin of the Tibetan Plateau. Tectonics, 2009, 28: 357-369

Zheng W-J, Zhang P-Z, Ge W-P, et al. Late Quaternary slip rate of the South Heli Shan Fault
(northern Hexi Corridor, NW China) and its implications for northeastward growth of the
Tibetan Plateau. Tectonics, 2013, 32: 271-293



28

29

30

31

32

33

34

35

36
37

38

39

40

41

42

43

44

Liang S, Zheng W, Zhang D, et al. Paleoearthquakes Constrained by Stratigraphic Sequences
of Different Drainages Since Late Pleistocene: A Case Study Along the Gulang Fault, NE
Tibetan Plateau. Front Earth Sci, 2021, 9: 640

Yu J, Zheng W, Kirby E, et al. Kinematics of late Quaternary slip along the Yabrai fault:
Implications for Cenozoic tectonics across the Gobi Alashan block, China. Lithosphere, 2016,
8:199-218

Li X, Zhang P, Zheng W, et al. Kinematics of Late Quaternary Slip Along the Qishan-Mazhao
Fault: Implications for Tectonic Deformation on the Southwestern Ordos, China. Tectonics,
2018, 37: 2983-3000

Chen W, Ni S, Kanamori H, et al. CAPjoint, a computer software package for joint inversion of
moderate earthquake source parameters with local and teleseismic waveforms. Seismol Res
Lett, 2015, 86: 432-441

Zhu L, Helmberger D V. Advancement in source estimation techniques using broadband
regional seismograms. Bull Seismol Soc Am, 1996, 86: 1634—1641

Bassin C, Laske G, Masters G. The Current Limits of Resolution for Surface Wave
Tomography in North America. EOS Trans AGU, 2000, 81

Zhu L, Rivera LA. A note on the dynamic and static displacements from a point source in
multilayered media. Geophys J Int, 2002, 148: 619-627

Bai Q, Ni S, Chu R, et al. GCAPjoint, a software package for full moment tensor inversion of
moderately strong earthquakes with local and teleseismic waveforms. Seismol Res Lett, 2020,
91:3550-3562

Snoke JA. FOCMEC: FOCal MEChanism determinations. Int Geophys, 2003, 81: 1629—1630
Helffrich GR. How good are routinely determined focal mechanisms? Empirical statistics
based on a comparison of Harvard, USGS and ERI moment tensors. Geophys J Int, 1997, 131:
741-750

Zhang P Z, Min W, Deng Q D, et al. Paleo-carthquakes and recurrence of strong earthquakes in
the Haiyuan fault zone (in Chinese). Sci China Ser D Earth Sci, 2003, 33: 705-713 [3K15E,
[, WER, & BEGHMHEFNLHESREEANE HERFDE. HIKEF,
2003, 33: 705-713]

He X, Liang H, Zhang P, et al. The 2019 Ms 4.2 and 5.2 Beiliu Earthquake Sequence in South
China: Complex Conjugate Strike-Slip Faulting Revealed by Rupture Directivity Analysis.
Seismol Res Lett, 2021, 92: 3327-3338.

Feng W, Omari K, Samsonov SV V. An automated insar processing system: potentials and
challenges. 2016 IEEE Int. Geosci. Remote Sens. Symp., vol. 2016- Novem, 2016, 3209-10.
Feng W, Samsonov S, Qiu Q, et al. Orthogonal Fault Rupture and Rapid Postseismic
Deformation Following 2019 Ridgecrest, California, Earthquake Sequence Revealed From
Geodetic Observations. Geophys Res Lett, 2020, 47: 1-10

Sandwell D, Mellors R, Tong X, et al. Open Radar Interferometry Software for Mapping
Surface Deformation. EOS, Trans Am Geophys Union, 2011, 92: 234

Goldstein RM, Werner CL. Radar interferogram filtering for geophysical applications.
Geophys Res Lett, 1998, 25: 40354038

Wan Y G, Shen Z K, Diao G L, et al. An algorithm of fault parameter determination using
distribution of small earthquakes and parameters of regional stress field and its application to

Tangshan earthquake sequence (in Chinese). Chinese Journal of Geophysics, 2008, 51(3):



45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

793-804. [I5k %, MER, 1S, F HMA/NEABMNXEBN NI HHEARBHEESH
TEREAERUMERIIFHRA. HIKYIEFIR, 2008, 51: 793-804]

Simons M, Fialko Y, Rivera L. Coseismic Deformation from the 1999 Mw 7.1 Hector Mine,
California, Earthquake as Inferred from InSAR and GPS Observations. Bull Seism Soc Am,
2002, 92: 1390-1402

Feng W, Lindsey E, Barbot S, et al. Source characteristics of the 2015 MW 7.8 Gorkha (Nepal)
earthquake and its MW 7.2 aftershock from space geodesy. Tectonophysics, 2017, 712—713:
747-758
Feng W, Samsonov S, Almeida R, et al. Geodetic Constraints of the 2017 Mw?7.3 Sarpol Zahab,
Iran Earthquake, and Its Implications on the Structure and Mechanics of the Northwest Zagros
Thrust-Fold Belt. Geophys Res Lett, 2018, 45: 6853—6861

Fialko Y. Evidence of fluid-filled upper crust from observations of post-seismic deformation
due to the 1992 My,7.3 Landers earthquake. J Geophys Res, 2004, 109

Ward SN, Barrientos SE. An inversion for slip distribution and fault shape from geodetic
observations of the 1983, Borah Peak, Idaho, Earthquake. J Geophys Res, 1986, 91: 4909
Okada Y. Surface deformation due to shear and tensile faults in a half-space. Bull Seism Soc
Am, 1985, 85: 1135-1154

Wan Y G, Shen Z K, Wang M, et al. Coseismic slip distribution of the 2001 Kunlun mountain
pass west earthquake constrained using GPS and InSAR data (in Chinese). Chin J Geophys,
2008, 51: 1074-1084 [J77k &, SEIERE, T8, £. {RIEGPSHInSAREIE K E2001 FE BT
W AP E R BRSO, HERDIESFIR, 2008, 51: 1074-1084]

Feng W P, Xu L S, Li Z H. Fault parameters of the October 2008 Damxung Mw6.3 earthquake
from InSAR inversion and its tectonic implication (in Chinese). Chinese J Geophys, 2010,
53(5): 1134-1142 P55 8, W H4, =it 20085108 HEMwo 3R BRT ESEH
InSARFGE R HAiEE . HhIk#IE 4R, 2010, 53: 1134-1142]

LiY, Luo Y, Zhang J, et al. The 2015 Mw 6.4 Pishan earthquake, China: geodetic modelling
inferred from Sentinel-1A TOPS interferometry. Surv Rev, 2017: 1-9

Feng W, Samsonov S, Tian Y, et al. Surface deformation associated with the 2015 Mw 8.3
Illapel earthquake revealed by satellite-based geodetic observations and its implications for the
seismic cycle. Earth Planet Sci Lett, 2017, 460: 222-233

Li Z, Elliott JR, Feng W, et al. The 2010 MW 6.8 Yushu (Qinghai, China) earthquake:
Constraints provided by InNSAR and body wave seismology. J Geophys Res Solid Earth, 2011,
116

Liu M, Li H, Peng Z, et al. Spatial-temporal distribution of early aftershocks following the
2016 Ms 6.4 Menyuan, Qinghai, China Earthquake. Tectonophysics, 2019, 766: 469-479
Ekstrom G, Nettles M, Dziewonski AM. The global CMT project 2004-2010:
Centroid-moment tensors for 13,017 earthquakes. Phys Earth Planet Inter, 2012, 200-201: 1-9
Duputel Z, Rivera L, Kanamori H, et al. W phase source inversion for moderate to large
earthquakes (1990-2010). Geophys J Int, 2012, 189: 1125-1147.

LiY, Jiang W, Zhang J, et al. Space Geodetic Observations and Modeling of on Seismogenic
Tectonic Motion. Remote Sens, 2016: 1-11.

Zhang H, Gao Y, Shi Y T, Liu X F, Wang Y X. Tectonic stress analysis based on the crustal

seismic anisotropy in the northeastern margin of Tibetan Plateau (in Chinese). Chin J Geophys,

2012, 55(1): 95-104 [3k#F, SR, AE%, F ETHENREEFUEITERSERI



ZARIER IFHIE. HERIEFIR, 2012, 55: 95-104]

61 Ye Z, Gao R, Lu Z, et al. A lithospheric-scale thrust-wedge model for the formation of the
northern Tibetan plateau margin: Evidence from high-resolution seismic imaging. Earth Planet
Sci Lett, 2021, 574: 117170

62 Okada Y. Internal deformation due to shear and tensile faults in a half-space. Bull Seismol Soc
Am, 1992, 82: 1018-1040

63 King GCP, Stein RS, Lin J. Static Stress Changes and the Triggering of Earthquakes. Bull
Seism Soc Am, 1994, 84: 935-953

64 Xiao J, He J. 3D finite-element modeling of earthquake interaction and stress accumulation on
main active faults around the northeastern Tibetan plateau edge in the past ~100 years. Bull
Seismol Soc Am, 2015, 105: 2724-2735

65 Li Y, Shan X, Qu C, et al. Fault locking and slip rate deficit of the Haiyuan-Liupanshan fault
zone in the northeastern margin of the Tibetan Plateau. J Geodyn, 2016, 102: 47-57

66 Yao S, Yang H. Hypocentral dependent shallow slip distribution and rupture extents along a
strike-slip fault. Earth Planet Sci Lett, 2022, 578: 117296

67 Wessel P, Smith WHF, Scharroo R, et al. Generic Mapping Tools: Improved Version Released.
EOS, Trans Am Geophys Union, 2013, 94: 409410

Seismic faults of the 2022 Mw6.6 Menyuan, Qinghai
earthquake and their implication for the regional

seismogenic structures

Wanpeng Feng'~, Xiaohui He'?, Yipeng Zhang'?, Lihua Fang’, Sergey Samsonov* & Peizhen
Zhang'”

1.  Guangdong Provincial Key Laboratory of Geodynamics and Geohazards, School of Earth
Sciences and Engineering, Sun Yat-Sen University, Zhuhai 519000, China;

2. Southern Marine Science and Engineering Guangdong Laboratory (Zhuhai), Zhuhai 519000,
China;

3. Institute of Geophysics, China Earthquake Administration, Beijing 100081, China;
Canada Center for Mapping and Earth Observations, Natural Resources Canada,
Ottawa, ON K1A0G1, Canada

* Corresponding author, E-mail: hexiaoh5@mail.sysu.edu.cn

The Mw6.6 Menyuan earthquake occurred on January 8" of 2022 on the northern margin of
Menyuan Basin, Qinghai. It was followed by over 600 aftershocks with magnitudes of up to M5.1.
The mainshock was located on the Lenglongling (LLLF) segment of the Qilian-Haiyuan (QLHYF)
sinistral fault system, a 127-km-long active fault with a characteristic event of Mw?7.3-7.5. In this
study, we used seismic and geodetic data for the characterization of this seismic event and its large
aftershocks. Using the seismic data and the CAPjoint inversion method, we obtained the centroid



depths and focal mechanisms of the mainshock and the 17 largest (Ms > 3.0) aftershocks. We
determined that the mainshock was a strike-slip event with a moment magnitude of 6.58, centroid
depth of 4 km, and the two nodal planes of 197/83/-162 and 104/72/-7. Most of the estimated
aftershocks were also strike-slip events located at depths ranging from 3-9 km at the periphery of
the earthquake centroid. We analyzed the rupture directivity of the two large aftershocks (Ms5.2
and Ms4.8) with the azimuthal variation of source duration and found that both events ruptured
1.5-2.0 km segments along the sinistral fault plane. We also processed Sentinel-1 SAR data
acquired on tracks 026, 033, and 128 using an automated InSAR processing package, pSAR. The
SAR-derived results that include subpixel offsets, coherence maps, and differential interferometry
consistently reveal two major surface rupture segments that correlate with a step-over of
Tuolaishan fault and the western segment of LLLF, respectively. We performed a geodetic
inversion of the ascending and descending coseismic InSAR observations using a geodetic
inversion package PSOKINV in order to determine geometric parameters and subsurface slip on
the fault. During the inversion, the surface fault traces were fixed based on the observations from
the subpixel offsets and coherence maps produced from the SAR data. The geodetic inversion
indicates that the sinistral strike-slips on the two steep-dipping fault segments are responsible for
the mainshock, having three distinct slip patterns with a maximum slip of about 4 m at a depth of
4 km, which is consistent with the seismic solutions. The geodetic moment from the slip model
was 1.58x10'" Nm, corresponding to Mw 6.68, which is slightly greater than Mw 6.58 estimated
from the seismic data. We also compared the seismic source solutions produced by the different
seismic methods to the multiple earthquake fault segments inferred from the InSAR results
obtained in this study. We found that the significant variations of the seismic solutions from P first
motion polarizations, CAPjoint, GCMT and USGS W-phase are mainly due to the different
periods of the seismic data used in the inversions. The solution derived from the P first motions is
consistent with the fault F1 determined from the offset maps presented in this study that
corresponds to the step-over of Tuolaishan fault. With longer periods, the seismic focal
mechanism solutions turn out closer to the epicenter of the earthquake. This could help with the
understanding of seismic solutions for other earthquakes, particularly those with significant strike
variations along the rupture. Combining with regional tectonic structures and historical
earthquakes, e.g. the 1986 and 2016 Ms 6.4 thrust-slip Menyuan earthquakes, we suggest that an
asymmetrical flower structure along QLHYF may have been a key model for unleashing the
regional strain. The coseismic slip-derived stress analysis indicates that the earthquake
significantly increased the Coulomb stress in the vicinity of the hypocenter, particularly at the
western end of the earthquake rupture, where few aftershocks were observed, drawing our

attention to the increased seismic risk in that region.

Keywords: Menyuan Earthquake; Lenglongling Fault; focal mechanism; flower structure;
coseismic deformation.
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