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Abstract: [Objective] On 21 May 2021, an M 6.4 earthquake struck Yangbi County, Dali Prefecture, Yunnan Province —
the largest event near the Weishan Basin segment of the Weixi—Qiaohou fault since 1976. The mainshock produced no
surface rupture and did not occur on any known active fault. Despite numerous previous studies, the precise seismogenic
structure and causative faults of this typical foreshock—mainshock—aftershock sequence (including seven Ms = 4.0 foresho-
cks and 22 Mg = 4.0 aftershocks) remain controversial; some results are poorly constrained or even mutually contradictory.
Furthermore, the occurrence of moderate-to-strong earthquakes surrounding the source area has increased significantly in
recent years. This study thus aims to elucidate the rupture behaviour and seismogenic environment of the entire earthquake
sequence. [Methods] Using pre-existing focal mechanism solutions of minor earthquakes as reference events, we adopted
the relative centroid relocation method and time—frequency source characterisation method to calculate rupture directivity
parameters for ten Mg = 4.0 events. In addition, we calculated the radiation efficiency for all Mg = 3.0 earthquakes based
on waveform recording from local seismic station. [Results] Our results demonstrate distinct along-strike segmentation of
rupture directivity across the Yangbi sequence. On the northwestern segment of the sequence, five earthquakes feature NW-
striking fault planes. On the southeastern segment, four earthquakes exhibit faults either NW or NE. The largest foreshock
(Ms 5.6) and the largest aftershock (Ms 5.2) both rupture toward the NE, indicating that they did not occur on the same fault
as the Mg 6.4 mainshock. Combined with previous relocation and geodetic results, we interpret that these two events
occurred on conjugate faults. The Mg 6.4 mainshock ruptured toward the NW, consistent with the dominant rupture azimuth
of the NW segment, suggesting that the mainshock primarily ruptured the NW-trending master fault, whereas conjugate
faulting in the SE segment constitutes an important component of the entire sequence. For the M 4.4 foreshock, the relative
centroid method yields a rupture direction toward the NW, while the time—frequency source method gives a direction
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toward the SE. This event is therefore interpreted as a frequency-dependent bilateral rupture. We further calculated and
corrected the radiation efficiency values for all Ms= 3.0 events. The efficiency results show a similar along-strike
segmentation: the radiation efficiency differs systematically between the NW and SE segments. Integrating rupture
directivity patterns, radiation efficiency measurements and regional geological constraints, we infer that the segmentation in
rupture directivity is primarily caused by differences in fault frictional properties between the NW and SE segments.
[Conclusions] The Yangbi earthquake sequence exhibits distinct segmentation in rupture directivity, with the NW
segment dominated by NW-striking master fault rupture and the SE segment characterized by conjugate faulting. The Mg
4.4 foreshock corresponds to a frequency-dependent bilateral rupture event. The segmentation in radiation efficiency
further supports the interpretation of different fault frictional regimes along the fault strike. [Significance] These findings
deliver new constraints on the source characteristics and seismogenic structure of the Yangbi earthquake sequence. They
improve our knowledge of the regional tectonic setting and earthquake nucleation cycle, and offer valuable seismological
evidence for future seismic hazard assessment across the study area.

Keywords: Yangbi Mg 6.4 ecarthquake; earthquake sequence; source mechanism; seismogenic structure; rupture
directionality
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Fig. 1 Distribution of major fault zones and earthquakes in the study area and its periphery

(a) Tectonic setting of the Tibetan Plateau and adjacent regions; (b) Distribution of major fault zones and historical earthquakes since 1900
within the Sichuan—Yunnan block; (c) Spatial distribution of Ms= 3.0 events (18-28 May, 2021) within the 21 May, 2021 Yangbi M 6.4
earthquake sequence

CXB—northwestern Sichuan sub-block; DZB—central Yunnan sub-block; BSB—Baoshan sub-block; ICB—Indochina block; earthquake data

from the National Earthquake Science Data Center(International Earthquake Science Data Center, 2021), and fault data from Active Tectonic

Map of China (Deng, 2007)
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Fig.2 Distribution of seismic stations around the Yangbi

earthquake region

Blue triangles represent long-period broadband digital recording
stations from the National Center for Seismic Data Backup of the
China National Seismic Network; Red triangles represent the short-
period digital recording array of the Active Source Team, Institute of
Geophysics, China Earthquake Administration; The yellow five-
pointed star marks the Mg 6.4 mainshock; Orange-red triangles

indicate the YUL station and the TUS station, respectively.
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Fig. 4 Rupture directivity inversion results of the Yangbi Ms 6.4 mainshock

(a) Rupture directivity fitting results using event 2021-05-18 Ms 3.2 as the reference; (b) Rupture directivity fitting results using event 2021-05-
18 M 3.0 as the reference; (c) Rupture directivity fitting results using event 2021-05-18 M 4.2 as the reference; (d) Rupture directivity fitting
results using event 2021-05-18 M 3.1 as the reference; (e) Schematic diagram of the rupture directivity of the Yangbi Ms 6.4 mainshock; (f)
Rupture scale of the Yangbi Ms 6.4 mainshock

stk1—strike of nodal plane 1 of the Yangbi M 6.4 mainshock; stk2—strike of nodal plane 2 of the Yangbi Ms 6.4 mainshock; err—fitting error;
In panels a to d, the cosine curves are the theoretical strike fitting curves for the two possible nodal planes of the focal mechanism solution,
respectively; The gray dots represent the time shift differences between the observed waveforms and the synthetic waveforms at different

stations.
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Fig. 5 Rupture directivity inversion results of the Yangbi 2021-05-21M; 5.6 foreshock

(a) Rupture directivity fitting results using event 2021-05-18 Ms 3.2 as the reference; (b) Rupture directivity fitting results using event 2021-05-
18 M 3.0 as the reference; (c) Rupture directivity fitting results using event 2021-05-18 M 3.1 as the reference; (d) Rupture directivity fitting
results using event 2021-05-18 Ms 3.6 as the reference; (e) Schematic diagram of rupture direction for the Yangbi 2021-05-21Ms 5.6 foreshock;
() Rupture scale of the Yangbi 2021-05-21M5 5.6 foreshock

stk1—strike of nodal plane 1 of the 2021-05-21 M; 5.6 foreshock; stk2—strike of nodal plane 2 of the 2021-05-21 M; 5.6 foreshock; err—fitting
error; In panels a to d, the cosine curves are the theoretical strike fitting curves for the two possible nodal planes of the focal mechanism solution,

respectively; the gray dots represent the time shift differences between the observed waveforms and the synthetic waveforms at different stations.

HZAE 2 % 5 (100 km PN A0 %8 5 390 65 PR 500 ),
BEE M R B M 0.8, b BE AL B8 5 2021-05-21 M
S22 iR, SR BRI AE RN, 51
SCE AR X BT A1 D A Y B 24 0 ) (B P ) AR
o A5 AR (2023) 5T, 3R W% Hh A= A S
e LR (181 8) .

2021-05-18 Mg 4.2 Hij 7% : & HL 24 IR Ms 2.9~3.8
2 AR N 2 2% 1 (150 km P 1Y 58 00 [ 2 5 0l 5%
W), B MO R B AE R 0.85, HEAT M 24 Jr ) 4
FE o IR, A 17 RS 2% 350 3R A6 Y 1)
2L, FUNZHTE KA T 0T a2 (KA 2) .

2021-05-21 Mg 4.2 Fij =2 : BEHL T 27 IR Mg 2.6~3.5
HZAE S % 5 F (100 km PN A9 %8 5 390 65 PR 500 )
BEE A R 0.8, HEAT L Ty 1) PRI 2 o 25
REIR, A 20 R &% F A5 3 Fem 76 i 2, 3R

WIZ R = A T R PG I

2021-05-21 M 4.1 X7 | 2021-05-22 M 4.0 /X 7%
43 IBEEL 35 R Ms 2.6~3.5 HiEAE A% FE (100 km
A B R 5 B RO ), 1 AH OC R B {E R 0.85,
HATRE Ry M g . AR WoR, i 31 k&%
FF T HF 2021-05-21 Mg 4.1 43 5% A ALV a2, 30 Ik
% H S 2021-05-22 Mg 4.0 4378 g AL TG [ p 2

2021-05-21 My 4.5 Hi 7% . 2021-05-21 Ms 4.0 %X & :
Oy BIBEHLT 18 YA 24 IR Ms 2.6~3.5 i iZ/E W& %
F (150 km PN 1Y 584 [ 72 15 b B8 ), 3 AH G &
BOSAE S 0.8, HEATHE R Gy 1 I E o S5 R BOR, A
A 134 F 18 A4 2 2% = 4 3+ W 35 Jy AL 74 1)
24 BRI E 2 PS8R 2 R .

BT BRI, 2 FhoOr Bk — R T LG AR
TE Y 10 R M RE 19 224 J7 ) 1 o Horr, 2021-05-19



%3 JEHRE, 5. 2021 FF 3R M 6.4 M52 7 5 F2 IR AR K & 5% # 1 R 9 553

¢ — stk1=229°, err=0.336
-- stk2=319°, err=0.283

b — stk1=229°, err=0.447
-- stk2=319°, err=0.310

4 I I L I I

a  — stk1=229°, err=0.306
3 -- stk2=319°, err=0.161
2

N W A

AR5 2/s
=)
~ ;
/
o
/
A F8 2% /s

N Wb
—

O —_ o0

= S
- = = 0o —
0 |5 P~ao_ ~o_ — 0 ° :

mfFe 2%/s

-2 . , , . , -2 . . . . . -2 , , . ( y
0 60 120 180 240 300 360 0 60 120 180 240 300 360 0 60 120 180 240 300 360
Jihifal (°) Jrfifas(©) Jrfifas(°)
4 . . . . , o 5
d  — stk1=229°, err=0.367 e f
3 - stk2=319°, err=0.174 - 4 ]
2 2 3
N — m ° ]
2! ,oe”“/Q Tty d4 #
£ 01 ~oo— -}
1] 1
-2 . . : : . 0 | —
0 60 120 180 240 300 360 0 1 2 3 4 5 6 7
s/ (©) %K i /km

stk1—2021-05-19 Ms 4.4 T 72 75 [0 1 7E [ 5 stk2—2021-05-19 Ms 4.4 Fi 7 17 11 2 7E [ 5 err—H0L 5 152 22 5 1] a—d HH B9 A% 5% 11 £k 20 531 S 7% U5CAIL 1) Ak 19
24> AT RE T I Y R IE TE 1] 004 5 6 B A O R TR S ORI O 5 B Y 2 1) Y A2 24

a—L) 2021-05-18 M 3.2 VF 1 2 2 4 T A5 A W 28 0 1 Pk 0045 285 2R 5 b—L 2021-05-22 My 2.9 15 h 2 25 55 0 Ir 45 (4 T 24 7 1l kDL 45 45 3 LU
2021-05-21 My 3.2 18}y 2 2% =5 {4 ir 15 (4 5 24 0 ] P 0145 &5 R 5 d—L) 2021-05-24 My 3.0 1E 8 5 2% 040 T 45 A B 24 0 1) 1k 40L& 45 SR 5 ek i 2021-
05-19 Ms 4.4 Fif 2 W 44 J5 16] 71 85 F—PE ¥ 2021-05-19 Ms 4.4 7 72 0 24 R

B 6 kiR 2021-05-19 Mg 4.4 7 & B 3R 07 W M FUE % R

Fig. 6 Rupture directivity inversion results of the Yangbi 2021-05-19 Ms 4.4 foreshock

(a) Rupture directivity fitting results using event 2021-05-18 Ms 3.2 as the reference; (b) Rupture directivity fitting results using event 2021-05-
22 Ms 2.9 as the reference; (c) Rupture directivity fitting results using event 2021-05-21 Ms 3.2 as the reference; (d) Rupture directivity fitting
results using event 2021-05-24 M 3.0 as the reference; (¢) Schematic diagram of rupture direction for the Yangbi 2021-05-19 M; 4.4 foreshock;
() Rupture scale of the Yangbi 2021-05-19 Mg 4.4 foreshock

stk1—strike of nodal plane 1 of the 2021-05-19 Ms 4.4 foreshock; stk2—strike of nodal plane 2 of the 2021-05-19 Ms 4.4 foreshock; err—fitting
error; In panels a to d, the cosine curves are the theoretical strike fitting curves for the two possible nodal planes of the focal mechanism solution,

respectively; the gray dots represent the time shift differences between the observed waveforms and the synthetic waveforms at different stations.
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Fig. 7 Inversion results of the rupture directivity of the Yangbi Ms5.2 aftershock

(a) Variation of source duration with azimuth obtained using event 2021-05-18 Ms 3.2 as the reference; (b) Variation of source duration with
azimuth obtained using event 2021-05-19 Ms 2.9 as the reference; (c) Variation of source duration with azimuth obtained using event 2021-05-21
Ms 4.0 as the reference; (d) Waveform fitting obtained using event 2021-05-18 M 3.2 as the reference; (e) Waveform fitting obtained using event
2021-05-18 M5 2.9 as the reference; (f) Waveform fitting obtained using event 2021-05-21 Ms 4.0 as the reference; (g) Variation of source
duration with azimuth obtained using event 2021-05-21 Ms 3.2 as the reference; (h) Variation of source duration with azimuth obtained using
event 2021-05-22 M; 2.9 as the reference; (i) Variation of source duration with azimuth obtained using event 2021-05-27 M 3.6 as the reference;
(k) Waveform fitting obtained using event 2021-05-22 M; 2.9 as the reference; (1) Waveform fitting obtained using event 2021-05-27 M; 3.6 as
the reference; (m) Histogram of residuals between nodal plane 1 and nodal plane 2; (n) Statistics of rupture lengths; (0) Schematic diagram of
rupture direction of the 2021-05-19 M; 4.4 foreshock

stk1—strike of nodal plane 1 of the 2021-05-21 M 5.2 aftershock; stk2—strike of nodal plane 2 of the 2021-05-21 Mg 5.2 aftershock;
err—fitting error; In panels a, b, ¢, g, h, and i, the cosine curves represent the fitting results corresponding to the two nodal planes of the focal
mechanism solution, respectively; and the gray circles represent the optimal source duration at the azimuths of individual stations, the azimuth

corresponding to the minimum source duration indicates the earthquake rupture direction.
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Fig. 8 Inversion results of the rupture directivity of the Yangbi M; 4.4 foreshock

(a) Variation of source duration with azimuth obtained using event 2021-05-18 My 2.8 as the reference; (b) Variation of source duration with
azimuth obtained using event 2021-05-18 Ms 3.2 as the reference; (¢) Waveform fitting obtained using event 2021-05-18 Ms 2.8 as the reference;
(d) Waveform fitting obtained using event 2021-05-18 M 3.2 as the reference; (e¢) Variation of source duration with azimuth obtained using
event 2021-05-18 M; 2.5 as the reference; (f) Variation of source duration with azimuth obtained using event 2021-05-19 M; 3.2 as the reference;
(g) Waveform fitting obtained using event 2021-05-18 M 2.5 as the reference; (h) Waveform fitting obtained using event 2021-05-19 M; 3.2 as
the reference; (i) Histogram of residuals between nodal plane 1 and nodal plane 2; (j) Statistics of rupture lengths; (k) Schematic diagram of
rupture direction of the 2021-05-19 M; 4.4 foreshock

stk1—strike of nodal plane 1 of the 2021-05-19 M; 4.4 foreshock; stk2—strike of nodal plane 2 of the 2021-05-19 M 4.4 foreshock; err—fitting
error; In panels a, b, e, and f, the cosine curves represent the fitting results corresponding to the two nodal planes of the focal mechanism
solution, respectively; and the gray circles represent the optimal source duration at the azimuths of individual stations, the azimuth corresponding

to the minimum source duration indicates the earthquake rupture direction.
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Table 2  Statistical table of rupture directivity determined by the source time-frequency characteristic method

HE 4 W GEMmASAA A WE2GE AT EM) ﬁj i’f;{; SERMH SRR SR
2021-05-18 My 4217 41°/75°/11° 308°/79°/164° NW  1.0km 24 17
2021-05-19 M 4 4R7E 229°/90°/—14° 319°/76°/-180° SE 2.2 km 13 12
2021-05-21 My 4 2772 23°/57°/-52° 149°/48°/~133° SW  15km 27 20
2021-05-21 M 4.5Hi7= 218°/83°/8° 127°/82°/172° NW  1.0km 18 13
2021-05-21 My 4.14%7% 203°/45°/—44° 328°/60°/~126° NW  1.8km 35 31
2021-05-21 My 4.04%7% 210°/73°/10° 117°/80°/162° NW  1.5km 24 18
2021-05-21 My 5.24%5% 40°/71°/-46° 148°/47°/~153° NE 1.8 km 34 30
2021-05-22 My 4.04%7% 34°/80°/-17° 127°/73°/~170° NW  15km 35 30
FE 4. e 24 1/ o 19 /N RBE B3 3 #% (Kaneko and Shearer,

WG T4 R Wow, BRI TUS Gulic sRrRRE  2014), 1% M R 1) i A0 Ml 28 XoF o7 40 6 Ml 284 55 — B B¢
FAF P EMN 23 H, WE R TS HFMMN 11 Hz,  W3hJy2z b fE ALVl YUL & il 000 25 5 0] 5¢ 4>
H PR gl 2 . PR FR ST A, S B NTE]: RRIR AR P B 2.6 He, BEM TS HH
MM AR Y . AL, BRI T 1F9 4.3 Hz, H P 3AE &S00 PR | S8 15 2 1 [ 4
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Fig.9 Schematic diagram of the rupture directivity of the Yangbi
earthquake

Blue beach balls represent special seismic events with bilateral
rupture; red beach balls represent the remaining events for which
accurate rupture directivity parameters were obtained; the fault
rupture direction determined in this study is marked for all of them.
The red dashed line indicates the inferred seismogenic fault based on
the rupture directivity results from this study combined with previous
research; gray dots show the relocated distribution of the earthquake
sequence (Tian et al., 2023); the blue dashed line is a schematic line
for rupture segmentation, used to visually delineate the segmentation
characteristics in the NW and SE directions; red five-pointed stars
represent earthquakes with Mg > 5.2 in the Yangbi sequence; black
solid lines show the fault distribution in the source area (from the
regional seismotectonic map of the Yangbi swarm — overlay

mapping, Li et al., 2021; Long et al., 2021).
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Fig. 10 Comparison of waveforms and amplitude spectra of the special event and reference earthquake recorded at two stations

(a) Waveforms of the special event and the reference earthquake recorded at station TUS; (b) Comparison of P-wave amplitude spectra of the

special event and the reference earthquake at station TUS; (c) Waveforms of the special event and the reference earthquake recorded at station

YUL,; (d) Comparison of P-wave amplitude spectra of the special event and the reference earthquake at station YUL
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Fig. 11 Energy radiation efficiency diagram

(a) Observed seismic waveform radiated energy efficiency; (b)
Synthetic seismic waveform radiated energy efficiency; (c) Corrected
seismic waveform radiated energy efficiency

The yellow five-pointed star represents the special event 2021-05-19
Ms 4.4 in the earthquake sequence; the red dashed line is a schematic
line for rupture segmentation, used to visually delineate the rupture

segmentation characteristics in the northwest and southeast directions
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