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Abstract: Focal depth is an important parameter for the study of regional seismicity and seis-
mic hazard. Accurate focal depths can provide valuable references for seismic hazard assess-
ment and seismogenic mechanism research. However, it is a challenge to determine an accu-
rate focal depth for earthquakes that occur in regions with sparse seismic networks. Traditional
methods relying on seismic wave (e.g. the P and S phases) arrival times are severely limited by
network density, resulting in low measurement accuracy. Nonetheless, utilizing information
such as seismic wave amplitudes, spectra, and depth phases, even in sparse seismic networks,
can facilitate the accurate determination of focal depths.

In recent years, the sPL depth phase method has been widely utilized for determining the
focal depths of local small and moderate earthquakes. The travel time of the sSPL depth phase is
primarily related to the focal depth and almost independent of the epicentral distance. There-
fore, utilizing the sPL depth phase method not only avoids the compromise between the origin
time and focal depth of earthquakes, but also effectively reduces measurement errors induced by
velocity models. Moreover, the CAP (cut-and-paste) method is a full waveform inversion
method with significant advantages in determining focal depths for moderate earthquakes.

On 2 December, 2023, at 01:36:33 Beijing time, an earthquake with Mg5.0 (local mag-
nitude is M;5.3) occurred in Mangshi, Yunnan Province, followed by four M =3.5 after-
shocks. Different institutions have reported significant disparities in the determined focal depth
of the Mangshi Mg5.0 mainshock. Hence, it is necessary to reassess the focal depth of the
M5. 0 mainshock by using more regional seismic waveforms and different methods. Based on
the broadband waveform data from the Yunnan Seismic Network and two regional velocity
models, this study employed the CAP method to invert the focal mechanisms and focal depths
of the mainshock (Mg5.0) and four aftershocks (M =3.5) inthe Mangshi earthquake se-
quence. Additionally, we employed the sPL depth phase to further determine the focal depths.
Our research results indicate that: the Mangshi Mg5.0 mainshock is characterized by a strike-
slip fault with a significant normal fault component. The optimal double-couple focal mechan-
ism solution of the mainshock is as follows: strike 89°, dip 78°, rake —20° for fault plane I;
strike 183°, dip 70°, rake —167° for fault plane II. The four M; =3. 5 aftershocks exhibit strike-
slip with thrust or pure thrust mechanisms, the optimal double-couple focal mechanism solu-
tions for these aftershocks all feature fault planes trending northeast (NE), and the strike, dip,
and rake of the average plane for the four M| =3.5 aftershocks are approximately 247°, 65°,
26°, respectively. This orientation of the average plane is consistent with the distribution of the
double-difference relocated aftershocks and the orientation of the major axis of seismic intensity
for the Mangshi earthquake sequence. Furthermore the focal mechanisms of both the main-
shock and the four aftershocks of M} =3.5 have complex orientations of the P and T axes, in-
dicating the presence of a complex stress regime within the source region. It is plausible to spec-
ulate that the rupture of the Mg5. 0 mainshock may have triggered nearby faults (with different
fault planes) due to regional stress adjustments, resulting in significant differences in the focal
mechanism types between the Mg5. 0 mainshock and the subsequent four M} =3. 5 aftershocks.
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Additionally, by using the CAP method, the optimal focal depth of the Mg5.0 mainshock in
Mangshi is determined to be 7 km, while the focal depths of the four M; =3.5 aftershocks
range from 5 to 7 km. On the other hand, the focal depth of the M5. 0 mainshock in Mangshi is
estimated to be 7 km, and the focal depths of the four aftershocks are all approximately 5 km by
utilizing the sPL depth phase method. The consistency between the focal depths determined by
both two methods (with a difference of less than 2 km) indicates that the Mangshi earthquake
sequence mainly occurred in the shallow part of the upper crust.

Considering that the epicenter of the Mangshi earthquake is located within the Longjiang
Reservoir area, we statistically analyze the relationship between the M; =1.0 seismic events
and water level changes in the Longjiang Reservoir area from 2010 to 2024 to depict the charac-
teristics of seismic activities in the reservoir area after the reservoir impoundment. Our study
results indicate that seismic events with M| =3.0 in the Longjiang Reservoir area are closely
related to reservoir water levels, except for one M;3.1 earthquake, which occurred during a
period of low annual water level on June 8, 2013, all other M| =3. 0 earthquakes in the reser-
voir area occurred during periods of high annual water levels. Among them, the largest earth-
quake, with a magnitude of M; 4.2, occurred on September 24, 2011, during a period of high
water levels after the impoundment of the Longjiang Reservoir.

The seismic activities in the Longjiang Reservoir area can be divided into four stages: the
first stage is from January 2010 to February 2016, during which seismic activities of My =1.0
earthquakes were relatively calm (monthly frequency less than 10 times), with a calm period of
about six years; the second stage is from March 2016 to December 2017, during which the wa-
ter level of the reservoir changed drastically, and the seismic activities were relatively active,
with monthly frequencies of M| =1.0 seismic activity ranging from a dozen to several dozen
times; the third stage is from January 2018 to September 2023, during which the seismicity
with magnitude above M, 1.0 was relatively calm (monthly frequency less than 10 times) over a
period of almost six years; the fourth stage is from October 2023 to December 2023, during
which the reservoir was at a high water level and its water level changed drastically followed the
Mangshi Mg5. 0 earthquake on December 2, suggesting that there may be a certain correlation
between the water level changes in the Longjiang Reservoir and the occurrence of this Mg5.0
earthquake.

Given that this earthquake occurred within the Longjiang Reservoir area, as well as factors
such as high water levels, shallow hypocentral distribution, and conspicuous discrepancies in
the focal mechanism solutions of the mainshock and aftershocks, this study tentatively hypo-
thesizes that the infiltration of fluids into pre-existing fault fractures with potential for generat-
ing moderate to strong earthquakes within the reservoir area may have facilitated the occurrence
of this Mg5. 0 mainshock. Additionally, the rupture of the mainshock was likely to induce ad-
justments of the local stress field, triggering slip along nearby NE-trending faults, and result-
ing in the predominant NE-oriented distribution of aftershocks in this seismic source area.

Key words: Mangshi earthquake sequence; focal depth; focal mechanism solutions; sPL
depth phase; seismogenic mechanism
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Fig. 4 Testing of the effect of uneven station azimuthal distribution on the inversion of

focal mechanism solutions by the CAP method

(a) 1-D velocity model; (b) Focal depth fitting error
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Fig. 4 Testing of the effect of uneven station azimuthal distribution on the inversion of
focal mechanism solutions by the CAP method
(c) The theoretical (red) and observed (black) waveform fitting diagram corresponding to the optimal focal depth. The capital
letters on the left side of the waveforms denote seismic stations. Below the letters are the epicenters (in kilometers) and
the relative offset times (in seconds) respectively. The two rows of numbers below the waveforms denote
the time movement (in seconds) of the theoretical waveform (in red) relative to the actual waveform

(in black) and their correlation coefficients, respectively. The same below
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B, CAP J7 ¥k S A5 51 ) 5% U5 2 B0k SR 2 o 1 T S 11

FERI I CAP J5 1 I 32 N 52 B S5z gk B2 v, AR SCCHs Pl I8¢ R T 388 P9 80 BB 26 4 43 0 8 30 s
M 70s, KEAE SR 1 0.5, 2 78S BB AR ML, A8 SO Pal 3% #8431 0.05—0. 15 Hz,
1] 3K 43 LA 0.05—0. 10 Hz i# 47 4 By I 4 ik 7 ( Butterworth) 7 38 U8 3, 5 5 78 W )= € )
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il i . 055 5 [ Hb 5T R A Ry (USGS, 2023) 19 )52 45 S (5 18 1 JE 17] 264°, fiiff S1°, # 3
—220; i 1. 5E 1 8°, Hiff 73°, W ahM—139°) 2 58k, )21 I 19 5E 1h) 41 22 25 180° LI fA
FH2E 2 200, 58 5 PR AT 2 K A T2 00 Ff Bk (24 80°) LA K& USGS Il K J&] 3 W 5% AH i 42 BR
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XN 4 My =3.5 R FIERAN, BN AME W5 MU I 45 AH R b

2 M CAP Jrik s Frfs 2023 4R MU P 41 My =3, 5 352 iR IR AL
Table 2 Focal mechanism solutions of Mangshi M| =3. 5 earthquakes inverted by using CAP method

i 1 oI
kT R AR RURIRE km
Eme i Wshfare Eme e Wwsifar
202312020136 Ms5.0 A4 7 89 79 -18 183 72 -168
SR B 7 89 78 -20 183 70 -167
202312020214 M3.5 A4 5 250 60 5 157 86 150
HEIB 7 250 60 5 157 86 150
202312020216 M3.9 A4 6 242 71 30 141 62 158
HHIB 6 242 69 32 139 60 156
202312020224 M4.2 A4 5 240 80 14 148 76 170
HHIB 5 241 80 13 149 77 170
202312031514 M3.6 A4 6 254 52 49 129 54 130
KRB 5 257 51 53 127 52 127
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Fig. 5 Comparison between synthetic (red line) and observed (black line) seismograms of the

Mangshi Mg5. 0 earthquake at a source depth of 7 km based on velocity models 4 (a) and B (b)
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Fig. 6 Focal depths fitting errors of the Mangshi M; =3. 5 earthquakes inverted by using velocity model A
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Table 3  Focal depth determination results of M; =3.5 earthquakes in 2023 Mangshi earthquake sequence

L VR /km
F4 5 My
Juh/e K&/l CAP (f5i74) CAP (f5#1B) sPL PEME S M
202312020136 24.29 98.09 5.3 7.0 7.0 7.0 10
202312020214 24.28 98.11 3.5 5.0 7.0 5.0 10
202312020216 24.28 98.10 3.9 6.0 6.0 5.0 10
202312020224 24.29 98.07 4.2 5.0 5.0 5.0 10
202312031514 24.27 98.11 3.6 6.0 5.0 5.0 10
4 iTig

T sPL % 75 R I 5 7 V0 R 1) 2R 2 2 R VR T 8 R OO 0 Mk R L S b T B 4
i 5 — o ol P AR TR g 22 5 e SPIL AR AR A R B 40 EURT DL G LR PR R IX 4. @ sPLEAR
BAE P YT . S PEHT; @ 76 Kt Hh X sPL 7% AH — i Hh B0 76 5% P #E 30—50 km i [l Y ; B sPL iE
PR ) 43 1 R PR MR fe K, S 4h i Z k2, Yl o ik THR R S/, WFoT I, ol o AR AR 3R
F2%F sPL 7% 5 VR BE I A 245 RS M 5 /0N . X T RR IR VR HE N 10 k9 5%, 204 38 4SS 700 4 1] 394 D
10% B, WREIR 2220 1 km (G244, 20105 Luo ez al, 2010), P F) A sPL 7 40 I 52 7% U5
TR LA A v 1 o A 2 T

X TR T Mg5.0 R A2 IRIR FE, USGS F) K JE 31 W AR 0 4 Bk S 44 538 B A 741 )z
AR I R VR R A 17.5 km, AR SCF T 78 42 0% 1 sPL I B 78 AR 22 19 7 km 5 HAF 748
K25 . USGS I 52 52 I8 2 B W B it |3z ff FH A JA 3 9% JE , Chen 45 (2013) 9 BF 5% &
PRA T 99 i T % 52 DR TR BE 0 23 B RO . AR A A (2015) RO B IR SE (2019) B9 BF ST R 1,
USGS 4= Bk i 7% H 55 45 9 35 70 1l 72 5 U5 VR B8 A7 4 I B 35 22 (e K 24 20 km) , PR AE il
USGS 4Bk b 78 H 5t 47 AH SCF 7% I 75 25 18 R 0% W0 5 158 25 47 R 1Y) 5

A SR CAP J7 1 il sPL 3T 72 R J32 78 AH I I 5 v /0Nt 78 R R IR 3, D0 4 R 3R I 25 7
Ms5.0 FEH 4R M =3.5 RENZRIRREYTE 5—7 km Ju BN, BEHE X N HE F 2 LA
FE b M52 A0 S VR I AL, B I F 5T 25 5 38 I 2 Ml XA b AR R R R E AR P 7E 2—10 km
TN, BIRA G 15 km (53755, 2011; Xueral, 2015), % 5RATH P45 - —5. 1
Ab, 25 IR BT MR E A R A AE TR VT K PR R X P T R R R A SRy P A DR K fi e b 7R 1Y
HESHZ —, A SEIRGT U T M5 5K R 2 () BB R L K s W A 5 s, K
HERE K IE , 78 X R 10 km y8 [ P9 38 8 23 FEBE A S50 00 N R R A, R IR IR R — i
AH 10 km (3248045, 2016; Zhang et al, 2021), 1148 EFAl /K B H 2 10 - 349 722 TR IR 1 2
S5km, 81% LA I 5% MR IR B /NF 10 km (FEBF5F, 2023), F1ESMEZK B 5K 2 U5 R B R
PP AAE 10 km DAY (A5, 2022) . A SO A8 15T My =3. 5 3058 (9 52 IR IR B A5 7K 75
S b I A A Y ] — B, 3 552 X A e R A TR R R A A A v — B, R A o
VR TR FE AN AR 15T Hb 78 5 7K b 7R 22 ) I B AR

I PR AR %5 (2023) (9 W0F 5% 2 B, 7K P2 T2 IX Ml R 3% sl M 5 7K e /K A A8 AL 28 VT A OG . 22717 b 8
T e VTOK B XN, %K 2010 4F A 1T, 2K R R A B RS s AT
13 4. R 43 M e YLK B 35 K 5 e IXN 1 58 06 Bl R AiF , AR SCEE 143 T 2010—2024 4F JR 7T
IK PR FE DX My =10 38 F 00 5K A0 AR A6 9 56 R, JL b 7R 58 G 7 (M) R b 732 400 0k B )
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The red vertical lines in Fig. (a) represent earthquakes above M, 3.0 within the reservoir area
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