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The 2022 My 6.6 Luding earthquake occurred on the Moxi segment of the Xianshuihe fault at the southeast
margin of Tibetan Plateau, China. To assess the seismic potential of the Moxi segment, we examine the rupture
process of the mainshock and aftershock sequence, along with historical seismicity. Our preferred slip model
inverted from teleseismic body waves and regional GNSS static displacements shows a dominant southeastward
rupture consisting of two distinct, prominent slip patches along strike extending by ~15 km, with a peak slip of
~2.8 m, approximately balancing the slip deficit since the last major earthquake in 1786. The northern section of
the Moxi segment experienced minor coseismic slip, which, together with the significant slip deficits and positive
Coulomb failure stress change induced by the 2022 mainshock indicates a high seismic potential. Several
aftershock clusters are distributed along or near the Moxi segment, with strike-slip focal mechanisms around the
downdip edge of the coseismic slip area at ~8-12 km. At the eastern flank of Mt. Gongga, another cluster of
normal faulting aftershocks is located at shallower depths of ~3-7 km, with high seismicity rate over ~9 months
including two other M5 sequences in January and February 2023. Similar intense shallow normal faulting ac-
tivity had occurred after the impoundment of the nearby Dagangshan reservoir in 2015. We speculate that some
NW-SE trending normal faults were initially developed by the gravitational collapse of Mt. Gongga underneath
the eastern flank, further weakened by fluid flow, as supported by the existence of hot springs and water
impoundment, and reactivated by the tensional stress change induced by the 2022 mainshock. These results have
important implications for assessing the seismic hazard in and around the Moxi segment, and the potential
interplay between strike-slip fault and nearby mountain areas.

1. Introduction

On 5 September 2022 at 12:52:18 (Beijing time, UTC+8), an My 6.6
strong earthquake struck the Luding County region in Sichuan Province,
southwest China [hypocenter at (29.59°N, 102.09°E, 16.0 km) from the
China Earthquake Network Center (CENC) catalog]. It occurred in
mountain areas near Mt. Gongga with noticeable surface rupture and
triggered more than 5000 landslides with a total area of ~28 km? (An
et al., 2023; Chen et al., 2023; Dai et al., 2023). The event caused 117
deaths or missing and 3275 injuries, with an estimated damage loss of
15.48 billion CNY (Department of Emergency Management of Sichuan
Province (https://yjt.sc.gov.cn/scyjt/juecegongkai/2022/10/28/
db7c636b4ade44adaf345a388344f3a7.shtml).

The 2022 Luding earthquake occurred on the Moxi segment in the
southernmost part of the left-lateral strike-slip Xianshuihe fault, near the
Y-shaped junction intersected by the Anninghe and Longmenshan faults
(Fig. 1). The Xianshuihe fault is along the southeast margin of the Ti-
betan Plateau in China, as the boundary between the Bayan Har block
and the Sichuan-Yunnan block. It is one of the most active faults in
China, with a relatively high strike-slip slip rate of ~1.0 cm/yr (Allen
etal., 1991; Baietal., 2018, 2021; Li et al., 2021). Since 1700, 18 M6.0+
and 8 M7.0+ earthquakes have occurred on the Xianshuihe fault,
covering the whole fault with a total rupture length of ~350 km (Allen
etal., 1991; Wen et al., 2008; Fig. 2). In history, the 1327 M7.5 (7 %) and

1786 M7.8 (73) earthquakes ruptured the Moxi segment with a similar
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spatial extent of ~90 km (Wen et al., 2008), indicating a seismic cycle
with a recurrence time of 459 years. There have been no recorded
M6.0+ earthquakes since the 1786 M7.8 event, so this segment is called
the Moxi seismic gap (Shao et al., 2023; Zhang et al., 2023a). Published
coseismic slip models for the 2022 Luding earthquake (e.g., Li et al.,
2022; Yang et al., 2022; Guo et al., 2023; Han et al., 2023; Liang et al.,
2023; Zhang et al., 2023a; Zhang et al., 2023b; Zhao et al., 2023; Zou
et al., 2024) all indicate an overall asymmetrical rupture propagation
primarily toward the southeast along strike. However, these models
exhibit noticeable differences in detail, depending on the datasets and
smoothness applied in the analysis. Some models inverted from tele-
seismic body wave data and/or near-field strong motion data predom-
inantly exhibit two distinct slip patches (e.g., Zhao et al., 2023; Zhang
et al., 2023a), while Li et al. (2022) obtain a coseismic slip model with
more distinct slip patches with GNSS and InSAR data. Other models with
InSAR data show a relatively smooth coseismic slip distribution (e.g.,
Guo et al., 2023; Han et al., 2023; Liang et al., 2023; Zou et al., 2024).

The 2022 My 6.6 Luding mainshock was not preceded by any
detectable foreshocks but followed by numerous aftershocks. Over 9200
aftershocks with M1.0+ have been detected up to 1 June 2023 from the
CENC catalog. The CENC catalog and other relocation catalogs (e.g., An
et al., 2023; Yang et al., 2022; Liu et al., 2023a; Zhang et al., 2023a;
Zhao et al., 2023; Zhang et al., 2024) indicate that the aftershocks are
distributed in distinct zones. Different from the strike-slip mainshock
and aftershocks along the Moxi segment, the aftershocks in the east of
Mt. Gongga (west of mainshock) exhibit normal-faulting focal mecha-
nisms (Yang et al., 2022; Zhang et al., 2023a; Zhao et al., 2023; Zhang
et al., 2024). The seismicity rate near Mt. Gongga remained high over
~9 months, with two other M5 sequences in January and February
2023. However, the seismogenic structures under Mt. Gongga are still
unclear. Local stress adjustment (Zhao et al., 2023) or gravitational
collapse (Zhang et al., 2024) due to the vertical movement of Mt.
Gongga are suggested to cause extensive normal faulting. The historical
seismicity in the east of Mt. Gongga was relatively low before 2015, but
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significantly increased with the impoundment of nearby Dagangshan
reservoir (Feng et al., 2018). The spatiotemporal distribution of intense
seismicity calls for further investigation of the seismogenic structure and
mechanism underneath the eastern flank of Mt. Gongga.

To understand the seismic potential and faulting characteristics
around the Moxi segment, we first invert for the coseismic slip distri-
bution of the 2022 Luding mainshock using teleseismic body waves and
the regional GNSS static displacement measurements. Then, we evaluate
the slip budget using the historical earthquake catalog and calculate the
change of Coulomb failure stress (ACFS) induced by the mainshock. We
invert for focal mechanisms of M3.0+ events using the regional broad-
band seismic recordings and confirm the diverse faulting styles in
different aftershock zones. Finally, we combine geological observations
and focal mechanisms to elucidate the mechanism for the frequent
intense shallow seismicity underneath the eastern flank of Mt. Gongga.

2. Quantifying the 2022 My 6.6 Luding mainshock
2.1. Point-source solutions

Several agencies reported the point-source moment tensor solutions
of the 2022 Luding mainshock using global teleseismic waveforms or
regional seismic recordings (Table 1). The long-period W-phase solution
by the U.S. Geological Survey National Earthquake Information Center
(USGS-NEIC) has a double-couple solution with strike ¢ = 345°, dip § =
88°, and rake 4 = 17°, seismic moment Mo:l.158><1019 Nm (Myw
6.64), and centroid depth at 15.5 km. The Global Centroid Moment
Tensor (GCMT) solution, based on a dataset of 439 body waves, 374
mantle waves, and 449 surface waves lowpass filtered at periods of 50,
125, and 50 s, respectively, has the best double-couple solution with
strike ¢ = 164°, dip 6 = 78°, and rake A = 7°, seismic moment
My=1.2x 10'° Nm (M 6.7), and centroid depth at 18.0 km. The Insti-
tute of Geophysics, China Earthquake Administration (IGP-CEA) ob-
tained a double-couple solution based on regional broadband station
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Fig. 1. Tectonic context and historical strong earthquakes surrounding the 2022 My, 6.6 Luding earthquake. (a) The map shows the primary and secondary
active tectonic blocks in and around China, outlined by red and gray curves (Zhang et al., 2003). Historical events with M6.0+ since 186 BCE from the China
Earthquake Network Center (CENC) catalog are denoted by circles. (b) The fault system and historical strong earthquakes around the 2022 Luding earthquake. Major
active faults in the southeastern Tibetan Plateau are delineated by blue curves, with a slip rate of ~1.0 cm/yr for the Xianshuihe fault (Allen et al., 1991; Bai et al.,
2018; 2021; Li et al., 2021). Circles show M6.0+ earthquakes from 1216 to 1976 from the CENC catalog. Focal mechanisms show M6.0+ events from the Global
Centroid Moment Tensor (GCMT) catalog since 1976. The red star marks the epicenter of the 2022 mainshock from the CENC catalog with the focal mechanism from
the CAP (Cut-and-Paste) inversion. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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recordings using the Cut-and-Paste (CAP) method (Zhao and Helm-
berger, 1994; Zhu and Ben-Zion, 2013; Bai et al., 2020), with strike ¢ =
343°, dip § = 89°, rake 4 = -24°, moment magnitude My 6.7, and
centroid depth at 7.0 km. IGP-CEA also reported a double-couple solu-
tion based on teleseismic body waves ° with strike ¢ = 163°, dip 6 = 77°,
rake A = -5°, seismic moment M():1.039><1019 Nm (My 6.61), centroid
location at (120.14°E, 29.55°N), and centroid depth at 16.0 km.

Given the variations in centroid depth and strike among these solu-
tions, we perform a point-source inversion using the CAP method that
we slightly modified (Gong et al., 2022) with the regional seismic re-
cordings within ~500 km from 30 broadband stations from ChinArray
(Fig. Al; Zheng et al., 2010). The P and S waveforms are bandpass
filtered at 0.01 - 0.15 Hz and 0.01 - 0.10 Hz, respectively. We use the
average local seismic velocity model near the epicenter for the inver-
sion, modified from Liu et al. (2023b) (Fig. A2). The focal mechanism is
inverted for point sources with variable source durations, locations, and
depths. In our modified CAP inversion (Gong et al., 2022), we use an
isosceles triangle to approximate the shape of the source time function
and grid search the centroid time to get the source duration, similar to
that used in the typical long-period Wphase inversion as implemented
by USGS-NEIC and the GCMT solution. The result is summarized in
Fig. Al. It has a best double-couple solution for one nodal plane with
strike ¢7 = 167°, dip 6; = 73°, rake 4; = -1°, and the other with strike g5
=257°, dip 52 = 89°, rake A3 = -163°. The inverted seismic moment My is
1.054x10'° Nm (M 6.62). The optimal search results in a relatively
shallow centroid depth of 7 km at the centroid location (120.08°E,
29.54°N), south of the epicenter, suggesting a southeastward rupture.
The centroid time is about 6.0 s, indicating the source time duration is
about 12 s. Considering the northwest-southeast trend of the Moxi
segment, we choose the plane with strike ¢ = 167° and dip 6§ = 73°,
rather than the northeast-trending nodal plane, as the fault plane for the
mainshock rupture.
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2.2. Finite-fault slip distribution

We use teleseismic and geodetic observations to invert the space-
time history of rupture for the 2022 Luding mainshock. The seismo-
logical dataset includes 59 P waves and 27 SH waves with good
azimuthal distribution. The broadband seismic waveform recordings are
corrected by removing instrument response, bandpass filtered in the
frequency band of 0.005-0.9 Hz, and integrated to ground displacement
for inversion. The geodetic data are from Li et al. (2022), which includes
74 stations with horizontal coseismic static ground displacements within
~200 km, and the closest station is ~16 km northeast of the epicenter
with a horizontal displacement of ~10 cm.

We perform a joint, least-squares kinematic finite-fault inversion
with moment constraint (Hartzell and Heaton, 1983; Kikuchi and
Kanamori, 1991; Ye et al., 2016). We assume a planar-fault model with
fixed strike ¢ = 167°, dip 6§ = 73°, while allowing rake to vary within
each subfault. The source time functions for each subfault are parame-
terized by overlapping triangular functions that provide flexibility in the
specific time history for each subfault. We set up 20 grids along strike
and 10 grids along dip with each subfault of 2.0 km x 2.0 km and 8
triangles with 1-s rise-time offset by 1 s for source time function which
gives a possible total subfault duration of 9 s. We use the average local
seismic velocity model near the epicenter modified from Liu et al.
(2023b) with the inferred density based on the empirical relationship by
Brocher (2005) to calculate Green’s function.

Because of the large variations of inferred dip angle in published
studies, we test four planar-fault models with dip § = 70°, § = 75°, § =
80°, and 6 = 85° and find an optimal dip angle of § = 73° from our
regional CAP inversion. For these planar-fault models with dip 6 =75°, §
=80°, 5§ = 85°, the initial parts of teleseismic P waves at the stations with
azimuths of 254°-315° near P radiation nodes (such as KIBK, IKL, and
XBFO) are not well modeled, with opposite polarity for synthetics and
observations (Fig. A3). The waveform fits are good for the solution dip &
= 70°, so we prefer the planar-fault model with a relatively small dip, §
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Fig. 2. Historical moderate-to-major earthquakes and slip budget along the Xianshuihe fault. (a) Historical seismicity from 1700 to 2022 within a distance of
20 km of the Xianshuihe fault. The red and gray circles are the M6.0+ earthquakes from Wen et al. (2008) and events with magnitude from 1.0 to 6.0 from the CENC
catalog, respectively. (b) The projection of seismicity along the Xianshuihe fault. The horizontal bars show the rupture extent for major earthquakes from Wen et al.
(2008) and for the 2022 Luding earthquake of this study. The blue and dashed red curves show the accumulated seismic moment calculated in 10-km bins along the
Xianshuihe fault before and after the 2022 Luding sequence since 1816, respectively. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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Table 1

Point-source solutions for the 2022 Luding mainshock.

Lon. Lat. Depth T, Strike Dip Rake M, My
(km) (s) (x 10 Nm)
USGS-NEIC 102.01° 29.53° 15.5 6.5 345° 88° 17¢ 1.158 6.64
GCMT 102.24° 29.50° 18.0 5.4 164° 78° 7° 1.200 6.70
IGP_CEA 102.08° 29.59° 7.0 - 343° 89° -24° 1.396 6.70
(regional data)
IG.P-C.EA 120.14° 29.55° 16.0 5.0 163° 77° -5° 1.039 6.61
(teleseismic data)

This study 120.08° 29.54° 7.0 6.0 167° 73° -1° 1.054 6.62

= 73°. Compared to teleseismic data, GNSS static displacement data are
more sensitive to the absolute distribution of coseismic slip, so the ab-
solute location of the hypocenter is crucial in the joint inversion. Zhang
et al. (2023a) use the S-P arrival time differences at two stations near the
epicenter (2.0 km and 6.6 km) and show a shallow source depth <10 km.
Here, we test several models with different source depths varying from 8
km to 14 km. The waveform fits at the stations with azimuths of 288°-
336° (such as EIL, GNI, and KEV) are bad for the models with source
depths of 14 km and 12 km (Fig. A4). Models with shallow source depths
<10 km improve the fitting. Ultimately, we set a source depth of 6.8 km
and extend the model dimension to reach the ground surface with the
dip angle of 73° at the epicenter (120.102°E, 29.590°N). The epicenter
slightly deviates from that given by CENC to ensure a spatial match
between the surface rupture from the field observation (Li et al., 2023).
The maximum rupture propagation speed in the inversion is set as 2.8
km/s which results in a good match with locations of surface rupture.
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The final slip model is shown in Fig. 3. The moment-rate function
(MREF) lasts for ~14.0 s, with a centroid time of 6.7 s, slightly larger than
the centroid time of 6.0 s in our point-source CAP inversion. The rupture
mainly propagates to the southeast along strike with a peak slip of ~2.8
m. The slip distribution is dominated by two distinct patches extending
southeastward by~15 km and northwestward by ~5 km along strike, at
depths from surface to ~15 km (Fig. 3c). One patch is located near the
hypocenter, and another patch is distributed at a shallower area ~10 km
to the southeast. Our slip model with an asymmetrical rupture is largely
consistent with the published models (e.g., Li et al., 2022; Yang et al.,
2022; Guo et al., 2023; Han et al., 2023; Liang et al., 2023; Zhang et al.,
2023a; Zhang et al., 2023b; Zhao et al., 2023; Zou et al., 2024). The
model fits teleseismic waveforms and regional GNSS static displace-
ments reasonably well (Fig. 4). Some features in SH waves are not
accounted for by the model due to the scattered energy. The static GNSS
displacements near the rupture area are generally well fit, with
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Fig. 3. Our preferred slip model for the 2022 Luding My 6.6 mainshock jointly inverted from teleseismic body waveforms and GNSS data. (a) Moment-rate
function with centroid time indicated by the red tick. (b) Source spectrum (red curve) obtained from the moment-rate function for periods >20 s and from stacks of
propagation-corrected far-field P-wave spectra for periods from 20 s to 1.0 s. The dashed curve is the reference Brune — o 2w spectrum with an assumed stress
parameter of 3 MPa. (c) Spatial distribution of the slip model with the slip magnitude and direction shown by arrows and colors, and the gray polygons indicating
source time functions for subfaults with relatively large slip. The red star shows the hypocentral location and dashed white curves indicates the rupture expansion
front in 3-s intervals. (d) Spatial distribution of static stress drop calculated from the slip distribution assuming the half space (Okada, 1985; Ye et al., 2016). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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relatively large differences at some stations far away due to large
observation errors (Figs. 4b and A5).

The field observation shows surface slips of ~50 cm, ~30 cm, and
~14 cm near the Wandong, Xingfu, and Aiguo villages (Li et al., 2023).
We compare the slip models assuming different rupture speeds of 2.5
km/s, 2.8 km/s, 3.0 km/s and 3.5 km/s with the observed surface breaks
(Fig. A6). The slip model with the rupture speed of 2.8 km/s shows the
best match with the field observation, and is therefore taken as our
preferred model (Fig. 5). In this model, the rupture to the northwest
stops near three mapped E-W trending right-lateral strike-slip subfaults
[Yanzigou fault (YF), Mozigou fault (MF), and Hailougou fault (HF)]
that are nearly orthogonal to the left-lateral Moxi segment (Fig. 5a).
These subfaults might have shattered the northern part of the Moxi
segment, effectively blocking the northwestward rupture propagation.
The centroid location of the finite-fault slip distribution is at (102.109°E,
29.544°N, 8.5 km depth), comparable to the centroid location
(102.08°E, 29.55°N, 7.0 km) from the CAP inversion (Fig. Al). The static
stress drop is 7.2 MPa for a slip-weighted estimate following Ye et al.
(2016). Using the high-resolution aftershock catalog from Zhao et al.
(2023), we find that aftershocks are mainly distributed in the areas with
minor or no slip, at depths deeper than our coseismic slip distribution
(Fig. 5b). Fig. 5c shows that few aftershocks are distributed within the
large stress-drop area, indicating that the stress in the mainshock slip
zone is significantly reduced to below the level that would allow for
more than a few overlapping aftershocks. The enhanced stress concen-
tration at the downdip edge induced by the mainshock rupture promotes
the occurrence of aftershocks.

2.3. Source spectrum and radiated energy

The source spectrum is obtained from the moment-rate function for

periods >20 s and from stacked broadband P wave spectra corrected for
propagation effects for shorter periods from 20 s to 1.0 s (e.g., Ye et al.,
2016). The spectrum has a deep notch at the period of ~10 s and de-
viates significantly from a Brune w2 spectrum with the same seismic
moment and a stress parameter of 3 MPa. We estimate the radiated
energy Er = 5.49x10'* J, with a moment-scaled radiated energy Ex /M,
of 5.23x10°° (Fig. 3b). As a continental intraplate rupture, the moment-
scaled value is higher than the average value for large megathrust
ruptures (~1.1x107°, Ye et al., 2016), as typically observed. It is
significantly higher than that for the 2021 My 6.0 Yangbi mainshock
(1.50><10'5), which occurred on a relatively immature fault along the
southwestern boundary of the Sichuan-Yunnan block (Gong et al.,
2022). Overall, the relatively high Er /M, and rupture velocity (V, ~2.8
km/s) for the 2022 My, 6.6 Luding earthquake, compared to the 2021
My 6.0 Yangbi earthquake (ER/M0:1.50><10'5 and V, ~2.0 km/s from
Gong et al, 2022) and the 2019 My 7.4 Ridgecrest earthquake
(ER/M0:1.4><10'5 and V; ~1.5 km/s from Liu et al., 2019), imply that it
has ruptured a relatively mature fault.

3. The aftershock sequence
3.1. Spatial clustering of aftershocks and focal mechanisms

The 2022 My 6.6 Luding earthquake has extensive aftershocks,
distributed in distinct zones along the Moxi segment, conjugate sub-
faults, and at the eastern flank of Mt. Gongga (Fig. 6). We classify af-
tershocks in four zones. Zone I is for aftershocks on and near the Moxi
segment, from the epicenter to the southeast over 35 km. Aftershocks in
Zone II occurred on a subfault in the northwest of the mainshock with a
slightly different strike from the Moxi segment. Aftershocks in Zone III,
located east of Mt. Gongga, appeared to occur on structures distinct from
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aftershocks, and nearby faults. YF: Yangzigou fault; MF: Mozigou fault; HF: Hailougou fault. The data for Yangzigou, Mozigou, and Hailougou faults are from Feng
et al. (2018). The centroid locations of our slip model and the CAP inversion are marked by diamonds with corresponding focal mechanisms. (b-c) Depth view of
coseismic slip and static stress drop with on-fault aftershocks. Gray contours in (b) and (c) indicate the coseismic slip in 0.5-m intervals and the stress drop in 5-MPa
intervals, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

the Moxi segment. Aftershocks in Zone IV occurred on a subfault near
the southeastern end of the mainshock rupture, intersecting with the
Moxi segment at roughly a right angle. Compared to the low seismicity
and few M3.0+ aftershocks on the Moxi segment and its subfaults after
the first 3 months, there were numerous aftershocks including several
M3.0+ events still at the eastern flank of Mt. Gongga in nine months
(Fig. 6). On 26 January and 28 February 2023, Mg 5.5 and Mg 4.8
earthquakes occurred, respectively, followed by a series of M3.0+
earthquakes (Fig. 6f).

To investigate the corresponding activated faults in each aftershock
zone, we perform the point-source focal inversion for large aftershocks
with M3.0+ using regional broadband seismic waveform data from
ChinArray (Fig. 7c). As of 1 March 2023, 34 M3.0+ aftershocks are re-
ported by CENC, and 28 of 34 have regional broadband seismic wave-
form data with a good signal-to-noise ratio. We invert for focal
mechanism and centroid depth of 28 aftershocks with the regional
broadband waveforms within 400 km using the CAP method. P and S
waveforms are bandpass filtered at 0.02-0.15 Hz and 0.02-0.10 Hz for
relatively large aftershocks, same as that for the mainshock, and at 0.03-
0.20 Hz and 0.03-0.10 Hz for small aftershocks. The inversion results are
listed in Table 2 and Figs. A7-A9. The focal mechanism and centroid
depth of earthquakes in four aftershock zones are distinct (Fig. 7). In
Zone I along the Moxi segment, 4 aftershocks are left-lateral strike-slip at
centroid depths of 4.08.0 km, and one is a thrust event at 11.0 km. On
the northwest subfault (Zone II), two aftershocks have almost identical
left-lateral strike-slip mechanisms at 5.5 km with strikes following the
seismicity trend, deviating from that of the Moxi segment. In the
southeast subfault (Zone 1V), two aftershocks have significant thrust

components at deeper centroid depths of 9.5 km and 11.0 km. All af-
tershocks at the eastern flank of Mt. Gongga (Zone III) have normal-
faulting mechanisms, with the northwest-southeast strike roughly par-
allel to the Moxi segment. They have relatively shallower centroid
depths of 3.0-7.0 km. We estimate the b value of aftershocks from 5
September 2022 to 1 June 2023 using the CENC catalog. The slightly
lower b values for aftershocks on the Moxi segment (0.91) and at the
eastern flank of Mt. Gongga (0.93) than that for the northwest subfault
(Zone II; b = 1.11) (Fig. A10) indicate more well-developed faulting
structures along the Moxi segment and underneath the eastern flank of
Mt. Gongga than along the northwest subfault.

3.2. Static Coulomb stress changes in aftershock zones

Coulomb failure stress change (ACFS) induced by the mainshock
rupture has proved to be an effect approach to evaluate if it promotes or
inhibits the occurrence of earthquakes on nearby faults as aftershocks
(King et al., 1994; Toda and Stein, 2022). To understand the aftershock
distribution of the 2022 Luding sequence, we calculate the static ACFS
imparted by the mainshock using the Coulomb 3.3 software (Toda et al.,
2011) with our preferred coseismic slip model. We adopt the typical
values of 0.4, 0.25, and 80 GPa as the coefficient of friction, Poisson’s
ratio, and Young’s modulus, respectively.

The alignment of aftershock clusters and focal mechanisms of large
aftershocks in each zone are used to help determine the receiver fault
plane for calculating ACFS, and we show the ACFS at centroid depths for
large aftershocks (Fig. 8). In Zone I along the Moxi segment, we calculate
the Coulomb stress change at 7.0 km for the receiver fault plane of
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Fig. 6. Spatial and temporal variation of aftershock seismicity during (a-c) 5 September 2022 to 20 January 2023 and (d-f) 21 January to 1 June 2023.
Earthquake information is from the CENC catalog. The red star indicates the 2022 Luding mainshock on 5 September 2022. Black, blue, red, and cyan dots show
seismicity in Zone I at the Moxi segment along the Xianshuihe fault, Zone II on a subfault to the NWN, Zone III at east of Mt. Gongga to the west of Moxi, and Zone IV
on a subfault nearly perpendicular to the Moxi segment. The temporal evolution of seismicity at different zones is illustrated in the two panels below. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

strike=331°, dip=74°, and rake=-1°. Most aftershocks are distributed in
the southernmost parts with positive ACFS larger than 0.4 MPa, while
some aftershocks distributed near the mainshock rupture area with
negative ACFS. In Zone II on the northwest subfault, the ACFS on the
receiver fault (strike=324°, dip=85°, rake =-11°) at depth of 5.5 km are
mostly positive more than 0.1 MPa. In Zone III at the eastern flank of Mt.
Gongga, we set the receiver fault plane with strike=161°, dip=63°, and
rake=-101°, based on the aftershock focal mechanism. Most aftershocks,
especially all M3.0+ aftershocks, are distributed in the region with
positive ACFS at depth of 7.0 km more than 0.4 MPa, with only few
aftershocks distributed in the southeastern part with negative ACFS. We
get a similar pattern of ACFS (Fig. 8c) with two different receiver fault
planes, given by the focal mechanism of another aftershock and the
other nodal plane of the largest aftershock (Fig. A11). In Zone IV on the
southeast subfault, the ACFS on the receiver fault (strike=69°, dip=56°,
rake=148°) at depth of 9.5 km have minor negative or positive values
less than 0.1 MPa. The uncertainties of the receiver-fault plane, the
simplified coseismic model (Dieterich and Smith, 2009), and dynamic
stress triggering (Hardebeck and Harris, 2022) may account for the

discrepancy between aftershock distribution and the computed static
ACFS. Nonetheless, given the overall positive static ACFS in most
aftershock areas, we conclude that the static stress transfer from the
mainshock rupture has made a significant contribution in promoting the
occurrence of aftershocks.

4. Discussion
4.1. Seismic potential in the Moxi segment along the Xianshuihe fault

The accumulated stress on a fault due to the relative motion of
bounding blocks on both sides of the fault is commonly released by
earthquake rupture or creep. With the earthquake catalog with a com-
plete magnitude larger than 6.5 in the last three centuries on the Xian-
shuihe fault (Li et al., 2021), we evaluate the relative slip budget in the
Moxi segment. Wen et al. (2008) refined the positions and spatial extents
of 18 M6.0+ historical earthquakes on the Xianshuihe fault from 1700 to
1981 based on the distributions of damage, surface ruptures, and af-
tershocks of historical and modern earthquakes. We apply the empirical
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Fig. 7. Focal mechanisms for Mj, 3.0+ aftershocks inverted with regional data using the CAP method. (a) Spatial distribution of the focal mechanisms from 5
September 2022 to 20 January 2023 (EO1 - E15 in Table 2). (b) Spatial distribution of the focal mechanisms from 21 January to 1 March 2023 (E16 - E28 in Table 2).
(c) Regional broadband seismic stations for the CAP inversion of focal mechanisms.

Table 2
Focal mechanism information for the 2022 aftershock sequence (E01-E28) and the 2016 sequence (Ela-E4a).

D Origin time (UTC+8) Lon Lat H (km) M, Strike Dip Rake My
EO1 2022-09-05 17:39:21 102.173° 29.384° 5.0 4.0 304° 75° -10° 4.26
E02 2022-09-05 18:31:19 102.156° 29.431° 4.0 3.7 310° 52° -25° 3.82
EO03 2022-09-05 19:26:20 102.180° 29.482° 9.5 4.2 69° 56° 148° 3.99
E04 2022-09-06 05:28:41 102.083° 29.638° 4.0 3.7 339° 56° -64° 3.96
E05 2022-09-06 17:54:47 102.009° 29.621° 3.0 3.8 330° 44° -90° 4.04
E06 2022-09-07 02:42:15 102.170° 29.430° 7.0 4.5 331° 74° -1° 4.65
E07 2022-09-07 05:39:56 101.991° 29.815° 5.5 3.9 329° 87° -16° 4.01
EO8 2022-09-07 08:34:35 102.197° 29.509° 11.0 3.7 315° 14° 50° 3.61
E09 2022-09-07 09:46:21 102.166° 29.423° 8.0 3.7 290° 53° 21° 3.55
E10 2022-09-08 15:12:02 102.009° 29.786° 5.5 3.8 324° 85° -11° 3.97
El1 2022-10-05 03:17:26 102.217° 29.402° 11.0 4.2 172° 90° 66° 3.89
E12 2022-10-22 13:17:01 102.030° 29.610° 5.0 5.0 159° 53° -73° 5.13
E13 2022-11-18 21:23:56 102.030° 29.640° 6.0 4.3 165° 59° -69° 4.47
El14 2022-11-19 18:28:49 101.971° 29.657° 4.0 4.3 139° 71° -107° 4.22
E15 2022-12-10 15:09:17 101.971° 29.636° 2.5 3.7 134° 43° -73° 4.01
El6 2023-01-26 03:49:43 102.000° 29.660° 7.0 5.5 161° 63° -101° 5.39
E17 2023-01-26 03:50:16 102.010° 29.650° 6.0 4.5 160° 65° -101° 5.40
E18 2023-01-26 04:30:43 102.017° 29.621° 4.5 3.9 165° 42° -80° 4.09
E19 2023-01-26 04:51:09 102.008° 29.611° 3.5 4.0 165° 43° -85° 4.39
E20 2023-01-26 04:57:18 101.990° 29.660° 3.5 4.0 165° 64° -56° 4.31
E21 2023-01-26 05:19:07 101.980° 29.670° 6.0 3.3 141° 78° -99° 4.17
E22 2023-01-26 05:22:11 101.975° 29.654° 6.5 3.6 147° 73° -99° 3.78
E23 2023-01-26 07:21:32 102.030° 29.640° 3.5 4.4 156° 46° -81° 4.67
E24 2023-01-27 01:11:03 102.001° 29.630° 4.5 3.7 160° 70° -42° 3.98
E25 2023-02-01 02:59:31 102.019° 29.615° 6.0 3.6 163° 55° -84° 3.83
E26 2023-02-13 01:23:35 102.021° 29.660° 6.0 3.6 161° 55° -105° 3.94
E27 2023-02-28 22:46:50 102.010° 29.630° 6.5 4.8 158° 61° -90° 5.01
E28 2023-03-01 00:49:57 102.001° 29.622° 3.0 3.7 155° 43° -94° 4.08
Ela 2016-03-18 01:19:53 102.002° 29.604° 2.5 4.4 161° 51° -56° 4.39
E2a 2016-03-21 11:35:49 101.997° 29.619° 1.5 4.0 161° 36° -35° 4.27
E3a 2016-03-24 01:55:38 102.016° 29.607° 2.5 4.2 339° 84° 45° 4.32
E4a 2016-03-25 06:03:52 101.984° 29.609° 3.5 3.9 149° 49° -78° 4.02

relationship between rupture length and seismic moment (Shimazaki,
1986) to estimate the spatial extents of the 1893 M6.0 and 1911 M6.3
earthquakes which are not listed in Wen et al. (2008). We adopt the slip
model for the 2014 M6.4 Kangding earthquake from Zhang et al. (2021).
Historical earthquake sequence exhibits a distinct boundary in time
around the year 1816. Before 1816, the whole Xianshuihe fault had
ruptured since 1700, and after 1816 there was a 77-year period of
seismic quiescence until the occurrence of the 1893 M7.0 earthquake. It
appears that a new cycle started since the 1816 M7.5 earthquake, so we

calculate the accumulated seismic moment since 1816 (Fig. 2b). Except
for the Moxi segment, there have been M6.0+ earthquakes along the
Xianshuihe fault. There remained a seismic gap in the Moxi segment, so
the occurrence of the 2022 My, 6.6 Luding earthquake is not surprising.

Considering that 1327 M7.5 and 1786 M7.8 earthquakes ever
ruptured the entire Moxi segment with similar positions and spatial
extents of ~90 km, we can estimate a rate of seismic moment deficit of
0.53-1.51 x x10'® Nm/(a-km) based on the 459-year period and the
accumulated seismic moment of 2.21-6.24x10%° Nm (My 7.5-7.8). The
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Fig. 8. Static Coulomb failure stress changes (ACFS) in aftershock zones. Small circles indicate the aftershocks from the high-resolution aftershock catalog by
Zhao et al. (2023). (a-d) The ACFS are calculated at receiver faults with one nodal plane of the largest aftershock at its optimal centroid depth (E06, E10, E16, and
EO03 in Table 2). (e) The receiver fault is a vertical strike-slip fault with the strike of 257°, similar to YF, MF and HF.

seismic moment deficit is about 2.50-7.13x10'° Nm (My 6.9-7.2) over
the 20-km-long rupture area for the 2022 Luding earthquake since 1786,
and it is about balanced for the southern part of the Moxi segment.
However, no large earthquakes have ruptured the northern part of the
Moxi segment since 1786, showing the aperiodicity and segmentation of
rupture behaviors in this section, possibly due to the complex fault ge-
ometry associated with bends, junctions and branches. The 1955 M7.5
Kangding earthquake likely occurred on the whole Zheduotang fault, a
branch fault in the Bamei-Kangding segment along the Xianshuihe fault
to the north, and stopped the northernmost part of the Moxi segment,
based on the distribution of aftershocks and surface rupture (Allen et al.,
1991; Li et al., 1997). There could be significant accumulated seismic
moment in the northern part of the Bamei-Kangding segment with only
the 2014 M6.4 Kangding earthquake over the last 238 years (Fig. 2b).
Jiang et al. (2015) get the interseismic coupling at the northern part of
the Bamei-Kangding segment up to 60%. However, Li et al. (2021)
recognize it as a creeping fault with small interseismic coupling (less
than 20%). Given the relatively high seismicity in the past several de-
cades, we can rule out the possibility of a large earthquake in the
northern part of the Bamei-Kangding segment, and the seismic hazard
would be severe if it ruptures together with the north section of the Moxi
segment.

We calculate the static ACFS imparted by the 2022 My, 6.6 Luding
mainshock on the unruptured Moxi segment and other surrounding

faults (Fig. 9). Variable receiver planes are set up for different faults at
the receiver depth of 10 km. The receiver plane of the Moxi segment is
determined from the focal mechanism of the 2022 Luding mainshock.
The receiver planes for other faults are associated with vertical left-
lateral strike-slip faulting from Li et al. (2022), except for the reverse-
faulting Longmenshan fault. The results show that the ACFS are nega-
tive in the southern Moxi segment and positive in the north (Fig. 9). The
positive ACFS on the northern Moxi segment (Moxi-Kangding segment)
is large, up to 0.1 MPa, indicating that the 2022 Luding mainshock
promotes the rupture on it. The positive ACFS of less than 0.03 MPa on
the Kangding-Bamei segment of the Xianshuihe fault and 0.04 MPa on
the Longmenshan fault indicate that the mainshock may slightly pro-
mote the rupture on them. The ACFS on the Xiaojinhe, Anninghe, and
Daliangshan faults are less than 0.02 MPa, suggesting mild effect from
the 2022 Luding earthquake.

4.2. Mechanism of normal faulting underneath the eastern flank of Mt.
Gongga

One interesting feature of the 2022 Luding earthquake sequence is
the normal-faulting aftershock activity underneath the eastern flank of
Mt. Gongga (west of the mainshock), which persisted intermittently for
9 months (Fig. 6). The three E-W trending, right-lateral strike-slip sub-
faults (Yanzigou fault, Mozigou fault, and Hailougou fault), near the
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eastern flank of Mt. Gongga (Fig. 5a), seem not activated as M3.0+ af-
tershocks which are dominantly NW-SE trending normal faulting. The
seismicity in the east of Mt. Gongga significantly increased with the
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impoundment of the nearby Dagangshan reservoir in 2015-2016
(Fig. 10). Using the amplitude ratios of direct P and S waves, Feng et al.
(2018) find dominant right-lateral strike-slip focal mechanisms for large
events in the 2016 sequence and infer that they occurred on the NEE-
SWW trending strike-slip Mozigou fault. We invert the focal mecha-
nisms of four M3.0+ earthquakes in the 2016 sequence using regional
waveform data with the CAP method, and find that one My, 4.32 event
(E3a) has a strike-slip focal mechanism while three others are dominated
by normal faulting with shallower centroid depths of ~3.0 km, similar to
the focal mechanisms of aftershocks in the 2022-2023 sequence
(Fig. 10). The handpicked polarities of P waves confirm our results
(Fig. A12). It suggests that most seismicity at the eastern flank of Mt.
Gongga might be all controlled by some pre-existing structures for the
shallow normal faulting, and we propose an unmapped NW-SE trending
extensional fault system, about parallel to the Moxi segment along the
Xianshuihe fault (Fig. 11).

The Coulomb wedge theory (Wang and Hu, 2006) suggests that a
high mountain with a steep slope tends to collapse under its own weight,
thus having the potential to create internal tensional deformation such
as normal faults. Once created, these normal faults can be reactivated by
the episodic occurrence of basal weakening (Cubas et al., 2013) or basal
erosion (Wang et al., 2010). We infer that this may be the case for the Mt.
Gongga region, where the steep slope along the eastern flank of the
mountain, with a dramatic elevation change over 5000 m within a range
of 20 km, can favor the development of NW-SE trending normal faults
beneath the mountain (F1 in Fig. 11). We calculate the theoretical
critical envelope for a wedge based on the available information of Mt.
Gongga to further interpret these normal faults. We aim to reconstruct
the conditions required for developing normal faults at certain stage of
Mt. Gongga’s geological past, while also remarking that the calculation
is based on quasi-static stress balance without considering material/
structural heterogeneities or thermal anomalies. The mean topographic
slope (a) of the wedge above the aftershock zone in eastern Mt. Gongga
(along the profile W-E in Fig. 11a) is estimated as 14.3° (Fig. 11b). Ac-
cording to the 3D resistivity model of Jiang et al. (2022) beneath the
eastern Mt. Gongga, there is a westward dipping resistive body at the
middle crust that is interpreted as the underthrusting of the Yangtze
Craton. We regard the upper boundary of the westward dipping resistive
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Fig. 10. Spatial and temporal variation of background seismicity from 2014 to 5 September 2022. Earthquake information is from the CENC catalog. The red
star indicates the 2022 Luding mainshock on 5 September 2022. The 2016 sequence is highlighted by the gray box in (b) with the focal mechanisms for the 4 largest
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body as a basal décollement and estimate the dip (5) of the wedge as
30.0°. Besides a and f, there are four other model parameters: the in-
ternal coefficient of friction and pore fluid pressure ratio within the
wedge, and the corresponding ones on the basal décollement. We get the
critical envelope (the upper and lower branch for extensional and
compressional failure, respectively) for different sets of model parame-
ters (Fig. A13). The results show that the wedge with a steep slope (@)
tends to create extensional failure (i.e., toward the upper branch of the
envelope), and the wedge structure in eastern Mt. Gongga may be a
response to a high pore fluid pressure ratio and/or low basal coefficient
of friction. We note that in general the Coulomb wedge theory, upon

11

reaching a critical state, would predict conjugate splay faults within the
wedge. However, in the actual situation, only one set of splay faults may
prevail due to factors such as material/structural heterogeneities. Ac-
cording to the coherence of the nodal plane solutions, we assume the
normal faults are dipping to the west (Fig. 11b).

While the above argument explains the initial development of
normal faults, these faults and hence the wedge may subsequently show
a switch between stable and unstable states, depending on the evolu-
tions of stress, friction, pore fluid pressure, and other parameters (Wang
and Hu, 2006). Apparently, the eastern Mt. Gongga region was at a
relatively stable state right before the 2022 Luding mainshock, while it
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has entered an unstable state afterwards due to the tensional stress
change induced by the 2022 Luding mainshock. Considerable tensional
stress change by the 2022 Luding mainshock is expected to be along the
NW-SE direction (Fig. 11d), and some tensional stress change can also be
produced along the NE-SW direction as well (Fig. 11c). This can cause
both the horizontal principal stresses and the pore fluid pressure to
decrease. However, the net effect should be to reduce the effective
normal stress and hence strength along the considered normal faults,
thus promoting their reactivation. Due to the aforementioned stress
changes impacted by the Luding mainshock, the N-S compressional
stress becomes intermediate while the W-E compressional stress be-
comes even smaller in the aftershock zone beneath the eastern Mt.
Gongga (Fig. 11b).

Earthquake activity under stress perturbations can be used to infer
the criticality and strength of faults (Beroza and Zoback, 1993; Harde-
beck and Okada, 2018). Specifically, it has been suggested that close-to-
failure and weak faults are more likely to host triggered seismicity under
slight stress perturbations (Houston, 2015). Here, the impoundment of
the Dagangshan reservoir or the stress transfer from nearby earthquakes
may trigger seismicity in the area around Mt. Gongga. For the
2015-2016 sequence triggered by the Dagangshan reservoir, most of the
events occurred in the east of Mt. Gongga rather than on the Moxi
segment closest to the reservoir (Fig. 10), indicating that the faults un-
derneath the eastern flank of Mt. Gongga may be more susceptible to
small stress perturbations (therefore weak). Similar indications can also
be found from the 2022 Luding earthquake sequence, where the area in
the east of Mt. Gongga (Zone III) hosted shallower aftershocks with long-
lasting higher seismicity (implying lower differential stress) than those
on the Moxi segment (Fig. 6). Moreover, several hot springs reported in
the east of Mt. Gongga, such as the well-known Hailuogou hot spring
with a high temperature of ~90°C, may support the existence of weak
faults underneath the eastern flank of Mt. Gongga. According to Yuan
et al. (2015), there are well-developed structural fissures through which
atmospheric precipitation and snow-melting water can penetrate into
deep faults. Then, the water will be heated and transported to the sur-
face in the fault fracture zone to form hot springs. The abundant water
entering the faults increases the pore fluid pressure to weaken the faults
(Fig. 11b).

Elevated temperature in the crust and presence of abundant fluid in
the Mt. Gongga region has also been suggested by other studies. Ac-
cording to Cook et al. (2018), hot weak rocks and focused precipitation,
among other factors, contribute to the rapid uplift and exceptional
topography of Mt. Gongga. Zircon U-Pb ages of samples collected
throughout the Gongga granite range from 30 Ma to 5 Ma (Li and Zhang,
2013; Searle et al., 2016), which implies that crustal melting occurred
during much of the Cenozoic and may still be in progress. The current
monsoon system in China was established at ~23 Ma (Sun and Wang,
2005; Clift et al., 2008), and an orographic barrier was possibly formed
by at least 10 Ma, leading to high and focused precipitation in the Mt.
Gongga region. Downward flow of surface-derived fluid deep into the
crust can be facilitated by a high topography above the fault, a coseismic
increase of permeability in the fault zone at depth, and a slow post-
seismic healing/sealing (Sibson, 1994; Ingebritsen and Manning,
2010; Ague, 2014; Miller, 2020; Bock et al., 2024; Simpson, 2024),
which may be the case for the Mt. Gongga region (recalling that it is
located in the tensional quadrant of the 2022 Luding mainshock). Ac-
cording to the 3D resistivity model of Jiang et al. (2022), there is a
westward dipping resistive body at the middle crust beneath the eastern
Mt. Gongga, overlaid with a thin, sub-horizontal low-resistivity layer,
potentially indicative of the presence of partial melt or fluid. This low
resistivity layer may also facilitate the heating of the fluid penetrating
from the surface and contribute to fault weakening. These evidences
support an interplay among topography, surface-derived fluid (due to
snow melting and precipitation), hot crustal rocks, hot springs, nearby
tectonic (or non-tectonic) activity, and normal-faulting seismicity in the
eastern Mt. Gongga (Fig. 11b).
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Combining all of the above, we suggest that there exist NW-SE
trending normal faults underneath the eastern flank of Mt. Gongga,
which were previously developed due to the gravitational collapse of Mt.
Gongga. These normal faults are weak due to their shallow depth and
environment-related pore fluid pressure. After the 2022 Luding main-
shock, these pre-existing weak fault planes become reactivated to host
NW-SE trending normal-faulting aftershocks and remain in a fragile
state for 9 months, longer than in other aftershock zones.

5. Conclusion

Combining teleseismic data and regional GNSS static deformation,
we find that the 2022 My, 6.6 Luding earthquake has an asymmetrical
rupture along the strike extending southeastward by ~15 km with a
peak slip of ~2.8 m and northwestward by ~5 km with minor slip, with
two main slip patches near the hypocenter and at a shallower area ~10
km to the southeast, respectively. Our slip model shows that the SE
rupture reaches the surface, consistent with the field observation. The
rupture at the southern part of the Moxi segment approximately
balanced the slip deficit since the 1786 M7.8 earthquake. The northern
part of the Moxi segment has remained relatively silent and receives a
positiveACFS of ~0.1 MPa from the 2022 mainshock, posing a high
seismic potential. The aftershocks are mainly distributed in distinct
zones. Compared to those along the Moxi segment or its subfaults with
strike-slip focal mechanisms, aftershocks underneath the eastern flank of
Mt. Gongga are dominated by normal faulting with shallower centroid
depth and intense seismicity lasts over ~9 months. We attribute these
distinct features to the pre-existing normal faults underneath the eastern
flank of Mt. Gongga, which were initially developed by the gravitational
collapses of Mt. Gongga, and subsequently weakened by environment-
related pore fluid pressure as supported by the existence of hot springs
and the high susceptibility to nearby tectonic or non-tectonic activity.
Our study provides a comprehensive understanding of the rupture be-
haviors of the 2022 Luding earthquake sequence, which can shed lights
on the seismic hazard assessment both on the Moxi segment and its
subfaults, and the potential interaction between strike-slip fault and
nearby mountain areas.
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