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Summary

On September 5, 2022, a strike-slip earthquake with a moment magnitude (Mw) 6.7 occurred along the Moxi
segment of the Xianshuihe fault zone in Luding, Sichuan province, China. To estimate the rupture evolution of the
2022 Luding earthquake, we inverted teleseismic P-waves by applying the Potency Density Tensor Inversion, a novel
method that can estimate fault geometry and source process. We found the rupture process can be divided into two
episodes. In the first episode, the initial deep rupture continues for 2 second on a westward tilting fault plane. In the
next episode (3 to 7 s), the main rupture propagated along the Xianshuihe fault zone toward the south-southeast and
halts ~15 km south-southeast from the epicentre. An isolated rupture also occurred ~10 km west from the Xianshuihe
fault zone. The main rupture propagated in a south-southeast direction where strain have been accumulating, and our
resolved strike direction rotated counterclockwise as it propagated from the epicentre to south-southeast. The along-
strike migration of the main rupture stopped in a region with a complex fault network, and the along-dip migration
did not go through the shallow-most region to the surface. Our seismic source model suggests that the 2022 Luding
earthquake has failed to cascade up to a lager event, contrary to the last largest 1786 Kangding-Luding earthquake in

this region, due to the fault geometry and shallow sedimentary layers inhibiting rupture propagation.
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Introduction

Seismic source models are not only important for understanding the nature of earthquake, but also provide
fundamental data for understanding the tectonics (e.g. Avouac et al. 2014; Elliott et al. 2016; Hayes, 2017). In recent
years, a development of a potency density tensor inversion (PDTI) has made it possible to estimate the source process,
including information on fault geometry, by assuming a single model plane (e.g. Shimizu et al., 2020). The seismic
source model obtained by the PDTI should be useful for quickly understanding complex earthquakes because the
solution is less disturbed by modelling errors. (e.g. Okuwaki et al., 2021).

At 12:52 (local time) on September 8th, 2022, the Ms 6.8 Luding earthquake occurred in Luding County, Ganzi
Prefecture, Sichuan Province, China (China Earthquake Administration, 2022a) (Figure 1a), which caused severe
infrastructural damages and causalities (Zhang et al., 2022). The Global Centroid Moment Tensor (GCMT) solution
(Dziewonski et al. 1981, Ekstrom et al. 2012) was inferred as a strike-slip rupture; aftershocks determined by Zhang
et al. (2022) using the double-difference earthquake location algorithm (Waldhauser & Ellsworth, 2000) are mainly
distributed along the Xianshuihe-Moxi segment trending NWN-SES in the southeast end of the Xianshuihe fault
zone (Wen, 2000; Papadimitriou et al., 2004). There is also a notable aftershock zone around 10 km northwest of the
epicentre. In general, shapes of teleseismic body waves are sensitive around nodal shear planes, so a stable analysis
of earthquakes on strike-slip faults requires the assumption of a detailed fault plane (e.g., Shimizu et al., 2020). The
PDTI, which does not require such a detailed fault plane setup, is suitable for analysing complex strike-slip
earthquakes (e.g. Yamashita et al., 2021; Tadapnsawut et al., 2022).

The left-lateral Xianshuihe fault zone has a high slip rate of ~ 1 cm/y (e.g. Shen et al., 2005; Wang et al., 2009; Ji
et al., 2020), and is known to have hosted M7 class strike-slip earthquakes with recurrence intervals of 20—30 years
(e.g. Allen et al., 1991; Cheng et al., 2021). It has been suggested that the Coulomb stress changes due to the 2008
Wenchuan earthquake (Mw 8.0) are likely to hasten the earthquake occurrence along the Xianshuihe fault zone (e.g.
Parsons et al., 2008; Toda et al., 2008). The 2022 Luding earthquake is situated around a Moxi segment that was
ruptured by the 1786 Kangding-Luding earthquake (M 7.8), the largest earthquake along the Xianshuihe fault zone

(e.g. Cheng et al., 2021). It also had been reported that the rate of slip deficit tends to increase toward the south-
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southeast from the epicentre of the Luding earthquake (e.g. Li & Biirgmann, 2020; Li et al., 2021). Understanding
the source process of the 2022 Luding earthquake is hence important for assessing the seismic hazard in this region.

In this study, we inverted teleseismic waveform data from the 2022 Luding earthquake using the PDTI with a
time-adaptive smoothing constraint (Yamashita et al., 2022), and obtained a complex rupture process of the 2022
Luding earthquake. We showed that the major rupture propagated in a south-southeast direction and is halted ~15 km
south-southeast from the epicentre. In the major rupture halt zone, the inferred fault plane rotates counterclockwise,
corresponds to a complex fault network. Our seismic source model also suggest that the rupture area is confined
within deeper than ~3 km. Such the confined nature of the 2022 Luding earthquake can be explained as the rupture

being not cascaded updue to the geometric barrier and thick sedimentary layers.

Method and Data

Waveform inversion has been used as a tool to analyse the source processes of large earthquakes (e.g. Olson &
Apsel, 1982; Jiet al., 2002; Dettmer et al., 2014), but it has been pointed out that it is often difficult to analyse stably
due to modelling errors (e.g. Mai et al., 2016). In 2020, a new method to reduce the effects of modelling errors
originating from uncertainties in the velocity structure and fault geometry; Potential Density Tensor Inversion (PDTI),
has been proposed (Shimizu et al., 2020). In addition to introducing modelling error due to Green's function
uncertainty into the covariance data matrix following Yagi & Fukahata (2011), the PDTI reduces the effect of
modelling errors due to uncertainty in the fault geometry by increasing the degrees of freedom of the model. The
PDTI represents fault slip as a combination of five basis double couples (Kikuchi & Kanamori, 1991), and by setting
the model degrees of freedom appropriately, it succeeds in extracting fault geometry information that was originally
included in the waveform data (Shimizu et al., 2020). The PDTI can also prevent data overfitting by using the Akaike
Bayesian Information Criterion (ABIC), even if the model is set with high degrees of freedom (e.g. Akaike 1980;
Yabuki & Matsu’ura, 1992; Sato et al., 2022). The method has been applied to several earthquakes in the various
tectonic environments, and it is proven efficient to illuminate the complex nature of earthquake rupture processes

(e.g. Huet al., 2021; Okuwaki & Fan, 2022; Yamashita et al., 2022a).
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In this study, we apply the PDTI with time-adaptive smoothing (Yamashita et al., 2022b) to the vertical component
of tele-seismic P-waves observed at 36 global stations for the 2022 Luding earthquake to estimate its source process.
The observed data were converted to velocity waveforms by removing an instrument response, and the data were
decimated to a sampling interval of 0.8 s. Although the PDTI does not require a model plane to be strictly aligned to
the true fault plane, setting a more realistic plane can reduce modelling errors originating from the difference between
the model plane and the true fault plane (Shimizu et al., 2021). In this study, we adopt a 50 km X 20 km vertical
main model plane corresponding to the aftershock region along the Xianshuihe fault zone and a 10 km x 20 km
vertical additional model plane corresponding to the aftershock region around 10 km northwest of the epicentre
(Figure 1b). The strike angles of the main and additional model planes were set to 160° and 70°, respectively, and
the space knot interval was set to 2 km. The initial rupture point was set at the relocated hypocentre of the 2022
Luding earthquake determined by Zhang et al. (2022). The maximum rupture-front velocity was set to 4.0 km/s, and
the potency-rate-density function at each space knot was represented as a linear B-spline functions with an interval
of 0.8 s, assuming a total duration of 15 s. In this study, to make the inverse results easier to interpret, all the basis
double couple components were rotated so that one double couple component corresponds to the best-fit double
couple of the GCMT solution for the 2022 Luding earthquake. The Green’s function was calculated assuming a one-
dimensional velocity structure including 3 km sedimentary layer by Xu et al., (2013) (Table S1) using the code of
Kikuchi & Kanamori (1991). The attenuation time constant t* was set to 1 s. In general, the arrival time of the P-
wave is perturbed by the effect of 3-D Earth velocity structure. To mitigate this effect, the arrival time of the first P-

wave was corrected by manual picking.

Results

Our source model for the 2022 Luding earthquake indicate that rupture occurred on at least two faults. In the main
model plane, the rupture mainly propagated south-southeastward from the epicentre. Along the main model, we
identified two areas of large slip, locating near the hypocentre with maximum slip of 1.8 m and the southeastern part

of the hypocentre with maximum slip of 1.9 m (Figure 2). The focal mechanisms in the major slip area show strike-
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slip faulting motion, which are consistent with the assumed main model plane. The areas of major slip near and in
the south-southeast of the hypocentre are at depths ranging from 12 to 16 km and shallower than 14 km, respectively
(Figure 2). In the additional model plane, the focal mechanisms show the strike-slip faulting motion; the main slip
area was located at depth ranging from 10 to 16 km with maximum slip of 1.1 m (Figure 2). Both the main and
additional model plane show no large slip propagated to the surface. The estimated total moment tensor calculating
by the spatiotemporal integrals of the potency-rate density functions is 1.3 x 10! Nm (Myw 6.7), which is comparable
to the GCMT solution of 1.23 x 10'° Nm (M 6.7). In this study, the maximum rupture duration was set at 15 second,
but the major rupture ended at around 7 second (Figure 2).

Snapshots of rupture evolution at an interval of 1 s contain two episodes of the rupture in the main model plane
(Figure 3). In the first episode (0 to 2 s), the initial rupture propagated deeper than hypocentre, corresponding to the
initial peak of the moment-rate function. In the second episode (3 to 7 s), together with the main rupture propagated
along the main model plane in south-southeast directions; an isolated rupture occurred in the additional model plane.
In the main rupture, the rupture propagates at fast speed in a south-southeasterly direction, but it decelerates rapidly
at about 15 km south-southeast of the epicentre, and the rupture does not propagate in a shallow area. On the other
hand for the isolated rupture, it is difficult to extract the characteristics of rupture propagation. For all the initial,
main, and isolated ruptures, the P-axis is oriented WNW-ESE and the T-axis is oriented NNE -SSW. On the other
hand, the B-axis is inclined in the west direction in the initial rupture, but in the main and isolated ruptures, the B-
axis is oriented almost vertically (Figure 3). After 7 second, no distinct sub-event is detected, as a small amplitude
potency-rate is estimated at two model planes (Figure S1). The observed waveform is explained by a waveform

synthesized using the estimated source model (Figure S2).

Discussion
In this study, we applied the PDTI to estimate the source process of the 2022 Luding earthquake, including
variations in the focal mechanism. We identify three rupture episodes; initial deep and secondary shallower ruptures

on the main model plane and the third isolated rupture occurring on the additional model plane located west of the
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epicentre. We further confirm that the location and timing of those rupture episodes are robustly estimated against an
alternative structural model of the source region used for calculating Green's function (Figure S3).

For the initial and main ruptures, the nodal plane closest to the model plane can be estimated as the fault plane,
since the rupture propagates along the main model plane. The fault plane of the initial rupture is inclined toward the
west. On the other hand, the dip of the fault plane of the main rupture is nearly vertical. The strike of the main rupture
rotates clockwise from the epicentre to south-southeast (Figure 4). The strike of aftershock distribution also appears
to rotate counterclockwise from the epicentre to south-southeast, as well as the strike of the Moxi segment similarly
rotates counterclockwise from north to south (Figure 1). Our results and the aftershock distribution suggest that the
rupture of the 2022 Luding earthquake suddenly slowed down and stopped in the fault bending region at ~15 km
south-southeast of the epicentre. The region where rupture stopped also corresponds to a region where multiple faults
join, suggesting that a complex fault structure suppressed dynamic rupture propagation (King & Nabé¢lek, 1985; Duan
& Oglesby, 2005; Biasi & Wesnousky, 2016).

The third rupture emerges in an isolated manner during 3-5 s, and we do not see a clear rupture migration along
both strike and dip directions. Such the isolated rupture manner of the third episode is additionally testified by
adopting an alternative model domain, which is striking parallel to the main model plane (Figures S4 and S5). The
result remains the same as we observe for the additional model plane perpendicular to the main model plane. Two
possible fault planes can be extracted from the focal mechanism solution for the isolated rupture 10 km northwest of
the epicentre, but it is difficult to determine whether the rupture occurred on a fault conjugate or parallel to the
Xianshuihe fault zone.

It should be noted that the aftershock can be seen at the north-northwestern end of the main model plane, which
does not consistent with our rupture episodes observed near the hypocentre and south-southeast of the epicentre. It
is possible that the sub-event could not be detected around the north-northwest aftershock area due to insufficient
resolution of the tele-seismic body wave, and/or that the north-northwest aftershock area might be triggered in an
area far from the co-seismic slip (e.g. Freed, 2005).

The main rupture of the 2022 Luding earthquake propagated from the hypocentre toward the south-southeast and
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shallower side of the main model domain, but no major seismic slip occurred in the area of sedimentary layer
shallower than 3 km in depth. From the field investigation, no significant coseismic surface deformation was observed
(China Earthquake Administration, 2022b; China Earthquake Administration, 2022¢). These results may suggest that
dynamic rupture propagation was abruptly decelerated in thick sedimentary layers near the surface.

The 1786 Kangding-Luding earthquake is reported to have simultaneously ruptured the Kangding segment to the
north of the 2022 Luding earthquake in addition to the Moxi segment, and the surface ruptures of the 1786 Kangding-
Luding earthquake were also reported (e.g. Allen et al., 1991; Wen et al., 2008; Yan & Lin 2017). The 2022 Luding
earthquake was prevented from cascading up due to inhibited rupture propagation in the sedimentary layers and in
the fault bending region around 15 km south-southeast of the epicentre. In general, in the presence of a geometric
barrier caused by variations in strike and dip, the earthquake rupture can be divided into two modes: it can either be
promoted to propagate across the barrier or prohibited by the barrier. (e.g. Duan & Oglesby, 2005; Sathiakumar et
al., 2020). The former should correspond to the 1786 Kangding-Luding earthquake and the latter to the 2022 Luding
earthquake. Since the seismicity is characterized by the pre-existing heterogeneity field along the fault (e.g. Aochi &
Ide, 2009), the conditions for cascading up in the Xianshuihe fault zone is important for considering the seismic

hazard in this region.

Conclusion

We estimated the rupture evolution including fault geometry of the 2022 Luding earthquake by using the Potency
Density Tensor Inversion. The rupture process of the 2022 Luding earthquake involves the main south-southeastern
rupture propagation with the two strike-slip rupture episodes along the Xianshuihe fault zone. The initial deep rupture
is occurring around hypocentre and the secondary rupture dominates in the shallower and the south-southeastern part,
but is not likely breaking the surface. We also found the third strike-slip rupture episode occurring ~10 km northwest
from the epicentre, which is isolated from the main Xianshuihe fault zone but is consistent with the aftershock region.
The main rupture evolution of the 2022 Luding earthquake is halted ~15 km south from the epicentre, which coincides

with the complex fault networks and the dense aftershock activity. Addition to this, the main rupture was sharply
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decelerating around sedimentary layer in the shallow-most domain. The rupture evolution of the 2022 Luding
earthquake halted from cascading up by the geometric barrier in the complex fault networks and thick sedimentary
layers in the shallow-most fault section, which suggests that part of the last largest 1786 Kangding-Luding earthquake
section (M 7.8), remains to be ruptured.

The Potency Density Tensor Inversion can stably estimate the source process of complex earthquakes, including
information on fault geometry, by setting the model degrees of freedom as appropriate for the analyses of teleseismic
body waves. Our source model can also provide some essential information that may contribute to assess the seismic

hazards via illuminating causes of rupture stop by e.g., complex fault geometry.
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Figure 1. Overview of the study region. (a) The star shows the epicentre of the 2022 Luding earthquake (Zhang et
al., 2022). The black lines show the active faults (China Geospatial Data for GMT v0.3.1, 2021). The beachballs are
the moment tensor solutions from the GCMT Catalog of depths <70 km between 1976-2022 (Dziewonski et al.,
1981; Ekstrom et al., 2012). The grey circle shows the background seismicity (A>3.0; 2009-01-01 to 2022-07-01;
China Earthquake Network Center, 2022). The size of the circle scales with its magnitude (see legend). The squares
mark the historical earthquakes (Wen et al., 2008). The rectangle outlines the region of Fig. 1b. The topography is
from SRTMGL3 data (NASA JPL, 2013b). The inset shows a tectonic setting around the study region. The black
lines are the plate boundaries (Bird, 2003). The text denotes the plate name: IN; India, EU; Eurasia, YA; Yangtze,
and SU; Sunda plates. The topography is from SRTM15+V2 data (Tozer et al., 2019). The rectangle outlines the
region of Fig. 1a. (b). A close-up view of the study region. The circles show 3-day relocated aftershocks (Zhang et
al. 2022). The size of the circle scaled with its magnitude (see legend). The topography is from SRTMGL1 data
(NASA JPL, 2013a). The inset shows the distribution of the teleseismic stations used in this study. The dashed circles

denote the epicentral distances at 30° and 90-. The star denotes the epicentre.
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Figure 2. Summary of the inversion result. (a) Potency density tensor distribution in a map view. The star denotes
the epicentre. The beach ball in the upper right corner indicates the total moment tensor of our solution. The inset
shows the moment-rate (MR) function. The beachballs show the lower-hemisphere projection of the potency
density tensor. Only shown are the maximum potency-density tensors along depth (see all the potency density
tensors in a cross-sectional view in Fig. 2b). (b) The cross section of the potency density tensor distribution. The
strike of the model fault (¢) is denoted on each panel. The beachballs in the upper and button panels are shown in

cross-sectional views from the west-southwest side and south-southeast side, respectively.
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Figure 3. Snapshots of potency-rate density tensor distribution. The strike of the model fault (¢) is denoted on each

panel. The way of representing potency-rate density tensor (beachball) is the same as for Fig. 2b.
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Figure 4. A map view of snapshots of potency-rate density tensor distribution. The star denotes the epicentre. The
black lines are the model-fault geometry. The potency-rate density tensor is calculated by averaging the potency-rate
density tensors along depth for the corresponding time window shown in upper left of each panel. The blue line
represents the orientation of the strike angle, which is estimated from the double-couple solution of the potency-rate
density tensor. Only shown is the one for the preferred nodal plane, which maximising the inner product of normal
vector with that of the reference model plane. A reference model plane is {strike, dip} = {160°, 90°} for the main
model fault, and {70°, 90°} for the conjugate model fault. The length of the blue line is scaled with its potency-rate
density. The grey circles are rupture speeds constantly expanding from the epicentre, which are just for visual

references and not related to our source modelling.
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