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Abstract

We image the rupture process of the 2021 Mw 7.4 Maduo, Tibet earthquake using slowness-enhanced back-projection and joint
finite fault inversion, which combines teleseismic broadband body waves, long-period (166-333 s) seismic waves, and 3D ground
displacements from radar satellites. The results reveal a left-lateral strike-slip rupture, propagating bilaterally on a 160-km-long
north-dipping sub-vertical fault system that bifurcates near its east end. About 80% of the total seismic moment occurs on the
asperities shallower than 10 km, with a peak slip of 5.7 m. To simultaneously match the observed long-period seismic waves
and static displacements, notable deep slip is required, despite a tradeoff with the rigidity of the shallow crust. This coseismic
deep slip within the ductile middle crust could result from strain localization and dynamic weakening. Local crustal structure
and synthetic long-period Earth response for Tibet earthquakes thus deserve further investigation. The WNW branch ruptures
“75 km at 72.7 km/s, while the ESE branch ruptures "85 km at ~3 km/s, though super-shear rupture propagation possibly
occurs during the ESE propagation from 12 s to 20 s. Synthetic back-projection tests confirm overall sub-shear rupture speeds
and reveal a previously undocumented limitation caused by the signal interference between two bilateral branches. The stress
analysis on the forks of the fault demonstrates that the pre-compression inclination, rupture speed, and branching angle could

explain the branching behavior on the eastern fork.
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Key Points

e Back-projection and finite fault inversion show the earthquake ruptures bilaterally for ~160
km.

e Though the overall rupture speeds on both branches are sub-shear, some patches east of
the hypocenter possibly host super-shear ruptures.

e Finite fault inversion shows the most slip at <10 km depth, with deep slip in possible ductile

layers.

Abstract

We image the rupture process of the 2021 Mw 7.4 Maduo, Tibet earthquake using slowness-
enhanced back-projection and joint finite fault inversion, which combines teleseismic broadband
body waves, long-period (166-333 s) seismic waves, and 3D ground displacements from radar
satellites. The results reveal a left-lateral strike-slip rupture, propagating bilaterally on a 160-km-
long north-dipping sub-vertical fault system that bifurcates near its east end. About 80% of the
total seismic moment occurs on the asperities shallower than 10 km, with a peak slip of 5.7 m. To
simultaneously match the observed long-period seismic waves and static displacements, notable

deep slip is required, despite a tradeoff with the rigidity of the shallow crust. This coseismic deep
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slip within the ductile middle crust could result from strain localization and dynamic weakening.
Local crustal structure and synthetic long-period Earth response for Tibet earthquakes thus deserve
further investigation. The WNW branch ruptures ~75 km at ~2.7 km/s, while the ESE branch
ruptures ~85 km at ~3 km/s, though super-shear rupture propagation possibly occurs during the
ESE propagation from 12 s to 20 s. Synthetic back-projection tests confirm overall sub-shear
rupture speeds and reveal a previously undocumented limitation caused by the signal interference
between two bilateral branches. The stress analysis on the forks of the fault demonstrates that the
pre-compression inclination, rupture speed, and branching angle could explain the branching

behavior on the eastern fork.

Plain Language Summary

A large earthquake struck Maduo county in northeast Tibet on May 21, 2021, with a magnitude of
7.4. To better understand the earthquake rupture and its physics, we use the seismic waveforms
from remote stations and surface displacement data from radar satellites to study the rupture
geometry, propagation history, and the slip distribution on the fault. Our results show that the
earthquake started on the near-vertical Kunlun Pass-Jiangcuo fault and propagated bilaterally both
east and west along the fault. The earthquake ruptured a length of ~160 km and moved along the
fault at average speeds lower than the shear wave velocity on both sides. The eastern part of the
fault included a fork with significant slip on both the north and south branches. This bifurcation
behavior can be well explained by the stress direction, rupture speed, and angles between forking
faults. Most slip is concentrated at shallow depth, but our estimate for the slip distribution shows
that deep slip at the depth of the Tibetan middle crust is required to match all of the observations.
The deep slip may be caused by strain concentrating near the fault, and temporary weakening of
the rock as the rupture passes through.
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1. Introduction

The collision of the Indian and Eurasia plates leads to widespread deformation within the Tibet
plateau in addition to shortening within the Himalayas. According to earthquake focal mechanisms
of M>4 earthquakes, Yokota et al. (2012) divided the Tibetan plateau into four zones: the northern,
eastern, southern, and central zones (Figure 1 inset; Yokota et al., 2012). There are mainly reverse
dip-slip earthquakes in the northern and eastern zones, while normal faulting mechanism
earthquakes dominate the southern zone. In the central zone, most earthquakes are strike-slip
earthquakes. At 18:04, 21 May 2021 (02:04 AM, 22 May local time), an Mw 7.4 earthquake struck
western Maduo county of Qinghai province, a remote area inside the central tectonic zone (Figure
1). The Mw 7.4 Maduo earthquake occurred on the middle portion of the E-W oriented sub-vertical
Kunlun Pass-Jiangcuo fault, named in the field investigation after the mainshock. The U.S.
Geological Survey (USGS) W-phase focal mechanism (USGS, 2022) indicated it was a left-lateral
strike-slip earthquake, reminiscent of the two previous super-shear strike-slip earthquakes in Tibet:
the 2001 Mw 7.8 Kunlun earthquake and the 2010 Mw 6.9 Yushu earthquake. The 2001 Mw 7.8
Kunlun earthquake ruptured the East-Kunlun fault, a large and active fault in northern Tibet (Wu
et al., 2002). The most distinctive property of the Kunlun earthquake was its super-shear rupture
speed: between 5 and 6.5 km/s in the center segment (Vallé& & Dunham, 2012; Wen et al., 2009;
Robinson et al., 2006). The rupture speed of the 2010 Mw 6.9 Yushu earthquake was slightly faster
than the shear wave velocity (Yokota et al., 2012; Zhu & Yuan, 2020). This super-shear rupture
intensified the ground motion in the forward rupture direction, resulting in severe damage in and
around Yushu county (Yokota et al., 2012). The Mw 7.8 Kunlun earthquake and the Mw 6.9 Yushu
earthquake occurred on the East Kunlun and Ganzi—Yushu faults, respectively, which were the
northern and southern boundary faults of the Bayan Har block. In contrast, the Kunlun Pass-
Jiangcuo Fault, where the Mw 7.4 Maduo earthquake occurred, was in the interior of the Bayan
Har block.
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Figure 1. Tectonic setting of the 2021 Mw 7.4 Maduo earthquake. The lower left inset shows the

major tectonic blocks in the Tibetan plateau and significant historical earthquakes (black beach
balls). The red box denotes the study area shown in the main figure. The red line in the main figure
shows the rupture trace inferred from the Sentinel-1 range offsets, and the black lines denote the
major Tibet faults mapped before this earthquake (Deng, 2007). The yellow star shows the
relocated hypocenter (34.650N, 98.384E, depth of 7.6 km; Wang et al., 2021). We shift the
hypocenter horizontally by 3.9 km following the fault normal direction (black arrow) to 34.62<N,
98.37E so that this modified hypocenter is on the simplified fault geometry for inversion. The
blue beach ball shows the GCMT focal mechanism and centroid location for the 2021 Maduo

earthquake.

Several studies have investigated the kinematic rupture history of the Maduo earthquake using
back-projection, as well as geodetic and seismic finite fault inversion methods (e.g., Jin & Fialko,
2021; Chen et al., 2022; Wang et al., 2022b; Zhang et al., 2022; Li et al., 2022; Liu et al., 2022;
Yue et al., 2022; Wang et al., 2022c; Lyu et al., 2022). The mutually consistent features of these
models suggest the earthquake broke a 150- to 170-km-long fault with a peak slip between 4-6 m
on the fault patch to the east of its epicenter. Though the Maduo earthquake occurred on a left-
lateral strike-slip fault and shared a similar focal mechanism to those two super-shear earthquakes
mentioned above, its rupture propagated bilaterally, a key difference in comparison with those two
unilateral super-shear earthquakes. Previous studies disagreed on whether the Maduo earthquake
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was a super-shear event. Zhang et al. (2022) found a super-shear rupture speed of 4 km/s on the
eastern segment based on back-projection and far-field Love Mach wave analysis. Yue et al. (2022)
proposed that the eastward rupture speed was 4.6 km/s according to the finite fault inversion, while
another inversion study analyzing high-rate Global Navigation Satellite System (GNSS) data
reported a 3.8 km/s eastern rupture (Lyu et al., 2022). On the other hand, the back-projection study
of Li et al. (2022) suggested that a sub-shear rupture speed was between 1.6-3.0 km/s on the
western branch, while the rupture speed of the eastern segment was in the range of 2.72-3.67 km/s.

In this study, we construct the 1D velocity model of the source region based on the latest
tomography studies (e.g., Xia et al., 2021; Han et al., 2021) and perform the joint finite fault
inversion (FFI) using Sentinel-1 Synthetic Aperture Radar (SAR) image displacements and
seismic body and surface waveforms to model fault slip evolution on the fault surface. In addition
to static displacements in the range direction (e.g., Jin & Fialko, 2021; Zhang et al., 2022), we also
include the displacements in the azimuth directions from SAR. We utilize high-frequency P wave
waveform data from Europe, Australia, and Alaska arrays to perform slowness-enhanced back-
projection (SEBP; Meng et al., 2016) analysis, which calibrates the travel time errors using
relocated aftershock locations and more accurately constrains the rupture length and speed (Bao
et al., 2019). We evaluate the SEBP spatial uncertainty due to incoherent noise via bootstrap tests
and validate the overall rupture speeds via synthetic tests. We compare our estimated rupture
speeds from SEBP and joint FFI analyses with those reported by studies utilizing multiple-time-
windows (MTW) FFI (e.g., Yue et al., 2022; Lyu et al., 2022) and discuss the possibility of super-
shear ruptures on some portions of the eastern fault. We analyze the dynamic interactions among
multiple fault branches according to the strain rate measurements (Wang et al., 2022b), fault
geometry, and rupture propagation speeds, which explains the forking behavior during the
mainshock. We calculate the Coulomb failure stress (CFS) change (King et al., 1994; Toda et al.,
2011) on the left-lateral strike-slip fault surface, compare it with aftershock spatial distribution

patterns, and discuss their implications for stress release.
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2. Finite Fault Inversion

2.1 Seismic Waveform Data

We use the joint finite fault inversion to image the fault’s rupture process and slip distribution (Ji
etal., 2002, 2003). We include 30 broadband body-wave recordings (P and SH, band-pass filtered
between 1 and 200 s), 40 long-period (166-333 s) waveform recordings in vertical and transverse
components (dominated by Rayleigh wave and Love wave), and the three-dimensional static
surface displacements derived from Sentinel-1 SAR data in the inversion. The seismic data are
recorded at teleseismic distances (30 < epicenter distance 4 < 90 and obtained from the
Incorporated Research Institutions for Seismology (IRIS) data center. The distribution of the
selected seismic stations is shown in Figure S1a, and the selected stations’ broadband body and

long-period surface wave waveforms are shown in Figures S1b and Sic, respectively.

2.2 SAR Data

We use two pairs of Copernicus Sentinel-1A/B SAR images (from ascending track 99 and
descending track 106, both acquired on May 20 and 26, 2021, at 11:26Z and 23:28Z, respectively)
to derive the static ground displacement (Figures 2a and S2). Combining the four displacements
from ascending and descending tracks in range (Interferometric SAR, or INSAR) and azimuth
(speckle tracking) directions, we construct the 3D ground displacement following Fialko et al.
(2001) and Fielding et al. (2020), as implemented in the MintPy software (Yunjun et al., 2019).
The SAR acquisition times on May 20 and May 26, 2021, tightly bracketed the origin time of the
Maduo earthquake (May 21). For the range (cross-track) displacements, we use the ISCE2
software (Rosen et al., 2012; Fattahi et al., 2017) for interferogram generation with a Goldstein
filter strength of 0.5, the minimum cost flow method of SNAPHU (Chen & Zebker, 2001) for
phase unwrapping guided by a custom mask generated from the spatial coherence with a threshold
of 0.4 in the near-fault region (Oliver-Cabrera et al., 2021). We correct the tropospheric delay
using the ERAS weather reanalysis data (Hersbach et al., 2020) via the PyAPS package (Jolivet et
al., 2011). For the azimuth (along-track) displacement, we use the GPU-based PyCuAmpcor
package within the ISCE2 software for the speckle tracking (also known as amplitude cross-
correlation or pixel offset tracking; Michel et al., 1999) (Figure S3). The range offsets are also
generated from speckle tracking and used to map the surface rupture traces based on their near-

field displacement observations (Figure 2b) but not used in the slip inversion in favor of the
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redundant and more accurate INSAR observations. The maximum displacements recorded in
ascending track 99 (AT099) range offsets, descending track 106 (DT106) range offsets, AT099
azimuth offsets, and DT106 azimuth offsets are 1.36 m, 1.29 m, 1.00 m, and 0.82 m, respectively.

We adopt extra steps to increase the signal-to-noise ratio (SNR) of the SAR azimuth offsets,
considering 1) the lower spatial resolution of Sentinel-1 in the azimuth direction than in the range
direction (14.1 m versus 2.3 m) and 2) the relatively small displacement in the north-south
direction from this dominantly east-west strike-slip faulting. First, we use a large estimation
window size of 1024 by 512 pixels in range and azimuth directions for the cross-correlation to
increase its SNR (De Zan, 2014). Second, we correct the SAR processing effects in the azimuth
direction (Gisinger et al., 2021) for each subswath by estimating a linear ramp based on the far-
field observation and removing it from the entire subswath. Third, for descending track 106, we
apply a median filter with a kernel size of 75 pixels to suppress the high spatial frequency noise

(Yun et al., 2007). The improvement of the azimuth displacement is shown in Figure S3.

These displacement data are further down-sampled with the InSamp software (Lohman & Barnhart,
2010; Lohman & Simons, 2005). We trim the downsampled data points with >50 km distances to
the fault surface trace because of their small influence on the inversion. We also remove the points
with <2 km distances to the fault trace to avoid the potential location errors of the picked fault
traces and simplifications used in the modeled fault segments (Figure S4).
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deformation, and the color shows the vertical deformation. The orange star denotes the epicenter
used in this study. The colored rectangular boxes show the surface projections of the preferred
fault model’s West, Middle, and East segments. (b) Range displacements from SAR speckle
tracking in ascending track 99. Black lines represent the surface traces picked based on range
displacements. Smax is the maximum compressive principal stress (Wang et al., 2022b). The black
square represents the reference point (34.2N, 97.3E). (c¢) Velocity models as a function of depth.
Different colors denote models from different studies. Red lines show the 1D models beneath the
selected nodes (Figure S5) of the USTCIitho2.0 model (Han et al., 2021). The black line is the
average of red lines. Crosses on the blue line are control points from Xia et al. (2021). (d) Rigidity

models.

2.3 Modeling, Fault Geometry, and Velocity Structure

To account for the seismic waveform travel-time errors, we first perform a preliminary FFI based
on the arrival time of the P and SH waves predicted using the China Earthquake Administration
(CEA) hypocenter (Wang et al., 2021) and IASP91 1D velocity model (Kennett & Engdahl, 1991).
Then we manually adjust the arrival time so that the predicted waveforms match the observations.
We model the fault plane of the Maduo earthquake with three rectangular fault segments: the West,
Middle, and East (Figure 2a). The strikes of these fault segments are extracted from our satellite-
based surface traces (Figure 2b). We extend these fault planes from the surface to 26 km depth and
divide them into 3 km (along the fault) by 2 km (along dip) subfaults. We shift the relocated CEA
hypocenter (Wang et al., 2021) horizontally by 3.9 km along the fault normal direction to match
this simplified fault geometry (Figure 1). We assume these three fault segments share the same
fault dip and conduct a series of preliminary inversions to grid search for the optimal dip angle of
84 degrees (Figure 3e). Our simulated annealing finite fault inversion method performs the
waveform inversion in the wavelet domain and simultaneously inverts for slip amplitude, rupture
initiation time, rake angle, and the shape of slip rate function for each subfault (Ji et al., 2002,
2003).

The misfit in low-frequency seismic waves is calculated by combining L1 and L2 norms, while
the misfit in high-frequency seismic waves is based on the correlation between predicted and

observed waveforms (Sen & Stoffa, 1991). This misfit metric is focused on the signal shape and
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is well-suited for capturing high-frequency and low-amplitude information. For static
displacements, the misfit is calculated by the L2 norm. The range and azimuth displacements are
weighted based on the reciprocals of observation uncertainty. The inversion aims to minimize the
weighted sum of the seismic and geodetic residuals, with regularization constraints to reduce the
difference between the slip on adjacent subfaults and to reduce the total seismic moment (Hartzell
et al., 1996). The weighting of the individual datasets and strength of the constraints are obtained
on a trial-and-error basis, balancing the tradeoff between the resolution and inversion stability. In
our procedure, all inversions begin from random initial fault slip models with total moment equal
to the result of the point source inversions (e.g., Global CMT catalog). Inversions with individual
datasets and no constraints are first performed to determine the maximum possible improvements,

which are then used to normalize the misfit in the future joint inversion (Ji et al., 2002).

Since the rupture speeds measured by SEBP analysis in Section 3 are 3.0 km/s and 2.7 km/s for
eastward and westward rupture propagation, we allow the rupture velocity in the inversion to vary
between 1.5 to 3.5 km/s. We construct a 1D crustal velocity model in the source region (Figure 2c)
by interpolating a regional P and S waves tomography model of northeast Tibet (Xia et al., 2021).
The crustal density and shear modulus are inferred from seismic velocity based on the empirical
relationships from laboratory measurements (Gardner et al., 1974; Brocher, 2005). This crustal
model features a high-velocity upper crust and low-velocity mid-crust, consistent with other recent
tomography models (e.g., USTCIitho2.0, Han et al., 2021; Figure 2c). The synthetic seismograms
of body waves are calculated using first motion approximation (Langston & Helmberger, 1975),
while the normal mode superposition algorithm is used to compute the synthetic long-period
surface wave seismograms (e.g., Dahlen & Tromp, 1998). We implement 800 simulated annealing
iterations for each of our inversions. In the final 20 iterations, the objective function values for the
selected models oscillate within #0.3% of their mean, suggesting the inversion has converged to a

stable solution.

2.4 Finite Fault Results

The solutions of simulated annealing inversions often depend slightly on the selected random seed,
especially when there are multiple optimal solutions within the model space with indistinguishable

objective function values. The different random seeds lead to different initial fault models and

10
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Markov chains. We have conducted ten inversions with different random seeds to explore this
uncertainty. As expected, all of them reach similar minimum objective function values. Relative
to the average, the standard deviation of these ten objective function values is negligible compared
with their average value (~0.1% of the average). All of the ten models are then the plausible
solutions for this earthquake. The inverted model with the smallest objective function value is
chosen to be the preferred model presented below. As summarized in Figure 3, our joint FFI
inversion reveals a bilateral rupture. Both seismic and geodetic data favor a slightly north-dipping
fault geometry with an optimal dip angle of 84 <(Figure 3e). The rupture model features a total
seismic moment of 1.83x10%° Nm, yielding an Mw estimate of 7.44. Most of the slip occurs in the
shallow crust with a depth of <10 km, which accounts for 77% of the total seismic moment. There
are two large-slip patches on the eastern part of the Middle segment, centered at 20 and 50 km
from the hypocenter, with peak slip values of 5.7 m and 4.5 m, respectively. The slip on the western
part of the Middle segment is shallower and relatively uniform, with an average of ~3 m.
Significant slip is also seen on the splay faults, with peak slips of 4.2 m and 5 m on the West and
East segments. Beyond the eastern bifurcation point, the peak slip on the East segment is more
significant than that on the Middle segment continuation on the south side of the fork. Figure 3f
shows the along-strike average slip variation with depth. Similar to some previous results (e.g., Jin
& Fialko, 2021; Hong et al., 2022), our model shows a significant shallow slip deficit in the top 2
km, where the average slip reduces by 43% from 3.2 mto 1.8 m.

Figure 4 and Movie S1 show the snapshot of the slip and the rupture process in 2-s intervals. It can
be seen that after rupture nucleating at the modified CEA hypocenter mentioned above, the rupture
propagates bilaterally on the Middle segment at a speed 2.4-2.5 km/s, migrating 28-30 km on both
sides for about 12 s (Figure 4). The rupture front propagates to the east much faster in the next 6
s, then arrives at the intersections of the branching faults at 18 s for both ruptures. In the 20-32 s
interval, the western rupture steps onto the West segment, while the eastern rupture simultaneously
breaks the East and Middle east-continuation segments. Based on the rupture initiation time
contours, we obtained an average rupture velocity of ~3 km/s for the eastern propagation and ~2.7
km/s for the western propagation, respectively (Figures 4 and S6). The average slip velocity,
defined as the final slip amplitude over the rise time at each subfault, is shown in Figure 3c. The

larger slip velocity correlates with the more significant slip in the first order.

11
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We validate the results by comparing predictions from our preferred model with both seismic
(Figure S1) and geodetic observations (Figures S7 and S8), both of which show good matches
overall. For the geodetic data, misfits are concentrated near the surface traces and the terminal
ends, likely due to local undulations of the fault geometry. Misfits for range displacements (from
INSAR) are smaller than those for azimuth displacements (from speckle tracking) because the
inversion puts larger weights on INSAR due to their smaller observational uncertainty. Our forward
prediction of the horizontal displacements also satisfactorily matches the observation of 27 near-
fault GNSS stations not used in the inversions (Wang et al., 2022a; Wang et al., 2022b; Figure S9).

We explore the uncertainty of the solution by analyzing the results of the finite fault inversions
with different random seeds. Figure 3d shows the standard deviation (STD) among the ten inverted
slip models for each subfault. The mean and maximum STD is 0.15 m and 0.8 m (2.6% and 14%
of the maximum slip), respectively. The average slip STD of individual subfaults increases with
depth (Figure 3d). While the slip STDs on individual subfaults are sensitive to the subfault size
(e.g., Fialko et al., 2001; Morgan et al., 2009), the along-strike average slip (the blue line in Figure
3f) is much more stable. The standard deviations of the along-strike averages are also depth

dependent but only up to 0.05 m on the downdip edge of the fault plane (Figure S10).

12
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Figure 3. The preferred slip distribution of the 2021 Maduo earthquake. (a) The fault traces and
the topography along the fault traces of the Maduo earthquake. (b) The slip distribution of the
preferred model. The horizontal arrows and words on top display the orientations of three fault
segments. Red vertical arrows indicate the intersection of the Middle and East segments. White
arrows indicate slip vectors. Contours display the rupture initiation time. (c) Average slip velocity
distribution on the fault. Only the subfaults with > 0.57 m slip (10% of the maximum slip) are
displayed. The rise time of a subfault with negligible slip is often poorly constrained (Ji et al.,
2002). (d) The standard deviation of the fault slip among the ten plausible slip models. The
contours show their average. (e) Relative data residuals as a function of the assumed fault dip angle.
(F) Compilation of the along-strike average coseismic slip as a function of depth (Wang et al.,
2022b; Hong et al., 2022; Li et al., 2022; Jin & Fialko, 2021). For simplicity, only the first author's
name and the used data type are indicated.
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3. Slowness-Enhanced Back-Projection

Back-projection (BP) is a popular source-imaging technique that tracks the growth of earthquake
ruptures based on coherent seismic wavefields recorded by dense networks (e.g., Kiser & Ishii,
2017). Meng et al. (2011 & 2012) improved BP by introducing the Multiple Signal Classification
(MUSIC) technique, which yielded sharper and more robust source images than conventional
beamforming approaches. The Slowness-Enhanced Back-Projection (SEBP) further improved
MUSIC BP by correcting the travel time error in the entire source region caused by the
heterogeneity of the 3D Earth structure (Meng et al., 2016; Meng et al., 2018 & 2019; Bao et al.,
2019). Because the SEBP utilizes seismic signals in higher frequency contents than FFI, the two
methods provide complementary views of an earthquake rupture process.

3.1 Data and Processing

The SEBP analysis utilizes seismic data at teleseismic distances (30°< 4 < 90). We obtained the
data from IRIS and Observatories and Research Facilities for European Seismology (ORFEUS).
For the Maduo earthquake, three large-aperture arrays are available in the teleseismic distance
range: Australia (AU, 90 stations), Alaska (AK, 153 stations), and pan-Europe (EU, 401 stations)
(upper-right inset in Figure 5a). We use the vertical component of broadband seismograms and
band-pass filter the seismograms between 0.5-2 Hz, the highest frequency range with enough
waveform coherence and adequate signal-to-noise ratio. We adopt a 12-s-long sliding window to
balance the temporal resolution and robustness. The time step is set to 1 s. Seismograms are

normalized by their initial P arrivals at all stations.
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Figure 5. Summary of back-projection results. (a) High-frequency (HF) radiators imaged by the
three arrays. Circles, diamonds, and squares are HF radiators imaged by the AU, EU, and AK
arrays, respectively, and color-coded by rupture time. Circles with red edges are manually-picked
secondary radiators. Inset on the upper-right: stations used in the SEBP analysis. (b) Along-strike
(N106 E) location and timing of the radiators. Black solid and dash lines represent rupture speeds
and uncertainties estimated based on linear regressions, respectively. Numbers show the estimated

rupture speed. (c) Comparison between BP power and moment rates. Blue, green and red lines
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represent the BP power of the AU, EU, and AK arrays. The black line and the gray area represent

the average and the range of moment rates of the 10 plausible models.

The rupture directivity modulates the apparent rupture time during large earthquakes. The wave
train is compressed for the receiver station in the forward direction, and the apparent rupture time
becomes earlier than the true rupture time. In contrast, the wave train is stretched in the backward
direction, which leads to a later apparent rupture time than the true time. Such an effect leads to a
distorted estimation of source durations and rupture speeds. To correct the directivity effect, we
first calculate the travel time from a given rupture point to the stations and the travel time from the
hypocenter to the stations. We then deduct their mean difference at all stations from the apparent

rupture time to obtain the actual rupture time (Yao et al., 2011; Du, 2021).

Standard BP adopts the travel times predicted by the 1D reference Earth model. We obtain the
“hypocenter correction” by cross-correlating the initial window of P phase arrivals, which reduces
the travel time errors caused by the 3D path effects of the Earth structure (Ishii et al., 2005).
However, for large earthquakes, the hypocenter correction becomes less effective at source regions
far from the hypocenter. To mitigate the entire source region’s spatial errors resulting from the
path effects, we apply the SEBP that accounts for the travel times’ spatial derivatives along the
rupture path (Meng et al., 2016; Meng et al., 2018; Bao et al., 2019).

For the 2021 Mw 7.4 Maduo earthquake, we select three M>4.7 events to ensure sufficient SNR
between 0.5-2 Hz. These three events distribute over the mainshock rupture path (Figure S11), and
their differential P wave travel times with respect to the hypocenter are compared with those
computed based on the 1-D Earth model. The leftover travel time differences and the distances
between the mainshock and aftershocks are then utilized to derive the slowness correction terms.
Accurate locations of these events are crucial for reliable slowness calibrations. Thus we adopt a
relocated CEA catalog created using a double-difference method (Waldhauser & Ellsworth, 2000)
and seismic recordings at 53 stations within 400 km (Wang et al., 2021). Figure S11 shows the
comparison between the BP-inferred event locations before and after the slowness calibration: the

correction reduces the root-mean-square (RMS) distances between the BP-inferred location and
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catalog location from 11.92 to 2.03 km, from 2.84 to 1.74 km and from 7.60 to 3.75 km for AU,
EU, AK arrays, respectively.

3.2 Back-projection Results

The spatiotemporal progression of the rupture process imaged by SEBP analysis using the AU,
EU, and AK arrays are shown in Figure 5a by circles, diamonds, and rectangles, respectively. The
SEBP analysis images energetic BP radiators for approximately 32 s after the rupture initiation
(Figure 5c), consistent with the rupture duration resolved by joint FFI. The rupture propagates
bilaterally, extending in the ESE-WNW directions. The west branch breaks a ~70-km-long
segment while the east branch ruptures an ~80-km-long branch. Figure 5b plots the along-strike
(N106 “E) rupture locations versus rupture time. The average rupture speeds of the west and east
propagations are 2.7 km/s and 3.0 km/s, respectively. Compared with BP radiators before slowness
correction (Figure S12), the SEBP radiators of the three arrays are more mutually consistent and
conform to the surface fault trace better, indicating the effectiveness of the slowness correction.
Most of the time, the AU array only resolves the east branch (Movie S2), while the EU array
images the west branch (Movie S3). The AK array images both branches equally well because of
its sub-perpendicular orientation to the fault strike (Movie S4). Such an array-dependent effect is
expected for bilateral ruptures: the seismic radiations from the proximal branch have shorter
wavelengths due to Doppler effects, leading to stronger apparent high-frequency beam power (Li
et al., 2022). Exceptions occur from 9 s to 15 s, during which the SEBP analysis using the AU
array identifies both primary and secondary peaks that correspond to the separated fronts of
bilateral rupture (Movie S2). We manually pick the location and time of the secondary peaks, as
shown by the circles with red edges in Figures 5a and 5b.

3.3 Uncertainty of Back-projection Due to Incoherent Noise

To estimate the uncertainty caused by coda waves, local scattering, and heterogeneous site effects,
we bootstrap the BP by adding randomized noise to the coherent signals. We estimate the noise
amplitude spectrum based on the incoherent part of the waveforms. First, the peak in the SEBP
image is defined as a reference point-source location at each time step. At each time window, we
obtain the mean seismogram (as a proxy of the coherent arrival) by aligning, stacking, and

averaging the array waveforms according to the time shift predicted by the reference location. We
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compute the waveform residual with respect to the mean seismogram, which is then regarded as
incoherent noise at each station. We randomize the Fourier phase spectrum of the incoherent noise
and add it back to the mean seismogram. This procedure is designed to model the random phases
of scattering waves while retaining the amplitude spectrum of the waveform. One hundred
synthetic realizations of the mean seismogram plus incoherent noise are then back-projected to
obtain the perturbed BP locations for each time step. Figures 6a-c show the ellipses representing
the 95% confidence-bound on the BP radiator locations. We find that the major axes of the
uncertainty ellipsis generally point toward the receiver array, indicating a more significant
uncertainty along the radial direction (toward the array) than the tangential direction. The median
length of the major and minor axes are 3.0 by 1.2 km, 6.6 by 0.8 km, and 7.4 by 3.6 km for AU,
EU, and AK arrays, respectively. These analyses suggest that the uncertainty of the three arrays is
reasonably small. Among them, the AU BP is the most reliable, probably due to its largest array
aperture; The EU BP has a small tangential uncertainty but a moderate radial uncertainty; The AK
BP has moderate uncertainty in both the radial and tangential directions. We note the uncertainty
becomes much larger near 32 s for the EU and AK BPs, which indicates that the coherent
waveform is diminishing and incoherent coda starts to dominate the wavefield. Therefore we
consider the rupture duration determined by SEBP analysis is 32 s, consistent with the rupture

duration derived by FFI.
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Figure 6. BP uncertainty tests and synthetic tests. (a)-(c) BP uncertainties for the AU, EU, and
AK arrays due to incoherent noise. The colors and shapes of the ellipses demonstrate the BP timing
and the 95% confidence interval on the peak locations. The ellipse in the legend demonstrates the
reference uncertainty with 6 km on the major axis and 4 km on the minor axis. The yellow stars
indicate the epicenter. (d)-(g) The setup of the synthetic tests and the corresponding BP results.
The spatial-temporal evolutions of BPs (circles) are plotted over the input rupture fronts
(diamonds). BP radiators are color-coded by time, and the symbol size represents the normalized
power. (h)-(k) Along-strike locations and rupture time of BP radiators. The rupture time is relative
to the origin time. Location is the horizontal position relative to the epicenter, projected along the

N106E. Squares are secondary radiators manually picked. Pink lines and numbers indicate the
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input rupture speeds. Black solid lines and numbers are estimated rupture speeds based on linear

regressions, with black dashed lines representing estimation uncertainties of linear regressions.

3.4 BP-inferred Rupture Speeds of Bilateral Ruptures

BP radiators are proxies of rupture fronts (Ishii et al., 2005). Thus tracing their spatial and temporal
evolution allows us to estimate rupture speeds. For unilateral ruptures, such a procedure is usually
accurate (e.g., Meng et al., 2016; Bao et al., 2019). However, for bilateral ruptures, the interference
between the seismic signals emitted from the two rupture fronts might distort the rupture speed
estimation, especially at the beginning of the earthquake when the two fronts are closely spaced.
To evaluate the impact of this interference, we design and conduct synthetic tests considering both
unilateral and bilateral scenarios. The tests include four cases: (1) a unilateral rupture to the east
imaged using the AU array (Figure 6d); (2) a unilateral rupture to the west imaged using the EU
array (Figure 6e); (3) a bilateral rupture imaged using the AU array (Figure 6f); (4) a bilateral
rupture imaged using the EU array (Figure 6g). To mimic the Maduo earthquake, we assume a 26
km wide vertical fault with an 80 km east fault branch and a 70 km west branch relative to the
hypocenter. The rupture speeds on the east and the west fault branches are set to 3.0 km/s and 2.7
km/s, respectively. To understand the performances of the BP analysis for heterogeneous ruptures,
we discretize the fault plane into 1 km by 1 km subfaults and adopt the slip distribution derived by
our joint FFI (Figure 3b). The Yoffe analytic function (Yoffe, 1951; Tinti et al., 2005) with a
constant 5 s rise time is used as the slip-rate function. We calculate the synthetic waveforms as the
sum of slip-rate contributions from each subfault convolved with empirical Green’s functions

(EGFs, Table S1).

As Figures 6d-k shows, in cases 1 and 2, the recovered speeds for the unilateral ruptures are 2.7
km/s and 2.4 km/s, respectively, slightly slower (~10%) than the input rupture speeds. We
conclude that for the unilateral rupture, the BP analysis can image the locations of rupture fronts
and measure the propagation speeds as expected (Figures 6d, e, h, i). However, for cases of
bilateral rupture (Figures 6f, g, j, k), most of the time the BP analysis only identifies the rupture
propagation on one fault branch, with the AU array for the east branch and the EU arrays for the
west branch. This occurs during the early stage of the rupture when the separation of the two fronts
is below the resolution limit of the array (the minimum separable distance of two closely spaced
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sources). The rupture front captured by the BP analysis tends to be the one propagating towards
the receiver array since the shorter wavelength due to Doppler effects leads to stronger apparent
high-frequency beam power (Li et al., 2022). In the late rupture stage (t >20 s), the BP analysis
can solve the radiators corresponding to both rupture fronts. The overall rupture speeds on the east
and the west fault branches imaged by the BP analysis in cases 3 and 4 (bilateral cases) are 2.9
km/s and 2.4 km/s, respectively, which are also slightly slower than the input rupture speeds. The
results indicate that the overall speeds are reliable if we include all leading radiators. However, the
locations of BP radiators during the early stage seem to be affected by the signal interference of
the two rupture fronts and the array resolution limit. We find that the BP analysis using either the
AU array or the EU arrays shows apparent rupture stagnation in the first several seconds. There
are also artificial rupture jumps between 8 s and 18 s in the BP results using the AU array.
Therefore, caution needs to be taken when interpreting the rupture speeds of small segments,
especially in the early stage of a bilateral rupture. We note that such an issue only occurs in
particular bilateral rupture scenarios. For unilateral rupture or the late stage of bilateral ruptures
when source separations are large enough, the rupture speed can be reasonably estimated by
following the timing and locations of the leading BP radiators.

4. Discussion
4.1 Deep Slip and Its Tradeoff with Shallow Rigidity

We compare the along-strike average slip from our preferred slip model with that of other
published models (Wang et al., 2022b; Hong et al., 2022; Li et al., 2022; Jin & Fialko, 2021)
(Figure 3f). Those published models were derived using different datasets (SAR, InSAR, GPS,
and seismic waves) and crustal models (half-space Earth or CRUST1.0). However, none of them
included the constraint from long-period seismic waves. It can be seen that the along-strike average
slip in all models reaches a maximum at a depth of 1-4 km, beneath which it decreases with depth
(Figure 3f). Most models (e.g., Jin & Fialko, 2021; Hong et al., 2022), including ours, show a
significant shallow slip deficit in the top 2 km. However, there are notable differences in the
maximum along-strike average slip (1.7-2.7 m in other studies and ~3.2 m in ours) and the depth
extent of the coseismic slip (19-28 km) (Figure 3f). From a depth of 13km to 24 km, the along-

strike average slip of our preferred model increases to ~0.7 m (~22% of the maximum).
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For the convenience of discussion, hereafter we refer to the fault slip on the subfaults shallower
than 10 km as the “shallow” slip and the rest as the “deep” slip, according to the sensitivity of
static observations. We argue that the inverted deep slip is a robust feature if one wants to
simultaneously match geodetic and seismic data. The deep slip cumulatively contributes 23% of
the total seismic moment. This moment percentage is stable, varying from 22% to 24% among the
ten plausible solutions. Without the deep slip, the synthetic amplitude of long-period (166-333 s)
seismic waves is about 23% smaller than the observations (Figure S13). This is expected because
the amplitude of long-period seismic waves is directly proportional to the total seismic moment of
the entire rupture (e.g., Kanamori and Given, 1981). Removing the deep slip also has negative
impacts to the fits of teleseismic body waves (Figure S14) and especially geodetic data (Figure
S15). Note that if one attempts to fit long period seismic waves using a model with only shallow
slip, the fault slip will have to be 23% larger. This cannot be allowed by geodetic measurements.

Following Aderhold and Abercrombie (2016), we have attempted to reduce the downdip extension
of the fault plane to 20 km and 15 km (Figure S16), and find that restricting the slip to a narrower
fault results in a worse fit to data (Figure S17). This strengthens the argument for the wide fault
(26 km). Reducing the downdip extension of the fault plane has negligible impacts on the inverted
shallow slip (Figure S18): the along-strike average slips estimated using these inverted models are
essentially the same in the top 10 km. However, reducing the downdip extension leads to larger
slip patches near the downdip edge of the fault plane (Figures S16 and S18). Practically, this

inversion feature is often an indicator that the data requires a wider fault plane.

For joint FFI inversions using both near-fault geodetic data and long-period seismic data, we
identify a tradeoff between the deep slip and the rigidity in the shallow crust by comparing slip
solutions using two different 1D velocity models: one from Wang et al. (2021), and one modified
from Xia et al. (2021). The former has a slower upper crustal shear wave speed (3.4 km/s at depths
of 2-18 km) than the latter (our preferred model, 3.7 km/s at depths of 1-10 km; Figure 7e). Their
difference in rigidity is more significant, about 18% if averaging over the top 10 km. The results
are shown in Figures 7b and 7a. Compared with our preferred model (Figure 7a), the inverted
model using the velocity model of Wang et al. (2021) (Figure 7b) has essentially the same along-

strike average slip in the shallow depth, but the along-strike average slip on the deep subfaults
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increases by about 30% (Figure 7f). This tradeoff between the deep slip and shallow rigidity can
be simply explained by the seismic moment calculation, which is a product of the fault slip, fault
patch area, and surrounding rock’s rigidity (shear modulus). Unlike long-period seismic data, in
the first order, near-fault geodetic data is sensitive to the seismic potency (the product of fault slip
and fault area) rather than the seismic moment. Then without affecting the fits to geodetic data,
the match to the long-period seismic waves with the shallow fault slip can be improved if we use
a velocity model with higher rigidity in the shallow depth. However, to fully compensate for 23%
of the total seismic moment, the shear wave speed in the shallow depth needs to furtherly increase
by over 10%, which may be unrealistic. Another potential contributor may be that the synthetic
long-period seismic response calculation using the 1D PREM model (Dziwonski & Anderson,
1981) is systematically lower for earthquakes in the Tibet plateau, which features an abnormally
thick crust (e.g., Kind et al., 2002; Liu et al., 2021).

Several studies have shown that the 700 <C isotherm is likely at a depth of 18 km in central Tibet
(Mechie et al., 2004), and a laterally extensive ductile flow over geological time-scales existed
between depths of 16-26 km at the nearby Songpan-Ganze block (Huang et al., 2009). The deep
slip then suggests the penetration of rupture into the ductile layer, which is abnormal. However,
the aftershock relocation study showed that some events with magnitudes up to 3.8 occurred at the
depth larger than 20 km (Wang et al., 2021) (magenta dots in Figures 7a and 7d). Recent laboratory
investigations (Toro et al., 2011) and theoretical research (Rice, 2006) indicated that at slip rates
of ~10~! m/s and higher, the earthquake rupture behavior could be controlled by the enhanced
dynamic weakening of fault frictional resistance. During an earthquake, strain localization and
dynamic weakening can occur when the rupture reaches deep fault extensions and causes increased
strain rate and shear heating (Platt et al., 2014), effectively turning the creeping fault zones into
seismic ones (Noda & Lapusta, 2013). Jiang and Lapusta (2016) also proposed that ruptures could
penetrate below the seismogenic zone in large strike-slip earthquakes and reach the deep part of
the fault. Nevertheless, the existence and magnitude of deep slip deserve further investigation

when an accurate crustal velocity and rigidity model in this source region becomes available.
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Figure 7. Comparison between slip models inverted with different 1D Vs structures and with
different displacement data. (a) The preferred slip model inverted with the 1D velocity structure
modified from Xia et al. (2021), the same as Figure 3b. Light brown and magenta dots denote the
M<3 and M>3 aftershocks, respectively, with size proportional to the magnitude. Purple and
yellow hollow ellipses highlight regions with sparse and dense aftershocks, respectively. (b) Slip
model inverted using the 1D velocity structure adopted in Wang et al. (2021). (c) Slip model
inverted without SAR azimuth displacements. The magenta and red boxes denote the compared
regions mentioned in section 4.4. (d) Coulomb failure stress change on the fault planes. Purple and
yellow hollow ellipses highlight regions with negative ACFS and positive ACFS, respectively. (e)
S wave velocity structure adopted in the preferred model (black line, modified from Xia et al.,
2021) and in Wang et al. (2021) (blue line). (f) Along-strike average slip as a function of depth.
Black and blue lines represent the preferred slip model and the model using the S wave velocity

model of Wang et al. (2021), respectively.

4.2 Rupture Velocity Definitions Used in the Literature

Our estimated average rupture speeds from the hypocenter on the west and east fault branches are
2.7 km/s and 3.0 km/s, respectively. The measurements are consistent with the finite fault analysis
by Chen et al. (2022) and the BP study by Li et al. (2022), which found that the rupture speed for
the east fault was in the range of 2.72-3.67 km/s and was between 1.39-3.17 km/s on the western
fault. In contrast, several source studies reported a fast rupture propagation to the east, with the
rupture speed varying from 3.8 km/s to 4.6 km/s (Zhang et al., 2022; Yue et al., 2022; Lyu et al.,
2022; Wang et al., 2022c).

Before exploring the cause of these discrepancies, it is important to review the rupture velocity
definitions used in these studies. In Figure 8, the horizontal axis denotes the time after the rupture
origin (t), and the vertical axis shows the on-fault hypocenter distance of a point on the fault surface
(L). One can project every point on the coseismic fault plane to this diagram and use the light-red
color to highlight the period when this point experiences non-zero slip rates (Figure 8 inset). The
light-red patch is the projection for the entire rupture (Figure 8). By definition, the red dashed line
denotes the projection of the rupture front. This line can be curved, reflecting that the “apparent”

rupture velocity relative to the hypocenter (i.e., L/t) during the rupture evolution is not constant.
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One can fit the curved red dashed line with a straight line from the hypocenter (the solid red line
in Figure 8). Its slope is the overall rupture velocity (Vr®) we discussed above. During our nonlinear
finite fault inversion, the time when one point on the fault surface starts to slip is one of the inverted
parameters (e.g., Ji et al., 2002; 2003). Its spatial variation is shown as white contours in Figure 4.

Finite fault studies of Chen et al. (2022), Yue et al. (2022), Zhang et al. (2022), and Lyu et al.
(2022) adopted the multiple-time-windows (MTW) FFI method originally proposed by Hartzell
and Heaton (1983). In the MTW approach, the non-zero slip rate at one point on the fault surface
is allowed only within (L/VRM™, LIVRM™+TW), where rupture velocity VRY™ and time window
TW are pre-assigned inversion parameters. In Figure 8, solid and dashed blue lines show this
temporal limitation for the fault rupture. VRM™ and TW must be properly selected so that the light
red patch falls between these two lines. Readers shall be aware that the value of VRM™ for an
earthquake reported in the literature is sensitive to TW. When there is no limit on TW, in principle
VRM™W can be any value larger than or equal to VRMAX, the fastest “apparent” rupture velocity
measured from the hypocenter that is achieved during the earthquake rupture (Figure 8). However,
to make the finite fault inversion stable, researchers often try to use a TW as small as possible.
Only when TW is limited can an optimal VrRM™ be found through a grid search (see Figure 2 in
Yue et al., 2022). Finally, if one uses Lmax and Tp to define the total rupture length and the total
rupture duration for the eastward rupture during the Maduo earthquake, their ratio Lmax/Tp is also
a proxy of rupture velocity. Considering the intrinsic differences among the definitions of VRM™,
VR®, and Lmax/To (Figure 8), in principle the inequality VRM™ > VRMAX> Vg® > Lnax/Tp shall hold.
But when TW is small, the optimal VRM™ reported by a MTW FFI analysis can even be smaller
than VR°.

Lmad/Tpo is the lower bound of Vg®. For the eastward branch of the rupture propagation during the
Madou earthquake, Lmax (~85 km) is well constrained by geodetic data. Ours (Figures 3b, S6, and
S19) and many other finite fault inversions (Zhang et al., 2022; Lyu et al., 2022; Chen et al., 2022)
reveal a rupture duration (Tp) of about 32 s. The ratio Lmax/Tp is then 2.66 km/s, lower than our
estimated speed of 3.0 km/s for the east rupture. It is noteworthy that for such a long fault branch,
a VRr® much faster than Lmax/Tp often suggests a long rise time. For example, if Vr® is 4 km/s, the

rupture front will reach the east end of the Maduo rupture in ~21 s, suggesting either the rise time

28



624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645

of the fault rupture is about 11 s or delayed secondary fault ruptures with significant slip. It is of
interest to note that for such a long strike-slip rupture, the maximum rise time inferred from the
dynamic calculation is W/(2Vr®), where W is the fault width (Day, 1982).

VRM™ can be viewed as the upper bound of Vr°. Besides TW, the published VRM™ estimates of the
Maduo earthquake (Yue et al., 2022; Lyu et al., 2022; Chen et al., 2022; Table S2) suggest that the
reported VRM™ is sensitive to the hypocenter location, another piece of a priori information used
during the FFI source studies. Yue et al. (2022) reported the largest VRM™ (4.6 km/s) for the
eastward rupture and the smallest VRM™ (2 km/s) for the westward rupture in the literature. We
notice that Yue et al. (2022) adopted the Preliminary Determination of Epicenters (PDE) location
(98.255E, 34.586N, 10 km; Table S2) reported by National Earthquake Information Center
(NEIC), USGS, which is 10-13 km west of the Chinese Earthquake Network (CEN) location
(98.354E, 34.624N, 8 km; Table S2) or relocated CEA location (98.385E, 34.650N, 7.6 km,
Wang et al., 2021) used by other studies. As we discussed above, the majority of fault slip during
this earthquake is well constrained by the geodetic data. It is seismic data that constrains the
temporal rupture evolution relative to the hypocenter. Then a westward offset of the hypocenter
will increase the on-fault hypocenter distances for the asperities on the east side of the hypocenter
but decrease the on-fault hypocenter distances for the asperities on the west side. The estimates of
rupture velocity are then expected to be higher to the east and lower to the west. Hence, accurate
hypocenter location is crucial in retrieving kinematic rupture parameters, such as rupture speed,

even when the fault slip is well-constrained.
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Figure 8. Definitions of four types of rupture velocity estimate discussed in the text: Multiple time
window finite fault inversion VgMTW; the fastest “apparent” rupture velocity relative to the
hypocenter during fault rupture VrMAX overall rupture velocity Vre, and the ratio of rupture length

and rupture duration Lmax/Tb .

4.3 Super-shear Possibility

One outstanding question about the Maduo earthquake is whether the rupture speed is super-shear.
In our selected 1D velocity model (Figure 7e), the average shear wave speed (Vs) within the top
10 km is 3.7 km/s. According to our SEBP analysis and FFI results, the average rupture speeds of
both ESE and WNW branches are sub-shear, approximately 73% and 81% of the local shear wave
speed, respectively. However, some FFI and BP studies found super-shear propagation speeds on
the east rupture (Zhang et al., 2022; Yue et al., 2022; Lyu et al., 2022; Wang et al., 2022c). Table
S2 summarizes the eastward rupture speeds reported by these studies. Among them, Yue et al.
(2022) reported the largest VRM™ of 4.6 km/s, while Zhang et al. (2022) utilized BP to obtain a
VR? of 4 km/s. Lyu et al. (2022) carried out an MTW FFI using geodetic and seismic data. Their

seismic dataset also included high-rate GNSS data. They found that the best waveform fit to one
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GNSS record (QHAJ station in Figure S9) was achieved when VRM™ of the eastward rupture
propagation was 3.8 km/s. Because all other data could be well explained with a VRM™ of 2.8 km/s,

they claimed that this earthquake features an overall sub-shear but locally super-shear rupture.

Rupture propagation on the fault plane of a natural earthquake is often not in constant velocity
(Figure 8). Although our result shows that overall the rupture propagation of the Maduo earthquake
is sub-shear, we do not exclude the super-shear possibility on some portions of Middle or East
segments. Figures 3b and 4 show that from 12 s to 20 s, the eastern rupture front traveled from ~28
km to ~58 km, suggesting a local rupture propagation speed of ~3.8 km/s. This is slightly higher
than the average shear wave speed of 3.7 km/s mentioned above. Though this fast-propagating
rupture is not observed in the SEBP analysis, the FFI and SEBP results are not conflicting since
the BP images before 20 s might be affected by the signal interference between two fronts (Figures
6d-k). Thus, we suspect that the super-shear ruptures, if any, should be local and likely to occur

on some portions of the east rupture before or around the 20 s.

Previously, two super-shear earthquakes (the 2001 Mw 7.8 Kunlun and the 2010 Mw 6.9 Yushu)
occurred on the boundary faults of the Bayan Har block. According to interseismic GNSS velocity
data (Wang & Shen, 2020), greater tangential velocity gradients across the boundary faults are
observed than in the block’s interior (Wang et al., 2022b), which induces larger long-term slip
rates on the block boundaries. Large slip rates lead to smoother and more structurally mature faults,
one major condition for super-shear rupture (Perrin et al., 2016). Unlike these two events, the 2021
Maduo earthquake occurred on the intra-block and less-mature Kunlun Pass-Jiangcuo fault. The
lack of sufficiently long and smooth fault segments may be one contributor to the overall sub-shear
rupture speeds. However, this condition does not exclude the possibility of local super-shear
speeds because small-scale heterogeneities on the fault can lead to variations in the rupture speed
(Spudich & Frazer, 1984).

4.4 Constraint on the Slip Partition from SAR Azimuth Displacement

With a strike of ~106< the static displacement of the Maduo earthquake is primarily oriented in
the E-W direction. However, the eastern fault bifurcation introduces the large fault-normal
displacement in the N-S direction (Figure S2), which is only measurable using the azimuth offsets
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due to the limited diversity of line-of-sight orientations of polar-orbiting SAR satellites. Most
previous studies use only the static displacement in the range direction from INSAR or speckle
tracking (Jin & Fialko, 2021; Chen et al., 2021; Li et al., 2022; Zhang et al., 2022; Hong et al.,
2022). Liu et al. (2022) use the burst overlap interferometry to obtain spatially sparse azimuth
displacements, while Lyu et al. (2022) use speckle tracking to obtain continuous azimuth
displacements with low SNR. We adopt extra procedures (section 2.2) on top of speckle tracking
to obtain a spatially continuous azimuth offset with high SNR at the cost of reduced spatial
resolution (Figure S3).

To see how the azimuth offset data improve the inversion, we perform an additional inversion
without the azimuth offsets and compare the result with the preferred model (Figures 7a and 7c).
With the azimuth displacement data included, the maximum slip on the East segment decreases
from 5.9 m to 4.9 m, while the average slip around the junction (magenta boxes in Figure 7c) on
the Middle segment increases from 2.8 m to 3.1 m. Another distinct difference is that the shallow
slip of the East segment near the fault junction (red boxes in Figure 7c) decreases from3 mto 1 m
when including azimuth offsets. The smaller shallow slip indicates that the rupture steps onto the
East segment through the deep (>2 km) rather than the near-surface portion (<2 km) of the fault.
The involvement of azimuth offsets in the FFI of the Maduo earthquake demonstrates that for
earthquakes rupturing complex fault systems, the inversion should include the static deformation
data in both range and azimuth directions to better constrain the slip distribution.

4.5 Static Coulomb Failure Stress (CFS) Change and the Rupture Bifurcation

Wang et al. (2021) performed a relocation study for the aftershocks of the Mw 7.4 Maduo
earthquake. They relocated 1199 M>0 aftershocks within 8 days after the mainshock. We shift the
relocated aftershocks horizontally to our fault planes (Figure 7a) and find that the aftershocks are
noticeably less common in the principal-slip area (purple hollow ellipses in Figure 7a). On the
other hand, we observe dense aftershocks at the edges of large-slip patches (yellow hollow ellipses
in Figure 7a), which is a common feature of many large earthquakes (Mendoza & Hartzell, 1988;
Kato et al., 2010; Kato & Igarashi, 2012). The decoupling of large-slip and aftershocks suggests
that the asperities with large coseismic slips are probably locked in the post-seismic period and

could be explained by the static CFS change (ACFS, Figure 7d). We calculate the CFS change on
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the left-lateral strike-slip fault surface using Coulomb 3 (King et al., 1994; Toda et al., 2011). On
the fault planes, much more aftershocks are located in the CFS-increasing areas (yellow hollow
ellipses in Figure 7d) than in the CFS-decreasing areas (purple hollow ellipses). The coseismic slip
increases the CFS at the edge of the large-slip zones and casts the negative ACFS, which prohibits

the aftershocks, on these large-slip zones.

The range offset map (Figure 2b) and the aftershock locations (Figure 8 of Wang et al., 2021)
reveal that the Kunlun Pass-Jiangcuo fault bifurcates at the eastern end during the Maduo
earthquake. According to the surface deformation pattern, the rupture propagates on the main fault
(Middle segment) and the branching fault (East segment). According to its orientation and left-
lateral motion, the branching fault is on the extensional side. Rupture bifurcation is a complicated
issue investigated by theoretical and numerical studies. During the 2001 Mw 7.8 Kunlun
earthquake, a fault bifurcation near the Kunlun Pass fault might be responsible for slowing down
the rupture (Robinson et al., 2006). Kame and Yamashita (1999a, 1999b) showed that the dynamic
growth of a rupture tends to be arrested soon after the bifurcation because the stress concentration
at the rupture tip is reduced after the bifurcation. According to the rupture dynamic simulation
studies (Kame et al., 2003; Bhat et al., 2007), whether rupture can continue beyond the bifurcation
point depends on the inclination of the maximum pre-compression (Smax), the rupture velocity

(Vr), and the branching angle (6, angles between the primary and branching fault).

We find the Kame et al. (2003) simulation results applicable in understanding the features
associated with the east-end bifurcation of the Maduo earthquake. Figure 2b shows that at the
eastern fork, the inclination of Smax is ~43 < (intermediate inclination) according to the GNSS
velocity field (Wang et al., 2022b) and fault geometry, with a branching angle 6 of ~23< The
direction of the maximum shear strain rate agrees well with the strike direction of the Kunlun Pass-
Jiangcuo Fault (Wang et al., 2022b), on which the Middle segment locates. For mode 1l rupture
governed by the slip-weakening law, the orientation of the most favored rupture plane is close to
the strike of the main fault, while the shear stress could exceed the frictional resistance on the
faults branching out the main fault plane up to 30 <(Kame et al., 2003). Kame et al. (2003) dynamic
simulation showed that under the intermediate inclination of Smax, the failure on the main fault is

dynamically self-chosen, and simultaneous rupture on both the main fault and branching fault is
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possible. Meanwhile, the BP-inferred Vr is ~3 km (~0.8 Vs), which is fast enough and causes high
dynamic stressing to drive the rupture after bifurcation on both faults. The wide branching angle
6 makes rupture on both faults less affected by stress interaction, thus reducing the stress shadow

effect (the stress release around one fault discourages the failure on vicinity faults).

5. Summary and Conclusions

We conduct joint finite fault inversion and slowness-enhanced back-projection analysis to explore
the kinematic rupture history of the May 21, 2021 Mw 7.4 Maduo, Tibet earthquake with 3D
ground displacements from radar satellites, broadband body waves, and long-period surface waves
recorded at teleseismic distances. This earthquake is a left-lateral strike-slip rupture that initiates
in the middle of a 160-km-long north-dipping sub-vertical fault system and propagates bilaterally.
The cumulative seismic moment is 1.83x10%° Nm, yielding a moment magnitude of 7.44. About
95% of the total seismic moment occurs in the first 32 s. By jointly analyzing multiple datasets,
we find:

1. 77% of the total seismic moment occurs on the asperities shallower than 10 km with a peak
slip of 5.7 m. Similar to previous results (Jin & Fialko, 2021; Hong et al., 2022), our model
shows a significant shallow slip deficit in the top 2 km, where the along-strike average slip
reduces by 43% from 3.2 mto 1.8 m.

2. Notable deep slip (depth >10 km) is required to simultaneously explain the observed long-
period seismic waves and static displacements. Tests show a tradeoff between the inverted
deep slip magnitude and the rigidity of the crustal model in the shallow depths. The inverted
deep slip could be interpreted as coseismic slip within the ductile middle crust resulting
from strain localization and dynamic weakening.

3. Both SEBP and FFI studies suggest an overall sub-shear rupture, breaking the west branch
of 75 km at 2.7 km/s and the east branch of 85 km at 3.0 km/s. Super-shear ruptures
possibly occur in some parts of the east propagation as reported by several studies adopting
MTW FFI and BP methods (e.g., Yue et al., 2022; Chen et al., 2022; Lyu et al., 2022;
Zhang et al., 2022). Our synthetic tests confirm overall sub-shear rupture speeds but also
show that super-shear ruptures in SEBP analysis might be obscured by signal interference

between bilateral branches.
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4. The aftershock distribution on the fault plane is consistent with positive ACFS zones and
forms a complementary pattern to the coseismic slip areas.

5. The fault surface trace indicates a bifurcation near the eastern terminal end of the rupture.
Including the azimuth offsets derived from SAR images improves the constraint on the slip
partition on splay faults. The branching behaviors agree with the previous dynamic
simulation results (e.g., Kame et al., 2003). The fast rupture speed and the intermediate
inclination of maximum compression promote the rupture on the branching and main faults.

The wide angle between these faults reduces the stress shadow effect.
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software is available at https://github.com/isce-framework/isce2. The SAR/INSAR processing

recipe and products are available at https://doi.org/10.5281/zenodo.7141135 and
https://doi.org/10.5281/zen0do.7170329. The moment tensor solutions come from the U.S.

Geological Survey (USGS; http://earthquake.usgs.gov) and the Global Centroid Moment Tensor
project (CMT; http://www.globalcmt.org). The MATLAB code of SEBP is available at
https://github.com/Ismeng/MUSICBP/tree/SEBP. All seismic data are downloaded through the
IRIS Wilber 3 system (https://ds.iris.edu/wilber3/) and ORFEUS (www.orfeus-eu.org), including
the following seismic networks: (1) the TA (Transportable Array; IRIS, 2003); (2) the US (USNSN,
Albuquerque, 1990); (3) the IU (GSN; Albuquerque, 1988); (4) the CZ (Czech Regional Seismic
Network, Czech, 1973); (5) the EI (Dublin Institute for Advanced Studies, 1993); (6) the GR
(Federal Institute for Geosciences and Natural Resources, 1976); (7) the GU (University of Genoa,
1967); (8) the IV (INGV Seismological Data Centre, 2006); (9) the MN (MedNet Project Partner
Institutions, 1990); (10) the NL (KNMI, 1993); (11) the OE (ZAMG, 1987); (12) the OX (OGS,
2016); (13) the TH (Institut fuer Geowissenschaften, Friedrich-Schiller-Universitaet Jena, 2009);
(14) the AK (Alaska Earthquake Center, Univ. of Alaska Fairbanks, 1987); (15) the AV (Alaska
Volcano Observatory/USGS, 1988); (16) the AT (NOAA, USA, 1967); (17) the 11 (Scripps
Institution of Oceanography, 1986); (18) the AU (Australian National Seismograph Network Data
Collection, Canberra, 2021); (19) the G (IPGP and EOST, 1982); (20) the GE (GEOFON Data
Centre, 1993); (21) the ND (Centre IRD de Noumea, Nouvelle-Caledonie, 2010); (22) the S1
(ANU, Australia, 2011); (23) the FR (RESIF, 1995); (24) the DK, EE, FN, MY, PS, SI. The
relocated aftershock data is from Wang et al. (2021). The USTCIlitho2.0 model is from Han et al.
(2021). The velocity model of northeast Tibet is from Xia et al. (2021). The Python software

package Obspy (www.obspy.org) is used for seismic data requesting, waveform filtering, and
cross-correlation processing. Figures are produced using Generic Mapping Tools (GMT), Matlab,
Matplotlib, and Cartopy. The static displacement data is downsampled by InSamp
(https://github.com/williamBarnhart/InSamp).
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