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Abstract

Fault geometric complexity plays a critical role in earthquake rupture dimension. Fault bifurcations are com-
monly observed in earthquake geology, yet, robust kinematic rupture processes on bifurcated fault branches
are largely missing, limiting our understanding of rupture dynamics and seismic hazard. Here, we holistically
study the fault geometry and bilateral rupture of the 2021 Mw7.4 Maduo, China earthquake, that shows
clear fault bifurcation near its eastern terminal. We integrate space geodesy imaging, back-projection of
high-frequency teleseismic array waveforms, multiple point source and finite fault inversions, and constrain
in detail the rupture process, in particular, through its fault bifurcation. Our models reveal a stable rup-
ture speed of 72.5 km/s throughout the entire rupture and a simultaneous rupture through fault branches
bifurcated at 20°. The rupture on bifurcated faults radiated more high-frequency waves, especially from the
stopping phases. The stopping phase on the southern branch likely stopped the rupture on the northern
branch.

Plain Language Summary

Earthquake is produced by sudden shear dislocation across the fault. The geometric complexity of fault
structure, such as bend, step-over, branching and bifurcation, play important roles in determining the final
rupture dimension (hence the magnitude) of the earthquake, as they can easily produce stress heterogeneity
on the faults. Although geological and recent space geodetic observations have well-recorded the fault geo-
metry complexity, detailed spatial and temporal evolution of rupture through such fault segments, especially
fault bifurcations, are rarely well-imaged. In this study, we integrate broadband seismic waveform and geo-
detic observations for the 2021 Mw7.4 Maduo earthquake in China, and process and model them with a set
of tools, to produce a high resolution rupture model for the earthquake. The preferred model reveals a near
constant rupture speed of 2.5 km /s throughout the entire rupture, and resolves the detailed rupture process
through the bifurcated fault segments at its eastern terminal, where the termination of the rupture on the
southern branch stopped the rupture on the northern branch.

Key Points

1. Geodetic imaging, back-projection, multiple point source and finite fault inversions are conducted for
the Maduo earthquake

2. We show a stable rupture speed (72.5km/s) of the entire rupture and a simultaneous rupture through
bifurcated fault branches.

3. The stopping phase on the southern branch likely stopped the rupture on the northern branch.

Introduction

Fault bends, branches, and step-overs play critical roles in the nucleation, propagation, and termination of
earthquake ruptures [Ji et al. , 2003; King and Ndbélek , 1985; Qiu et al. , 2016; Wesnousky , 2006]. Fault
branching and bifurcation are commonly observed for strike-slip earthquakes in fault mapping [e.g. Sieh et
al. , 1993] and more recently in high-resolution space geodesy images [e.g. Wei et al. , 2011]. To explain
these observations, structure evolution models [ Wesnousky , 1988; 2008], theorical analysis [Poliakov et al.
, 2002|, dynamic simulation models [Kame et al. , 2003|, as well as lab experiments|Templeton et al. |
2009] have been proposed. It has been shown that prestress conditions, rupture speed, and bifurcation angle
all impact rupture evolution through fault branching and bifurcation [Aochi et al. , 2002; Douilly et al. |
2020;Duan and Oglesby , 2007; Kame et al. , 2003; Poliakov et al. , 2002]. These theorical and numerical
modeling results show a wide spectrum of rupture scenarios. However, to date, to the best of our knowledge,
the details of kinematic rupture processes of such fault bifurcation and branching have not been reported.
This may be partially accounted for by the fact that the slip on these faults is relatively small compared
with the largest slip patches of the rupture, and seismological inversions are usually dominated by the larger
slip patches, unless very near-fault seismic observations are available [Ji et al. , 2003].

The left-lateral strike-slip Mw7.4 Maduo earthquake occurred on May 215, 2021, rupturing the near E-W



oriented JiangCuo fault, which is located within the Bayan Har block [Zhan et al. , 2021] in the northeastern
Tibetan Plateau (Fig.1b). The earthquake was well-recorded in space geodetic images [He et al. , 2022; J
Liu et al. , 2022] and nearby static [M Wang et al. , 2022a] and high-rate GPS offsets [Gao et al. , 2021].
Earlier reports of the earthquake show that this was a bilateral rupture, which propagated ~80 km to both
sides of the epicenter [He et al. , 2022; Ren et al. , 2022;S Wang et al. , 2022b]. While [K Chen et al.
, 2022] derived a stable rupture speed of ~2.5km/s for the entire rupture, [Zhang et al. , 2022] and |[Yue
et al. , 2022] reported a supershear speed for rupture towards the east. Although various analyses have
been reported for the earthquake, a comprehensive investigation of the rupture process is still missing to
resolve the kinematic rupture details of the earthquake, especially at its eastern end that shows clear fault
bifurcation but reported with different rupture speeds. To constrain the rupture details of the earthquake,
here we adopt various data processing techniques and kinematic inversion methods that cover a wide range
of observations. We pay special attention to the fault bifurcation and its seismic wave radiation, thus aiming
to shed new light on earthquake physics.

Geodetic observations

We process Sentinal-1 and Advanced Land Observation Satellite-2 (ALOS-2) SAR data (Table S1) to derive
11 surface deformation images through DInSAR (differential interferometric SAR)|[Gabriel et al. , 1989],
POT (pixel offset tracking)[Michel et al. , 1999], MAI (multiple aperture interferometry)[Bechor and Ze-
bker , 2006], and/or BOI (burst overlap interferometry)[Grandin et al. , 2016] methods (Fig.S1). These
images provide high-quality and comprehensive spatial coverage of the surface deformation produced by
the earthquake. We then use them to calculate the 3D co-seismic displacement with the Strain Model and
Variance Component Estimation method[J Liu et al. , 2019b; J-H Liu et al. , 2017] (Supplement text-1
). The high-resolution 3D surface deformation shows sharp offsets across the fault, thus the surface rupture,
continuously along the near E-W oriented Jiangcuo fault (Fig.1b and Fig.S2), which agrees well with the
surface rupture mapping from field surveys [Ren et al. , 2022]. The total surface rupture length is ~160
km, 760 km longer than that predicted from empirical relationships [Leonard , 2010; Wells and Coppersmith
, 1994], suggesting a relatively shallow rupture of the earthquake. The coseismic deformation is dominated
by left-lateral strike-slip motion (Fig.1a), and shows at least five primary step-overs or fault bends (strike
change > 10°) and one fault bifurcation. The refined hypocenter of the mainshock [W Wang et al. , 2021]
is located in the middle of the surface rupture trace very close to one of the primary fault step-overs, whe-
re stress concentrations usually nucleate an earthquake rupture [King and Ndbélek , 1985]. Interestingly,
the epicenter is co-located with the intersection between the Yellow River and the ruptured JiangCuo fault
(Fig.2a), although their relationship is not yet clearly understood. Larger surface deformation is observed
to the east of the epicenter, and therefore a stronger rupture directivity effect is expected toward the east.
Coseismic offsets are clearly observed across the bifurcated fault branches near its eastern terminal (Fig.1a).

Fault geometry and finite fault inversion

We use the geodetic observations and the relocated aftershocks [W Wang et al. , 2021] to define the geometry
of rectangular fault segments that will be used in the finite fault model (FFM) inversion. Ten fault segments
are needed to mimic the first-order strike variations due to bending and bifurcation, as shown in the geodetic
observation (Fig.la and Fig.2a). These ten segments are sub-vertical faults, as aftershocks are distributed
quite close to the surface rupture trace (Fig.2b), and the E-W deformations across the fault are nearly
symmetric (Fig.1b). Aftershocks are located mostly to the north of surface rupture at fault segments 1-6
while aftershocks are distributed primarily to the south of surface rupture at fault segments 7-10. Based
on this relative location between seismicity and surface rupture trace, we set the dipping direction of fault
segments 1-6 and 7-10 towards north and south, respectively (Fig.2). Note, that the seismic stations used
in earthquake relocation study are distributed quite uniformly in the source region |W Wang et al. , 2021].
Therefore, we can rule out the systematic location bias between the seismicity to the west and east of the
epicenter. Geodetic-only inversions can then be conducted to determine the dip angle of each fault segment
(Table S2).

Based on this fault geometry, we jointly invert geodetic data, nearby high-rate Global Positional System



(GPS) waveforms, regional broadband waveforms and teleseismic body waves using a finite fault inversion
method [Ji et al. , 2002] to recover the kinematic rupture history and slip distribution on the fault segments
(Supplement text-2 ). We divide the rectangular fault segments into 3 km x 2 km patches, and invert for
the slip amplitude, slip direction, rupture time and rise time on each patch. A Laplacian smoothing algorithm
is applied for the slip distribution during the inversion. High-quality nearfield geodetic and high-rate GPS
observations greatly suppress the trade-offs between the parameters in the inversion.

Our preferred FFM is presented in Fig.2b in a map view and in Fig.3 as a depth view along the strike.
This model produces excellent fits to both seismic waveforms (Fig.S3-5) and static surficial deformations
(Fig.S6-8), suggesting a reliable model resolution. Most of the slips are distributed at the depth shallower
than 8 km except for S5 and S6, where slips are as deep as 15 km. Interestingly, the distribution of the
aftershocks also shows a gap at S5 and S6 (Fig.2b and Fig.3d), indicating the rupture released most of the
stress accumulated in the entire seismogenic zone, which has a depth of 715 km. On the other segments,
where the seismogenic zone is only partially ruptured, aftershocks are much denser, and distributed in the
depth range of 5-15 km, showing a clear complementary feature with the coseismic slip distribution (Fig.3d),
similar to that observed for other strike-slip earthquakes (e.g., [Wei et al. , 2011]). The aftershocks were
most likely triggered by down-dip post seismic slip and Coulomb stress change imposed by coseismic slip.
Therefore, slip deficit happens both at shallow [Jin and Fialko , 2021] and at greater depths, that is, at
the upper and lower bounds of the seismogenic zone. The equivalent moment tensor of the FFM shows
relatively small non-double-couple component (Fig.3b), which is highly similar to that from multiple point
source solution (see next section). Our equivalent moment tensors are more similar to the GCMT solution,
including the Mw, but much more different from the W-phase solution, in which the east-west oriented fault
plane has a shallower dip angle (67°) and quite strong normal faulting component in rake (-40°). It appears
that a reliable FFM of Maduo earthquake provides an independent verification to the global moment tensor
solutions.

There are substantial slip distributions on the two branches of the bifurcated fault, where the moment
magnitude of the northern branch (S7-8, Mw6.8) is slightly larger than that on the southern branch (S9-10,
Mw6.7). The sizable and comparable moment distribution on the two branches is a key feature that allows
robust resolution on their ruptures. The waveform observations on high-rate GPS station HSHX exhibit
a clear frequency-dependent feature that the rupture from the bifurcated branches (S7-10) produced more
high-frequency seismic waves than that from earlier ruptures (S1-6) (Fig.4). HSHX station is located at
almost the same distances away from S4-10 (Fig.2b), therefore the geometric spreading induced attenuations
at HSHX are similar for ruptures on these fault segments. If we assume pure strike-slip motion uniformly
distributed on these fault segments, we would expect stronger seismic waves from S4-6 as the azimuth of
HSHX is closer to the strongest SH-wave radiation direction of S4-6. Indeed, in the displacement waveforms,
which are dominated by low-frequency energy, seismic waves excited from S1-S6 show larger amplitudes
than those from S7-10, as shown in the synthetic waveform decompositions (Fig.4). However, in velocity
waveforms, in which higher-frequency features are presented, the waveform amplitudes from S7-S10 are
larger than those from S1-S6. This suggests that S7-10 radiated more high-frequency waves than those on
the other fault segments. Note that the displacement waveforms are dominated by the periods of 10 - 20 s,
while the velocity waveforms show stronger energy at 5 - 10 s. We did not fit the N-S velocity waveform as
good as the E-W component for the rupture from S7-10 (highlighted by circles in Fig.4). This portion of the
waveform shows more high frequency energy in the N-S component than the E-W component. This larger
misfit to the higher frequency waveform is likely because our FFM inversion is dominated by relatively low
frequency energy in the observations.

Multiple point source solution

The key rupture characteristics of the Maduo earthquake are further confirmed at the intermediate frequency
bands, with a multiple point source (MPS) inversion method [@ Shi et al. , 2018] using high-rate GPS
waveforms, regional broadband waveforms, and teleseismic body waves (Fig.S9) (Supplement text-3 ). An
MPS solution usually uses 2-10 pure dislocation point sources to approximate the complex fault geometry



and the rupture process of a large earthquake ([e.g. Duputel et al. , 2012]). Compared with a finite fault
model, a smaller number of MPS parameters can resolve the most robust earthquake rupture features at 0.2
Hz and lower frequencies for the Maduo earthquake. In this frequency range, we find that 6-point sources
(M1-M6, table S3, Fig.S10-13) are needed to adequately approximate the first order geometry and rupture
complexity of the earthquake.

Our preferred MPS solution is presented as beach balls in map view (Fig.2) and depth profiles (Fig.3), with
M1-2 and M3-6 located to the west and east of the epicenter, respectively. Uncertainty distributions of the
solution (Fig.S10-11) show that the location, starting time, length and shape of the source time function,
and focal mechanism parameters are well resolved, mostly owing to the constraints of nearby high-rate GPS
observations. Fig.S12 presents the decomposition of synthetics from each sub-events in fitting the closest
high-rate GPS stations, which demonstrates the sensitivity and variation of the contributions from different
stations. The centroid depths of M3 (7.8 km) and M4 (7.8 km) correspond to deep ruptures on fault segments
S4-6, while M1, M2, M5, and M6 (3-6 km) indicate relatively shallow ruptures. This is highly consistent with
the FFM slip distribution (Fig.3). The summation of source time functions from the MPS solution also highly
resembles the FFM moment-rate function, except for several high-frequency features, which is expected, as
we use lower-frequency waves in the MPS inversion. Interestingly, M5 and M6 are located on the northern
and southern branches of the fault bifurcation, respectively. The strike of E-W oriented fault plane of M5
is 710 degrees counter-clockwise to the strike of M6 (Fig. S11), roughly consistent with the strike difference
between the two fault branches. The source durations of M5 and M6 are shorter than those of the other
sub-events (Fig.S10b), as also shown in the waveform decomposition in fitting the closest high-rate GPS
data, where M5 and M6 show sharper pulse in fitting the later portion of E-W component at HSHX station
(Fig.S12). This shorter source time function feature is in line with more high-frequency energy radiation
from the bifurcation rupture as revealed by the FFM model and the following back-projection analysis.

Back-projection rupture process imaging

To resolve its high frequency radiation and the rupture speed of the Maduo earthquake independent from
FFM and MPS solutions, we perform a MUItiple SIgnal Classification (MUSIC) back-projection (BP) ana-
lysis|Meng et al. , 2011; Zeng et al. , 2020] using high-frequency (0.3-1.0 Hz) teleseismic P-waves recorded
by the European array (EU) and Australian array (AU) (Supplement text - 4 ). To take into account
the potential impact of the 3D source-side velocity structure on the travel time, we apply a path calibration
algorithm using the arrival times of mainshock and other nearby events, which was proved to be necessary
for more accurate BP analysis [Zeng et al. , 2022|. The effectiveness of the calibration is verified by applying
it to the BP analysis of the M > 5 aftershocks. We compare the differences between the BP locations and the
refined epicenter locations for these events [W Wang et al. , 2021]. Note that our calibration events include
the earthquakes away from the mainshock rupture zone (Fig.S14), such selection was shown to be more
accurate for travel time error interpolation [Zeng et al. , 2022]. After trying different groups of calibration
events, it appears that we need to use different calibration event combinations to obtain high consistency
between the calibrated BP locations and the refined epicenters for the events located to the east and west
of the mainshock epicenter, respectively (Fig.S14-15). This calibration strategy works well for the EU and
AU arrays, as they can only resolve the rupture directivity towards west and east, respectively, likely due
to the Doppler effect from rupture directivity. We consider the average difference between the BP locations
and epicenters as the location uncertainty of BP results, which is 7.5 km for AU array and 4.5 km for the
EU array.

Using this path-calibrated BP method, we derive the spatial and temporal evolution of the mainshock rupture
using EU and AU arrays. The results are presented as location of high-frequency radiators colored by their
timing (Fig.2a). BP results from the EU array reveal only the rupture directivity towards the west, and the
results from the AU array show only rupture directivity towards the east. The locations of the BP results are
mostly less than 10 km away from the surface rupture, suggesting reliable solutions. The location of the large
amplitude high-frequency radiators are highly correlated with the fault bends or step-overs (Fig.2a), which
also mark the boundaries of fault segments (Fig.3¢). This is because stress is usually concentrated at fault



kinks and bends [King and Ndbélek , 1985], where coseismic slip distribution shows larger gradients (e.g.,
Fig.3d). Such complementary feature between BP result and slip distribution also presents in the moment-
rate vs BP power plot (Fig.3a), where the peaks of BP power always locate at the edges of moment-rate
peaks.

With the timing and location of the high-frequency radiators, the rupture speed of the earthquake can be
derived (Fig.5), which shows a speed of 2.4 km/s towards the west and of 2.5 km/s towards the east. These
rupture speeds are quite stable throughout the rupture and highly consistent with the result from FFM and
MPS inversions. Given that the shallow part (<6 km, where most of the slip took place) of the crust has a
shear wave (Vs) velocity of 2.7 km/s [L Zhu and Helmberger , 1996], these rupture speeds are roughly 90% of
Vs speed, that is, of the Rayleigh wave speed. Note, that to the west of the fault bifurcation, the BP results
show a gap that almost overlaps with the gap in the aftershock seismicity (Fig.3). The coseismic rupture
of this fault segment is deeper, as shown on fault segment S6 in the FFM, and smoother, as shown in the
waveform decomposition (Fig.4), than the rupture on the other fault segments. Such a smoother rupture
could be explained as more uniform stress distribution and/or smoother fault geometry [Z Shi and Day |,
2013|. As the rupture propagated through the junction of bifurcation, high-frequency radiators started to
appear on both fault branches, with their amplitudes increasing gradually as the rupture propagated on
each of the fault branch (Fig.2a). Enhanced higher-frequency radiation from the bifurcated fault branches
(segments S7-10) is consistent with the waveform decomposition analysis of the high-rate GPS data recorded
at HSHX station (Fig.4 and Fig.S12). But note, that GPS velocity waveforms are dominated by the ~0.2
Hz energy, while the BP results are derived at ~1.0 Hz. It is interesting to see that the largest amplitude of
high-frequency radiators on the bifurcated fault branches are located at the end of each fault branch (Fig.2a
inset). The timings of these peaks are also consistent with the end of the rupture time, as shown in both
the MPS source time function and FFM moment-rate function (Fig.3a). Therefore, we propose that the
large amplitude high-frequency radiators on each fault branch were produced by the stopping phase of the
rupture [Savage , 1965]. Rupture on the southern branch (S10) stopped ~5s earlier than the rupture on the
northern branch (S8) (Fig.3a and Fig.5b). As shown in the surface deformation image (Fig.2a), the distance
between the rupture tips on the two fault branches is ~15 km, which corresponds to ~5s for the S-wave of
the stopping phase to travel between the two fault tips. It is therefore likely that the stopping phase on
the southern branch (S10), which produced negative Coulomb stress change on the northern branch (S8),
therefore stopped the rupture on S8. From the timing and location of the BP results, we show that the
rupture propagated simultaneously on the two branches of the bifurcation.

Discussion

Multiple datasets and results derived from various inversion methods show that the 2021 Maduo earthquake
ruptured simultaneously on the two branches of the fault with a branching angle of ~20°. However, numerical
simulations suggest that simultaneous rupturing on both fault branches is usually difficult where the bran-
ching angle is narrow, due to strong stress interactions between faults [Aochi and Fukuyama , 2002; Kame et
al. , 2003]. The dynamic stress interaction (or dynamic rupture weakening) plays an important role during
earthquake ruptures. Given the stress shadow imposed by the rupture on the other fault branch, rupture
through a fault bifurcation that has a narrow branching angle is most likely be simultaneous. Suppose that
one of the fault branches ruptures earlier; then the Coulomb stress change on the other fault segment will
prohibit its rupture. Only when the ruptures propagate simultaneously through the two fault branches (e.g.,
Fig.5¢c), back and forth slip of the fault segments could be avoided. Because the two sides of the wedge
block have opposite slip directions (Fig.5¢), the final dislocation of this block is smaller than that to the
north and south of the block (e.g., Fig.1la inset). Numerical simulations also suggest that a simultaneous
rupture is promoted when the friction coefficients are low [Aochi et al. , 2002]. However, we observe more
high-frequency radiation from the bifurcated fault branches, which indicates rougher fault friction. More
high-frequency energy released on the branched faults could also be an indication of more energy dissipation,
which could eventually lead to the termination of the rupture. Also note, that the bifurcated fault branches
are located within slightly higher mountain ranges, suggesting the rupture could have propagated from one
geological unit to another [Ren et al. , 2022], which could also be a reason for different fault friction. The



rupture speed of the Maduo earthquake was quite stable around 2.5 km/s, which is in contrast with supers-
hear rupture speed derived from the other BP analysis [ Yue et al. , 2022; Zhang et al. , 2022]. The primarily
reason for this discrepancy could be that we applied travel time path calibrations (see more details in [Zeng
et al. , 2022]) but the other BP studies did not. The rupture did not slow down at the bends and step-overs.
This is because all bends/step-overs are releasing bends/step-overs, therefore normal stress decreased when
rupture propagated through them, and facilitating the rupture pass-through. Fault bifurcations with narrow
branching angle are quite common for strike-slip earthquakes (Fig.S16). The number of fault segments and
fault segment length of the Maduo earthquake, including the bifurcated branches, fit well with statistics from
[Klinger , 2010]. We therefore suggest that such simultaneous ruptures of the bifurcated fault branches could
be common during strike-slip earthquakes. Dynamic simulations have to take into consideration complex
fault geometry, specific stress conditions, and frictional heterogeneities to properly estimate the relationship
between rupture through multiple fault segments.
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Figure 1. Regional tectonics and surface deformation. (a) E-W component of the 3D surface deformation
derived from space geodetic observations. The green lines indicate the surface rupture mapped by [Ren et al.
, 2022]. The inset shows the offset along the profile A-B. (b) Regional tectonics with major strike-slip and
thrust faults indicated by the heavy black lines. Earthquake moment tensor for Mw>6.5 earthquakes in 1990
— 2022 are shown as beach balls, along with magnitude and year of the event. Historical M>7.0 earthquakes
in the last 100 years are displayed as yellow circles. 2022 Mw7.4 Maduo earthquake is highlighted by the red
rectangle, defined as the same area as in (a).
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Figure 2 (a) Map view of the BP results derived from European Array (diamond) and Australian array
(circles). Surface rupture trace is indicated by the purple line. Rectangles show the surface projection of the
fault segments used in FFM inversion. MPS solutions are indicated by beach balls with the sub-event ID.
The inset shows the E-W component of the 3D surface deformation at the eastern terminal of the rupture,
along the BP result. (b) Map view of the slip model, displayed with the relocated aftershocks [W Wang
et al. , 2021] that are colored by their depth. Circles are proportional to the magnitude of the aftershock.
Fault segment numbers used in FFM inversion are indicated as S1-10. Triangles indicate the high-rate GPS
stations that are used in the FFM inversion. The arrows connected to station HSHX roughly show the
distance differences from the station to various fault segments.
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Figure 3, dynamic rupture models. (a) Shaded curve represents the moment-rate function of FFM, summed
source time function of MPS solution is indicated by the red line, and BP power from Australian array
(circle) and European array (diamond). (b) Equivalent moment-tensors of FFM and MPS solutions, along
with that reported from GCMT and W-phase catalogs. (c) Depth profile of the rupture model with the
green star shows the hypocenter. Segment numbers are indicated in the lower left corner of each segment
(see Fig.2 for their map view). Blue arrows show the rake angle of each sub-fault and contour lines indicate
the rupture time. The beach balls represent the MPS solution with the number above indicating the centroid
time of the sub-event. BP results are displayed below, with the same legend as shown in Fig.2. (d) Depth
profile of slip model displayed with the aftershocks (blue open circles) and MPS solution (beach balls). The
moment magnitude (above) and sub-event ID (below) are shown with the beach balls.
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Figure 4. Waveform fits of the horizontal components for high-rate GPS station HSHX in displacement (left)
and velocity (right), with the synthetics in red and data in black. All the waveforms are filtered to 0.02 —
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0.4 Hz. Peak amplitude of the data is indicated at the end of each waveform pair. Synthetic waveforms are
decomposed into the contributions from Seg.1 - 6, Seg.7 - 8 and Seg. 9 — 10. Dashed circles highlight the
waveform segments that show different relative amplitude to the earlier rupture between displacement and
velocity waveforms.
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Figure 5. Rupture speed estimation from back projection and MPS inversion results. (a) Spatial and temporal
distribution of the high frequency radiators derived from European array (diamonds) and Australian array
(circles), plotted relative to the epicenter location and time. Two straight lines indicate the approximated
averaged rupture speed towards east and west of the epicenter. Vertical bars are the spatial errors of the
BP results (see Supplement for more details). (b) Overlaps of the BP and MPS results. Stars are the
centroid location of subevents in MPS solution. Shaded curves represent the source time function of each
subevent, both the stars and beach balls are colored by the centroid time. The dashed line separates the high
frequency radiators from the north and south branches of the bifurcation rupture. (¢) A schematic cartoon
shows the rupture (red lines) propagation through the fault bifurcation. The sandwiched /wedge block shows
small eastward displacement because of the opposite motions from the rupture on the northern and southern
fault segments.

Supplementary Materials
Geodetic observations and three-dimensional co-seismic displacements

Both Sentinel-1 and ALOS-2 (advanced land observation satellite-2) SAR data (see Table S1 for details) are
used to obtain the co-seismic displacement observations of Maduo earthquake, where the DInSAR (differential
interferometric SAR)[Gabriel et al. , 1989], POT (pixel offset tracking)[Michel et al. , 1999], MAI (multiple
aperture interferometry)[Bechor and Zebker , 2006, and/or BOI (burst overlap interferometry)|Grandin
et al. , 2016] methods are employed to process these SAR images based on the GAMMA software. The
SRTM (shuttle radar topographic mission) 1-arc-second DEM (digital elevation model) data is used here for
correcting the topographic component and for assisting in co-registration process. We apply the multi-look
operation of 30x8, 8x20, and 5x32 (rangexazimuth) for Sentinel-1, ascending strip-map-mode ALOS-2,
and descending ScanSAR-mode ALOS-2 SAR images, respectively, and the final resolution of displacement
observations is about 100mx100m. Particularly for the descending ScanSAR-mode ALOS-2 data, there are
five separate beams, and each beam is separately processed based on the DInSAR, MAI and POT methods,
then mosaiced together in the geographical coordinate system based on the overlaps between adjacent beams.
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The DInSAR interferograms are filtered by the adaptive filter based on local fringe spectrum|Goldstein and
Werner , 1998], and unwrapped by the minimum cost flow method[C' W Chen and Zebker , 2002]. For the L-
band ALOS-2 data, due to its longer wavelength, the corresponding interferograms are contaminated with the
ionospheric delays. For the ascending strip-map-mode ALOS-2 SAR images with small coverage, we correct
the contained ionospheric delay by first degree polynomials. For the descending ScanSAR-mode ALOS-2 SAR
images, we apply a range split spectrum method|Gomba et al. , 2016] to mitigate the ionospheric delay[J Liu
et al. , 2021]. Different from the DInSAR method that can only obtain displacements along the LOS (line-
of-sight) direction, the POT method can obtain displacements along both the LOS and azimuth directions.
Before the POT process of Sentinel-1 data, the SAR images should be deramped| Wegmiiller et al. , 2016].
To obtain the pixel offset, we employ a matching window size of 128x128 pixels with the oversampling
factor of two for all SAR images, and use a second-order polynomial to fit the possible ramp based on
the signals in the far-field regions[J Hu et al. , 2012]. Due to the significant ionospheric disturbs, the POT
azimuth displacements from the ALOS-2 images can hardly recognize any valuable displacement signals. The
signal-to-noise ratio (SNR) of POT displacements is generally proportional to the spatial resolution of SAR
images, and may also be affected by the spatial baseline of SAR images from the comparison between the
ascending/descending Sentinel-1 POT azimuth displacements. Similar to the POT azimuth observations of
ALOS-2 data, the MAT observations are also seriously contaminated by the strip-shape ionospheric disturbs.
Due to the limited azimuth doppler bandwidth and spatial resolution, the MAI method is not used for the
Sentinel-1 data. For the BOI method, it is only applicable for the Sentinel-1 data in the burst overlap area,
whose size is about 86kmx1.5km (rangexazimuth) accounting for about 7.5% of a burst along the azimuth
direction. For a target burst overlap area, four SLC (single look complex) images can be obtained from the two
successive bursts of the primary and secondary SAR images, and the BOI azimuth displacement is derived
by double differential operation of these four SLC images. Therefore, sixteen displacement observations can
be obtained, among which the azimuth displacement observations from the ALOS-2 data contain serious
ionospheric delays and the descending Sentinel-1 POT azimuth observation contains serious decorrelations.

To calculate the three-dimensional (3D) co-seismic displacements, a InSAR-based Strain Model and Variance
Component Estimation method (SM-VCE)[J Liu et al. , 2018; J Liu et al. , 2019a] is used to combine the
remaining 11 displacement observations. The strain model represents the geophysical relationship between
adjacent points’ 3D displacements|Guglielmino et al. , 2011], and can be used to establish the observing
function between the 3D displacements at a target point and its surrounding observations within a window.
Compared with the traditional methods that calculate the 3D displacements of a target point based only
on observations on this point|Jung et al. , 2011; Wright et al. , 2004], the SM-VCE method can incorporate
context observations in the calculation. Besides, the relative weight of different observations in the SM-VCE
method is determined by the well-known variance component estimation method in a posteriori way[S W
Hu and Xiao , 2016], which is more accurate than the weight determined by some a priori information about
the observation noise.

Since the observations within a window are used to establish the observing function, in the final 3D displace-
ment field, it is possible for the SM-VCE method to fill in some gaps in the observations. Some band-shaped
signals are observed in the north-south displacement field, which can be attributed to the fact that the BOI
observations are only available in the burst overlap regions and more sensitive to the north-south component
than the east-west. In addition, one key point for SM-VCE method is the window size when establishing the
observing function based on the strain model. In the window, the displacement gradient is assumed to be
constant| Guglielmino et al. , 2011]. If the window size is too large, this assumption would be violated, while
if too small, there are insufficient data points to suppress the high-frequency noise (e.g., the random noise in
the Sentinel-1 POT azimuth observations). In this paper, the window size of 31x31 pixels is empirically de-
termined after comparing with the result of other window sizes. Besides, when calculating 3D displacements
for a target point near the fault rupture region, heterogeneous observations at both sides of the fault would
be included in the window, which is undesirable and would deteriorate the 3D displacements. In this paper,
the fault traces are manually mapped from the ascending Sentinel-1 POT LOS observation, and then used
to discard the observations within the window across the fault.
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Finite fault inversion

We derive the FFM with a simulated anealing inversion method [Ji et al. , 2002], which allows the joint
inversion of seismic waveforms and static deformation data. Since seismic and static data provide comple-
mentary constraints on the kinematic rupture process, joint inversion can greatly suppress trade-off among
model parameters.

The seismic waveform dataset includes teleseismic P and SH waves, regional broadband and nearby high-rate
GPS waveform records. We download teleseismic waveform data from IRIS (http://www.iris.edu) recorded
by the Global Seismological Network (GSN) that has the most uniform spatial coverage to provide best
teleseismic (30° - 90°) dataset for FFM inversion. We selected 42 P-waves and 39 SH-waves based on the
data quality and azimuthal coverage. Instrument responses are removed from the raw waveform data and
converted to displacement after a low-pass filtering with corner frequency of 1.0 Hz. Although 1Hz is relatively
high frequency for deterministic inversion, the waveforms are dominated by relatively low frequency energy.
We also use three-component 1Hz high-rate GPS waveform observaations recorded by 10 nearest stations
(Fig.S4), see Gao et al. [2021] for the detailed GPS data processing and data availability. The sampling rate
of the GPS data is 1 Hz, so in the inversion we filter these data to 0.02 to 0.4 Hz. Besides, three-component
displacement waveform records of 7 regional broadband stations are also included in the inversion (top traces
in Fig.S3). These broadband stations are part of the national broadband seismic network. Both the regional
and teleseismic Green’s functions are calcualted with a Tibet crustal velocity model proposed byL Zhu and
Helmberger [1996] using a frequency-wavenumber integration method[L P Zhu and Rivera , 2002].

We use 6 down-sampled InSAR and SAR datasets in the joint inversion. We did not inlcude all the datasets
in Fig.S1 in the inversion, only the images that have high data quality are used. For InSAR data, we solve for
quadratic ramps in the inversion to correct for orbital errors. The static green’s functions at free surface are
calculated by using the same 1D velocity model[L Zhu and Helmberger , 1996] as for the dynamic Green’s
function.

To parameterize the finite fault model, we divide the rectangle fault plane into smaller sub-faults and solve
for the slip amplitude and direction, risetime and rupture velocity on each sub-fault. For each parameter,
we specify the bounds and a discretization interval. The bounds and increments are selected based on trial-
and-error. We define the misfit function as:

Ewt + WixE; + WgxS + Wy xM

where Ey¢ is the waveform misfit. E; is the geodetic misfit, S is a normalized, second derivative of slip
between adjacent patches (smoothing), M is a normalized seismic moment, and Wy, Wg and Wy are the
relative weighting for the geodic misfit, smoothing, and seismic moment, respectively. In the joint inversion,
the relative weighting is realized by normalizing the misfit of each dataset by the misfit derived by inverting
the individual dataset. Based on our previous experiences (e.g. [Wei et al. , 2011]) we set the weight for
the geodetic misfits double that of the waveform misfits. A simulated annealing algorithm[.Ji et al. , 2002] is
adopted to find the best fitting model parameters in the joint.

We set the sub-fault size to be 3 km x 2 km, constrain the rake angles to be between -45° to 45°, and allow
rupture velocity to vary between 3.0- 2.0 km/s, as guided by the back-projection results. We also assume
the risetime to be an arc of the cosine function and to vary between 1.0 and 9.0 s with 0.8 s steps. The slip
amplitude can change from 0 to 6 m. Note that the selection of rupture speed range is narrowed down by
the BP results, which can reduce the trade-offs between rupture speed and risetime.

We use 10 fault segments (Table S2) to mimic the primary variations of strike as revealed in the 3D de-
formation (Fig.S2). The dip direction and dip angle of these fault segments are determined by fitting the
geodetic observations and the aftershock distribution. We then conduct joint inversion of waveform data
and the geodetic data. Our preferred finite fault model is presented in Fig.2a and Fig.3, with the waveform
fittings presented in Fig.S3-5 and the geodetic data fitting shown in Fig.S6-8. As shown in these figures, both
datasets are very well fitted. To further verify the quality of waveform fitting, we also convert the horizontal
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components of the high-rate GPS waveform to velocity and filter them to 0.02 to 0.4 Hz, which still show
good agreements between data and the synthetics (Fig.S4a). At broadband, both the dynamic waveforms
and the static offsets in these GPS data are also well-fitted (Fig.S4b).

Multiple Point Source Inversion

To constrain the first order complexity of the rupture process of the Maduo mainshock, we conduct a
multiple point source (MPS) inversion|Q Shi et al. , 2018] using nearby high-rate GPS waveforms, regional
broadband waveforms and teleseismic body waves. The same high-rate GPS data used in the FFM inversion
are adopted here. We download the teleseismic broadband data from the Incorporated Research Institutions
for Seismology (IRIS) data centre and regional broadband data (within the epicentre distance of 800 km) from
China Earthquake Networks Centre (CENC). We remove the instrument response for the downloaded data
and select 61 regional broadband stations and 49 teleseismic stations with relatively even azimuthal coverage
based on their coordinates (Fig. S9) and data quality (e.g., signal to noise ratio, whether the waveform is
clipped).

We conduct MPS inversion using the Markov Chain Monte Carlo (MCMC) sampling algorithm that is
proposed by [@Q Shi et al. , 2018|. Considering the different site condition and 3D velocity structure, we
apply station-dependent filtering to the regional and teleseismic waveforms. At the same time, we apply
broader band for the high-rate GPS waveforms. The determination of frequency ranges is initially based on
the similar degree of complexities of the observations and synthetics. We then conduct the MPS inversion
in an iterative fashion and further refine the frequency ranges with updated MPS solutions. We start the
inversion using three point-sources, and then gradually increase to seven sources. Here, we show the optimal
waveform fitting is achieved using six point-sources.

The rupture process of the Mw7.4 earthquake is well represented by six point-sources (Figure 2 and Figure
S10-12). The statistics of waveform cross-correlation coefficients are shown in Figure S13. The first subevent
(Mw7.07) is located near the epicentre of the earthquake, only about 7 km to the southeast. The following
subevents show a bilateral rupture processes, with two subevents (Mw6.95 and Mw6.55) located to the west
and the other three (Mw6.93, Mw6.84 and Mw6.83) located to the east of the first subevent. We add together
the moment-weighted moment tensor of the six subevents to calculate the cumulative moment tensor, which
shows a relative small compensated linear vector dipole (CLVD) component. It should be noted that the
CLVD percentage in the cumulative moment tensor is mainly contributed by the oblique north-dipping
subevent that is located near the west end of the fault.

Back-projection

We back-project teleseismic high frequency waveform data recorded by the Australian (AU) and European
(EU) arrays (Fig. S14) to image the rupture process of the Maduo earthquake. Traditionally, beginning
portion of the array P-waves is align to calibrate the 3D velocity structure and this calibration is applied
to the rest of the rupture area. However, due to 3D velocity structure at the source side, the calibration
obtained for the beginning portion may not be sufficient for later part of the rupture that are located further
away from the epicenter. To handle this issue and improve the BP resolution, we apply a new travel-time
calibration strategy [Zeng et al. , 2022] to the MUltiple Slgnal Classification BP method[Meng et al. |
2011; Zeng et al. , 2020] to better resolve the high-frequency (HF) radiation of the 2021 Mw 7.4 Maduo
earthquake. To understand the performance of the new calibration and derive an uncertainty estimation,
we use the conventional calibration and the new calibration strategy to relocate M>5 earthquakes, mostly
aftershocks, that are located near the surface rupture. The BP locations of these events are then compared
with the relocation results from [W Wang et al. , 2021] (Fig. S15). We first note that in both conventional
and calibrated BP relocation results, events located to the west/east of the mainshock hypocenter have large
mis-relocation in AU/EU arrays, respectively. Considering that in the calibrated BP we assume velocity
heterogeneities bias travel-time error linearly, this mis-relocation pattern change around the mainshock
epicenter may indicate some structural heterogeneities here. Compared with relocation from conventional
BP, relocation from the calibrated BP using EU data can better match the catalog location in west of
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the epicenter. Relocation from the calibrated BP using AU data has similar resolution as conventional BP.
Considering the different mis-location pattern we observed, therefore, to reach higher resolution, we use AU
and EU arrays to image the east and west propagation ruptures, respectively. And the average mis-location
results in a lower bound uncertainty estimation of 7.5 and 4.5 km for calibrated BP using AU and EU array

data.
Supplementary Tables and Figures
Table S1. The detailed information of the SAR data used in this paper

Spatial per- Pixel
pendicular resolution
Orbit Master and  baseline Wavelength  Incident Azimuth (m) (range  Imaging
Sensor direction slave date (m) (cm) angle (deg.) angle (deg.) x azimuth) mode
Sentinel-1 Asc 20 May 54 5.6 39.5 -13.0 2.33x13.98  TOPS
2021 26
May 2021
Sentinel-1 Des 20 May 109 5.6 39.6 -167.0 2.33x13.98  TOPS
2021 26
May 2021
ALOS-2 Asc 25 May -190 23.6 36.2 -12.7 4.29%3.78 Strip-m
2020 24
May 2021
ALOS-2 Des 4 Dec. 2020 197 23.6 39.0 -170.0 8.58x%2.60 ScanSA
4 Jun. 2021

Table S2 strike and dip angles of the 10 fault segments used in finite fault inversion.

No. Seg 1 2 3 4 ) 6 7T 8 9 10

Strike(®) 275 288 284 293 268 285 96 82 115 93
Dip(°) 7™ 8 70 70 8 8 8 80 80 80

Table S3 Multiple-Point-Source solution for the Maduo Earthquake

event No. Lon.(°) Lat. (°) Dep. (km) Strike (°) Dip (°) Rake (°) Mw Centroid Time (s)

M1 97.6642 34.7567 3.37 268 56 -43 6.55 26.8
M2 97.9043 34.7198 6.10 278 67 -3 6.95 21.7
M3 98.4944 34.6256 7.81 290 88 -1 7.07 7.3

M4 98.7055 34.5250 7.82 283 81 3 6.92 14.0
M5 99.0050 34.5197 5.26 106 89 2 6.84 21.9
M6 99.0494 34.4505 4.48 282 89 0 6.83 24.8
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Figure S1. Displacement observations along the LOS and azimuth directions from ascending/descending
(Asc/Des) Sentinel-1/ALOS-2 SAR data based on the DInSAR, POT, MAI, and/or BOI methods. Longer
and shorter arrows represent the azimuth and LOS directions, respectively, the red arrow corresponds to the
observing direction of each observation. The purple lines show the location of ruptured fault traces.
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Figure S2. 3D co-seismic displacements of the 2021 Maduo earthquake calculated by the SM-VCE method.
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Figure S3. Displacement waveform fits between high-rate GPS, broadband regional observations (black) and
the synthetics (red). Both data and synthetics are filtered to 0.02 — 0.4 Hz. The largest amplitude in the
data for each component is shown at the end of each waveform pair.
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Figure S4. Velocity and broadband displacement waveform comparison between data and the synthetics.
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Figure S5. Teleseismic waveform fits for P (vertical) and SH waves. Both data (black) and synthetics are in
displacement, with the maximum amplitude of data in micro-meter indicated at the end of each waveform
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pair. Station ID and component name are indicated at the beginning of each trace, next to the epicenter
distance (lower) and azimuth (upper) in degree. The beach ball represents the equivalent moment tensor
from finite fault model, with the projection of P-wave stations shown as blue circles and SH-wave stations

shown as red circles.
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Figure S6. Data fits from the joint inversion for three InSAR interferograms. The data is shown at the
bottom row with track names indicated at the top of each panel. The middle row shows the synthetics and
the differences between data and synthetics are presented at the top row.
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Figure S7. Data fits from the joint inversion for three SAR images. The data is shown at the bottom row
with track names indicated at the top of each panel. The middle row shows the synthetics and the differences
between data and synthetics are presented at the top row.
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Figure S9. (a) Teleseismic station distribution used in MPS inversion, colored by the higher corner frequency
used to filter the P-waves. (b) Regional broadband stations (red text) and high-rate GPS stations (blue
triangles) that are used in the MPS inversion. Red star indicates the epicenter and the red line indicates the
fault trace of the 2021 Mw7.4 Maduo earthquake.
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Figure S10, Preferred MPS solution of the 2021 Mw7.4 Maduo earthquake that composes of 6 sub-events.
(a) Double-couple solution of each sub-event, multiple lines in the beach balls represent the last 100, 000
samples in the inversion. The color of each sub-event is corresponding to that in (b), (d) and (e). (b)
Source time function of each sub-events. The total source time function is indicated by the orange line. (c)
Variance reduction shown as a function of number of iterations in the MCMC inversion. (d) Map view of
the subevents, the locations of the last 100,000 iterations are also shown as circles. Epicenter is shown as
the star and the red lines represent the surface rupture traces derived from the geodetic data (e) Depth view
of the solution along the P-P’ profile.

22



50.0 90.0
(a) (b) |
80.0
40.0 70.0
& 60.0 i
30.0
) 500
= 1
40.0
5200
o 30.0
[
100 20.0
r‘'-‘-'-I-|_|-|—|J"—"'-L 10.0 _,_rrL‘-rlJ-Ll—n.._ -F{
0.0 J|1J - 0'87 -y
260.0 270.0 280.0 290.0 0.0 400 500 600 700 800 900
Strike (degree) Dip (degree)
30.0 50.0
(c) (d)
40.0
X200
> 30.0
o
=
)
o 20.0
Q100 1
u‘ -
I 10.0
004= r a3 0,0 L= -
~60.0 -30.0 0.0 30.0 270.0 280.0 290.0 300.0 3100

Rake (degree)

Slip direction (degree)

Figure S11. MCMC samples of strike (a), dip (b), rake (c) and north-wall horizontal slip direction (d) of
the six sub-events of the MPS solution in the last 100,000 iterations. See Fig.S9 for the color and location
of each subevent.

23



Data may be preliminary

preprint and has not been peer reviewed

10511832.1 | This

10.1002 /¢

doi.or

d on 21 Nov 2022 | CC-BY-NC-ND 4 | https

Poste

35.0°

34.5%

________________________________________________

S S LA LA LA L

Az=40° el

O NG | N NN .

Figure S12. Sub-event sensitivities and E-W component waveform decompositions of the nearby four high-
GPS stations. (a) Map view of the six sub-events and high-rate GPS waveform fitting where filtered data is
shown in black, synthetics are shown in red and cross-correlations coefficients (CC) are indicated alongside.
Each GPS station is mostly sensitive to the subevents connected with straight lines to the station. (b)
Decomposed sub-event synthetics (red waveforms of each column) show dominant contributions to different
GPS stations and represent their strong necessity in explaining the data (black). Station name, epicenter
distance and azimuths are listed on the left.
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Figure S13. Quality of MPS data fitting and comparison on the total number of MPS sub-events. (a)
The variance reduction is being improved during the MCMC inversion processes of 5-, 6- and 7-sub-events,
before it reaches a ‘plateau’. The optimization efficiency is greatly improved by using 6-sub-events compared
to 5-sub-events, but the improvement is less evident when using 7-subevents. (b)-(f) Statistics of cross-
correlation coefficients of high-rate GPS, regional Pnl, regional surface wave, teleseismic P and teleseismic
S wave components shows systematic improvement of using 6-sub-events compared to 5-subevents. 7-sub-
events shows better fits to teleseismic data but poorer fits to local GPS and regional waveform observations.
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Abstract

Fault geometric complexity plays a critical role in earthquake rupture dimension.
Fault bifurcations are commonly observed in earthquake geology, yet, robust
kinematic rupture processes on bifurcated fault branches are largely missing,
limiting our understanding of rupture dynamics and seismic hazard. Here, we
holistically study the fault geometry and bilateral rupture of the 2021 Mw7.4
Maduo, China earthquake, that shows clear fault bifurcation near its eastern ter-
minal. We integrate space geodesy imaging, back-projection of high-frequency
teleseismic array waveforms, multiple point source and finite fault inversions,
and constrain in detail the rupture process, in particular, through its fault bi-
furcation. Our models reveal a stable rupture speed of ~2.5 km/s throughout
the entire rupture and a simultaneous rupture through fault branches bifurcated
at 20°. The rupture on bifurcated faults radiated more high-frequency waves,
especially from the stopping phases. The stopping phase on the southern branch
likely stopped the rupture on the northern branch.

Plain Language Summary

Earthquake is produced by sudden shear dislocation across the fault. The ge-
ometric complexity of fault structure, such as bend, step-over, branching and
bifurcation, play important roles in determining the final rupture dimension



(hence the magnitude) of the earthquake, as they can easily produce stress
heterogeneity on the faults. Although geological and recent space geodetic ob-
servations have well-recorded the fault geometry complexity, detailed spatial
and temporal evolution of rupture through such fault segments, especially fault
bifurcations, are rarely well-imaged. In this study, we integrate broadband seis-
mic waveform and geodetic observations for the 2021 Mw7.4 Maduo earthquake
in China, and process and model them with a set of tools, to produce a high
resolution rupture model for the earthquake. The preferred model reveals a near
constant rupture speed of 2.5 km/s throughout the entire rupture, and resolves
the detailed rupture process through the bifurcated fault segments at its eastern
terminal, where the termination of the rupture on the southern branch stopped
the rupture on the northern branch.

Key Points

1. Geodetic imaging, back-projection, multiple point source and
finite fault inversions are conducted for the Maduo earthquake

2. We show a stable rupture speed (~2.5km/s) of the entire rupture
and a simultaneous rupture through bifurcated fault branches.

3. The stopping phase on the southern branch likely stopped the
rupture on the northern branch.

Introduction

Fault bends, branches, and step-overs play critical roles in the nucleation, propa-
gation, and termination of earthquake ruptures [Ji et al., 2003; King and Nabélek,
1985; Qiu et al., 2016; Wesnousky, 2006]. Fault branching and bifurcation are
commonly observed for strike-slip earthquakes in fault mapping [e.g. Sieh et al.,
1993] and more recently in high-resolution space geodesy images [e.g. Wei et al.,
2011]. To explain these observations, structure evolution models [ Wesnousky,
1988; 2008], theorical analysis [Poliakov et al., 2002], dynamic simulation mod-
els [Kame et al., 2003], as well as lab experiments| Templeton et al., 2009] have
been proposed. It has been shown that prestress conditions, rupture speed, and
bifurcation angle all impact rupture evolution through fault branching and bifur-
cation [Aochi et al., 2002; Douilly et al., 2020; Duan and Oglesby, 2007; Kame et
al., 2003; Poliakov et al., 2002]. These theorical and numerical modeling results
show a wide spectrum of rupture scenarios. However, to date, to the best of
our knowledge, the details of kinematic rupture processes of such fault bifurca-
tion and branching have not been reported. This may be partially accounted
for by the fact that the slip on these faults is relatively small compared with
the largest slip patches of the rupture, and seismological inversions are usually
dominated by the larger slip patches, unless very near-fault seismic observations
are available [Ji et al., 2003].

The left-lateral strike-slip Mw7.4 Maduo earthquake occurred on May 215, 2021,
rupturing the near E-W oriented JiangCuo fault, which is located within the
Bayan Har block [Zhan et al., 2021] in the northeastern Tibetan Plateau (Fig.1b).



The earthquake was well-recorded in space geodetic images [He et al., 2022; J
Liu et al., 2022] and nearby static [M Wang et al., 2022a] and high-rate GPS
offsets [Gao et al., 2021]. Earlier reports of the earthquake show that this was
a bilateral rupture, which propagated ~80 km to both sides of the epicenter [He
et al., 2022; Ren et al., 2022; S Wang et al., 2022b]. While [K Chen et al., 2022]
derived a stable rupture speed of ~2.5km/s for the entire rupture, [Zhang et al.,
2022] and [Yue et al., 2022] reported a supershear speed for rupture towards
the east. Although various analyses have been reported for the earthquake, a
comprehensive investigation of the rupture process is still missing to resolve
the kinematic rupture details of the earthquake, especially at its eastern end
that shows clear fault bifurcation but reported with different rupture speeds.
To constrain the rupture details of the earthquake, here we adopt various data
processing techniques and kinematic inversion methods that cover a wide range
of observations. We pay special attention to the fault bifurcation and its seismic
wave radiation, thus aiming to shed new light on earthquake physics.

Geodetic observations

We process Sentinal-1 and Advanced Land Observation Satellite-2 (ALOS-2)
SAR data (Table S1) to derive 11 surface deformation images through DInSAR
(differential interferometric SAR)[Gabriel et al., 1989], POT (pixel offset track-
ing)[Michel et al., 1999], MAI (multiple aperture interferometry)[Bechor and
Zebker, 2006], and/or BOI (burst overlap interferometry)[Grandin et al., 2016)
methods (Fig.S1). These images provide high-quality and comprehensive spa-
tial coverage of the surface deformation produced by the earthquake. We then
use them to calculate the 3D co-seismic displacement with the Strain Model
and Variance Component Estimation method[J Liu et al., 2019b; J-H Liu et
al., 2017] (Supplement text-1). The high-resolution 3D surface deformation
shows sharp offsets across the fault, thus the surface rupture, continuously along
the near E-W oriented Jiangcuo fault (Fig.1b and Fig.S2), which agrees well
with the surface rupture mapping from field surveys [Ren et al., 2022]. The to-
tal surface rupture length is ~160 km, ~60 km longer than that predicted from
empirical relationships [Leonard, 2010; Wells and Coppersmith, 1994], suggest-
ing a relatively shallow rupture of the earthquake. The coseismic deformation
is dominated by left-lateral strike-slip motion (Fig.1a), and shows at least five
primary step-overs or fault bends (strike change > 10°) and one fault bifurca-
tion. The refined hypocenter of the mainshock [W Wang et al., 2021] is located
in the middle of the surface rupture trace very close to one of the primary fault
step-overs, where stress concentrations usually nucleate an earthquake rupture
[King and Ndbélek, 1985]. Interestingly, the epicenter is co-located with the in-
tersection between the Yellow River and the ruptured JiangCuo fault (Fig.2a),
although their relationship is not yet clearly understood. Larger surface defor-
mation is observed to the east of the epicenter, and therefore a stronger rupture
directivity effect is expected toward the east. Coseismic offsets are clearly ob-
served across the bifurcated fault branches near its eastern terminal (Fig.1a).

Fault geometry and finite fault inversion



We use the geodetic observations and the relocated aftershocks [W Wang et
al., 2021] to define the geometry of rectangular fault segments that will be
used in the finite fault model (FFM) inversion. Ten fault segments are needed
to mimic the first-order strike variations due to bending and bifurcation, as
shown in the geodetic observation (Fig.la and Fig.2a). These ten segments
are sub-vertical faults, as aftershocks are distributed quite close to the surface
rupture trace (Fig.2b), and the E-W deformations across the fault are nearly
symmetric (Fig.1b). Aftershocks are located mostly to the north of surface
rupture at fault segments 1-6 while aftershocks are distributed primarily to the
south of surface rupture at fault segments 7-10. Based on this relative location
between seismicity and surface rupture trace, we set the dipping direction of
fault segments 1-6 and 7-10 towards north and south, respectively (Fig.2). Note,
that the seismic stations used in earthquake relocation study are distributed
quite uniformly in the source region [W Wang et al., 2021]. Therefore, we can
rule out the systematic location bias between the seismicity to the west and east
of the epicenter. Geodetic-only inversions can then be conducted to determine
the dip angle of each fault segment (Table S2).

Based on this fault geometry, we jointly invert geodetic data, nearby high-rate
Global Positional System (GPS) waveforms, regional broadband waveforms and
teleseismic body waves using a finite fault inversion method [Ji et al., 2002] to
recover the kinematic rupture history and slip distribution on the fault segments
(Supplement text-2). We divide the rectangular fault segments into 3 km x
2 km patches, and invert for the slip amplitude, slip direction, rupture time and
rise time on each patch. A Laplacian smoothing algorithm is applied for the slip
distribution during the inversion. High-quality nearfield geodetic and high-rate
GPS observations greatly suppress the trade-offs between the parameters in the
inversion.

Our preferred FFM is presented in Fig.2b in a map view and in Fig.3 as a
depth view along the strike. This model produces excellent fits to both seismic
waveforms (Fig.S3-5) and static surficial deformations (Fig.S6-8), suggesting a
reliable model resolution. Most of the slips are distributed at the depth shallower
than 8 km except for S5 and S6, where slips are as deep as 15 km. Interest-
ingly, the distribution of the aftershocks also shows a gap at S5 and S6 (Fig.2b
and Fig.3d), indicating the rupture released most of the stress accumulated in
the entire seismogenic zone, which has a depth of ~15 km. On the other seg-
ments, where the seismogenic zone is only partially ruptured, aftershocks are
much denser, and distributed in the depth range of 5-15 km, showing a clear
complementary feature with the coseismic slip distribution (Fig.3d), similar to
that observed for other strike-slip earthquakes (e.g., [Wei et al., 2011]). The af-
tershocks were most likely triggered by down-dip post seismic slip and Coulomb
stress change imposed by coseismic slip. Therefore, slip deficit happens both
at shallow [Jin and Fialko, 2021] and at greater depths, that is, at the upper
and lower bounds of the seismogenic zone. The equivalent moment tensor of
the FFM shows relatively small non-double-couple component (Fig.3b), which
is highly similar to that from multiple point source solution (see next section).



Our equivalent moment tensors are more similar to the GCMT solution, includ-
ing the Mw, but much more different from the W-phase solution, in which the
east-west oriented fault plane has a shallower dip angle (67°) and quite strong
normal faulting component in rake (-40°). It appears that a reliable FFM of
Maduo earthquake provides an independent verification to the global moment
tensor solutions.

There are substantial slip distributions on the two branches of the bifurcated
fault, where the moment magnitude of the northern branch (S7-8, Mw6.8) is
slightly larger than that on the southern branch (S9-10, Mw6.7). The sizable
and comparable moment distribution on the two branches is a key feature that
allows robust resolution on their ruptures. The waveform observations on high-
rate GPS station HSHX exhibit a clear frequency-dependent feature that the
rupture from the bifurcated branches (S7-10) produced more high-frequency
seismic waves than that from earlier ruptures (S1-6) (Fig.4). HSHX station is
located at almost the same distances away from S4-10 (Fig.2b), therefore the
geometric spreading induced attenuations at HSHX are similar for ruptures on
these fault segments. If we assume pure strike-slip motion uniformly distributed
on these fault segments, we would expect stronger seismic waves from S4-6 as the
azimuth of HSHX is closer to the strongest SH-wave radiation direction of S4-6.
Indeed, in the displacement waveforms, which are dominated by low-frequency
energy, seismic waves excited from S1-S6 show larger amplitudes than those
from S7-10, as shown in the synthetic waveform decompositions (Fig.4). How-
ever, in velocity waveforms, in which higher-frequency features are presented,
the waveform amplitudes from S7-S10 are larger than those from S1-S6. This
suggests that S7-10 radiated more high-frequency waves than those on the other
fault segments. Note that the displacement waveforms are dominated by the
periods of 10 - 20 s, while the velocity waveforms show stronger energy at 5 -
10 s. We did not fit the N-S velocity waveform as good as the E-W component
for the rupture from S7-10 (highlighted by circles in Fig.4). This portion of the
waveform shows more high frequency energy in the N-S component than the
E-W component. This larger misfit to the higher frequency waveform is likely
because our FFM inversion is dominated by relatively low frequency energy in
the observations.

Multiple point source solution

The key rupture characteristics of the Maduo earthquake are further confirmed
at the intermediate frequency bands, with a multiple point source (MPS) inver-
sion method [Q Shi et al., 2018] using high-rate GPS waveforms, regional broad-
band waveforms, and teleseismic body waves (Fig.S9) (Supplement text-3).
An MPS solution usually uses 2-10 pure dislocation point sources to approxi-
mate the complex fault geometry and the rupture process of a large earthquake
([e-g. Duputel et al., 2012]). Compared with a finite fault model, a smaller num-
ber of MPS parameters can resolve the most robust earthquake rupture features
at 0.2 Hz and lower frequencies for the Maduo earthquake. In this frequency
range, we find that 6-point sources (M1-M6, table S3, Fig.S10-13) are needed



to adequately approximate the first order geometry and rupture complexity of
the earthquake.

Our preferred MPS solution is presented as beach balls in map view (Fig.2) and
depth profiles (Fig.3), with M1-2 and M3-6 located to the west and east of the
epicenter, respectively. Uncertainty distributions of the solution (Fig.S10-11)
show that the location, starting time, length and shape of the source time func-
tion, and focal mechanism parameters are well resolved, mostly owing to the
constraints of nearby high-rate GPS observations. Fig.S12 presents the decom-
position of synthetics from each sub-events in fitting the closest high-rate GPS
stations, which demonstrates the sensitivity and variation of the contributions
from different stations. The centroid depths of M3 (7.8 km) and M4 (7.8 km)
correspond to deep ruptures on fault segments S4-6, while M1, M2, M5, and M6
(3-6 km) indicate relatively shallow ruptures. This is highly consistent with the
FFM slip distribution (Fig.3). The summation of source time functions from
the MPS solution also highly resembles the FFM moment-rate function, except
for several high-frequency features, which is expected, as we use lower-frequency
waves in the MPS inversion. Interestingly, M5 and M6 are located on the north-
ern and southern branches of the fault bifurcation, respectively. The strike of
E-W oriented fault plane of M5 is ~10 degrees counter-clockwise to the strike
of M6 (Fig. S11), roughly consistent with the strike difference between the two
fault branches. The source durations of M5 and M6 are shorter than those of
the other sub-events (Fig.S10b), as also shown in the waveform decomposition
in fitting the closest high-rate GPS data, where M5 and M6 show sharper pulse
in fitting the later portion of E-W component at HSHX station (Fig.S12). This
shorter source time function feature is in line with more high-frequency energy
radiation from the bifurcation rupture as revealed by the FFM model and the
following back-projection analysis.

Back-projection rupture process imaging

To resolve its high frequency radiation and the rupture speed of the Maduo
earthquake independent from FFM and MPS solutions, we perform a MUltiple
SIgnal Classification (MUSIC) back-projection (BP) analysis|Meng et al., 2011;
Zeng et al., 2020] using high-frequency (0.3-1.0 Hz) teleseismic P-waves recorded
by the European array (EU) and Australian array (AU) (Supplement text -
4). To take into account the potential impact of the 3D source-side velocity
structure on the travel time, we apply a path calibration algorithm using the
arrival times of mainshock and other nearby events, which was proved to be
necessary for more accurate BP analysis [Zeng et al., 2022]. The effectiveness
of the calibration is verified by applying it to the BP analysis of the M > 5
aftershocks. We compare the differences between the BP locations and the
refined epicenter locations for these events [W Wang et al., 2021]. Note that our
calibration events include the earthquakes away from the mainshock rupture
zone (Fig.S14), such selection was shown to be more accurate for travel time
error interpolation [Zeng et al., 2022]. After trying different groups of calibration
events, it appears that we need to use different calibration event combinations



to obtain high consistency between the calibrated BP locations and the refined
epicenters for the events located to the east and west of the mainshock epicenter,
respectively (Fig.S14-15). This calibration strategy works well for the EU and
AU arrays, as they can only resolve the rupture directivity towards west and
east, respectively, likely due to the Doppler effect from rupture directivity. We
consider the average difference between the BP locations and epicenters as the
location uncertainty of BP results, which is 7.5 km for AU array and 4.5 km for
the EU array.

Using this path-calibrated BP method, we derive the spatial and temporal evo-
lution of the mainshock rupture using EU and AU arrays. The results are pre-
sented as location of high-frequency radiators colored by their timing (Fig.2a).
BP results from the EU array reveal only the rupture directivity towards the
west, and the results from the AU array show only rupture directivity towards
the east. The locations of the BP results are mostly less than 10 km away from
the surface rupture, suggesting reliable solutions. The location of the large am-
plitude high-frequency radiators are highly correlated with the fault bends or
step-overs (Fig.2a), which also mark the boundaries of fault segments (Fig.3c).
This is because stress is usually concentrated at fault kinks and bends [King
and Ndbélek, 1985], where coseismic slip distribution shows larger gradients (e.g.,
Fig.3d). Such complementary feature between BP result and slip distribution
also presents in the moment-rate vs BP power plot (Fig.3a), where the peaks of
BP power always locate at the edges of moment-rate peaks.

With the timing and location of the high-frequency radiators, the rupture speed
of the earthquake can be derived (Fig.5), which shows a speed of 2.4 km/s
towards the west and of 2.5 km/s towards the east. These rupture speeds are
quite stable throughout the rupture and highly consistent with the result from
FFM and MPS inversions. Given that the shallow part (<6 km, where most of
the slip took place) of the crust has a shear wave (Vs) velocity of 2.7 km/s [L Zhu
and Helmberger, 1996], these rupture speeds are roughly 90% of Vs speed, that
is, of the Rayleigh wave speed. Note, that to the west of the fault bifurcation,
the BP results show a gap that almost overlaps with the gap in the aftershock
seismicity (Fig.3). The coseismic rupture of this fault segment is deeper, as
shown on fault segment S6 in the FFM, and smoother, as shown in the waveform
decomposition (Fig.4), than the rupture on the other fault segments. Such a
smoother rupture could be explained as more uniform stress distribution and/or
smoother fault geometry [Z Shi and Day, 2013]. As the rupture propagated
through the junction of bifurcation, high-frequency radiators started to appear
on both fault branches, with their amplitudes increasing gradually as the rupture
propagated on each of the fault branch (Fig.2a). Enhanced higher-frequency
radiation from the bifurcated fault branches (segments S7-10) is consistent with
the waveform decomposition analysis of the high-rate GPS data recorded at
HSHX station (Fig.4 and Fig.S12). But note, that GPS velocity waveforms are
dominated by the ~0.2 Hz energy, while the BP results are derived at ~1.0 Hz.
It is interesting to see that the largest amplitude of high-frequency radiators
on the bifurcated fault branches are located at the end of each fault branch



(Fig.2a inset). The timings of these peaks are also consistent with the end of
the rupture time, as shown in both the MPS source time function and FFM
moment-rate function (Fig.3a). Therefore, we propose that the large amplitude
high-frequency radiators on each fault branch were produced by the stopping
phase of the rupture [Savage, 1965]. Rupture on the southern branch (S10)
stopped ~5s earlier than the rupture on the northern branch (S8) (Fig.3a and
Fig.5b). As shown in the surface deformation image (Fig.2a), the distance
between the rupture tips on the two fault branches is ~15 km, which corresponds
to ~bs for the S-wave of the stopping phase to travel between the two fault tips.
It is therefore likely that the stopping phase on the southern branch (S10), which
produced negative Coulomb stress change on the northern branch (S8), therefore
stopped the rupture on S8. From the timing and location of the BP results, we
show that the rupture propagated simultaneously on the two branches of the
bifurcation.

Discussion

Multiple datasets and results derived from various inversion methods show that
the 2021 Maduo earthquake ruptured simultaneously on the two branches of the
fault with a branching angle of ~20°. However, numerical simulations suggest
that simultaneous rupturing on both fault branches is usually difficult where
the branching angle is narrow, due to strong stress interactions between faults
[Aochi and Fukuyama, 2002; Kame et al., 2003]. The dynamic stress interac-
tion (or dynamic rupture weakening) plays an important role during earthquake
ruptures. Given the stress shadow imposed by the rupture on the other fault
branch, rupture through a fault bifurcation that has a narrow branching angle
is most likely be simultaneous. Suppose that one of the fault branches ruptures
earlier; then the Coulomb stress change on the other fault segment will pro-
hibit its rupture. Only when the ruptures propagate simultaneously through
the two fault branches (e.g., Fig.5¢c), back and forth slip of the fault segments
could be avoided. Because the two sides of the wedge block have opposite slip
directions (Fig.5c), the final dislocation of this block is smaller than that to the
north and south of the block (e.g., Fig.1a inset). Numerical simulations also
suggest that a simultaneous rupture is promoted when the friction coefficients
are low [Aochi et al., 2002]. However, we observe more high-frequency radia-
tion from the bifurcated fault branches, which indicates rougher fault friction.
More high-frequency energy released on the branched faults could also be an
indication of more energy dissipation, which could eventually lead to the termi-
nation of the rupture. Also note, that the bifurcated fault branches are located
within slightly higher mountain ranges, suggesting the rupture could have prop-
agated from one geological unit to another [Ren et al., 2022], which could also
be a reason for different fault friction. The rupture speed of the Maduo earth-
quake was quite stable around 2.5 km/s, which is in contrast with supershear
rupture speed derived from the other BP analysis [Yue et al., 2022; Zhang et
al., 2022]. The primarily reason for this discrepancy could be that we applied
travel time path calibrations (see more details in [Zeng et al., 2022]) but the
other BP studies did not. The rupture did not slow down at the bends and



step-overs. This is because all bends/step-overs are releasing bends/step-overs,
therefore normal stress decreased when rupture propagated through them, and
facilitating the rupture pass-through. Fault bifurcations with narrow branching
angle are quite common for strike-slip earthquakes (Fig.S16). The number of
fault segments and fault segment length of the Maduo earthquake, including
the bifurcated branches, fit well with statistics from [Klinger, 2010]. We there-
fore suggest that such simultaneous ruptures of the bifurcated fault branches
could be common during strike-slip earthquakes. Dynamic simulations have to
take into consideration complex fault geometry, specific stress conditions, and
frictional heterogeneities to properly estimate the relationship between rupture
through multiple fault segments.
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Figure 1. Regional tectonics and surface deformation. (a) E-W component
of the 3D surface deformation derived from space geodetic observations. The
green lines indicate the surface rupture mapped by [Ren et al., 2022]. The inset
shows the offset along the profile A-B. (b) Regional tectonics with major strike-
slip and thrust faults indicated by the heavy black lines. Earthquake moment
tensor for Mw>6.5 earthquakes in 1990 — 2022 are shown as beach balls, along
with magnitude and year of the event. Historical M>7.0 earthquakes in the
last 100 years are displayed as yellow circles. 2022 Mw7.4 Maduo earthquake is
highlighted by the red rectangle, defined as the same area as in (a).
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Figure 2 (a) Map view of the BP results derived from European Array (diamond)
and Australian array (circles). Surface rupture trace is indicated by the purple
line. Rectangles show the surface projection of the fault segments used in FFM
inversion. MPS solutions are indicated by beach balls with the sub-event ID. The
inset shows the E-W component of the 3D surface deformation at the eastern
terminal of the rupture, along the BP result. (b) Map view of the slip model,
displayed with the relocated aftershocks [W Wang et al., 2021] that are colored
by their depth. Circles are proportional to the magnitude of the aftershock.
Fault segment numbers used in FFM inversion are indicated as S1-10. Triangles
indicate the high-rate GPS stations that are used in the FFM inversion. The
arrows connected to station HSHX roughly show the distance differences from
the station to various fault segments.
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Figure 3, dynamic rupture models. (a) Shaded curve represents the moment-rate
function of FFM, summed source time function of MPS solution is indicated by
the red line, and BP power from Australian array (circle) and European array
(diamond). (b) Equivalent moment-tensors of FEM and MPS solutions, along
with that reported from GCMT and W-phase catalogs. (c) Depth profile of
the rupture model with the green star shows the hypocenter. Segment numbers
are indicated in the lower left corner of each segment (see Fig.2 for their map
view). Blue arrows show the rake angle of each sub-fault and contour lines
indicate the rupture time. The beach balls represent the MPS solution with
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the number above indicating the centroid time of the sub-event. BP results are
displayed below, with the same legend as shown in Fig.2. (d) Depth profile of
slip model displayed with the aftershocks (blue open circles) and MPS solution
(beach balls). The moment magnitude (above) and sub-event ID (below) are
shown with the beach balls.
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Figure 4. Waveform fits of the horizontal components for high-rate GPS station
HSHX in displacement (left) and velocity (right), with the synthetics in red and
data in black. All the waveforms are filtered to 0.02 — 0.4 Hz. Peak amplitude
of the data is indicated at the end of each waveform pair. Synthetic waveforms
are decomposed into the contributions from Seg.1 - 6, Seg.7 - 8 and Seg. 9 —
10. Dashed circles highlight the waveform segments that show different relative
amplitude to the earlier rupture between displacement and velocity waveforms.
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Figure 5. Rupture speed estimation from back projection and MPS inversion
results. (a) Spatial and temporal distribution of the high frequency radiators
derived from European array (diamonds) and Australian array (circles), plotted
relative to the epicenter location and time. Two straight lines indicate the

approximated averaged rupture speed towards east and west of the epicenter.

Vertical bars are the spatial errors of the BP results (see Supplement for more
details). (b) Overlaps of the BP and MPS results. Stars are the centroid location
of subevents in MPS solution. Shaded curves represent the source time function

of each subevent, both the stars and beach balls are colored by the centroid time.

The dashed line separates the high frequency radiators from the north and south
branches of the bifurcation rupture. (¢) A schematic cartoon shows the rupture
(red lines) propagation through the fault bifurcation. The sandwiched/wedge
block shows small eastward displacement because of the opposite motions from
the rupture on the northern and southern fault segments.

Supplementary Materials

1. Geodetic observations and three-dimensional co-seismic dis-
placements

Both Sentinel-1 and ALOS-2 (advanced land observation satellite-2) SAR data
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(see Table S1 for details) are used to obtain the co-seismic displacement obser-
vations of Maduo earthquake, where the DInSAR (differential interferometric
SAR)[Gabriel et al., 1989], POT (pixel offset tracking)[Michel et al., 1999],
MAT (multiple aperture interferometry)[Bechor and Zebker, 2006], and/or BOI
(burst overlap interferometry)[Grandin et al., 2016] methods are employed to
process these SAR images based on the GAMMA software. The SRTM (shuttle
radar topographic mission) 1-arc-second DEM (digital elevation model) data
is used here for correcting the topographic component and for assisting in co-
registration process. We apply the multi-look operation of 30x8, 8x20, and
5x32 (rangexazimuth) for Sentinel-1, ascending strip-map-mode ALOS-2; and
descending ScanSAR-mode ALOS-2 SAR images, respectively, and the final res-
olution of displacement observations is about 100mx100m. Particularly for the
descending ScanSAR-mode ALOS-2 data, there are five separate beams, and
each beam is separately processed based on the DInSAR, MAI and POT meth-
ods, then mosaiced together in the geographical coordinate system based on the
overlaps between adjacent beams.

The DInSAR interferograms are filtered by the adaptive filter based on local
fringe spectrum|Goldstein and Werner, 1998], and unwrapped by the minimum
cost flow method[C' W Chen and Zebker, 2002]. For the L-band ALOS-2 data,
due to its longer wavelength, the corresponding interferograms are contami-
nated with the ionospheric delays. For the ascending strip-map-mode ALOS-2
SAR images with small coverage, we correct the contained ionospheric delay
by first degree polynomials. For the descending ScanSAR-mode ALOS-2 SAR
images, we apply a range split spectrum method[Gomba et al., 2016] to mitigate
the ionospheric delay[J Liu et al., 2021]. Different from the DInSAR method
that can only obtain displacements along the LOS (line-of-sight) direction, the
POT method can obtain displacements along both the LOS and azimuth direc-
tions. Before the POT process of Sentinel-1 data, the SAR images should be
deramped| Wegmiiller et al., 2016]. To obtain the pixel offset, we employ a match-
ing window size of 128x128 pixels with the oversampling factor of two for all
SAR images, and use a second-order polynomial to fit the possible ramp based
on the signals in the far-field regions[J Hu et al., 2012]. Due to the significant
ionospheric disturbs, the POT azimuth displacements from the ALOS-2 images
can hardly recognize any valuable displacement signals. The signal-to-noise
ratio (SNR) of POT displacements is generally proportional to the spatial reso-
lution of SAR images, and may also be affected by the spatial baseline of SAR
images from the comparison between the ascending/descending Sentinel-1 POT
azimuth displacements. Similar to the POT azimuth observations of ALOS-2
data, the MAI observations are also seriously contaminated by the strip-shape
ionospheric disturbs. Due to the limited azimuth doppler bandwidth and spatial
resolution, the MAI method is not used for the Sentinel-1 data. For the BOI
method, it is only applicable for the Sentinel-1 data in the burst overlap area,
whose size is about 86kmx 1.5km (range xazimuth) accounting for about 7.5% of
a burst along the azimuth direction. For a target burst overlap area, four SLC
(single look complex) images can be obtained from the two successive bursts of
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the primary and secondary SAR images, and the BOI azimuth displacement is
derived by double differential operation of these four SLC images. Therefore,
sixteen displacement observations can be obtained, among which the azimuth
displacement observations from the ALOS-2 data contain serious ionospheric
delays and the descending Sentinel-1 POT azimuth observation contains serious
decorrelations.

To calculate the three-dimensional (3D) co-seismic displacements, a InSAR-
based Strain Model and Variance Component Estimation method (SM-VCE)[J
Liu et al., 2018; J Liu et al., 2019a] is used to combine the remaining 11 displace-
ment observations. The strain model represents the geophysical relationship
between adjacent points’ 3D displacements| Guglielmino et al., 2011], and can
be used to establish the observing function between the 3D displacements at a
target point and its surrounding observations within a window. Compared with
the traditional methods that calculate the 3D displacements of a target point
based only on observations on this point[Jung et al., 2011; Wright et al., 2004],
the SM-VCE method can incorporate context observations in the calculation.
Besides, the relative weight of different observations in the SM-VCE method
is determined by the well-known variance component estimation method in a
posteriori way[S W Hu and Xiao, 2016], which is more accurate than the weight
determined by some a priori information about the observation noise.

Since the observations within a window are used to establish the observing func-
tion, in the final 3D displacement field, it is possible for the SM-VCE method
to fill in some gaps in the observations. Some band-shaped signals are observed
in the north-south displacement field, which can be attributed to the fact that
the BOI observations are only available in the burst overlap regions and more
sensitive to the north-south component than the east-west. In addition, one key
point for SM-VCE method is the window size when establishing the observing
function based on the strain model. In the window, the displacement gradient
is assumed to be constant[Guglielmino et al., 2011]. If the window size is too
large, this assumption would be violated, while if too small, there are insuffi-
cient data points to suppress the high-frequency noise (e.g., the random noise
in the Sentinel-1 POT azimuth observations). In this paper, the window size
of 31x31 pixels is empirically determined after comparing with the result of
other window sizes. Besides, when calculating 3D displacements for a target
point near the fault rupture region, heterogeneous observations at both sides
of the fault would be included in the window, which is undesirable and would
deteriorate the 3D displacements. In this paper, the fault traces are manually
mapped from the ascending Sentinel-1 POT LOS observation, and then used to
discard the observations within the window across the fault.

1. Finite fault inversion

We derive the FFM with a simulated anealing inversion method [Ji et al., 2002],
which allows the joint inversion of seismic waveforms and static deformation
data. Since seismic and static data provide complementary constraints on the
kinematic rupture process, joint inversion can greatly suppress trade-off among
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model parameters.

The seismic waveform dataset includes teleseismic P and SH waves, regional
broadband and nearby high-rate GPS waveform records. We download tele-
seismic waveform data from IRIS (http://www.iris.edu) recorded by the Global
Seismological Network (GSN) that has the most uniform spatial coverage to
provide best teleseismic (30° - 90°) dataset for FFM inversion. We selected 42
P-waves and 39 SH-waves based on the data quality and azimuthal coverage. In-
strument responses are removed from the raw waveform data and converted to
displacement after a low-pass filtering with corner frequency of 1.0 Hz. Although
1Hz is relatively high frequency for deterministic inversion, the waveforms are
dominated by relatively low frequency energy. We also use three-component 1Hz
high-rate GPS waveform observaations recorded by 10 nearest stations (Fig.S4),
see Gao et al. [2021] for the detailed GPS data processing and data availabil-
ity. The sampling rate of the GPS data is 1 Hz, so in the inversion we filter
these data to 0.02 to 0.4 Hz. Besides, three-component displacement waveform
records of 7 regional broadband stations are also included in the inversion (top
traces in Fig.S3). These broadband stations are part of the national broadband
seismic network. Both the regional and teleseismic Green’s functions are cal-
cualted with a Tibet crustal velocity model proposed by L Zhu and Helmberger
[1996] using a frequency-wavenumber integration method[L P Zhu and Rivera,
2002].

We use 6 down-sampled InSAR and SAR datasets in the joint inversion. We did
not inlcude all the datasets in Fig.S1 in the inversion, only the images that have
high data quality are used. For InSAR data, we solve for quadratic ramps in the
inversion to correct for orbital errors. The static green’s functions at free surface
are calculated by using the same 1D velocity model[L Zhu and Helmberger, 1996]
as for the dynamic Green’s function.

To parameterize the finite fault model, we divide the rectangle fault plane into
smaller sub-faults and solve for the slip amplitude and direction, risetime and
rupture velocity on each sub-fault. For each parameter, we specify the bounds
and a discretization interval. The bounds and increments are selected based on
trial-and-error. We define the misfit function as:

Eyr + WixEp + WgxS + Wy xM

where E; is the waveform misfit. E; is the geodetic misfit, S is a normalized,
second derivative of slip between adjacent patches (smoothing), M is a normal-
ized seismic moment, and Wy, Wg and Wy, are the relative weighting for the
geodic misfit, smoothing, and seismic moment, respectively. In the joint inver-
sion, the relative weighting is realized by normalizing the misfit of each dataset
by the misfit derived by inverting the individual dataset. Based on our previous
experiences (e.g. [Wei et al., 2011]) we set the weight for the geodetic misfits
double that of the waveform misfits. A simulated annealing algorithm[Ji et al.,
2002] is adopted to find the best fitting model parameters in the joint.

We set the sub-fault size to be 3 km X 2 km, constrain the rake angles to be
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between -45° to 45°, and allow rupture velocity to vary between 3.0- 2.0 km/s,
as guided by the back-projection results. We also assume the risetime to be an
arc of the cosine function and to vary between 1.0 and 9.0 s with 0.8 s steps.
The slip amplitude can change from 0 to 6 m. Note that the selection of rupture
speed range is narrowed down by the BP results, which can reduce the trade-offs
between rupture speed and risetime.

We use 10 fault segments (Table S2) to mimic the primary variations of strike
as revealed in the 3D deformation (Fig.S2). The dip direction and dip angle of
these fault segments are determined by fitting the geodetic observations and the
aftershock distribution. We then conduct joint inversion of waveform data and
the geodetic data. Our preferred finite fault model is presented in Fig.2a and
Fig.3, with the waveform fittings presented in Fig.S3-5 and the geodetic data
fitting shown in Fig.S6-8. As shown in these figures, both datasets are very
well fitted. To further verify the quality of waveform fitting, we also convert
the horizontal components of the high-rate GPS waveform to velocity and filter
them to 0.02 to 0.4 Hz, which still show good agreements between data and
the synthetics (Fig.S4a). At broadband, both the dynamic waveforms and the
static offsets in these GPS data are also well-fitted (Fig.S4b).

1. Multiple Point Source Inversion

To constrain the first order complexity of the rupture process of the Maduo
mainshock, we conduct a multiple point source (MPS) inversion[Q Shi et al.,
2018] using nearby high-rate GPS waveforms, regional broadband waveforms
and teleseismic body waves. The same high-rate GPS data used in the FFM
inversion are adopted here. We download the teleseismic broadband data from
the Incorporated Research Institutions for Seismology (IRIS) data centre and
regional broadband data (within the epicentre distance of 800 km) from China
Earthquake Networks Centre (CENC). We remove the instrument response for
the downloaded data and select 61 regional broadband stations and 49 teleseis-
mic stations with relatively even azimuthal coverage based on their coordinates
(Fig. S9) and data quality (e.g., signal to noise ratio, whether the waveform is
clipped).

We conduct MPS inversion using the Markov Chain Monte Carlo (MCMC)
sampling algorithm that is proposed by [@ Shi et al., 2018]. Considering the
different site condition and 3D velocity structure, we apply station-dependent
filtering to the regional and teleseismic waveforms. At the same time, we apply
broader band for the high-rate GPS waveforms. The determination of frequency
ranges is initially based on the similar degree of complexities of the observations
and synthetics. We then conduct the MPS inversion in an iterative fashion and
further refine the frequency ranges with updated MPS solutions. We start the
inversion using three point-sources, and then gradually increase to seven sources.
Here, we show the optimal waveform fitting is achieved using six point-sources.

The rupture process of the Mw7.4 earthquake is well represented by six
point-sources (Figure 2 and Figure S10-12). The statistics of waveform
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cross-correlation coefficients are shown in Figure S13. The first subevent
(Mw?7.07) is located near the epicentre of the earthquake, only about 7 km
to the southeast. The following subevents show a bilateral rupture processes,
with two subevents (Mw6.95 and Mw6.55) located to the west and the other
three (Mw6.93, Mw6.84 and Mw6.83) located to the east of the first subevent.
We add together the moment-weighted moment tensor of the six subevents
to calculate the cumulative moment tensor, which shows a relative small
compensated linear vector dipole (CLVD) component. It should be noted that
the CLVD percentage in the cumulative moment tensor is mainly contributed
by the oblique north-dipping subevent that is located near the west end of the
fault.

1. Back-projection

We back-project teleseismic high frequency waveform data recorded by the Aus-
tralian (AU) and European (EU) arrays (Fig. S14) to image the rupture pro-
cess of the Maduo earthquake. Traditionally, beginning portion of the array
P-waves is align to calibrate the 3D velocity structure and this calibration is
applied to the rest of the rupture area. However, due to 3D velocity structure
at the source side, the calibration obtained for the beginning portion may not
be sufficient for later part of the rupture that are located further away from
the epicenter. To handle this issue and improve the BP resolution, we apply a
new travel-time calibration strategy [Zeng et al., 2022] to the MUltiple SIgnal
Classification BP method[Meng et al., 2011; Zeng et al., 2020] to better resolve
the high-frequency (HF) radiation of the 2021 Mw 7.4 Maduo earthquake. To
understand the performance of the new calibration and derive an uncertainty
estimation, we use the conventional calibration and the new calibration strat-
egy to relocate M>5 earthquakes, mostly aftershocks, that are located near the
surface rupture. The BP locations of these events are then compared with the
relocation results from [W Wang et al., 2021] (Fig. S15). We first note that
in both conventional and calibrated BP relocation results, events located to
the west/east of the mainshock hypocenter have large mis-relocation in AU/EU
arrays, respectively. Considering that in the calibrated BP we assume velocity
heterogeneities bias travel-time error linearly, this mis-relocation pattern change
around the mainshock epicenter may indicate some structural heterogeneities
here. Compared with relocation from conventional BP, relocation from the cal-
ibrated BP using EU data can better match the catalog location in west of the
epicenter. Relocation from the calibrated BP using AU data has similar res-
olution as conventional BP. Considering the different mis-location pattern we
observed, therefore, to reach higher resolution, we use AU and EU arrays to
image the east and west propagation ruptures, respectively. And the average
mis-location results in a lower bound uncertainty estimation of 7.5 and 4.5 km
for calibrated BP using AU and EU array data.

Supplementary Tables and Figures
Table S1. The detailed information of the SAR data used in this paper
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Sensor Orbit  Master Spatial Wavelengdiicident Azimuth Pixel = Imaging

direc- and per- (cm) angle angle resolu- mode
tion slave  pen- (deg.) (deg.) tion
date dicu- (m)
lar (range
base- X az-
line imuth)
(m)
Sentinel- Asc May x13.98 TOPS
1 2021
26
May
2021
Sentinel- Des May x13.98 TOPS
1 2021
26
May
2021
ALOS- Asc May x3.78  Strip-
2 2020 map
24
May
2021
ALOS- Des Dec. x2.60 ScanSAR
2 2020
4 Jun.
2021

Table S2 strike and dip angles of the 10 fault segments used in finite fault

inversion.

No. Seg 1 2 3 4 ) 6 T 8 9 10

Strike(®) 275 288 284 293 268 285 96 82 115 93
Dip(°) 7 8 Y0 70 8 8 80 80 80 80

Table S3 Multiple-Point-Source solution for the Maduo Earthquake

event No. Lon.(°) Lat. (°) Dep. (km) Strike (°) Dip (°) Rake (°) Mw  Centroid Time (s)
M1 97.6642 34.7567 3.37 268 56 -43 6.55 26.8

M2 97.9043 34.7198 6.10 278 67 -3 6.95 21.7

M3 98.4944 34.6256 7.81 290 88 -1 7.07 7.3

M4 98.7055 34.5250 7.82 283 81 3 6.92 14.0
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event No. Lon.(°) Lat. (°) Dep. (km) Strike (°) Dip (°) Rake (°) Mw  Centroid Time (s)

M5 99.0050 34.5197  5.26 106 89 2 6.84 21.9
M6 99.0494 34.4505 4.48 282 89 0 6.83 24.8

DInSAR POT_LOS BOI/MAI

Asc_Sentinel-1

35.0°N 34.0°N

34.5°N

Des_Sentinel-1

Asc_ALOS-2

Des ALOS-2

¢ ko

97.5°E 98.0°E 985°E 99.0°E 99.5°E

0.2

Figure S1. Displacement observations along the LOS and azimuth directions
from ascending/descending (Asc/Des) Sentinel-1/ALOS-2 SAR data based on
the DInSAR, POT, MAI, and/or BOI methods. Longer and shorter arrows
represent the azimuth and LOS directions, respectively, the red arrow corre-
sponds to the observing direction of each observation. The purple lines show
the location of ruptured fault traces.
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Figure S2. 3D co-seismic displacements of the 2021 Maduo earthquake calcu-

lated by the SM-VCE method.

24




EW 25cm NS 1.7cm ub 2.0cm

DUL ‘/\A/MVWM%% W\,\‘M&W&W
0.7 cm 0.6 cm 1.0cm
DCD '\MW/W ‘,_WA,\/\/JV\,W
1.6 cm 2.7cm 2.4cm
GOM WM A\/\AW\‘OW‘ ‘—A«——W
2.3cm 1.1cm 0.8cm
CAD «—-A/\/\/\MW M/\MA’W
2.3cm 2.2cm 2.3cm
HUY VWV M\/W——— V%Nw
2.7cm 1.4cm 0.8 cm
2.1cm 1.2cm 0.7 cm
TIJ \/\/\j\‘\pw\-— NMJWM&-M—-‘-’- W\/\\NWA
6.7 cm 6.7 cm 3.0cm
QHMD .%MW»M% /V\M"V\»A»-»«va—-— W"W“M"AV“AVA
11.6 cm 27.4cm 11.5cm
KANQ "wﬁ»“v——-«"w \/\\, M
1160m 10.6 cm 6.6 cm
JDUO /\I\N/A"\v"’"‘*-—* M”M‘*"b‘
4.4 cm 4.2cm 4.2cm

T007 .«/J\/\'\MVAV‘ MMV%M
9 4cm 5.8cm 7.8cm

BUDR P-w\/N\\NM—v.A,.a—.,- ﬂW“wA—w
21.3cm 20.0cm 9

5cm

GAND /“\f\‘v'—a- —’\Nﬁw«*——-———— W
11.0cm 13.7cm 5.0cm

BUJZ w‘\/\fw’-—«’-———«—- —’—\/\I\MM—-———- MN‘WWW
4.1cm 15.8 cm 1.9cm

GSMA Dw*‘*\/v\&b(ﬂvﬁ%’vév- ‘——/‘\/\MAM\—— MW@WWM
29cm 20.5cm 25cm

QHMQ w\r\/\[\mwv&wﬂv% /V\w\,.—*- WWW
3.7cm 10.8 cm 5.5cm

25
LAJA A\V%&Ww -./\/V‘\,.‘-sv———’-’ %W
7.1 cm 4.7cm 3.8cm

HSHX "/\/‘VWM \/”vawwa V/NW%MM

100 150 0 50 100 150 0 50 100 150

[y SRR | iy e ¥ iy e ¥



Figure S3. Displacement waveform fits between high-rate GPS, broadband re-
gional observations (black) and the synthetics (red). Both data and synthetics
are filtered to 0.02 — 0.4 Hz. The largest amplitude in the data for each compo-

nent is shown at the end of each waveform pair.
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Figure S4. Velocity and broadband displacement waveform comparison between

data and the synthetics.
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Figure S5. Teleseismic waveform fits for P (vertical) and SH waves. Both
data (black) and synthetics are in displacement, with the maximum amplitude
of data in micro-meter indicated at the end of each waveform pair. Station
ID and component name are indicated at the beginning of each trace, next
to the epicenter distance (lower) and azimuth (upper) in degree. The beach
ball represents the equivalent moment tensor from finite fault model, with the
projection of P-wave stations shown as blue circles and SH-wave stations shown
as red circles.
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Figure S6. Data fits from the joint inversion for three InSAR interferograms.
The data is shown at the bottom row with track names indicated at the top of
each panel. The middle row shows the synthetics and the differences between
data and synthetics are presented at the top row.
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Figure S7. Data fits from the joint inversion for three SAR images. The data
is shown at the bottom row with track names indicated at the top of each
panel. The middle row shows the synthetics and the differences between data
and synthetics are presented at the top row.
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Figure S8. 3D surface deformation and comparison with the prediction from
the preferred model. The synthetics are shown in the lower panels and the
observations are shown in the upper panels. Fault segments used in the finite
fault model are indicated by the rectangles and the red stars represent the
epicenter.
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Figure S9. (a) Teleseismic station distribution used in MPS inversion, colored by
the higher corner frequency used to filter the P-waves. (b) Regional broadband
stations (red text) and high-rate GPS stations (blue triangles) that are used in
the MPS inversion. Red star indicates the epicenter and the red line indicates
the fault trace of the 2021 Mw7.4 Maduo earthquake.
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Figure S10, Preferred MPS solution of the 2021 Mw7.4 Maduo earthquake that
composes of 6 sub-events. (a) Double-couple solution of each sub-event, multiple
lines in the beach balls represent the last 100, 000 samples in the inversion. The
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color of each sub-event is corresponding to that in (b), (d) and (e). (b) Source
time function of each sub-events. The total source time function is indicated
by the orange line. (¢) Variance reduction shown as a function of number of
iterations in the MCMC inversion. (d) Map view of the subevents, the locations
of the last 100,000 iterations are also shown as circles. Epicenter is shown as
the star and the red lines represent the surface rupture traces derived from the
geodetic data (e) Depth view of the solution along the P-P’ profile.
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Figure S11. MCMC samples of strike (a), dip (b), rake (¢) and north-wall
horizontal slip direction (d) of the six sub-events of the MPS solution in the last
100,000 iterations. See Fig.S9 for the color and location of each subevent.
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Figure S12. Sub-event sensitivities and E-W component waveform decomposi-
tions of the nearby four high-GPS stations. (a) Map view of the six sub-events
and high-rate GPS waveform fitting where filtered data is shown in black, syn-
thetics are shown in red and cross-correlations coefficients (CC) are indicated
alongside. Each GPS station is mostly sensitive to the subevents connected
with straight lines to the station. (b) Decomposed sub-event synthetics (red
waveforms of each column) show dominant contributions to different GPS sta-
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tions and represent their strong necessity in explaining the data (black). Station
name, epicenter distance and azimuths are listed on the left.
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Figure S13. Quality of MPS data fitting and comparison on the total num-
ber of MPS sub-events. (a) The variance reduction is being improved during
the MCMC inversion processes of 5-, 6- and 7-sub-events, before it reaches a
‘plateau’. The optimization efficiency is greatly improved by using 6-sub-events
compared to 5-sub-events, but the improvement is less evident when using 7-
subevents. (b)-(f) Statistics of cross-correlation coefficients of high-rate GPS,
regional Pnl, regional surface wave, teleseismic P and teleseismic S wave com-
ponents shows systematic improvement of using 6-sub-events compared to 5-
subevents. 7-sub-events shows better fits to teleseismic data but poorer fits to
local GPS and regional waveform observations.
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Figure S14. (a) Distribution of used stations in BP. Blue and red triangles
are stations in AU and EU arrays. (b-d) Used calibration events for conduct-
ing BP in AU (red stars) and EU (blue stars) arrays. The 201601201713 and
202004011223 events are a little bit far away from the main-shock rupture area,
so they are presented in different sub-figures.
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Figure S15. Relocation of near fault events (M>5) using the conventional BP

(a-AU, ¢-EU) and the new calibrated BP (b-AU, d-EU). White stars are events
in the source region with magnitude>5 from [W Wang et al., 2021].
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Figure S16. Surface rupture of several well-recorded strike-slip earthquakes in
the past few decades [Baize et al., 2020].
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