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Complex strike-slip faulting during the 2021 M,,7.4
Maduo earthquake

Guoguang Wei® ', Kejie Chen® '™, Mingzhe Lyu', Wenzheng Gong!, Luca Dal Zilio?, Lingling Ye' &
Hongwei Tu3

Fault geometry is an essential component for understanding earthquake genesis and dynamic
rupture propagation. Here we employed space-based geodetic observations and geological
survey, adopting a fully Bayesian approach, to probabilistically estimate the fault geometry of
the 2021 M, 7.4 Maduo earthquake. The fault is predominantly characterized by strike-slip
motions with three main geometry irregularities, reflecting the segmented pattern of the
earthquake rupture. On the west side of the epicenter, the fault exhibits north-dipping angles
(75-81°), whereas on the east side, it shows sub-vertical angles (82-87°). For the southeast
branch, geodetic inversion reveals an overall shallow-dipping (44 £ 5°) faulting, yet further
segmentation of the branch in the model and analysis of aftershock mechnism indicate that
the dip of the branch faults may vary between vertical and shallow angles. This finding
warrants confirmation through future underground observation data.These results suggest
that strike-slip faulting could occur on unsuitably orientated planes during any seismic event.
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geometry with multi-segment faults and variable strike and

dip over the entire rupture zone, e.g., the 2001 M,, 7.8
Kunlun! and the 2010 M,, 7.2 El Mayor-Cucapah? earthquakes.
Fault geometry provides vital information for a better under-
standing of earthquake nucleation and rupture propagation?.
While changes in strike directions can now be mapped from
surface rupture zones measured by geological survey or space-
geodetic observations, the variations in the dip angles at depth are
still difficult to depict precisely. To this end, much effort has been
put in estimating the fault dip at depth. For instance, structural
geology* and seismic tomography® have been developed to probe
the underground fault dip. Furthermore, the seismic moment
tensor inversion for the mainshock® or the aftershock’” has
become an important approach to learning the fault dip at depth.
In addition, aftershock locations have also been used to constrain
the fault dip at depth®. Nevertheless, aftershocks are not always
detected and sufficient to determine the fault dip of large strike-
slip earthquakes, e.g., the 2013 M,, 7.7 Balochistan earthquake®.
Owing to the advent of satellite observations, space geodesy has
been advanced in the spatial resolution and accuracy that can well
model surface ground displacements!®. Moreover, near-field
surface displacements measured by geodetic techniques are sen-
sitive to the faulting processes and can help to resolve the irre-
gularities of the fault geometry!l.

Large strike-slip earthquakes usually involve a complex fault

The May 21, 2021 M,, 7.4 Maduo earthquake occurred on the
northeast section of the Bayan Har block, one of the most active
blocks embedded in the Tibetan Plateau (Fig. 1a). Changes in the
strike directions have been measured by space-geodetic
observations!? and geological field survey!3, and it has been
indicated that the fault system has a ~150-km-long sinistral
strike-slip shear zone with a small branch at the eastmost section.
Irregular fault dips at depth have previously been inferred from
the aftershock locations!4-17, which commonly indicate sub-
vertical fault segments. However, in these studies, the estimation
of the fault dip with aftershock locations lacks constraint from
high-resolution surface rupture traces, and thus cannot fully
characterize the fault dip. For instance, on the southeast section of
the fault, the spatial distribution of the aftershocks does not
coincide with the surface rupture trace of the geological survey
(Fig. 1b).

The fault dip has also been estimated with ground displace-
ments measured by geodetic techniques!8-21. The estimation of
the fault geometry simultaneously with the fault slip from geo-
detic observations is a nonlinear inversion problem. To seek the
optimal fault dip angles that best fit the geodetic observations,
previous studies have commonly adopted search-based approa-
ches such as a genetic algorithm?! or grid search!8-20.22-24
However, the direct search methods are subject to the setting of
the search step and range. Moreover, for the inversion problem of
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Fig. 1 Tectonic setting. a Tectonic setting of the 2021 M, 7.4 Maduo earthquake, the epicenter of which is marked by the red star. The solid black traces
are the major active tectonic block boundaries®©. KLF Kunlun fault, EKLF East Kunlun fault, GYF Ganzi-Yushu fault, XSHF Xianshuihe faut. b The area

marked by the green box in a. The blue triangles are GNSS stations, co-seismic horizontal displacements of which are shown with blue arrows36. The green
line shows the surface rupture trace of the 2021 M,, 7.4 Maduo earthquake, as measured by geological survey'3. The aftershock sequence 9 days after the
mainshock with focal mechanism solutions (beach balls) of M, > 4 aftershocks (identified with the occurrence times of events A-l and K-N) is indicated
with dots color-coded with depth'®. The focal mechanism solution of the M,, 3.8 aftershock (event J) estimated in this study is also indicated. The black

traces are active faults®!.
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Fig. 2 Coseismic deformation associated with the 2021 Maduo earthquake. a Sentinel-1 LOS displacement (positive towards satellite) map of the
ascending track. The green lines show the surface rupture traces measured by geological survey'3, in which a -2 km-wide releasing step-over near Huanghe
town (black square) is marked. F1 to F8 are the eight schematic fault segments discretized based on fault step-overs or bends. b Sentinel-1 LOS
displacement map of the descending track. The strike angle and length (along-strike direction) for each fault segment are labeled nearby. ¢ Sentinel-1range
offset map of the ascending track. d Sentinel-1 range offset map of the descending track. AZ azimuthal direction, LOS line of sight.

an earthquake source, there are trade-offs between the model
parameters, and it is common that broad values of model para-
meters can approximately explain the same observations.
Therefore, the direct search methods may not fully determine the
most plausible estimates or adequately evaluate the uncertainties
associated with the estimates. For the complex fault system of the
Maduo earthquake, such a problem increases the risk of the
parameter estimates being inadequately interpreted. In fact, the
fault dip angles estimated in the different studies are actually not
in agreement. In particular, it has been reported that the dip of
the southeast branch fault shows variable north-dipping or south-
dipping angles being between 64° and 90° (Supplementary
Table S1).

In contrast, a Bayesian inference method can estimate the
probability distributions of the model parameters, and can pro-
vide an ensemble of plausible model parameters, with the
uncertainties on all the estimates?>~30. The Bayesian inference
method has the advantage of being able to solve nonlinear pro-
blems and derive probabilistic estimates. Such probabilistic esti-
mates allow to fully explore possible parameter spaces.
Furthermore, it makes it possible to simultaneously invert for the
fault geometry and the fault slip from geodetic data3!-33. For
example, the fault geometry of the Maduo earthquake is estimated
with Geodetic Bayesian Inversion Software (GBIS)343%. However,

they used a single-segment fault model and inferred an overall 80°
north-dipping angle, which does not characterize the irregula-
rities of the fault geometry. In this study, to better resolve the
irregularities of the fault geometry—especially on the east section
—and to provide new insight into the understanding of the stress
environment and rupture propagation, we derived a fully Baye-
sian inference framework based on multiple geodetic datasets to
infer a probabilistic estimate of the fault geometry along the
coseismic surface rupture trace obtained from geological survey,
and further conducted point-source inversion for the M, 3.8
aftershock on the southeast branch fault, which can validate the
geodetic estimate.

Results

Fault geometry and slip components. Sentinel-1 synthetic
aperture radar (SAR) images (Supplementary Table S2) were
collected and processed (see Methods) to investigate the coseis-
mic surface deformation maps for the 2021 Maduo earthquake
(Fig. 2). We also adopted the coseismic global navigation satellite
system (GNSS) displacements®® (Fig. 1b). The geological survey
has been conducted!? and depicted the high-resolution surface
rupture traces (Fig. 1b). We used eight segments along the surface
rupture traces to interpret the fault system (Fig. 2a). We treated
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each fault segment as a plane with uniform slip. The SAR maps
and GNSS measurements were used to estimate probability dis-
tributions of dip, width (along the down-dip direction) and slip
parameters for each fault plane in a fully Bayesian inference frame
(see Methods).

The probability distribution samples of all the model
parameters were estimated (Supplementary Figs. S6-S10). As
segment F7 and segment F8 are close to each other (Fig. 2a), we
first evaluated the trade-offs between their faulting parameter
samples (Fig. 3a). Our results indicate that a notable trade-off is
found between the strike-slip and the dip angle of segment F8.
The strike-slip positively relates to the dip angle. We quantified
confidence intervals of the parameters with standard deviations of
the parameter samples. Despite the trade-off, the strike-slip and
dip angle estimates are still restricted to a small parameter space
(Fig. 3b), in which the strike-slip is within 0.92-1.08 m and the
dip angle is between 39° and 49°. For the other parameter
estimates of segments F7 and F8, there are no obvious positive or
negative trade-offs. This illustrates that the geodetic observations
used in this study provide good constraints on segments F7 and
F8. Further comparisons between the dip angles, width, strike-
slip, and dip-slip between the eight segments, as well as the
hyperparameters, indicate minor trade-offs between these para-
meter estimates (Supplementary Figs. S11-S15).

The estimates of the model parameters and the corresponding
standard deviations are evaluated by their sample distributions
(Fig. 3c). Generally speaking, for the eight fault segments, the
irregularities in the fault dip have three main parts identified.
Firstly, fault segments F1 to F3 on the west side of the Huanghe
step-over (near the epicenter, Fig. 2a) are respectively dipping at
75+1° 81+1° and 75+2° to the north. On these three fault
segments, the strike-slip magnitudes are between 1.7 + 0.08 m and
2.6 £0.08 m, which are clearly greater than the dip-slip values of
between —0.1+0.03m and 0.6+0.04m. In contrast, fault
segments F4-F7 on the east side of the Huanghe step-over dip
more steeply, and their dip angles are between 82 + 1° and 87 £ 1°.
The four fault segments have nearly pure strike-slip motions, in
that the dip-slip is almost zero on segment F5. In particular, fault
segment F8 shallowly dips 44 + 5° to the south, and it exhibits the
most distinctive geometry, compared to the other fault segments.
Despite the small dip angle, fault segment F8 is dominated by the
strike-slip component of 1.0 +£0.08 m coupled with the up-dip
component of 0.2+0.08 m. The estimated geometry and slip
amplitude of the eight fault segments are shown in Fig. 4a, b.

Due to the relatively small slip amplitude on segment F8, the
estimation of the dip angle for F8 could be trapped in a local
minimum. To further demonstrate the robustness of the
estimation of the dip angle parameter for segment F8, we
conducted two additional types of inversions. The first type of
inversion involved excluding segment F8 and solely inverting the
faulting parameters of the remaining seven segments. The second
type of inversion entailed fixing the dip angle of segment F8 at 90°
and subsequently inverting the fault parameters of all eight
segments. A comparison between three types of inversions reveals
that removing F8 or fixing F8 at 90° results in changes in dip
angle estimates of the neighboring fault segments F6 and F7
(Supplementary Table S4). Considering the goodness of data fit
surrounding segment F8 for three inversion methods (Supple-
mentary Figs. S16-S18), it is evident that the inversion treating
the dip angle of segment F8 as the parameter to estimate exhibits
the most favorable data fitting (Supplementary Table S5). For the
inversion with fixing the dip angle of segment F8 to be vertical, it
leads to a decrease in the goodness of fitting to the interferometric
and pixel offset data on the descending orbit by 1-3%, while there
is no change in the goodness of fitting to the data on the
ascending orbit.

This variation in data fitting constitutes a minor percentage. It
should be noted that the goodness of fitting to the observational
data inevitably encounters challenges arising from data noise.
Given the pixel offset data with relatively large noise, the
estimation of the dip angle for segment F8, require additional
validation through future underground observational data.
Finally, the removal of segment F8 leads to a notable decrease
in the goodness of data fitting for all data, regardless of whether
they are from ascending or descending orbits, with a maximum
reduction of 8%. The observed variation in data fit underscores
the indispensability and, consequently, the value of segment F8 in
comprehending the fault system.

Aftershock sequence and distributed fault slip model. Although
pure strike-slip motion is expected on a subvertical fault, our
geodetic estimate of the southeast branch fault (segment F8)
indicates that the strike-slip component (1.0 m) is significantly
greater than the dip-slip component (0.2m). The segment
denotes another rare example of dominant strike-slip motion on a
shallow-dipping fault with the 44 +5° dip angle, as in, for
example, the strike-slip faulting with the 45° dip angle during the
2013 M,, 7.7 Balochistan earthquake®. The 2021 M,, 7.4 Maduo
earthquake was followed by 13 M,, >4 aftershocks (events A-I
and K-N identified with the occurrence time in Fig. 1b and
Supplementary Table S6)!°. Such moderate to strong aftershocks
can help us to interpret the fault geometry of the southeast branch
fault. Among the moderate to strong aftershocks, the aftershock
closest to the southeast branch fault (segment F8) is event I
(Fig. 4a, b). However, the perpendicular distance from the cen-
troid location of event I to the southeast branch fault surface is
3.7 km (Fig. 4d).

To better interpret the southeast branch fault (segment F8), we
carefully checked the aftershock sequence on the south side of the
southeast branch fault based on the aftershock catalog!4. We
found that the second-largest magnitude 3.8 aftershock occurred
after the M,, 4.5 aftershock (event I). The aftershock occurred on
May 24, 2021, and is assigned as identifier J (Fig. 1b). We
performed a point-source inversion for event J by the Cut-And-
Paste (CAP) method?’~40 with the local seismic velocity
model!44142 (Supplementary Fig. S19) using the regional broad-
band recordings from 25 stations mostly within 300 km of the
epicenter (see Supplementary Fig. S20a). In the inversion, we
estimate the seismic moment and strike, dip, and rake of a nodal
plane, and conduct a grid search for the optimal depth from
3.0 km to 9.5 km with an interval of 0.5 km. The optimal centroid
depth is at 5.5km (Supplementary Fig. S20b). The centroid
location of event J at the optimal depth has only the 0.1 km
perpendicular distance to the southeast branch fault surface
(Fig. 4d). The inversion at the optimal depth has a best double-
couple solution for one nodal plane with strike ¢; =276°, dip
01 =42°, and rake 1, = 64°, and a second nodal plane with strike
¢, =129°, dip 8, — 53° and rake A, = 112°. The inverted seismic
moment M, is 6.281x 104 N.m (M,, 3.8). Considering the
geometry of segment F8 (strike = 112°, dip = 44 + 5°, Fig. 4a), the
second nodal plane of the M,, 3.8 aftershock (event J) with strike
¢>=129° and dip &, = 53° toward the south direction therefore
appears to support the geodetic estimate of segment F8, implying
the existence of a shallow-dipping fault.

Our estimation of the dip angle for segment F8 has indicated
the presence of an overall shallow-dipping fault plane. As
demonstrated by aftershock event I that has nodal plane I
(strike = 65°, dip=65°) and nodal plane II (strike=156°,
dip = 88°) (Supplementary Table S6), F8 may also contain a
steeper sub-fault. Based on the locations of aftershock events I
and J, we divided F8 into two segments (F8a and F8b), resulting
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Fig. 3 Posterior samples of the faulting parameters based on the Bayesian inference. a 2D probability density functions (PDFs) between the faulting
parameters of segments F7 and F8. A dip angle larger than 90° means a north-dipping angle, the real angle is equal to 180° minus the angle value. The red
box outlines the 2D PDF between the strike slip and the dip angle of segment F8, as shown in b. The red star denotes the median of the posterior samples
for the dip angle and the strike slip. Confidence intervals of the parameters are evaluated by standard deviations of the posterior parameter samples, and
the two green diamonds respectively show the possible maximum and minimum locations of the dip angle and the strike slip. € Posterior samples of the dip
angles, width, strike slips, and dip slips. d Posterior samples of the five hyperparameters. The median and standard deviation of posterior samples on each
panel are annotated nearby. For the dip angle parameter, S represents the south-dipping angle and N denotes the north-dipping angle. The positive value
for dip-slip denotes the up-dip direction. The dashed red line marks the median of the samples for each parameter.
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in nine fault segments (Supplementary Fig. S21). The inversion
for the nine-segment geometry indicate that the dip angle
estimates of segments F8a and F8b converge at a north-dipping
angle of 71 + 4°, and a south-dipping angle of 25 + 3°, respectively
(Supplementary Fig. S22). Based on this fault geometry, the
perpendicular distance from the centroid location of event I to
fault plane F8a is 3.4 km, and the perpendicular distance from the
centroid location of event ] to fault plane F8b is 3.3km

(Supplementary Fig. S23). From this perspective, events I and ]
do not exhibit discernible correlation with the double-segment
fault model. The results indicate that the two aftershocks are
insufficient to draw a robust conclusion regarding whether
segment F8 is vertical or shallow-dipping. Both the existence of a
shallow-dipping segment and a vertical segment are equally
probable. On the other hand, the inclusion of two segments,
namely F8a and F8b, introduces complexity in the model
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parameters. F8a may necessitate a greater length, whereas F8b
may require a shorter length. This presents numerous potential
combinations, making it challenging to determine the most
suitable arrangement given the application of the geodetic data
implemented in this particular investigation. The primary aim of
this study is to ascertain the overall faulting pattern observed in
segment F8, encompassing the amalgamated impact of F8a and
F8b. Our contention is that by discerning the overarching faulting
trend of segment F8, we can acquire fundamental insights into
the structural deformation and seismogenic mechanism under-
lying the 2021 M,,7.4 Maduo event.

To further understand the interplay between the fault geometry
irregularities and the fault slip distribution, we modeled a
distributed fault slip model. To avoid gaps among the multiple
fault planes when estimating the fault slip distribution, we
generated a three-dimensional (3D) non-planar fault surface
based on the geometry of the eight fault segments, and then a
linear inversion approach was applied to estimate the slip
parameter for each triangular dislocation element (see Methods).
The optimized fault slip model fits the observations well
(Supplementary Fig. S26). The distributed fault slip model shows
heterogeneity, and a segmented pattern which appears to relate to
the irregularities of the fault geometry. On the west side of the
Huanghe step-over, the fault surface clearly dips toward the north
(Fig. 4c). Correspondingly, the fault slip mainly distributes at a
shallow depth and peaks at ~4 m, near to the ground surface
(Fig. 4e). In contrast, the fault surface east of the Huanghe step-
over shows subvertical dipping. The fault slip, however, goes
deeper, with a wider extent, and peaks at ~5m, around 3-6 km
below the ground surface. Finally, the slip distribution on the
southeast branch fault shows a smaller extent and peaks at ~2 m,
around 2-6 km below the ground surface (Fig. 4f).

Discussion

While the irregularities of the fault dips of this event have pre-
viously been inferred from the locations of the aftershocks and
geodetic near-field observations (Supplementary Table S1), our
Bayesian approach explores all the possible fault geometries with
eight scheduled fault segments.

The model reveals three main irregularities for the fault dip on
the west and east sides of the epicenter and the southeast branch
fault, respectively. On the west side of the epicenter, the model
indicates north-dipping angles, which agree with the other geo-
detic estimates?’-?3> and the model inferred from the
aftershocks!®. Nevertheless, the other results based on the after-
shock tendency!4!> indicate both north-dipping and south-
dipping angles. This may have been caused by the lack of con-
straint of the high-resolution surface rupture traces because,
compared with the surface rupture traces on the west side of the
epicenter, the aftershock locations are mainly distributed on the
north side (Fig. 1b). To the east side of the epicenter, our model,
the other geodetic estimates?l-23, and the studies based on the
aftershock tendency!4-1¢ all indicate dip angles greater than or
equal to 80° and therefore demonstrate a subvertical dipping
fault geometry. Most notably, our estimate for the southeast
branch is a south-dipping angle of 44 + 5°. As shown in Supple-
mentary Table S1, on the branch fault, our model is different
from all the previous studies, and the closest result to our model
is the estimate of a 64° south-dipping angle?4. However, their
result was based on a two-segment fault model obtained with a
stepwise grid search that first determined the dip angle of the
main segment and then fixed the geometry of the segment to
determine the dip angle of the branch segment. In contrast, our
model represents a globally optimized solution through simulta-
neously estimating the parameters of all the segments.

Our findings further illuminate the intricate nature of the
southeastern branch fault. The double-segment model we
employed for the southeastern branch reveals a dual characteristic
of fault planes—nearly vertical and shallow-dipping, respectively.
This distinct feature is mirrored in the aftershocks I and J within
close proximity, which respectively display nearly vertical and
shallow-dipping nodal planes. However, the complexity arising
from varying segment lengths in the double-segment model
introduces a challenge in determining the most appropriate fault
lengths. This complexity, in turn, indirectly impacts the accurate
estimation of fault dip angles. While the fault planes derived from
the double-segment model do not precisely align with the spatial
positions of aftershocks I and ], they do point to a potential
scenario for the southeastern branch fault: it could manifest as
either a vertical or shallow-dipping fault, or possibly a combi-
nation of both orientations.

In our investigation, we primarily leverage ground displace-
ment data obtained through radar interferometry and pixel offset
methods to constrain the fault parameters within the model.
However, it’s important to note that the pixel offset method does
introduce a relatively high level of noise. Consequently, the esti-
mation of fault parameters unavoidably becomes subject to the
influence of data noise. Therefore, for a more comprehensive
validation of our fault parameter estimation results, we anticipate
the need for supplementary underground observational data in
future studies.

If we consider the shallow-dipping strike-slip outcome of the
southeastern branch to be highly probable, the forming of the
shallow-dipping branch fault with the dominant strike-slip
component may have been modulated by the strike direction of
the Maduo-Gande fault (MGF) (Fig. 4c), and it highlights the
complex stress environment that receives the shear loading across
the fault system, but suffered from great compressional loading
on the east section of the fault system during the 2021 Maduo
earthquake. The compressional loading environment on the east
section of the fault system can also be observed from the mod-
erate to strong aftershock sequence (events A-N in Fig. 4c), in
which four thrust faulting aftershocks (events A, C, J, and L) took
place in the east section of the fault system, while the other
aftershocks show a strike-slip mechanism across the entire fault
system. This change of rupture directivities in the aftershocks
from strike-slip motions to thrust components potentially implies
a compressional seismogenic environment on the east section of
the fault system. We also note that, on the east section of the fault
system, the southeast branch fault (F8) is shallowly dipping, but
the F7 fault segment is still subvertical (Fig. 4a). This implies that
the compressional loading is mainly from the south side of the F7
fault segment.

The geological survey of the fault system of the Maduo
earthquake shows the ~2-km-wide Huanghe step-over and the
fault branching (Fig. 1b). These features are common in such
settings, as large continental strike-slip earthquakes are often
segmented*3. Dynamic rupture models have previously demon-
strated that fault step-over*4, bends?, gaps*®, and splay*® can
either promote or inhibit rupture propagation. The inferred
source kinematics of the 2021 Maduo earthquake indicate two
possible rupture processes: one is rupture propagation with
bilateral rupture speeds that are faster on the east side of the
epicenter?247-49; the other is rupture propagation with a stable
rupture speed across the entire fault system!823. Our estimates
show obvious fault geometry complexity (segment F3 vs. segment
F4, Fig. 4a) on both sides of the Huanghe step-over (~10 km west
of the epicenter, Fig. 2a). It is indicated that fault segment F3 dips
75° to the north, whereas fault segment F4 dips 82° to the north,
and the dip angle difference between the two segments is 7°. For
the east section of the epicenter, the triple junction composed of

COMMUNICATIONS EARTH & ENVIRONMENT | (2023)4:319 | https://doi.org/10.1038/s43247-023-00980-6 | www.nature.com/commsenv 7


www.nature.com/commsenv
www.nature.com/commsenv

ARTICLE

COMMUNICATIONS EARTH & ENVIRONMENT | https://doi.org/10.1038/s43247-023-00980-6

fault segments F6, F7, and F8 also shows geometrical complexity.
The dip angle difference between fault segments F6 and F7 is 2°,
which is smaller than the sum of their estimated uncertainties
(+1° plus+2° Fig. 3c). Nevertheless, fault segment F8 sig-
nificantly differs from segments F6 and F7. The dip angle dif-
ference of segment F8 versus segments F6 and F7 exceeds ~45°.
The larger the dip change along strike, the smaller the possibility
for rupture propagation through a geometrical complexity>.
Thus, the rupture process of the 2021 Maduo earthquake likely
propagated from segments F4, F5, and F6 to segment F7, and
segment F8 is likely active as an independent fault. The dip angle
difference (5°, from F4 to F7) on the east side of the epicenter,
compared to the dip angle variation (7°, from F4 to F1) on the
west side of the epicenter, appears to support a stable rupture
speed on the both sides of the epicenter.

Method

SAR data processing. We employed GMTSAR software®! to
process the SAR data. We used the 30-m resolution Shuttle Radar
Topography Mission (SRTM) digital elevation map (DEM)>? to
remove the topographic signal, and the precise orbit information
data were used to achieve the co-registration of the reference and
secondary SAR images. In order to suppress the phase noise and
improve the signal-to-noise ratio (SNR), we adopted a Gaussian
filter with a 200-m wavelength to filter the interferograms, and
the number of multi-looks in the range and azimuth directions
was specified as 8:2°3. All the interferograms were unwrapped
using the statistical-cost network-flow algorithm for the phase
unwrapping package®*. We then geocoded the unwrapped
interferograms with the WGS84 coordinate system. In addition,
we also used the pixel offset tracking method to estimate the
range offsets. Finally, we obtained four types of coseismic surface
deformation datasets, i.e., two line-of-sight (LOS) displacement
maps of Sentinel-1 interferograms on both the ascending and
descending tracks (Fig. 2a, b) as well as two pixel offset maps of
the Sentinel-1 ascending and descending orbits (Fig. 2¢, d). These
maps were downsampled with InSamp software® (Supplemen-
tary Figs. S1-S4), which simultaneously estimates variance-
covariance matrices for the downsampled data points. The var-
iance covariance matrices estimated by InSamp account for
measurement uncertainties of downsampled data points in the
inversion. Furthermore, to prevent spatial aliasing, we removed
data points that are within 1 km of the fault trace.

Bayesian inference framework based on multiple geodetic
datasets. We used eight segments along the surface rupture traces
to interpret the fault system (Fig. 2a). We treated each fault
segment as a plane with uniform slip. Although the uniform slip
model does not characterize the detail of the fault slips, it avoids
introducing the subjective component of a distributed slip model
that needs to be regularized with a priori information (e.g.,
Laplacian smoothing), due to the inherent ill-posed problem in
the inversion. In a uniform slip model, a fault plane is char-
acterized by strike, dip, length (along strike), and width (along the
down-dip direction) parameters, and the corresponding strike-
slip and dip-slip parameters. The strike angle and length of each
fault segment are known (Fig. 2b), and thus for all eight fault
segments, there are 16 geometrical parameters (dips and widths)
and 16 slip parameters (strike slips and dip slips) to estimate.
We use 0 and m to represent the fault geometry parameters
and the vector of slip parameters, respectively. Here we have five
datasets that are GNSS displacements (D, Fig. 1b), and four SAR
deformation maps (D,, D3, Dy, and Ds, Fig. 2). The five datasets
denote the ground displacements corresponding to the under-
ground faulting process (6 and m) in the Earth’s media. The i-th

observed dataset D; of the stochastic model is given as:
D,=G,0)m+e;,i=1,23,4,5 (1)

where D; is the M;-dimensional vector of the i-th observed
dataset; M; is the number of data points of the i-th observed
dataset; G; () is the design matrix of the Green’s function
characterizing the ground displacements at locations of data
points caused by the unit slip on all the fault planes in an elastic
media®®; e; represents the vector of the observed errors for the i-
th dataset.

In Bayes’ theorem, the posterior probability density function
(PDF) for parameters 6 and m can be inferred from the observed
data D:

p(6, mD) o< p(D[6, m)p(6, m) @

where p(D|6, m) represents the PDF of the observed data D for
given values of 8 and m, and p(6, m) is the prior PDF of 6 and m.
Therefore, p(D|0, m) and p(6, m) jointly determine the posterior
PDF of parameters § and m. Considering the independence
among the five datasets {D;, D,, ---, Ds}, p(D|#, m) can be
written as:

5

p(DI6, m)=p(D, [0, m)p(D, [0, m)p(Dyy[6, m) =] [ p(D,16, m)

i=1

(3)

Substituting Eq. (3) into Eq. (2) gives the posterior PDF of
parameters 6 and m:

5
p(6, m|D) o p(6, m) [ [ p(D;16, m) &)
i=1
To formulate p(D;|6, m), it is assumed that the observed error e;
for the i-th dataset D; follows a Gaussian distribution, i.e.,
e; ~ N(0,0;°C;). C; denotes the covariance matrix for the i-th
dataset and 0;* is the hyperparameter to scale C;. Considering
Eq. 1, the observed dataset D; consequently follows a Gaussian
distribution, i.e., D; ~ N(G,;(6)m, ¢;>C,). Thus, p(D; |6, m) can be
analytically given as:

p(D,10, m,0,) =(2r0,2) "/*|C, 12
X €Xp|— 2(%2 (Di—Gi(G)m)TCi_l (D;=G,(6)m)

(©)
The prior PDF p(6,m, 0;) is conventionally set as a uniform
distribution. Specifically, the dip angle of each fault plane is
assigned to a uniform distribution between a north-dipping angle
of 30° and a south-dipping angle of 30° and the width of each
fault plane is given as a uniform distribution between 0.1 km and
20 km. We impose a conventional nonnegative constraint on the
strike-slip component of each fault plane and assign a uniform
distribution between 0 m and 6 m. Nevertheless, there is no
nonnegative constraint on the dip-slip component of each fault
plane, and a uniform distribution between —4 m and 4 m for the
dip-slip is set. Hyperparameter o; is treated as following a log-
uniform distribution, log(c;*) ~ U(—5,5). We summarize the
above settings in Supplementary Table S3. These settings form the
prior PDF p(6,m, ;).
After formulating p(D;, |, 6, m,0;) and the prior PDF p(6, m,
0;), according to Eq. (4), the posterior PDF of the model
parameters is given by:

5
p(6,m,0,,1,D) o< p(6,m, 5[ [p(D;16, m, o) (6)
i=1

We applied the sequential Monte Carlo (SMC) method to
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generate the samples of each member of the ensemble of Eq. (6).
The SMC method samples the posterior PDF through a series of
intermediate PDFs, in which a prior PDF is gradually developed
into the target posterior PDF. The intermediate PDFs were
determined by a tempering parameter y;:

p,(x|D) o p(x)p(DIx)"

: )
i=0,1,---,Rand 0 = y,<y;<-- - <yp =1

where p(x|D) is the posterior PDF for all the model parameters
x = [0;m;0,2,,05°]; p(D|x) is the likelihood function; p(x) is the
prior PDF; and R is the total sampling stages.

We utilized a Python code SMC sampler®” to achieve the
sampling process. We implemented the SMC sampler with
parallel computing to generate numerous Markov chains, to
improve the computational efficiency. To sample 1D marginal
PDFs of all the model parameters from Eq. (6), we started the
SMC algorithm with 1000 Markov chains, with each chain
containing 400 steps. We initiated all the parameters with the
distributions shown in Supplementary Table S3. The sampling
procedure was carried out within 47 stages, and was optimized by
the SMC sampler as it ran (Supplementary Fig. S5). The
computing procedure took ~12000 CPU core hours. As our
sampling of the Markov chains was made in parallel on a multi-
node computing cluster of 1000 CPU cores, this resulted in ~12h
of computation time. Finally, 1000 posterior samples for each
parameter were obtained. The sampling process for the dip angle,
the width, the strike-slip, the dip-slip, and the hyperparameter is
shown in Supplementary Figs. S6-S10. The 2D marginal PDFs
between all the model parameters are shown in Supplementary
Figs. S11-S15.

Distributed fault slip inversion. As fault segments F6 and F7 dip
similarly (85+1° vs. 86 +2°), we proposed constructing a non-
planar fault surface that connects fault segments F1-F7, whereas
fault segment F8 was built as a secondary fault surface. The top
edge of the 3D fault surface can be constrained by the high-
resolution surface rupture traces. The bottom edge of the primary
fault (F1-F7) was set at the depth of 30 km, while the secondary
fault (F8) is truncated at depth of 15 km, accounting for a small
width and slip amplitude (Fig. 4a, b). Starting from the top edge,
we followed the methodology of modeling non-planar fault
geometry>2 and adjusted the bottom edge to match the dip angles
of the eight fault segments by trial and error. We used 760 tri-
angular dislocation elements to discretize the fault surface. To
account for the decrease of data resolving power with depth, the
sizes of the triangular dislocation elements were assigned to
gradually increase with depth.

A linear inversion approach was applied to estimate the slip
parameter for each triangular dislocation element. The conven-
tional inversion approach for fault slip distribution with imposing
a prior is to minimize an objective function,
[|Gs — D[, + *||Ls| ,. The Green’s function G can be calculated
after fixing the source-receiver geometry. s is the vector of the slip
parameters for all the triangular dislocation elements, and we
assigned a strike-slip parameter and a dip-slip parameter for each
triangular patch. The section [)’ZIILSII2 is aimed at mitigating the
ill-posed problem in the inversion. f* determines the strength of
imposing a prior, ||Ls||,. L is a matrix that describes the a priori
knowledge imposed on the slip parameters, and here we treat L as
a Laplacian operator®® to regularize the slip distribution. The
constrained linear least squares method®® was used to solve the
slip parameters, in which the strike-slip parameter was con-
strained to be nonnegative, accounting for the sinistral fault
motions. The optimized fault slip model (Fig. 4e, f) was obtained
based on an L-curve (Supplementary Fig. S24) and the estimated

uncertainties of fault slips are 0.2-0.6m (Supplementary
Fig. $25).

Data availability

The Sentinel-1 SAR images were provided by the European Space Agency (ESA). The
precise orbit information data were downloaded from ESA’s Sentinel-1 quality control
website (https://slqc.asf.alaska.edu/). The processed radar data, the broadband
recordings data, and the fault geometry and slip models are available at (https://doi.org/
10.5281/zenodo.7467857).

Code availability

The calculation of Green’s function was made with cutde (https://github.com/
tbenthompson/cutde). The Python codes used for the Bayesian inversion using the
geodetic data are available at the Zenodo repository (https://doi.org/10.5281/zenodo.
7308102).
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