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Abstract: Geometric complexities of a fault system have a significant impact on the rupture behavior
of the fault. The 2021 Mw7.4 Maduo earthquake occurred on a multi-segmented complex sinistral
fault in the interior of the Bayan-Har block in the northern Tibetan Plateau. Here, we integrate
centimeter-resolution surface rupture zones and Sentinel-2 optical displacement fields to accurately
determine the geometric parameters of the causative fault in detail. An adaptive quadtree down-
sampling method for interferograms was employed to enhance the reliability of the coseismic slip
model inversion for interferograms. The optimal coseismic slip model indicated a complex non-planar
structure with varying strike and dip angles. The largest slip of ~6 m, at a depth of ~7 km, occurred
near a 6 km-wide stepover (a geometric complexity area) to the east of the epicenter, which occurred at
the transition zone from sub-shear to super-shear rupture suggested by seismological studies. Optical
and SAR displacement fields consistently indicated the local minimization of effective normal stress
on releasing stepovers, which facilitated rupture through them. Moreover, connecting intermediate
structures contributes to maintaining the rupture propagation through wide stepovers and may
even facilitate the transition from subshear to supershear. Our study provides more evidence of the
reactivation of a branched fault at the western end during the mainshock, which was previously
under-appreciated. Furthermore, we found that a strong asymmetry in slip depth, stress drop,
and rupture velocity east and west of the epicenter was coupled with variations in geometric and
structural characteristics of fault segments along the strike. Our findings highlight the sensitivity of
rupture behaviors to small-scale details of fault geometry.

Keywords: 2021 Maduo earthquake; coseismic slip model; optical surface deformation; phase
gradient; stepover; bifurcation; rupture behavior

1. Introduction

The Bayan-Har Block is the most seismically active region, experiencing all earth-
quakes above M 7.0 that have occurred in recent years in the Tibetan Plateau and even
in China. Since the 1976 Tangshan earthquake, all major earthquakes in mainland China
have occurred in or around this region (see Figure 1), including the 2001 Mw 7.8 Kokoxili
earthquakes, the 2008 Mw 7.2 Yutian earthquake, the 2008 Mw 7.9 Wenchuan earthquake,
the 2010 Mw 6.9 Yushu earthquake, the 2013 M 7.0 Lushan earthquake, and the 2014 Mw 6.9
Yutian earthquake. These temporally clustered earthquakes occurred along the bound-
ary fault zones with high slip rates, indicating synchronized activity of their seismogenic
faults. However, the most recent Mw?7.4 Maduo earthquake on 21 May 2021 occurred on
an unknown secondary fault within the block, which was named the Jiangcuo fault after
the earthquake. It is an immature fault with low seismicity rates [1], a slow slip rate [2],
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and a long seismic recurrence interval [3]. The Maduo earthquake caused a 158-km-long
surface rupture [3-6], which was larger than that estimated by the empirical relationship of
moment magnitude versus surface rupture length proposed by Well et al. [7].
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Figure 1. Topographic and tectonic setting map of the Tibetan plateau. Gray dashed lines and thick
black and thin lines indicate block suture zones and main and secondary active faults, respectively [8].
Blue/white and red/white beach balls denote focal mechanisms of historical and Maduo earthquakes
(M > 7) in the Bayan-Har block reported in the Global CMT (GCMT) and USGS catalog from 1
January 1966 to 1 June 2021, respectively. The light blue and yellow boxes depict footprints of SAR
and optical images used in this study, respectively.

The Maduo earthquake involved a bilateral rupture with varying rupture speeds on
either side of the epicenter. This has been confirmed by various seismic and geodetic
inversions as well as the aftershock sequence [9-14]. However, there are still many aspects
that require further understanding. For instance, two entirely contradictory conclusions
on fault maturity from different datasets [15,16]. So far, four representative coseismic slip
models have emerged from published research with seismological, geodetic, or jointed in-
versions [10,13,14,17-19]. These models differ in fault geometry and slip distribution [9,18].
For example, the GNSS coseismic slip model assumes a homogeneous elastic half-space
with a dip toward the north and reveals two asperities on either side of the epicenter [19].
Wei et al. collectively utilized geodetic data, nearby high-rate GPS waveforms, regional
broadband waveforms, and teleseismic body waves to perform joint inversion, employing
an eight-segment fault model. The result revealed a tail-end bifurcation at the eastern
end [9]. Guo et al. suggest that a northwest-trending tail-end bifurcation at the western
end contributes to coseismic deformation [17]. Different results on the distribution of
coseismic slip [13,16,18,20] may further hamper our understanding of fault properties,
rupture dynamics, and mechanisms.

Accurately characterizing details of near-fault surface deformation is essential for
reliable coseismic slip inversions to constrain spatial patterns of coseismic slip. However,
the radar phase is often decorrelated in the vicinity of the rupture trace for large earth-
quakes [21]. For this reason, incorporating additional near-field observations and more
detailed fault geometries is considered to improve the issue [22]. For example, Xu et al. [21]



Remote Sens. 2024, 16, 713

30f20

enhanced the static coseismic slip inversion for three Mw > 7 strike-slip earthquakes by
integrating global positioning system, radar, and optical satellite observations. They re-
fined the radar data processing and utilized more detailed, geologically constrained fault
geometries. For the Maduo earthquake, He et al. [18] utilized optical deformation derived
from Sentinel-2 images to identify the surface trace of the seismogenic fault. This approach
effectively minimized the uncertainty of the slip model and suggested that a blind fault
may have ruptured seismically near Eling Lake. This has yet to be confirmed because it
was not present in other models [13,16,23].

To gain a deeper understanding of the complexity of the seismogenic fault associ-
ated with the 2021 Maduo earthquake, we improved the surface mapping trace of the
seismogenic fault using the detailed surface rupture data interpreted based on centimeter-
resolution aerial images and employed a more sophisticated INSAR data processing with
an adaptive quadtree down-sampling and an on-fault correlation mask. We provide more
details of the fault geometry and coseismic slip distribution and incorporate additional
near-fault deformation data obtained from optical deformation fields and full-resolution
phase gradient fields, allowing for a discussion of new findings on fault properties and
earthquake physics.

2. Data Preparation

In this study, we utilized three types of datasets (Table S1 in Supporting Information),
comprising Sentinel-1 C-band SAR data and Sentinel-2 optical satellite images provided
by the European Space Agency (ESA), Paris, France and centimeter-resolution Unmanned
Aerial Vehicle (UAV) aerial images collected during the first two weeks after the Maduo
mainshock [4,6]. The spatial coverage of these images is depicted in Figure 1. The post-
earthquake SAR images were captured as early as the fourth day following the mainshock,
during which there were no significant aftershocks (M > 5), then the postseismic deforma-
tion was negligible in comparison to the coseismic deformation [18].

2.1. Optical Deformation Processing

Coseismic surface rupture zones are the most direct evidence of fault rupture exposure
at the surface. They provide important, albeit incomplete, information about the fault
systems that produce large earthquakes and help to constrain the seismic source parame-
ters [24]. To map the surface ruptures of the 2021 Maduo earthquake in detail, beyond two
field investigations, we conducted UAV (Unmanned Aerial Vehicle) aerial photogrammetry
to obtain centimeter-resolution images (with a pixel size of 3-6 cm along the strike and 10
cm across the fault, respectively) in the earthquake emergency period and the second year
after the earthquake, respectively. These data almost cover the entire rupture zone, which
has a width of 1.2-1.5 km along the strike and 10 km across the fault. Using ArcGIS 10.1 and
Agisoft Metashape Pro v2.0, we conducted additional orthorectification, image filtering,
and cloud masking and reprojected the data into the Universal Transverse Mercator (UTM)
to create georeferenced Digital Orthorectified Maps (DOMs) and the corresponding Digital
Elevation Model (DEM) with a resolution of 3-5 cm. Using the UAV-derived DOMs and
DEMs; we obtained a detailed surface rupture structure spanning 158 km length, which
exhibits a clear en echelon rupture pattern [4] (see Figure 2).

In addition, to examine the spatial distribution of the coseismic displacements on a
large scale, we conducted the Sub-Pixel Correlation process on band 8 of Sentinel-2 images
(refer to Table S1 in the Supporting Information) before and after the mainshock using the
COSI-Corr 2014 [25]. The COSI-Corr 2014 enables the precise orthorectification of images
by applying topographic correction using a high-resolution digital elevation model and
ground control points. Considering that the resolution of Sentinel-2 images is 10 m, we
selected DEM data with a resolution of 12.5 m. After applying masking and smoothing
filters, the signal-to-noise ratio was improved (see Figure S1 in the Supporting Information).
Additionally, a first-order polynomial surface fitting model was utilized to eliminate orbit
errors and band errors. The sliding window size was set at 32 x 32 pixels, with a step size
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of 10 pixels (approximately 30 m resolution), and the robustness iteration was set at 4 times.
Finally, the displacement maps in the EW and NS directions (Figure 3a,b) were generated
with an accuracy of 1/10 of the pixel size of the input image [26].
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Figure 2. Surface rupture map of the 2020 Madoi earthquake, with relocated aftershocks 8 days after
the main earthquake [14]. Inverted triangles with numbers indicate the projected position of the
maximum slip of every asperity on the surface. Diamonds with numbers indicate possible projected
positions of the west branch on the surface.

2.2. Phase Gradient Processing

Compared with the same resolution phase gradient field, the deformation field ex-
tracted from Sentinel-1 A/B images was too smooth, which was insufficient for outlining
more detailed, geologically constrained fault geometries. For more detailed information
on smaller-scale features, Xu et al. directly derived the phase gradient of the Ridgecrest
earthquake directly from the real (R(x)) and imaginary (I(x)) of the full-resolution interfero-
grams based on the multi-track Sentinel-1 images [27]. In this study, the position vector x
comprises the range and azimuth coordinates of the interferogram. The authors mapped
the main rupture zone and hundreds of small fractures surrounding the earthquake [28].

We obtained the full-resolution phase gradient maps using the method proposed
by [29]. Since a single ascending Sentinel-1 image cannot cover the entire study area, we
compiled three sets of Sentinel-1 descending images taken before and within one month
after the earthquake. Using the GMTSAR 6.1 [29], the specific data processing process
includes the following steps: (1) registering and resampling the SLC image and removing
the orbit error and flat-earth effect based on the precision orbit and a 30 m resolution DEM;
(2) applying Goldstein phase filtering and multi-looking processing to generate complex
phase interferograms with a high SNR for each group; (3) extracting the azimuth and
range phase gradients from the full-resolution complex phase interferograms; (4) stacking
azimuth and range phase gradients, respectively, to produce final azimuth and range phase
gradient maps through averaging; and (5) filtering with a 41 x 41 Gaussian filter and
geocoding the result to the geographic WGS-84 coordinate system (approximately 20 m)
(Figure 3c,d).
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Figure 3. Full-resolution phase gradient and optical deformation fields. (a) EW- and (b) NS-
deformation maps, (c) descending range and (d) azimuth phase gradient maps, (e) EW-trending
stepover, (f) Optical displacement, and (g,h) linear features from the range and azimuth phase gra-
dients. The yellow star indicates the CENC epicenter. W20 in Panel (a) indicates 20 km west of the
CENC epicenter. Black hollow squares and rectangles mark sites and tail bifurcations, respectively.
Black and blue arrows mark the locations of bends and stepovers along the main fault, respectively.
Numbers in drop-shaped signs show stepover width.

2.3. Three-Dimensional (3D) Displacement Processing

Here, we employed the traditional two-pass Differential Interferometric Synthetic
Aperture Radar (D-InNSAR) method and GMTSAR 6.1 [29] software to process two sets
of ascending and one set of descending images. We registered and resampled the SLC
images in Table 51 and then corrected for the orbit errors and the flat-earth effect using
precision orbit and SRTM3 DEM data with a resolution of 30 m. We performed the multi-
looking operations and Goldstein phase filtering. Finally, we used the SNAPU method
to unwrap the interferogram of the ascending and descending tracks, respectively (see
Figures S2 and S3 in the Supporting Information). We utilized the Generic Atmospheric
Correction Online Service for INSAR (GACOS) atmospheric correction data [30,31] to
eliminate the atmospheric delay error from geocoded interferograms.

D-InSAR can only capture the projection of actual surface deformation in the one-
dimensional Line of Sight (LoS) direction [32], which can result in the underestimation and
misinterpretation of surface deformation [33]. The open-source GMTSAR software [29]
offers a sophisticated offset-tracking script for generating more detailed azimuth displace-
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ment. To achieve this, we utilized the Weighted Least Squares (WLS) method [34] to
establish the projection relationship (Equation (1)) between the one-dimensional LoS defor-
mation and the three-dimensional surface deformation vector [35]. Based on the LoS and
azimuth displacement data from the ascending and descending tracks, we obtained the
three-dimensional co-seismic deformation displacement for this earthquake.

ULOS = Un Sy + UeSe + Up-Sy = Uy -SiN@sinh — ug-cqsqosine + Uy-c0s8 + by 1)
UA7O = Up Sy + Ue'Se = UpCOSQ + USINP + by,

Here, u,, u,, and u, are the north-south, east-west, and vertical surface deformation
components, respectively. ¢ is the azimuth of the satellite orbit; 8 is the incidence angle of
the satellite orbit; 6, is the error of the observation in the LoS direction; and &, ,,, is the
error of the azimuth observation.

The retrieval of deformation information from the surface rupture zone near the
fault is beneficial for analyzing the mechanism of seismogenic faults and explaining the
characteristics of earthquake deformation. Beyond the decoherent region, the deformations
in other regions are approximately consistent.

In Figure 4a,b, the unwrapped coseismic deformation fields of ascending and descend-
ing tracks exhibit a clear antisymmetric pattern in the LoS direction with similar amplitudes
of 85 cm and 76 cm, respectively. It indicates a significant left-lateral strike-slip motion
along the seismogenic fault. Similar to the optical and phase gradient results, we observed
variations in the rupture strike, particularly at the western and eastern tails. It shows the
complexity of fault geometry.
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Figure 4. Coseismic LoS direction deformation and three-dimensional displacement fields for the
2021 Maduo earthquake. (a) Ascending, (b) Descending, (¢) EW-, (d) NS-, and (e) Vertical-component
displacement fields. The yellow star indicates the epicenter. Blue solid and dashed lines represent the
main and branch faults, respectively, divided into 8 segments. The caption is as for Figure 3.

In Figure 4c-e, the 3D displacement fields clearly show that the magnitude of the
EW displacements is far greater than those in the NS and vertical directions. The long-
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wavelength EW deformation is significant, reaching up to 4 m. The amplitude of the
deformation in the western and eastern parts is larger than in the epicenter region (see
Figure 4c). This difference may arise from the slow rupture speed in the beginning stage [12].
The middle-wavelength NS deformation mainly occurred in near-fault zones, with the
amplitude varying along the strike, reaching a maximum of 2 m (see Figure 4d). Vertical
deformation was only observed in the near-fault zones, with smaller amplitudes and an
alternating sign along the strike (see Figure 4e).

2.4. Interferogram Down-Sampling

Due to near-field decoherence and misfit displacements affected by the local com-
plexity of fault geometry, the traditional quadtree down-sampling algorithm based on
a single variance threshold makes it difficult to balance the efficiency and accuracy of
sampling, especially for regions with small deformation gradients or large background
noise. For this reason, the INSAR interferograms were subsampled using the adaptive
quadtree down-sampling method [36]. If both the deformation variance and gradient of the
current window were less than the threshold, the window should no longer be subdivided;
otherwise, the Sigmoid activation function (Equation (2)) of deformation variance, gradient,
and coherence was used as the threshold for window partition. The final down-sampling
result preserves significant displacement near faults as well as local and weak deformation
features (Figure 5).
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Figure 5. The downsampled results used the traditional variance method (a,b) and the adaptive
threshold methods (c,d), respectively, for the ascending and descending interferograms.

Here, «, 5, and 6 are the weights of deformation variance, gradient, and coherence, re-
spectively. T, T,, andT, are the threshold for the three parameters «, B, and 6, respectively.
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3. Result
3.1. Refined Fault Geometry

We observed significant differences in the surface traces of the seismogenic fault
used in published finite-fault solutions, particularly in fault strikes, dips, and segments
(see Figure 4) [9,10,12,13,23,37]. Some of these representations were overly simplified to
misalign with the detailed surface rupture zone mapping based on UAV images [6]. To
gain a better understanding of the impact of dip, strike, and tail bifurcation on inversion
results, we assembled centimeter-resolution surface rupture zone mapping [6], optical EW
and NS direction displacement (Figure 3a,b), azimuth and range phase gradient fields
(Figure 3c,d), 3D displacement fields (Figure 4c—e), and 1:250,000 regional geological maps.
This allowed us to cross-examine and better constrain the geometry parameters of the
seismogenic fault. In Figures 3a and 4c, a notable linear trend is evident. A 110°-trending
discontinuity separated the deformation field into two parts, clearly defining the projection
of the main fault onto the surface. A similar pattern was observed in Figures 3b and 4d, but
the signal amplitude was weak. The optical deformation indicates a significant left-lateral
strike-slip motion linked to the Maduo event. Furthermore, the horizontal slip direction
on the northern and southern walls of the fault was nearly parallel to the fault strike in a
counterclockwise pattern (see Figure 4e). The closer to the fault, the larger the amplitude.

The representation of fault geometry discontinuities, such as fault stepovers, bends,
and branches, was also well depicted, primarily through variations in the direction of the
deformation gradient [28,38]. First, in Figure 3c, we observed that regions with alternating
deformation signs always corresponded to the position of stepovers, bends, or triple
junctions on the azimuth and phase gradient maps (near circles in Figure 3c). A similar
pattern was observed in Figure 4e, with an alternating sign along the strike, indicating
slight uplift or subsidence alternately occurring near the tails of the fault. This implies
that faults can affect the vertical motion around bends [39]. Second, in comparison to the
main fault strands, the NS components of stepovers with an EW-trending were consistently
locally minimized (see Figures 3b and 4d). Considering the fault strike, this suggests
that the effective normal stress decreased as the rupture passed through them, potentially
enhancing the rupture’s ability to jump [40]. Third, at the eastern and western ends of
the seismogenic fault, we observed two linear features bending toward the northwest and
southeast, respectively (highlighted as rectangular regions in Figures 3d and 4e), strongly
suggesting triggering activity associated with fault branches [28]. By contrast, the linear
feature on the eastern tail was more distinct than that on the western tail, which may
indicate that the slip amplitude on the eastern branch was stronger than on the western
branch, consistent with our field investigation [4,6]. Overall, the intricate pattern of the
displacement fields derived from optical and radar datasets jointly indicates the geometric
complexity of the seismogenic fault. It may be a complex non-planar structure with varying
strikes and dips along its length, which is also advocated in recent studies using high-
resolution fault trace and aftershock data [9,18,41].

Based on the surface rupture zone (see Figure 2) and optical deformation fields (see
Figure 3), we divided the ruptured fault into eight segments with varying strike angles
(mainly determined by the surface rupture zone mapping) and dip angles (using the
parameters initially published by Wei et al. [9] as the basis for our static coseismic slip
model (Table 1) (Figure 4).

Table 1. Geometric parameters of the eight-segment fault model used in the inversion.

Segment 1 2 3 4 5 6 7 8
Strike (°) 315 275 288 284 293 285 88 115
Dip (°) 73-78 73-78 75-85 75 75 80-90 78-83 78-83
Direction of dip North Vertical South
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3.2. Refined Coseismic Slip Distribution

We used the Steepest Descent Method (SDM) [42] to calculate the coseismic slip
distribution. We constructed a layered Earth model [43] for the study area (Table S4) and
calculated Green'’s functions. We discretized the fault plane into a series of 1.5 km x 1.5 km
rectangular subpatches with fixed fault depths of 0 km and 25 km at the top and bottom.
According to the refined surface projection of the seismogenic fault, we synthesized the
findings of previous studies [9], established initial fault parameters, and employed variable
dips and strikes to search. This involved allowing the dip angle of the south dip and north
dip fault segments to vary between 60° and 90°.

Due to the systematic errors in extracting the deformation from ascending and de-
scending datasets, the weight for each dataset should be taken into consideration in the
joint inversion process of the slip distribution model. A single ascending or descending
dataset cannot fully cover the earthquake area, so it is necessary to splice images to create a
complete deformation field. The splice lines of two overlapping images nearly align with
the fault trace lines, dividing the north and south walls. The ascending dataset only covers
the southeast corner of the deformation area. When using the same splicing method, the
ascending dataset performed better than the descending dataset. However, the descending
dataset completely covered the study area, while the ascending dataset did not. After
careful consideration, we finally determined that the weight of the ascending/descending
datasets = 1:1.

In contrast, the fitting degree of the best-fit model derived using the adaptive quadtree
down-sampling method raised from 86~88% to 93%, and the model misfit decreased from
0.45 to 0.36 for the ascending and descending datasets, respectively, compared to the
traditional method, while using fewer sampling data. After several iterations, we screened
the model with the best fit and identified the optimal fault parameter settings (Table 2).

Table 2. Focal mechanism parameters of the 2021 Maduo earthquake.

This Study Wei et al. Zhao et al. He et al.

2022 [9] 2021 [1] 2021 [18]
Asperity lon./° lat./° depth/km Strike/® Dip/° Rake/° Max_slip/m Mw Dip Dip Dip
M7 97.83 34.78 5.2 315 77N 34 1.6 6.52 83°S
M1 97.71 34.76 52 95 75N —6 34 6.69 56°N 85°S 77°N
M2 98.00 34.71 52 108 81N 10 5.3 6.95 67°N 85°N 72°N
M3 98.57 3457 37 110 85N 10 3.9 6.49 88°N 8°N
M4 98.66 34.55 6.9 105 90 7 6.0 6.87 81°N 85°N
M5 99.11 34.47 6.8 88 81S -7 4.3 6.85 89°S 80°N 90°
Me 99.98 34.47 53 115 82S 27 29 6.84 89°N 85°N 90°
Mw 735 Mpane 7.38 7.43

To illustrate the extent to which the SAR images can constrain the resolution of the slip
model and show uncertainties of the slip and trade-offs of slips between different patches,
we conducted a checkerboard test [44] (Figure S6). Our resolution test thus demonstrated a
reasonable resolution to retrieve the shallow, strike trend smooth asperities from low-slip
zones, implying that the pattern of slip could be resolved under these conditions.

Parameterization of fault geometry affects the inferred slip distribution [9,18]. The dip
direction of the seismogenic fault significantly affects the slip distribution of the model. A
constant dip direction is more likely to result in larger seismic moments [45], especially
when the dip direction of the tail bifurcations is the same as that of the main fault. For this
reason, we varied the dip of each segment by £20° from the vertical in 5° increments (refer
to Table S2 in the Supporting Information). The best-fit model indicated that the coseismic
rupture plane was a complex, high-dip, nonplane structure (see Figures 6 and 7). The fault
plane of the west and east sides of the M4 dipped towards the north and south, respectively.
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The dip angle of the east side was about 80-85°, which was steeper than the west side. The
M4 was almost vertical. This may explain the differences between the different models
(see Figure S5 and Table S3 in Supporting Information). A change in the dip direction of
the fault (even with the same dip angle) may lead to significant limitations on rupture,
especially in the transition zone of the dip direction, resulting in distinct slip distributions.

Depth/km

Depth/km

Depth/km

34.8°

34.4°

o 734.0°

9000000000000,

/. Faultslp /
98.4° I

Figure 6. The preferred coseismic slip model of the 2021 Maduo earthquake. Coseismic slip distri-
bution for the total (a), strike- (b), and dip-component (c) slip on the seismogenic fault. Pink bars
indicate the maximum slip on the fault plane along the strike. The yellow star denotes the earthquake
hypocenter. Red beach balls represent the focal mechanism solution of every asperity. Captions are
as in Figure 3.

The coseismic slip model obtained from inversions of INSAR data (Figure 6) showed
that the Maduo earthquake was dominated by a left-lateral strike-slip accompanied by a
weak dip-slip component in local regions (Figures 6 and 7). The strike-slip and dip-slip
components complemented each other in space. The strike-slip motion was significant
and occurred at shallow depths, mostly above 10 km, with most of it reaching the surface
(see Figures 6b and 7b). On the contrary, the dip-slip component was generally very small
and mostly concentrated at depths of below 8 km, especially near fault stepovers or triple
junctions (see Figures 6¢ and 7c). It may arise from a slip promoted by the interaction of
faults or their growing junction at depth. Assuming a shear modulus of 30 GPa, the total
seismic moment was 1.6 x 102° N-m, equivalent to a magnitude of Mw 7.35. The seismic
moments released by each asperity are listed in Table 2. Most of the seismic moment was
released in the upper crust, from the surface to a depth of 10 km (Figure 7d). Overall, with
the epicenter as the reference, a slip to the west was primarily distributed at shallower
depths than to the east, while a slip on the subsidiary faults was deeper than on the
main fault.
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Figure 7. Distribution of released seismic moment and slip with depth. Distribution of the total (a),
strike- (b), and dip-direction (c) slip-along depth for every asperity. Distribution of the total (d),
strike- (e), and dip-direction (f) released seismic moment along depth for every asperity.

The coseismic slip on the fault plane was mainly distributed across seven asperities
separated by four obvious slip gaps, five of which (M1-M5) were located on the main fault,
while two (M6 and M7) were on branch faults (see Figure 5). The largest slip was ~6.0 m at
a depth of 6-7 km, ~27 km east of the epicenter (M4; Table 2). This asperity was between
the locations of the peak slip reported by [9,23]. The second largest peak had a slip of 5.3 m
at a depth of ~5 km, ~35 km west of the epicenter (M2; Table 2), near the western fault
branching (Figure 6¢). Slips on the main fault with depth presented a pattern of unimodal
distribution from the surface downward ~20 km (see Figure 7a). All peak slips in each
asperity were concentrated at a depth of 5-6 km. The slip width increased gradually from
west to east (Table 2). Slip distribution on the two rupture-end branches differed noticeably
from that on the main fault. It exhibited a bimodal pattern, with two local peak slips at the
shallow and deep locations, respectively. For instance, the primary and secondary peaks on
M6 were 2.9 m at a depth of 5.3 km and 2.6 m at a depth of 12 km, respectively. In contrast,
the maximum and secondary slips on M7 were equivalent in magnitude and occurred at a
depth of ~5.2 km and the surface, respectively (Figure 6a). Specifically, the slip-on M7 did
not appear to reach the surface.
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4. Discussion
4.1. Deformation Patterns of Fault Stepovers

The intricate geometric nature of the seismogenic fault was clearly demonstrated
through detailed mapping of the surface rupture zone associated with the 2021 Maduo
earthquake [5,6,46] (see Figure 2). Our UAV-based mapping of the surface rupture zones
indicated that three EW-trending releasing stepovers, parallel to the contemporary maxi-
mum shear strain direction [10,47], were ruptured co-seismically (see Figure 8). Locally, the
minimum amplitude of NS-direction optical and SAR displacement fields at EW-trending
releasing stepovers indicated a reduction of effective normal stress while ruptures propa-
gated through them, which facilitated rupture propagation [48].

Cheng et al., 2023

1150 %Q\‘& subshear-to- Dipping
PR Tr ~ N & supershear north, vertically, ~south
- \mL_ " & <@ transition?
18°-branching . N
Yue et al., 2022 & (a)
N
2-3 . | & ol 95T0°
S A
. kmy Bl
Wei et al., 2022 b g5c O
’70/7//79 Xuema

Guo et al., 2021

~
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~
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He et al., 2021 ~

<. Main slip zone
@ Stepovers

% CENC Epicenter
Y Maximum slip

S—

Main ruptures

Secondary ruptures v'\ﬂ‘ N~ — — (g)
Main ruptures ] folowing ’\.L/

— — Secondary ruptures | previous faults ——_—

Figure 8. Simplified surface rupture zone (a) and seismogenic fault models used in the coseismic slip
distribution inversion (b—g) of the 2021 Maduo earthquake [9,10,12,17,18]. The numbers show the
rupture speeds of the western and eastern sections of the epicenter, respectively. The caption is as for
Figure 2.

The stepover located 20-30 km east of the epicenter, the widest of the three, deserves a
closer look. Previous studies have suggested that stepovers wider than 5 km tend to stop
rupture propagation [49-51]. However, connecting structures within the stepover could
increase the likelihood of a rupture jumping through [52,53]. Within this N90°E-trending
stepover, two parallel surface rupture strands were observed, each with a narrow zone
of less than 100 m width, 1 km apart, and a local peak surface offset of 2.5 m. These
intermediate structures within the stepover (Figure 3e) may play a crucial role in facilitating
a rupture breeching through this 6 km-wide stepover, supporting the findings of numerical
models [48]. In a relatively immature structure, interactions between discontinuous and
lateral faults may facilitate fault nucleation and growth, leading to fault linkage and
coalescence [54].
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4.2. Rupture Branching at the Western End

Our optical and SAR deformation fields showed a clear branching near the eastern
end of the rupture. This eastern branching may be associated with the triggering a slip of a
SE-trending secondary fault, which has been confirmed by aftershock seismicity [14] and
field investigations [55], surface rupture zone mapping [6], and geodetic and seismogenic
inversion results [9,18]. Less is known about the branching at the western end, where a
subtle lineation striking N115°E appeared northwest of the main rupture, as shown in
Figure 3g,h. The deformation discontinuity followed a preexisting fault east of the Eling
Lake (Pink diamond 3 in Figure 2), as indicated on the geologic map [4], which received
little attention in previous studies [17,18]. Models with a coseismic slip on the western fault
branch improved the fit to the observed deformation field to some extent (refer to Table
52 and Figure S5 in the Supporting Information). Taking this side branch as the receiver
fault in Coulomb stress calculation, a slip on the main fault as the driving source resulted
in a small increase in the Coulomb failure stress on the receiver fault (Text S1 and Figure S4
in Supporting Information) [18], suggesting the potential for an additional increment of
positive stress from the main shock static stress change [56].

Coseismic reactivation of the western branch is supported by geological investigations.
During field reconnaissance on 5 June 2021 [4], we discovered distributed extensional
fractures in loose sandy alluvium shortly after the earthquake. The cracks had a stable ori-
entation of an EW trend in an en echelon arrangement, suggesting that these fractures arose
from tectonic activity on the preexisting N115°E-trending fault rather than from collapses
or strong ground shaking [4] (see Figure 2). No clear indicators show visible surface dis-
placement across the cracks; however, it is not uncommon for secondary faults to reactivate
with a nominal slip during the earthquake. For example, Xu et al. utilized full-resolution
phase gradient maps to uncover minor deformations that are challenging to detect using
the InNSAR phase [28]. They interpreted these deformations as triggering slips on previously
unidentified faults near the 2019 Ridgecrest earthquake sequence ruptures [57,58]. Similar
off-fault diffused deformation characteristics were also observed during the 1992 Mw?7.3
Landers earthquake [59], the 1999 Mw 7.1 Hector Mine earthquake [60], the 2020 Mw
6.5 Monte Cristo Range earthquake [61], the 2020 Mw 6.8 Elazig earthquake [62], and
others. These characteristics are consistently associated with the activation of faults near
the causative fault or reactivation of pre-existing weakness zones [63-65].

The 2021 Maduo earthquake has been added to the global list of earthquakes with
a ruptured bifurcation near the terminal of the causative fault [9,66,67]. Theoretical and
numerical modeling results have shown that prestress conditions, rupture speed, and
bifurcation angle impact the evolution of a fault bifurcation and lead to different bifur-
cation patterns [68-72], such as unilateral or bilateral bifurcation and static or dynamic
stress triggering (Table 3). For example, during the 1992 Mw?7.3 Landers earthquake, two
secondary faults intersected the northern and southern ends of the main fault and were
statically triggered simultaneously [59]. The 1999 M7.1 Hector Mine earthquake, on the
other hand, was considered to have dynamically triggered two secondary ruptures on the
northern and southern ends of the main fault. Coseismic fault branching in cross-section is
also commonly observed on non-planar oblique and dip-slip faults and is found to play
an important role in slip partitioning of the fault system [73-75]. However, the triggering
mechanism of the western and eastern bifurcations remains unclear. Currently, the static-
dynamic dual triggering model in nature is rarely reported. More work is needed to better
understand the dynamic process of tail bifurcations of the 2021 Maduo earthquake.
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Table 3. Published historic earthquakes with tail-end bifurcation.
Event Bifurcation N/E End S/W End Reference
1999 Mw?7.1 Hector Mine earthquake Unilateral NE, uncertain [76]
2002 Mw?7.9 Denali earthquake Unilateral SW, uncertain [77]
2003 Mw6.8 Zemmouri earthquake Unilateral SW, uncertain [78]
2008 Mw?7.9 Wenchuan earthquake Unilateral SW), static [79]
2010 Mw 6.9 Yushu earthquake Unilateral W, uncertain [14]
2015 M7.2 Sarez earthquake Unilateral E, dynamic [37]
2016 M7.2 Kumamoto earthquake Unilateral SW, static [80]
2016 Mw?7.9 Kaikoura earthquake Unilateral SW, dynamic [81]
2021 Ms7.4 Maduo earthquake Unilateral E, dynamic [14]
2021 Ms7.4 Maduo earthquake Unilateral W, static [17]
1992 Mw?7.3 Landers earthquake Bilateral N, static S, static [59]
1999 M7.1 Hector Mine earthquake Bilateral N, dynamic S, dynamic [82]
2019 Ridgecrest earthquake sequence Bilateral NW, static SE, static [83]
(Mw?7.1 event)
2021 Ms7.4 Maduo earthquake Bilateral E W [18], This study

4.3. Sensitivity of Rupture Behaviors to Fault Heterogeneity

Our geodetic coseismic slip distribution exhibits an obvious asymmetry in slip depth
and stress drop, which is the east-west contrast of the bilateral rupture, with the epicenter
as the point of reference. The slip to the west mainly concentrated at shallower depths,
with a smaller stress drop than that to the east (see Figure 9). The fault’s dip angle
steepened gradually towards the east, which was consistent with the relocated aftershock
distribution [14]. Furthermore, this variation in slip depth along the fault was associated
with the rupture velocity, as estimated from seismic waveforms [10]. Specifically, the
rupture speed towards the west was slower than towards the east [9,10,12]. Interestingly,
this spatial difference on both sides of the epicenter was also reflected by changes in
the geometric and structural properties of the fault. Surface ruptures on the western
side, beyond the EW-trending stepovers, aligned with a series of N110°-striking, stress-
unfavorable, and older inherited faults. On the eastern side, beyond the surface ruptures
of the initial 10 km section that overlap with one geologically mapped reverse fault, they
followed with the structurally less mature but more optimally oriented faults of an N093°-
striking, relative to the regional stress field [47]. A similar pattern was also observed for
coseismic slip at more deep depths. Only the peak slip of the asperity M2 was located on
the N110°-striking and older inherited fault, while all peak slips (i.e., main stress drop) of
other asperities (M1, M3-M5) were released on the N093°-striking and optimally oriented
faults. This observation supports the conclusion that the alignment of a fault with the stress
field can have a more significant impact on rupture dynamics than other factors, such as
fault structural simplicity, maturity, and strength [47].

The asymmetry of earthquake slips and rupture speeds strongly couples with along-
strike changes in the geometric and structural properties of the fault, including dip direction
and angle, degrees of geologic inheritance, and fault development to the east and west of
the epicenter, which highlights the sensitivity of rupture behaviors to fault heterogeneity.
Prior studies show that the largest slips and higher rupture speeds are most likely to occur
on the most mature half of the ruptured fault section [84,85]. Although immature parts of
a fault associated with high fault strength likely act as mechanical barriers to earthquake
slip [86], there are exceptions. The 2020 Mw 6.8 Elaz1g earthquake ruptured the Piirtiirge
segment of the East Anatolian fault, which has low-to-moderate structural maturity [62].
The largest slip occurred at a bend of about 10° and experienced the largest initial stress
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(and consequently the largest stress drop) of 40 MPa, with very few aftershocks when the
rupture approached this strong asperity at a locally supershear speed of ~4 km/s [87].
Similarly, the highest slip of the Maduo earthquake was released at the widest stepover
with the largest stress drop of 42 MPa (Figure 9). The aftershock gap occurred east of
this stepover [14] and was linked to the higher rupture speed (even reaching supershear
velocity locally) [10-12]. Dynamic rupture models in heterogeneous media show that lo-
cally stronger fault sections, rather than slowing ruptures, drive them forward at velocities
exceeding the shear wave speed [88]. As noted by Oglesby et al. [53], the connecting
intermediate structures significantly enhance the ability of an earthquake rupture to propa-
gate across the widest stepover, resulting in a larger event and potentially facilitating the
subshear-to-supershear transition [89-91]. Although our results do not directly confirm the
occurrence of the subshear-to-supershear transition at the widest stepover [12], which is
favorably oriented in the background stress field, this possibility is still supported.
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Figure 9. Stress drop and depth of the peak slip of every asperity for the optimal slip distribution
model. The symbol size indicates the peak slip of every asperity.

5. Conclusions

In this study, we utilized SAR and optical displacement fields, along with on-fault
surface rupture zone data, to precisely determine the geometric parameters of the fault
associated with the 2021 Maduo earthquake. An adaptive quadtree downsampling method
was employed to enhance the quality of the dataset utilized in the coseismic slip inversion.
The optimized 3D slip model with varying strikes and dips revealed five main asperi-
ties. Most of the slip was concentrated primarily above 10 km, and no slip extended to
depths greater than 20 km. The largest slip of ~6 m, with a depth of ~6.9 km, occurred
near the widest stepover east of the epicenter, which was also located in the transition
zone from sub-shear to super-shear rupture. Both optical and SAR displacement fields
consistently indicated the evidence of local minimization of effective normal stress on
releasing stepovers, which facilitated rupture through them. Connecting intermediate
structures play a role in maintaining the propagation of ruptures through wide stepovers
when they align with the optimal stress orientation and may even facilitate the transition
from subshear to supershear. Our optical displacement fields, phase gradient fields, and
geological investigations provide further evidence of coseismic reactivation of a branched
fault at the western end. Furthermore, we found that there was a significant asymmetry in
slip depth, stress drop, and rupture velocity to the east and west of the epicenter, which was
coupled with variations in the geometric and structural characteristics of fault segments
along the strike. Our findings highlight the impact of small-scale details of fault geometry
on rupture behaviors.
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