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Abstract: Exploring the deformation mechanism of the 2021 Mw 7.4 Maduo Earthquake is crucial for
better understanding the seismic hazard of the faults with low strain rates inside the Bayan Har block.
This study leverages deformation information derived from Sentient-1 A/B images and GPS data
to investigate in detail the co- and postseismic deformation mechanisms using multiple methods.
The main results are as follows. First, the postseismic InSAR time series robustly identified the
reactivation of the Changmahe fault, indicating the impact of the Maduo event on surrounding active
faults. Second, the joint inversion of Interferometric Synthetic Aperture Radar and GPS revealed that
(1) there was a complementary and partially overlapping relationship between the coseismic slip and
postseismic afterslip of the main rupture; and (2) the Changmahe fault exhibited thrust compression
dislocation in the early stage and experienced a sustained compressive effect from afterslip in the
one year after the mainshock. Third, modeling the processes of viscoelastic relaxation and poroelastic
rebound revealed that the postseismic deformation was probably caused by a combination of afterslip
(near-field) and viscoelastic relaxation (near and far field). Fourth, the stress changes driven by
the Maduo event revealed that the seismic gaps inside the Maqin-Maqu segment and the Kunlun
Pass-Jiangcuo fault will be potential seismic risks in the future.

Keywords: Maduo earthquake; deformation mechanism; slip modeling; fault reactivated; seismic risk

1. Introduction

In the past 20 years, multiple large earthquakes with a magnitude of M7 or above have
occurred at the high strain rate boundary of the Bayan Har block in the Tibetan Plateau
(Figure 1) [1]. However, few researchers have paid attention to the potential generation of
large earthquakes inside the Bayan Har block with low strain rate. The 2021 Maduo Mw 7.4
earthquake (Maduo event), which occurred on 22 May 2021 (UTC+8), is the only large-scale
earthquake that occurred on an inconspicuous fault inside the Bayan Har block in recent
years, which is of great significance for in-depth insight into the stress development and
fault tectonic activity inside the block.

The Maduo event generated an aftershock sequence numbering in thousands along the
~170 km length of the seismogenic rupture, which caused significant destruction to build-
ings and other economic losses. The event occurred on a low-slip-rate sinistral strike-slip
Kunlun Pass-Jiangcuo fault (KLJF). The field investigation [2,3] and the relocated aftershock
sequence [4] revealed that the seismogenic rupture zone generally trends NW280◦, and a
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branch fault with ~40 km length appears on the eastern segment of the rupture. Geodesy
observations—GPS and Interferometric Synthetic Aperture Radar (InSAR)—allow for a
detailed characterization of the rupture mode and the co- and postseismic deformation
behavior of seismic events [5–8]. This provides a tremendous chance to accurately depict
the deformation mechanism and rupture model of the Maduo event, which is one of the
main focuses of this paper.

After the Maduo event, numerous studies have explored its coseismic rupture and
early postseismic deformation (e.g., [9–13]). Nevertheless, several issues remain, necessitat-
ing further investigation, which are as follows. Firstly, greater attention should be given to
analyzing the impact of the Maduo event on the surrounding faults. Particularly, buried
or known faults may be reactivated by the Maduo event. As a prominent example, field
investigations after the mainshock [14,15] indicate that the eastern segment of the Tibet
Dagou-Changmahe fault (the Changmahe fault), which is connected to the branch fault
in the northeast of the seismogenic rupture, exhibits characteristics of compression and
bulging, potentially influenced by the coseismic rupture of the Maduo event. Yang et al. [16]
indicated that the Maduo event triggers the motion of the Changmahe fault. However, up
to now, further exploration into the postseismic patterns of the Changmahe fault is absent,
and the deformation characteristics and slip mechanisms during the early stage and one
year after the mainshock remain unclear. Yang et al. [16] modeled the Changmahe fault
using coseismic deformation fields spanning the early postseismic SAR image acquisition
time without considering modeling based on early postseismic deformation fields. Addi-
tionally, slip behavior modeling of the Changmahe fault based on postseismic near-field
GPS data is absent. Secondly, the postseismic deformation modeling of the Maduo event
has been widely studied using InSAR (e.g., [7,10,17]) and dispersed GPS data [18], whereas
postseismic near-field GPS data are seldom used to characterize the postseismic mechanism.
Postseismic near-field GPS data can provide important constraints for exploring the post-
seismic deformation mechanism of the Maduo event [7]. Thirdly, the three-dimensional
coseismic deformation field was calculated only utilizing the InSAR deformation fields in
previous studies (e.g., [13,19]); therefore, considering the coseismic GPS measurements is
indispensable to give a more precise constraint.

In the study, we introduced new postseismic near-field GPS data to better explore the
properties of the seismogenic rupture and analyze the postseismic deformation mechanism.
The main work of the paper includes the following: firstly, multiple methods were used
to record the coseismic deformation of the Maduo event based on Sentinel-1 A/B images,
and the high-precision three-dimensional coseismic deformation field was calculated by
combining coseismic GPS measurements. Secondly, the SBAS-InSAR method and postseis-
mic near-field GPS data were utilized to obtain the postseismic deformation time series
(1 year) of the Maduo event. Thirdly, the joint inversion of GPS and InSAR observation
was employed to constrain the co- and postseismic slip patterns, which will be beneficial
for exploring the deformation mechanism of the main rupture and the Changmahe fault.
Fourthly, the process of viscoelastic relaxation and poroelastic rebound were modeled to
determine the relative contribution of postseismic deformation. The possible factors that
control the postseismic fault slip behavior and the postseismic deformation trend were also
discussed. Finally, the stress load driven by the Maduo event and the future seismic risk
inside the Bayan Har block were analyzed.
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Figure 1. The seismotectonic background around the Maduo event. The solid red line represents the 
boundary of blocks in the Tibetan Plateau. The solid black line represents the developed active faults 
[20,21]. EKLF = East Kunlun fault, KLJF = Kunlun Pass-Jiangcuo fault, DRF = Dari fault, MGF = 
Maduo-Gande fault, and BYKLF = Bayan Har Mountain Main Peak fault, TDCF = Tibet Dagou-
Changmahe fault. (a) Major blocks and developed faults within the Tibetan Plateau. The blue-to-red 
beach ball sphere in (a) represents large historical earthquakes occurring at the boundary of the 
Bayan Har block, with color change indicating variations in depth. The black beach ball in (a) rep-
resents the Maduo event. The blue arrow indicates the interseismic GPS rate [22,23]. (b) The tectonic 
background around the epicenter. The white and black dashed boxes indicate the spatial coverage 
of Sentinel-1A/B data used to obtain co- and postseismic deformation from ascending and descend-
ing orbits, respectively. The solid black line box indicates the range of subgraph (c). The blue triangle 
represents the GPS station that recorded coseismic deformation, and the red triangle represents the 
near-field GPS station that recorded postseismic deformation. The black beach ball in (b) represents 
the 1947 M7.75 Dari earthquake [24]. (c) The circle represents the aftershocks after relocation [4], 
with color change (the color bar in (b)) representing the relative time in relation to the mainshock. 
The red star shows the relocated epicenter. 

2. Methodology and Data Preprocessing 
2.1. Coseismic Geodetic Observations 

Sentinel-1 A/B data from ascending orbit 99 and descending orbit 106, spanning the 
period of 20 May 2021, to 26 May 2021, were used in the coseismic study. The two-pass 
differential InSAR (D-InSAR), pixel offset tracking (POT), and Burst-Overlap Interferom-
etry (BOI) methods were employed to obtain the line-of-sight (LOS) deformation and 

Figure 1. The seismotectonic background around the Maduo event. The solid red line represents
the boundary of blocks in the Tibetan Plateau. The solid black line represents the developed active
faults [20,21]. EKLF = East Kunlun fault, KLJF = Kunlun Pass-Jiangcuo fault, DRF = Dari fault,
MGF = Maduo-Gande fault, and BYKLF = Bayan Har Mountain Main Peak fault, TDCF = Tibet
Dagou-Changmahe fault. (a) Major blocks and developed faults within the Tibetan Plateau. The
blue-to-red beach ball sphere in (a) represents large historical earthquakes occurring at the boundary
of the Bayan Har block, with color change indicating variations in depth. The black beach ball in
(a) represents the Maduo event. The blue arrow indicates the interseismic GPS rate [22,23]. (b) The
tectonic background around the epicenter. The white and black dashed boxes indicate the spatial
coverage of Sentinel-1A/B data used to obtain co- and postseismic deformation from ascending and
descending orbits, respectively. The solid black line box indicates the range of subgraph (c). The
blue triangle represents the GPS station that recorded coseismic deformation, and the red triangle
represents the near-field GPS station that recorded postseismic deformation. The black beach ball
in (b) represents the 1947 M7.75 Dari earthquake [24]. (c) The circle represents the aftershocks after
relocation [4], with color change (the color bar in (b)) representing the relative time in relation to the
mainshock. The red star shows the relocated epicenter.

2. Methodology and Data Preprocessing
2.1. Coseismic Geodetic Observations

Sentinel-1 A/B data from ascending orbit 99 and descending orbit 106, spanning the
period of 20 May 2021, to 26 May 2021, were used in the coseismic study. The two-pass
differential InSAR (D-InSAR), pixel offset tracking (POT), and Burst-Overlap Interferometry
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(BOI) methods were employed to obtain the line-of-sight (LOS) deformation and azimuth
offsets using the ISCE2 code [25] (Figure 2). The detailed image coverage is provided in
Figure 1.
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represent the azimuth deformation fields from ascending orbit obtained by POT and BOI, respec-
tively. The solid black line indicates the seismogenic rupture trace drawn by coseismic deformation. 
The red star shows the relocated epicenter. 
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SAR observations [32,33]. It is crucial for anatomizing seismogenic mechanisms. First, we 
interpolated the coseismic GPS horizontal displacements from Xiong et al. [7] (Table S1) 
using Kriging spatial interpolation to generate a deformation map at the same resolution 
as the InSAR data. Then, the complete 3-D coseismic deformation field of the Maduo event 
was constructed based on the SMVCE algorithm [33] with six components derived from 
the coseismic InSAR and coseismic GPS: one offset measurement in azimuth direction (or-
bit 99), two D-InSAR observations (orbits 99 and 106), one BOI measurement (orbit 99), 
and GPS horizontal displacements (EW and NS components) (Figure 3). In the calculation 
process, a window size of 21 × 21-pixel is adopted for modeling the strain model, as de-
termined by the trial-and-error strategy. 

Figure 2. Coseismic deformation fields of the Maduo event. “Asc” and “Des”, respectively, indicate
the ascending and descending orbits of the satellite. (a,b) represent LOS deformation fields from
ascending and descending orbits obtained by D-InSAR, respectively. (c,d) represent LOS deformation
fields from ascending and descending orbits obtained by POT, respectively. (e,f) represent the azimuth
deformation fields from ascending orbit obtained by POT and BOI, respectively. The solid black line
indicates the seismogenic rupture trace drawn by coseismic deformation. The red star shows the
relocated epicenter.

In D-InSAR processing, we applied multilook processing with azimuth direction 2 and
range direction 10 to enhance the signal-to-noise ratio of the phase signal in the interferogram
and reduce the influence of phase noise. In addition, we used reference DEM data (ALOS
world 3D-30m) to remove the topography phase, applied Goldstein filtering [26] to remove the
noise phase, and utilized the General Atmospheric Correction Online Service (GACOS) [27] to
reduce the contribution of atmospheric effects. The phase unwrapping process was performed
using the minimum cost flow method [28]. We selected 21 ground control points in the
far-field area, away from seismic deformation, and estimated and removed the residual terrain
phase and linear slope phase based on the cubic polynomial refinement method. Following
phase shift and geocoding, we obtained the coseismic deformation fields in the LOS direction
for both ascending and descending orbits.

In POT processing, the cross-correlation technique based on SAR image amplitude
information was used to obtain the deformation fields of LOS and azimuthal offsets from
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ascending and descending orbits [29,30]. We employed a cross-correlation window that
was 64 pixels in range and 16 pixels in azimuth. The images were oversampled by a factor
of 64 in the matching process to extract offsets with a precision of 1/64 of a pixel. To further
reduce the noise in the estimated offsets, we applied a median filter with a 15 × 15-pixel
window to the azimuth displacement.

The BOI method, as described by Solaro et al. [31], involves several main steps. Firstly,
backward and forward interferograms are generated by performing conjugate multiplica-
tion on two forward-looking and two backward-looking finely co-registered SAR images.
Next, a differential process is applied between the forward and backward interferograms
to extract the azimuthal deformation phase, which represents the deformation information
in the azimuth direction [31]. To reduce the impact of incoherent noise, an adaptive Lee
filtering method is employed to filter the azimuthal deformation phase. Finally, the entire
SAR image is accurately geocoded to extract the geographic coordinates of the overlapping
areas based on the geographic coordinates of the entire SAR image.

2.2. Three-Dimensional (3-D) Coseismic Deformation Field

The three-dimensional (3-D) deformation field can overcome the limitation posed
by the polar-orbiting flight and side-looking imaging of spaceborne SAR sensors in the
InSAR observations [32,33]. It is crucial for anatomizing seismogenic mechanisms. First,
we interpolated the coseismic GPS horizontal displacements from Xiong et al. [7] (Table S1)
using Kriging spatial interpolation to generate a deformation map at the same resolution
as the InSAR data. Then, the complete 3-D coseismic deformation field of the Maduo event
was constructed based on the SMVCE algorithm [33] with six components derived from the
coseismic InSAR and coseismic GPS: one offset measurement in azimuth direction (orbit 99),
two D-InSAR observations (orbits 99 and 106), one BOI measurement (orbit 99), and GPS
horizontal displacements (EW and NS components) (Figure 3). In the calculation process,
a window size of 21 × 21-pixel is adopted for modeling the strain model, as determined by
the trial-and-error strategy.
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Figure 3. The 3-D coseismic deformation field of the Maduo event. The horizontal deformation
vector from the EW (a) and NS (b) deformation components of the 3-D coseismic deformation field
is superimposed on the vertical (c) deformation component. Deformation values in the northward,
eastward, and upward directions are positive. The red star shows the relocated epicenter. The solid
black line indicates the seismogenic rupture trace drawn by coseismic deformation.

2.3. Postseismic Geodetic Observations

The postseismic InSAR deformation and GPS displacement driven by the early post-
seismic slip were investigated in this study (Figure 4). We collected 76 (including two
frames) and 46 Sentinel-1 A/B images from ascending orbit 99 and descending orbit 106
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(26 May 2021–3 May 2022), respectively, and 16 near-field GPS data (22 May 2021–25
September 2022) during the study period. The detailed Sentinel-1 A/B image cover-
age, the distribution of the near-field GPS stations, and data information are shown in
Figure 1 and Table S1. The time series SAR images were processed using the ISCE2-StaMPS
code [25,34,35]. The Small baseline subset InSAR (SBAS-InSAR) method [36] was utilized
to extract the time series of postseismic InSAR deformation from interferograms (Figure 4).
The Stacking InSAR method [37] was employed to obtain the LOS average deformation ve-
locity (Figure 4d,h) The processing flowchart of SBAS-InSAR and Stacking-InSAR methods
is shown in Figure S1. It is noteworthy that we employed the EW and NS components of
GPS, omitting the vertical component due to its error frequently surpassing the signal [7,38].
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Aerospace Exploration Agency. To further mitigate the impact of noise in the interfero-
gram, we applied an adaptive Lee filtering method with a calculation window size of 32 
× 32. This filtering technique significantly reduces the influence of noise on the interfero-
gram. The unwrapping of the interferogram was performed using the minimum cost flow 
method [39]. A threshold of 0.6 was set to ensure sufficient deformation information dur-
ing the unwrapping process. Additionally, we conducted the GACOS correction [27] to 
reduce the contribution of atmospheric noise to the time series data and obtain more ac-
curate postseismic deformation information. Finally, the postseismic time series defor-
mation was obtained (Figure 4). 
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Figure 4. The postseismic InSAR deformation fields (a–h), the postseismic GPS horizontal displace-
ment (c), and (i–l) the time series of typical deformation points. The dashed black lines AA’–DD’
indicate the profile in Figure S3a–d. The black boxes labeled as a-d in (c,g) indicate specifically
selected points in (i–l). The black dashed curve represents the isopleth with a 5 mm interval, and
Figure 9a,b are overlaid as isopleth in (c) and (g), respectively. The black arrow in subgraph (c)
indicates the postseismic GPS horizontal displacement in the current period. F6 represents the fault
that was reactivated by the Maduo event. The coarse grey curves in (i–l) represent the best-fit curve
(see Formula (2)), and the values of the decay coefficient (τ, unit in day) are labeled near the curves.
The red star shows the relocated epicenter.

The main processing settings of the SBAS-InSAR method are as follows. We selected a
suitable spatial–temporal baseline threshold (30 days for the time baseline and 200 m for
the perpendicular baseline) to obtain a sufficient number of interferometric pairs. Figure S2
shows the distribution combination of interference pairs. To improve the signal-to-noise
ratio of the interferogram, we performed multilook processing with an azimuth 20 and a
range direction 4 on the original interferogram. The topography phase component con-
tribution was removed using the ALOS WORLD 3D-30m DEM provided by the Japan
Aerospace Exploration Agency. To further mitigate the impact of noise in the interfer-
ogram, we applied an adaptive Lee filtering method with a calculation window size of
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32 × 32. This filtering technique significantly reduces the influence of noise on the interfer-
ogram. The unwrapping of the interferogram was performed using the minimum cost flow
method [39]. A threshold of 0.6 was set to ensure sufficient deformation information during
the unwrapping process. Additionally, we conducted the GACOS correction [27] to reduce
the contribution of atmospheric noise to the time series data and obtain more accurate
postseismic deformation information. Finally, the postseismic time series deformation was
obtained (Figure 4).

The processing of near-field GPS data after the mainshock was carried out using
GAMIT/GLOBK v10.6 software and the baseline calculation was performed on the original
observation data to obtain a single-day relaxation solution. In the specific calculation, the
latest Earth rotation parameters, solar ephemeris, lunar ephemeris, nutation parameters,
and antenna phase center parameter files were used, and ionospheric model corrections
were added. The IERS03 protocol model was used to deduct the effects of solid tide,
ocean tide, and polar tide from phase observations. The zenith dry delay component for
each station was calculated using the GPT2 model, and the tropospheric zenith wet delay
component was calculated every 2h to estimate atmospheric tropospheric delay. In the
network adjustment processing, the relaxation solution calculated in the previous step was
combined with the global solution generated by SOPAC (http://sopac.ucsd.edu/, accessed
on 10 February 2023). Under the constraints of IGS reference stations distributed globally,
a seven-parameter similarity transformation was used to convert the daily solution into
the ITRF2014 framework, and finally, the coordinate time series under this framework
was obtained (Figures 5 and 6). In addition, we used Bayesian methods to estimate the
interseismic GPS rate and its uncertainty related to tectonic deformation [7].

In order to obtain the postseismic GPS deformation trend (Figures 5 and 6), we separate
the linear trend and seasonal deformation signals from the original GPS time series [40].
The corresponding formula can be expressed as follows:

F(T) = a1 × T + a2 × log(1 +
T
τ
) + a3 × cos(2πT) + a4 × sin(2πT) + a5 × cos(4πT) + a6 × sin(4πT) + a7 (1)

where F(T) represents the fitting original GPS time series (mm). T represents the observa-
tion time (days). τ represents the decay coefficient (days). a1–a7 represent the unknown
coefficient to be solved. In Equation (1), the first term represents the linear trend driven by
tectonic deformation, the second term represents the postseismic deformation trend, which
follows a logarithmic function, the remaining trigonometric terms represent the seasonal
signals present in the original GPS time series, and a7 indicates the offset term. We used an
interseismic GPS rate to separate the linear trend term.

Additionally, the fitting formula for the time series of InSAR deformation points can
be expressed as follows [8]:

F = A0· log(1 +
T
τ
) + c (2)

where F indicates the fitting deformation time series. A0 is the scaling factor, T indicates
the observation time (days), τ indicates the decay coefficient (unit in day), and c indicates
the offset of the curve.

http://sopac.ucsd.edu/
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Figure 5. The EW displacement component of the postseismic GPS time series. The red dot and the
black dot represent the original and corrected GPS time series, respectively. The bluish-green curve is
the logarithmic function curve with the optimal fitting (see Formula (1)), and the values of the decay
coefficient (τ-τe, τn, unit in day) are labeled near the curves.
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2.4. 2.5-Dimensional (2.5-D) Postseismic Time Series Deformation Decomposing

To further determine the postseismic deformation pattern, we measured the quasi-
East-West (quasi-EW) and quasi-vertical components of the 2.5-dimensional (2.5-D) [41]
deformation fields by combining LOS deformation fields from descending and ascend-
ing orbits (Figure 7). According to the imaging geometry of spaceborne SAR satellites
(e.g., right-looking imaging), the LOS deformation dLOS of a target on the ground can be
represented by [8,41]:
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dF
LOS = du· cos θF

inc − de·sinθF
inc· sin(αF

azi −
3π

2
)− dn·sinθF

inc· sin(αF
azi −

3π

2
) + δF

LOS (3)

where F represents the direction of satellite flight (ascending/descending). When F is A,
it represents ascending, and when D, it represents descending; dF

LOS indicates the LOS
coseismic deformation at any given ground point; δF

LOS is the measurement error. de and dn
denote the EW and NS deformation vectors at any given ground point, respectively, and du
denotes the vertical deformation vector at any given ground point; θF

inc denotes the SAR
satellite incidence angle, and αF

azi denotes the SAR satellite flight azimuth.
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When the NS deformation vector is assumed to make no contribution to the LOS
deformation, Formula (3) becomes Formula (4). Furthermore, the quasi-EW deformation
du and quasi-vertical deformation de of ground targets can be expressed as{

du· cos θA
inc − de·sinθA

inc· cos αA
azi + δA

LOS ≈ dA
LOS

du· cos θD
inc − de·sinθD

inc· cos αD
azi + δD

LOS ≈ dD
LOS.

(4)
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2.5. Co- and Postseismic Slip Modeling

We adopted the steepest descent method [42] to model the coseismic slip distribution
of the Maduo event. The 67 GPS horizontal displacements [7] (Table S1) and the D-InSAR
deformation from ascending and descending orbits (Figure 2a,b) were employed to jointly
invert the coseismic slip (Figure 8a). To improve the operational efficiency of inversion, a
non-uniform downsampling method was utilized to resample the InSAR deformation. This
method was implemented by using different pixel sampling intervals for the near-field
and far-field deformation regions of the coseismic rupture, respectively, in terms of rows
and columns. We set the length of the seismogenic fault model to be 180 km along the
strike direction, and the width extends downward along the dip direction to 30 km. The
fault plane was discretized into patches with dimensions of 2 × 2 km. Considering that
the deep rupture of the Maduo event reached the surface, the top edge depth of each fault
segment was set to 0 km. Considering the spatial distribution of aftershocks [4] and the
curvature of the seismogenic rupture trace, we divided the entire seismogenic fault into
5 fault segments (F1–F5). Referring to the relocated aftershock depth profiles [4], the dip
angle for each fault segment was set differently within 80◦–90◦. In addition, to ensure a
reasonable slip distribution, the preferred smoothing factor of 0.07 was selected through
multiple inversions based on the trade-off relationship between the model roughness and
the normalized misfit (Figure 8e).
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Figure 8. The co- (a,b) postseismic (1 year) slip distribution of the Maduo event. The white dashed
line denotes the coseismic slip isopleth at 1m intervals. The black circle represents the relocated
aftershocks distribution. The change of geodetic moment release with depth of co- (c,d) postseismic
slip. The red dots indicate the seismic moment corresponding to each depth, and the histogram
indicates the slope change of the seismic moment with depth. (e,f) indicate the trade-off curve
between model roughness and normalized misfit of the co- and postseismic (1 year) slip distribution,
respectively. The red dots in (e,f) represent the preferred smoothing factor. The red star shows the
relocated epicenter.

We applied a nearly similar inversion strategy as the coseismic slip inversion, where
the postseismic LOS deformation from ascending and descending orbits and the horizontal
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displacements of 16 near-field GPS (Figures 5 and 6) were employed for joint inversion to
generate the postseismic slip model. The near-field GPS data can provide better constraints
compared to near-field GPS data used by Jin et al. [18]. Here, GPS data were used within
the same observation time window as InSAR. For GPS stations (e.g., 2840, 4499, and KANQ)
with significant observation gaps and relatively short observation periods (<1 year), we per-
formed optimal fitting using logarithmic functions to estimate deformations during each
monitoring period (see Formula (1) and Figures 5 and 6). These estimates were then uti-
lized in the joint inversion process. Considering the contribution of viscoelastic relaxation
and poroelastic rebound to the postseismic deformation within 1 year after the mainshock,
the postseismic LOS deformation was obtained by subtracting the simulated LOS defor-
mation through viscoelastic relaxation and poroelastic rebound from the cumulative LOS
deformation of the last observation period obtained using SBAS-InSAR (Figures 9 and S4).
Meanwhile, the postseismic GPS horizontal displacements also subtract these two mechanisms-
driven deformation components (Figure 9). Slip modeling was conducted for the early stage
(26 May–19 June 2021) and one year after the mainshock, respectively (Figures 8b and 9c,d).
Considering the influence of the Maduo event on the Changmahe fault, we added an addi-
tional fault segment, F6. We utilized the nearly linear trace of fault segment F6, as depicted
in the postseismic InSAR time series (see F6 in Figures 4 and 7), for modeling purposes. In
the detailed process, the geometry of the postseismic main rupture model was determined
based on the geometry of our coseismic model. The preferred smoothing factors for the two
inversions were 0.07 and 0.08, respectively, selected by considering the trade-off relationship
between the model roughness and the model misfit (Figures 8f and 10f).
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Figure 10. The tectonic background surrounding fault F6 (a), the deformation profile across fault
F6 (b), the schematic diagram illustrating the reactivation mechanism of fault F6 (c), and the slip
distribution of the fault F6 during the early stage (d) and the one year (e) after the mainshock. The
position of the E–E’ profile is indicated in Figure 7f. (f) illustrates the trade-off curve between model
roughness and normalized misfit of the slip distribution in the early stage after the mainshock.
EKLF = East Kunlun fault, KLJF = Kunlun Pass-Jiangcuo fault, DRF = Dari fault, MGF = Maduo-
Gande fault, and TDCF = Tibet Dagou-Changmahe fault. The red star shows the relocated epicenter.

2.6. Modeling of Viscoelastic Relaxation and Poroelastic Rebound

Previous research on the postseismic deformation mechanism has generally neglected
the effects of viscoelastic relaxation (VR) and poroelastic rebound (PR) processes, assuming
that postseismic afterslip is the dominant process. However, these two mechanisms can
often contribute more or less to postseismic deformation [43,44]. We modeled the VR and
PR process to evaluate the simulated deformation driven.

VR typically exists in the lower crust and/or upper mantle, and high temperature and
pressure enable the ductile flow of rocks [45]. Based on our coseismic slip model, the simulated
LOS deformation and GPS horizontal displacements ~1 year after the mainshock driven by
VR were evaluated by adopting the PSGRN/PSCMP code [46] (Figure 9a,b). The simulation
utilized a multi-layer crustal model with a viscoelastic lower crust and upper mantle, as
used by Xiong et al. [7], and also referenced the crustal velocity structure proposed by
Wang et al. [4] and Song et al. [47]. The viscosity value (1.0 × 1018 Pa·s) used in the model is
based on the value proposed by Liu et al. [48], Chen et al. [43], and Xiong et al. [7].

Earthquakes can alter the fluid pressure in the lower part of the seismogenic rupture, and
the associated PR can cause time-dependent surface deformation [49]. The PEGRN/PECMP
code [50] was adopted to evaluate the simulated LOS deformation and GPS horizontal
displacements ~1 year after the mainshocks simulated driven by PR (Figure 9c,d), utilizing
our coseismic slip model. The PR process can be modeled in a layered homogeneous half-space
by considering the variation in the Poisson’s ratio of the top crustal rocks from undrained
(0.28) to drained (0.241) conditions [7,49]. Following the work reported by Xiong et al. [7], we
reevaluated the contribution of the PR~1 year after the mainshock. The corresponding model
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parameters are based on the relevant parameters in Xiong et al. [7] and Hong and Liu [40].
We assumed that the PR occurred solely within the top 7 km layer of the upper crust.

2.7. The Coulomb Failure Stress Change

We calculated the coulomb failure stress change (dCFS) driven by the coseismic rupture
of the Maduo event to evaluate its effect on the surrounding fault (Figure 11). Based on
the optimal coseismic slip model (Figure 8a), the PSCMP/PSGRN code [46] was employed
to calculate the dCFS. The calculation of dCFS is based on a layered elastic half-space
crustal and upper mantle velocity and density model reported by Xiong et al. [7], which
considers the gravity effect and effectively simulates the coseismic deformation and stress
change caused by the earthquake. In the study, the apparent friction coefficient was set to
a value of 0.4 [51]. Different friction coefficient values affect the calculated stress values,
but the distribution pattern of dCFS and the sign of stress changes (increase/decrease)
remain largely the same [10,52]. The dCFS value was calculated at the same depth (7 km)
as the mainshock. We select a receiving fault direction (283.9/82.7/−9) to compute stress
change resolved on a nearly vertical strike-slip fault, aligning with the orientation of the
Maduo event.

Remote Sens. 2024, 16, x FOR PEER REVIEW 15 of 25 
 

 

 
Figure 11. The coseismic dCFS of the Maduo event. The thick red line shows the Maqin-Maqu seg-
ment. The lake filled with white color represents Donggei-Cuona Lake. EKLF = East Kunlun fault, 
KLJF = Kunlun Pass-Jiangcuo fault, DRF = Dari fault, MGF = Maduo-Gande fault, and TDCF = Tibet 
Dagou-Changmahe fault. The red star shows the relocated epicenter. 

3. Results and Analyses 
3.1. The Coseismic Deformation Analysis 

The dense interference fringes observed in the coseismic interferogram indicate a sig-
nificant deformation gradient associated with the Maduo event (Figure S5). As shown in 
Figure 2. The D-InSAR and POT observations have obtained a complete and wide-ranging 
coseismic deformation field of the Maduo event, with two main lobes of deformation sep-
arated by seismogenic rupture clearly visible. The coseismic deformation field depicts a 
~282° strike rupture trace, consistent with field investigation [2,3] and relocated aftershock 
distribution [4]. The prominent area of deformation in the entire coseismic deformation 
field covers an approximately 200 km × 80 km range, with the maximum LOS deformation 
reaching 1.3 m. The azimuth deformation from BOI and POT reaches a maximum of 1 m. 
Furthermore, the discontinuity and curvature changes of deformation along the seismo-
genic rupture trace suggest complex geometric variations (e.g., fault bending) throughout 
the entire seismogenic process. The near-symmetry of the deformation lobes on the north-
ern and southern parts of the ascending and descending deformation maps reveals the 
sub-vertical geometric structure of the seismogenic fault. 

Figure 3 exhibits the complete 3-D coseismic deformation field. Our result demon-
strates sufficient consistency in both the value range and spatial distribution of defor-
mation compared to Liu et al. [53], Wei et al. [19], and Yang et al. [16], except for the dif-
ference in the NS component from Zhao et al. [13]. As shown in Table 1, the root mean 
square error (RMSE) of the EW and NS deformations was 2.3 cm and 2.9 cm, respectively, 
significantly lower than those reported by Liu et al. [53] (RMSE of 5.2 cm for EW and 6.4 
cm for NS). Nonetheless, the small differences indicate that the 3-D coseismic deformation 
field calculated in this study exhibits a high level of accuracy. Figure 3 illustrates that the 
amplitude of deformation in the EW direction exhibited the highest magnitude, reaching 
a maximum of ~2.1 m, and the seismogenic fault associated with the Maduo event primar-
ily exhibited left-lateral strike-slip motion. This implies that the horizontal deformation 
components in the EW and NS directions predominantly contribute to the coseismic de-
formation. 

  

Figure 11. The coseismic dCFS of the Maduo event. The thick red line shows the Maqin-Maqu
segment. The lake filled with white color represents Donggei-Cuona Lake. EKLF = East Kunlun fault,
KLJF = Kunlun Pass-Jiangcuo fault, DRF = Dari fault, MGF = Maduo-Gande fault, and TDCF = Tibet
Dagou-Changmahe fault. The red star shows the relocated epicenter.

3. Results and Analyses
3.1. The Coseismic Deformation Analysis

The dense interference fringes observed in the coseismic interferogram indicate a
significant deformation gradient associated with the Maduo event (Figure S5). As shown in
Figure 2. The D-InSAR and POT observations have obtained a complete and wide-ranging
coseismic deformation field of the Maduo event, with two main lobes of deformation
separated by seismogenic rupture clearly visible. The coseismic deformation field depicts a
~282◦ strike rupture trace, consistent with field investigation [2,3] and relocated aftershock
distribution [4]. The prominent area of deformation in the entire coseismic deformation
field covers an approximately 200 km × 80 km range, with the maximum LOS deformation
reaching 1.3 m. The azimuth deformation from BOI and POT reaches a maximum of 1 m.
Furthermore, the discontinuity and curvature changes of deformation along the seismo-
genic rupture trace suggest complex geometric variations (e.g., fault bending) throughout
the entire seismogenic process. The near-symmetry of the deformation lobes on the north-
ern and southern parts of the ascending and descending deformation maps reveals the
sub-vertical geometric structure of the seismogenic fault.
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Figure 3 exhibits the complete 3-D coseismic deformation field. Our result demon-
strates sufficient consistency in both the value range and spatial distribution of deformation
compared to Liu et al. [53], Wei et al. [19], and Yang et al. [16], except for the difference in
the NS component from Zhao et al. [13]. As shown in Table 1, the root mean square error
(RMSE) of the EW and NS deformations was 2.3 cm and 2.9 cm, respectively, significantly
lower than those reported by Liu et al. [53] (RMSE of 5.2 cm for EW and 6.4 cm for NS).
Nonetheless, the small differences indicate that the 3-D coseismic deformation field calcu-
lated in this study exhibits a high level of accuracy. Figure 3 illustrates that the amplitude
of deformation in the EW direction exhibited the highest magnitude, reaching a maximum
of ~2.1 m, and the seismogenic fault associated with the Maduo event primarily exhibited
left-lateral strike-slip motion. This implies that the horizontal deformation components in
the EW and NS directions predominantly contribute to the coseismic deformation.

Table 1. Comparison of the 3-D coseismic deformation field and coseismic GPS.

Site EGPS (cm) SigE (mm) EInSAR (cm) SigE (mm) NGPS (cm) SigN (mm) NInSAR (cm) SigN (mm)

4441 −13.663 3.393 −11.263 9.572 16.55 3.691 16.89 8.323

4495 −29.187 1.013 −24.394 2.077 −12.321 1.087 −7.471 3.401

4499 −102.307 0.845 −101.316 14.54 −49.836 1.309 −49.962 9.935

J005 −27.506 1.221 −24.943 2.714 10.129 1.421 5.618 2.358

J406 22.444 1.516 20.789 2.06 −26.277 1.182 −22.875 1.79

JDUO 27.81 0.754 28.478 3.275 −5.37 0.909 −5.81 2.846

MADU −23.618 0.893 −21.455 4.648 8.971 0.461 5.189 4.04

QHAH 13.625 6.31 14.644 2.123 −1.483 7.79 −0.405 1.845

QHAJ −47.154 4.12 −46.092 3.746 −30.186 5.35 −28.346 3.254

RMSE (cm) 2.2685 2.8795

3.2. The Postseismic Deformation Analysis

InSAR observation after the mainshock displays that the deformation along the rupture
trace of the Maduo event is discontinuous (Figure 4). The postseismic deformation behavior
is almost identical to the coseismic, with the postseismic deformation primarily occurring
on both sides of the mainshock rupture. Within 1 year after the mainshock, the maximum
LOS deformations were ~0.09 m and ~0.08 m for the ascending and descending orbits,
respectively (Figure 4). Similarly, the maximum deformation velocities were ~0.08 m/yr
and ~0.07 m/yr, respectively (Figure 4d,h). Furthermore, the profiles A–D (Figure S3a–d)
selected in the typical area, located at the two release ends of the main rupture and near the
epicenter, indicate that the LOS deformations from the ascending and descending orbits
reveal a large deformation amplitude, and the deformation signals from these two orbits
exhibited opposite patterns. This means that the postseismic deformation is still mainly
strike-slip motion. Generally, postseismic afterslip occurs within a few months or a year
after the mainshock and is distributed on both sides of the seismogenic rupture [43,54]. The
postseismic deformation pattern in this study (Figure 4) reveals that widespread aseismic
slip reached the surface and spread around the mainshock rupture area within 1 year after
the mainshock, meaning that aseismic afterslip may be the main driving factor for early
postseismic deformation in the near-field of the Maduo event.

The 2.5-D time series deformations (Figure 7) showed consistency with the corresponding
results in He et al. [10] regarding deformation spatial distribution and magnitude, which
validates the reliability of our findings. The 2.5-D quasi-EW deformations exhibited prominent
strike-slip characteristics, with a maximum deformation magnitude of ~0.085 m (Figure 7),
exhibiting clear deformation patterns along the deformation profiles (Figure S3e–h). Similarly,
the postseismic GPS also observed maximum horizontal displacements of ~0.05 m (EW) and
0.035 m (NS) near the mainshock (Figures 5 and 6). In the 2.5-D quasi-vertical deformation,
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clear subsidence or uplift changes were observed near the mainshock, and the deformation
distribution was not uniform (Figure 7).

3.3. The Co- and Postseismic Slip Distribution
3.3.1. The Coseismic Slip Distribution

Figure S6a–f demonstrate that the deformation driven by both InSAR and GPS mea-
surements can be accurately reproduced in our coseismic model. The misfit is mainly
observed at both ends of the seismogenic rupture, which may be attributed to the complex
fault geometry and inelastic deformation [3,9,55].

As shown in Figure 8a, the inversion result reveals that (1) overall, the seismogenic
fault is north-dipping, with highly segmented and sub-vertical characteristics, and a change
of both dip and strike along the entire fault. (2) The rupture of the seismogenic fault
reached the surface, with a maximum slip of ~5.5 m. The peak slip identified in our study
is lower compared to the results reported by Fang et al. [9] (~7 m) and Zhang et al. [12]
(>6 m), slightly larger than those of Yue et al. [56] (5m) and He et al. [10] (~5 m), and
more consistent with the results of Jin and Fialko [57] and Xiong et al. [7]. (3) The five
asperities were unevenly distributed along the fault, mainly concentrated at depths of
≤ 6 km. Coseismic slip was mainly limited to 0–12 km depth, which is less than the
depth of the relocated aftershocks [4] and located within the brittle layer (~17 km) of the
upper crust [47], suggesting that the seismogenic rupture did not effectively penetrate the
ductile shear zone or deeper part of the seismogenic depth. Compared to previous studies
(e.g., [10,13,57]), our research highlights the abovementioned characteristics of shallow fault
ruptures. Furthermore, the high slip areas of fault segments F1–F6 aligned well with the
surface rupture segments observed in the field investigation conducted by Yuan et al. [15].

The total seismic moment inverted in our research was 1.68 × 1020 N·m, corresponding
to an Mw 7.4 earthquake. This moment magnitude is similar to the magnitude published in
earlier studies, e.g., He et al. [10] and Fang et al. [9]. In addition, our total seismic moment
result is significantly higher than He et al. [10] (1.58 × 1020 N·m), but lower than those of
Xiong et al. [7] (1.80 × 1020 N·m) and Fang et al. [9] (1.77 × 1020 N·m), and Zhang et al. [12]
(1.7 × 1020 N·m). These controversies may be related to different deformation datasets and
fault geometric modeling [7,16]. Furthermore, GPS data play an essential constraint role in
our coseismic slip model [7].

3.3.2. The Postseismic Slip Distribution

Figure S6g–r illustrate that the optimal afterslip model can effectively explain the
majority of GPS observations. However, there are significant residuals in InSAR data,
especially in the far field. This may be attributed to the residual atmospheric artifact noise
and/or the low signal-to-noise ratio of postseismic deformation.

As depicted in Figure 8b, postseismic afterslip was distributed in each fault segment,
mainly occurring in the updip shallow portion and the downdip direction of the coseismic
slip zone. The F1 and F3 segments exhibited shallow afterslip located in the shallow part of
the upper crust, with a slip of <0.3 m, overlapping with the peak area of the coseismic slip.
In fault segments F2, F4, and F5, clear slip asperities were observed, with a slip magnitude
from 0.2–0.6 m. These slip asperities extend into the ductile shear zone of the lower crust
and manifest as deep afterslip, potentially influenced by rheological characteristics. The
maximum distribution of afterslip was observed within the area where the coseismic slip
deficit occurred in the F2 segment. In this segment, the peak area of the afterslip was
primarily characterized by a left-lateral strike-slip, which is identical to the coseismic
slip. Apart from the F3 segment, there was almost no afterslip in the coseismic slip zone,
indicating a complementary relation between coseismic slip and postseismic afterslip.
Overall, the postseismic slip primarily manifested as deep afterslip, with limited afterslip
observed in the shallow portion of the upper crust and creeping towards the surface. Our
postseismic afterslip model aligns well with the slip distribution studies conducted by
He et al. [10], Xiong et al. [7], and Zhao et al. [13]. However, there are slight differences in
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the details of the afterslip distribution. Our results emphasize the distinctive characteristics
of both shallow and deep afterslip more prominently.

We estimated the total moment release of afterslip during the study period to be
~2.544 × 1019 N·m, corresponding to the Mw 6.87 event, which accounts for ~14.62% of
the coseismic moment. Our results are significantly higher than those of He et al. [10]
(2.42 × 1019 N·m) and Xiong et al. [7] (1.87 × 1019 N·m), which is expected.

4. Discussion
4.1. Seismogenic Fault and Early Postseismic Mechanism
4.1.1. Early Postseismic Deformation Mechanism

The early postseismic deformation process is primarily driven by aseismic afterslip, VR,
and PR [44]. Nevertheless, their relative contributions to the early postseismic deformation
of the Maduo event are undetermined. We first explored the simulated deformation driven
by VR using the low crustal viscosity value of 1.0 × 1018 Pa·s. Our study revealed that
1 year after the mainshock, the simulated deformation (<1.5 cm in the LOS and horizontal
displacements direction) in the near and far field driven by VR was smaller than the GPS
and InSAR observations (Figure 9a,b). To further analyze the discrepancy, we superimposed
the simulated deformation onto the postseismic InSAR deformation field (Figure 4c,g). We
found that the simulated deformation is predominantly distributed in the near and far field
regions surrounding the seismogenic rupture. We separately calculated the average values
of InSAR observation and simulated deformation in the overlapping area to assess the
relative proportion of the two. In the near-field region, the contribution of the simulated
deformation to the InSAR observations was relatively small, accounting for only ~18%
of the near-field InSAR observations. The simulated GPS horizontal displacement only
accounted for about 19% of the postseismic GPS observations. In the far-field region, the
simulated deformation showed a good overlap with InSAR observation, both in terms of
the deformation level (accounting for ~70% of the far-field InSAR deformation) and its
spatial distribution. Postseismic GPS (e.g., sites QHMD, MD01, and JDUO) exhibited a
similar deformation pattern to InSAR observation in the near field region (Figures 5 and 6),
which excluded the effect of pseudo-deformation caused by InSAR noise. This confirms the
validity of comparing the simulated deformation and InSAR observation. The above-shown
discussion indicates that VR dominates the far-field deformation of seismogenic rupture,
with limited contribution to the near-field high-deformation area. The high near-field
deformation is mainly driven by postseismic afterslip.

Poroelastic processes predominantly come into effect during the early postseismic
period, generally lasting days to months, particularly in the near-field near the region of
significant coseismic slip [44]. Considering the potential contribution of PR to the near-field
deformation, we investigated the simulated postseismic deformation driven by PR. The
result indicated that the deformation induced by PR was mainly distributed in the near-
field of seismogenic rupture, with deformation amplitude in the LOS direction < 2.5 mm
(the ascending and descending orbits) and in the GPS horizontal direction < 0.5 mm
(Figure 9c,d), which can be ignored compared to the high near-field InSAR deformation
and GPS displacements observed. Therefore, it can be concluded that the high deformation
in the near-field is primarily contributed by postseismic afterslip. Postseismic deformation
can be explained by a combination of aseismic afterslip (near-field) and VR effect (near-
and far-field). The contribution of PR to the postseismic deformation can be neglected.

4.1.2. Seismogenic Fault and Afterslip

The slope of coseismic geodetic moment release exhibited significant differences with
depth in the upper and lower crust (Figure 8c). It gradually increased in the shallow upper
crust (0–5 km) and then decreased as depth increased. The slope of postseismic afterslip
geodetic moment release showed two distinct peak distributions with depth, indicating a
pattern of initial decrease followed by a rapid increase (Figure 8d). These characteristics
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reveal the heterogeneity and differences in the frictional properties of the fault materials at
different depths along the seismogenic rupture.

In addition, the distribution of postseismic afterslip models is associated with the
subsurface fluid properties or fault frictional properties of the seismogenic rupture [58].
In this study, postseismic afterslip is primarily distributed in the downdip region of the
coseismic slip zone located in the middle-lower crust (Figure 8b), which is in close proximity
to the ductile shear zone and is likely influenced by rheological characteristics. The presence
of such a deep afterslip, along with the occurrence of only a few aftershocks within the
afterslip zone (Figure 8b), suggests that the deep afterslip mechanism may be associated
with creep within the ductile shear zone, facilitated by stress perturbations. Considering the
rate-and-state friction law [59,60], the distribution of aseismic afterslip may be controlled
by the friction characteristic of the rate-strengthening layer below the seismogenic fault [58].
The presence of a rate-strengthening layer could provide the necessary physical condition
for deep aseismic afterslip. As the slip distribution in the deep middle-lower crust (≥15 km)
may include the influence of the viscoplastic deformation mechanism in the lower crust, the
phenomenon of rapid attenuation and increasing slope of seismic moment distribution in
the middle-lower crust (Figure 8d) may imply the existence of a relatively weaker material
layer (rate-strengthening layer) in the middle-lower crust.

In the postseismic afterslip model (Figure 8b), we observed that the distribution of
afterslip was primarily located in the updip shallow portion of the upper crust. The
corresponding phenomenon is the postseismic creep observed in the shallow rupture zone
one year after the mainshock (Figures 4 and 7). This pattern is considered to be possibly
associated with the velocity strengthening in the unconsolidated material [40,61]. We found
that “the unconsolidated material” corresponds to the weak sedimentary layer that covers
the shallow upper crust in the Maduo rupture area. This could be one of the reasons why
partial afterslip is distributed on the updip shallow portion of the upper crust.

Many earthquakes, e.g., the 2010 Maule Mw 8.8 earthquake [62], the 2011 Tohoku
Mw 9.0 earthquake [63], and the 2017 Sarpol Zahāb Mw 7.3 earthquake [64], have been
found to have overlapping characteristics between shallow coseismic slip and postseismic
afterslip. It indicates that the overlapping area continues to release seismic energy after the
mainshock. The characteristic was similarly observed in our analysis of the Maduo event
(Figure 8b). In the Maduo event, the significant postseismic afterslip in the overlapping
region is most likely driven by coseismic residual stress. Because for fault plane with
non-uniformly distributed friction media, if all stress is not released during the coseismic
stage, it will continue to be released in the postseismic stage in the form of aftershocks
and/or aseismic afterslip [65]. Therefore, it is highly likely that elastic recovery of rupture
bodies corresponding to stress redistribution occurs within the shallow upper crust of the
postseismic rupture.

4.1.3. Postseismic Seismic Moment Release Pattern

The logarithmic trend of the postseismic deformation in the Maduo event is separated
from GPS and InSAR data in Section 2.3 (Figures 4i–l and 5). The optimal fitting curves
of GPS and InSAR observations reflect the comparatively low delay coefficient (τ), with
optimal τ values ranging from 5.1 to 93.6 days. These values are longer than those obtained
by Xiong et al. [7] based on a shorter observation period. The τ values for the Maduo event,
in our research and Xiong et al. [7], were lower than those estimated for other earthquakes,
e.g., the 2015 Gorkha Mw 7.8 earthquake [40,66], meaning that a majority of afterslip is
likely to be released in a short-term process.

4.2. Existing Fault Reactivated

We captured a particular deformation signal in the postseismic InSAR time series of
the Maduo event, showing the trace of NNW lineament (F6 in Figures 4 and 5). The high
deformation on both sides of the lineament trace excludes the effect of topography error
because it is higher than the deformation level of error noise (Figure 10b). Furthermore,
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the field investigation [16] did not identify any geological hazards (e.g., landslides) near
the lineament, which excludes the possibility of surface deformation in the area caused by
geological hazards. Therefore, we speculate that the lineament could be a preexisting fault
(fault F6) that was reactivated after the Maduo event. We found that the lineament (fault
F6) identified by InSAR shows a high spatial coincidence with the known Changmahe fault
(Figure 10a), indicating that fault F6 belongs to the Changmahe fault.

It is noteworthy that field investigations conducted one day after the mainshock
[14–16,67] indicate that the Changmahe fault, connected to fault segment F4, displays
small field measurement deformation, and exhibits characteristics such as compression
and bulging. The Maduo event may affected the Changmahe fault. However, we did
not observe a clear undulation/difference on either side of the fault in the coseismic
interferogram and deformation field (Figures 2 and S5). Other coseismic studies, e.g.,
Jin and Fialko [57] and Fang et al. [9], also did not find such signals. Yet, in the early
postseismic InSAR deformation field, a clear deformation trace was identified near fault
F6 (Figures 4 and 5). Therefore, it is plausible that subsequent motion occurred on the
Changmahe fault after the initial SAR acquisition on 26 May 2021. This finding aligns with
the postseismic field investigation conclusion of Yang et al. [16].

The postseismic 2.5-D quasi-vertical deformation (Figure 7e–h) reveals a meaningful
difference in deformation on both sides of fault F6, with the northeastern side exhibiting
uplift and the southwestern side exhibiting subsidence. The corresponding deformation
profile (Figure 10b) also indicates a deformation difference of ~0.03 m on both sides of
fault F6. This implies that the fault F6 may exhibit a northeast-dipping and thrusting
feature. Furthermore, the deformation on both sides of fault F6 shows a clear evolutionary
pattern over time (Figure 7e–g). From June 2021, the deformation on both sides of fault F6
exhibited a small deformation level (Figure 7e). By around December 2021, the deformation
on both sides of fault F6 reached its peak (Figure 7f), and by May 2022, the deformation
had apparently decreased (Figure 7g). This indicates that the slip of fault F6 reached its
maximum around December 2021, and thereafter, the fault activity gradually weakened.

We inverted the postseismic slip patterns of fault F6 during the early stage (Figure 10d)
and one year (Figure 10e) after the Maduo event to investigate its impact on this fault. As
shown in Figure 10d, our inversion result exhibited a notable concordance with Yang et al. [16]
in both slip magnitude and distribution, affirming the reliability of our finding. The early-stage
inversion result of fault F6 reveals its characteristic of northeastward dipping with a high dip
angle. The early stage slip distribution (Figure 10d) reveals that fault F6 experienced slip along
its strike, with a significant dip-slip (~0.43 m) at the junction between F6 and F4 segments and a
dip-slip asperity (~0.3 m) at a depth of 12 km, indicating a characteristic of thrust compression
dislocation. The coseismic rupture of the Maduo event was impeded by the preexisting
Changmahe fault, resulting in high-angle compression, bulging, and other features along the
fault F6, thereby activating the Changmahe fault (Figure 10c). In addition, no aftershocks
were observed along fault F6 (Figure 1c), indicating that the early stage postseismic motion
of fault F6 is not caused by aftershocks and corresponds to aseismic slip. The early stage
postseismic slip of fault F6 reveals a distinctive mechanism triggered by the mainshock. Major
earthquakes can induce changes in the stress distribution within the Earth’s crust. Near the
seismic rupture, the crust may accumulate new stress, leading to the reactivation of previously
inactive faults influenced by the altered stress conditions. As shown in Figure 11, fault F6 is
situated within a pronounced positive dCFS zone. This implies that the Maduo event resulted
in an increase in dCFS near Fault F6 (stress loading), thereby promoting subsequent slip along
Fault F6. Fault F6, which cuts across fault segment F4, may have acted as the termination of
the dynamic rupture along fault segment F4 and the formation of its distinctive curvature
during the Maduo event.

Figure 10e indicates that 1 year after the mainshock, fault F6 exhibited deep crustal
dip slip (~0.39 m), with a small amount of dip-slip (~0.13 m) observed in the shallow upper
crust at the junction between F6 and F4 segments. This indicates that the postseismic
afterslip of the Maduo event still exerts a sustained compressive effect on the Changmahe
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fault. Considering the variation in slip distribution observed in the early stage and one
year after the mainshock (Figure 10d,e), fault F6 may exhibit an evolutionary pattern
transitioning from high slip in the shallow portion (the early stage after the mainshock) to
predominantly deep slip (the one year after the mainshock).

4.3. Potential Seismic Risks around the Maduo Event

Coseismic stress adjustment can lead to the coulomb stress change on neighboring
faults. Based on the loading and unloading effects of coulomb stress, seismic risk assessment
of active faults can be carried out [68]. By calculating the dCFS in Section 2.7, we evaluated
the seismic risk inside the Bayan Har block following the mainshock (Figure 11). We noticed
that the Maduo event generated new positive stress changes (>0.1 Mpa) in the middle
and eastern segments of the EKLF: the large bend segment in the eastern of Donggei-
cuona Lake and the high-seismic-risk Machin-Maqu segment that has attracted widespread
attention due to the seismic gap (Figure 11). Interseismic geodetic observations (GPS and
InSAR) [22,23,69] indicate that the strain rate at the large bend segment in the eastern of
Donggei-cuona Lake is clearly higher compared to other regions, and the faults surrounding
it may exist the potential for large earthquake owing to their large locking depth and high
slip rate, which should be given attention to in the future.

The KLJF is the southern extension of the EKLF, and its western segment may poten-
tially be connected to the Kunlun Pass Fault [70,71]. The western extension of the KLJF
is located at the energy release end of the Maduo event, exhibiting a significant positive
stress change (Figure 11). Additionally, significant slip values have also been observed
in co- and postseismic slip distributions (Figure 8). Therefore, the westward propagation
of the coseismic rupture of the Maduo event may reactivate the fault-locking state of the
seismic gap in this segment, increasing the risk of future seismicity in this region.

5. Conclusions

In our research, InSAR and GPS were employed to jointly invert the co- and postseis-
mic slip patterns of the Maduo event. The SBAS-InSAR method was utilized to acquire
a deformation time series ~1 year after the mainshock. The VR and PR effects after the
mainshock were modeled to determine the relative contribution of early postseismic defor-
mation processes. Modeled the slip distribution of Fault F6 in the early stage and one year
after the mainshock, and analyzed its deformation mechanism. The dCFS induced by the
Maduo event was calculated to assess the seismic risk on the surrounding faults within the
Bayan Har block. The main conclusions are as follows:

(1) Postseismic deformation can be explained by a combination of aseismic afterslip (near-
field) and VR effect (near- and far-field). The contribution of PR to the postseismic
deformation can be neglected;

(2) The coseismic slip and postseismic afterslip exhibited a clear complementary and
partially overlapping relationship. The overlapping area between coseismic slip and
postseismic afterslip is likely driven by coseismic residual stress;

(3) The Changmahe fault was reactivated by the Maduo event. The afterslip has continued
to exert compression on it in the one year after the mainshock;

(4) Stress analysis indicates that the seismic gaps in the Maqin-Maqu segment and the
KLJF will be potential seismic risks in the future.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/rs16081399/s1, Figure S1: The processing flowchart of SBAS-InSAR and
Stacking-InSAR methods; Figure S2: The distribution combination of interference pairs from ascending
orbit 99 (a) and descending orbit 106 (b); Figure S3: Deformation profiles (a–h) along measuring lines
A–A′, B–B′, C–C′, and D–D′ spanning seismogenic fault; Figure S4: (a,c) represent the deformation
observed by InSAR, while (b,d) represent the deformation after removing the effects of viscoelastic
relaxation and poroelastic rebound; Figure S5: D-InSAR interferograms (20210520–20210526) from the
ascending (a,b) and descending (c,d) orbits of the Maduo event; Figure S6: Observed displacements
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(a,d,g,j,m,p), best-fit model predictions (b,e,h,k,n,q), and residuals (c,f,i,l,o,r) in coseismic and postseis-
mic (the early stage and 1 year) slip models; Table S1: SAR data and GPS Stations used in co- and
postseismic observations.
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Abbreviation

SAR Synthetic Aperture Radar
InSAR Interferometric Synthetic Aperture Radar
D-InSAR Two-pass differential InSAR
POT Pixel offset tracking
BOI Burst-Overlap Interferometry
LOS Line-of-sight
SBAS-InSAR Small baseline subset InSAR
EKLF East Kunlun fault
KLJF Kunlun Pass-Jiangcuo fault
DRF Dari fault
MGF Maduo-Gande fault
BYKLF Bayan Har Mountain Main Peak fault
TDCF Tibet Dagou-Changmahe fault
GACOS General Atmospheric Correction Online Service
VR Viscoelastic relaxation
PR Poroelastic rebound
dCFS Coulomb Failure stress change
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