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Abstract

On 21 May 2021, an earthquake struck Maduo county in Qinghai Province, China, which is the largest earthquake
to hit China since the 2008 Wenchuan earthquake. In this paper, ascending/descending Sentinel-1 and advanced
land observation satellite-2 (ALOS-2) synthetic aperture radar (SAR) images are used to derive the three-
dimensional (3-D) coseismic displacements of this earthquake. We employ the differential interferometric SAR
(InSAR, DInSAR), pixel offset-tracking (POT), multiple aperture INSAR (MAI), and burst overlap interferometry
(BOI) methods to derive the displacements observations along the line-of-sight (LOS) and azimuth directions. To
accurately mitigate the effect of ionospheric delay on the ALOS-2 DInSAR observations, a polynomial fitting
method is proposed to optimize range-spectrum-split-derived ionospheric phases. Besides, the 3-D displacement
field is obtained by an SM-VCE (strain model and variance component estimation) method based on the high-
quality SAR displacements observations. Comparison with the global navigation satellite system data indicates
that the SM-VCE method can significantly improve the displacements accuracy compared to the classical weighted
least square method, and the incorporation of the BOI displacements can substantially benefit the accuracy of
north-south displacement. Apart from the displacements, three strain invariants calculated based on the strain
model parameters are also investigated. Finally, based on the accurate 3-D coseismic displacements, the source
parameters of this event are inverted, revealing four slip asperities with the maximum slip of about 6 m
concentrated around the hypocenter. The estimated seismic moment is 1.8x10?° Nm, which corresponds to a Mw
7.44 event.
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1 Introduction

At 18:04:13 on 21 May 2021 (UTC), an earthquake of M7.3 struck Maduo county in Qinghai Province, China [1].
This is the largest earthquake to hit China since the 2008 Wenchuan earthquake. The epicenter was located about
38 km southeast of Maduo county at a depth of about 17 km. The earthquake occurred on a known left-lateral
strike-slip fault (i.e., Gande south rim fault zone, GDF in Fig. 1) in the northeastern part of the Bayankala block,
which is located on the south side of the Kunlun fault. The tectonic background in this region is very complicated,
which mainly relates with the northward push of Indian plate, the uplift of the Qinghai-Tibet Plateau block and the
eastward extrusion of the Bayankala sub-block. In the past years, there have been several strong earthquakes
around the periphery of Bayankala block on the south side of Kunlun fault (e.g., the 2001 M8.1 Kunlun earthquake,
the 2008 M8.0 Wenchuan earthquake, the 2010 M7.1 Yushu earthquake, the 2013 M7.0 Lushan earthquake, and
the 2017 M7.0 Jiuzhaigou earthquake) [2, 3], and the occurrence of the 2021 M7.3 Maduo earthquake fill the
M>7.0 seismic gap around this region (Fig. 1). Field investigations show that this earthquake caused ground

surface displacements of up to meters, and induced many cracks, geysers, and seismic bulges.

Ground surface displacement is one of the most intuitive manifestations of earthquakes, and it provides important
perspectives for conducting disaster evaluation, constraining the fault slip model, and understanding the triggered
mechanism [4]. Synthetic aperture radar (SAR) images that are actively acquired from the satellites can be used to
effectively obtain the ground surface displacement field with high accuracy and high spatial resolution [5]. For a
pair of SAR images, based on the phase information, the differential interferometric SAR (InSAR, DInSAR) [6]
and the multiple aperture InSAR (MAI) [7, 8] methods can obtain the ground surface displacement along the
satellite line-of-sight (LOS) and the azimuth (AZI) directions, respectively. In addition, based on the amplitude
information of SAR images, the pixel offset-tracking (POT) [9] method can simultaneously obtain the
displacement along LOS and AZI directions. Particularly, benefitting from the terrain observation by progressive
scans (TOPS) imaging mode of Sentinel-1 SAR data [10], a burst overlap interferometry (BOI) method [11],
relying on the phase information, was developed to obtain the AZI displacement for only the overlap area of two
successive bursts. In short, with one or more of these methods, it is feasible to obtain a reliable displacement field

that can well constrain the fault movement.

In this paper, both Sentinel-1 and advanced land observation satellite-2 (ALOS-2) SAR data from ascending and
descending orbits (four pair of SAR images in total) are used to map the complete three-dimensional (3-D)
coseismic displacement associated with the 2021 Maduo earthquake. All the above methods (i.e., DInSAR, MAI,
BOI, and POT) are used to obtain displacements observations. Since these displacements observations only capture
the one-dimensional (1-D) projection of the 3-D displacements along a particular direction (e.g., LOS or AZI), it
is difficult to directly relate them to the real surface movements [12-16]. By combining these displacements
observations, we calculated the 3-D displacements of the 2021 Maduo earthquake with a newly proposed SM-
VCE [17] (a method for measuring 3-D surface displacements with InSAR based on strain model (SM) and
variance component estimation (VCE)) method. Previous studies [4, 17, 18] have demonstrated the superiority of
the SM-VCE method for estimating more accurate 3-D displacements compared with the classical weighted least
squares method. Besides of the ground surface displacements, the surface strain field is another physical quantity
that can be used to the relative displacement and subsequent changes in particle configuration in each dimension
of the Earth body [19, 20]. There have been a lot of researches on the strain field [e.g., 21, 22-27], most of which
are based on traditional geodetic data (e.g., the global navigation satellite system (GNSS) data and the triangulation
data). Some open software is also released for the calculation of the strain field based on those sparse observations
[e.g., 19, 28, 29]. Here, we calculate three strain invariants based on the strain model parameters and analyze the

spatial patter of the strain field in combination with the 3-D displacement field. Finally, a fault slip inversion with
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respect to this earthquake is conducted based on the high-accuracy 3-D displacements, and a detailed discussion
is provided. Particularly, the displacement result and the fault slip model in this paper can be freely accessed
through https://dx.doi.org/10.5281/zenodo0.5009820.

2. Materials and methods
2.1. The used SAR data

Since the C-band Sentinel-1 SAR data is acquired regularly and is freely available, it is generally the first choice
of SAR data when investigating the displacement with respect to earthquakes, landslides, and so on [e.g., 30, 31].
The L-band ALOS-2 SAR data has a longer wavelength than C-band SAR data and is more capable of suppressing
decorrelation noise, so it is also commonly used to measure the surface displacement for earthquakes [e.g., 32, 33].
For the Maduo earthquake, both Sentinel-1 and ALOS-2 SAR data from ascending and descending orbits are
available in several days after the earthquake. The basic information of the SAR data used herein is shown in Table
1 and the footprints of these SAR data can be found in Fig. 1.

Table 1. Basic information of the SAR data used herein

Sensor Orbit Master- Spatial Wavelength  Incident Azimuth Imaging
direction  slave date perpendicular  (cm) angle angle mode
baseline (m) (deg.) (deg.)

Sentinel-1  As 20210520- 54 5.6 39.5 -13.0 TOPS
20210526

Sentinel-1  Des 20210520- 109 5.6 39.6 -167.0 TOPS
20210526

ALOS-2 As 20200525-  -190 23.6 36.2 -12.7 Strip-map
20210524

ALOS-2 Des 20201204- 197 23.6 39.0 -170.0 ScanSAR

20210604



https://dx.doi.org/10.5281/zenodo.5009820
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Fig. 1. (a) Colour shaded relief map. The dashed rectangles outline the footprint of SAR data, and the blue rectangle
outlines the focused study area (e.g., the range in Fig. 2 and Fig. 4) in this paper. The black lines show the location
of known faults, where the east Kunlun active fault belt and the Gande south rim fault zone are labeled. The brown
lines are the ruptured fault traces of the 2021 Maduo earthquake, which are manually sketched based on the
Sentinel-1 POT observations. The beach ball represents the focal mechanism and epicenter location from the
USGS. The location of the Maduo town is represented by the black square. (b) shows the relative position of the
Maduo county in Qinghai Province in China. (c) The distribution of M>7.0 earthquakes around the 2021 Maduo
earthquake in the east part of the Bayankala block. The dished rectangle outlines the range of (a).
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Fig. 2. Displacements observations along the LOS and AZI directions from ascending/descending, Sentinel-
1/ALOS-2 SAR data based on the DInSAR, POT, MAI and BOI methods. Longer and shorter arrows represent
the AZI and LOS directions, respectively, and the red arrow corresponds to the observing direction of each
observation. The purple lines show the location of ruptured fault traces. The displacements within the range of the

whole SAR image are shown in Fig. S1.

Here, the DInSAR, MAI, POT, and BOI methods are employed to process the ascending/descending Sentinel-
1/ALOS-2 SAR images, and the detailed processing procedure can be found in Text S1. Fig. 2 presents the obtained
SAR displacements observations. For the sake of simplicity, the combination of several abbreviations linked by
underlines is used to represent the corresponding SAR displacement observation. For example,
ALOS2 AS DInSAR represents the DInSAR observation of ascending (AS) ALOS-2 data. As shown in Fig. 2,
the displacements observations with the similar geometry are consistent with each other (e.g., the
S1 DES DInSAR (Fig. 2(e)), ALOS2 DES DInSAR (Fig. 2(m)), and S1 DES POT LOS (Fig. 2(f)), ). Due to
the longer wavelength of the ALOS-2 data compared to the Sentinel-1 data, the measurable displacement gradient
of DInSAR method of the ALOS-2 data is higher than Sentinel-1 data, therefore the ALOS2 DInSAR observations
(Fig. 2(i) and Fig. 2(m)) can obtain more complete displacement field in the near-fault regions compared to the
S1 DInSAR observations (Fig. 2(a) and Fig. 2(e)). However, the ALOS-2 data suffer serious ionospheric disturbs
(Fig. 2(k), Fig. 2(1), Fig. 2(o) and Fig. 2(p)), and its effect on the DInSAR observations cannot be ignored. Although
a range spectrum split (RSS) method can be used to estimate the ionospheric phase, it is very sensitive to the
decorrelation noise. In this paper, a polynomial fitting (PolyFit) method is proposed to optimize the RSS-derived

ionospheric phase especially in the low-coherence near-fault regions. Detailed of the proposed method can be
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found in section 2.2. Through qualitative comparison, the accuracy of the POT observations is lower than the
DInSAR and BOI observations, and is proportional to the pixel resolution. One prominent advantage of the POT

method lies that it can obtain complete displacement field even in the DInSAR decorrelated regions [e.g., 34, 35].

2.2 The polynomial fitting method for correcting the ionospheric phase delay

The proposed PolyFit method obtains the ionospheric phase based on the low-accuracy RSS-derived ionospheric
phases (Fig. 3(b)), in which those regions with strong ionospheric fluctuations are first masked (Fig. 3(c)). As
can be seen from Fig. S2, the ionospheric phases in the SAR LOS displacements observations are generally low-
pass signals in small regions, therefore can be fitted by polynomials. In this case, the ionospheric phases can be

optimized and recovered in the whole region (Fig. 3(d)) based on the RSS ionospheric phases in the unmasked

regions.
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Fig. 3. An example of the proposed filtering and interpolating strategy for the ionospheric delay correction with
respect to the third beam of the descending ALOS-2 data. (a) The original interferogram. (b) The original RSS-
derived ionospheric phase. (c) The original RSS-derived ionospheric phase with the strong fluctuation regions
being masked. (d) The ionospheric phase derived by the proposed filtering and interpolating strategy. (e) The
interferogram after the ionospheric phase correction. These unwrapped phases are rewrapped here for better

display.
We assume there are K valid pixels (xy,yi), kK = 1,2, ..., K around a target pixel (X, V), and the original

RSS-derived ionospheric phases at those K pixels are @.qs = [(prss_l,q)rssyz, ...,(prSS_K]T. Let

1 x5 »n
1 x

B = : 52 yz (1)
1 xx Yk

the fitting polynomial parameters Xpo1y can be estimated based on the least square method

Xpoly = (BZssBrss)_lBgss¢rss (2)



Submitted to Science Bulletin

In this case, the optimized ionospheric phase @5 at the target pixel (x,,y,) can be obtained by
@rss,o =[1 x ol " Xpoly (3)

Note that the PolyFit method is conducted on a pixel-by-pixel basis. In addition, the second-order polynomial,
rather than the first-order polynomial used in Eq. (1), can be used if spatial variation of the ionospheric delay is
very complicated. The ionospheric phases in the mask regions can be recovered by the surrounding valid signals.
Furthermore, it is crucial to determine the maximum distance between the surrounding K pixels and the target
pixel. Since the spatial variation of ionospheric delay can’t be previously determined, it is difficult to set a fixed
threshold for maximum distance. Alternatively, it is recommended to determine the maximum distance by
considering the real spatial pattern of the ionospheric delay. For example, given that the size of the whole region
in Fig. 3 is 3910 X 1132, the maximum distance is empirically set as 150 pixels. Fig. S2 shows the
ALOS2 DES DInSAR observation before and after the ionospheric delay correction, where the ionospheric

phases have been significantly mitigated.
2.3 The SM-VCE method

In this paper, an SM-VCE method [17] is employed to calculate the 3-D displacements of the 2021 Maduo
earthquake based on the above SAR displacements observations. Traditionally, the 3-D displacements at a target
point are calculated from those displacements observations at this target point based on a weighted least square
(WLS) method [e.g., 12, 13, 15, 35], where the weights of these observations are determined based on the far-field
observations that are assumed to be free of displacements or on the standard deviation of observations in a 5x5
pixels window around the target point [e.g., 15, 36]. However, for a geophysical process (e.g., the earthquake), the
ground surface displacements at adjacent points are generally correlated (apart from the fault ruptured regions).
The ignorance of this correlation is unreal and limits the 3-D displacements to a higher accuracy. Also, the
empirical weighing strategies cannot precisely reflect the accuracy of observations and result in the reduced
accuracy of the 3-D displacements. In the SM-VCE method [17], the strain model (SM) [37] is employed to
represent the correlation between adjacent points’ displacements, and the weights of different observations are
determined by the well-known variance component estimation (VCE) algorithm [38]. In this case, the SM-VCE
method is more accurate for obtaining 3-D displacements compared to the traditional WLS method [4, 17, 18]. For
completeness, Text S2 introduces the basic principles of the SM-VCE method, and the obtained 3-D displacements
of the 2021 Maduo earthquake can be found in section 3.

In the SM-VCE method, the number of adjacent points in the limited range is vital for the accuracy and efficiency
of the method. In this case study, the window size is empirically determined as 61x61 pixels since in this spatial
scale the displacement-to-noise ratio of the POT-derived observations is sufficient for obtaining reliable 3-D
displacements. Since obvious displacement jumps occurred across the fault region (see Fig. 2), it is impracticable
to use all the available observations in the predefined window for the calculation of the 3-D displacements near
the fault region. Based on the POT-derived observations (e.g., Fig. 2(b) and Fig. 2(f)), the fault traces can be
manually mapped and then be used to exclude the observations on the opposite side of the fault when calculating

the 3-D displacements near the fault regions.
3. Results

The 3-D displacements of the 2021 Maduo earthquake are obtained from the eleven ascending/descending
Sentinel-1/ALOS-2 SAR displacements observations based on the SM-VCE method. As shown in Fig. 4, the east-
west (E-W) displacement component dominates the ground surface movements of the 2021 Maduo earthquake,

with the maximum eastern and western displacements of 1.7 m and 2.4 m, respectively. Besides, it seems that the
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epicenter region suffers the slighter E-W displacements along the fault trace, and the magnitude of E-W
displacement becomes larger from the epicenter region to the eastern and to the western regions. Based on the 3-
D displacement field, it is easy to infer that the overall displacement pattern of this earthquake is consistent with
the left-lateral strike-slip fault, and the largest horizontal displacements occurred around eastern region of the main
fault with the magnitude of 2.4 m. One interesting displacement pattern is around the northern side of the eastern
end of the faults, where the horizontal displacements, especially the north-south (N-S) displacements, seem to
encounter a barrier that changes the displacement direction from southwest to northwest. Compared with the E-W
and N-S displacement components, the vertical displacement component is more concentrated in the near-fault

regions and the magnitude is smaller.

The near-field global navigation satellite system (GNSS) horizontal coseismic displacements (see the circles in
Fig. 4) are used to assess the accuracy of the SAR-derived 3-D displacements. The root mean square errors (RMSEs)
between the GNSS and the SAR-derived displacements are 5.2 cm and 12.2 ¢cm in the E-W and N-S components,
respectively. The RMSE value in the north component is relatively large. This might be biased by the GNSS station
near the fault trace closest to the epicenter, where the difference in the N-S displacement between GNSS and SAR
is up to 35 cm. This bias may be partly due to the very local ground fracture at this GNSS station caused by the
strong seismic vibration. We re-evaluate the accuracy by excluding this site, resulting in the RMSE value of 6.4
cm for the north component. For comparison, the classical WLS method is also used to estimate the 3-D
displacements of the 2021 Maduo earthquake. As shown in Fig. S3, the WLS-derived 3-D displacements are much
noisier compared to the SM-VCE result (Fig. 4). The RMSEs between the GNSS and WLS-derived displacements
are 9.3 cm and 37.0 cm in the E-W and N-S components, respectively, which indicates that improvements of 44%
and 83% can be achieved in this case study by the SM-VCE method for the E-W and N-S components, respectively.
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Fig. 4. Three-dimensional coseismic displacements of the 2021 Maduo earthquake derived by SM-VCE method.
Circles in (a) and (b) show the locations of the GNSS stations, and their color indicates the GNSS-observed
displacement. The arrows in (c) are the down-sampled horizontal displacements. The 3-D displacements within a

greater range are shown in Fig. S4.
4. Discussion
4.1 The importance of BOI observations for the N-S displacement component

Since BOI method can only obtain AZI displacements in the burst overlap area, this method is not a commonly
used method for displacement monitoring like the DInSAR, MAI, and POT methods. However, some cases have
demonstrated that this method can provide important AZI displacement information [e.g., 11, 39-41], particularly
for the earthquakes. Among the SAR displacements observations for the 2021 Maduo earthquake in this paper,
except the BOI observations, the N-S displacement component can only be well constrained by the S1 POT_AZI
observations. However, the accuracy of the SI POT_ AZI observations is too low to obtain high precision N-S
displacement. Therefore, it is expected that the BOI observations with higher accuracy compared to the

S1 _POT AZl is of great insignificant in the calculation of N-S displacement.

To illuminate the importance of BOI observations for the N-S displacement component, the 3-D displacements are
calculated by the SM-VCE method without the BOI observations. As shown in Fig. S5, it is found that the spatial
pattern is very similar between the 3-D displacements in Fig. S5 (without the BOI observations) and in Fig. 4 (with
the BOI observations). However, the N-S displacement component is noisier when the BOI observations are not
used. Comparing with the GNSS data, the RMSE values are 5.4 cm and 13.7 cm for the E-W and N-S displacement
components, respectively, illuminating that significant improvement of about 53% can be achieved for the N-S

component in this study when the BOI observations are combined.

At present, most applications of the BOI method are for large magnitude of displacements (e.g., earthquakes) with
only one pair of SAR images. By combining the SAR time-series data, some researchers attempt to obtain the
millimeter-level AZI displacements with respect to the plate inter-seismic movement [42, 43]. This achievement
is substantially exciting since such a small magnitude of displacement can only be captured by the multi-temporal
InSAR (MT-InSAR) method which is only sensitive to the E-W and vertical components. The AZI displacements
observations obtained by the BOI method can well complement the DInSAR-derived observations, and then can
be used to realize time series of 3-D displacements monitoring. Benefiting from the open data policy and the
regular acquisition of Sentinel-1 data, the BOI method can gradually become a routine tool for displacement

monitoring, therefore providing important displacements observations for various geohazards.
4.2 Three strain invariants from the strain model

Besides of the ground surface displacements, the surface strain fields can also be used to interpretate and describe
the real geophysical behavior associated with seismic activities [24]. Strain describes the non-rigid body
deformation, which is a geometric concept to quantify the relative displacement and subsequent changes in particle
configuration in each dimension of the body [19]. For the deformation analysis of non-rigid body, three 2-D (i.e.,
the horizontal plane) strain invariants (i.e., dilatation, differential rotation, and maximum shear) with physical
meaning are generally preferred [21, 25, 26, 29], which are independent of any shift and rotation of the coordinate
systems. The dilatation invariant corresponds to the volume compression and extension of the Earth body. For
example, if the horizontal displacements of surround points are towards or away from a point, the dilatation
represents the volume compression and extension, respectively, and the dilatation value at this point is negative or

positive, respectively. The differential rotation represents the rotating trend of the horizontal displacements. If the
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horizontal displacements are towards the same direction within a region, the rotation value would be zero. However,
when the horizontal displacements gradually deviate from their current displacement direction, the rotation value
would donate the direction and magnitude of the rotation. As for the maximum shear, it is generated in the region
where relative displacements occur. For example, if the direction of the horizontal displacements of adjacent two
points is similar, but the magnitude is different, there would be the maximum shear strain along the displacement

direction.

Detailed calculation of these three strain invariants can be found in Text S3 and Fig. 5 presents the calculated strain
invariants of the 2021 Maduo earthquake. For the dilatation map (Fig. 5(a)), positive and negative values represent
the regions experiencing extensional and compressional deformations, respectively. The crosses represent the
maximum and minimum normal strains, where the arrow orientation and the arrow length indicate the direction
and magnitude of the strains, respectively. The extensional and compressional strains are shown as the inward and
outward arrows, respectively. The eastern and western parts of the faults experience the most serious extensional
and compressional deformations. This phenomenon is expected since the horizontal displacements change
dramatically in these regions (see Fig. 4). Besides, the region corresponding to extensional or compressional
deformation is generally dominated by the extensional strain (the outward arrow) or the compressional strain (the
inward arrow). In the differential rotation map (Fig. 5(b)), the negative value means the clockwise rotation and the
rotational wedges aim to better illuminate the magnitude and direction of the rotation. Both sides of the main faults
experience the similar clockwise rotation, which is consistent with the horizontal displacement pattern where the
horizontal displacements gradually deviate to the right of their current displacement direction. The magnitude of
rotation is large near the fault, and decreases with the distance from the fault. Similarly, due to the dramatically
changed horizontal displacements in the eastern and western parts of the faults, the rotation magnitude is very
large in these regions. As for the maximum shear map (Fig. 5(c)), the double-sided arrow represents the direction
of the maximum shear, which is generally parallel to the orientation of the main fault. Also, the shear signals
concentrate near the fault trace, and decrease with the distance from the fault. Combining Fig. 5(b) and Fig. 5(c)
reveals an interesting phenomenon that the strain magnitude round the epicenter is smaller than that of other

regions near the fault, which may be attributed to the smaller magnitude of slip around the hypocenter (Fig. 6).
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Fig. 5. Three strain invariants for the 2021 Maduo earthquake. In (a), the crosses represent the maximum and
minimum normal strains, where the arrow orientation and the arrow length are the direction and magnitude of the
strains, respectively. The extensional and compressional strains are shown as the inward and outward arrows,
respectively. In (b), the rotational wedges are presented to better illuminate the magnitude and direction of the
rotation. In (c), the direction of the double-sided arrow represents the direction of the maximum shear. The strain

fields within a greater range are shown in Fig. S6.
4.3 Slip model based on the derived 3-D displacements

We used the 3-D coseismic displacements to inverse fault parameters and slip distribution at depth. We assume
these displacement maps are independent of each other in the modeling [44]. In the inversion, we used triangle
dislocations [45] in a homogeneous and elastic Poisson half-space (Poisson’s ratio v = 0.25). Focal mechanism
solutions for the 2021 Maduo earthquake provided by USGS indicate that the slip probably occurred on a nearly
vertical fault striking from west-north (WN) to east-south (ES). From the derived E-W displacement map (Fig.
4(a)), a roughly WN-ES trending fault trace separates displacements at opposite directions nearly throughout the
entire fault system. Moreover, the N-S displacement map also presents in the opposite direction (Fig. 4(b)). Given
the clearly mapped fault track, we back up the opinion that the slip occurs on a WN-ES trending left-lateral fault.
Visual inspection on the vertical displacement map (Fig. 4(c)) indicates that only a little rift and subsidence can be
observed around the fault trace. We suppose that the strike slip dominates the slip distribution. Through further
investigating on the displacement maps, we infer the occurrence of two fault segment traces. We marked the fault
traces out for determining the fault striking direction. After determining two fault traces, we determined two

different rake angles in geodetic inversion. A rake angle ranging from -30° and 30° was set for the relatively long
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fault, while a rake angle ranging from of -60° and 60° was set for the short fault as the near-field displacement
map along it did not show the same obvious left-lateral strike-slip characteristics as the long one. Preliminary
USGS earthquake report suggested that the earthquake obviously ruptured the surface. Therefore, the top depths
of two faults were set to 0 km. Each fault width along dip was set as 18 km. In addition, we discretized two fault
segments into irregular triangle patches with different size in order to represent shallow slip as much as possible.
We used the trade-off curve method to determine the dip angles of these two faults, and the dip angles of both
these two faults are 90° (Fig. S7). An adaptive downsample method based on the fault model was applied to
downsample the 3-D displacements and calculate the covariance [46]. The final downsampled datasets include
8670 triangles (Fig. S8). To approach the realistic of slip estimation as much as possible, we applied an automatic
Laplacian smooth factor in the inversion process. A constrained least squares method was employed to invert the
final slip distribution [47, 48]. In addition to the geodetic inversion, we also conduct a bootstrapping test method
to calculate the slip model uncertainty of the inverted slip distribution due to possible random noise in our derived
3-D displacement maps [49]. We give a detailed description on geodetic inversion process and further on this

bootstrapping test in Text S4-S5.

Our derived slip distribution is shown in Fig. 6. The related modeled deformation and the corresponding residuals
are shown in Fig. S9. The calculated slip model uncertainty (Fig. S10) are all less than 3 cm. It directly validates
our slip model can well resist the perturbation of errors that may exist in our derived 3-D displacements. USGS
inverted the co-seismic slip based on the P/SH waveforms and long period surface waves data using a finite fault
inversion method [50]. Preliminary coseismic slip model based on a nodal plane (strike = 106.0°; dip = 76.0°)
reports a 1.3x10%° Nm seismic moment release, which is equal to a Mw 7.4 event. The derived two-faults slip
model in this study (average strike = 102.1°; dip = 90.0°) is slightly different from it. We report a 1.8x10%° Nm
seismic moment release, which corresponds to a Mw 7.44 event. Slightly large seismic moment can be explained
by that the used Sentinel-1 and ALOS-2, which are acquired at least 3 days after the earthquake event, would
introduce the components of aftershocks and early post-seismic deformation into the derived 3-D displacements.
Consistent with the preliminary slip model provided by USGS, the slip model derived in this study also indicates
four slip asperities around the hypocenter. The largest asperity of ~40 km? with a maximum slip of 6 m is close to
the hypocenter. These asperities all concentrated in the shallow layers (<Skm). However, the patches deeper than
S5km present little slip. It may indicate potential earthquake risks can be triggered by these places. Further studies
on the seismic moment released by post-seismic deformation and afterschocks are needed. It should be noted that
the discrepancy between the slip model based on 3-D displacements and the USGS slip model based on seismic

waveforms data probably reflect the heterogeneity and complexity of this fault system.
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Fig. 6. Slip distribution derived from the constraints of our derived 3-D displacements. (a) is the front view of the
slip distribution of two faults. (b) is the back view for a better view on the long fault. Red stars represent the

location of hypocenter.
5. Conclusions

The 2021 Maduo earthquake, Qinghai Province, China is the largest earthquake to hit China since the 2008
Wenchuan earthquake. In this paper, we derive the complete 3-D coseismic displacements associated with this
earthquake using both C-band Sentinel-1 and L-band ALOS-2 SAR data from ascending/descending tracks. Up to
eleven high quality SAR displacements observations in the geometries of ascending/descending LOS/AZI
directions are obtained based on the DInSAR, POT, BOI, and MAI methods. Since the RSS-derived ionospheric
phases are very sensitive to the decorrelation noise, a filtering and interpolating strategy is proposed to correct the
ionospheric phase delay in the L-band ALOS-2 DInSAR interferograms. The accurate 3-D displacement field of
the 2021 Maduo earthquake is obtained by the SM-VCE method to intuitively reveal the real ground surface
movement. It is found that this earthquake is dominated by the left-lateral fault slip with the largest horizontal
displacement of up to 2.4 m. Comparison with the GNSS data indicates that the SM-VCE method can significantly
improve the horizontal displacements compared to the classical WLS method, and the incorporation of the BOI
displacements can substantially benefit the accuracy of N-S displacement component. Based on the high-accuracy
3-D displacements, the fault slip distribution is inverted. In addition to the surface displacement, the strain field is
another physical quantity that can be used to quantify the relative displacement within the Earth body. Based on
the strain model parameters estimated by the SM-VCE method, three strain invariants (i.e., dilatation, differential
rotation, and maximum shear) are calculated and analyzed. Results show that the eastern and western parts of the
faults suffer serious strains, but the epicenter region is less affected by the rotation and shear strains. The

displacement result and the fault slip model in this paper in this paper can be freely accessed, which will be useful
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for a broad community studying this earthquake.
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Figure captions

Fig. 1. (a) Colour shaded relief map. The dashed rectangles outline the footprint of SAR data, and the blue rectangle
outlines the focused study area (e.g., the range in Fig. 2 and Fig. 4) in this paper. The black lines show the location
of known faults, where the east Kunlun active fault belt and the Gande south rim fault zone are labeled. The brown
lines are the ruptured fault traces of the 2021 Maduo earthquake, which are manually sketched based on the
Sentinel-1 POT observations. The beach ball represents the focal mechanism and epicenter location from the
USGS. The location of the Maduo town is represented by the black square. (b) shows the relative position of the

Maduo county in Qinghai Province in China.

Fig. 2. Displacements observations along the LOS and AZI directions from ascending/descending, Sentinel-
1/ALOS-2 SAR data based on the DInSAR, POT, MAI and BOI methods. Longer and shorter arrows represent
the AZI and LOS directions, respectively, and the red arrow corresponds to the observing direction of each
observation. The purple lines show the location of ruptured fault traces. The displacements within the range of the

whole SAR image are shown in Fig. SI.

Fig. 3. An example of the proposed filtering and interpolating strategy for the ionospheric delay correction with
respect to the third beam of the descending ALOS-2 data. (a) The original interferogram. (b) The original RSS-
derived ionospheric phase. (c) The original RSS-derived ionospheric phase with the strong fluctuation regions
being masked. (d) The ionospheric phase derived by the proposed filtering and interpolating strategy. (e) The

interferogram after the ionospheric phase correction. These unwrapped phases are rewrapped here for better display.

Fig. 4. Three-dimensional coseismic displacements of the 2021 Maduo earthquake derived by SM-VCE method.
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Circles in (a) and (b) show the locations of the GNSS stations, and their color indicates the GNSS-observed
displacement. The arrows in (c) are the down-sampled horizontal displacements. The 3-D displacements within a

greater range are shown in Fig. S4.

Fig. 5. Three strain invariants for the 2021 Maduo earthquake. In (a), the crosses represent the maximum and
minimum normal strains, where the arrow orientation and the arrow length are the direction and magnitude of the
strains, respectively. The extensional and compressional strains are shown as the inward and outward arrows,
respectively. In (b), the rotational wedges are presented to better illuminate the magnitude and direction of the
rotation. In (c), the direction of the double-sided arrow represents the direction of the maximum shear. The strain

fields within a greater range are shown in Fig. S6.

Fig. 6. Slip distribution derived from the constraints of our derived 3-D displacements. (a) is the front view of the
slip distribution of two faults. (b) is the back view for a better view on the long fault. Red stars represent the

location of hypocenter.
Tables

Table 1. Basic information of the SAR data used herein

Sensor Orbit Master- Spatial Wavelength  Incident Azimuth Imaging
direction  slave date perpendicular  (cm) angle angle mode
baseline (m) (deg.) (deg.)

Sentinel-1  As 20210520- 54 5.6 39.5 -13.0 TOPS
20210526

Sentinel-1  Des 20210520- 109 5.6 39.6 -167.0 TOPS
20210526

ALOS-2 As 20200525-  -190 23.6 36.2 -12.7 Strip-map
20210524

ALOS-2 Des 20201204- 197 23.6 39.0 -170.0 ScanSAR

20210604
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