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SUMMARY

A major earthquake shook the Chinese county of Maduo, located in the Songpan-Ganzi terrane
on the Tibetan Plateau, on 21 May 2021. Here, we investigate the post-seismic deformation
process of this event, with the aim to understand the fault geometry, friction behaviour and
regional rheology. To keep the self-consistency between co- and post-seismic deformation
models, we first constrain the fault geometry and coseismic slip model of this event, which are
directly used in modelling the post-seismic deformation. The coseimsic slip model reveals that
the majority of coseismic slip is confined at the middle (3—15 km) of the brittle layer, leading
to significant shallow slip deficit. Secondly, we obtain the post-seismic deformation in the first
450 d following the 2021 Maduo earthquake using the GPS and InSAR displacement time-
series data. Thirdly, a combined model incorporating afterslip and viscoelastic relaxation is
built to explain the observed post-seismic deformation. Our results suggest that the viscoelastic
relaxation effect should be considered in the observation period, in order to avoid the unphysical
deep afterslip in the ductile lower crustal layer. Combined analysis on viscosities inferred from
this study and previous studies suggests a weak lower crust with steady-state viscosity of
10'8-10' Pa s beneath the Songpan-Ganzi terrane, which may give rise to the distributed
shear deformation and the development of subparallel secondary faults within the terrane.
Besides, the inferred afterslip on uppermost patches of the middle fault segment suggests a
rate-strengthening frictional behaviour that may be related to the coseismic slip deficit and
rupture arrest of the Maduo earthquake.

Key words: Satellite geodesy; Numerical modelling; Time-series analysis; Rheology and
friction of fault zones.

1 INTRODUCTION

The Songpan-Ganzi terrane (SGT) in the northeastern Tibetan
Plateau plays an important role on the plateau’s eastward extru-
sion and dynamic evolution (e.g. Tapponnier et al. 2001). The
SGT accommodates significant sinistral motion by distributed in-
terior shear deformation and development of several subparallel
secondary faults (Wang & Shen 2020; Yue et al. 2022). In con-
trast, negligible interior deformation and few subparallel secondary
faults are observed in the Qaidam basin and Qilian mountains to the
north of the terrane. The mechanism behind above differences is
crucial to regional tectonic deformation, but remains poorly under-
stood. Meanwhile, several strong earthquakes (M,, > 7), including
the 2021 M,, 7.4 Maduo earthquake, have occurred on the margin

or within the SGT in the past two decades, defining it to be the most
seismically active region in China (Yue et al. 2022).

The lower crustal rheology controls the strength of the crust,
and thus plays an important role on regional tectonic deforma-
tion (Biirgmann & Dresen 2008). The post-seismic deformation
recorded by geodetic observations is partially due to the viscoelas-
tic relaxation of the deep ductile layer under the perturbations of
the coseismic stress, and has been used to constrain the rheolog-
ical properties and behaviours in areas surrounding the SGT (Liu
et al. 2019; Zhao et al. 2021a; Chen et al. 2022). However, the
rheological structure within the SGT was poorly studied due to the
absence of large internal earthquakes. The Maduo earthquake, as
an event within the SGT (Fig. 1), provides a unique opportunity to
explore the interior rheological properties, which will further enrich
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Figure 1. Tectonic setting of the 2021 M, 7.4 Maduo earthquake. Solid black and grey lines denote the eastern Kunlun fault, the Ganzi-Yushu fault and
secondary faults in the region. Red lines show the surface rupture trace of the M,, 7.4 Maduo earthquake (Pan e al. 2022) and three historical earthquakes (Diao
et al. 2019). Grey dots show the surface projection of distribution of aftershocks till 30 May 2021 (Wang et al. 2021). Red beach balls and stars represent the
focal mechanism and epicentre from Global Centroid-Moment-Tensor Project (GCMT) and United States Geological Survey (USGS). Dashed rectangles show
the spatial extent of ascending and descending tracks of Sentinel-1 SAR data. The yellow star is the relocated epicentre (Wang et al. 2021). The interseismic
slip rates of the Eastern Kunlun, Jiangcuo and Ganzi-Yushu faults are referred to S. Liu ef al. (2019), Zhu et al. (2021) and Qiao et al. (2022).

the understanding of the rheological behaviour across the northeast-
ern Tibetan Plateau. Several studies (He et al. 2021b; Fang et al.
2022; Xiong et al. 2022; Jin et al. 2023; Zhao et al. 2023) analysed
the short-period post-seismic deformation (several months ~1 yr)
following the event. Most of these studies suggested that afterslip is
the dominant mechanism (He et al. 2021b; Fang et al. 2022; Xiong
et al. 2022; Zhao et al. 2023), though significant deep afterslip is
found in the ductile lower crust. Recently, Jin et al. (2023) suggested
that a combined mechanism of afterslip and viscoelastic relaxation
should be considered when modelling the post-seismic InSAR and
GPS deformation in the first year after the event. Considering the
complexity of the post-seismic deformation process, analysis with
observations in longer periods may be required to constrain the
model parameters involved in the modelling, and in-depth impli-
cations of the results on regional tectonic deformation should be
carried out.

Besides, the slip behaviours of secondary faults within the SGT
has not been well investigated due to absence of modern geophys-
ical observations. After the Maduo event, both geophysical obser-
vations and field surveys were extensively collected to document
the coseismic rupture characteristics and related slip behaviour of
the Jiangcuo fault (Wang ef al. 2021, 2022; Pan et al. 2022; Yuan
et al. 2022). The previous studies revealed a bilateral asymmetric
rupture process of the earthquake, that is, the rupture east of the
hypocentre is larger and faster than that to the west, and the mid-
dle segment near the hypocentre may act as a barrier resisting the
rupture propagation (He er al. 2021a; Li et al. 2022). Additionally,
field investigations also suggested a large surface rupture gap in the
middle barrier (longitude 98.2-98.5°; Yuan et al. 2022), which may
reflect the variation of the frictional properties on the rupture fault.
Further studies with combined analysis of coseismic rupture and
aseismic afterslip can provide more constraints on the kinematic
fault behaviour and associated frictional properties (Liu & Xu
2019).

In this study, we first invert for the fault geometry and coseismic
slip distribution of the Maduo earthquake, which is the basis for the
post-seismic deformation study. Next, we obtain the post-seismic
deformation in the first 450 d following the Maduo earthquake using
the GPS and InSAR displacement time-series. Then, we construct
a combined model that incorporates the viscoelastic relaxation and
aseismic afterslip to explain the observed post-seismic deformation.
The modelling results can shed light on the lower crustal rheology
within the SGT and the distribution of afterslip on the Jiangcuo fault.
Finally, we discuss the reliability of our inferred results and their
implications on regional tectonic deformation and fault frictional
properties.

2 GEODETIC OBSERVATIONS

2.1 Processing of the InSAR data

Here we use differential InNSAR and sub-Pixel Offset Tracking
(sPOT) to obtain the line-of-sight (LOS) displacements and the
range displacements along the satellite azimuth and range direc-
tion of the coseismic signal, respectively. We use the data from the
Sentinel-1 catalogue of the Copernicus Programme satellite con-
stellation operated by the European Space Agency (ESA), covering
the earthquake episodes in both ascending and descending orbits.
We collect the post-seismic SAR data only 4 d after the event,
suggesting that the obtained deformation is dominated mainly by
coseismic rupture. And we obtain four geodetic datasets with dif-
ferent geometric viewing parameters, that is displacements in the
LOS and range directions (Fig. 2).

We process the Sentinel-1 SAR data using the GAMMA software
(Wegniiller et al. 2016). Table S1 summarizes the details of SAR
data used in this study. Along each track of the Sentinel-1 satellite,
we stitch SAR frames to cover the large earthquake seismic area, and
update the orbital data of SAR images using POD Restituted Orbit
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Figure 2. Panels (a) and (b) show Sentinel-1 InSAR interferograms from ascending and descending tracks, respectively. Panels (c) and (d) show unwrapped
displacements in the line of sight directions. Panels (e) and (f) draw displacements in range directions based on the sub-Pixel Offset Tracking (sPOT) processing.
Red star shows the relocated earthquake epicentre (Wang et al. 2021). White dots represent aftershocks provided by Wang ez al. (2021) as shown in Fig. 1. Red
and black lines show the surface rupture trace (Pan et al. 2022). F1-F5 in (c) and (d) denote five fault segments.

data obtained from Alaska Satellite Facility (ASF). After a precise
TOPS coregistration of images, we calculate the interferometric
phase. Then, we multilook interferograms by a factor of 10 in range
and 2 in azimuth leading to approximately 25 m x 25 m ground
pixel size. We reduce the topographic phase component from the
interferogram using a 3 arcsec SRTM DEM (Farr & Kobrick 2000).
Then we filter the interferometric phase using an adaptive filter
with an exponent of 0.4 and a window size of 32 in range and
azimuth to enhance the phase quality (Baran ez al. 2003). Next, we
perform phase unwrapping using the minimum cost flow algorithm
(Chen & Zebker 2001) and convert unwrapped phase information
to the metric displacement measures. Before using the results in the
modelling, we downsample the displacement maps using a quad-
tree method to reduce the density of pixels in areas with low gradient
of displacement (Simons et al. 2002).

For each track of Sentinel-1 data, we also apply offset tracking
analysis (Michel e al. 1999). Using the precise coregistration in-
formation of pre- and post-seismic images, we convert range and
azimuth offsets to displacements in the corresponding directions.
We use a cross-correlation window of 100 in range and 20 in az-
imuth. We also filter the offset tracking results using a median filter
with a 15 x 15 kernel size in order to increase the signal-to-noise
ratio.

To measure the post-seismic deformation signal from each track
of Sentinel-1 data (details shown in Table S2), we apply a small
baseline analysis (Berardino et al. 2002) to all interferograms gen-
erated in GAMMA. In each ascending and descending track, first,
we coregister SAR images and InSAR maps to a common refer-
ence image. Then, we connect each resampled image to its next
three consecutive images to form a small baseline network (Fig.
S1). The small baseline interferograms are then generated, mul-
tilooked, and unwrapped similar to the processing of coseismic
interferograms.

We use the small baseline implementation in MintPy (Zhang
et al. 2019) to perform time-series analysis of the stack of in-
terferograms. Then, we adopt a coherence threshold of 0.4 to
mask out noisy pixels and keep reliable pixels in the time-series
analysis. After inversion of the interferogram network and esti-
mation of the time-series, we correct the tropospheric phase de-
lay using PyAPS (e.g. Jolivet ef al. 2011) and ECMWF ERAS
data (Mufioz-Sabater 2019). Furthermore, we estimate and re-
move the residual DEM error (Fattahi & Amelung 2013). In ad-
dition, we subtract a linear ramp from the unwrapped interfero-
grams to account for remaining long-wavelength errors. To esti-
mate the correction ramp, we mask out the near-fault deformation
area.
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When investigating the post-seismic deformation field, other non-
post-seismic signals have to be eliminated. The permafrost effect
on ground vertical deformation may be expected as shown by pre-
vious studies due to the thawing and freezing of the ice in the
active layer (e.g. Chen et al. 2022). Meanwhile, the deformation
amplitude of the permafrost effect can reach up to 4 cm, and varies
spatially with local geological conditions estimated by Chen et al.
(2022). The original observed InSAR displacement time-series ex-
hibits a seasonal (yearly) deformation (Fig. S2), similar to that of
the permafrost effect (Chen et al. 2022). The seasonal deformation
in seismic source area may be dominated by the permafrost effect.
Therefore, we use an annual oscillation function to model the ef-
fect, and fix the phase deviation based on the finding reported by
Chen et al. (2022). We isolate the pure post-seismic displacement
time-series using a logarithmic function (e.g. Freed et al. 2017;
Hong & Liu 2021; Nikolaidis 2002). Therefore, we fit the original
displacement time-series on each pixel based on eq. (1) (Figs 3
and S2). We note an asymmetric InSAR displacement in far-field
areas, especially for that of the descending track, as observed by
Jin et al. (2023). This may be induced by the lateral variation of
viscosity across the fault, however we cannot exclude other possi-
bilities, such as the observation noises (e.g. imprecise atmospheric
correction).

Dips = a1 +aIn(1 +1¢/1) + azcos 2nt + ay4), (1)

where D, is the observed LOS displacement time-series, a; . ..
as and 7 are unknown coefficients need to be solved. a; is a
static offset, and a,, a3 represent the amplitude of the post-seismic
deformation and the seasonal deformation, respectively. ay4 is the
phase deviation with the range of 7 /6 ~ /2 based on the result of
Chen et al. (2022). ¢ is the time (year) after the Maduo earthquake,
and t is the character decay time.

2.2 Processing of the GPS data

Besides the post-seismic InSAR data, we also use the GPS data to
measure the post-seismic deformation following the 2021 M,, 7.4
Maduo earthquake. Within a radius of about 200 km around the
epicentre, a total of 4 continuous and 21 campaign GPS stations
had been established ~15 yr prior to the Maduo earthquake. These
stations recorded both the pre- and post-seismic deformation of the
event. We process the daily raw GPS data using the strategy pro-
posed by Gan et al. (2007). To process the daily raw GPS data,
we first use the GAMIT software (Herring ef al. 2010a) to get the
loosely constrained daily solutions. Then, we adopt the GLOBK
software (Herring ez al. 2010b) to combine the loosely constrained
daily solutions and global solutions obtained from the Scripps Or-
bital and Position Analysis Centre (http://sopac.ucsd.edu). Finally,
we fix the combined solutions to the ITRFO8 reference frame with
constraint from 80 tracking stations preserved by the International
GNSS Service. After obtained the raw GPS displacement time-
series, we adopt the following equations to fitting the GPS con-
tinuous and campaign solutions. We assume that the post-seismic
deformation follows a logarithmic decay trend, which is suitable for
both continuous observation and campaign observation with three
post-seismic epochs (e.g. Nikolaidis 2002; Freed ef al. 2017; Hong
& Liu 2021; Fig. S3). However, for some campaign GPS data with
a limited number of post-seismic epochs (only two), the logarith-
mic decay trend cannot be constrained. Therefore, we adopt a linear
fitted approach for these data.

FoObseon = a1 +axt + H(t —to)az + H (t — fy) as In(1 + (¢) /as)
+ agcos(2mt) + a7 sin (2mwt) + ag cos (4wt) + ag sin (4rt)

2
F()b.VIansz =a) +at+ H(f — fO)d} + H(t — t())(l4l (3)

FObSlamp} =a; +axt + H(t - tO)a3 + H(t - to)a4 ln(l + (t)/as),(4)

where Fops_conts Fobs camp2> Fobs_camps represent the fitted GPS dis-
placement time-series of the continuous stations, campaign stations
with two and three post-seismic epochs, respectively. a;-aq are
the unknown coefficients to be solved. The first four items in these
equations are static offset, long-term deformation rate, co- and post-
seismic deformation, respectively. The last four terms in eq. (2)
represent the annual and semi-annual components of the seasonal
deformation. H(t — t;) represents the Heaviside function, where ¢
and £, are the time of the displacement time-series and the event.
After the above data processing, we obtain the post-seismic GPS
and InSAR displacement time-series in the first 450 d after the earth-
quake (Figs S2 and S3). We show the accumulated displacements in
this time period in Figs 3(a) and (b). We observe a maximum GPS
displacement of ~40 mm on the QHMD station, ~25 km from
the fault (Fig. 3). Additionally, we find clear GPS displacements
of ~5 mm in areas >100 km from the fault. The inferred InSAR
displacements indicate significant near-field deformation across the
fault. In addition, we find a general consistency between GPS and
InSAR displacements (Figs 3c—f), suggesting the reliability of the
post-seismic deformations that inferred from different techniques.

3 COSEISMIC DEFORMATION
MODELLING

3.1 Modelling and fault geometry

The coseismic slip model is the basis of the post-seismic deforma-
tion modelling, as it provides the fault geometry of the afterslip
model and serve as the driving source of the viscoelastic relax-
ation model (e.g. Freed et al. 2017). Meanwhile, it is important to
maintain the self-consistency (e.g. fault geometry and methodol-
ogy) between the co- and post-seismic deformation models (Freed
et al. 2017). Thus, we first use the coseismic InSAR data (Fig. 2)
to invert for coseismic slip distribution, instead of using one from a
separated study.

We use finite-fault source modelling to probe the fault geometry
and slip distribution of the Maduo earthquake that can well fit the
coseismic InSAR observations. For this aim, we utilize a constrained
least squares method (Wang et al. 2013), which can build complex
fault geometry with simple parameter configuration. To make the
solution stable, we add an a-priori smoothing constraint in the cost
function:

F(s) =IGs — ylI” + | Hs|P?, ®)

where s is the slip vector of each fault patch; G is the Green’s
function matrix calculated by the crustal elastic parameters (e.g.
seismic velocity, density) from Wang et al. (2021) in the region of
the Maduo earthquake; y is the observation data, including InSAR
LOS and sPOT range displacements; H represents the finite differ-
ence approximation of the Laplacian operator; « is the smoothing
factor, which controls the trade-off between the model roughness
and misfit.

We divide the fault plane into five segments (F1-F5) to match
the detailed surface rupture trace (Pan er al. 2022; Yuan et al.
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Figure 3. Panels (a) and (b) show accumulated post-seismic GPS and InSAR LOS displacements in the first 450 d after the event from ascending and
descending tracks, respectively. Positive values are moving close to the satellite. Black triangles are locations of GPS stations. Subgraphs show the GPS data
in the far-field areas. Panels (c) and (d) show the comparison between the GPS (black dots) and InSAR (grey dots) data (in LOS directions) within dashed
rectangle in (a). Horizontal axis denotes the distance along the swath. Dashed curves in (c) and (d) show the 1o uncertainties of InNSAR data. Panels (e) and (f)
show the comparison between the InSAR (green triangles) and GPS (black dots) time-series at the QHMD station in the LOS directions.

2022) and the local alignment of aftershocks (Fig. 2a). A fault
with spatial scales of 160 km along strike and 27 km along dip is
built, which is then subdivided into patches with a constant size of
3 x 3 km? to solve for the slip distribution. We find the optimal
dip angle of each fault segment with a grid-search method when
probing the coseismic slip distribution (Feng et al. 2020; Zhang
et al. 2021). As shown in Figs 4(a) and S4, the optimal dip angles
are 80° and 65° to the north for the segments F1 and F2, respectively,
and are 90° for segments F3 and F4. The dip angle of the eastern
branch F5 is also set to 90°, which is similar to previous inversion
studies (He e al. 2021b; Li et al. 2022). We vary the dip angle
smoothly at the connection of adjacent fault segments to avoid
sudden fault geometry changes. We obtain the weighting of the
smoothing constraint (0.02) based on the trade-off curve between
model roughness and data misfit (Fig. 4b).

3.2 The coseismic rupture model

As shown in Fig. 4(a), the best-fitting slip distribution of the Maduo
earthquake reveals that this event ruptured the Jiangcuo fault along
strike by up to 160 km, showing a clear asymmetrical rupture char-
acter as that shown in previous studies (Jin & Fialko 2021; He et al.
2021a,b; Zhao etal. 2021b; Liet al. 2022; Yue et al. 2022). Fault slip
below two surface rupture gaps (read lines in Fig. 4a) is relatively
small, which agrees with field investigation (Yuan et al. 2022). We
find that most coseismic slip occurs at the middle (3—15 km) of the
brittle layer and slip to the west of the hypocentre is lower than that
to the east of the hypocentre (Fig. 4a), leading to the clear shallow
slip deficit, as shown in other earthquakes (Fig. 4c). We will discuss
fault frictional behaviour revealed by the coseismic shallow slip
deficit in Section 5.4. Our coseismic slip model suggests a geodetic
moment of ~1.76 x 10 N m (M,, 7.43).

The optimal coseismic slip model can explain the observed In-
SAR and sPOT data reasonably well, although we observe some
local residuals near the fault trace (Fig. 5). We interpret local near-

fault residuals mainly relate to inelastic deformation, heterogeneous
materials or a more complex geometry of the faults that are not
considered in our model or the unwrapping error due to large phase
gradient across the rupture. We perform checkerboard tests to in-
vestigate the resolving power of data, and find that the input slip
asperities of 24 km x 12 km or 12 km x 12 km (length x width)
can be recovered well in terms of location and slip magnitude (Fig.
S5). We also perform synthetic tests to identify the reliability of the
obtained fault dip angles. The input dip angle of each segment can
be identified (Fig. S4), suggesting that the geodetic observations
can provide constraint on fault geometric parameters.

4 POST-SEISMIC DEFORMATION
MODELLING

4.1 Construction of the combined model incorporating
afterslip and viscoelastic relaxation

Aseismic afterslip and viscoelastic relaxation of the lower
crust/upper mantle are proposed as the two main mechanisms
responsible for post-seismic deformations following large earth-
quakes (Biirgmann & Dresen 2008; Wang ef al. 2012; Freed et al.
2017). Besides, the poroelastic rebound can also produce post-
seismic deformation with low magnitude near the rupture faults
(Jonsson et al. 2003), which has been generally ignored due to a
lack of effective observations. Moreover, afterslip is assumed as
the dominant mechanism for post-seismic deformations at initial
stages, however, recent studies revealed that the viscoelastic relax-
ation should be considered even in early post-seismic periods (e.g.
Sun et al. 2014; Diao et al. 2021; Fukuda & Johnson 2021). There-
fore, we construct a combined model of viscoelastic relaxation and
afterslip directly, rather than testing the performance of a separated
mechanism at first. We discuss the limitation of separated mecha-
nisms (afterslip, viscoelastic relaxation and poroelastic rebound) in
Section 5.2.
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denote the hypocentre and rupture gaps shown in Yuan et al. (2022), respectively. (b) Trade-off curve between normalized roughness and relative data misfit
used for determining the smoothing factor for the inversion. (c¢) Variation of along-strike averaged normalized coseismic slip of the event with depth, as well

as for other strike-slip earthquakes inferred from C. Liu et al. (2019).
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Figure 5. The comparison of the observed and modelled coseismic displacements in LOS (two columns on the left) and range directions (two columns on the

right) of ascending and descending tracks.

The procedure for constructing the combined post-seismic defor-
mation model is as follows. First, we assume that the post-seismic
deformation on far-field GPS stations (>45 km from the fault) is
governed by the viscoelastic relaxation effect of the lower crust,
and estimate the optimal lower crustal rheological parameters in the
viscoelastic relaxation model based on these GPS data. Then, we re-
move the viscoelastic relaxation effect in the InSAR displacement
time-series and use the residual to invert for the time-dependent
fault afterslip. Thirdly, we estimate the far-field effect due to ob-
tained afterslip and remove it from the GPS observation. Finally,
we repeat the aforementioned steps until the solution converges.
For the afterslip inversions, we utilize the same approach as that
used for the coseismic slip inversion in Section 3.1. We maintain

the consistency of the fault geometry between the coseismic slip
model and the afterslip model, but extend the fault width along the
downdip direction to 60 km, which is deep enough to include the
deep afterslip. We also use the ‘trade-off” method same as that in the
coseismic slip inversions to obtain the optimal smoothing factor.
We simulate the viscoelastic relaxation effect of the Maduo earth-
quake based on a layered viscoelastic half-space model using the
PSGRN/PSCMP code developed by Wang et al. (2006). In our
model, we set the thicknesses of the upper crust and lower crust to
20 and 40 km, respectively, following Diao et al. (2019) and Xiong
et al. (2010). The elastic parameters (e.g. seismic velocity, density)
are inferred from the seismic inversion result of Wang et al. (2021).
We adopt the Burgers rheology body due to its ability to capture
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the transient and steady-state deformation of the viscoelastic layers
(Fukuda & Johnson 2021). The Burgers model we used contains
three parameters: the transient viscosity 7, steady-state viscosity
n» and the ratio between the effective and the unrelaxed shear mod-
ulus («, i.e. pi/(k + 1m)). We fix the ratio (n;/n,,) at 0.1 based
on many previous studies (e.g. Hu e al. 2016; Tian et al. 2020). For
the upper mantle, we fix the steady-state viscosity at 1 x 10 Pa's
and test its influence in Section 5.1. Thus, there are only two free
parameters in the lower crustal layer of the viscoelastic relaxation
model, o and 1, (steady-sate viscosity of the lower crust). We use
the grid search approach to optimize the viscosity parameters (Diao
et al. 2021), and define the misfit function as follows:

2
/N, (©6)

M N
F (nfn’ “) = Z /M ZUJ'J‘UJM - chal
i=1 j=1

where F s the root mean square (RMS) residual. U/, and U/,
are the observed and simulated GPS displacement time-series in
the viscoelastic relaxation model, respectively. o is the observation
error. i and j are the indexes of the GPS station and time samples of
displacement time-series on the station. &V is the number of the time

samples on each GPS station, and M is the number of GPS stations.

4.2 Results of the combined model

As shown in Fig. 6(a), the inferred optimal values for 1/, and « are
1x10" Pas and 0.7, respectively. The value of « had been assumed
to be 0.5 in previous studies (Hu er al. 2016), however, we find
that this assumption fails to capture the temporal evolution of the
GPS displacement time-series. The optimal afterslip distribution in
the combined model is shown in Fig. 6(b). Notably, we observe
significant shallow afterslip in the middle north-dipping segment
(longitude 98.2-98.7°), where the coseismic slip is relatively low.
Besides, there are some isolated afterslip on deep patches below
the aftershock cloud, which is discussed in Section 5.2. The geode-
tic moment released by the afterslip is about 1.27 x 10 N m,
corresponding to an M,, 6.67 earthquake.

Our model can explain the cumulative GPS and InSAR displace-
ments well in terms of deformation magnitude and pattern (Figs 7
and 8). The InSAR residuals approximately follow a normal distri-
bution with a mean value near zero, indicating the absence of any
systematic error. Furthermore, the combined model can generally
capture the temporal evolution of the GPS and InSAR observations
(Figs 7, 8 and Fig. S6), including the GPS data (e.g. the data on the
QHMD station) that do not participate in the inversion.

5 DISCUSSION

5.1 Analysis on the reliability of the obtained results

Compared to the InSAR data used in previous studies (He et al.
2021b; Fang et al. 2022; Xiong et al. 2022; Zhao et al. 2023), we
extend the time span of geodetic observations and remove the sea-
sonal deformation (e.g. the permafrost effect), which can effectively
suppress the noise and make the post-seismic deformation signal
more reliable. Furthermore, compared to the GPS data shown in
Xiong et al. (2022), the GPS observations we used are located in
the mid to far-field, which will be less affected by afterslip, thus can
better constrain the rheological structures and properties beneath
the seismic source region. The inferred steady-state lower crustal
viscosity (1 x 10" Pas) is similar to that of Jin et al. (2023), which

2021 M,, 7.4 Maduo (Tibet) earthquake 209

also indicates the reliability of our results. The combined data from
InSAR and GPS observations can provide stronger constraints for
the post-seismic deformation process of the Maduo earthquake.

To reduce the number of free parameters, we fix the thickness
of the lower crust and the viscosity of the upper mantle in the
combined model. To discuss the effect of fixing these parameters,
further tests are carried out. First, we consider three different lower
crustal thicknesses: 30, 40 and 50 km, and search for the optimal
viscosity using the approach described in Section 4.1. As shown in
Fig. 9(a), the optimal viscosity varies slightly with different lower
crust thicknesses (8 x 10'-1x10' Pa s). Therefore, we infer that
a value of ~10'" Pa s is reasonable for the optimal lower crust
viscosity. Secondly, we test different values for the steady-state
viscosity of the upper mantle. The result suggests that RMS is
minimum when the viscosity is located at 1 x 10?° Pa s (Fig. 9b).
Therefore, it is reasonable to fix this parameter at 1 x 10%° Pa s.
Finally, we assume the displacements on GPS stations >45 km from
the fault are mainly driven by the viscoelastic relaxation effect. As
shown in Fig. 8(b), the effect of afterslip on these GPS stations
is negligible compared to that of the viscoelastic relaxation effect,
supporting our assumption. As demonstrated in Section 4.1, we
also use an iterative method to obtain the viscosity in the combined
model, which will decrease the effect of afterslip on these far-field
GPS stations.

5.2 Contribution of afterslip and viscoelastic relaxation to
the observed post-seismic deformation

A displacement profile across the fault shows the separated con-
tribution of afterslip and viscoelastic relaxation in the combined
model (Figs 7i and j). It is clear that the afterslip governs the defor-
mation near the fault and decays rapidly with distance from the fault.
In contrast, the deformation caused by the viscoelastic relaxation
effect is negligible in the near-field area, but it gradually increases
and becomes dominant in areas >20 km from the fault. Our results
highlight that afterslip and viscoelastic relaxation complement each
other in controlling the post-seismic deformation. Similar findings
have been obtained in studies of post-seismic deformation follow-
ing the 2015 Nepal earthquake and the 2011 Tohoku earthquake
(e.g. Sun et al. 2014; Diao et al. 2021). To demonstrate the limita-
tion of the separated mechanisms, we explore their performance as
follows.

We first assume that afterslip is the only mechanism responsi-
ble for the observed post-seismic GPS and InSAR deformation.
Using the same inversion method and geodetic data, we get the
distribution of the pure afterslip model (Fig. 10a). We find that
widespread deep afterslip at depths below 30 km is required to ex-
plain the post-seismic deformation (Figs 10b—g). Compared with the
afterslip obtained in the combined model, we infer that these deep
afterslip are resulted from the overuse of this mechanism, which
only reflect the depth of the driving source, where the viscoelas-
tic relaxation may actually occur. Thus, the deep afterslip obtained
based on the assumption of a pure afterslip mechanism are perhaps
an illusion, which should be carefully discriminated. By including
the viscoelastic relaxation, the deep afterslip in the pure afterslip
model is decreased by 80 per cent, although slight deep afterslip still
exists (Fig. 6b). These residual deep afterslip may be induced by
the simplified viscoelastic relaxation model that neglects the lateral
variation of the viscosity.

Then, we consider the pure viscoelastic relaxation separately.
Constrained by the GPS and InSAR data, we search the optimal
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Figure 7. Comparisons between the observed and modelled post-seismic InSAR displacements. Panels (a)—(d) are observations, predictions and residuals for
post-seismic LOS displacements for the ascending track, while panels (e)—(h) are those for the descending track. Panels (i) and (j) show detailed comparison
of InNSAR data on a profile perpendicular to the fault [dashed box in (a)]. AS and VR represent deformations caused by the afterslip and viscoelastic relaxation
model. Panels (k) and (1) show comparisons between observations [deformation difference on two pixels (P1-P2)] and predictions. Black triangles are the

observed displacement time-series.

parameters in the pure viscoelastic relaxation model using the same
grid-search method presented in the combined model. As shown
in Fig. 11, the inferred optimal model parameters are close to that
obtained in the combined model, however, the yield model residual
of ~6 mm is two times larger than that of the combined model
(~3 mm). More importantly, although the pure viscoelastic relax-
ation model clearly can explain the far-field GPS displacements
reasonably, it clearly fails to capture the near-field InSAR observa-
tions (Fig. 11), suggesting that the afterslip on shallow patches are
necessary.

Finally, we evaluate the poroelastic rebound effect. Using a
method shown in many previous studies (e.g. Diao et al. 2018),
we first set different Poisson ratios, that is 0.25 and 0.21 for materi-
als in the poroelastic layer (<4 km depth), to represent the undrained
and drained conditions. Then, with these two scenarios we calculate
the coseismic displacements on each InSAR point, and obtain the
stable effect of the poroelastic rebound by differencing these two
coseismic displacement fields. As shown in Fig. 12, the deforma-
tion caused by this mechanism is limited in near-field areas, which
is hard to explain the observed post-seismic deformation (Figs 7a
and e). The simulated deformation also fails to capture the residual
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Figure 9. The effect of the lower crustal thickness and the steady-state viscosity of the upper mantle. (a) The RMS residual variation with nfn (steady-state
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displacements of the combined model (Figs 7d and h). Therefore,
we ignore this effect in our combined model.

5.3 Implications on the inferred regional rheological
structure

The rheological structure of the SGT has been investigated based
on post-seismic deformation studies of historical major earthquakes
(Liu et al. 2019; Zhao et al. 2021a; Chen et al. 2022). Combining
our results with previous geodetic studies, we find that the lower
crustal viscosity within the SGT is lower (10'8-10' Pa s) than
that of its northern neighbouring blocks, that is the Qaidam basin
and Qilian Mountains. Furthermore, we find a gradual increase
of lower crustal viscosity from south to north across northeastern
Tibet (Fig. 13). Geophysical observations indicated zones of low

S-wave velocity and high conductivity in the lower crust beneath
the terrane (Jiang et al. 2014; Zhan et al. 2021), which is consistent
with the inferred low viscosity in this study. All these geophysical
investigations suggest a weak and ductile layer that may allow lower
crustal flow as indicated in many previous studies (Clark & Royden
2000; Royden et al. 2008).

Both the geodetic observations (Li et al. 2023) and the field in-
vestigations (Yuan et al. 2022) indicate that the Maduo earthquake
occurred on the Jiangcuo fault—a secondary fault within the SGT.
Actually, besides the Jiangcuo fault, several subparallel secondary
faults, such as the Dari fault and Wudaoliang-Changshagongma
fault, had been developed in the terrane (Fig. 13). The development
of these subparallel secondary faults shows a general consistence
with the distributed interior shear deformation as inferred from
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(a) the pure afterslip model
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Figure 10. The inversion result and data-fitting of the pure afterslip model. Panel (a) shows the inverted pure afterslip model. Panels (b)—(d) show the

observation, prediction, and residual of post-seismic LOS displacements of ascending track and those for post-seismic GPS displacements, while panels (e)—(g)
are those for the descending track.

(a) the pure VR model

Figure 11. The searching result and data-fitting of the pure viscoelastic relaxation (VR) model. Panel (a) shows the RMS residual varies with different
combination of («, nﬁn ). The red star defines the optimal viscosity parameters. Panels (b)—(d) are observation, prediction and residual for post-seismic LOS
displacements of ascending track and those for post-seismic GPS displacements, while panels (e)—(g) are those for the descending track.
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Figure 12. The predicted deformation by the poroelastic rebound mechanism. Panels (a) and (b) are those in the LOS directions of ascending and descending

tracks, respectively.

Depth (km) Height (km)

Pa-s

D ~7x10"
I ~1x100
I ~5x101¢

Figure 13. Schematic of lower crustal viscosity across the northeastern Tibet. Long red lines define the SGT region. GY, WC, DR, JC, KL denote the
Ganzi-Yushu, Wudaoliang-Changshagongma, Dari, Jiangcuo and eastern Kunlun fault, respectively. EUC: elastic upper crust; VLC: viscoelastic lower crust;
and VUM: viscoelastic upper mantle. Colours in VLC are corresponding to viscosities inferred from previous geodetic studies and ours: (1) = Chen et al.
(2022); @ = Liu ez al. (2019); 3) = Zhao et al. (2021a) and (@) = this study.

geodetic observations (Wang & Shen 2020; Yue et al. 2022). How-
ever, the underlying mechanism is poorly understood.

The continental crustal strength is jointly controlled by the fric-
tional strength of the upper crust and the rheological strength of
the lower crust (Yue et al. 2022). Geophysical observations, such as
the seismicity and coseismic ruptures extent, indicate similar seis-
mogenic depths and similar upper crustal strength of the SGT (Yue
et al. 2022), thus the whole strength of the crust may be governed
by the underlying lower crustal layer. The obtained low viscosity
beneath the SGT suggests a weak lower crust in contrast to that of
the Qaidam basin and Qilian Mountains to the north, which may
lead to distributed shear deformation within the terrane and negli-
gible deformation in the north regions, respectively. Furthermore,
both theoretical analysis and numerical simulations suggest that
a weak lower crust tends to widen the deformation zone from the
boundary fault in geologic time scales, which is accompanied by de-
velopment of subparallel secondary faults (Roy & Royden 2000a,b).
These theoretical results, as well as the weak strength of the lower
crust, explain the distributed shear deformation and the growth of
secondary faults with the SGT. Our results highlight that the rhe-
ology of the lower crust plays an important role on the tectonic
deformation, fault evolution and associated seismic hazards.

5.4 Implications for shallow afterslip, frictional behaviour
and coseismic shallow slip deficit

Afterslip that occurs under the coseismic stress perturbations, can
elucidate the fault frictional characteristics (Marone ez al. 1991). As
demonstrated in previous studies (e.g. Zhou et al. 2018; Liu & Xu
2019), afterslip evolves following the rate-and-state frictional law:

_(a—b)s Vkt

where U is the afterslip magnitude that varies with time since the
earthquake (7); k, & and V' are the crustal stiffness, the effective nor-
mal stress and the initial slip rate after the earthquake, respectively.
(a — b) is the integrated fault frictional parameter.

Based on eq. (7) and the obtained time-dependent afterslip model
in Section 4.2, we estimate (a — b) values on fault patches. As
shown by Liu & Xu (2019), the constitutive law in eq. (7) can
be simplified as U(t) = A In(1 + ¢/7), where A4 is the magnitude
factor and 7 is the decay time of afterslip. Thus, we can calculate
(a — b) values by usinga — b = Ak/&, with the approach shown in
Kato. (2002) to calculate the effective normal stress (¢). The crustal
stiffness can be obtained by k = G/ h, where G is the shear modulus
(30 GPa) and 4 is the thickness of rate-strengthening region. Due
to the unlikelihood of the fault rupture far beyond the depth of
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aftershock cloud, we adopt # = 20 km in this study to analyse the
fault frictional behaviour.

The inferred values of (a—b) are on the order of 10~ ~ 1073
(Fig. 6¢), at the lower bound of the laboratory results (1073-10~%
Marone 1998), which is consistent with that shown in Zhao et al.
(2023). Both the (a—b) values inferred from the stress-driven after-
slip (Jin et al. 2023; Zhao et al. 2023) and kinematic afterslip (this
study) indicate a rate-strengthening frictional property in the up-
permost patches of the upper crust. Furthermore, the (¢—b) values
on uppermost patches of the middle north-dipping segment (longi-
tude 98.2-98.7°) are significantly higher than those in other fault
regions, indicating a strong rate-strengthening frictional property.
Combining with the low coseismic slip on these patches, we infer
that uppermost fault patches may act as a barrier and have pre-
vented the coseismic rupture from reaching the surface (Fig. 4c).
Significant coseismic slip occurs on patches below the shallow rate-
strengthening region, suggesting a variable slip behaviour (rate-
weakening) on deep patches.

Whether the SSD in the middle fault segment (longitude 98.2—
98.7°) has been filled by aseismic afterslip is important for future
seismic hazard assessment. By comparing the coseismic slip along
the strike of the fault, we observe an average slip deficit of ~0.6 m
in the middle segment, however, the inferred average afterslip is
only ~0.06 m there, which only compensates for a small part of
the observed SSD (~10 per cent). Previous studies suggested the
maturity of the Jiangcuo fault is relatively low (e.g. Zhao et al.
2021b; Li et al. 2023), and dynamic simulations of earthquake cy-
cles indicated abundant slow slip and creep in an immature fault
(Thakur & Huang 2021). We therefore speculate that the middle
segment might not be completely locked in interseismic periods,
and/or partial accumulated strain had been released through slow
slip/creep. In such a situation, the observed coseismic SSD is in-
duced by the inhomogeneous strain accumulation along the fault.
Fault creep on immature faults has been observed on continental
strike-slip fault, such as the Northern San Andreas fault (e.g. Tong
et al. 2013; Murray et al. 2014). However, due to the low slip rate
(1-2 mm yr~!) of the Jiangcuo fault (Zhu et al. 2021), monitoring its
interseismic creep with geodetic observations remains challenging.
Therefore, we cannot exclude other possibilities, such as the stress
remaining unreleased or off-fault deformation occurred within the
damage zone ameliorating the SSD (Dolan & Haravitch 2014).

6 CONCLUSIONS

In this paper, we study the co- and post-seismic deformation of the
2021 M,, 7.4 Maduo earthquake based on satellite image data. With
coseismic InSAR and sPOT data, we first investigate the coseis-
mic slip model of the Maduo earthquake. Inferred results reveal
an asymmetric bilateral rupture pattern. Most coseismic slip is dis-
tributed at 3—15 km depth, leading to clear shallow slip deficit. Then,
we investigate the mechanisms of the post-seismic deformation in
the first 450 d following the 2021 M,, 7.4 Maduo earthquake. Com-
bined GPS and InSAR observations reveal post-seismic deforma-
tion in both near- and far-field areas, suggesting that variable mech-
anisms are involved. Modelling results indicate that the observed
post-seismic deformation is governed by a combined mechanism
of afterslip and viscoelastic relaxation. Neglecting the viscoelastic
relaxation effect will result in widespread afterslip on deep patches
in the ductile layer. The inferred lower crustal viscosity at interior of
the SGT suggests a low crustal strength, which may be responsible
for the distributed shear deformation and development of secondary

faults within the terrane. Besides, the frictional behaviour of the
Jiangcuo fault revealed by afterslip suggests a rate-strengthening
character on uppermost patches of the middle fault segment (lon-
gitude 98.2-98.7°), which may relate to the arrest of the coseismic
slip and the significant coseismic slip deficit.

SUPPORTING INFORMATION

Supplementary data are available at GJI online.

Figure S1. The small baseline network of interferograms for as-
cending and descending tracks of Sentinel-1 data. Each circle rep-
resents one Sentinel-1 image acquisition and the red circles corre-
spond to the reference image in the network. Perpendicular baseline
values are with respect to the reference image. Each line represents
an interferogram. The lines are colour-coded with average spatial
coherence of corresponding interferogram.

Figure S2. Post-seismic InSAR displacement time-series and
signal decomposition on selected pixels (P1-P4). Panels (a) and (f)
show accumulated displacements in LOS directions of ascending
and descending tracks and location of selected pixels. The black and
red triangles are the original InSAR data and fitted result using eq.
(1), respectively. The blue and green triangles show post-seismic
displacement deformation caused by the Maduo earthquake and
seasonal deformation caused by the permafrost effect. The location
of pixels is shown in (a) and (f).

Figure S3. The observed and fitted GPS displacement time-series
in this study. The black dots with red error bar and blue line represent
the observed and fitted data after removing the background tectonic
deformation and seasonal deformation, respectively.

Figure S4. Upper panels show grid-search results for dip an-
gles of four fault segments based on observations. Lower panels
draw grid-search results of four fault segments based on synthetic
data. Based on these tests, we find that the input dip angles can be
recovered reasonably well.

Figure S5. Checkerboard tests showing the resolving power of
the observation. Panels (a) and (b) are input models with asperity
of 24 km x 12 km and 12 km x 12 km, respectively. Panels (c) and
(d) are corresponding recovered models.

Figure S6. The observed and predicted GPS displacement time-
series by post-seismic model in this study. The red, blue and green
lines represent the predictions by the afterslip + viscoelastic re-
laxation model, afterslip model and viscoelastic relaxation model,
respectively. The black dots with grey error bar and black line repre-
sent the observed and fitted displacement time-series, respectively.

Table S1. Summary of the Sentinel-1 SAR data used to measure
the coseismic deformation of the M, 7.4 Maduo earthquake.

Table S2. Summary of the Sentinel-1 SAR data used to measure
the post-seismic deformation of the M,, 7.4 Maduo earthquake.

Please note: Oxford University Press is not responsible for the
content or functionality of any supporting materials supplied by
the authors. Any queries (other than missing material) should be
directed to the corresponding author for the paper.
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