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(China) Earthquake: Evidence of a Deep Shear Zone
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nstitute of Geophysics and Planetary Physics, Scripps Institution of Oceanography, University of California San Diego,
La Jolla, CA, USA, *Earth System Science Programme, The Chinese University of Hong Kong, Hong Kong, China, *China
Earthquake Networks Center, China Earthquake Administration, Beijing, China

Abstract We use Sentinel-1 and ALOS-2 Interferometric Synthetic Aperture Radar (InSAR), and

Global Navigation Satellite System (GNSS) data to investigate the mechanisms of coseismic and postseismic
deformation due to the 2021 M7.4 Maduo (China) earthquake. We present a refined coseismic slip model
constrained by the rupture trace and precisely located aftershocks. The InSAR time series corrected for

the atmospheric and decorrelation noise reveal postseismic line of sight displacements up to ~0.1 m. The
displacements are discontinuous along the fault trace, indicating shallow afterslip and velocity-strengthening
friction in the top 2—-3 km of the upper crust. The magnitude of shallow afterslip is however insufficient

to compensate for the coseismic slip deficit, implying substantial off-fault yielding. The observed surface
deformation does not exhibit obvious features that could be attributed to poroelastic effects. We developed a
fully coupled model that accounts for both stress-driven creep on a deep localized shear zone and viscoelastic
relaxation in the bulk of the lower crust. The mid- to near-field data can be reasonably well explained by
deep afterslip and/or non-Maxwellian visco-elasticity. Our results suggest a power-law stress exponent of
~4-4.5 assuming a power-law rheology, and transient and steady-state viscosities of 10'® and 10'° Pa s,
respectively, assuming a bi-viscous (Burgers) rheology. However, a good fit to the GNSS data cannot be
achieved assuming the bulk viscoelastic relaxation alone, and requires a contribution of deep afterlip and/or a
localized shear zone extending through much of the lower crust.

Plain Language Summary A large earthquake occurred in the north-east Tibetan Plateau (Qinghai
Province, China) on 21 May 2021. We use data collected by orbiting satellites to measure subtle (millimeter to
centimeter-scale) displacements of the Earth's surface that occurred in 1 year following the Maduo earthquake.
The observed rates and spatial patterns of surface displacements are used to infer the mechanisms of stress
relaxation and mechanical properties of rocks at depth. We find evidence of continued slip on the fault that
produced the Maduo earthquake, both near the surface, and below the seismogenic zone. Our results suggest
that major faults that cut through the Tibetan Plateau are associated with deep roots that extend into the lower
crust. The observed shallow slip is insufficient to compensate for the near-surface slip deficit that accrued
during the earthquake. This suggests that some amount of the near-surface coseismic shear was distributed over
a wider zone around the earthquake rupture.

1. Introduction

The M, 7.4 Maduo earthquake occurred on 21 May 2021 in the north-eastern part of the Tibetan Plateau
(Figure 1). Field mapping, space geodetic imaging, and aftershock data indicate that the earthquake ruptured a
~170 km-long left-lateral strike-slip fault (e.g., Jin & Fialko, 2021; W. Wang et al., 2021; D. Zhao et al., 2021b).
The earthquake rupture is located within the Bayan Har Block, which is bounded by the Kunlun fault in the north
and Xianshuihe fault system in the south, two major left-lateral faults accommodating the eastward extrusion of
the Tibetan Plateau (e.g., Tapponnier et al., 1982; Thatcher, 2007). Both the Kunlun and Xianshuihe fault systems
produced major earthquakes in the last century, including the 2001 M, 7.9 Kokoxilli earthquake that occurred on
the main Kunlun fault, the 1997 M, 7.6 Manyi earthquakes that occurred on a western end of the Kunlun fault
system, and the 2010 M, 7.1 Yushu and the 2022 M, 6.6 earthquakes that occurred on the Yushu-Garzi-Xian-
shuihe fault system (e.g., Y. An et al., 2022; Bai et al., 2018; Funning et al., 2007; Klinger et al., 2005; Xiong
et al., 2010). This remarkable sequence of large earthquakes provides an excellent opportunity to probe the rheo-
logical structure of the Tibetan lithosphere.
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Figure 1. Tectonic setting of the 2021 M7.4 Maduo earthquake. Blue curvy line denotes the rupture trace mapped using

the Sentinel-1 range offsets (Jin & Fialko, 2021). White-and-blue “beach ball” denotes the centroid location and the focal
mechanism from the Global CMT catalog. Thin black lines denote active faults (Taylor & Yin, 2009). Color circles denote
shallow (hypocenter depth less than 30 km) aftershocks over 1 year following the mainshock. Magenta rectangles denote
swaths of Sentinel-1 SAR data used in this study. Green triangles denote continuous Global Navigation Satellite System sites
used in this study. (Inset) Topography and fault map of the India-Eurasia collision zone.

Previous studies suggested that the mid to lower crust beneath the Tibetan Plateau may be warm and mechanically
weak, possibly due to a presence of partial melt. Relevant geophysical observations include high electric conduc-
tivity (e.g., Unsworth, 2010; Unsworth et al., 2004; W. Wei et al., 2001), low seismic velocities in the lower crust
and upper mantle (e.g., McNamara et al., 1997; Ni & Barazangi, 1983), and high seismic attenuation (e.g., Fan &
Lay, 2003; Rodgers & Schwartz, 1998). A weak lower crust was proposed to explain the uplift (Burov & Watts, 2006;
W.-L. Zhao & Morgan, 1987) and outward expansion (Clark & Royden, 2000) of the Tibetan Plateau, with some
models implying a long-term effective viscosity of the lower crust of less than 10'7 Pa s (Royden et al., 1997).

Studies of postseismic response due to large earthquakes however suggest much higher viscosities that further-
more appear to increase with time following the event. For example, Liu et al. (2019) estimated viscosity of the
lower crust beneath the Songpan-Ganzi terrane to be 2-3 X 10'8 Pa s in the first year following the 2001 Kokox-
illi earthquake, increasing by an order of magnitude in the subsequent 15 years. D. Zhao et al. (2021a) inferred
a bi-viscous (Burgers) rheology with the transient and steady-state viscosities of the lower crust of 5 x 10'®
and 4 x 10" Pa s, respectively. Comparable, if not higher, viscosities were estimated by studies of postseismic
transients at the plateau margins (Huang et al., 2014; Jin et al., 2022; K. Wang & Fialko, 2014, 2018; M. Wang
et al., 2021). Previous work also showed that inferences of the effective viscosity of a ductile substrate may be
complicated in the presence of multiple relaxation mechanisms (e.g., Fialko, 2004a; Rousset et al., 2012; Takeuchi
& Fialko, 2013; D. Zhao et al., 2021a). In particular, a localized shear on deep fault roots may bias estimates of
the bulk rheologic properties of ambient rocks if the former is not taken into account (Takeuchi & Fialko, 2012;
K. Wang & Fialko, 2018; Wright et al., 2013; D. Zhao et al., 2021a). Therefore, a rigorous assessment of multiple
mechanisms that may potentially contribute to the observed deformation transients is needed for robust estimates
of in situ material properties below the brittle-ductile transition.
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An important starting point in studies of postseismic deformation is an accurate and well-constrained model of coseis-
mic slip. Published coseismic models of the Maduo earthquake are mostly based on solutions for rectangular disloca-
tions in a homogeneous or layered elastic half-space (e.g., Jin & Fialko, 2021; Yue et al., 2022; D. Zhao et al., 2021b).
While such models do allow for some complexity in the rupture geometry, high quality observations including space
geodetic imaging and precisely relocated aftershocks (He et al., 2022; W. Wang et al., 2021) warrant more detailed
models that include spatial variations in the fault attitude, as well as mechanical properties of the host rocks.

In this study, we first refine a coseismic slip model using a new representation based on a superposition of
point sources that honors the geometrically complex fault trace and the aftershock distribution, resulting in a
non-planar slip interface that varies along both strike and dip directions. We then present the Interferometric
Synthetic Aperture Radar (InSAR) and Global Navigation Satellite System (GNSS) observations of postseismic
deformation over ~1 year following the Maduo earthquake. We compare the observed postseismic deformation to
models that assume various time-dependent relaxation mechanisms, including afterslip, viscoelastic, and poroe-
lastic deformation, and place constraints on the effective mechanical properties of rocks comprising continental
lithosphere in the northeast Tibetan Plateau.

2. Kinematically Consistent Models of Coseismic Slip on Non-Planar Faults

A common approach in modeling earthquake ruptures is to approximate the latter by a superposition of rectan-
gular dislocations (e.g., Fialko, 2004b; Freymueller et al., 1994; Hsu et al., 2009). However, in case of curved
or multi-segment faults the use of rectangular dislocations typically gives rise to gaps, overlaps, tears, and other
unphysical discontinuities between the modeled sub-faults (e.g., Hamling et al., 2017; Jin & Fialko, 2020; Tong
etal.,2010). Triangular dislocations offer a greater flexibility at discretizing complex fault geometries, but analytic
solutions are limited to homogeneous elastic media (Barnhart & Lohman, 2010; Meade, 2007; Thomas, 1993).
At the same time, semi-analytic or numerical solutions for point sources are readily available in case of layered
as well as fully heterogeneous elastic media (e.g., Barbot, Fialko, & Sandwell, 2009; R. Wang et al., 2003; L.
Zhu & Rivera, 2002). Because finite dislocations can be approximated by a sufficiently dense distribution of
point sources (e.g., Barbot & Fialko, 2010a, 2010b; R. Wang et al., 2003), we developed a method based on a
superposition of point sources in a heterogeneous medium to represent slip on arbitrarily shaped fault surfaces.

Following the approach of Jin and Fialko (2020), we make use of the rupture trace and precisely located aftershocks
to constrain the subsurface rupture geometry. We fit a smooth curved surface that attempts to honor the rupture trace
as close as possible, and aftershock locations in the least squares sense (Figure 2). We then tessellate the inferred
rupture surface into a “watertight” mesh of finite slip patches. Here we use a triangular tessellation for simplicity, but
the geometry of slip patches in general can be arbitrary, defined for example, by Voronoi cells (Dettmer et al., 2014;
Voronoi, 1908). A desirable quality of the discretized model is that slip patches are as small as necessary to fit the
data, but as large as needed to be well resolved—that is, the model resolution matrix is as close as possible to the
identity matrix (e.g., M. An, 2012; Backus & Gilbert, 1968; Fialko, 2004b; Lohman & Simons, 2005). In case of
sub-vertical strike-slip faults, this can be achieved by increasing the size of individual slip patches (model resolution
cells) with depth in a geometric progression (Fialko, 2004b; Simons et al., 2002). In our model the size of triangular
elements increases from ~2.5 at the Earth's surface to ~10 km at the bottom of the fault model at depth of 20 km.

Each triangular dislocation element (TDE) is then represented by a superposition of point sources that are
uniformly distributed inside the element. To ensure the accuracy of point source representation of the TDEs, we
performed synthetic tests in which we compared predictions of our model in case of a homogeneous uniform
elastic half-space to the available analytical solutions. The synthetic tests assumed a unit slip along either strike
or dip direction on a TDE having a characteristic dimension of ~8 km, and a centroid depth of ~9 km (Figure
S1 in Supporting Information S1). Figure S2 in Supporting Information S1 shows that the numerical errors due
to a point source approximation are less than 3% provided that the element edges are resolved by more than 16
point sources. Figure S3 in Supporting Information S1 shows that the numerical error gradually decreases as the
element depth increases, indicating that fewer points are necessary to adequately represent sources which size is
small compared to their depth (Fialko, Khazan, & Simons, 2001; Toupin, 1965).

The errors are highest for the elements that intersect the Earth's surface. To ensure a sufficient accuracy, we
used a spatial interval of 100 m (smaller than the data sampling interval) between point sources that populate the
shallowest TDEs. For elements at greater depth, the spacing between point sources increases proportionally to the
element depth, following the same geometric progression as for the element dimensions. The resulting numerical
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Figure 2. (a) Top and (b) side views of a non-planar fault surface determined using rupture trace (magenta lines) and
relocated aftershock data (dark green dots) using a weighted least squares method. Each curved surface is tessellated using
triangles which size increases with depth. The black mesh corresponds to the main earthquake rupture, and the red and blue
meshes correspond to two sub-parallel faults at the east end of the earthquake rupture.

errors of all TDEs are less than 1%. The Green's functions for each TDE were computed by adding the Green's
functions from all point sources inside the respective element. The attitude of point sources (i.e., strike and dip
angles) follows the plane of a TDE they belong to, but in case of highly curved faults could instead follow the
local attitude of a tessellated curved surface. The Green's functions are computed for a unit slip on a TDE in the
strike and dip directions, for all observation points at the free surface. We then set up a linear inversion subject to a
positivity constraint, regularization, and boundary conditions as described in Jin and Fialko (2020). The data used
in the coseismic slip inversion include the line of sight (LOS) displacements and range offsets from the ascending
and descending tracks of Sentinel-1 satellites (Jin & Fialko, 2021) complemented by ALOS-2 interferogram from
a descending track 42 that provides a better near-field coverage due to a longer radar wavelength (Figure S4 in
Supporting Information S1). Figure 3 shows a comparison of coseismic slip models derived using (a) rectangular
dislocations in a homogeneous elastic half-space, (b) triangular dislocations in a homogeneous elastic half-space,
(c) point source approximation of TDEs in a homogeneous elastic half-space, and (d) point source approxima-
tion of TDEs in a layered elastic half-space. For the latter, we used elastic moduli from a one-dimensional (1-D)
regional seismic velocity model of the north-eastern Tibetan Plateau (see Figure S4 in Jin and Fialko (2021)).
A comparison of inversions using numerical and analytic models of TDEs in a homogeneous elastic half-space
shows differences of less than 3% (Figures S2 and S3 in Supporting Information S1). All models are able to fit the
data equally well, with the misfit reduction of InSAR data of more than 96% (Figure S4 in Supporting Informa-
tion S1). The inferred slip distributions are generally quite similar between models shown in Figures 3a and 3b,
in part because deviations of the rupture geometry from a sub-vertical plane are rather modest. One apparent
effect of neglecting fault curvature is an underestimated depth extent of coseismic slip (cf. Figures 3a and 3c).
The same holds for neglecting increases in the elastic rigidity with depth (cf. Figures 3¢ and 3d), as reported
in earlier studies (e.g., Fialko, 2004b; Hearn & Biirgmann, 2005; Jin & Fialko, 2020). A comparison shown in
Figure 3 illustrates a feasibility of our method based on a point source representation of earthquake ruptures
having complex geometries.

3. Postseismic Deformation

To investigate transient deformation excited by the 2021 Maduo earthquake, we analyzed Sentinel-1 and ALOS-2
InSAR data collected over a time period of 1 year following the earthquake, as well as GNSS data from 11 contin-
uous sites from the Chinese GNSS network located within ~400 km from the earthquake rupture (Figure 1).
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Figure 3. A comparison of coseismic slip models that use different model discretizations and material properties. (a) Rectangular dislocations, homogeneous elastic
half-space. (b) Triangular dislocation elements (TDE), analytic solution, homogeneous elastic half-space. (c) TDE, point source approximation, homogeneous elastic
half-space. (d) TDE, point source approximation, layered elastic half-space. Colors denote the amplitude of slip in meters.

3.1. InSAR Data

We used Sentinel-1 data collected in the TOPS mode from the ascending track 99 and descending track 106,
and ALOS-2 data collected in the ScanSAR mode from the descending track 42. The data were processed using
GMTSAR (Sandwell et al., 2011). The 30 m digital elevation model from the Shuttle Radar Topography Mission
(Farr & Kobrick, 2000) was used to remove the radar phase due to topography. Elevation changes that might
have occurred over ~20 years (e.g., Lin et al., 2006) since the Shuttle Radar Topography Mission are neglected
because a tight orbital control of Sentinel-1 satellites gives rise to the ambiguity height of more than 50 m (e.g.,
Rosen et al., 2000, Equation 31).

InSAR data are subject to decorrelation noise in the presence of vegetation, variations in the soil moisture, etc.
Spatial filtering and multilooking are commonly used to reduce the phase speckle, and facilitate phase unwrap-
ping. However, filtering and multilooking may lead to a non-zero phase closure in circuits of interferometric
pairs. The latter represent the difference between a sum of N sequential interferograms and a direct interferogram
connecting the first and last acquisition dates, with the noise originating primarily from the sum of sequential
interferograms (e.g., Biggs et al., 2007; De Zan et al., 2015; Lau et al., 2018). The circuit non-zero closure errors
are non-random, and accumulate progressively as more interferograms are added (e.g., Tymofyeyeva et al., 2019;
Zheng et al., 2022). For sufficiently large data sets, the decorrelation noise becomes a major limiting factor for
measuring small-amplitude deformation.

To mitigate the systematic cumulative bias due to decorrelation noise, we apply an empirical correction that
enforces phase closure in elementary circuits formed by triplets of the nearest acquisitions. This correction
assumes that the respective phase errors are evenly distributed between interferograms forming each circuit. The
algorithm consists in the following steps:

1. We generate a set of sequential interferograms, complemented by a set of interferograms that connect every
other acquisition date (“skip 17 set). For example, given an acquisition date i, the sequential interferograms

arel,_ ;and [, ,, —Li+l*

2. We compute the residual phase error for each triplet of interferograms that connect acquisition dates i — 1, i,
i+ 1:R; =1 IL_,.—-1

i—1i,i+1 —Li+l — limni T liile
3. For the first circuit of interferograms, the correction is R, ,/3, and the corrected interferograms are computed

and the “skip 1” interferogram is /,

as Cz:,i = I,.,i = Ro,1,2/3~ For all subsequent circuits, one of the interferograms Uiy has already been
corrected at a previous step, and the residual is divided between the remaining two, C;;,, =1, — R_;;;1,/2.
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Figure 4. A comparison of (a, ¢) uncorrected and (b, d) corrected Sentinel-1 line of sight (LOS) displacements spanning ~1 year following the mainshock from (a, b)
ascending track 99 and (c, d) descending track 106. Corrected displacements account for the systematic decorrelation noise. Positive LOS displacements correspond
to surface motion away from the satellite. Observation periods are indicated in the top left corner of each panel. Magenta dots denote the reference points at which the
LOS displacements are assumed to be zero. Black wavy line denotes the earthquake rupture. Arrows denote the LOS direction.

After correcting interferograms for the decorrelation noise, we use the common scene stacking method
(Tymofyeyeva & Fialko, 2015) to estimate and remove the atmospheric and ionospheric artifacts. The time series
of LOS displacements are then generated by a simple addition of the corrected sequential interferograms, without
the need to solve a large system of equations. The “skip 1” interferograms are only used to estimate and correct
for the decorrelation noise.

Figure 4 illustrates the cumulative LOS displacements calculated with and without corrections for the decor-
relation noise. Atmospheric corrections using the common scene stacking method have been applied in both
cases. As one can see, much of a signal apparent in Figures 4a and 4c is due to a systematic decorrelation noise.
The corrected LOS displacements (Figures 4b and 4d) more clearly exhibit a postseismic deformation signal.
We also note a reduction in phase discontinuity across the radar bursts (cf. Figures 4c and 4d at the latitude of
~34°N). The corrected LOS displacement anomalies have a spatial wavelength of ~50 km and are slightly asym-
metric with respect to the fault trace (also see Figure 6a), with a larger amplitude on the north side of the fault.
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This asymmetry may result from a northward fault dip (e.g., Fialko, 2004b; Fialko, Simons, & Agnew, 2001).
An opposite polarity in the LOS displacements from the ascending and descending orbits (Figures 4b and 4d)
indicates a predominantly left-lateral motion, expected of deep afterslip and viscoelastic relaxation below the
brittle-ductile transition. The data also reveal discontinuous displacements across the fault trace in the central part
of the earthquake rupture, indicative of shallow afterslip (Jin & Fialko, 2021). We further discuss contributions
from different relaxation mechanisms in Section “Modeling of postseismic deformation.”

Because of a limited number of ALOS-2 acquisitions in the post-seismic epoch (see Table S1 in Supporting Infor-
mation S1), we only used ALOS-2 data to independently verify and validate results of our analysis of Sentinel-1
data. We generated 4 ALOS-2 interferograms originating the first post-event data take (4 June 2021). We esti-
mated and removed ionospheric contributions using the split-spectrum method (Gomba et al., 2015). Figure S5 in
Supporting Information S1 shows the original and corrected postseismic ALOS-2 interferogram having the long-
est time span (04 June 2021-14 January 2022). Figure S6 in Supporting Information S1 shows a comparison of
LOS displacements from ALOS-2 and Sentinel-1 data across the central part of the earthquake rupture. The data
are in general agreement, and both clearly show contributions of shallow afterslip as well as a longer-wavelength
postseismic deformation (Figure S6b in Supporting Information S1).

3.2. GNSS Data

The GNSS data are from a network deployed and operated by the China Earthquake Administration. The data
span 1 year after the earthquake. We computed daily positions with respect to stable Eurasia using GAMIT/
GLOBK (Herring et al., 2016). The processed position time series reveal postseismic transients, as well as
seasonal variations and offsets due to local earthquakes or site artifacts. To isolate the postseismic deformation
signal, we post-processed the data as follows (e.g., Fialko & Jin, 2021):

1. We first removed obvious offsets by computing a difference between displacements averaged over 3-day inter-
vals before and after the identified offsets.

2. We estimated the best-fit linear trends to the two-year (20 May 2019-21 May 2021) pre-earthquake time
series, and subtracted it from the respective time series for each site and each displacement component (east,
north, up).

3. We repeated step 1 to fix any remaining small-amplitude offsets.

4. We estimated and removed the seasonal deformation by performing a Principal Component Analysis (PCA)
of the GNSS time series (Dong et al., 2006). Only the first principal component was subsequently used for
each time series.

Figure 5 shows a comparison between the original and PCA-corrected GNSS time series. As one can see, the
correction procedure efficiently removed offsets and seasonal signals. Uncertainties in the first principal compo-
nent are reduced approximately by a factor of \/ﬁ , where N is the number of GNSS sites. Corrected time series
reveal a gradually decelerating transient (Figure 5). Within the observation period, a strong earthquake (M6.6 7
January 2022 Menyuan earthquake) occurred within ~35 km from site QHME (Yang et al., 2022). Postseismic
displacements due to this event were rather small at site QHME, and negligible at the rest of the sites (Figure 5),
so that we did not include the M6.6 event in our models of postseismic deformation. Figure S7 in Supporting
Information S1 shows the corrected cumulative horizontal displacements 1 year after the mainshock. Similar
to the InSAR data, the GNSS postseismic displacements exhibit a large-scale horizontal motion generally of
the same sense as the coseismic displacements. Vertical components of the GNSS-derived displacements are
dominated by seasonal variations, and have a large scatter even after the PCA corrections. Therefore they are not
included in the subsequent analysis.

Figure 6 shows a comparison between the InNSAR and GNSS time series at site QHMD that is closest to the
earthquake rupture. Because the InSAR LOS displacements are intrinsically relative, we referenced all data to
the GNSS site QHDL located at the periphery of the interferogram (Figure 6a). The InSAR timeseries are from
the Sentinel-1 descending track 106. The GNSS data were projected on the satellite LOS using local incidence
and heading angles. The InSAR and GNSS time series are in a good agreement, validating our algorithm for the
InSAR timeseries. The early postseismic velocities are somewhat underestimated by the InSAR time series due to
averaging inherent in the common scene stacking method (Tymofyeyeva & Fialko, 2015). The error is inversely
proportional to the frequency of radar acquisitions. The agreement is worse for the ascending track that has less
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Figure 5. Global Navigation Satellite System (GNSS) time series for sites GSMA, GHME, QHMQ, and SCGZ. Black dots and blue error bars denote the daily GNSS
solutions and their uncertainties, respectively. Magenta symbols denote the first principal component from the Principal Component Analysis analysis. The vertical
magenta dashed line represents the time of the M7.4 Maduo earthquake, and the green dashed line represents the time of the 7 January 2022 M6.6 Menyuan earthquake.

frequent acquisitions compared to the descending track, highlighting the need for regular and frequent InSAR
observations to monitor postseismic deformation.

4. Models of Postseismic Response

Hereafter, we refer to the data available at distances of <30, 30-200, and >200 km from the fault trace as the
“near-field,” “mid-field,” and “far-field” data, respectively.
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Figure 6. (a) Corrected cumulative Sentinel-1 line of sight (LOS) displacements spanning ~1 year following the mainshock from the descending track 106. Positive
LOS displacements correspond to surface motion away from the satellite. Observation period is indicated in the top left corner. (b) A comparison of the Interferometric
Synthetic Aperture Radar (InSAR) and Global Navigation Satellite System (GNSS) time series at the sitt QHMD. Green dots denote the InSAR data, and red dots
denote the GNSS data projected on the satellite LOS. Error bars on the InSAR time series represent the standard deviation of LOS displacements for coherent pixels

within 1 km from the site QHMD.

4.1. Poroelastic Rebound

Poroelastic re-equilibration of pore fluid pressure may cause surface displacements large enough to be detected
by space geodetic observations (Fialko, 2004a; Jonsson et al., 2003; Peltzer et al., 1998). We evaluated potential
contributions due to poroelastic rebound by differencing models of coseismic displacements under fully drained
and undrained conditions. Our calculations used the coseismic slip model derived in Section “Kinematically
consistent models of coseismic slip on non-planar faults” (Figure 3d). We assumed that the diffusion of pore
fluids occurs at depths less than 15 km. The drained and undrained Poisson's ratios used in our calculations are
0.21 and 0.27, respectively. This range likely provides an upper bound on surface displacements that might result
from poroelastic effects. Figure S8 in Supporting Information S1 shows the LOS displacements after a transition
to a fully drained state is complete. Poroelastic models predict LOS displacements of several tens of millimeters,
with dominant lobes of opposite polarity at the tips of the earthquake rupture (Figure S8 in Supporting Infor-
mation S1). The InSAR data (Figures 4b and 4d), however, do not show such a displacement pattern above the
estimated noise level (10-20 mm). The data also do not show small-scale regions of uplift or subsidence along
the fault trace that might be indicative of poroelastic rebound in the fault step-overs (e.g., Jacobs et al., 2002;
Peltzer et al., 1998). We therefore infer a negligible contribution from poroelastic rebound over 1 year after the
earthquake.

4.2. Afterslip

As mentioned in section “InSAR data,” the observed predominantly left-lateral displacements around the earth-
quake rupture (Figures 4 and 6a) reveal the occurrence of shallow, and possibly deep afterslip on the Maduo fault.
We test this possibility using kinematic and dynamic models of afterslip.

4.2.1. Kinematic Inversions

We performed a series of kinematic inversions for a slip distribution on a fault that best explains the observed post-
seismic displacements 1 year after the earthquake. Inversions use rectangular dislocations in a homogeneous elas-
tic half-space (Okada, 1985) and a simplified piece-wise planar fault geometry described in Jin and Fialko (2021),
extended in both strike and dip directions. The InSAR data are sampled using an adaptive quad-tree algorithm (K.
Wang & Fialko, 2015). Figure S9 in Supporting Information S1 shows the best fitting afterslip distributions, and
Figures S10 and S11 in Supporting Information S1 show a comparison between the data and model predictions.
The kinematic afterslip model exhibits a reasonably good fit to the data within ~50 km from the rupture trace.
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However, the model under-predicts displacements at far-field GNSS sites (Figure S11 and Table S2 in Supporting
Information S1). A relatively small amount of shallow afterslip (~0.2 m) is found along the central fault segment,
and most of the inferred afterslip occurs below the seismogenic rupture.

4.2.2. Stress-Driven Deep Afterslip

While kinematic inversions may provide a good fit to the data, the inferred slip distribution is not necessarily
physical; for example, the stress drop due to afterlip may exceed the coseismic stress increase on a deeper aseis-
mic root of the earthquake rupture. Based on a good performance of kinematic models (Figure S9 in Supporting
Information S1), we further investigate a possible role of deep afterslip and evaluate in situ frictional properties
of rocks in the respective aseismic part of the fault. Simulations were performed using Relax, a Fourier domain
code based on a fictitious body force method (Barbot & Fialko, 2010a, 2010b).

We ignored the evolution effects and used a quasi-steady regularized form of the governing equation of rate and
state friction under velocity-strengthening conditions (e.g., Barbot, Fialko, & Bock, 2009; Lapusta et al., 2000),

V =2V, sinh [AT/(a — b)a] €))

where At is the driving Coulomb stress change, V;, is the reference slip rate, a and b are the empirical constants,
and o is the effective normal stress acting on a fault. We assumed velocity-strengthening below the transition
depth d, from the velocity weakening (VW) to velocity strengthening (VS) behavior of a fault interface.

Simulations were carried out for a wide range of d,, V|, and (a — b)o. A model that best fits the near-field postseis-
mic InSAR and GNSS time-series (Figure 10) suggests the following parameter values: d, = 18 km, V; = 1.2 m/
yr, and (a — b)o = 1.1 MPa. We further comment on the inferred value of V; in the “Discussion” Section. The
same model also provides a qualitative fit to the GNSS time series from more distant sites (e.g., QHMQ and
QHDL, see Figure S12 in Supporting Information S1). Figure 8 shows a comparison between the observed and
modeled cumulative displacements at the far-field GNSS sites. The best-fit deep afterslip model is able to explain
the observed amplitudes of surface displacements at most of the GNSS sites.

Assuming the effective normal stress on the fault 6 = 100 MPa, the corresponding rate-and-state frictional param-
eters are a — b = 1.1 X 1072, somewhat higher than the typical values of a — b reported in laboratory experiments
(e.g., Marone & Scholz, 1988; Mitchell et al., 2013, 2016). Figure S13 in Supporting Information S1 shows the
resulting afterslip distribution on the entire fault plane. As one might expect, the highest amplitudes of afterlip
are produced below the area of highest coseismic slip at the eastern end of the earthquake rupture. An over-
all agreement between the data and predictions of a stress-driven afterslip model (Figures 7 and 8), suggests
that afterlip could be one of the dominant mechanisms of postseismic deformation during the first year following
the earthquake.

4.2.3. Shallow Afterslip

Our stress-driven afterslip simulations do not include shallow afterslip because Relax would require exceedingly
dense grids to resolve small near-surface elements (Barbot & Fialko, 2010b). To better quantify the distribution of
shallow afterslip, we use the residual LOS displacements after subtracting the best-fit model of stress-driven deep
afterslip (Figures 7e and 7f). To avoid potential trade-offs with long-wavelength residuals, we only use residual
displacements within 20 km from the fault trace, and perform kinematic inversions using the fault model of Jin
and Fialko (2021) truncated below the depth of 6 km. Figure S14 in Supporting Information S1 shows a compar-
ison between the data and model predictions. The kinematic shallow afterslip model reveals that postseismic
creep is mostly concentrated in the central section of the earthquake rupture, in agreement with observations of
early (first month following the earthquake) shallow afterslip (Jin & Fialko, 2021). Figure 9 shows a superposi-
tion of the inferred shallow and deep afterslip due to the Maduo earthquake, and a comparison to the coseismic
slip distribution. Along the central section of the earthquake rupture, the largest shallow afterslip occurs next to
areas of large coseismic slip, as expected. The lack of shallow afterslip in other areas may be due to variations in
frictional properties of rocks comprising the uppermost crust. Figure S15 in Supporting Information S1 shows
a comparison between kinematic and stress-driven afterslip models. The two models agree to the first order,
however, the stress-driven afterslip model suggests a larger slip close to the coseismic area, as expected because
of a large coseismic increase in shear stress. A kinematic model is not able to capture high slip gradients near the
bottom of the seismogenic zone due to the applied smoothness constraints.
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Figure 7. (a, d) Observed line of sight displacements, (b, e) prediction of the best-fit stress-driven afterslip model, (c, f) residuals after subtracting the model from the
data. (a—c) Sentinel-1 ascending track 99. (d—f) Sentinel-1 descending track 106. (g, h) Observed and predicted time series of postseismic displacements at the Global
Navigation Satellite System site QHMD.

4.3. Viscoelastic Relaxation

To investigate potential contributions of viscoelastic relaxation and constrain the effective viscosities of
rocks below the brittle-ductile transition, we performed a suite of forward simulations assuming a vertically
stratified viscoelastic halfspace. Our viscoelastic models are parameter-
ized in terms of the top elastic layer (that includes the upper crust) having

T . thickness H, the lower crust having viscosity #,, and the upper mantle
«DLHA 4 QHME . . . .
R T e R . e having viscosity #,. The assumed crustal thickness is 68 km, and the
et : : : : : : " R elastic layer thickness H is varied from 20 to 48 km (Xiong et al., 2010).
[ U X %W o« 4 ¥ ox oy ¥ £ e . . . .
N R ST T TR : PR Simulations were performed using Relax (Barbot & Fialko, 2010a) and
36’Q|-'|?GE‘ R ONNNANRINES L L s L] PSGRN-PSCMP (R. Wang et al., 2006). To evaluate the fit of each viscoe-
e NN N \Q NS v v v e lastic model, we used the time series of GNSS displacements, as well
S T T SN AN \\// VA A : : :
N \\ 7 as cumulative LOS displacements spanning 1 year after the earthquake
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ca e a 4 AN NI (Figures 4b and 4d).
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s e A S UV Y lower crust and upper mantle. We performed a grid search over the model
P Gl I N VI W WY QHBM Y parameters H, ,, and #,. Figure S16 in Supporting Information S1 shows the
A N B N S predicted horizontal displacements at site QHMD. The best performing model
N, : S o (H=30km, 7, =10, and 7, = 10%° Pa s) is able to match the observed orien-
Yy ST S S tation and amplitude of surface displacements over a period of 1 year following
P T A P NI the earthquake. However, none of the models are able to fit the time evolution
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Figure 8. Observed (blue arrows) and predicted (magenta arrows) postseismic
displacements from the best-fit stress-driven afterslip model. Blue ellipses

ments 1 year after the event (Figure S16 in Supporting Information S1). Thus
models assuming a linear Maxwell rheology thus fail to explain the observed

denote the observation uncertainties. Cyan triangles denote the Global deformation transient, similar to findings from other major earthquakes (e.g.,

Navigation Satellite System site locations.

Freed & Biirgmann, 2004).
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4.3.2. Burgers Rheology

A possible variation of a linear viscoelastic rheology is the Burgers (bi-viscous) rheology (e.g., Pollitz, 2003). The
latter can be represented by a combination of the Maxwell viscoelastic material with “steady-state” viscosity #,,
and shear modulus y,,, and the Kelvin-Voight material with “transient” viscosity 7, and shear modulus y. Each
viscoelastic material is characterized by its own relaxation time, which may potentially account for the initial rapid
transient, followed by a slow one. During the initial transient period, the effective shear modulus of the Burgers
material relaxes from the instantaneous Maxwell value y,, to a long-term value p,,/(1,, + p,). The relaxation of
the shear modulus is defined as the ratio & of the long-term to the initial shear modulus, @ = p,/(u,, + ).
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Figure 10. Same as Figure 7, for the best-fit viscoelastic relaxation model assuming a power-law rheology.

We used the same 3-layer (i.e., including the elastic layer, and viscoelastic lower crust and upper mantle) model
as described above to perform a grid search over the model parameters. Figure S17 in Supporting Information S1
shows the predicted horizontal displacements at the GNSS site QHMD for a range of « and 7. The steady-state
viscosity 7,, is fixed at 10'° Pa s in all simulations. As one can see from Figure S17a in Supporting Informa-
tion S1, assuming a = 0.5 (i.e., y,, = pi;) results in a poor fit to the data regardless of the assumed value of 7.
Previous studies of postseismic deformation in northern Tibetan Plateau assumed the value of a of 2/3 (Ryder
et al., 2011). Our results (Figures S17b and S18 in Supporting Information S1) suggest that the bi-viscous lower
crust with a = 0.75, 57, = 1018, and 57,, = 10" Pa s could explain both the near-field InSAR displacements and time
series at the GNSS site QHMD reasonably well. However, the respective model under-predicts displacements at
distant (>150 km) GNSS sites (Figure S19 in Supporting Information S1), as estimated from our PCA (Figure 5
and Figure S7 in Supporting Information S1).

4.3.3. Power-Law Rheology

Another candidate mechanism is a power law flow, for which the deviatoric strain rate is proportional to z”,
where 7 is the deviatoric stress, and »n is the power exponent (for typical rock types, n varies between 2 and 5).
Compared to a linear (n = 1) rheology, the effective viscosity of a power-law material is not a material property,
and increases with a decreasing deviatoric stress. This can potentially explain the observed rapid deformation
followed by a slowly decaying transient (Figures 5 and 6b). We conducted several tests to evaluate the sensitivity
of surface displacements to the assumed values of n for the lower crust and upper mantle. We found that changes
in n for the upper mantle have a negligible effect on the predicted histories of surface displacements. Conse-
quently, we assumed n = 1 and a steady-state viscosity 7, = 10%° Pa s for the upper mantle. Hereafter, the effective
stress-dependent viscosities of the lower crust #} are reported for 7 = 2 MPa (the reference stress taken to be of
the order of the coseismic stress change; the absolute deviatoric stress is not known, but the effective power-law
viscosity can be calculated given 7 and n for any other value of 7).

Figure 10 and Figure S20 in Supporting Information S1 show predicted horizontal displacements at the GNSS
site QHMD for a range of model parameters H, n and 7;. Because of a decay of coseismic stress changes with
depth, and the associated increase in the effective viscosity, models that assume a relatively thick elastic layer
(H ~ 25 km or greater) under-predict the magnitude of surface displacements (Figure S20a in Supporting Infor-
mation S1); the preferred values of H are 20-21 km. The models also favor a relatively high value of stress
exponent (n = 4-4.5) in order to fit the entire time series of displacements (Figure S20b in Supporting Infor-
mation S1). Figure 10 and Figure S21 in Supporting Information S1 show predictions of the best-fit power-law
model, which can reasonably well explain both InSAR data and GNSS data from other “mid-field” sites such as
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Figure 11. Same as Figure 8, for the best-fit viscoelastic relaxation model
assuming a power-law rheology.

Reference rate of deeper afterslip (mm/yr)

QHMQ and QHDL (see Figure 1). For the best-fitting parameters H = 21 km
and n = 4, and the reference deviatoric stress T = 2 MPa, the effective viscos-
ity of the lower crust is #7 = 3.2 x 10'* Pa s. Power-law models fit far-field
GNSS cumulative displacements a little bit better than the one assuming
biviscous rheology (Figure S22 and Table S2 in Supporting Information S1),
but they still under-predict the amplitude compared to the deep afterslip
model (Figure 11, Table S2 in Supporting Information S1).

5. Fully Coupled Afterslip and Viscoelastic Relaxation
Models

Given that several candidate mechanisms are able to explain general features
of postseismic deformation (Figures 7 and 10, Figure S18 in Supporting
Information S1), it is likely that more than one mechanism was involved
in generating the observed transient. To explore trade-offs between model
parameters, we used a coupled model incorporating stress-driven afterslip
and viscoelastic relaxation governed by a power-law rheology. Simulations
were performed using Relax. Because of a high-dimensional parameter
space, our initial choice of parameters was guided by best-fit models of
single relaxation mechanisms: depth of a transition from VW to VS friction
d, = 18 km, thickness of elastic layer H = 21 km, power-law exponent n = 4.
The varied parameters were the afterslip reference rate V|, the rate-and-state
frictional parameter (¢ — b)o, and the effective viscosity of the lower crust
#;. In each simulation, we computed x* misfits to the GNSS time series for
sites located in the mid-field. As expected, there is a tradeoff between contri-

butions of afterslip and the bulk viscoelastic relaxation (in particular, parameters V,, and ], see Figure 12a).

A stronger lower crust with robust afterslip (high 5] and V), outlined by a blue dashed line in Figure 12a), or a

weaker lower crust with a smaller contribution of afterslip (low #7 and V), outlined by a black dashed line) yield

similar fits to the GNSS time series. We find that the rate parameter (a — b)o does not exhibit a strong trade off

with the effective viscosity of the lower crust (Figure 12b).
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Figure 12. The reduced y? misfits (y*N) to Global Navigation Satellite System (GNSS) time series for a range of coupled models with variable reference slip rate V,,
(a — b)o, and effective viscosity of the lower crust #7,. Color dashed contours denote the range of model parameters that yields the best-fit to GNSS time series. (a) The

value of (a — b)o is fixed at 1.1 MPa. (b) The value of V,, is fixed at 700 mm/yr.
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Results of our calculations using coupled models (Figure 12) suggest the best-fit parameters V,; = 700 mm/
yr, (@ — b)o = 1.1 MPa and 5] = 3.2 x 10'® Pa s, which yield the misfit of y*N = 2.9. Our best-fit afterslip
(V, = 1,200 mm/yr, (a — b)o = 1.1 MPa) and power-law (n =32x 10" Pa s) models yield similar misfits (3.2
and 3.0, respectively). Similar to the individual afterslip and power-law visco-elastic models, the coupled model
shows a good agreement with the near-field InSAR and GNSS data (Figures S23-S25 in Supporting Informa-
tion S1). It also exhibits a better fit to the far-field GNSS data compared to purely visco-elastic power-law models
(Figure S26 and Table S2 in Supporting Information S1).

For completeness, we also considered a coupled model including afterslip and a linear Maxwell viscoelasticity.
A possible justification for such a model would be that the near-field deformation is dominated by afterslip,
but the far-field deformation is primarily due to viscoelastic relaxation. Because a linear Maxwell rheology is
more efficient at generating far-field motion compared to the power-law rheology, the former might be able to
explain the inferred amplitudes of far-field displacements (Figure S7 in Supporting Information S1), given that
the details of temporal evolution are hard to resolve due to a small signal to noise ratio (Figure 5). Holding the
other parameters fixed to the preferred values found in the single-mechanism model exploration, we performed
a grid search over three model parameters: afterslip reference rate V,, Maxwell viscosity of the lower crust 7,
elastic thickness H, and computed x> misfits using the GNSS time series, as before (Figure S27 in Supporting
Information S1). A misfit increases when the viscosity #, decreases from 10'° to 10'® Pa s (see Figure S27a in
Supporting Information S1) due to an over-prediction of displacements in the near field. The best-fit coupled
model (V, = 700 mm/yr, 5, = 10" Pa s, H = 30 km) is able to fit the amplitude of displacements in the near- and
mid-field 1 year after the earthquake (Figure S26b and Table S2 in Supporting Information S1). However, such
a model fails to explain the well-resolved details of temporal evolution, in particular high velocities at the early
stages of postseismic relaxation (Figure S27a and Table S2 in Supporting Information S1); it also under-predicts
the amplitude of the east component of displacements at the site QHMQ which has a high signal to noise ratio
(Figure S28b in Supporting Information S1). Because the characteristic relaxation time for the inferred viscos-
ity of 10'° Pa s is much greater than the time span of observations, these estimates essentially provide a lower
bound on the effective viscosity of the lower crust, which may be higher still (K. Wang & Fialko, 2014, 2018;
Jin et al., 2022). These results suggest that the deep afterslip (or, more broadly, localized shear beneath the earth-
quake rupture) is required by the data, even in the presence of viscoelastic relaxation in the bulk of the lower
crust. We did not consider a coupled model that combines the Burger's rheology and afterslip, as the Burger's
model produces a worse fit to the GNSS data compared to the afterslip model, and smaller far-field displacements
compared to the Maxwell model (Figure S22 and Table S2 in Supporting Information S1).

6. Discussion

Our analysis of postseismic deformation excited by the 2021 M7.4 Maduo earthquake reveals a robust and
far-reaching transient dominated by a left-lateral shear (Figures 4b, 4d, and 8). The near- and mid-field (within
one rupture length, i.e., <200 km) postseismic displacements do not show a clear contribution of poroelas-
tic rebound, but could be explained by afterslip, viscoelastic flow in the lower crust, or some combination of
the latter two mechanisms. The poroelastic rebound thus appears to accompany some but not all large shallow
earthquakes (Barbot, Hamiel, & Fialko, 2008; Fialko, 2004a; Gonzalez-Ortega et al., 2014; Jonsson et al., 2003;
Peltzer et al., 1998; K. Wang & Fialko, 2018), possibly due to variations in porosity and/or fluid saturation of a
pore space. The time series of surface displacements rule out a linear Maxwell rheology as the dominant mech-
anism. Either bi-viscous or power-law rheologies are able to explain the near-field data reasonably well (Figure
S18 in Supporting Information S1 and Figure 10). Distinguishing between the two candidate rheologies based
on details of time-dependent response is challenging even if multi-year timeseries of postseismic deformation
are available (e.g., Takeuchi & Fialko, 2013). In case of a bi-viscous rheology, our models suggest transient and
steady-state viscosities of the order of 10'® and 10'° Pa s, respectively. This is similar to previously reported
constraints on the effective viscosity of the lower crust from postseismic (e.g., D. Zhao et al., 2021a), lake loading
(e.g., Henriquet et al., 2019), and magma loading (e.g., Pearse & Fialko, 2010) modeling studies. However, we
find that viscoelastic models that fit the near-field data tend to under-predict the far-field displacements deter-
mined from the PCA of the GNSS data (Table S2 in Supporting Information S1). For example, in case of models
that assume a power-law rheology, a large stress exponent needed to explain strong variations in surface velocity
(Figures 10g and 10h) gives rise to large variations in the effective viscosity as a function of distance from the
earthquake rupture, and a reduced ratio of far-field to near-field displacements (e.g., Barbot & Fialko, 2010b). In
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Figure 13. A comparison of time dependence of postseismic transients due to the Maduo (teal dots) and the 2015 Gorkha, Nepal (magenta dots) earthquakes. (a)
Displacement time series from the closest Global Navigation Satellite System (GNSS) site (CHLM in the case of the Gorkha earthquake and QHMD in the case of
the Maduo earthquake). (b) The first principal component of the Independent Component Analysis (Gorkha earthquake) and Principal Component Analysis (Maduo
earthquake) of a local network of GNSS sites. Time series have been normalized by the amplitude of displacements 1 year after the respective events. Red and blue
lines denote the best-fitting impulse response functions (see Equation 2) for the Maduo and Gorkha earthquakes, respectively.

addition, a large stress exponent (n > 4) implies that rocks in the lower crust deform via dislocation creep, which
in turn requires high temperatures and high deviatoric stresses on the order of tens of megapascals or more (e.g.,
Biirgmann & Dresen, 2008; Wilks & Carter, 1990). Theoretical arguments and various observational constraints
suggest similar values of average deviatoric stresses supported by the upper and lower crust in regions of active
faulting (e.g., Fialko, 2021; Fialko, Rivera, & Kanamori, 2005; Takeuchi & Fialko, 2012). However, laboratory
data suggest a flow law of a wet feldspar-dominated lower crust with a stress exponent n < 3 (e.g., Blirgmann &
Dresen, 2008), smaller than that inferred from our best-fit power-law models (Figure 10). Thus it remains unclear
if a power-law rheology is a viable mechanism for viscous creep in the lower crust. A significant contribution
of stress-driven afterslip extending through much of the lower crust appears to be necessary to explain the data
(Figures 7 and 8, Figure S26 and Table S2 in Supporting Information S1). Our estimate of the elastic thickness
beneath the NE Tibetan margin of 20-25 km (Figures S20a and S27a in Supporting Information S1) is consistent
with the depth extent of seismicity (Figure 2) and recent studies (e.g., Guo et al., 2022).

Further insights can be gained from a detailed consideration of the functional form of the displacement time
series. Figure 13 shows a comparison of the temporal evolution of horizontal postseismic displacements due to
the 2021 Maduo earthquake and the 2015 M7.6 Gorkha (Nepal) earthquake that occurred at the southern bound-
ary of the Tibetan Plateau (K. Wang & Fialko, 2015, 2018). The displacements are normalized by their mean
value 1 year after the mainshock. The time series show a remarkable similarity, suggesting a common mecha-
nism. In case of the Gorkha earthquake, K. Wang and Fialko (2018) demonstrated that the near-field postseismic
deformation resulted from afterslip below the seismogenic zone. A nearly identical time dependence (Figure 13)
suggests that afterslip also dominated the near-field response in case of the Maduo earthquake. Furthermore,
the observed time evolution of postseismic displacements for both events is well approximated by an impulse
response function of the VS friction (Barbot, Fialko, & Bock, 2009),

- _Z =1 pt/to k ]
s(t)—A[l kcoth (e cothz) , 2)

where 7 is time, A is the strain drop (stress drop Az normalized by the shear modulus u), k = Az/(a — b)o is a
parameter that controls the degree of nonlinearity during slip evolution, and ¢, is the characteristic relaxation
time. Parameters A, k, and #,, were estimated by fitting the normalized time series (Figure 13) using Equation 2
and a nonlinear least-squares solver. The best-fit values are A = 2.50, k = 6.24, and #, = 23.52 years in case of
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the Maduo earthquake, and A = 2.32, k = 6.44 and #, = 23.58 years in case of the Gorkha earthquake. Both time
series can be equally well fitted assuming an impulse response function for the power-law creep (Barbot, Fialko,

& Bock, 2009),
‘ —1/(n—-1)
s(t):A[1—<1+—> } 3)
to

Because the observed deformation transient is still evolving 1 year after the event (Figure 13), best fitting models
using Equation 3 exhibit a strong trade of between the stress exponent n and the characteristic relaxation time ,,.
For example, for n = 4, the inferred relaxation time is #, = 0.15 years, but essentially the same fit can be obtained
for example, for n = 40, and ¢, = 0.07 years. Continued observations will place tighter constraints on the model
parameters. A comparison shown in Figure 13 lends support to the hypothesis that the robust postseismic tran-
sient due to the Maduo earthquake was dominated by deep afterslip, and furthermore suggests that frictional
properties of faults below the seismogenic zone are similar for faults that hosted the 2015 Gorkha and the 2021
Maduo earthquakes.

Our best-fit stress-driven models (Figure 12) suggest a relatively high value of the reference slip rate V, = 1.2 m/
yr, which is significantly larger than some previous estimates from studies of postseismic deformation (Barbot,
Fialko, & Bock, 2009; Perfettini & Avouac, 2007), but in agreement with other studies including the aftermath
of the 2017 M7.3 Sarpol-e Zahab earthquake (K. Wang & Biirgmann, 2020, V) = 1.42 m/yr for the updip section
of the fault) and the 2001 M7.8 Kokoxilli earthquake (D. Zhao et al., 2021a, V, = 3.2 m/yr). There are different
views about the physical meaning of V.. It was interpreted as representing the pre-earthquake (i.e., interseismic)
slip rate (Perfettini & Avouac, 2007), the initial afterslip rate immediately after the earthquake, or rock properties
that control the evolution of afterslip, irrespective of the interseismic slip rate (Barbot, Fialko, & Bock, 2009).
The interseismic slip rate in case of the Maduo fault is less than 2 mm/yr (Fang et al., 2022; Guo et al., 2022; Y.
Zhu et al., 2021), far smaller than our estimated value of V,,. We therefore conclude that V, does not represent the
interseismic slip rate.

There's been some debate regarding relative contributions of afterslip and viscoelastic relaxation due to large
earthquakes in and around Tibetan Plateau (Huang et al., 2014; Jin et al., 2022; Ryder et al., 2011; K. Wang &
Fialko, 2014, 2018; D. Zhao et al., 2021a). Separating the respective contributions is particularly challenging in
case of long strike-slip ruptures (e.g., Barker, 1976; Savage, 1990), given a limited knowledge of in situ frictional
and rheologic properties of rocks below the brittle-ductile transition. Previous studies that considered both after-
slip and viscoelastic relaxation (e.g., Huang et al., 2014; D. Zhao et al., 2021a) in general found that inclusion of
afterslip increases the inferred effective viscosity of ductile strata, compared to purely viscoelastic models. These
studies, however, did not allow for a full coupling between the two mechanisms.

Our study systematically explored a wide range of possible relaxation mechanisms, both individually and in
combination, accounting for the relevant mechanical interactions. Based on a number of simulations, we conclude
that the observed postseismic transient over 1 year following the Maduo earthquake was dominated by afterslip. In
order to explain the mid-to-far-field deformation (Figure 8), stress-driven afterslip needs to extend throughout
much of the lower crust (Figure 9). It is perhaps unreasonable to expect that a fault may maintain a slip interface at
such considerable depths. Mature faults however may transition to localized shear zones that kinematically would
be indistinguishable from a slip interface (e.g., Takeuchi & Fialko, 2012, 2013). Our inference of a “deep afters-
lip” therefore should be understood broadly as “a stress-driven localized shear beneath the seismogenic rupture”.

It is also of interest to quantify the contribution of shallow afterslip (Figure 9) in the context of a shallow slip
deficit (SSD) problem (Fialko, Sandwell, et al., 2005; Jin & Fialko, 2021). Coseismic slip models of the Maduo
earthquake indicate that surface slip is about 30% smaller than slip at depth of 3—5 km, similar to inferences from
many other major strike-slip earthquakes world-wide (Figure 14a). Jin and Fialko (2021) documented shallow
afterslip that occurred in the first month following the mainshock, suggesting a possibility that most of the
coseismic deficit could be taken up via aseismic creep in the velocity-strengthening uppermost crust. We use
results of kinematic inversions for a shallow slip distribution during the first year after the Maduo earthquake
(Figure 9) to determine what fraction of the coseismic deficit was compensated by shallow creep. Figure 14b
shows a comparison of the coseismic slip averaged along strike, as a function of depth (blue line), and the shallow
afterslip that occurred over 1 year (yellow area). We estimate that the shallow afterslip accounts for less than 5%
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Figure 14. (a) Along-strike averaged normalized coseismic slip as a function of depth for the 2021 M7.4 Maduo earthquake: brown circles and solid lines correspond
to rectangular discretization, and black circles and solid lines correspond to triangular discretization (see Figure 3). Color symbols and dashed lines correspond to

slip distributions from other strike-slip earthquakes: Landers (from Fialko (2004a)), Hector Mine (from Simons et al. (2002)), Izmit (from Hamiel and Fialko (2007)),
Bam (from Fialko, Sandwell, et al. (2005)), El Mayor-Cucapah (from Gonzalez-Ortega et al. (2014)), Ridgecrest (modified from Jin and Fialko (2020), see Supporting
Information S1), Sarez (from Jin et al. (2022)). (b) Coseismic slip due to the Maduo earthquake in the top 3 km (blue line), and shallow afterslip inferred from
kinematic inversions of postseismic displacements (yellow area). Red curve represent the sum of coseismic slip and 1 year of shallow afterslip. The remaining deficit
may be accommodated by some combination of interseismic creep and off-fault yielding due to dynamic stress changes.

of the coseismic deficit. Although some shallow afterslip may still occur beyond the first year of deformation, the
log-exponential nature of the signal (Equation 2) indicates that the latter is dominated by the early deformation
period. Some of the remaining deficit may be taken up by interseismic creep. Given a low long-term slip rate on
the Maduo fault, the associated shallow creep rate may be a fraction of a millimeter per year, likely below the
detection limit (Fang et al., 2022; Pan et al., 2022; D. Zhao et al., 2021b). This average rate includes contributions
from both quasi-steady creep, and episodic slow slip events (e.g., Li et al., 2023; Tymofyeyeva et al., 2019; M.
Wei et al., 2013), if any. The remaining apparent deficit may be attributed to unaccounted effects of a low-rigidity
fault damage zone (e.g., Barbot, Fialko, & Sandwell, 2008) or off-fault yielding due to dynamic stress perturba-
tions (Antoine et al., 2021; Kaneko & Fialko, 2011; Roten et al., 2017).

7. Conclusions

The 2021 M7.4 Maduo earthquake occurred in the Bayan Har tectonic block in the northeast Tibetan Plateau. We
presented space geodetic (InSAR and GNSS) observations and models of coseismic and postseismic deformation
due to the earthquake. We derived a refined coseismic slip model using a non-planar fault geometry constrained
by surface offsets and precisely relocated aftershocks. Time series of postseismic displacements spanning ~1 year
after the mainshock reveal a broad (~50 km) region of left-lateral shear consonant with coseismic displacements.
Postseismic displacements are discontinuous across the fault trace, indicating shallow afterslip. The largest
postseismic LOS displacements of ~100 mm are observed at the east end of the earthquake rupture where the
latter bifurcates into two sub-parallel strands. The shallow afterslip compensates for only a small fraction (<5%)
of coseismic SSD. The remaining deficit could be attributed to interseismic creep, a compliant fault zone, or
off-fault yielding due to dynamic stress perturbations. The longer-wavelength postseismic deformation is consist-
ent with afterslip on a deep extension of the seismogenic fault, viscoelastic relaxation in the lower crust, or some
combination of the two mechanisms. The observed spatio-temporal pattern of surface displacements suggests
deep localized shear extending through much of the lower crust as the dominant mechanism.
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