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Abstract Postseismic afterslip has been inferred to occur on fault barriers surrounding coseismic
asperities, which can be explained by velocity‐strengthening friction in barriers and velocity‐weakening
friction in asperities. However, afterslip also exhibits spatial overlap with coseismic slip for some events.
Here we use ∼2 years of Sentinel‐1 interferometric synthetic aperture radar (InSAR) data to study the
postseismic deformation following the 2021 Mw 7.4 Maduo earthquake. Additionally, we use ∼7 years of
InSAR data to generate the interseismic velocity and remove the interseismic contributions from postseismic
data. We observe localized postseismic creep in the middle segment of the seismogenic fault, and distributed
deformation in far field. We first apply a kinematic inversion to model the afterslip and find significant
overlap between afterslip and coseismic slip on fault shallow region. We then conduct dynamic earthquake
cycle simulations with vertical variations of friction to understand the conditions required for this to occur.
Numerical models suggest that shallow part with velocity‐strengthening properties can rupture seismically
and creep during postseismic and interseismic periods. Our dynamic model partially explains the
overlapping slip of the Maduo earthquake. However, the required shallow interseismic creep is not seen
through detailed analysis of the interseismic velocity, implying that creep is either absent or too low to be
observed. Our work enhances the understanding of fault friction control on fault slip during the earthquake
cycle.

Plain Language Summary Slow slip after an earthquake, called afterslip, often occurs on fault areas
that did not slip during the earthquake. This can be explained by differences in frictional properties of different
parts of the fault: some parts resist the sliding while others in favor of. However, in some cases, afterslip has
been inferred to occur in the same areas that slipped during the earthquake. In this study, we used about 2 years
of satellite data to look at the fault movements after the 2021Mw 7.4Maduo earthquake.We also used 7 years of
satellite data to measure the deformation before this earthquake. We found that afterslip overlapped with the
areas that slipped during the earthquake. To understand why this happens, we ran numerical simulations to
investigate how the fault deforms over time, based on different friction properties at various depths. The model
showed that shallow fault areas with the property of resisting sliding can rupture during an earthquake and creep
afterward. Such property would also promote the fault to creep before the earthquake. However, we do not find
any pre‐earthquake creep, suggesting that either there is no creep or it is too small to detect.

1. Introduction
Understanding the mechanisms of seismic and aseismic slip is crucial for elucidating the physics governing fault
slip behaviors. Laboratory experiments on rock friction of earthquake faults have developed the constitutive
relations of rate‐ and state‐dependent friction theory (Dieterich & Kilgore, 1994; Dieterich, 1978; Marone, 1998;
Marone et al., 1991; Ruina, 1983). In this framework, earthquake ruptures occur on velocity‐weakening asper-
ities, where frictional resistance decreases as slip velocity increases. Afterslip has been inferred to take place on
fault barriers surrounding coseismic asperities (Marone, 1998; Marone et al., 1991). The barriers, which resist
sliding as slip velocity increases and are characterized as velocity‐strengthening, can promote earthquake arrest
and lead to stable aseismic slip. For example, postseismic slip of the 2017 Mw 7.3 Sarpol‐e Zahab earthquake
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spatially complemented the coseismic slip, suggesting that coseismic stress change promoted ongoing afterslip on
the fault barriers (Wang & Bürgmann, 2020).

However, in some events, despite the inherent uncertainties in inversion modeling, afterslip unambiguously
exhibits spatial overlap with coseismic slip, such as the 2011 Mw 9.0 Tohoku, 2015 Mw 8.3 Illapel and 2003 Mw
6.8 Chengkung earthquakes (Barnhart et al., 2016; Johnson et al., 2012; Meade, 2024; Thomas et al., 2017). In
particular, Johnson et al. (2012) pointed out that exclusion of asperities in afterslip modeling does not allow them
to fit postseismic observations of 2011 Mw 9.0 Tohoku‐oki earthquake. Mechanisms responsible for such
overlapping slip remain unclear. One possible explanation is that fault friction may transform from velocity‐
weakening to velocity‐strengthening as a result of possible fluid injection or shear heating after an earthquake
(Bedford et al., 2013; Thomas et al., 2017); the reduction of effective normal stress due to elevated pore fluid
pressure, can facilitate afterslip in areas where coseismic slip has occurred (Bedford et al., 2013; Dalaison
et al., 2021). Numerical models also suggest that shear heating can significantly increase the temperature,
transforming velocity‐weakening friction into velocity‐strengthening, thereby leading to afterslip in areas with
coseismic slip (Thomas et al., 2017). In these scenarios, fault remains locked before the earthquake, and releases
slip deficit during coseismic and postseismic periods.

Alternatively, the frictional properties of the afterslip areas on a fault may be velocity strengthening throughout
the earthquake cycle, leading to the expectation of fault creep before the earthquake (Kaneko et al., 2013; Lindsey
& Fialko, 2016). The velocity‐strengthening friction and low strength of the unconsolidated uppermost crust is
supported by laboratory experiment on granite (Blanpied et al., 1991). This hypothesis is also supported by
geodetic observations on the western North Anatolian Fault where shallow slip both before and after the 1999
Izmit earthquake was observed in fault patches overlapping with the coseismic slip (Hussain et al., 2016). Fault
segments with velocity‐strengthening properties can also rupture seismically due to dynamic weakening (Noda &
Lapusta, 2013). Both the 1999 Mw 7.6 Chi‐Chi and 2011 Mw 9.0 Tohoku‐Oki earthquakes exhibited large
seismic slip in creeping areas that was considered stable (Noda & Lapusta, 2013; Tanikawa & Shimamoto, 2009).

Given diverse slip patterns associated with different fault friction regimes, it is important to understand fault slip
behavior across different earthquake stages. Geodetic observations enable us to probe how fault slips during
different stages of the earthquake cycle. Numerical modeling incorporating rate‐ and state‐dependent friction has
successfully reproduced earthquake cycles (Barbot et al., 2009; Erickson et al., 2020; Jiang et al., 2022; Lapusta
et al., 2000; Lapusta & Rice, 2003) and has provided fruitful insights into mechanisms for different fault slip
behaviors, including fluid‐induced rupture in creeping areas (Noda & Lapusta, 2013), pore pressure evolution
during seismic and aseismic sequences (Zhu et al., 2020), the influence of shear heating (Allison & Dun-
ham, 2021), and seismic or aseismic slip in velocity‐weakening region (Molina‐Ormazabal et al., 2023). Using
geodetic observations as constraints for earthquake cycle simulations enables us to infer possible in situ frictional
properties (Kaneko et al., 2013; Lindsey & Fialko, 2016; Wei et al., 2013).

For velocity‐strengthening regime in shallow fault areas, long‐term creep may take up a considerable proportion
of the commonly observed shallow slip deficit (Fialko et al., 2005; Kaneko & Fialko, 2011). Whereas postseismic
slip, off‐fault and inelastic deformation and inclusion of layered elastic half space may compensate for part of the
slip deficit (Fialko et al., 2005; Jin et al., 2022; Marchandon et al., 2021), cumulative slip from interseismic creep
in the shallow velocity‐strengthening layer can be large, given hundreds to thousands years of recurrence interval
for large earthquakes. Under different friction conditions, dynamic earthquake cycle simulations provide insight
into how much slip is caused by interseismic creep, especially in areas where creep rates are below the detection
capacity of geodetic observations (Kaneko & Fialko, 2011).

The 2021 Mw 7.4 Maduo earthquake occurred in the interior of Bayan Har Block in eastern Tibetan Plateau. This
earthquake ruptured ∼150 km of the Jiangcuo Fault, previously a poorly‐known sinistral strike‐slip fault (Pan
et al., 2022). This earthquake provides us with a chance to understand fault friction behavior during an earthquake
cycle, as we have dense time series of InSAR observations before and after the earthquake.

Here we use ∼2 years of Sentinel‐1 InSAR data to study postseismic deformation following the Maduo earth-
quake. Additionally, we use ∼7 years of InSAR data to generate the interseismic velocity. We remove inter-
seismic contributions and long‐wavelength noise in postseismic data using interseismic velocity through
transforming both data into Eurasian reference frame. We apply a kinematic inversion to model the afterslip and
find that significant afterslip occurred on shallow fault region that also slipped coseismically. We then model the
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earthquake cycle slip using numerical simulations incorporating vertical variations of friction to understand the
mechanisms causing such overlap. Our model shows that a shallow velocity‐weakening layer locks immediately
after an earthquake, while a velocity‐strengthening layer can rupture and creep during postseismic and inter-
seismic periods. Through comprehensive analysis of interseismic strain rate and slip rate, we do not observe clear
strain localization or fault creep across the Jiangcuo Fault. We speculate that the creep is either not observed, or is
obscured by noise in our data.

2. InSAR Data Processing and Time Series Inversion
We independently process the interseismic and postseismic InSAR time series, rather than constructing a
continuous time series spanning the full earthquake cycle, to minimize phase‐unwrapping errors and coherence
loss near the fault caused by large coseismic slip gradients. The contribution of deformation from neighboring
faults is removed from the postseismic displacement field using the interseismic velocity field.

2.1. Interseismic Data

We use the COMET‐LiCSAR system (Lazecký et al., 2020) to generate ∼7 years of interferograms for 7
descending frames and 9 ascending frames acquired from October 2014 to the last epoch before the 22 May 2021
Maduo earthquake. We remove 6 and 12 days of interferograms to reduce potential phase bias (Ansari
et al., 2021). We additionally generate interferograms with temporal baselines between 180 and 360 days to
improve the signal‐to‐noise ratio (Figure S1 in Supporting Information S1). All interferograms are multilooked
into 100 m resolution and unwrapped by the Statistical‐Cost, Network‐Flow Algorithm for Phase Unwrapping
(SNAPHU) method (Chen & Zebker, 2002). We then use the LiCSBAS algorithm (Morishita et al., 2020) to
invert for the InSAR time series. The interferograms are multilooked to a 500 m resolution to improve processing
efficiency and to apply reunwrapping, which increases the data reliability and spatial coverage. The reunwrapping
method has been routinely applied to the COMET‐LiCSAR system, and further details are provided in Lazecký
et al. (2022). The Generic Atmospheric Correction Online Service (GACOS) model is used to reduce the at-
mospheric noise in each interferogram (Yu et al., 2018).We mask the time series using a suite of parameters to
rule out the data with poor quality (Table S1 in Supporting Information S1). We perform the joint inversion of the
linear velocity and seasonal oscillation of each pixel by a weighted least square method. We use bootstrapping
with 100 iterations to estimate the standard deviation of the velocities.

2.1.1. Plate Motion Correction and Frame Stitching

The velocity map shows a long‐wavelength ramp along range direction (Figure S2 in Supporting Information S1).
Stephenson et al. (2022) suggested that rigid plate motion is a dominating contribution to such signals. For each
frame, we project plate motion caused by rotation of the Eurasian Plate into InSAR line‐of‐sight (LOS) directions
and transform the results into InSAR interior reference. Profiles of plate motion along range direction shows
slight curvature, which is not suitable to be removed by a planar ramp (Figure S3b in Supporting Information S1).
After subtracting plate motion fraction, the velocity map is flattened along range direction (Figure S4 in Sup-
porting Information S1). Since each InSAR velocity frame is referenced to a local reference point, a constant
offset exists between frames within each track. Offsets across tracks are caused by changing incidence angles.

To generate a large‐scale velocity map, we need to tranform the multi‐track InSAR velocities into a common
reference frame.We tie all InSAR velocity map into the GNSS reference frame by fitting a planar ramp using both
difference between InSAR and GNSS LOS velocity and offset between two overlapping frames along tracks,
following the methods proposed by Shen et al. (2024) and Ou et al. (2022) (Figure S5 in Supporting Informa-
tion S1). This step also reduces the residual long‐wavelength noise, which primarily caused by ionospheric phase,
and also orbital errors and solid Earth tide (Lemrabet et al., 2023). After applying the GNSS‐based correction, the
difference between the InSAR and GNSS LOS velocity follows a normal distribution with a mode of less than
0.7 mm/yr and a standard deviation of 2.0 mm/yr (Figure S6 in Supporting Information S1).

We only use horizontal GNSS velocity for referencing, since it is more accurate and is also one‐order larger than
vertical deformation in eastern Tibetan Plateau (Liang et al., 2013; Wang & Shen, 2020; Zhao et al., 2023; Zheng
et al., 2017). InSAR captures surface movement from tectonic deformation and nontectonic signal from sedi-
mentary erosion, permafrost, hydrology and anthropology (Lemrabet et al., 2023; Ou et al., 2022). These non-
tectonic activity can lead to short spatial wavelength variability in vertical movement (Ou et al., 2022).
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While our InSAR processing follows a GNSS‐tied referencing strategy consistent with previous studies (e.g., Ou
et al., 2022), we acknowledge the evolving capability of Sentinel‐1 to resolve long‐wavelength signals inde-
pendently. Liu et al. (2025) demonstrates that with rigorous correction of tropospheric, ionospheric and solid
Earth tide noise, InSAR can robustly capture large‐scale deformation rates. Achieving this level of independence
globally requires highly precise correction models. While the GNSS network in the Maduo region provides a
stable datum, future studies using these “GNSS‐free” techniques may offer further insights into the large‐scale
velocity field analysis.

2.1.2. Velocity Decomposition

The stitched InSAR velocity no longer shows discontinuity along track (Figure S7 in Supporting Information S1).
The remaining issue is discontinuity across tracks due to different incidence angles, which can be further reduced
after decomposition into E‐W and vertical velocities (Wright et al., 2004). We use InSAR LOS uncertainty to
weight the decomposition. Uncertainties of InSAR velocity gradually increase with distance to the selected
reference point. To remove such artifact caused by selection of reference point, we fit a spherical model of
uncertainty profile against distance to reference point of each frame. We then scale up the profile by multiplying
each uncertainty value by the ratio between the modeled sill and spherical model (Figure S8 in Supporting In-
formation S1) (Ou et al., 2022).

We interpolate the north velocity (VN) of GNSS data into InSAR resolution using an adjustable tension
continuous curvature splines method (Smith & Wessel, 1990) (Figure S9 in Supporting Information S1). This
method interpolates data to a minimum‐curvature surface with continuous second derivatives and eliminate large
oscillations by adding a tension parameter (Smith &Wessel, 1990). We assume the interpolated VN is correct and
decompose the ascending and descending velocity map into east (VE) and vertical velocity (VU) components
(Figures 1a and 1b) (Hussain et al., 2018; Weiss et al., 2020; Wright et al., 2004), and estimate their uncertainties
(Figure S10 in Supporting Information S1) (Ou et al., 2022).

InSAR VE shows clear velocity gradient in short‐wavelength across faults, especially on the East Kunlun Fault,
while the broad regional motion is anchored by the GNSS network. Linear fitting between InSAR and GNSS VE
has a gradient of 0.96 and R2 of 0.95 (Figure 1c). Comparing with previous work that uses short temporal
baselines, our InSAR VE has denser data coverage and less topography‐correlated signal in short‐wavelength
(Figure S11 in Supporting Information S1) (e.g., Fang et al., 2022). We also see small scale vertical move-
ment with high order of spatial variation, and poor correlation between InSAR and GNSS VU with a gradient of
0.02 and R2 of 0.00 (Figure 1d). InSAR captures surface deformation while GNSS stations installed on bedrock in
Tibetan Plateau aim to monitor tectonic deformation. Two techniques may capture different source of vertical
signals at some points, which leads to poor correlation in vertical component.

2.2. Postseismic Data

We repeat the data processing chain to generate interferograms and invert for LOS displacement time series of 2
descending and 2 ascending frames for postseismic deformation analysis. Data acquisitions are from the first
epoch after the earthquake to 04 April 2023. We mosaic wrapped interferograms along track before unwrapping
so that the interferometric network of consecutive frames is consistent (Figure S12 in Supporting Information S1)
(Fang et al., 2022). We observe a long‐wavelength ramp from cumulative LOS displacement (Figure S13 in
Supporting Information S1), which is not straightforwardly compensated by a plate motion model (Figures S14a
and S15a in Supporting Information S1). In addition, in tectonically active Tibetan Plateau, 2 years of observation
not only includes postseismic deformation of the Maduo earthquake, but also includes contributions from
interseismic movement on neighboring faults and nearby blocks. We exclude any such time‐invariant contri-
butions using the interseismic velocity map.

2.2.1. Correction for Long‐Wavelength Noise

Due to the limited availability of concurrent GNSS time series, the postseismic InSAR data is referenced to the
far‐field interseismic InSAR velocity. We assume the region outside the postseismic movement area still deforms
interseismically and linearly with time. Hence, we treat the difference between far‐field postseismic and the
interseismic LOS displacements as the difference between two reference frames and unmodeled long‐wavelength
noises in the postseismic data (Figure S14c in Supporting Information S1). For each epoch of the cumulative

Journal of Geophysical Research: Solid Earth 10.1029/2025JB033035

GAO ET AL. 4 of 24

 21699356, 2026, 7, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025JB

033035 by N
IC

E
, N

ational Institute for H
ealth and C

are E
xcellence, W

iley O
nline L

ibrary on [17/07/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



postseismic displacement, we calculate the corresponding interseismic displacement, and mask their difference
near the Jiangcuo Fault with a polygon (300 × 180 km, see Figure S14c in Supporting Information S1). We invert
for a first‐order planar ramp from the far‐field difference between the postseismic and interseismic LOS dis-
placements, and subtract the ramp from the postseismic displacement (Figures S14 and S15 in Supporting In-
formation S1). This step effectively places the postseismic displacements in the same reference frame as the
interseismic velocities and remove any long‐wavelength noise present in the postseismic displacement time
series. Take the final epoch 20230404 as an example, we observe notable long‐wavelength ramp, especially from
the ascending track. The standard deviation of the far‐field difference between the interseismic and postseismic
displacements reduces from 30.9 to 10.6 mm for the ascending track (Figures S14g and S14h in Supporting
Information S1) and 12.2–10.2 mm for the descending track (Figures S15g and S15h in Supporting Informa-
tion S1). We test different far‐field polygon sizes for the ramp estimation and found that the resulting influence on
the ramp model is negligible (Figure S16 in Supporting Information S1). While polynomial detrending effectively
isolates the transient postseismic displacment, we acknowledge that it may also suppress long‐wavelength signals
associated with deep‐seated postseismic processes (such as deep viscoelastic relaxation).

2.2.2. Removal of Interseismic Component

Since we use more conservative parameter thresholds to mask interseismic velocity than postseismic data (Tables
S1 and S2 in Supporting Information S1), the interseismic data has fewer pixels. Directly subtracting interseismic

Figure 1. (a) Interseismic east and (b) vertical velocity (positive value is up and negative value is down) decomposed from
descending and ascending InSAR line‐of‐sight velocity. Colored circles represent horizontal (a) (Wang & Shen, 2020) and
vertical (b) GNSS velocities (Zhao et al., 2023). Thick black lines mark the Jiangcuo Fault and thin black lines mark
surrounding faults. (c) Correlation analysis between InSAR and GNSS VE . Gray crosses represent InSAR and GNSS data
with uncertainties. The blue dashed line is a reference line with slope of 1. Orange line represents weighted best‐fit linear
regression model. (e) Histogram of difference between InSAR and GNSS VE . (d, f) Analogous to (c, e) but for InSAR and
GNSS VU .
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component with interseismic velocity map leads to pixel loss from the postseismic data, including the region near
the Jiangcuo Fault, which holds key information for the postseismic evolution that we want to investigate.
Therefore, we project the median filtered InSAR VE and interpolated GNSS VN to produce LOS displacements
with full coverage (Figures S14b and S15b in Supporting Information S1) and then subtract them from the
postseismic displacements in the LOS. VU is not used there as it primarily consists of short‐wavelength non‐
tectonic signals that are not necessarily time invariant(Daout et al., 2020). After removing long‐wavelength ramp
and interseismic components, we observe a discontinuity across the Jiangcuo fault (Figures 2a and 2b). The most
clear postseismic afterslip is in fault middle segment from 98.1°E to 98.7°E, which can be interpreted as shallow
afterslip. We also see distributed long‐wavelength signal in far field resultant from either deep afterslip or
viscoelastic relaxation (e.g., Chen et al., 2024; Jin et al., 2023; Li et al., 2025).

Figure 2. Cumulative line‐of‐sight postseismic displacement from 26 May 2021 to 04 April 2023 for both descending (a) and
ascending (b) tracks after removing a planar ramp and the interseismic contribution. Pixels with cold color move away from
the satellite and pixels with warm color move toward the satellite. Black arrow labeled with “LOS” represents line‐of‐sight
direction and the other perpendicular arrow represents satellite flight direction. The thick black line represents the location of
Jiangcuo Fault and the thin black lines represent other faults. Two boxes labeled with 1 and 2 are used for time series analysis.
(c) Time series of displacement (light blue with gray cap) of two points located in each side of the fault in box 1 from
descending data. Gray and red vertical bars with cap represent time series of displacement by calculating data difference of
the two points in box 1 before and after subtracting a seasonal model. We sample two points located approximately 2 km to
the fault on both sides and calculate corresponding mean value of 10 pixels closest to each point. Green solid and dash line
represent seasonal model and 1‐σ uncertainty. (d) Analogous to (c) but for data in Box 2. (e, f) Analogous to (c, d) but for the
ascending data.
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Near‐fault displacement time series exhibits notable decay. Taking the difference between two neighboring pixel
groups across the fault helps suppress spatially correlated noise. These time serie are the results of mixed signals
including seasonal signal, transient postseismic deformation and noise. We assume a logarithmic decay of
postseismic deformation (Marone et al., 1991) and sinusoidal terms (Ingleby et al., 2020) for seasonal signals. We
therefore use the following function to extract the postseismic signal:

y = A ln(1 +
t
τ
) + B sin(2πt) + C cos(2πt) + D (1)

where A is a scaling constant for logarithmic decay, τ is a relaxation time, t is time after the earthquake, B and C
are scaling constants for sinusoidal terms, D is an offset. We select two areas in fault middle segment with clear
creep to analyze their slip mode. A Bayesian inversion approach (Goodman & Weare, 2010) is used to calculate
the acceptable range for each unknown parameter. The amplitude of the sinusoidal signal for both descending and
ascending data is much smaller, comparing to the total slip (Figures 2c–2f). The marginal probability distributions
for each parameter (Figures S17 and S18 in Supporting Information S1) indicate that the posterior distributions
are approximately Gaussian. A notable exception is the relaxation time τ, which clusters near the lower bound of
the prior range.

We compare the postseismic deformation field with the published coseismic field (Figure S19 in Supporting
Information S1) (Chen et al., 2022; Fang et al., 2022; Xu et al., 2023). The coseismic slip profiles show clear
discontinuities across the fault, suggesting that the earthquake ruptured to the surface, consistent with field ob-
servations (Pan et al., 2022). In the middle segment of the fault, the postseismic slip profiles also reveal notable
shallow creep, implying that these regions continued to slip after the earthquake. Accordingly, we perform ki-
nematic afterslip inversions in the following section to compare the spatial distribution with the coseismic slip
model.

3. Kinematic Model of Postseismic Slip
3.1. Afterslip Model

Kinematic afterslip models derived from surface deformation and dislocation theory enable us to resolve slip
distribution on a fault plane. Fang et al. (2022) derived coseismic slip and early afterslip models (up to 6 months)
of Maduo earthquake using the same approach. Following their work we use the same fault configuration to
derive a reference afterslip model. We also derive another model including one more deep fault layer to fit the far‐
field observation. We note that slip on deep fault may be overestimated, as both deep afterslip and viscoelastic
relaxation in the lower crust and upper mantle produce similar surface deformation in spatial and temporal pattern
associated with strike‐slip events (Barker, 1976; Savage, 1990).

3.1.1. Model Configuration

We adopt the fault geometry constructed by Fang et al. (2022) from the rupture trace from coseismic SAR range
offsets, including a branching fault in the southern end. The fault is divided into 13 segments along strike, and
each segment has a fixed strike angle. The dip angle of each segment is constrained by 8 days of relocated af-
tershocks (Wang et al., 2021). The down‐dip patch size is adjusted based on model resolution and each segment is
then discretized into patches that are approximately square. Given poor resolution of deep slip constrained by
surface observations, the fault was divided into four layers with increasing size through depth: 0–1 km, 1–4 km,
4–10 km, and 10–20 km. We also test one model with an additional layer in the depth range 20–35 km.

Both ascending and descending LOS cumulative displacement are used as geodetic constraints. To quantify the
spatially correlated noise before inversion, we calculate a variance‐covariance matrix using an exponential
function by computing a semivariogram with data located in an “undeforming” region (Bagnardi & Hoop-
er, 2018). The modeled sill of 10− 5–10− 4 m2, nugget of 10− 5 m2 and range of > 10 km in magnitude, are used as
input parameters. We find that selecting data from ’non‐deforming’ regions does alter these parameters but has
little influence on the inferred slip distribution. For model efficiency, we downsample the data with a nested
uniform approach with different sampling intervals in difference regions. We resample the data every 4 pixels in
the near fault area to keep the short wavelength signal, and every 8 and 16 pixels in middle‐ and far‐field fault
areas (see Figure S20 in Supporting Information S1). Pixels located very close to or overlapping the fault trace are
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retained. We acknowledge that averaging signals from both sides of the fault may reduce the displacement
gradient (Wang et al., 2024). Our model would be interpreted as conservative estimate of the shallow afterslip.

We invert for the slip vector of each patch using the slipBERI program which uses Markov chain Monte Carlo
(MCMC) algorithm for inversion (Amey et al., 2018). We use the von Karman approach, a fractal spatial
smoothing method, for regularization. This method has been shown in synthetic tests to provide more reliable
confidence bounds for fault slip compared to Laplacian smoothing (Amey et al., 2018). We employ a hyper-
parameter to control the slip variance for each fault strand, and we find that the model is sensitive to this pa-
rameter's initialization. To ensure optimal sampling, if the MCMC rejection rate is excessively high, we take the
searched hyperparameter values as a prior for a subsequent inversion. The initial slip is set to 0.2 m and the
maximum slip is set to 0.8 m. The step size is initially set to 0.001 and can be adaptively adjusted through the
iteration. We run the inversion for 400,000 iterations and remove the first 20,000 iteration as burn‐in. We
calculate the resolution matrix to quantify how robustly the data constrain the model.

3.1.2. Model Results

We derive both shallow and deep afterslip, as reflected by near fault creep and far‐field deformation (Figures 3a
and 3b). Shallow afterslip is up to 0.4 m and deep afterslip is up to 0.6 m. Slip at 4–10 km depth is less than 0.05 m,
which is consistent with early afterslip model from Fang et al. (2022) in its spatial pattern. Models incorporating a
deep fault layer yield root mean square (RMS) values of 10.9 and 14.3 mm for ascending and descending tracks,
respectively, compared to RMS values of 12.0 and 16.0 mm for the model without a deep fault layer (Figures S20
and S21 in Supporting Information S1). The largest discrepancies occur at distances of 20–40 km from the fault
trace. These far‐field residuals may arise from distributed viscous flow in the lower crust/upper mantle or from
unmodeled complexities in the fault geometry at depth (Jin et al., 2023; Li et al., 2025). We find that near‐fault
deformation is well‐resolved by both models, where the standard deviations of afterslip of these patches are less
than 0.06 m. Patch resolutions in the shallow layers exceed 0.7 (Figures S22 and S23 in Supporting Informa-
tion S1), suggesting that the core features of the afterslip distribution are statistically robust.

Comparing two afterslip models we observe trade‐off between afterslip at depth of 10–20 km and 20–35 km.
Deep slip distribution is hard to robustly resolve due to low resolution in depth based on surface observations
(Lohman & Simons, 2005). Moreover, distinguishing whether far‐field deformation arises from deep afterslip or
viscoelastic relaxation is challenging, as both processes can produce similar surface deformation in spatial and
temporal domain (Barker, 1976; Savage, 1990). Li et al. (2025) suggests that, 2 years after the Maduo earthquake,
afterslip primarily contributes to surface displacement within∼50 km of the fault, whereas viscoelastic relaxation

Figure 3. (a) Afterslip model derived from cumulative postseismic displacement at epoch 20230404 (23 months after the
earthquake). (b) Analogous to (a) but with one additional fault layer in 20–35 km depth. (c) Analogous to (a) but with smaller
patches sizes in 0–10 km depth. (d) Coseimsic slip model from Fang et al. (2022).
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dominates far‐field deformation over a broader spatial extent. Despite the trade‐off in the deeper layers, we have
robust afterslip results in the shallower layers.

To evaluate the influence of discretization and regularization, we conduct inversions using smaller patch sizes in
0–10 km depth: 0–1.0 km, 1.0–2.5 km, 2.5–4.0 km, 4.0–7.0 km, and 7.0–10.0 km. We also compare our results
against model using Laplacian regularization. While the model with smaller patch sizes indicates a higher‐
magnitude shallow afterslip concentrated at 1.0–2.5 km depth along the central fault segment (Figure 3c), the
RMS of residuals is relatively high and patch resolution for this highly discretized configuration frequently drops
below 0.5 (Figures S24 and S25 in Supporting Information S1). Furthermore, significant shallow slip along the
central fault segment is consistently resolved even when employing Laplacian regularization (Figures S26 in
Supporting Information S1). Despite the variation in regularization schemes and the lower resolution of the
smaller patches, all models reveal notable shallow afterslip in this region, confirming the robustness of the
afterslip pattern.

3.2. Overlap Between Coseismic and Postseismic Models

We compare our afterslip models with previous published coseismic slip model (Figure 3d) (Fang et al., 2022).
We find slip in 4–10 km depth of both afterslip models is lower that 0.1 m (Figures 3a and 3b), where coseismic
slip is over 2.0 m. Afterslip in fault patches deeper than 10 km exceeds 0.1 m and is up to 0.5 m, where coseismic
slip is lower than 1.0 m. These observations are consistent with the rate‐ and state‐dependent friction law which
states that earthquake ruptures velocity‐weakening material and afterslip takes place in velocity‐strengthening
areas (Marone et al., 1991; Scholz, 1998). However, when we compare the coseismic and postseismic slip
variation along fault strike in 0–1 km and 1–4 km depth respectively (Figure 4), we find significant afterslip on
shallow fault segments between 98.1°E and 98.7°E that also slipped coseismically. Specifically, afterslip of
0.1–0.2 m occurred at depths of 0–1 km, compared to 0.5–2.5 m of coseismic slip, and afterslip of 0.1–0.4 m
occurred at depths of 1–4 km, compared to 2.0–6.0 m of coseismic slip (Figure 4). While coseismic slip may be
overestimated due to inclusion of 4 days of postseismic deformation, subtracting the early postseismic slip does
not negate the presence of overlapping slip, because most surface coseismic slip in this area reaches up to 1.0 m
(Fang et al., 2022), which is much larger than postseismic slip.

To test if the shallow afterslip is indispensable to account for the observation, we compare our models with those
in which afterslip is not allowed to occurred in shallow areas (Johnson et al., 2012). To do so, we use the model
with deep fault layer and remove layers at depths of 0–1 km, 1–4 km, and 0–4 km respectively, and perform
inversions using the same procedure. The RMS of residuals increases when shallow fault geometry is excluded
(Figures S27–S29 in Supporting Information S1). In particular, model without 0–4 km fault layer increases the
RMS by 15% and 13% for both ascending and descending tracks and data near the fault is poorly fitted (Figure
S29 in Supporting Information S1). For models without fault geometry at depths of 0–1 km or 1–4 km, afterslip
redistributes on the other shallow layers (Figures S27 and S28 in Supporting Information S1). Hence, afterslip on
coseismic rupture areas is required to fit the postseismic observations, which convinced us there is a spatial
overlap between fault patches that slipped coseismic and postseismically.

Spatial overlap between postseismic and coseismic slip is not a unique case for the Maduo earthquake. Similar
pattern have been found in the 2011 Mw 9.0 Tohoku (Johnson et al., 2012), 2015 Mw 8.3 Illapel (Barnhart
et al., 2016), 2003 Mw 6.8 Chengkung (Thomas et al., 2017) and 2005 Mw 8.6 Nias‐Simeulue (Qiu et al., 2019)
earthquakes, as well as the 2016–2018 Chaman earthquake sequences (Dalaison et al., 2021). This slip behavior
poses a challenge to classical stress‐driven afterslip models which assume areas with state‐strengthening friction
is surrounding the velocity‐weakening areas (Johnson et al., 2012; Meade, 2024).

4. Dynamic Earthquake Cycle Model
Kinematic models based on geodetic data enables us to understand slip distribution. However, these models
provide little insight into fault's physical property responsible for such slip pattern. Numerical simulation is an
alternative solution that uses physical laws governing friction and/or viscous flow to generate self‐consistent fault
stress and slip during multiple earthquake cycles (Allison & Dunham, 2018; Lapusta et al., 2000; Lapusta &
Rice, 2003). We use numerical earthquake cycle simulation models incorporating variation of friction properties
with depth to understand the condition causing spatial pattern of overlapping coseismic and postseismic slip
(Allison & Dunham, 2018). We use the reference model based on Allison and Dunham (2018) with a velocity‐
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Figure 4. (a) Coseismic slip (blue) and afterslip (red) profile along strike direction in 0–1 km depth. Coseismic slip model is
from Fang et al. (2022). Left panel represent slip in major fault and right panel represent slip in the branching fault in the
south. (b) Analogous to (a) but for slip in 1–4 km depth. (c) Coseismic slip (blue) and afterslip (red) variations along depth by
calculating the mean slip value plotted on the center depth of each layer of each fault segment pointed by a gray arrow. Gray
line represent fault surface trace.

Journal of Geophysical Research: Solid Earth 10.1029/2025JB033035

GAO ET AL. 10 of 24

 21699356, 2026, 7, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025JB

033035 by N
IC

E
, N

ational Institute for H
ealth and C

are E
xcellence, W

iley O
nline L

ibrary on [17/07/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



weakening layer overriding on a velocity‐strengthening layer. We also test another model with a shallow velocity‐
strengthening layer over a velocity‐weakening layer, transmitting to deeper velocity‐strengthening below the
seismogenic upper crust. We test various friction properties at different depths and investigate slip partition
during interseismic, coseismic, and postseismic periods to see if we can explain the spatial overlap between
coseismic and postseismic slip revealed by our kinematic models.

4.1. Model Setup

We build a two‐dimensional antiplane shear model with a vertical strike‐slip fault embedded in a homogeneous
elastic domain. We use a quasi‐dynamic simulation for computational efficiency (Allison & Dunham, 2018).
The material properties and remote tectonic loading are symmetric about the fault, allowing us to solve for
stress and slip on one half of the domain. Antiplane displacement is governed by the static equilibrium equation
and Hooke's law. The effective normal stress is equal to lithostatic pressure minus pore pressure. Pore pressure
at depth is parameterized with the Hubbert‐Rubey fluid pressure ratio λ, which is the ratio between pore
pressure and lithostatic pressure (Allison & Dunham, 2018; Rubey & King Hubbert, 1959). Here we use
λ = 1,000 kg/m3/2,700 kg/m3 ≈ 0.37 to represent the hydrostatic pore fluid pressure. A constant slip rate is
applied to side boundaries below the seismogenic layer as remote tectonic loading. We apply a traction‐free
boundary condition at both surface and bottom of the domain. To minimize edge effects on simulation
results, both the side and bottom boundaries are located 500 km away from the fault, which is consistent with
previous model geometry used by Zhu et al. (2020) and Allison and Dunham (2021). Fault frictional strength is
governed by rate‐and‐state friction law (Rice et al., 2001) and aging law for state variable (Marone, 1998;
Ruina, 1983):

f (ψ,V) = asinh − 1(
V
2V0

e
ψ
a) (2)

G(ψ,V) =
bV0
Dc

(e
f0 − ψ
b −

V
V0

) (3)

where f is the friction coefficient which determines the frictional strength, G is the rate of change of the state
variable, ψ is the state variable representing a characteristic contact lifetime (Marone, 1998), V is the slip rate, a is
rate parameter, V0 is the reference slip rate, b is state parameter, Dc is the characteristic slip to renew surface
contacts (Marone, 1998), f0 is the constant friction for steady‐state sliding at V0. The constitutive parameter
(a − b) determines the fault frictional behavior at steady state. (a − b) > 0 leads to velocity‐strengthening
behavior, which resists sliding as slip velocity increase, leading to stable slip. On the other hand, (a − b) < 0
leads to velocity‐weakening behavior, where frictional resistance decreases as slip velocity increases, potentially
leading to unstable slip. Model geometry and parameters used in this study are shown in Table 1.

Table 1
Model Parameters for Earthquake Cycle Simulation

Parameter Symbol Value

Direct and state evolution effect (a − b) Depth variable, see Figures 5a, 5d, 5g, and 5j

Shallow velocity‐strengthening thickness Tvs Variable (1–5 km)

Model length L 500 km

Model width W 500 km

Reference slip rate V0 10− 6 m/s

Loading slip rate Vl 1.0 × 10− 9 m/s, 3.2 × 10− 11 m/s

State evolution distance Dc 30 mm, 15 mm, 5 mm

Reference friction coefficient for steady slip f0 0.6

Rock density ρ 2700 kg/m3

Hubbert‐Rubey fluid pressure ratio λ 0.37

Shear modulus μ 30 GPa
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We use distributions of a and b along depth from sliding experiments on wet granite (Blanpied et al., 1991, 1995),
which have been extensively used in earthquake cycle modeling (Allison & Dunham, 2021; Lapusta &
Rice, 2003; Lapusta et al., 2000; Wei et al., 2013). Sliding experiments on wet granite show velocity‐
strengthening behavior at 23°C, 250°C and 350°C–600°C (Blanpied et al., 1991). Velocity‐weakening
behavior is observed at temperatures of 100°C–350°C except 250°C (Blanpied et al., 1991). The relationship
between temperature and depth is inferred based on heat flowmeasurements (Lachenbruch & Sass, 1980). We use
the reference model based on Allison and Dunham (2018) with a velocity‐weakening layer overriding on a
velocity‐strengthening layer. We also have another model with a shallow velocity‐strengthening layer on a
velocity‐weakening layer and transmitting to a deeper velocity‐strengthening layer. Value of (a − b) in deeper
domain is linearly extrapolated based on linear dependence of a on temperature. We do not use any viscous
rheology, as we focus on the friction properties of the shallow part of the fault, where fault strength predominantly
exhibits brittle behavior. We use a finite difference method to discretize the governing equations (Allison &
Dunham, 2018). To ensure accuracy and efficiency of numerical solution, we use small grid spacing in the vi-
cinity of velocity‐weakening layer and larger grid size elsewhere. More details about the spatial and temporal
discretization of the numerical model can be found in Allison and Dunham (2018).

We first run the reference model, and a few models with a shallow velocity‐strengthening layer with different
values of (a − b) and a fixed Tvs = 4.0 km, to analyze spatial patterns of fault slip in different earthquake stages.
Although the shallow (a − b) naturally varies along depth, we treat it as constant in each model as a first‐order
approximation. Coseismic slip is defined when slip velocity exceeds 1.0 mm/s (Allison &Dunham, 2018) and slip
within 20 years of an earthquake is arbitrarily defined as postseismic. We then test other parameters including Vl
andDc to investigate their influence to the model. We finally fix the Vl andDc, and conduct grid search to find the
optimal combination of shallow (a − b) and Tvs, using time series of postseismic slip as constraints. Earthquake
cycle simulation needs to take a few numbers of earthquakes to spin‐up and settles into a cycle‐invariant state. We
remove earthquake sequences before spin‐up for analysis.

4.2. Model Results

4.2.1. Time Series of Slip Velocity Along Depth

For the reference model (Figure 5a), earthquake rupture occurs throughout the velocity‐weakening domain and
the coseismic slip reaches 16 m. The shallow part locks after coseismic rupture, and postseismic slip occurs in
region below the seismogenic layer (Figure 5b). Cumulative interseismic creep in shallow region is less than
0.5 m (Figure 5c).

For models with a shallow velocity‐strengthening layer, earthquake nucleates within the velocity‐weakening area.
However, coseismic slip propagates into velocity‐strengthening areas, although with lower magnitude than the
reference model (Figure 5c) leading to coseismic slip in this area. Afterslip takes place in both shallow and deep
velocity‐strengthening regions for model with (a − b) = 0.0095 (Figure 5e). There's a spatial overlap between
coseismic and aseismic slip in the 0–4 km depth range (Figure 5f). The aseismic slip within this depth range
includes both interseismic creep and postseismic slip. Fault slip in the 6–12 km depth is taken by coseismic
rupture and no postseismic slip occurs in this region. This spatial pattern is in accordance with the results of
kinematic model, despite significant difference in magnitude.

We experimented with two loading rates, Vl: one is 1.0 × 10− 9m/s, equivalent to 31.5 mm/yr, which is
commonly used by earthquake cycle simulations (e.g., Allison & Dunham, 2021; Molina‐Ormazabal et al., 2023;
Noda & Lapusta, 2013; Wei et al., 2013). The other is 3.2 × 10− 11m/s, equivalent to 1.0 mm/yr, which represents
estimate of fault slip rate on Jiangcuo Fault (Jian et al., 2022; Pan et al., 2022; Zhu et al., 2021). Coseismic slip
generated by model with Vl = 1.0 mm/yr exceeds 15 m, even larger than coseismic slip generated by model with
Vl = 31.5 mm/yr (Figures 5f and 5i). Both models produce similar overlap of coseismic and postseismic slip in the
shallow part. The loading rates (Vl) do not necessarily have a big impact on depth distribution of slip but does
influence the earthquake interval (Figures 5e and 5h). Recurrence interval shows a possible linear relationship
with Vl. This may indicate that seismic moment release and earthquake potential is not strictly controlled by slip
rate. Faults with relatively low slip rates can still accumulate sufficient strain to generate large earthquakes over
longer timescales.
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Figure 5.
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If we make the shallow a‐b infinitesimal (such as 0.0024) but still positive hence velocity strengthening, the
earthquake still ruptures to the surface, but the shallow part locks immediately after the earthquake (Figures 5j and
5k). No clear overlap between coseismic and postseismic slip is observed in this model (Figure 5l). The slip
velocity on the shallow part decreases to 10− 12m/s after an earthquake (Figure 5k), and increases to a steady stage.
All models, even the reference model, generate interseismic creep in shallow part.

4.2.2. Model Test on Dc and Vl

Since there are more free parameters in the dynamic model than kinematic model, similar surface deformation can
result from different combinations of parameters. We test different loading rates Vl and slip weakening distance
Dc to investigate their influence on the model. Laboratory measurement suggest the Dc is within the range of
10− 6–10− 5 mm (Marone, 1998; Scholz, 1988). However, Dc should be of magnitude of ∼10− 2 mm to simulate a
natural earthquake (Scholz, 1988). Such discrepancy arises from different size of fault zone widths in the lab-
oratory and natural faults, since Dc scales with thickness of shear fault gouge (Marone, 1998; Marone & Kil-
gore, 1993; Scholz, 1988).

We test three different values of Dc (see Table 1) to investigate their effect on coseismic and postseismic slip.
Reducing Dc significantly decreases the coseismic slip and slightly decrease the postseismic slip (Figure S30 in
Supporting Information S1). Surface coseismic offset of Maduo earthquake based on geodetic observations is less
than 3.0 m (Pan et al., 2022), which is smaller than the modeled 4.5 m with Dc = 5 mm. Using a smaller Dc may
generate coseismic slip comparable to observations. However, a smaller Dc necessitates a much finer grid which
greatly increases computational difficulty, as the grid size must be smaller than nucleation zone, which is
approximately proportional to Dc (Lapusta & Rice, 2003). Since the impact of different Dc on postseismic slip is
less significant than its effect on coseismic slip (Figures S30a and S30b in Supporting Information S1), we fix
Dc = 30 mm in the following modeling for computational efficiency.

Models with different Vl yield similar amplitudes and temporal evolution of postseismic slip (Figures S31a and
S31b in Supporting Information S1). Therefore, we fix Vl = 31.5 mm/yr in the following modeling.

4.2.3. Friction Property Constrained by Postseismic Data

We use time series of postseismic displacement from theMaduo earthquake to constrain friction parameters of the
model (Figures 2c and 2e). Since the simulation is performed on one side of the fault, we multiply the simulation
results by a factor of 2 to compare models with observed fault slip. We use time series of differential postseismic
displacements across the fault from descending data as constraints since there is a data gap of 8 months for
ascending data. We assume that postseismic LOS displacement is solely contributed by eastward movement,
considering the near east‐oriented strike‐slip nature of the fault.

After fixing the Vl and Dc, we explore a range of different values of frictional parameters (a − b) and layer
thicknesses Tvs. We compare the data and model by extracting the time series of postseismic displacement from
the last cycle's results at a node located 2 km from the fault. We reference the model to the time of the first InSAR
acquisition by removing the slip that occurred before this time.

Our results show that increasing either (a − b) or Tvs leads to larger amplitude of postseismic slip. The models
reveal a strong trade‐off between these two parameters (Figures 6 and 7), where a low Tvs requires a larger
(a − b) value to fit the time series of postseismic slip. In the model with Tvs = 1.0 km, the corresponding optimal
(a − b) for both data exceeds 0.05 (0.057 for data in Box 1 and 0.052 for data in Box 2) (Figure S32 in Supporting
Information S1), larger than the range of 10− 3–10− 2 estimated by laboratory experiments (Marone, 1998). For
models with Tvs = 2.0 km or 3.0 km, optimal values of (a − b) are within the range of 0.01–0.03 (Figures 6 and
7), which is at the upper end of the laboratory results (Marone, 1998). We found that for each Tvs = 1.0, 2.0 and

Figure 5. (a) Fault frictional property for reference model where a velocity‐weakening layer overrides on a velocity‐strengthening layer. (b) Modeled slip rate as a
function of model time step. Loading rate is 1.0 × 10− 9m/s, equivalent to 31.5 mm/yr. Dark blue represents slip rate of 10− 14m/s, equivalent to 3.2 × 10− 4mm/yr,
which can be regarded as fault locking. Dark red represents slip rate of over 1.0 m/s, which can be regarded as coseismic slip. (c) Cumulative interseismic, coseismic and
postseismic slip along depth extracted from the last cycle results. (d–f) Analogous to (a–c) but includes a shallow velocity‐strengthening layer where the (a − b) = 0.0095
and thickness is 4.0 km. (g–i) Analogous to (d–f) but with a loading rate of 3.2 × 10− 11mm/s, equivalent to 1.0 mm/yr. (j–l) Analogous to (d–f) except
shallow (a − b) = 0.0024.
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3.0 km, corresponding optimal (a − b) can be found to reproduce the observed postseismic deformation.
Modeled time series of slip no longer closely align with the data when Tvs = 4.0 km or higher (Figure S33 in
Supporting Information S1). We speculate that thickness of shallow velocity‐strengthening layer is less than
4.0 km, based on our observations and combinations of model parameters.

Figure 6. (a) Root mean square (RMS) misfit between observations in Box 1 shown in Figure 2 and modeled surface
displacement for different combinations of (a − b) and Tvs. Three black contour lines represent the 10 mm, 30 mm, and
50 mm RMS values, respectively. (b) Comparison between observed and modeled slip. Curve represents modeled time series of
slip when Tvs = 2.0 km. Darker color represents results from larger (a − b). Black bar with caps represents observed slip and
uncertainty in Box 1. (c) Comparison between slip rate estimated by data and model. Curve represents slip rate estimated by
model when Tvs = 2.0 km. Circles represent slip rate estimated by observations, with different color represent slip rate estimated
by piecewise data fitting using various sample windows. Green color represent bigger window size. (d, e) Analogous to (b, c)
but for Tvs = 3.0 km.

Figure 7. Analogous to Figure 6 but for postseismic deformation in Box 2 shown in Figure 2.
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Values of (a − b) determined by different methods and data can be variable even for the same earthquake. Wang
and Fialko (2018) use a rate‐strengthening law (assuming b = 0) to explain the postseismic deformation of 2015
Mw 7.8 Gorkha earthquake and found that a= 6.5× 10− 2, an order of magnitude larger than a= (0.8–1.6) × 10− 3

estimated by Ingleby et al. (2020). Our experiments show a strong dependency of frictional parameters on the
thickness of the shallow rate‐strengthening layer, which could offer a potential explanation to the discrepancy.

To understand how the slip rate evolves over time, we compare the modeled and observed postseismic slip rates.
We calculate the postseismic surface velocity over different time intervals using a piecewise linear fitting
technique (Ingleby & Wright, 2017). The data is fitted across sample windows ranging from 5 to 55 epochs, in
increments of 5, with a step size of 1. A log‐log plot reveals a linear‐like decay of slip rate with time, consistent
with the Omori‐like decay pattern observed in postseismic slip rates of continental earthquakes by Ingleby and
Wright (2017). Comparing the observed and modeled slip rate versus time in the log‐log domain, we again show
the trade‐off between optimal shallow (a, b) and VS thicknesses.

During the simulated earthquake, shear stress drops abruptly in the velocity‐weakening region upon nucleation.
Simultaneously, we observe a significant shear stress increase (∼10 MPa at 3.0 km depth for model
(a − b) = 0.0095 and Tvs = 4 km) in the shallow velocity‐strengthening layer (Figures 8a and 8b). This rapid
dynamic stress propagation from the deeper velocity‐weakening rupture provides the necessary stress overshoot
to trigger seismic slip in the stable shallow velocity‐strengthening region. Following the coseismic phase, this
region continues to slip as postseismic creep, directly accounting for the observed overlap in our geodetic
inversions.

Our dynamic model indicates that a shallow velocity‐strengthening layer is a necessary condition to reproduce the
observed overlap between coseismic and postseismic slip. This model also results in a significant amount of
interseismic creep, which is directly proportional to tectonic loading rate. The interseismic creep rate is only
0.2 mm/yr, with a loading rate Vl = 1.0 mm/yr, while creep rate is 4.8 mm/yr with Vl = 31.5 mm/yr (Figures 8c
and 8d). Other parameters also affect the value of interseismic creep rate but not as significant as Vl. Reducing Tvs
slightly decreases the creep rate (4.8 vs. 3.0 mm/yr) (Figure 8c; Figure S34a in Supporting Information S1) while
changing (a − b) has little impact on the creep rate (4.8 vs. 5.1 mm/yr) (Figure 8c’; Figure S34b in Supporting
Information S1).

Figure 8. (a) Modeled shear stress as a function of model time step. The dash line respresents the time of an earthquake starts,
defined as when the maximum slip velocity exceeds 1 mm/s. The dot line respresents the time of an earthquake ends. In this
model (a − b) = 0.0095 and Tvs = 4 km. (b) Time series of the modeled shear stress in 3, 6, and 10 km in depth. (c) Modeled
surface velocity for multiple earthquake cycles based on a loading rate of 31.5 mm/yr. The interseismic creep rate is calculated
with the last cycle results. (d) Analogous to (c) but for a loading rate of 1.0 mm/yr.
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We find that the dynamic afterslip model agrees well with the kinematic model at depths greater than ∼3 km,
whereas noticeable discrepancies occur in the shallow portion. The physical parameters of the dynamic model are
constrained using postseismic displacement at locations ∼2 km from the fault, where the observed deformation is
likely dominated by somewhat deeper afterslip rather than near‐surface slip. In addition. In addition, the
assumption of a uniform shallow (a − b) for each model and choice of patch size in kinematic model, may also
contribute to the mismatch. Allowing heterogeneous frictional parameters along depth would likely provide a
more realistic representation.

While an optimal combination of parameters (e.g., Dc, a − b, Tvs, Vl) could theoretically fit the coseismic,
postseismic, and interseismic signals simultaneously, such an optimization is beyond the scope of this work due to
high computational costs and the simplified geometry of our model. Instead, we focus on providing first‐order
constraints on shallow frictional parameters using postseismic time series to explore the mechanisms underly-
ing overlapping slip behavior. Since interseismic creep is required by the optimal model, we further analyze the
interseismic InSAR velocity to explore the potential creep along the Jiangcuo Fault, and discuss the possbile
causes to the overlapping slip in the following section.

5. Discussion
5.1. Interseismic Creep Modeling

The interseismic creep rate derived from dynamic earthquake cycle models is 0.2 mm/yr, with a loading rate
1.0 mm/yr. The interseimsic creep rate would be smaller with a lower loading rate, such as the estimated
geological slip rate of Jiangcuo Fault. The uncertainty in the InSAR VE data in this region is as high as 1.0 mm/yr
(Figure S10a in Supporting Information S1), which is equivalent to the geodetic slip rate (Jian et al., 2022; Zhu
et al., 2021) and larger than geological slip rate (Pan et al., 2022). We use a simple velocity profile across the
Jiangcuo Fault with a screw dislocation model to investigate the slip rate and potential creep rate:

Vpara(x) =
S
π
arctan(

x
d1
) − C[

1
π
arctan(

x
d2
) − H(x)] + D (4)

where Vpara(x) is the fault‐parallel velocity, x is the distance to the fault, S is the slip rate, d1 is the locking depth, C
is the creep rate, d2 is the creep depth,H(x) is the Heaviside function, D is a static offset. We use both unfiltered
and filtered data to conduct the inversion. Three additional faults were included in the model: the East Kunlun
Fault, Dari Fault and Qingshuihe Fault. For these three faults we solve the slip rate and locking depth, leading to a
total of 11 free parameters. The prior constraints of each parameter are shown in Table S3 of Supporting In-
formation S1. The model runs 40,000 iterations and generates 60,000 samples of the posterior distribution. We
estimate the maximum a posteriori probability (MAP) solutions and their uncertainties of each parameter for both
unfiltered (Figure S35 in Supporting Information S1) and filtered (Figure S36 in Supporting Information S1)
profiles.

The slip rate of the East Kunlun Fault inverted from filtered data is 8.0+0.1− 0.1 mm/yr (Figure 9a), giving rise to a
strain rate of s/πd = 93.3 nst/yr based on the estimated 28.7+0.5− 0.5 km of locking depth. Slip rates of the East Kunlun
Fault are well resolved using both filtered and unfiltered data. Although we observe velocity steps across the
Jiangcuo Fault in the unfiltered data, the modeled creep rate is 0.6+0.1− 0.2 mm/yr, which is smaller than uncertainties
of InSAR VE in this region (Figure S10a in Supporting Information S1). The step across the Jiangcuo Fault is
smoothed after applying the median filter, leading to a steady slope along the profile. We perform a series of 1‐D
synthetic test on profiles generated by screw dislocation model, with a slip rate of 1.0 or 0.5 mm/yr, creep rate of
0.5 mm/yr and Gaussian noise of 0.5 mm/yr (Figure S37 in Supporting Information S1). We apply a median filter
on the data with different filter window sizes and invert the slip and creep rate with the same Bayesian approach.
Synthetic tests suggest that slip gradient across a strike slip fault with Gaussian noise in the data can be well
isolated by median filter and inversion process, despite the locking depth and creep depth being poorly resolved.
Hence, the velocity step across these three faults may be caused by other non‐Gaussian noise, such as topography‐
related tropospheric noise. Both the slip and creep rate of Jiangcuo Fault derived from the filtered profile data are
less than 0.1 mm/yr, which is much lower than uncertainties of InSAR observations. Therefore, any interseismic
creep of Jiangcuo Fault is very low, and less than predicted by the dynamic model.
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5.2. Explanations for Overlap of Coseismic and Postseismic Slip

Our dynamic model successfully reproduced observed overlap of coseismic and aseismic slip in middle segment
of the Jiangcuo Fault, despite the fact that no clear interseismic creep is captured by geodetic observations.
Coexistence of interseismic and postseismic creep generated by the earthquake cycle model is supported by
geodetic observations in other regions. For instance, GNSS observations indicate an interseismic creep rate of 1±
1 mm/yr on the western North Anatolian Fault at approximately 30.1°E (Hussain et al., 2016; Çakir et al., 2012).
Field investigations of the 1999 Izmit earthquake recorded a coseismic offset exceeding 3 m at this location, with
postseismic shallow slip of up to 0.3 m observed by InSAR and GNSS after 10 years (Hussain et al., 2016; Çakir
et al., 2003). Similarly, interseismic creep on the Imperial Fault was first observed in the 1950s (Whitten, 1956),

Figure 9. (a) Profile of data (gray dots) and data after median filter (green dots). Black solid line represents the best‐fit
dislocation model across multiple faults based on data after median filter. Black dash lines represent model within 95%
confidence interval. (b) Analogous to (a) except that the model is based on data instead of data after median filter. (c) Profile of
the topography.
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with recent InSAR and GNSS data indicating a creep rate of 3.0–10.0 mm/yr (Lindsey & Fialko, 2016). Shallow
coseismic and postseismic slip of the 1979 M 6.6 Imperial Valley earthquake was also recorded through trilat-
eration and alignment surveys (Lindsey & Fialko, 2016). The lack of interseismic creep on the Jiangcuo Fault has
two possible explanations: One is that the creep rate is as low as 0.2 mm/yr, as suggested by the numerical model,
and below detection limit for InSAR. The other is that the fault is actually locked during interseismic period.

The presence of fluid injection following the main shock can elevate the pore pressure and reduce the effective
normal stress, favoring aseismic slip. Transient elevation in pore pressure has been hypothesized to facilitate large
afterslip in areas with negative coseismic Coulomb stress change in the 2010 Maule Mw 8.8 earthquake (Bedford
et al., 2013), though this area is inferred to be locked during the interseismic period. Overlap of aseismic and
seismic slip on the Chaman Fault has been explained by a velocity‐weakening regime within complex fault
geometry and fluid conditions (Dalaison et al., 2021). Elevated pore fluid pressure may provide a possible
explanation for postseismic slip in coseismic slip areas of the Maduo earthquake. For a locked fault, postseismic
slip is possible if the pore fluid pressure significantly increases and is maintained for a long time after the
earthquake (Dianala et al., 2020), in which case we need mechanisms other than the shallow rate‐strengthening
layer to explain the overlap of coseismic and postseismic slip.

The Maduo earthquake triggered widespread seismic soil liquefaction along the Jiangcuo Fault, suggesting that
this region is water‐saturated and susceptible to fluid‐related activity (Wang et al., 2023; Yuan et al., 2022). The
lithology in sedimentary layer surrounding the Jiangcuo Fault consists primarily of sandstone (Figure S38 in
Supporting Information S1) (Fang et al., 2022; Pan et al., 2022;Wang et al., 2023), a porous rock that can function
as an aquifer, storing significant amounts of fluid (David et al., 1994; Kitamura et al., 2010). A dense seismic
array was deployed across the middle segment (approximately location range: 98.4°E–98.6°E) of the Jiangcuo
Fault to derive the crustal structure model after the earthquake (Guo et al., 2022; Wu et al., 2022). The distance
between adjacent seismic stations was 0.5–1.0 km and the observation time was from 05 June 2022 to 03 July
2022 (Guo et al., 2022). The crustal structure model derived from P‐wave travel times show low‐velocity
anomalies at approximately 4 km depth below the fault (Wu et al., 2022), suggesting the possible existence of
fluid. Fluid will migrate upward along a porous fault zone when pressure gradients exceed the hydrostatic
gradient, as the fault permeability is higher than the surrounding rocks (Rice, 1992; Zoback & Byerlee, 1975).
During coseismic events, extensive cracking at the grain scale may open more path for fluid to upwell (David
et al., 1994). Although sealing/healing processes after an earthquake may discharge fluid from the fault zone and
decrease permeability, the exact time scale for this process is poorly constrained. Pressure solution crack‐sealing
modeling suggests time scales of this process could last a few days to thousands of years (Gratier et al., 2003). If
low permeability of surrounding rock acts as a seal layer and sealing/healing time is long, fluid would be
maintained in fault zone for a long time, leading to fluid overpressure and weakening effective normal stress,
facilitating aseismic slip.

Another possible mechanism that can weaken the fault is coseismic shear heating which produces a thermal
anomaly that changes the material property from velocity‐weakening to velocity‐strengthening. Thomas
et al. (2017) suggested that coseismic shear heating may provide an explanation for the afterslip that occurred at
deep layer of rupture area in middle section of fault of the 2003 Mw 6.8 Chenkung earthquake. Laboratory
experiment shows that such transition starts at a temperature of roughly 300°C, which is about at the depth of
11–13 km in the continental crust (Aharonov & Scholz, 2019; Blanpied et al., 1991), while other experiments
show unstable slip can occur at temperatures as high as 600°C (Mitchell et al., 2016). Numerical simulations
suggest that significant temperature changes due to coseismic shear heating typically occur below depths of
8.0 km (Thomas et al., 2017). However, overlap of coseismic and postseismic slip occurs in fault's shallow part
and hence unlikely due to shear heating.

5.3. Implication for Shallow Slip Deficit

Coseismic slip distributions derived from InSAR observation of strike slip earthquakes indicate that slip decays
frommiddle of the depth range to the shallow part (Fialko et al., 2005; Hussain et al., 2018). Possible explanations
for the shallow slip deficit includes poorly‐constrained near field observations, homogeneous elastic medium
during inversion, off‐fault inelastic deformation and aseismic slip on the shallow faults (Fialko et al., 2005;
Marchandon et al., 2021). Clear shallow slip deficit of the Maduo earthquake was observed from published
coseismic slip models (Fang et al., 2022, and references therein), partially due to lack of near fault InSAR
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observations (Marchandon et al., 2021) arising from unwrapping errors caused by larger slip gradient. Jin
et al. (2023) noted that 1 year of shallow afterslip of Maduo earthquake accounts for less than 5% of the coseismic
deficit. Postseismic slip of the 1999 Izmit earthquake after projecting the afterslip model 200 years forwards
accounted for 30%–65% of shallow slip deficit (Hussain et al., 2018). Here we investigate the contribution from
interseismic shallow creep to shallow slip defict.

Using the dynamic model, we investigated the proportion of slip in the shallow velocity‐strengthening layer
occurring at different phases over time (Figure 10). Though the slip deficit is fully compensated after one
earthquake cycle, it allows us to understand how the slip partitions during different earthquake stages and what the
controls on this are. Increasing the value of (a − b) and/or the shallow velocity‐strengthening thickness increases
the proportion of interseismic and postseismic slip. Interseismic creep accounts for ∼20% of total slip for models
with Tvs = 4.0 km and variable (a − b). In all scenarios cumulative interseismic slip is larger than the postseismic
slip. For faults with very low creep rate, such as 0.2 mm/yr in our model, the integrated interseismic creep can
reach to 1.3 m, with a recurrence interval of 6500 years of Jiangcuo Fault (Pan et al., 2022). Therefore, for a low
slip rate fault with long earthquake recurrence interval, a very low creep would make a significant contribution to
diminishing the shallow slip deficit over an entire earthquake cycle.

6. Conclusions
We use InSAR observations before and after the 2021 Maduo Mw 7.4 earthquake, incorporating kinematic
inversion and dynamic earthquake cycle simulation, to investigate the mechanism for overlap between shallow
coseismic and postseismic slips. We find that:

1. Kinematic models show that significant shallow afterslip occurred on the fault's centeral segment, where large
coseismic slip also happened.

2. Dynamics models including a shallow velocity‐strengthening layer are capable of generating coseismic
rupture and postseismic afterslip in the same shallow layer. Such models also predict interseismic creep.

3. No clear creep has been found across the Jiangcuo Fault. The creep rate from the earthquake cycle model is no
more than 0.2 mm/yr, given the loading rate of 1.0 mm/yr. Creep on the Jiangcuo Fault maybe below the
detection threshold for InSAR observations. Alternatively, fluid upwelling during coseismic period may lower
the effective normal stress and promote afterslip.

4. For a shallow velocity‐strengthening layer on a slow slip fault with long earthquake recurrence interval, a very
low creep would still make a significant contribution to diminishing the shallow slip deficit over an entire
earthquake cycle.

Conflict of Interest
The authors declare no conflicts of interest relevant to this study.

Figure 10. (a) Modeled ratio of cumulative interseismic, coseismic and postseismic to total slip, with different value of
(a − b) and fixed Tvs = 4.0 km. Results of six earthquake cycle are plotted for each simulation. (b) Analogous to (a) but with
different value of Tvs and fixed (a − b) = 0.0095.
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Availability Statement
The interferograms used in this study can be freely downloadable from https://comet.nerc.ac.uk/comet‐lics‐portal/.
The slip inversion code is available fromAmey et al. (2018). The earthquake cyclemodelling code is available from
Allison andDunham (2018). The horizontal GNSS velocity used in this study is fromWang and Shen (2020) and is
downloadable from Shen (2019). The vertical GNSS velocity is from Zhao et al. (2023) and is downloadable from
Zhao et al. (2022). The decomposed InSAR velocity, postseismic InSAR time series, geodetic slip models,
earthquake cycle models in this work are available at Gao et al. (2025).
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