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Deciphering stress perturbations
throughout the 2025Mw 7.1 Dingri, Southern
Xizang Earthquake

ZhangfengMa 1,5, Chenglong Li 2,5, Hongyu Zeng1, HanChen2,Mingzhe Lyu1,3,
Yingfeng Zhang 2, Luca Dal Zilio 1,3, Xinjian Shan 2 & Shengji Wei4

The 2025 moment magnitude (Mw) 7.1 Dingri earthquake in Southern Xizang,
China, caused severe devastation and exhibited a complex stress evolution. Its
northward unilateral rupture along the twisted, west-dipping graben edge
generated ~2MPa of dynamic stress, triggering blind coseismic slip on an east-
dipping fault. Coseismic stress perturbations activated over 50 previously
unmapped fault segments, mostly with aseismic slip, while also inducing an
early viscoelastic response in the weak middle-to-lower crustal layer below
~20 km depth. Here we explain these behaviours by deciphering the stress
perturbations through earthquake cycle observations and models. A major
implication is that tracking stress evolution throughout an earthquake pro-
vides critical insights into earthquake mechanics.

Earthquake rupture dynamics and their postseismicmanifestations are
governed by the intricate interplay between stress transfer, fault
geometry and friction, as well as the rheological responses of the
Earth’s crust1–3. While coseismic rupture represents the sudden release
of accumulated elastic strain, the subsequent postseismic phase,
including aftershocks, aseismic slip, and viscoelastic relaxation, pro-
vides critical insights into the mechanical behaviour of faults and the
surrounding crust4–7. High-resolution observations of coseismic rup-
ture process, postseismic deformation and interseismic loading, i.e.,
earthquake cycle observations, are needed to resolve the stress per-
turbations and evolutions in and around the fault systems8–10. How-
ever, three different earthquake cycle phases, including the
interactions between key physical behaviours, have rarely been well-
documented for fault system that hosted significant earthquakes,
leaving gaps in our understanding of how these processes
interconnect11–13. The well-recorded 2025 Mw 7.1 Dingri earthquake,
together with observations that capture critical stages of the earth-
quake cycle, provides a rare opportunity to investigate the complex
interactions of stress perturbations during and following dynamic
rupture.

The Mw 7.1 earthquake struck Dingri County, Southern Xizang,
China, on January 7, 2025, causing strong ground shaking and con-
sequent extensive infrastructure damage and 126 fatalities (https://www.
chinadaily.com.cn/china/special_coverage/677cbaa1a310f1265a1d9711).
The event ruptured along the Dengme Co Fault, marking the eastern
boundary of the Dengme Co Graben, the southern segment of the
Shenzha-Dingjie rift system14 (Fig. 1). Field investigations reported the
mainshock generated fault scarps up to 3m high and widespread en
échelon tension cracks15. However, the rupture process and its interac-
tions with its aftermath, such as aftershocks, aseismic slip, and viscoe-
lastic relaxation remain poorly constrained.

In this work, we integrate geodetic and seismic observations to
reveal that the 2025 Mw 7.1 Dingri earthquake involved a complex
rupture process, widespread triggered aseismic and seismic slip, and
early viscoelastic relaxation, thereby elucidating how stress transfer
throughout an earthquake shapes fault behaviour. These results
demonstrate that earthquake-cycle observations are essential for
constraining the spatiotemporal evolution of stress and for linking
rupture processes, fault interaction, and crustal rheology within a
unified framework of earthquake mechanics.
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Results
Coseismic surface deformations and interseismic loading
Interferometric SAR (InSAR) data reveal a complex coseismic deforma-
tion pattern produced by the earthquake (Fig. 2A) (Methods). The Line
of Sight (LOS) offsets reflect a mixture of east-west and vertical motion,
consistent with the normal faulting nature of the event. Sharp transitions
between positive and negative displacements delineate a ~ 30km long,
near north-south oriented, twisted rupture trace, beginning ~15 kmnorth
of the epicentre and characterised by three eastward-protruding bends
(Fig. 2A). Stronger displacements on the western side of the fault trace
indicate a west-dipping fault geometry. The maximum LOS offset con-
trast across the fault (~2.5m) agrees well with field measurements of
2.5–3.0m vertical scarps14. This fault was incompletely mapped in earlier

inventories, neither by geological studies16,17 nor by interseismic geodetic
imaging18, likely because of limited field access, subdued topography
across the north-south trending valleys (Fig. 2B) and the spatial
smoothing applied in previous geodetic studies18,19. Although no clear
surface rupture is evident near the epicentre, descending InSAR and
Pixel Offset Tracking (POT) images show LOS offsets exceeding 50cm
(Supplementary Fig. S1), indicating a relatively deep, blind rupture.
Similarly, at ~25 kmwest of themain rupture, deformationmaps reveal a
localised displacement pattern with peak LOS motion of ~0.6m but no
surface rupture, requiring buried slip on an east-dipping fault spatially
separated from the main ruptured faults.

Interseismic loading is essential to constrain coseismic rupture
behaviour and recurrence intervals. We jointly invert Global
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Fig. 1 | Lower crust strain rate, interseismic velocity, and locking states of two
major faults. a Regional map showing maximum shear strain rates in the lower
crust, derived from geodetic data (GNSS and InSAR), across a large region of the
Tibetan Plateau. Beach balls indicate focal mechanisms of earthquakes (Mw > 6,
2005–2024) from the GCMT catalogue. The upper-right inset (white rectangle in
(a)) zooms into the region around the Mw 7.1 Dingri earthquake and displays an
east-west interseismic velocity map. The white trace in the inset represents the
mapped fault trace based on co- and post-seismic deformations. The dashed black

ellipse marks Dengme Co, and the red fault trace denotes the Dengme Co Fault.
YRR: Yari Rift, LGR: Lunggar Rift, TYR: Tangra-Yumco Rift, SDR: Shenzha-Dingjie
Rift, YGR: Yadong-Gulu Rift, COR: Cona-Oiga Rift, MFT: Main Frontal Thrust, JLF:
Jiali Fault, KKF: Karakash Fault, KF: Karakoram Fault. b The upper panel shows the
profile of fault-normal velocity along with the corresponding velocity fit using the
Okadamodel. The lower panel presents the forward-modelleddeformationderived
from the inverted lower crustal strain (from a).
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Navigation Satellite System (GNSS) offsets and decadal InSAR obser-
vations (Supplementary Fig. S2–3) acquired before the Dingri earth-
quake to derive high-resolution 3D interseismic surface deformation
rate maps for southern Xizang (Fig. 1 and Supplementary Fig. S4)
(Methods). These maps constrain lower-crustal strain-rate models
(Fig. 1A, Supplementary Fig. S5–6), which illuminate the mechanisms
driving both the Dingri earthquake and the broader graben system
(Methods). At a regional scale, east-west extensional strain in the lower
crust alignswith themajor grabens of southernXizang (Fig. 1A). Locally
across theDengmeCoGraben, strain distribution indicates ~2.4mm/yr
of extensional deformation beneath the ruptured faults (Fig. 1B),
implying a causal link between lower crustal loading/flow and the
earthquake.

Independent inversions of interseismic geodetic observations
across themain fault segment yield a locking depth of 7:1 ± 3:2 km and
a slip rate of 0:6±0:2 mm/yr (Methods), consistent with geological

estimates of 0.1–0.7mm/yr for the Dengme Co Fault15. Assuming
a ~3m coseismic slip and a fully locked fault, this corresponds to a
recurrence interval of ~5000 years for Dingri-like events. In contrast,
the western fault segment shows a locking depth of 0:4±0:1 km and a
slip-rate of ~2:1 ±0:2 mm/yr, indicating that shallow creep dominates
the interseismic period (Fig. 1B) but the same segment also hosted
deeper coseismic rupture (Fig. 2a). Such shallow creep may act as a
rupture barrier, inhibiting coseismic slip from reaching the surface. A
high-resolution coseismic rupture model is therefore required to
clarify how interseismic loading relates to coseismic rupture and
subsequent postseismic responses.

Kinematic rupture process and dynamic triggering
To resolve the spatiotemporal rupture process of the earthquake, we
apply a back-projection (BP) method20 to high-frequency (0.3–1.0Hz)
teleseismic waveforms recorded by the Australian (AU) and Eurasian
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Fig. 2 | Kinematic rupturemodels of theMw 7.1 Dingri earthquake anddynamic
stress generated by rupture on themain fault. aMap view of the high-frequency
(HF) radiation evolution andALOS-2 coseismic surfacedisplacement.bMapviewof
the finite fault slip distribution, overlaid with HF radiators and relocated

aftershocks (M> 3). The inset in (b) shows the dynamic Coulomb stress (11 s after
the origin time) on F4. c Moment-rate function of the finite fault model and the
spatiotemporal progression of HF radiation. d Snapshots of coseismic slip evolu-
tion and HF radiation.
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(EU) arrays (Supplementary Fig. S7–8) (Methods). BP results reveal
both the spatial distribution and temporal evolution of high-frequency
radiators (Fig. 2A, C). The BP results show that rupture propagated
unilaterally northward, initiating at a relatively slow speed of ~1.5 km/s
during the first 10 s before accelerating to ~2.7 km/s and continuing for
~30 km. Strong high-frequency radiation in the first 10 s coincides with
the region experiencing the most severe damage14. Near the northern
termination of the surface rupture, a cluster of intense high-frequency
radiation appears, possibly resulted from the stopping phase21 gener-
ated by the termination of the rupture. These BP results provide
independent constraints on rupture speed, forming a critical input to
the subsequent finite fault inversion.

Combining aftershock seismicity22, geodetic observations and
both GCMT23 and W-phase24 moment-tensor solutions, we approx-
imate the fault geometry with four fault segments: southern (F1),
central (F2), northern (F3), and western (F4) (Fig. 2B). We jointly invert
teleseismic body waves, local and regional strong motion waveforms,
and down-sampled geodetic data for a finite fault model (Methods).
Our preferred rupture model (Fig. 2) reproduces all major features in
all these observations (Supplementary Fig. S9–12). The model shows
that the rupture initiated on F1 at ~8 km depth, with slip on F1 and the
southern part of F2 concentrated between the depth of 5–10 km. This
slip coincides with intense high-frequency seismic radiation (Fig. 2B),
indicating theheterogenous stress conditions atdepth. The largest slip
asperity occurred on the northern part of F2, with slip shallower than
7 km that reached to the surface. Despite producing the twisted sur-
face rupture, this dominant slip patch ruptured relatively smoothly at
high speed and is relativelydepletedof high-frequency radiation, likely
reflecting a more uniform rupture process25–28.

Most of the rupture on the western fault (F4) occurred 10–15 s
after the origin time, at the depths of 3–8 km (Fig. 2D). Stress trans-
ferred from themain fault rupture (F1-F3) produced dynamic Coulomb
stress changes on F4 that peaked at ~2MPa also at 10–15 s (Fig. 2B and
Supplementary Fig. S13), coincided with the rupture timing inferred
from the finite fault model. Coseismic slip area on F4 was largely
confined to thepositiveCoulomb stress change regime (Fig. 2B). These
agreements indicate that the deeper portion of F4 was dynamically
activated during the mainshock, while the shallow sections accom-
modated coseismic stress perturbations through postseismic afterslip
(see next Section).

Widespread Triggered Aseismic and Seismic Slip
High resolution Sentinel-1 InSAR data captured postseismic deforma-
tion during the month following the mainshock (Methods), revealing
intricate fields associated with viscoelastic relaxation, shallow after-
shocks, and aseismic afterslip (Fig. 3). Viscoelastic relaxation is char-
acterised by long-wavelength surface deformation (see next section),
whereas shallow afterslip and aftershock deformations are in much
shorter wavelength (Figs. 3, 4, Supplementary Fig. S14–15). The latter
shallow processes can be further distinguished by their different
temporal behaviours: aftershock deformation remains static in time,
while aseismic slip generally continues to evolve (e.g., profiles 1,7 vs.
2-6 in Fig. 3b).

Careful inspection of the postseismic InSAR images identified two
aftershocks (Supplementary Table S1) and more than 50 mostly
unmapped fault segments that exhibited shallow aseismic slip (Fig. 3A,
Video.S1 archived in Figshare) (Methods). The largest LOS displace-
ment (~15 cm) occurred between January 8 and February 13, ~5 km

Fig. 3 | Activated potential faults after the earthquake, postseismic deforma-
tions, and static Coulomb stress. a Map view of static Coulomb stress change at
1 km depth, calculated using the finite fault model. White lines represent mapped
potential fault traces. In the Coulomb stress calculation, the strike angle of all
receivers isfixed at 189°, thedip angle is set to48°, and the rakeangle is -85°. The six
insets in (a) show wrapped InSAR line-of-sight (LOS) data capturing postseismic
deformations, along with the time pairs for the InSAR acquisitions. Our mapped

fault segment traces (white lines) and fault segments (black rectangles, with the
heavier line indicating the upper bound) are used inmodelling two aftershocks and
three aseismic slip events. The fault planes in the inset plots correspond to our
derived faultmodels for these aftershocks and aseismic slip events.b Sevenprofiles
of postseismic deformations from (a), with aftershock-related deformations shown
at the top and aseismic slip events at the bottom. The first and last dates of post-
seismic SAR acquisitions are indicated in grey and green text, respectively.
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north of Dengme Co (Supplementary Fig. S14). We modelled the
deformation from the two aftershocks and aseismic afterslip on three
fault segments using uniform-slip Okada model (Supplementary
Fig. S16–20 and Supplementary Table S1) (Methods). The inferred
centroid depths are ~2–8 km, with slip direction showing a substantial
strike-slip component, likely because the fault normal directions are
misaligned with the extensional principal stress in the crust, as well as
fault geometry and friction complexities inherited through geological
time scale evolutions.

A striking feature of all triggered slip is their overlap with areas of
large (>1MPa) positive Coulomb stress change from the mainshock at
1 km depth (Fig. 3A). These triggered slip can be grouped into three
categories, Type 1 occurred on or very close to the main ruptured
faults (F2), particularly at rupture terminations and at strongly curved
sections of the surface trace (the three eastward protrusions). These
locations coincide with coseismic static stress perturbation exceeding
2MPa, consistent with geometrically controlled rupture arrest and
incomplete coseismic slip. Type 2 afterslip was distributed between
the main fault F1-3 and F4, as well as above and south of the hypo-
centre. These slips occurred on pervasively distributed weak faults
across the Dengme Co Graben under modest Coulomb stress changes
(1–2MPa). Such stress change is sufficient to drive both aseismic slip
and seismic rupture, as suggested by the two aftershocks in Fig. 3B.
Triggering of even bigger events like the Dingri mainshock maybe
possible when the background stress condition is sufficient. Their
frictional behaviour likely lies near the transition between velocity-
strengthening and velocity-weakening regimes29. Type 3 afterslip
occurred onF4, representing accelerated interseismic creep at shallow
depth (<3 km) under velocity-strengthening friction. At depths of
4–6 km on F4, however, seismic slip occurred due to dynamic stress
perturbations, suggesting frictional properties that transition from
stable to unstable. This depth-dependent change in friction is the key
control on mechanical segmentation of fault slip along dip.

Time-series InSAR data reveals complex evolution of deforma-
tion from aseismic afterslip (Fig. 3B, profiles 2–6). From four post-
seismic SAR image acquisitions, we derived LOS displacements for
three consecutive 12-day intervals (Fig. 3B, and Supplementary
Fig. S14–15). The temporal patterns differ across profiles. Along
profiles 5 and 6, sharp offsets reflect substantial shallow afterslip on
the main fault, whereas profiles 2-4 are dominated by long wave-
length signals, primarily resulting from viscoelastic response, with
smaller steps attributable to shallow creep. The superposition of
viscoelastic response and afterslip produces variable differential
amplitudes between time intervals. For example, along profile 4 the
deformation increment during the first 12-day pair (purple vs. grey
dots in Fig. 3B) exceeds that of the following pair (green vs. purple),
whereas other profiles show much weaker double-difference signals.
To better resolve detailed frictional properties on these faults, longer
duration InSAR observations acquired in the future will make it
possible. With long wavelength deformation features in the current
dataset, the rheological nature of the middle-to-lower crust could be
constrained.

Early viscoelastic response due to weak middle-to-lower crust
The long-wavelength uplift around the main fault zone in postseismic
InSAR observations suggests a deformation process in the middle-to-
lower crust, which is likely to be viscoelastic relaxation (Supplemen-
tary Fig. S14–15, and Fig. 4B, D). However, this response is entangled
with shallow afterslip in the InSAR data, and distinguishing the two
requires high spatiotemporal resolution postseismic observations. To
separate these processes, we first inverted for afterslip using the same
fault geometry as the coseismic slip model, assuming no additional
deformation mechanism. This inversion achieved only 49%
data–model correlation and left clear residuals around the main fault
(Supplementary Fig. S21). In particular, the descending track shows

distinct long-wavelength positive residuals, suggesting a contribution
from processes deeper than the seismogenic crust. Deep afterslip can
be excluded as the resulted deformation polarity is opposite to this
residual (Supplementary Fig. S21B3).We therefore used our finite fault
model as input to test the surface displacements predicted by vis-
coelastic relaxation, adopting a bi-viscous Burgers rheology, while
simultaneously inverting for afterslip on faults (Methods). The
resulting model reproduces the observations well. The results suggest
an optimal viscoelastic layer at depth ≥ 20 km, with a Kelvin viscosity
coefficient of 5 × 1017 Pa·s (Supplementary Fig. S22), given an assumed
Maxwell viscosity of 1 × 1019 Pa·s that is insensitive to the early
postseismic phase.

Building on this, we implement a coupled viscoelastic and elastic
inversion framework30,31, using postseismic InSAR data to jointly
resolve afterslip and middle-to-lower crustal strain (Methods). Com-
pared with coseismic slip, the resulted afterslip is primarily con-
centrated in the shallower sections of the main fault, with someminor
slip at depth (Fig. 4A). In contrast, viscous strain localises directly
beneath the fault zone and produces longwavelength uplift in the LOS
observations (Fig. 4B). The preferred model reproduces both
ascending and descending observations at short and longwavelengths
(Fig. 4B–E), yielding a data-model correlation of 87%, substantially
higher than that from afterslip-only inversion. The lower-crustal strain
distribution from this joint inversion also closely matches the forward
stress field calculated from the finite fault model (Fig. 4a). Resolution
tests further confirm the robustness of the inversion (Supplementary
Fig. S23). Finally, trade-offs between viscoelastic relaxation and deep
afterslip are ruled out, as their opposite polarity in the resulting LOS
displacement.

One could argue that the observed uplift in the LOS deformation
(Fig. 4B) might be resulted from poroelastic rebound in the upper
crust, driven by fluid flow triggered by the mainshock32,33. To test this,
we calculated the volumetric stress change induced by the coseismic
slip. The resulted stress field shows a clear compressional pattern
within the uplifted region (Supplementary Fig. S24), corresponding to
a compaction response due to coseismic slip. We then incorporated
fluid diffusion andmodelled three poroelastic rebound scenarios, with
permeability structures extending to the depths of 5 km, 10 km, and
20 km. All scenarios predict > 3 cm of surface subsidence, opposite to
the observed uplift (Supplementary Fig. S25). We therefore conclude
that the poroelastic rebound alone contributed minimally to the
postseismic surface deformation, and the observed long wavelength
uplift is mostly from viscoelastic relaxation.

In our preferred viscoelastic model, a Kelvin viscosity of 5 × 1017

Pa·s indicates a fairly weak mid-to-lower crust beneath the Dingri
earthquake. This value lies at the lower end of viscosities reported for
Xizang and the adjacent regions (Supplementary Table S2). Notably,
the topof this viscous layer coincideswith themaximumdepthof early
aftershocks recorded by a local dense array (Supplementary Fig. S26).
Independent seismic evidence further supports this interpretation:
shear wave seismic tomography and receiver function results along
east-west oriented profiles at ~100 km north of Dingri reveal a low-
velocity zone at 20–40 km depth34,35 (Supplementary Fig. S27). These
independent investigations all point to aweakmiddle-to-lower crust in
the vicinity of the Dingri earthquake. Our findings are consistent with
the long-standing hypothesis that the partially molten lower crust
flows laterally in response to gravitational forces and crustal thicken-
ing in Southern Xizang36–38. Such deep-seated flow could be respon-
sible for driving upper crust viscous buckling and crustal extension in
Southern Xizang39–41.

Methods
Coseismic displacement map processing
We used CtSent software to process Sentinel-1 InSAR interferograms
(see Supplementary Table S3). We first completed the geometrical
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coregistration42 and then corrected the azimuthmisregistration43 of all
images. We simulated the flattened earth and topographic phase and
removed from all interferograms. We performed multi-looking
operation on all interferograms using a window size of 5 × 2 (range-
by-azimuth). Then an adaptive spectral filter was applied44.Wemasked
pixels with coherence < 0.75 and built an All-Pair-Shortest-Path (APSP)
network45 using phase gradients to unwrap single-interferogram pha-
ses while excluding edges with large gradients (e.g., across faults). All
unwrapped interferograms were geocoded at ~25m× 25m (Supple-
mentary Fig. S1).

We processed ALOS-2 Stripmap data using ISCE software. A 1 × 2
multilook (range-by-azimuth) preserved resolution for phase
unwrapping, and the same adaptive spectral filtering was applied. We
applied ionospheric correction to ALOS-2 data using a 32 × 64 multi-
look to enhance signal-to-noise-ratio (SNR) and prevent unwrapping-
induced artifacts from the split-spectrummethod46. All interferograms
were then geocoded (Supplementary Fig. S1).

We performed Pixel Offset Tracking (POT) on Sentinel-1 and
ALOS-2 images using ISCE’s ampcor.py, with 128-pixel windows and a
4-pixel step. Results were Gaussian-filtered (5 × 5) and masked for
correlations < 0.6. All POT results are shown in Supplementary Fig. S1.

Time series InSAR data processing
We obtained filtered interferograms from the COMET LiCSAR
platform47 (Supplementary Table S4), already corrected for topo-
graphy and flat-earth effects. After applying GACOS atmospheric
corrections48, we removed interferogramswithmean coherence <0.75
and retained pixels with average coherence >0.75. We computed
temporal coherence andmasked pixels below 0.75 before APSP-based
phase unwrapping refined by coherence quality. Interferograms were
referenced to the first acquisition, and velocities were estimated via
iterative reweighted least squares, incorporating a Heaviside jump for
Mw> 5 events to minimise the coseismic effects.

After velocity estimation, we corrected for rigid plate motion by
removing rotation rate of the Eurasian plate from the velocity fields.
We further aligned InSAR velocities to a Eurasia-fixed GNSS frame by
fitting a second-degree polynomial to remove orbital ramps and con-
stant offsets. This deramping effectively mitigates residual orbital
ramps and offsets but also removes the long-wavelength vertical
component. Consequently, in the plastic strain and fault locking ana-
lyses, we used levelling data as vertical constraints instead of InSAR-
derived vertical velocities (see next sections). The ascending and
descending track velocity maps are shown in Supplementary Fig. S2. A
comparisonbetween thefinal InSARvelocitymaps andGNSS velocities
is presented in Supplementary Fig. S3.

3D interseismic velocity map, slip rate and locking depth
Decomposing 3D velocities from ascending and descending InSAR
data requires additional constraints, as polar-orbiting satellites poorly
resolve North–South motion. Interpolating the N–S velocity helps
reduce degrees of freedom but may oversmooth fault-related defor-
mation, biasing 3Destimates. To address this, weused the interpolated
velocity azimuth angle (Supplementary Fig. S28), referenced to a
Eurasia-fixed frame, as an additional constraint instead of directly
interpolating the North-South velocity49,50. Supplementary Fig. S4
shows the 3D interseismic velocity fields, with GNSS comparison in
Supplementary Fig. S29. High correlations (0.96 E–W, 0.88 N–S) con-
firm its robustness, and uncertainties of all components were also
estimated. These uncertainties are derived from the diagonal elements
of the inverse of the normal matrix, i.e., from the linear inversion of
BX = L, where B is the designmatrix and L the combined ascending and
descending LOS observations. The uncertainties correspond to the
square roots of the diagonal elements of of invðBTBÞ. Our results in
Supplementary Fig. S30A–C show: the East-West direction has the
lowest uncertainty; the Up-Down follows; the North-South direction

has the highest uncertainty. Regions with overlapping swaths exhibit
the lowest uncertainties due to better geometric constraints provided
by multiple viewing angles. This directional variation in uncertainty
may help explain the relatively lower InSAR–GNSS correlation in the
North-South component.

We also computed the residual misfit of the inversion using

V =BX � L. The root mean square (RMS) misfit is calculated as
ffiffiffiffiffiffiffi
VTV
n�1

q
,

where n is the number of observations. This metric quantifies the
disagreement between overlapping InSAR tracks. Our results (Sup-
plementary Fig. S30d) show that the RMS misfit is generally less than
3mm/yr, indicating good consistency among different track
combinations.

To estimate the slip rate and locking state of the main fault and
F4 segment, we extracted the horizontal velocity along the profile in
Fig. 1 and converted them into the fault-normal direction. Due to the
potential glacier motion and landslides related deformation in our
horizontal velocity map (Fig. 1 and Supplementary Fig. S4), we
adopted a simplified Okada model51 to represent the interseismic
velocity along the two faults. Each fault is modelled as a dipping
segment characterised by its fixed surface trace, locking depth
(starting point depth), down-dip width, and slip rate. We set a large
down-dip width of 150 km to approximate a deep creeping exten-
sion, about three times half of the profile extent. We used a Markov
Chain Monte Carlo (MCMC) process to search the final four para-
meters and a constant offset. The final fit results are presented
as Fig. 1B.

Interseismic lower crust strain (Plastic Strain) inversion
We inherited the same framework as introduced in Wang and Barbot52

to invert the lower crust strain.Wefirst collected 4458GNSShorizontal
velocity vectors and 532 levelling measurements from multiple
studies53–55, andmasked out all observations out of cuboid region. The
finally involved 617 GNSS horizontal velocity vectors are relative to the
fixed Eurasia plate. All levelling data are relative to the stable sites
northeast of the Tibet Plateau. To better approximate the movement
of the Tibet Plateau, we first removed the net rotation in GNSS
vectors52.

Through least square fitting, we estimated the Euler pole and
angular velocity and removed the forwarded net rotation from the
GNSS horizontal velocity vectors (Supplementary Fig. S31A). We also
calculated the rotation content and removed them from InSAR hor-
izontal velocity maps (Supplementary Fig. S31B–C). We inherited the
assumption that these deformations free of net rotations are caused
by stratified lithosphere beneath the Tibet Plateau52. The accumu-
lated slip of faults, strain in the lower crust and upper mantle can
contribute to the observed surface deformation31,56. Following Wang
and Barbot52, we discretize all faults in triangle dislocations57 and
their bottom reach the brittle-ductile transition provided by
CRUST1.058. We approximated the ductile layers with a size of
2500 km width by 1250 km length along the strike angle of 28
degrees, which is same as the convergency direction of the Indian
Plate and Eurasia Plate, using discretized cuboids with 50 km length.
There are 1250 cuboids, with 1250×6= 7800 strain elements to be
solved. The bottom depth of all cuboids is set to the Moho58, with a
uniform thickness of 20 km. In the simultaneous inversion of fault
slip and cuboid strain elements, we performed Laplacian smoothing
on their respective layers. To enforce the deviatoric strain to be
constant in the lithosphere, we set an additional constraint to the
trace of strain tensor to be zero.

Dense InSAR velocity maps were incorporated as additional con-
straints beyondWang and Barbot52. The green functions including the
brittle and ductile ones are in the larger scale. To invert this large-scale
geodetic problem, we convert the objective function from least
squares to quadratic programming59. Themathematical formulation of
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this geodetic inversion V =GX is given by

Vew

Vns

V level

V InSAR ew

V InSAR ns

2
666664

3
777775

V
=

Gf Gs Gl
� �

G

f
S

Δlevel

2
64

3
75

X

ð1Þ

where Vlevel is the levelling data, VInSAR ew and VInSAR ns correspond to
downsampled intersiesmic horizontal velocity map in 500m resolu-
tion, Gf is the green function for fault slips f , Gs is the green function
for strain tensors Gs, and Gl is to accommodate the regional uplift or
subsidence Δlevel in levelling data.

In previous studies, the inversion is completed by a regularised

least-squares through solving
V
0

� �
=

G
γ*L

� �
X , where γ is the regular-

isation factor and L is the Laplacianmatrix.We converted this question
into a quadratic programming problem through searching the optimal
solution of

min
X

1
2
XTHX + cTX

� �

subject to

H =GTG+ LTL

c=�GTV

AX =0

lo ≤X ≤up

ð2Þ

where H is the quadratic objective matrix, c is the linear objective
vector,A is the constraintmatrix to set the trace of strain tensors to be
zero, lo is the lower boundary of X and up is their upper boundary.
Supplementary Fig. S5–S6 present the model fits and residuals. Fig-
ure 1A shows the estimated maximum shear strain and horizontal
orientations. Supplementary Fig. S32 shows the comparison between
the lower crust strain presented in the previous study52. Resolution test
of our lower crust strain model in the following section can illustrate
our model constrained from more dense observations has good
resolution.

Tele-seismic back-projection
We resolved the evolution of high-frequency (HF, 0.3-1.0Hz) radiation
of the Dingri Mw 7.1 mainshock using back-projection (BP)
technique60. BP takes advantage of source-receiver reciprocity and
back-propagates the array HF waveform data to the source region,
tracing the location and time of sources by either maximising the
stacking power in time domain61 the coherence in frequency domain62.
The waveform data (Supplementary Fig. S8) used for BP analysis are
downloaded from two large-aperture teleseismic arrays, the Australian
and Eurasian arrays (Supplementary Fig. S7) onto the mainshock
source region to image the source process of the mainshock. We then
adopt the MUltiple SIgnal Classification (MUSIC)20,62 method to
conduct BP.

Finite fault inversion of kinematic rupture model
We derived the finite fault model of the kinematic rupture process
using a non-linear joint inversion of seismic waveforms and static
deformation data63. The seismic datasets include teleseismic P
(45 stations) and SH (27 stations) waves, as well as regional strong
motion (7 stations) records. Teleseismic waveformdata were obtained
from IRIS and recorded by the Global Seismological Network (GSN).
Instrument responses were removed, and the data were converted to
displacement after applying a 1.0Hz low-pass filter. Three-component

waveform records from 7 regional strong motion stations were also
incorporated (Supplementary Fig. S9).

For the static constraints, we used the ALOS-2 descending inter-
ferogram (acquired 2025-01-07), which captures the coseismic defor-
mation with minimal postseismic contribution and full spatial
coverage. One Sentinel-1 ascending interferogram was also included.
Other geodetic datasets were excluded due to redundancy or sig-
nificant postseismic contamination. Both ascending and descending
datasetsweredownsampled to ~3000points. Strong-motion and static
Green’s functions were computed using a 1-D velocity model64 and a
wavenumber-frequency integration method65.

The kinematic rupture model was parameterised with four seg-
ments, defined by surface rupture traces, geodetic observation, and
aftershock seismicity. Segment strikes follow themain surface rupture
(F2), hinge-line (F1, F3) and postseismic creep (F4). All segments were
assigned a dip of 48 degrees (including F4), consistent with both
GCMT andW-phase solutions. Each fault segment was subdivided into
2 km× 2 km subfaults, with slip amplitude, rake, risetime and rupture
velocity solved for on each patch. Rake was constrained between −45°
and −135°. Risetimewasmodelled as a cosine arc, ranging from0.75 to
7.5 s in 0.75 s steps. Slip amplitudewas bounded between 0 to 6m and
the rupture velocity between 1.5 km/s to 3.0 km/s.During inversion, we
set the empirical weight for the geodeticmisfits to be double of that of
the waveform misfits, following the previous studies66. The preferred
finite fault model is shown in Fig. 2. Fits to strong-motion and tele-
seismic data are presented in Supplementary Fig. S10–S11, while static
deformation fits are provided in Supplementary Fig. S12.

Dynamic stress calculation and triggering potential analysis
To assess the dynamic stress on segment F4, we used the finite fault
model of segments F1–F3 as sources to simulate waveforms and
resulting stresses on F4. Following Haskell’s (1964) double-couple
radiation pattern theory67, we computed radiation coefficients using
each segment’s strike, dip, rake, and relative azimuth, and scaled them
by seismicmoment to obtain source amplitudes. The same 1D velocity
model and Green’s functions as in the finite fault inversion were
applied, and the source amplitudes were convolved with a cosine time
function to generate synthetic displacement waveforms65.

We performed spatial differentiation of the displacement wave-
forms and calculated the stress tensors. We projected those stress
tensors to the traction on the receiver fault to calculate the normal and
shear change (Supplementary Fig. S13A–b). The shearmodulus was set
to 30GPa, and the friction coefficient was assigned a value of 0.4. We
defined negative normal stress as indicative of tension. The rake angle
was fixed at −85°, the averaged rake angle of the F4 finite fault slip
model, with positive shear stress signifying promotion of slip in that
direction. Finally, we computed the dynamic Coulomb stress change
induced by the source fault on the receiver fault (Supplementary
Fig. S13C).

Postseismic InSAR deformation processing and potential fault
segment mapping
We produced all Sentinel-1 postseismic interferograms using CtSent
software. We applied all images (Supplementary Table S5) with the
same data processing steps as coseismic interferogram processing.
After all data processing steps, we applied an additional atmospheric
noise correction method to all postseismic interferograms, due to the
contamination of heavy atmospheric noise.

In the atmospheric noise estimation process of each inter-
ferogram, we used a sliding window of the wavelength of 100 km to fit
the 1D correlation between InSAR phase and elevation68. Note that the
100 kmwavelengthweused is to reserve thepotential longwavelength
deformation in interferograms.

We modelled the InSAR phase–elevation correlation as y = a * x +
b, where y is phase and x is elevation, estimating spatial distributions of
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slope a and intercept b through sliding-window fitting. The fitted
atmospheric phase ŷ was removed from all interferograms. As shown
in Supplementary Fig. S14, the postseismic deformation snapshots
reveal progressive afterslip and possible viscoelastic relaxation, dis-
tinguishing temporally evolving aseismic slip from static seismic off-
sets. Fig. S15 further shows overlapping short- and long-wavelength
deformation patterns.

By tracking postseismic deformation through time, we identified
fault segment extensions from zones of strong deformation gradients
visible in at least one InSAR track. These gradientsmark active faulting
near the surface and were integrated with fault traces from Bayesian
slip inversion (Supplementary Video S1).

Bayesian slip inversion of aftershocks and aseismic fault slip
The postseismic InSAR deformation field includes contributions from
two moderate aftershock and three visually identifiable aseismic fault
slip events that occurred off the main fault. We employ a Bayesian
inversion approach using Geodetic Bayesian Inversion Software
(GBIS)69 to simulate these deformations. The mean deformation field
from three postseismic deformation maps was inverted after semi-
variogram noise estimation and quadtree subsampling. In Supple-
mentary Fig. S16–S20 we show the posterior PDFs for the nine fault
source parameters obtained after 1 × 106 iterations (burn-in calcula-
tions of the first 2 × 104 iterations are removed) and data fits and their
derived optimal fault plane. The maximum a posteriori probability
solution and the 95% confidence intervals are reported as Supple-
mentary Table S1.

Geodetic afterslip and viscoelastic strain inversion
Wemodelled surface deformation using elastic dislocation theory in a
homogeneous half-space (rigidity = 30GPa, Poisson’s ratio = 0.25),
adopting the finite-fault geometry with depth extension and patch
sizes increasing from ~500m near the surface by a factor of 1.1 with
depth. Before inversion, we forwarded and removed the contribution
from two possible aftershocks. We selected postseismic deformation
data exclusively from Sentinel-1 ascending track (2025-01-17 to 2025-
02-22) and Sentinel-1 descending track (2025-01-13 to 2025-02-18),
assuming that the four-day observation difference between these
datasets was negligible.

We inverted InSAR-derived postseismic deformation for fault
afterslip using quadratic programming, constraining dip-slip to keep
the rake between �135� and �45�, and applying Laplacian smoothing
within and between the three fault segments (F1–F3). We set the
smoothing factor to 0.045, inherited from Ma et al.28. The corre-
sponding postseismic deformation fits are presented in Supplemen-
tary Fig. S21. The data-model correlation only reaches 49%. The
residuals shown in Supplementary Fig. S21a3, b3 for the ascending and
descending track data all show clear residuals around the fault planes.
For the descending track, clear positive residuals can be seen, indi-
cating possible another mechanism.

We also conducted an inversion of InSAR-derived postseismic
deformation to estimate both fault afterslip and lower crustal strain. In
this inversion, we set the cuboid size to 10 km, given that the post-
seismic deformationwas adaptively downsampled to samples with the
highest sampling resolutionof 100m. The top depth of the lower crust
was fixed at 20 km based on tests from viscoelastic relaxation forward
modelling, while the bottom depth was set to 69 km, following the
crustal thickness defined in the CRUST1.0 model.

We applied the same quadratic programming approach to esti-
mate both fault afterslip and strain tensors. Incorporating lower-
crustal strain significantly improves the fit, yielding a data–model
correlation of 87% (65% from afterslip and 22% from lower-crustal
strain) for the postseismic deformation (Fig. 4C, E), compared to the
case with afterslip alone. The deformation (Fig. 4C, E) predicted from
lower-crustal strain (Supplementary Fig. S33) reproduces the residual

patterns left by the afterslip-only model (Supplementary Fig. S34),
providing clear evidence for a lower-crustal contribution. Moreover,
the associated surface deformation (Fig. 4C, E) exhibits a much longer
wavelength than that from afterslip, consistent with a plausible con-
tribution from an early viscoelastic response.

To validate this interpretation, we compared the inferred strain
amplitudes with forward-modelled viscoelastic relaxation results,
which provide an independent estimate based solely on forward
simulations of the response to static coseismic stress changes. The
inverted and the simulated surface deformations exhibited a similar
distribution, particularly in the uplift pattern directly beneath themain
fault zone (Supplementary Fig. S35).

Viscoelastic relaxation forward simulation
In viscoelastic relaxation forward simulation, the coseismic slip model
from the finite fault inversion is utilised as an input to compute the
associated stress field. We adopted a Burgers body (Kelvin + Maxwell
elements) with a fixed Maxwell viscosity of 10¹⁹ Pa·s, given limited
postseismic constraints. Using a simplified rheological structure for
Dingri, we tested varying elastic-layer depths and Kelvin viscosities by
simulating and removing viscoelastic deformation before afterslip
inversion and evaluating the residuals (Supplementary Fig. S22).

Our preferred model includes a 20km elastic upper crust over a
49 km viscoelastic layer (from CRUST1.0), consistent with the after-
shock depth cutoff indicating the brittle–ductile transition. Themodel
spans 250× 250 km, and minimising residual misfit yields a Kelvin
viscosity of 5 × 10¹⁷ Pa·s, lower than values from previous Tibetan
studies on different earthquakes and lake loading in the Tibet Plateau
(Supplementary Table S2), suggesting a weak lower crust and a proxy
of the lower crust channel flow36,40,41. The supportive evidence can be
found from the seismic tomograph results34,35. There is a low velocity
zone beneath the Dingri county (Supplementary Fig. S27). Its top
depth is approximately 20 km, and its thickness is around 20 km, well
consistent with our preferred middle-to-lower crust model. The cor-
responding model-predicted surface displacements are presented in
Supplementary Fig. S35. Overall, the model predictions exhibit a rea-
sonable agreement with the InSAR observations. The most prominent
feature is the localised uplift around the main fault zone.

Resolution test on the geodetic inversion
We first performed checkerboard tests to evaluate the resolution of
our lower crustal strain model (Supplementary Fig. S23, S36). The
results indicate that, regardless of whether we inverted fine or coarse
straindistributions, regions constrained by the combined InSAR,GNSS
and levelling data are well resolved. In contrast, using only GNSS data
as constraints leads to a reduction in the strainmodel’s resolution. This
indicates that the additional constraints from levelling and InSAR data
significantly enhance the resolution of the lower crustal strain model,
making it more reliable and robust compared to models with fewer
constraints. Next, we conducted checkerboard tests for the afterslip
inversion, inputting strain models and afterslip distributions with
varying resolutions. Our model effectively resolves these inputs in the
regions with dense InSARmeasurements, indicating that the observed
afterslip and postseismic can be untangled and the derived lower
crustal strain are reliable.

Data availability
All Sentinel-1 SAR images are provided by the European Space Agency
and canbeobtained from (https://search.asf.alaska.edu/#/search). The
teleseismic data are freely provided by (https://ds.iris.edu/ds/nodes/
dmc/data/). Our InSAR inter-, co- and post-seismic deformation maps,
BP results, lower crust strain maps, mapped fault trace, kinematic
coseismic slip, afterslip models, and and the animation for mapped
fault segments and postseismic deformations (Video. S1) are available
at (https://doi.org/10.6084/m9.figshare.30472607.v2).
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Code availability
CtSent software can be downloaded from (https://zenodo.org/
records/10776079). ISCE software is freely accessed from (https://
github.com/isce-framework/isce2).
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