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Pre- and co-seismic stress loading
promoted low-angle splay fault during the
2025 M,, 7.1 Tingri earthquake
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Major (M 7)continental normal-fault earthquakes are rare, and the potential for low-angle ( < 30°) fault
slip in such events remains highly debated. The 2025 M,, 7.1 Tingri earthquake provides a pivotal case
study. Here our Bayesian inversion of geodetic data reveals complex slip on a west-dipping main fault
dipping at 45-55° and a synthetic, low-angle splay fault dipping at 27°. Aftershock seismicity confirms
the coexistence of both steeply and shallowly dipping fault segments. Coulomb stress modeling
shows the main fault slip partially loaded the splay, while stress inversion of regional historical
seismicity indicates a pre-stress regime that promoted instability on the low-angle splay. This
demonstrates a cascading process, enabled by the pre-stress environment and co-seismic stress
transfer, which together facilitated the low-angle faulting. Our findings suggest the mechanical viability
of low-angle faulting in major normal-fault earthquakes, refining models of fault activation and seismic

rupture dynamics in continental extensional regions.

Major (M,,27) continental normal-fault earthquakes are uncommon, yet
their rupture dynamics carry outsized implications for seismic hazard in
extensional regions. Normal-fault systems are typically segmented, exhi-
biting variable dips and linked synthetic—antithetic pairs, as documented by
geomorphology, seismic imaging, and paleoseismology'™. While the exis-
tence of low-angle normal faults (LANFs; dip <30°) in continental exten-
sional regions is well-documented, the mechanics of their formation remain
controversial. Classic Andersonian fault theory predicts that such shallow-
dipping faults should remain mechanically locked. There is also a notable
scarcity of observed LANF slip during continental normal-fault earth-
quakes. Consequently, LANFs are often interpreted as the result of long-
term rotation of originally high-angle faults’. A central unresolved issue
concerns the conditions under which LANF segments slip during major
earthquakes, as well as the role of multi-segment interactions in modulating
rupture propagation and aftershock distributions®”. Recent dynamic-
rupture models of an M7 LANF earthquake indicate that shallowly-
dipping synthetic splays not only host greater co-seismic slip but also more
effectively arrest shallow rupture on the main fault compared to steeper
antithetic splays®. This rupture dynamic impacts seismic hazard, yet it
remains difficult to verify with modern, well-recorded continental events.
Historical records include a few major (M,,>7) continental normal-
fault earthquakes, such as the 1887 M,,7.5 Sonora’, 1915 M,,7.3 Pleasant
Valley", 1954 M,7.1 Fairview Peak'', and 1959 M,7.3 Hebgen Lake,

Montana'” events. Over the past ~30 years, high-resolution space-based
geodetic measurements, such as Interferometric Synthetic Aperture Radar
(InSAR) and optical remote sensing, have enabled detailed inversions of
segmented ruptures. During this period, continental strike-slip or thrust
earthquakes have frequently exceeded M,,7.5"", whereas major con-
tinental normal-fault earthquakes are rare, and their maximum magnitude
appears mechanically constrained to the lower M,7 range'”'". Repre-
sentative examples include the 2008 M,7.1 Yutian earthquake in northwest
Tibet (Fig. la), where InSAR inversions revealed variable-dip segments
within a north-south trending graben”, and the 2016 M,6.6 Mt
Vettore-Mt. Bove event in central Italy, which ruptured antithetic splays
resolved by joint InSAR, GNSS, and strong-motion data”. The scarcity of
LANFs in continental normal-fault earthquakes remains notable. This may
be partly because multi-fault ruptures can mask LANF slip in seismic nodal-
plane solutions, as energy from shallow-dipping segments is overprinted by
concurrent slip on steeper faults. Alternatively, LANF slip may also occur in
early post-seismic phases when a LANF is triggered as a secondary structure.

The prolonged northward movement of the Indian plate over tens of
millions of years led to its tectonic collision with Eurasia, forming the
Tibetan—Himalayan orogen’'. While Cenozoic crustal shortening dom-
inates due to ongoing India-Eurasia convergence, extensional structures
have emerged as a significant deformation feature within the orogen™.
Among these, the prominent N-S trending rifts represent the most
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distinctive active extensional tectonics (Fig. 1a). On 7 January 2025, at
01:05:16 UTC, a destructive M,,7.1 normal-fault earthquake struck Tingri
County in southern Tibet, as reported by the global Centroid-Moment-
Tensor (CMT) catalog™** (Fig. 1b). This event occurred in the southern
Xainza-Dinggye rift (XDR) and is the largest normal-fault earthquake on
the Tibetan Plateau since the 2008 M,,7.1 Yutian earthquake™. It offers a
rare opportunity to understand how continental normal-fault systems
accommodate major earthquakes as well as the extension in the southern
XDR, which includes Lagoi, Dingmuco, Sangkar, Cuomai, Mabja and
Dinggye faults™. Field observations indicate that the earthquake ruptured
along the pre-existing north-south trending Dingmuco—Lagoi fault system,
with a maximum vertical offset of 2.5-3.0m and segmented surface
ruptures”””’. The throw rate of the Dingmuco fault is determined at 0.6 mm/
yr”’ to 1.1 mm/yr’® during the Quaternary. Combining long-term defor-
mation data with co-seismic data suggests an average recurrence interval of
~800 years for earthquakes of similar magnitude to the 2025 event along the
Dingmuco fault™. Initial InSAR inversions assumed a single planar fault
geometry”’. A subsequent grid search using a two-fault model with a fixed
top edge suggested a conjugate normal fault system’. However, such
graben-like conjugate normal faults are difficult to reconcile with the high-
elevation setting and the north—south asymmetry of aftershocks™.

Here, we explore the rupture geometry of the Tingri earthquake using a
comprehensive dataset comprising historical seismicity, co-seismic InSAR,
and seismic waveforms, along with aftershock catalogues. First, we conduct
a Bayesian probabilistic inversion of InSAR data to resolve the detailed
geometry of the multi-segment rupture. Utilizing the derived fault geo-
metry, we then analyze the distributed slip and slip evolution by inverting
the InSAR and seismic data, respectively, and evaluate the resulting co-
seismic stress transfer. Next, we invert historical seismic data to determine
the regional pre-seismic stress regime, thereby assessing the tectonic con-
trols on fault activation. Finally, we employ an automatic algorithm to detect
and parameterize fault structures from aftershock hypocenters, facilitating
an analysis of how rupture geometry controls aftershock seismicity. This
study advances our understanding of major earthquake ruptures on seg-
mented normal-fault systems and provides insights into seismic hazard in
active continental extensional regions.

Results

SAR deformation and rupture geometry

Range offsets from Sentinel-1A (one ascending and two descending tracks;
see Methods) reveal segmented surface ruptures as discontinuities in offset
maps (Supplementary Fig. S1), outlining a fault system approximated by
three segments (S1-S3). Because pixel-offset noise degrades parameter
stability, we excluded these offsets from fault inversions and instead mapped
line-of-sight (LOS) InSAR deformation using three Sentinel-1A scenes and
one ALOS-2 descending-track image (Supplementary Fig. S2). While
C-band Sentinel-1A data decorrelate near the fault, the L-band ALOS-2
interferogram retains coherence and resolves a more complete co-seismic
displacement field. The combined datasets yield a high-quality deformation
field with asymmetric patterns across the fault and a localized signal west of
the epicenter. This latter feature is especially prominent in the ascending
Sentinel-1A track (T12A), whose narrower color map range accentuates the
complexity of this normal faulting event.

For the prescribed segments S1-S3, strikes were fixed and each seg-
ment was represented by a uniform-slip plane with unknown dip, width,
rake, and slip magnitude. We inverted down-sampled pixels from all four
LOS maps using a Bayesian framework to estimate the posterior probability
distributions of the geometric and kinematic parameters (see Methods).
Posterior marginals are shown in Supplementary Fig. S3. The preferred
three-fault model, obtained from the medians of these posterior probability
distributions, yields strikes of 181°, 192°, and 180° for S1, S2, and S3, with
corresponding dip angles of 51°,46°, and 38° (Supplementary Table S2). The
fit quality, measured by the variance reduction (VR; see Methods), is 80%,
85%, 93%, and 94% for the ALOS-2, Sentinel-1A T12A, T121D, and T48D
InSAR data, respectively (Supplementary Fig. S4).

Residual deformation persists west of the epicenter, most clearly in the
T12A data, indicating that the three-fault model underfits signals in this
area. We therefore introduced a fourth segment (S4) west of S1-S3 and
adopted a four-fault configuration. Given the absence of mapped surface
rupture measurements, fault segment S4 was modeled as a uniform-slip
plane with its top edge unconstrained. S4 was parameterized by nine vari-
ables: (1) 3D fault center coordinates; (2) geometric attributes (strike, dip,
along-strike length, and along-dip width); and (3) slip kinematics (rake and
slip magnitude). Priors confined the fault center west of the epicenter
(Supplementary Fig. S2 and Table S3), and we used broad uniform priors
on strike (0-359°) and dip (1-90°) to avoid geometric bias. A Bayesian
inversion for the four-fault model (Supplementary Fig. S5) yielded med-
ian dip estimates of 55°, 48°, and 45° for S1-S3, respectively. $4 strikes 159°,
dips WSW at 27°, is centered at 4.6 km depth, and accommodates ~0.6 m
of oblique slip dominated by normal-fault motion. Relative to the three-fault
model, the four-fault solution significantly improves the fits to both
Sentinel-1A and ALOS-2 datasets (cf. Fig. 2 and Supplementary Fig. S4),
increasing VR from 80% to 86% for ALOS-2, from 85% to 91%
for Sentinel-1A TI12A, and from 93% to 97% for Sentinel-1A
T121D (Supplementary Table S4). The VR for Sentinel-1A T48D
remained unchanged (94%), as that track does not cover the area west of the
epicenter.

As with three-fault configuration, the four-fault model still underfits
near-fault deformation in the ALOS-2 map. This an expected limitation of
the uniform-slip assumption. This misfit is mitigated in subsequent
distributed-slip inversions (Supplementary Fig. S8). Taken together, the
Bayesian inversion of ALOS-2 and Sentinel-1A datasets supports a major,
steeply dipping normal fault system (S1-S3) accompanied by a synthetic,
shallow-dip splay fault (S4).

Distributed fault slip patterns

As shown in Fig. 2, the ALOS-2 and two Sentinel-1A interferograms (T12A
and T121D) were acquired 5-10 days after the mainshock, and Sentinel-1A
Track (T48D) does not image the area west of the epicenter. A joint
inversion of these InSAR data with seismic records would therefore risk
aliasing early post-seismic deformation into the co-seismic model. To avoid
this bias, we inverted the InSAR and seismic datasets separately (See
Methods).

The InSAR-only inversion locates the principal slip north of the epi-
center (Fig. 3a). Peak surface offset reaches ~2.5 m, consistent with the field
investigation”*. Subsurface slip peaks at ~3 m at a depth of 4-6 km and
extends ~60 km along strike and ~15km down dip. The slip on fault S4
peaks at ~0.8 m, concentrated at 5-7 km depth on the northern section of
the fault.

For the seismic finite-fault inversion, we used near-field co-seismic
strong-motion and GNSS stations (Fig. la) together with teleseismic
records (Supplementary Fig. S7). Due to the sparse near-field data, the
inclusion of $4 not significantly affect the model fit. Consequently, it
remains uncertain whether S4 slipped coseismically with the main fault or in
the early postseismic phase. The resulting slip evolution model for S1-S3
is shown in Supplementary Fig. S8. It indicates that the rupture initi-
ally propagated bilaterally during the first ~10s. Southward propagation
then arrested, while northward rupture continued until ~20s after the
origin time.

Pre-stress and aftershock seismicity

Stress and friction coefficient inversion from regional historical focal
mechanisms (see Methods) yields principal stress orientations (01, 02, 03)
with azimuths/plunges of 270°/74°, 175°/2°, and 84°/16°, respectively
(Fig. 3b). The estimated friction coefficient for faults in the region is 0.45.Ina
standard Andersonian normal-fault regime, 01 is vertical. Here, however, 01
is rotated by 16° from vertical. This inclination indicates the horizontal plane
is no longer a principal stress plane, revealing a shear stress component
acting on the horizontal plane. The estimated stress shape ratio is R =
(01—02)/(01—03) = 0.17. A low R value indicates that 01 and 0, are nearly
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