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The 2024 M,, 7.0 Wushi earthquake is the largest earthquake within the seismically active Tian Shan
during the past three decades. Through integrated analyses of seismic, geodetic, and geologic data,
here we investigate the fault structure corresponding to the Wushi mainshock and subsequent
aftershocks. Our work reveals (i) a moderately-dipping, oblique-reverse main-fault rupture and (ji)
numerous steeply to vertically-dipping subfault ruptures that align obliquely in cross-section to the
main fault. The subfaults made clear aftershock concentrations while the main fault did not, and a
shallowly-buried subfault generated clear surface rupture despite the main fault being totally blind.
This fault network, misoriented with the prevailing background stress field, likely forms through a
reactivation of inherited planes of weakness. These results demonstrate the significant control of
structural inheritance on fault geometric architecture and highlight the complexity of seismic activity

and rupture behavior of the yielding fault network.

Earthquakes represent rapid slip along faults that contain a wide range of
structural geometries and complexities'. While mature faults and associated
large earthquake ruptures generally exhibit relatively simple geometries with
minor splays (e.g., the 2002 M,, [moment magnitude] 7.8 Alaska’ and the
2025 M,, 7.7 Myanmar earthquakes’), there is growing evidence arguing for
much more complex earthquake ruptures with numerous oblique or even
orthogonal subsidiary faults, such as conjugate faults (e.g., the 2019 Rid-
gecrest earthquake sequence’), antithetic fault-tip splays’, as well as
hanging-wall accommodation (e.g., the 1983 M,, 6.5 Coalinga earthquake
sequence’) or transverse (e.g., the 2020 M,, 6.0 Jiashi earthquake sequance’)
faults specific for dip-slip events. These subsidiary faults can interplay with
the main fault to generate a complicated multi-fault mainshock rupture®’
and/or fore-main-aftershock sequence*”'*™"". Furthermore, they can gen-
erate aftershock clusters that significantly deviate from the main fault*'**%
these subfault slip events, however, mostly occur outside the main coseismic
slip area™'®”, i, resulting in a general anti-correlation distribution
pattern of the coseismic slip and the aftershocks™ . The interlacing fault
system can develop in a variety of tectonic settings. A thorough under-
standing of its structural appearance, origin, and evolution during large
earthquake sequences is crucial for deciphering the relationship between

fault structures and fault slip behaviors, and for better assessing potential
seismic hazards.

On 22 January (UTC time), 2024, a M,, 7.0 earthquake struck the
Woushi basin along the southern margin of Chinese Tian Shan (Fig. 1a).
Earthquake parameters from different agencies (Supplementary Data 4)
indicate an epicenter of (41.256°N, 78.654°E), a focal depth of 13-22 km, and
a moderate-angle oblique-reverse faulting mechanism (strike/dip/rake of
the NW-dipping nodal plane: 233-235°/45-49°/41-44°). This earthquake
was followed by numerous strong aftershocks; by 7 March 2024, more than
150 aftershocks of M > 4.0 were recorded, most of which feature similar
focal mechanisms to the mainshock (Fig. 2a). Field survey after the main-
shock revealed no clear mainshock-related surface faulting rupture™, con-
sistent with relatively continuous fringes of the InSAR (Interferometric
Synthetic Aperture Radar) observations™*’. However, a clear surface rup-
ture zone (with a length of >2 km and a maximum vertical offset of >1 m)
was produced by the M,, 5.8 aftershock that occurred 7 days after the
mainshock (January 29) on a SE-dipping reverse fault”*” (strike/dip/rake of
the SE-dipping nodal plane: 40-76°/32-59°/40-116°). The Wushi earth-
quake is the largest earthquake since the 1992 M,, 7.3 Suusamyr, Kyrgyzstan
event, and it is also one of the few large earthquakes that were recorded by a
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Fig. 1| Seismotectonic background of the 2024 Wushi earthquake. a Topography,
active structures (modified from Hu et al.”’), and major earthquakes (from 1885 to
August 2024) within the Tian Shan and adjacent regions. Earthquake epicenters and
focal mechanisms from the U. S. Geological Survey and Kulikova”. TFF: Talas-

Fergana Fault. b Geologic map of the Wushi region (location shown in Fig. 1a) based
ona 1:200,000 geologic map (made in 1957-1961 by Xinjiang Bureau of Geology and
Mineral Resources) and our field mapping. The trace of the Qialemati Fault based on
InSAR observations (Fig. 2b) and the M,, 5.8 (on January 29) surface rupture from
Zhang etal.”*. ¢ Geologic section (location shown in Fig. 1b) across the southern Tian
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7 measirement

Waushi Basin

10 km

Shan and the Wushi basin, interpreted from a petroleum seismic-reflection profile
(base map; see Methods & Supplementary Fig. 14) and our field mapping data, and
its correlation with the InSAR-inverted mainshock and M, 5.8 aftershock rupture
geometries (highlighted using red lines). The topographic line is extracted from the
Shuttle Radar Topography Mission DEM. Depth conversion of the seismic-
reflection profile uses a uniform velocity of 5000 m/s, such that the Cenozoic sedi-
mentary sequence and hosting structures may be vertically exaggerated by 1.4 due to
their lower velocity (3500 m/s).
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Fig. 2 | Map view and 3D view of Wushi seismicity and causative fault geometry. b Geometry and slip distribution of two shallow sub-fault ruptures (occurred

a Map view of earthquake epicenters, focal mechanisms (listed in Supple- between January 26 and February 5, 2024) based on InSAR inversions. ¢ 3D
mentary Data 3-4), and surface traces of InSAR-inverted sub-fault ruptures in  view showing relations of earthquake hypocenters, subsidiary fault geometries,
Fig. 2b superimposed on InSAR-inverted mainshock slip distribution. and the main fault geometry.
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high-quality observation system (including a dense seismic network and
SAR satellites), within the Tian Shan region.

At the time of the mainshock, all seismic stations were located at more
than 50 km from the epicenter. Immediately following the mainshock, a
very dense local network of 76 seismic stations was installed to improve
near-field and azimuthal coverage of the seismicity region (see Methods &
Supplementary Fig. 1). In this study, we take advantage of the recorded
seismic data to develop a high-resolution aftershock catalog (59,574 events
with uncertainties of 80 m in epicenter and of 91 m in focal depth) with
machine-learning-based phase picking/association and waveform-based
relocation techniques (see Methods). This dataset, combining with (i)
InSAR data inversions, (ii) well-constrained earthquake focal mechanisms,
and (iii) detailed surface mapping data and petroleum seismic-reflection
profiles, delineates a complicated fault network ruptured during the Wushi
earthquake sequence. We then analyze the fault structural origin, as well as
its correlation with aftershock activities, particularly the M, 5.8 event. Our
study demonstrates that the Wushi earthquake fault contains some unique
geometric features and earthquake slip behaviors. Additionally, it also offers
critical insights into the seismogenic characteristics of the Tian Shan region.

Seismotectonic background

The Tian Shan mountain, extending over 2500 km between the Tarim basin
to its south and the Kazakh platform-Junggar basin to its north (Fig. 1a), has
undergone significant Cenozoic shortening and uplift due to the India-Asia
collision’. Currently, it maintains a crustal shortening rate of 5-20 mm/
a”, which is mainly accommodated by numerous moderately-to-steeply
dipping, basement-rooted reverse and oblique-reverse faults in the
hinterland™, and an array of mountain-parallel thin-skinned thrust sys-
tems in the foreland™*". The Tian Shan region had suffered a remarkable
sequence of large earthquakes from 1885 to 1946, during which totally five
earthquakes of M >7.5 occurred™ (Fig. 1a). However, it had become
relatively quiescent since 1947, and only several M 7.0-7.4 events (e.g., the
1961 M 7.0 Jiashi and the 1992 M,, 7.3 Suusamyr events) occurred prior to
the 2024 Wushi earthquake.

The Wushi basin, hosting the 2024 Wushi event, lies along the Tian
Shan southern margin (Fig. 1a). The basin opens eastward toward the
Tarim basin, but tapers gradually to the west (Fig. 1b); on the north and
south margins, it is bounded by opposite-vergence reverse faults (the
Maidan Fault and the Southern Wushi Fault, respectively) and fault-
uplifted Paleozoic exposures. Sedimentary fills within the basin include a
2-4-km-thick, coarsening-upward Cenozoic terrestrial sequence that is
underlain along an angular unconformity by strongly-deformed Paleo-
zoic limestone, dolomite and mudstone and Proterozoic metamorphic
deposits'* (Fig. 1c). The middle-Miocene unit, comprising salt, gypsum
and mudstone, is notably weak and mobile, serving as a regional
detachment horizon that thickens at anticlinal cores and tapers off
toward the limbs. The subsalt structures are characterized by multiple
high-angle NE- or SW-dipping reverse or strike-slip faults, whose dip-
slip displacements are estimated to be several hundreds to thousands of
meters (Fig. 1¢). In contrast, the suprasalt structures consist of an array of
NE-trending, broad to tight detachment or fault-propagation folds (e.g.,
the Aheqi and Wushi anticlines in Fig. 1b, c). These shallow structures
generate numerous offset geomorphic features at the surface, indicating
ongoing deformation throughout the Quaternary® (Fig. 1b).

For the faults within the Wushi basin, several previous studies
interpreted that all of them cut through the entire Proterozoic-Cenozoic
sequence and expose at the surface, and these faults were defined as the
branches of Maidan Fault, a > 800-km-long fault along the Tian Shan
southern margin®. However, our interpretation of the seismic-reflection
profile clearly shows that the subsalt and suprasalt structures have both a
decoupling deformation pattern and a limited deformation magnitude,
significantly different from the Maidan Fault. Therefore, in this study, we
separate these structures (also including the Wushi earthquake fault, see
below) from the Maidan Fault that refers to Zheng et al.** and name them
independently.

43,44

Results

Based on teleseismic data inversions from the U. S. Geological Survey and
our InSAR data analyses (Fig. 2 & 3b, ¢; Methods), the Wushi mainshock
(M,, 7.0) rupture initiated near Biedieli valley, and then propagated 29 km
southwestward and 22 km northeastward along a NW-dipping fault plane.
The SW fault segment maintains a relatively constant dip of 50° in com-
parison, the NE segment exhibits a curved geometry, dipping 30-35° below
17 km depth and steepening to 55-60° above 14 km. The resolved coseismic
slip, with approximately equal dip-slip and sinistral-slip components, is up
to 3-4 m near the mainshock epicenter and decreases gradually to the two
fault tips. In the downdip direction, the slip is concentrated at depths of
shallower than 20 km but deeper than 3- km (Figs. 2c & 3b), consistent with
the interpretation of a blind fault rupture™>°.

Our precisely-located aftershocks are distributed across an 80 km by
25 km NE-trending area (Fig. 2a). They show no clear concentration along
the InSAR-determined mainshock fault (Figs. 2c & 3), but rather express asa
suite of planar or quasi-planar clusters, dipping steeply (69-90°) and
aligning obliquely with the main fault in the cross-section view. These
seismic clusters indicate the presence of numerous subsidiary fault ruptures
across various length scales and orientations following the mainshock
(Fig. 3; Methods & Supplementary Fig. 16). At the SW corner of the
mainshock rupture (Fig. 3c profile 1), the clusters are mostly located at
2-15 km depth in the main-fault’s hanging wall. They are roughly NE-NEE
oriented, and from which 9 faults of 0.7-8 km long are interpreted. At the
SW segment of the mainshock rupture (Fig. 3¢ profiles 2-3), the vast
majority of aftershocks shift gradually to the main fault’s footwall. They have
focal depths mostly between 0 and 18 km, and well depict 13 NE-trending
and 1 NW-trending faults with lengths of 0.6-5.7 km. Around the epicentral
area, where coseismic slip is maximal (Fig. 3¢ profile 4), nearly all aftershocks
are restricted in the main-fault’s footwall. These clusters exhibit more linear
alignments with shallower depths (2-8 km), revealing one long (14 km) and
several short (0.7-5km) faults. Farther north (Fig. 3¢ profiles 5-6), most
aftershocks shift back to the main-fault’s hanging wall, although some deep
clusters (>18 km in depths) also appear in the footwall. In map view, these
aftershocks display a more diffuse pattern without distinct alignments
(Fig. 3a). A closer 3D examination, however, reveals numerous narrow
seismic lineations that trend east, northeast, or north. We interpret a total of
17 faults at depths <15 km and 4 faults at >18 km, with lengths ranging from
0.5 to 5 km.

The focal mechanisms of 66 M >3.6 events computed in this and
previous studies include not only strike-slip, reverse and oblique-reverse,
but some normal faulting solutions (Fig. 2a & 3c). Although many of the
events occurring within or nearby clustered aftershocks have one nodal
plane consistent with the aftershock-determined fault geometry, a certain
number of them have no such consistent nodal plane (e.g., events 25, 59, 60
in Fig. 2a & Fig. 3c profile 4). This inconsistency may be due to large
uncertainties of the focal mechanisms caused by waveform contamination,
or suggest that the ruptures delineated by focal mechanisms are not imaged
by aftershock alignments.

Beyond aftershock-determined subfaults, the post-mainshock InSAR
data (SAR images from January 26 and February 5, 2024; see Methods)
reveal two shallow oblique-reverse subfault ruptures at the immediate SW of
the mainshock slip-peak area (Figs. 2b & 3c profile 3). The first one is 13 km
long, 30°SE-dipping, and extending downward from the surface to the 5-km
depth or deeper. It has an InSAR-inverted slip maximum of >0.6 m near the
surface, which is accompanied by a > 2-km-long, up to 1.0-m-thrown (SE-
side-up) surface rupture zone™. Such faulting kinematics agrees well with
the focal mechanism (strike/dip/rake of the SE-dipping nodal plane: 40-76°/
32-59°/40-116°) and the extremely shallow centroid depth of 1 km (Sup-
plementary Fig. 7; Supplementary Data 4) for the January 29 M, 5.8
aftershock. The second fault rupture, with a dip of 40°WNW, is spatially
crossing the SE-dipping first one (Fig. 2b). This rupture has a similar lateral
elongation (12 km) but a larger depth extent (=7 km), and appears to reach
the surface (a slip maximum of 0.3 m) as well. Our field survey, however,
identified only discontinuous, obliquely-aligned fractures (tens of
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(sub-fault ruptures shown in pink lines) at depth. Focal mechanisms (event numbers
correspond to those in Fig. 2a & Supplementary Data 4) of large events (M > 3.6) are
also shown. Geologic structures (faults in thick black lines) in profiles 3-4 from
interpretations of petroleum seismic-reflection profiles and surface mapping data
(see Methods & Supplementary Fig. 14, 15). AA Aheqi Anticline, AF Aheqi Fault, KF
Kuokesale Fault, MF Maidan Fault, QF Qialemati Fault, WA Wushi Anticline.

centimeters for each length) and mole tracks (<10 cm in height; Supple-
mentary Fig. 18); the deformation zone trends northward overall, similar as
the discontinuity observed on the InSAR image (Supplementary Fig. 8d, e).
The InSAR-inverted fault solution does not correspond with any nearby
aftershock focal mechanisms (Fig. 2a, b), leaving the exact aftershock
associated with this rupture undetermined.

On seismic-reflection profiles, the Wushi Blind Fault, evidenced by
faulting and folding deformation of the lower-Miocene strong seismic
reflections (Fig. 1c¢ & Fig. 3c profiles 3-4; Supplementary Fig. 14, 15), is
coincident with the mainshock rupture location and mechanism, and
therefore is likely the causative fault for the M,, 7.0 mainshock. The fault is
restricted to below the weak middle-Miocene unit, consistent with the
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observation that the mainshock rupture was terminated at 3-5 km depth as
well (Figs. 2c & 3b). Based on (i) the 0.5-1.4 km difference in uplift of the
lower-Miocene unit across the fault, (ii) the InSAR-inverted fault dip of
50-60° of its upper portion, and (iii) a 1:1 ratio of dip-slip and strike-slip
components, the total fault slip is estimated to be 0.8-2.5 km, implying a
poorly-developed, immature fault structure*”**. Unlike the blind mainshock
fault, the two shallow InSAR-determined subsidiary faults appear to extend
from the Paleozoic bedrock to penetrate the entire Cenozoic sequence
(Fig. 3¢ profile 3). Our seismic profiles can only image the causative fault of
the M,, 5.8 aftershock (named the Qialemati Fault), which displaces the
lower-Miocene unit by 200 m at depth and shows as a bedding-subparallel
geometry within the Pleistocene exposures (Fig. 1c). This fault lies at the
blind tip of the main fault but dips oppositely, and is likely formed in
response to the main fault’s upward propagation. Except for these two
shallow faults, almost all of the other subsidiary faults appear to be localized
within the strongly deformed Pre-Cenozoic bedrock, none of which can be
identified on the seismic-reflection images (Fig. 3c).

Discussions and implications

Our integrated seismic, geodetic, and geological analyses reveal an interla-
cing oblique-reverse fault network ruptured during the 2024 Wushi
earthquake sequence (Figs. 2c & 3). This network comprises (i) a NW-
dipping, blind main fault with dips of 40-60° and (ii) numerous steeply-to-
vertically dipping (69-90°) subsidiary faults of varying lengths (<1 km to
>10 km) that, in cross-section, align obliquely to the main fault. The main
fault is structurally immature, as evidenced by its total slip of <2.5 km. The
subsidiary faults, located in both the hanging wall and footwall of the main
fault, exhibit high degrees of spatial heterogeneity.

Using focal mechanisms of 66 relatively large (M > 3.6) Wushi events,
stress field in the Wushi area is determined to have a nearly horizontal
maximum compressive stress o; (plunge 3°) orienting at 177° and a sub-
vertical minimum compressive stress g5 (plunge 85°) (Fig. 4a; see Methods),
consistent with the nearly N-S compression in the Wushi-Keping area from
geodetic measurements™. Under this stress field, the preferred fault struc-
ture would be thrust faults that trend perpendicular to o; (approximately E-
trending) and dip at around 30° according to the Anderson’s classical
faulting theory”. This idealized geometry, however, contrasts with the
observed Wushi fault geometry featuring steep dips and a broad range of
trends (from eastward to northward; Figs. 2¢ & 3). The non-Andersonian
fault structure may occur in situations of domino-type rotation of initial
Andersonian faults with continued bulk shortening™, misorientation of
initial Andersonian faults with stress field rotation’’, or reactivation of
inherited structures that are misoriented with the prevailing stress field*****.
Given the weak Cenozoic deformation of subsalt structures in the Wushi
basin and the lack of evidence for significant stress rotation in late-Cenozoic
in the southern Tian Shan, the non-Andersonian Wushi faults most likely
arise from the reactivation of inherited structures under the prevailing stress
field. Potential inherited structures may include (i) normal or strike-slip
faults formed in multiple pre-Cenozoic deformation episodes*>*, (ii) high-
angle reverse faults formed in Paleozoic due to strong bulk shortening™,
and (iii) bedding-parallel weaknesses due to lithologic variation and folding-
related flexural slip”**, as observed along the bedding-subparallel Qialemati
Fault (Fig. 1c).

In areas dominated by inherited planes of weakness, whether this plane
can be reactivated or not largely depends on its orientation relative to the
prevailing stress field”. Here, we apply a slip tendency®® (T, equal to the
ratio of shear stress acting on it to frictional resistance) analysis to evaluate
the reactivation potential of the Wushi fault planes (the used frictional
coefficient 4 = 0.6, a good approximation of the immature Wushi faults; see
Methods & Supplementary Data 5). As shown in Fig. 4a, the main blind fault
plane has an optimal orientation (T; = 0.75), making it one of the most likely
candidates for reactivation by background stress loading. This may explain
why it can develop as the primary fault in the Wushi fault network. Com-
paratively, most subsidiary fault planes (72%) are unfavorably orientated
(T <0.5), with 20% even severely misoriented (T < 0.25). To reactivate the

plane so close to frictional lock-up, one possible mechanism is main-fault-
rupture-induced Coulomb stress increase. For example, the Coulomb stress
increase caused by the main fault rupture is 1.0 MPa along F15, F31-34,
and F47 (Fig. 4b; see Methods & Supplementary Data 5). Because a certain
number of unfavorably-oriented planeslie in the stress decrease regime (e.g.,
F5, F8, and F17), other reactivation mechanisms should be included, such as
Coulomb stress increase due to neighboring subfault rupture, or high-
pressure fluid diffusion’**, which is possible in the Wushi area due to the
existence of oil/gas prospects in the Pre-Cenozoic bedrock”. For the
remaining 28% of the subsidiary fault planes, except the M;, 5.8 aftershock
plane that is optimally oriented (T = 0.88-0.95), all other planes correspond
to be prone to, but not optimal to, reactivation (0.5 < T;<0.75). Their
reactivation can be accomplished by background stress loading, but can also
be promoted by main- or subfault-rupture-induced stress increase and/or
high-pressure fluid diffusion.

The interlacing Wushi fault network formed through the reactivation
of inherited planes of weakness is similar to the 2004-2007 Niigata earth-
quake fault network in Japan'>®, but differs from fault networks of the 2000
Western Tottori earthquake in Japan'® and the 2019 Ridgecrest earthquake
sequence in California’, where the main and subsidiary faults are ortho-
gonally aligned and likely formed by orthogonal ductile shear in the
basement™. Fault structures typically evolve with cumulative slip toward
strain localization and geometric simplification®*. For the Wushi fault
network, the continuing activity of numerous subsidiary faults implies that
its structural evolution has not yet reached the stage when the main fault has
become totally dominant and suppressed slips along the subfaults, con-
sistent with its immature fault geometry.

The Wushi subsidiary faults host the majority of aftershock activities:
as shown in Fig. 3¢, almost all aftershock clusters are concentrated along the
subfaults. In comparison, aftershocks rarely occurred along the main fault.
Thelack of aftershock concentration along the main fault is unusual, but has
been observed in several cases, e.g., the 1980 M 7.3 Al Asnam, Algeria"’", the
1994 M,, 6.7 Arthur’s Pass, New Zealand'’, and the 2016 M,, 5.2 Borrego
Springs, California®® earthquakes, suggesting that the stress on the main fault
was mostly relieved by the mainshock. These aftershocks, therefore, were
not triggered by continuing slip on the main fault (i.e., afterslip)*””’, but by
stress adjustment along subsidiary faults within the surrounding blocks.
Similarly, the lack of aftershock concentration along the Qialemati Fault also
suggests that the stress on this fault was mostly relieved by the M,, 5.8 event
(Fig. 3¢ profile 3). Relative to the main fault, the Wushi aftershocks and
associated subfaults show high spatial heterogeneity (Fig. 2c & 3b), which
can be attributed to the heterogeneous distribution of inherited crustal
structures controlling subfault reactivations. These off-main-fault after-
shocks, together with InSAR-inverted mainshock slip distribution, reveal
that few of them spatially overlap with the main-slip area (Fig. 2a & 3b),
consistent with the hypothesis that aftershocks, no matter on- or off- the
main fault, generally occur outside the main-slip area® .

In the Wushi earthquake, another important observation is that, while
the mainshock rupture did not reach the surface, the M,, 5.8 aftershock
occurring 7 days later did rupture to the surface and produce a clear faulting
zone (Fig. 1¢). This phenomenon was first reported by Zhang et al.** based
on their repeated field observations of the surface-faulting area before and
after this aftershock, and can be confirmed by InSAR data analyzed here
(Fig. 2b) and other studies™”’. Although somewhat unexpected, this phe-
nomenon can be easily explained by the fault structural geometry (Figs. 1c
& 3¢ profiles 3, 4): the mainshock causative fault, with an upper tip of 3-5 km
in depth, is buried beneath the weak middle-Miocene unit. In comparison,
the M,, 5.8 aftershock ruptured along an antithetic subsidiary fault that cuts
through the middle-Miocene unit to reach the surface, and its rupture was
likely triggered by mainshock-induced stress increase (Fig. 4b). Interest-
ingly, similar phenomenon was also observed in the 1983 Coalinga earth-
quake, in which the M,, 6.5 mainshock on a blind main fault did not produce
surface rupture, whereas a M 5.2 aftershock 40 days later produced clear
surface rupture along a high-angle back thrust®”". For reverse or oblique-
reverse faults, their growth process is often accompanied by the formation of
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Fig. 4 | Slip tendency for Wushi main-subsidiary faults and mainshock-induced
Coulomb stress change. The fault numbers correspond to those in Supplementary
Fig. 16. a Calculated fault slip tendency assuming a frictional coefficient (u) of 0.6

(see Methods & Supplementary Data 5). The right panel shows the imposed back-
ground stress field based on focal mechanism inversions of 66 M > 3.6 Wushi events

and the slip-tendency stereo plot integrated with poles of Wushi faults. b Coulomb
stress change on subsidiary faults (see Methods & Supplementary Data 5). The used
slip (rake) angle of each subfault is estimated based on the fault orientation and the
parameters of the background stress field.

subsidiary faults with varying sizes, orientations, and depth extents’”.
Observations from the Wushi and Coalinga earthquakes demonstrate that,
even though the main fault is totally blind, some shallowly-buried, relatively
large subsidiary faults can be activated following the mainshock to produce
strong, surface-rupturing aftershocks, and thereby may produce severe
aftershock hazards. Such cases should be included in the forecasting of
seismic hazards for further aftershocks™.

Finally, as the largest event during the past three decades within the
Tian Shan region, the 2024 Wushi earthquake offers important insights into
the seismotectonic characteristics of the active Tian Shan. First, active

reverse or oblique-reverse faults within Tian Shan have typical dip angles of
35-55° as estimated from focal mechanisms of strong earthquakes and
aftershock relocations™*”. In previous studies”, such abnormally high-
angle faults have been attributed to the reactivation of pre-existing weak-
nesses. Our investigation of the Wushi earthquake fault illuminates that this
interpretation is at least true for some of these faults. Second, aftershock
activity of the Wushi sequence has an abrupt cutoff at a depth of around
22-25km (Fig. 3b). This depth is similar as the seismicity cutoff depth of
three M, 6.0-6.3 Jiashi earthquakes from 1998 to 2020 in the NW Tarim
basin”* (Fig. 1a), indicative of similar geothermal gradients and brittle-
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ductile transition depths, and therefore similar crustal strengths of the
Woushi basin and the NW Tarim basin. This result is consistent with similar
crustal velocity structures of these two areas from ambient noise tomo-
graphy, and further supports the interpretation that the Wushi crust is the
northward continuation of the Tarim craton®". The cutoff depth lies around
25 km at its deepest extent, but apparently decreases to 15-17 km toward the
southwest (Fig. 3b), however, suggesting that the Wushi crust is being
gradually involved into the Tian Shan mountainous crust from east to west.
Atlast, the seismicity cutoff depth of the Wushi-NW Tarim region is much
deeper than the depth of 15-17 km of the Suusamyr, Ili and Bole intra-
mountain basins”>*** (Fig. 1a), but is shallower than the depth of >30 km of
the Issyk-Kul intramountain basin®**’, indicating significant variation of the
seismogenic thickness and the crustal strength of the Tian Shan and its
adjacent regions.

Methods

Building the high-resolution aftershock catalog

We compile the 2024 Wushi earthquake catalog using continuous wave-
form data recorded from January 22 to March 7, 2024 by a dense seismic
array (Supplementary Fig. 1). The seismic array composes of 76 three-
component seismic stations, including 56 temporary stations (10 broadband
and 46 short-period seismometers) installed in 2-5 days after the mainshock
and 20 permanent stations (11 broadband and 9 strong-motion seism-
ometers) of China Seismic Network and Global Seismographic Network
located around the mainshock area.

The waveform data are processed by a Machine-Learning (ML)
based workflow (Supplementary Fig. 2). We first perform an earthquake
detection and phase picking using a recurrent neural network (RNN)
deep learning model that was trained using the 2009-2020 dataset from
China Seismic Network®. We then associate the picked P and S-wave
arrival times using the Rapid Earthquake Association and Location
(REAL) method” and a 1-D layered velocity model (Supplementary
Data 1) modified from the 3D Seismic Structure model® and the UST-
Clitho2.0 model”, during which a threshold of 8 P & S wave readings is
adopted. The yielding deep-learning catalog includes 107,340 events in
total. We further refine the hypocenters and calculate their associated
uncertainties using the NonLinLoc program”. The final catalog with
absolute locations is made of 86,369 events (Supplementary Fig. 3a, 4a &
5a; Supplementary Data 2) with an average of root mean square (RMS)
residuals of 0.12s. We also estimate the local magnitudes (M) for all
events. The maximum amplitudes of the horizontal component of
waveforms are measured by deconvolving the instrument response from
the raw waveforms and then convolving the obtained signal with the
theoretical Wood-Anderson seismometer response. The estimated
magnitudes range from —2.1 to 7.0.

We determine high-precision relative locations of the events by
hypoDD”' and the same 1-D velocity model as above. In this process, the
differential travel time data from ML-picked arrival time and waveform
cross-correlation measurements (with a coefficient of >0.7) are used. We
require that each event pair has at least 8 and 5 differential travel time data
from arrival time measurements and waveform cross-correlation mea-
surements, respectively. This yields a final catalog of 59,574 events (Sup-
plementary Fig. 3b, 4b & 5b; Supplementary Data 3). The uncertainty of
relative locations is quantified using the bootstrapping method™”, in which
90% double-pair differential time data are randomly sampled for deter-
mining the relative location, and this process is repeated 100 times to obtain
the standard deviation of determined relative locations. In general, the
median uncertainty of relative locations is 80 m in epicenter and 91 m in
focal depth. The magnitude of completeness (Mc), i.e., the magnitude above
which all events are reliably detected, is estimated to be 0.5 using the
maximum-curvature method with a positive 0.2 correction” (Supplemen-
tary Fig. 6). We also use hypoDD and cross-correlation coefficients of 20.6
to relocate these events. The obtained catalog includes 61,417 events with a
median uncertainty of relative locations of 139 m in epicenter and 166 m in
depth (Supplementary Fig. 3¢, 4c & 5¢).

GrowClust™ is another relocation program similar to hypoDD. The
algorithm uses hierarchical clustering and the L1 norm, allowing for a more
robust misfit criterion than the standard least-squares approach, and can
handle larger catalogs. A cross-correlation coefficient of 0.6, a maximum
station distance of 80 km, and a maximum RMS residual of 0.8 s for cluster
merger are used in the algorithm, yielding a catalog of 30,732 events
(Supplementary Fig. 3d, 4d & 5d). To estimate the uncertainty of relative
locations, 50 bootstrap iterations of the nonparametric uncertainty esti-
mation algorithm are performed. In general, the median uncertainties of
relative location are 385 m in epicenter and 495 m in depth.

Overall, we obtain one event catalog with absolute locations and three
event catalogs with relative locations. These four catalogs show similar
spatiotemporal evolution and distribution patterns (Supplementary
Fig. 3-5), confirming the robustness of the results. Because seismic stations
are very sparse at the beginning of the earthquake sequence, and many early
aftershocks cannot be well relocated by the GrowClust algorithm, we prefer
to use the earthquake catalog determined using hypoDD and waveform
cross-correlation coefficients of >0.7 for the subsequent analysis.

Focal mechanism and regional stress field inversions

We use the Cut-and-Paste method™ to invert the focal mechanism of
aftershocks with M > 4.0 (e.g., Supplementary Fig. 7). The waveforms are
filtered using varied frequency bands according to the earthquake magni-
tude. For M = 5.0 aftershocks, frequency bands of 0.05-0.15 Hz for body
waves and 0.05-0.1 Hz for surface waves are used. For 40<M<5.0
earthquakes, body waves and surface waves are filtered using frequency
bands of 0.05-0.17 and 0.05-0.1 Hz, respectively. The time-window lengths
for the body waves and surface waves are set based on the waveform
recording of the station with the maximum hypocentral distance. Our work
yields a total of 18 robust solutions (Supplementary Data 4). These results
are further complemented by 33 focal mechanisms of M > 3.6 aftershocks
through P-wave polarity analyses”, because the long-period waveform data
of these events are contaminated by other aftershocks and ambient noise.
Additionally, 2 focal mechanisms from the U. S. Geological Survey earth-
quake catalog, 2 from the Global centroid-moment tensor catalog, and 16
from the National Earthquake Data Center catalog of China are also col-
lected. Combining these data, the regional stress field is estimated using the
damped inversion method developed by Hardebeck & Michael® and
Martinez-Garzén et al.”. There are two nodal planes for each focal
mechanism, and we randomly select one nodal plane of each focal
mechanism to invert the stress field. The final stress field (Fig. 4a) is char-
acterized by a nearly horizontal maximum compressive stress (0;) in the
approximate N-S direction and a ratio of the principal stress differences
(R) of 0.65.

InSAR data inversions

We determine fault-slip models of the Wushi mainshock and shallow
aftershocks by InSAR data inversions. The collected data, including both
ascending and descending Sentinel-1A and descending ALOS-2 SAR
images (Supplementary Fig. 8), are processed to obtain differential inter-
ferograms using the GAMMA software'™'"". Topographically and atmo-
spherically correlated radar phases are removed using the Shuttle Radar
Topography Mission DEM and the ERA5 dataset, respectively. Long
wavelength phase ramps, primarily caused by tropospheric/ionospheric
delays and orbital errors, are removed by a flattening correction'*>'’. The
outliers with a coherence lower than 0.4 are masked before phase
unwrapping to get line-of-sight (LOS) displacement using the Minimum-
Cost Flow algorithm'™,

The obtained InSAR results not only resolve the ground deformation
caused by the mainshock (Supplementary Fig. 8a-c) but by some aftershocks
(Supplementary Fig. 8d, e). For the mainshock, the ground deformation is
characterized by two distinct areas with opposite LOS-displacement pola-
rities. The interferogram clearly defines the fault location and indicates a
NW-dipping fault geometry based on the main uplift area that is located to
the northwest of the fault (generally lying at the fault hanging wall) and the
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dominantly NW-dipping fault geometries in the Wushi region (Fig. 1c).
Comparatively, the deformation of aftershocks is more complicated and
shows phase incoherence, generally consistent with two fault ruptures
reaching the surface.

Using InSAR-measured ground deformation, the mainshock fault
geometry is constructed as follows. First, the fault surface trace is interpreted
following the boundary of the two distinct deformation areas (Supple-
mentary Fig. 8). By fitting the InSAR ground deformation with an elastic
dislocation model'”, the Bayesian inversion'” of 2D fault geometry is
applied along four profiles perpendicular to the fault trace (Supplementary
Fig. 9), during which the fault surface trace is further refined. The fault plane
along each profile is assumed to be composed by two (upper and lower) fault
portions, which allows for delineating variation of the fault dip; the asso-
ciated parameters for the fault plane include the horizontal location (x) and
the vertical location (depth, y,) of the fault lower tip, as well as the horizontal
width (W,perr Wiower) and the height (H,ypper, Hiower) of €ach fault portion
(Supplementary Fig. 9b). Finally, the 3D fault plane is constructed by
interpolating controlling points of its surface trace and four profile geo-
metries (Supplementary Fig. 10). For the two faults associated with after-
shocks, the surface trace is interpreted following the trace of phase
incoherence. Then, the fault plane is assumed to have a planar geometry (i.e.,
having a uniform dip), and a grid search is conducted to define the best-
fitting fault dip combination (i.e., with the minimum residuals of the ground
deformation; Supplementary Fig. 11).

Using the constructed fault geometry, the fault slip inversion is per-
formed by fitting InNSAR-observed ground deformation with the Classic Slip
Inversion code'”” (Supplementary Fig. 12 & 13). The high-resolution InSAR
data is downsampled using a quadtree partitioning approach'®'”. The
Green’s functions, which relate fault slip to the ground deformation, are
computed using triangular dislocation elements in a uniform elastic half-
space'"”. The relative weights of the datasets in selecting the best-fit model
are determined based on the calculated covariance. Finally, the yielding fault
slip is smoothed by a covariance matrix that introduces correlation between

nearby parameters'"'.

Interpretations of seismic-reflection profiles and relocated
aftershocks

Two petroleum seismic-reflection profiles (collected in 2004 by PetroChina
Company) that cut through the Wushi mainshock rupture area are used to
determine the Wushi subsurface structural geometries (Supplementary
Figs. 14, 15). The time-depth conversion uses a typical velocity of 5000 m/s
of the Proterozoic-Paleozoic strata’, given that the Cenozoic strata (with a
typical velocity of 3500 m/s) is very thin (<1.5 s two-way travel time) and the
Woushi earthquake fault is mainly developed within the Proterozoic-
Paleozoic strata. This conversion will somewhat increase the depth of
imaged structures, but is typically less than 1.0 km. The stratigraphic units
are defined by correlating with stratal outcrops mapped by ourselves and
interpretations of neighboring seismic-reflection profiles of Wang et al.*
using drilling data, and the geometries of major faults and folds are inter-
preted based on truncation or tilting of seismic reflections integrated with
our surface mapping data.

The structural interpretation of Wushi relocated aftershocks is made in
the SKUA-GOCAD software'"?, which not only allows to visualize events in
3D, but also allows to select event clusters associated with different faults and
fit reasonable fault planes to the clusters (Supplementary Fig. 16). We first
identify event clusters that define individual fault planes based on their
spatial concentration, orientation, and lateral continuity in 3D view. We
then slice perpendicularly through each event cluster to construct multiple
swath profiles, where nearby earthquakes are projected. On each swath
profile, the fault geometry is defined by fitting a line to the projected events,
and for each event cluster, a set of 2D fault lines is defined. Finally, the set of
fault lines is fitted to generate a 3D fault plane. Our determining fault plane,
therefore, can be considered as average of event locations. Focal mechanisms
are commonly used in structural interpretation as well'”. In our study,

however, this dataset has not been used because of its broad variation in slip
senses and orientations (Fig. 2a).

Slip tendency analyses

For a cohesionless plane of weakness, its potential to slip or be reactivated
(i.e., slip tendency T;) depends on the ratio of shear stress (1) acting on it to
frictional resistance (u-a,,) of itself ***";

Ty=1/(u-0,) =1/(tan¢ - 0,) ¢Y)

where y is the sliding friction coefficient, o,, is the normal stress acting on the
plane, and ¢ (= arctan y) is the angle of sliding friction. Within a given stress
field, the shear and normal stresses can be calculated by:

0, = 0P+ om® + o3n® )

1= [(0, — 0, P + (0, — 0,V mPn® + (05 — 0, Pr2]” (3)

where 03, 0, and 03 (0; > 0, > 03) are the values of principal stresses, and [, m
and 7 are the direction cosines of the plane’s normal with respect to the
principal stress axes, 05, 0> and 03, respectively.

In practice, stress tensor inversion can only determine the directions of
the principal stress axes and the ratio of the principal stress differences
R=(0; - 05)/(0; - 03), but cannot determine the values of o}, 0, 03, which
prevents the slip tendency calculation. Considering that the frictional sliding
envelope is tangential to the 0;-03 Mohr circle (Supplementary Fig. 17), this

restriction can be overcome by following conversions*:

03 =K-csc¢ — K = K(cscp — 1) 4)
0, =2K + 05 = 2K + K(cscp — 1) = K(cscp + 1) (5)
0, =0, — R0, — 03) = K(cscp + 1 — 2R) (6)

where K is the radius of the 0;-05 Mohr circle. By substituting Egs. (4)-(6) in
Egs. (2) and (3), and then in Eq. (1), we can derive the slip tendency T that is
independent of principal stress values, and depends only on R, ¢ (=arctan y),
and the principal stress orientations. For the Wushi fault planes, the 4 = 0.6
is used in slip tendency analysis, a good approximation of immature
faults™'"*'"%; a variation of it from 0.4 to 0.85 will not clearly change the final
calculation results (Supplementary Data 5).

We also calculate the potential slip angle (rake; Supplementary Data 5)
of each plane, which is coincident with the direction of shear stress on the
plane, for the following estimate of mainshock-induced Coulomb stress
change. The shear stress (7) can be resolved into one component along the
fault strike (7yik.) and one component along the fault dip (7.;,)™:

Tstrike = lm(GZ - 01)/ v lz + mz (7)

Tap = 1m0, = 0y) = (L =) (o5 o))/ VPt 2 (8)

Then the slip angle 6, equal to the angle between the direction of the
shear stress and the fault plane strike, can be calculated by:

Tdp _ 1
Ttrike Im

0, — 0 n 1—n?
tan0 = m? — (l—nz)g} = {mz— }

0, — 0y T im R

(©)
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Mainshock-induced Coulomb stress change
Coulomb failure stress change' (ACFS) induced by the mainshock rupture is
calculated by (Supplementary Data 5):

ACFS = At — w/Ao, (10)
where At is the shear stress change resolved in the slip direction of the target
fault, Ao, is the normal stress change on the fault, and ¢’ is the apparent
friction coefficient (0.6 is assumed) of the fault. The strike and dip of the
target fault are from aftershock interpretations and InSAR data inversions
(Supplementary Data 5). The rake of the target fault cannot be determined
based on aftershock focal mechanisms because of their broad variation; here,
it is represented by the potential slip angle (Eq. (9)) of the fault plane under
the prevailing stress field. Fault slip potential is enhanced if ACES >0 or is
inhibited if ACFS < 0.

Data availability

The Supplementary Data 1-5 are deposited at https://doi.org/10.5281/
7enodo.17160179"¢, and the Supplementary Figs. 1—18 are provided in
Supplementary Information. The teleseismic inversion of the 2024 Wushi
mainshock, and the epicenters and focal mechanisms of major earthquakes
within the Tian Shan and adjacent regions are available from the U. S.
Geological Survey (http://earthquake.usgs.gov/earthquakes/). The seismic
data from the Global Seismographic Network (GSN) are downloaded from
the Earthscope Inc. Data Management Center (https://www.iris.edu/hq/).
The raw SAR data are downloaded from Copernicus (https://scihub.
copernicus.eu/).

Code availability

The RNN algorithm® is available at https:/gitee.com/cangyeone/csnbench,
the REAL algorithm" is available at https://github.com/Dal-mzhang/REAL.
git, the NonLinLoc algorithm” is available at http://alomax.free.fr/nlloc, the
hypoDD algorithm” is available at http://www.ldeo. columbia.edu/~felixw/
HYPODD/HYPODD_1.3.tar.gz, the GrowClust algorithm™ is available at
https:/github.com/dttrugman/GrowClust.git, the Cut-and-Paste
algorithm™ is available at https://www.eas.slu.edu/People/LZhu/home.
html, the Flower2D algorithm'® is available at https:/github.com/
simondaout/Flower2d, the Classic Slip Inversion code'” is available at
https://github.com/jolivetr/csi.
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