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Abstract Understanding the cause and location of the end-points of thrust earthquake ruptures is critical yet
unresolved question in seismic hazard assessment for convergent margins, where numerous destructive
earthquakes have occurred. Here, we offer a novel perspective on rupture termination by examining the arrest of
the 1906 M 8.0 Manas earthquake in northwestern China. Integrated field surveys, seismic profiles, and
microseismicity data reveal that rupture terminated at the actively growing Xiaodushan anticline. This anticline
lies parallel to and in the hanging wall of the seismogenic fault. We propose active folding acts as an efficient
rupture-arrest barrier, partitioning seismic energy into strata uplift and microseismicity. Furthermore,
comparative analysis of global thrust earthquakes identifies two termination mechanisms: fault geometric
complexities and external structural barriers. These findings contribute to deeper understanding of rupture
lengths and earthquake magnitudes for seismic hazard assessment in convergent margins globally.

Plain Language Summary “Why and where do thrust earthquakes stop?” remains a key question in
assessing seismic hazards along convergent plate boundaries. This study examines the 1906 M 8.0 Manas
earthquake in northwestern China and proposes a new mechanism for rupture termination. Through field survey
of surface ruptures, 3D modeling of the seismogenic fault, and comparative analysis of structural deformation,
we find that the rupture likely halted at an actively growing fold. We suggest that such active folding can act as a
physical barrier, diverting seismic energy into crustal uplift and distributed microseismicity, thereby preventing
further rupture propagation. A global comparison of similar events reveals two primary termination processes:
either rupture is disrupted by complex fault geometries, or energy is absorbed by external structures such as
active folds. These findings help us better understand how far earthquakes can spread and how strong they can
get, which is important for assessing earthquake risks in convergent margins.

1. Introduction

One of the central issues of earthquake hazard assessment is how to estimate rupture lengths and magnitudes of
potential earthquakes along seismogenic faults (Leonard, 2010; Scholz, 1982). Understanding factors that affect
the arrest of a rupture is crucial for seismic hazard analysis, as longer ruptures generally result in larger earth-
quakes (C. M. Rubin, 1996). Since the introduction of concepts like barriers and asperities (Aki, 1979; King &
Nabélek, 1985), extensive research on strike slip faults have demonstrated that geometric complexities (e.g., fault
bends, branches, and stepovers) can control the initiation, propagation, and termination of earthquake ruptures,
thereby determining earthquake magnitudes (Biasi & Wesnousky, 2016; Wesnousky, 2006).

Similar studies on thrust earthquakes have focused on coseismic slip variations caused by fault geometric
complexities (Hubbard et al., 2016; T. Li et al., 2019; Williams et al., 2024). Great thrust earthquakes, however,
exhibit complex and irregular rupture patterns and are generally less likely to be terminated by fault steps or
branches than strike-slip earthquakes (Biasi & Wesnousky, 2016). Relying solely on fault geometric segmen-
tation may result in an oversimplified assessment of seismic behavior (C. M. Rubin, 1996). Consequently, the
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study of rupture termination patterns and mechanisms in thrust earthquakes remains unresolved, which hinders
the accuracy of seismic hazard assessments in convergent tectonic settings.

This study examines the surface rupture characteristics of the 1906 M 8.0 Manas earthquake within the active
Northern Tian Shan fold-thrust belt. The earthquake is interpreted to have initiated at ~20 km depth along
Southern Junggar thrust (SJT) and produced a surface rupture extending approximately 130 km (Avouac
et al., 1993; Deng et al., 1996; Stockmeyer et al., 2014), breaching several large geometric segment boundaries
along the Huoerguosi-Manas-Tugulu fold system (Figure 1a). Notably, its surface rupture termination is located
in a region lacking significant variations in fault geometry, lithology, or geomorphology (Figure 1 and Figure S1
in Supporting Information S1), which leaves the causal mechanisms underlying the rupture arrest unclear.

Here, we integrate 2D seismic reflection profiles, surface topography, microseismicity data (M, > 2), and a 3D
model of the SJT to investigate the factors that led to rupture termination of the Manas earthquake. We then
systematically analyze the barriers that influence the propagation of thrust earthquakes, thereby providing
valuable insights for seismic hazard assessment in convergent tectonic settings.

2. Geological Setting

As one of the most significant and largest mountain ranges in Central Asia, the Tian Shan mountain belt has
undergone a complex tectonic evolution, with pre-Cenozoic structures reactivated due to the collision of the Asia-
Europe plates (Avouac et al., 1993; Deng et al., 2000). This tectonic activity significantly reshaped the landscape,
giving rise to distinct structures such as the fold-thrust belt on the northern margin of the Tian Shan Mountains
(C. Lietal, 2011; H. Lu et al., 2019), which forms a series of east-west trending en échelon anticlines in the
Junggar Basin (Figure 1, Deng et al., 2000). This fold-thrust belt comprises four asymmetric anticlines, including
the Huoerguosi, Manas, Tugulu, and Xiaodushan folds. These structures are interpreted to connect to a deep ramp
of the SJT through a Paleogene décollement (Figure S12 in Supporting Information S1). The deep ramp extends
much farther laterally than the upper fault ramp. Magnetostratigraphic analysis of growth strata reveals that these
anticlines began forming around ~6-10 Ma (H. Lu et al., 2019).

As the dominant seismogenic structure in the Northern Tian Shan orogenic belt, the SIT has generated multiple
historical earthquakes, including the 1906 M 8.0 Manas and the 2016 Myy, 6.2 Hutubi earthquake. The former
event exhibited a broader rupture zone and deeper hypocenter compared to the latter, which primarily ruptured a
secondary fault along the SJT (R. Lu et al., 2018). In this work, we conducted a detail investigation of the eastern
termination of the Manas earthquake adjacent to the Xiaodushan anticline (Figure 1 and Figure S1 in Supporting
Information S1).

3. Data and Methods
3.1. Field Observation and Topographic Surveying

To validate subsurface structural interpretations and characterize surface morphology of the Manas earthquake
rupture area, comprehensive field investigations were conducted in the region of the Xiaodushan anticline
(Figure 2a). We then constructed a geological cross-section parallel to the Hutubi River and measured bedding
attitudes west of this section to delimit the Tugulu and Xiaodushan anticlines (Figure 2a and Figure S2 in
Supporting Information S1). Finally, A 12.5 m resolution DEM was processed in ArcGIS to generate strike-
parallel swath profile across the fold crest (Figure 2a and Figure S3 in Supporting Information S1).

3.2. Seismic Data and Structure Interpretation

Seven seismic reflection profiles (lines AA'-GG') oriented perpendicular to regional structural strike were
analyzed to quantify subsurface structural geometries and shortening variations (Figure 2b and Figures S6-S11 in
Supporting Information S1). Regional average velocity model (3,000 m/s) was applied for depth conversion, and
stratigraphy was interpreted in the profiles using drill hole data (Qiu et al., 2019). We employed area-depth-strain
(ADS) analysis and balanced cross-section methods to calculate the shortening for these profiles (see Text S3 in
Supporting Information S1). ADS analysis uses variations in fold area with depth to quantify structural shortening
(Rivas-Dorado, 2023). We interpreted 17 seismic profiles spanning the strike of the Huoerguosi-Manas-Tugulu
structural belt (Figure 1) and reconstructed a 3D fault model in SKUA-GOCAD software to investigate the
seismogenic structures and subsurface geometry of the earthquake area (Figure 3). Microseismic records since
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Figure 1. General overview map of the study area. (a) Simplified geological map of the Northern Tian Shan fold-thrust belt, the inset map indicates the location of the
study area. (b) Structural characteristics of the Xiaodushan anticline, high-resolution DEM was generated by unmanned aerial vehicle. (c) General view of the
Xiaodushan anticline and fault scarp of 1906 M 8.0 Manas earthquake.

1970 have been utilized to analyze the spatial distribution of micro-earthquake hypocenters following Manas and
Hutubi events (Figure 3a, Figures S4 and S5 in Supporting Information S1).

4. Results

Our field survey revealed that the Xiaodushan anticline predominantly exposes the N,d and the Q,;x Formation,
with gently inclined strata (0°-20°) in the southern backlimb and steeper strata (50°-60°) in the northern forelimb
(Figure 2b and Figure S2 in Supporting Information S1). Furthermore, we observed a continuous sequence of
growth strata (~220 m) within the backlimb of the Xiaodushan anticline (Figure S2 in Supporting Informa-
tion S1). Combining the measured growth-strata thickness with Quaternary sediment accumulation rates esti-
mated at the Tugulu anticline (~260 m/Ma, Figure 2a; C. Li et al., 2011) allow us to estimate that the Xiaodushan
anticline formed at ~0.8 Ma.

A swath profile along the crest of the of the Tugulu anticline (pink line in Figure 2c) forms an upwardly convex
shape from its core to its tip. We note that the strata at the eastern tip of the Tugulu anticline dip eastward, and
those at the western limb of the Xiaodushan anticline dip westward (Figure 2a and Figure Slc in Supporting
Information S1). Surface expression of the Xiaodushan anticline has been almost completely removed by erosion
of Hutubi River (Figure 1c).

The shortening distribution along the Tugulu and Xiaodushan anticlines exhibits a spatial pattern similar to that of
topographic changes (Figure 2¢). An abrupt decrease to minima occurs precisely at the structural transition zone
between the Tugulu and Xiaodushan anticlines, as evidenced by the sharp displacement variations marked by the
blue line in Figure 2c.
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Figure 2. (a) Simple geological map of the Xiaodushan anticline and adjacent regions. Dashed pink line shows the location of
the swath profile in panel (c). The red dash lines show the locations of the geological section (® from C. Li et al. (2011)).
(b) Interpreted seismic reflection profiles across the Xiaodushan anticline and Tugulu anticline; Abbreviations:
Q-Quaternary, N-Neogene, E-Eocene, and K-Cretaceous. (c) Diagram showing along-fold profiles of topography (pink line)
and shortening (thick blue line) measured in cross sections constructed from seismic reflection lines (e.g., panel (b)).

The 3D fault model shows that the Huoerguosi-Manas-Tugulu ramp segments are offset by 9 and 5 km,
respectively, but are connected to the deep-seated SJT through a décollement at a depth of approximately 4-5 km
(Figure 3a). There is little geometric complexity along strike on the lower ramp of the SJT, except that the
décollement above the ramp gradually widens eastward (Figure 3a). Microseismic data indicate two distinct
clusters elongated along the longitudinal direction (Figure 3a). One at the site of the 2016 Hutubi My, 6.0
earthquake (R. Lu et al., 2018) and another at the Xiaodushan anticline. Focal depth analysis of both clusters
shows that the Xiaodushan region exhibits broader depth distribution and greater concentration of microseismic
events (Text S4 and Figure S5 in Supporting Information S1).

5. Discussion
5.1. Active Folding Arrests Great Thrust Earthquake Ruptures

Compared with surrounding structures, the Xiaodushan anticline shows lower deformation magnitude
(Figure 2c), younger formation age, and an immature underlying fault (Figure 3b). These features indicate that it
is not the tip of the Tugulu anticline, as previously proposed, but rather an independently growing fold.
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The red solid line represents the exposed surface trace of the Manas earthquake. The thin dashed black lines represent the
décollement surface. (b) Subsurface 3D structure of the Xiaodushan anticline. (c) A schematic diagram illustrating the
mechanism of active folds stopping thrust earthquake propagation.

Paleoseismic trenching and fault scarp analyses (Figure S3 in Supporting Information S1, Avouac et al., 1993;
Deng et al., 1996) constrained the 1906 Manas rupture to the central SJT fault, terminating abruptly east of the
Hutubi River without reaching the Changji and Hutubi anticlines (Figure S3b in Supporting Information S1). Our
3D kinematic model reveals only minor along-strike dip variation across this segment (Figure 3a), ruling out fault
geometry as the primary control. Instead, seismic profiles and deformation analyses indicate that rupture stopped
precisely where the Xiaodushan anticline is actively developing (Figure 2 and Figure S3 in Supporting
Information S1).

Seismicity further supports this interpretation (Figure 3a and Figure S4 in Supporting Information S1). Our
analysis reveals a systematic eastward increase in microseismic event density along the fold belt. In contrast,
seismicity in the main rupture zone of the Huo-Ma-Tu fault belt is sparse (Figure S4 in Supporting Informa-
tion S1). The seismicity cluster beneath Xiaodushan may reflect background seismicity related to ongoing fold
growth (Figure 3c). Recent studies show that the fold uplift can be partly seismic, as flexural bending and fracture
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propagation in layered strata induce bedding-parallel slip (Gracia et al., 2019; Huang et al., 2024). At the early
stages of fold growth, rapid strata uplift and fault slip gradually release tectonic loading energy, altering the
regional stress state (Nabavi & Fossen, 2021). This process resembles the locked-creeping segmentation observed
in strike-slip faults, where some sections slip aseismically while others remain locked (Chen & Biirgmann, 2017;
Harris, 2017). During seismic cycles, mature faults like Huo-Ma-Tu thrust are prone to release accumulated
elastic strain catastrophically, whereas the Xiaodushan segment—with ongoing microseismicity (Figure S4 in
Supporting Information S1) and progressive growth (Figure S2e in Supporting Information S1)—likely ac-
commodates deformation largely aseismically, reducing its coseismic slip potential and acting as an effective
rupture barrier (Figure 3c).

An alternative explanation is that rupture slip transferred into distributed folding at the termination area, and the
observed seismicity represents prolonged aftershocks of the 1906 event. Although century-long aftershock se-
quences are uncommon, they have been reported in many historical cases (e.g., Stein & Liu, 2009; Toda &
Stein, 2018). In this scenario, coseismic energy release at the rupture terminus may have modified local stresses,
sustaining long-lived afterslip (Diao et al., 2021; A. M. Rubin et al., 1999).

On longer timescales, rupture arrest and fold growth may reinforce each another: arrested ruptures promote strata
folding, while fold growth enhances the barrier effect. However, prolonged aftershock activity is more typical of
intraplate settings than of the high-strain-rate orogen like Tian Shan (Stein & Liu, 2009). From this perspective,
we favor that active fold growth functions as energy incompatibilities that substantially arrests earthquake rupture
propagation (Figure 3c).

5.2. Comparison to Other Thrust Earthquake Rupture Terminations

The contrasting mechanical behaviors of thrust and strike-slip systems yield fundamentally different rupture
propagation responses to structural barriers. Thrust faults can propagate across larger steps compared to strike-
slip faults (Biasi & Wesnousky, 2016). In this study, the 1906 Manas earthquake even ruptured through a
fault step exceeding 9 km in the Huo-Ma-Tu structural belt (Figure 3a). Earthquakes rooted in deep décollements
can activate all overlying branch faults, whereas those along branch faults may arrest rupture (T. Li et al., 2019).
Additionally, sharper fault bends increase the likelihood of rupture arrest due to enhanced stress concentration,
particularly in regions with pronounced curvature (Biasi & Wesnousky, 2021; Figure 4a). These findings
emphasize the importance of integrating source depth and fault curvature metrics in geometric barrier analyses.

Our study reveals that the termination of thrust earthquake rupture requires consideration of both fault geometric
complexities and external structural barriers along propagation paths (Figure 4). Analysis of numerous large
thrust earthquakes reveal that their rupture propagation is commonly inhibited by pre-existing faults, folds, or
crystalline massif (Figures 4c—4e). On large subduction interfaces, analogous features such as seamounts, fracture
zones, and plate boundaries can facilitate termination of seismic rupture propagation (Figure 4f). These geological
discontinuities may induce local stress state perturbations, thereby affecting the propagation behavior of seismic
ruptures.

While this study provides a foundational framework, two inherent limitations should be acknowledged. First, the
absence of high-resolution geodetic observations such as InSAR or continuous GPS limits our ability to directly
monitor deformation associated with fold growth. Second, we did not conduct dynamic rupture simulations
capable of reproducing the transient processes that arrest rupture propagation at structural barriers. Integrating our
observations with high-resolution geodetic monitoring, laboratory friction experiments, and numerical modeling
(Biasi & Wesnousky, 2021; Ke et al., 2018) will advance mechanistic understanding of rupture termination
processes and improve predictive capabilities for convergent margin settings.

6. Conclusions

Integrated topographic, tectonic, and geochronologic analyses reveal active growth of the Xiaodushan anticline.
Field documentation of the 1906 Manas M 8.0 earthquake termination zone, combined with 3D fault modeling,
demonstrates spatial correlation between rupture arrest, fold growth, and microseismicity. We propose that active
folds impede thrust rupture propagation by dissipating seismic energy through strata uplift and microseismicity.
Analysis of global fold-thrust belt earthquakes establishes two rupture termination mechanisms: (a) seismogenic
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