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Abstract

Based on GNSS observations from the Crustal Movement Observation Network of China
(CMONOC) spanning 1998-2024, this study investigates crustal deformation characteris-
tics within the northern segment of the North-South Seismic Belt in China. The analysis
incorporates the horizontal velocity field, strain rate field, sub-block strain rates, fault slip
rates, and associated slip deficits. The results reveal extensional deformation across five
tectonic units: the eastern Qiangtang Block, the central-eastern Bayan Har Block, the cen-
tral Qilian Block, the northern Alxa Block, and the north—central Longzhong Basin. Com-
pressional deformation is predominantly localized along the northern and southern
boundaries of the Qilian Block, the western margin of the southern Qaidam Block, the
eastern segment of the East Kunlun Fault, and the Hoh Xil region. Zones of elevated shear
strain rate are principally concentrated in four regions: the junction of the northern Qilian
Block and the Alxa Block, the southern Qaidam Block, the central-eastern Bayan Har
Block, and the eastern Qiangtang Block. Historical peak values of maximum principal ex-
tensional-shear strain are identified in the northern Longzhong Basin, whereas peak com-
pressional-shear strain occurs in the central Qilian Block-western Qaidam Block and the
eastern Qiangtang Block. The analysis reveals heterogeneous fault locking along the
northern Western Qinling Range. Most segments of the East Kunlun Fault exhibit slip
deficits, with the exception of the Alak Lake-Tusuo Lake segment. The degree of locking
is generally homogeneous, except for the Tusuo Lake and Maqu segments. Both the slip
deficit and slip rate of the Liupanshan Fault exhibit an increasing trend along its strike.
Regions with high seismic hazard potential are identified, primarily including: the
Xiugou-Magqiu segment of the East Kunlun Fault, the Guyuan-Jingyuan segment of the
Liupanshan Fault, the Hasishan-Machangshan segment of the Haiyuan Fault, the Kuban
Mountain segment of the Altyn Tagh North Marginal Fault, the Yumen and Sunan seg-
ments of the Qilian North Marginal Fault, the Tianshui and Luanfeng segments of the
West Qinling North Marginal Fault, the eastern Altyn Tagh Fault Zone, the central-west-
ern East Kunlun Fault Zone, the northern boundary of the Qilian Block, the northern
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Zhuanglanghe Fault, the southern Haiyuan Fault, the northern Liupanshan Fault, and the
eastern West Qinling North Marginal Fault Zone.

Keywords: China North-South seismic belt; GNSS; strain rate field; active faults; locking
rate; seismic activity

1. Introduction

The northern segment of the North-South Seismic Belt is located at the intersection of the
east-west and north-south tectonic systems in the Chinese mainland, forming a critical tec-
tonic transition zone [1] (Zhang P et al. 2003). To its northwest lies the Alxa-Tarim Block, to
the southwest the Qinghai-Tibet Block, to the east the North China Geological Block, and to
the southeast the South China Block. The study area is predominantly delineated by the Qi-
lian-Haiyuan Fault Zone, the Altyn Tagh Fault Zone, and their affiliated subsidiary faults.

Studies based on the GNSS vertical velocity field indicate that most areas along the east-
ern margin of the Tibet Plateau exhibit a rising trend, with differential movements between
the upper and lower crusts. The vertical sliding rates of the Helan Mountain East Slope Fault
and the Liupan Mountain Fault range between 1 and 1.6 mm/a. To maintain the current uplift
rates across these regions, the material filling rate from the lower crust to the upper mantle
must exceed that from the upper crust; this result corroborates the hypothesis that lower crus-
tal flow occurs along the eastern margin of the plateau [2]. Regarding the aforementioned in-
ference pertaining to differential material filling rates, it is explicitly clarified that this state-
ment refers to net mass transfer across the Moho discontinuity — the first-order crust-mantle
boundary —rather than to internal transformation within the crust. Under the prevailing tec-
tonic regime of the study region, asthenospheric upwelling induces partial melting at the base
of the lithosphere, and the resultant buoyant crustal material is transported from the lower
lithosphere (encompassing both the lowermost crust and the uppermost mantle) upward into
the upper crust, thereby accommodating sustained crustal uplift. Should the rate of this up-
ward mass transfer across the crust-mantle boundary into the upper crust exceed the com-
bined rate of lateral crustal material extrusion and surface erosion, the net volume of the upper
crust would increase, consequently maintaining the long-term positive uplift rates recorded
by GNSS.

The seismogenic structure of the Wenchuan earthquake is characterized by pronounced
right-lateral thrust kinematics, which serve to intensify compressional stress accumulation
along the fault zone at the northern margin of the Western Qinling Mountains, ultimately in-
ducing a locked fault state. The GNSS-derived strain rate field of the Chinese mainland [3],
indicates that the strain rate magnitude within the Ordos Block is approximately one order of
magnitude lower than that recorded in its surrounding peripheral zones. By integrating the
fast-wave direction predicted from GNSS-derived surface deformation with mantle defor-
mation information retrieved from shear wave splitting observations, Chang L et al. [4] in-
ferred that crustal deformation across the western margin of the Ordos Block, the Alxa Block,
and the northwestern segment of the northeastern plateau edge is predominantly governed
by shear processes. Their investigation further revealed robust crust-mantle coupling in these
regions, manifested as vertically coherent crustal deformation. Conversely, the Ordos Block
exhibits pronounced discrepancies between its shallow and deep deformation regimes, ac-
companied by weak seismic anisotropy. Collectively, these observations substantiate the con-
tention that the Ordos Block preserves the long-term stability inherent to the ancient cratonic
lithosphere. Vertical leveling measurement results reported by Tang F et al. [5] show that
within the North China Block, seismic activity is the most intense along the southwestern mar-
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gin of the Ordos Block; crustal deformation is more intense in the southeastern region com-
pared with the northwestern region; the southwestern margin of the Ordos Block exhibits left-
lateral and strong compressional deformation, while the Yinchuan Fault Zone shows right-
lateral and extensional deformation, and the Hetao Fault Zone displays left-lateral and exten-
sional deformation. GNSS observations reveal that current structural deformation along the
northeastern edge of the Tibet Plateau is primarily concentrated within a range of hundreds
of kilometers west of the Haiyuan-Liupanshan structural belt [6].

The hazard potential of active faults is jointly affected by the structural orientation, in situ
stress conditions, electrical properties and rheological characteristics of the surrounding rock
medium, and is closely correlated with the location and intensity of fault locking. Heteroge-
neity in deep structural configurations gives rise to spatial variations in the electrical, rheolog-
ical and mechanical properties of the crust-mantle system, which constitutes one of the core
factors accounting for the spatial differences of seismic activity within the study area [7].
Strong earthquakes are predominantly distributed within low-velocity (or low-resistivity)
crustal domains and thin lithospheric regions that are adjacent to stable high-velocity (or high-
resistivity) geophysical structures. Medium-to-strong earthquakes occurring within these
blocks and their boundary fault zones are predominantly centered near significant electrical
boundary zones [8]. Using deep geophysical exploration techniques (such as deep seismic
sounding and geoelectromagnetic sounding) along with long-wavelength body wave recep-
tion functions, researchers elucidated the structural morphology of the crust and upper man-
tle at the northeastern margin of the Tibet Plateau. Employing tomographic imaging and other
technologies, they obtained structural data of the upper mantle in this region to investigate its
formation mechanisms, evolutionary processes, and electrical, rheological, and mechanical
properties. During the initial period of crustal deformation in the northern segment of the
North-South Seismic Belt, crustal materials experienced northeastward directional migration.
Migrating crustal materials exerted a compressional forcing on the Songpan-Ganzi Block,
while being simultaneously obstructed by the South China Block, Ordos Block, Alxa Block,
and Qilian Block. This geodynamic process ultimately drove crustal thickening and marginal
uplift, triggering regional orogenic activity [9]. The deformation pattern of the study area is
dominated by continuous ductile flow. In the horizontal direction, the Alxa Block and Qaidam
Block, which exhibit high deformation intensity, are sandwiched by the Qilian Block charac-
terized by lower deformation intensity; meanwhile, the Songpan—-Ganzi-West Qinling Block
with lower deformation intensity transitions gradually to the Ordos Block with higher defor-
mation intensity. In the vertical direction, the lithosphere conforms to the vertically coherent
deformation model, with pervasive crustal thickening as the primary characteristic [10]. The
middle and lower crust of suture zones and orogenic belts generally develop fragmented and
relaxed structures, marked by the alternation of high-velocity and low-velocity layers, with
low-velocity structures dominating. This makes these regions key areas for rheological sliding
[9] (Jia S and Zhang X 2008). Electrical gradient zones and low-resistance anomaly zones have
been identified in fault zones along the northern margin of the Western Qinling Mountains,
the southern margin of the Northern Qilian Mountains, and the northern margin of the Qilian
Mountains-Haiyuan Fault Zone [11]. Compared with stable blocks in the north, the vertical
relative movement rate on the outer side of the northeastern margin of the plateau is approx-
imately 0 mm/a, while the rate on the inner side generally ranges from 1 to 2 mm/a [12]. Grav-
itational potential energy is also confirmed to be an important driving factor for crustal defor-
mation along plateau margins [13].

Strong earthquakes generally occur within the locked segments of block boundary faults,
particularly at the junctions between strongly locked and weakly locked segments, the junc-
tions between compressively locked and extensionally locked segments, or in regions with
anomalous fault displacement. Under the framework of inherited tectonic activity, the local
slip rates and strain field variations derived from GNSS observations serve as key indicators
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for identifying strain accumulation and fault locking states within fault zones. Stress distrib-
uted along the periphery of co-seismic ruptures and across the lower crust-upper mantle ex-
periences either accumulation or attenuation during the inter-seismic, co-seismic, and post-
seismic periods. This process is governed by the rheological properties of rocks and ultimately
produces surface deformation that can be detected via GNSS technology [14].

GNSSS technology boasts the advantages of long observational time series, extensive spa-
tial coverage, high observational accuracy, and distinct trend characteristics. Based on GNSS-
derived deformation fields, the primary technical approaches and methods for investigating
the correlation between surface motion and seismogenic processes include: calculating verti-
cal deformation rate gradients; conducting spatiotemporal analysis of strain rate fields; invert-
ing fault plane slip distribution using co-seismic displacement; comprehensively evaluating
seismic hazard by integrating tectonic dynamic background, deformation patterns, transverse
cross-section structures, historical strong earthquake rupture sequences, and GNSS defor-
mation data; inverting the spatiotemporal evolution of focal rupture with constraints from
near-field GNSS displacement records, strong-motion acceleration observations, and P-wave
phases; and performing multi-spatial-scale wavelet decomposition on GNSS strain rate fields.

The Chinese Mainland Tectonic Environment Monitoring Network (CMTEMN) is a na-
tional scientific research project led by the China Earthquake Administration, which applies
Global Navigation Satellite System (GNSS) technology to geoscientific research. At present, it
is the infrastructure construction project with the largest scale, widest coverage, and highest
observation precision in this field in China [15].

Against the backdrop of frequent strong seismicity in active tectonic regions, large un-
certainties remain in current understandings of crustal stress accumulation, slip deficit distri-
bution and regional seismic hazard levels, which cannot satisfy the practical requirements of
regional seismic risk prevention and mitigation. To clarify the magnitude and spatial distri-
bution of slip deficit on major active faults, as well as the corresponding potential seismic haz-
ard, it is necessary to accurately quantify the contribution weights of various influencing fac-
tors and properly address the interdependent correlations among different influencing factors.
This study focuses on three core research objectives:

(1) To construct a reliable slip deficit distribution model for major active faults in the study
area based on standardized integration and processing of multi-source, peer-validated
geophysical observation data;

(2) To quantify the uncertainty of estimation results within a framework that explicitly in-
corporates the interdependence of influencing factors, so as to identify the key controlling
factors of regional seismic hazard distribution;

(3) To validate the applicability of the adopted multi-factor uncertainty quantification frame-
work for seismic hazard assessment in active tectonic regions, and provide a more robust
research foundation for subsequent regional seismic hazard zoning and disaster preven-
tion planning.

Physical field inversion methods are constrained by objective conditions and are gener-
ally limited to relatively short temporal observation ranges. Restricted by the deployment den-
sity of Global Navigation Satellite System (GNSS) stations, researchers usually need to con-
duct concentrated observation in specific study areas or integrate multi-source GNSS obser-
vation datasets for joint analysis. To address the temporal and spatial limitations of the “Land
State Network” (with an observation span of only 20 years), this study adopts the Eurasian
reference velocity field derived from the TRF2014 reference frame. The adopted dataset covers
the period from 1998 to 2024 and the geographic range of 29-43°N, 92°-111°E, with the inter-
ference of non-tectonic factors removed. The Eulerian motion vectors were solved using the
least squares method, yielding velocity and strain rate fields under the ITRF2014 geocentric
coordinate system. Figure 1 illustrates the velocity field across the entire Tibet Plateau during
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gional crustal deformation studies and clarifying the tectonic driving mechanisms of the Qing-
hai-Tibet Block over northern study areas. This study projects station velocities from both
sides of active fault segments to corresponding fault zones for comparative analysis; based on
the obtained velocity field and strain rate field, secondary blocks are further delineated within
the main block to analyze the variation characteristics of strain rate, so as to explore the strain
accumulation trend and strong earthquake activity characteristics of these sub-blocks and ma-
jor faults. Taking the velocity field as a constraint condition, this study constructs the corre-
sponding model by adopting the open-source program DEFNODE based on elastic disloca-
tion theory. On this basis, the study fully considers the interaction between adjacent blocks
and faults and inversely obtains the interannual variation characteristics of fault sliding rate,
slip deficit rate and locking rate. By integrating indicators such as fault movement character-
istics, geological structure, rheological properties, electrical characteristics, mechanical prop-
erties, and seismic activity, we conduct preliminary assessments of areas at high seismic risk.
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Figure 1. GNSS velocity field of the Tibet Plateau (1998-2024, using the ITRF 2014 Eurasian reference
system; the study area is indicated by a black rectangular box, the purplish-red/magenta thin lines

in the figure indicate marine boundary lines, including the Exclusive Economic Zone (EEZ)).
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2. Geological Structure of the Study Area: An Overview

The northern segment of the North-South Seismic Belt is characterized by a complex
network of major fault systems, including the Arjin Fault, Liupanshan Fault, Helan Moun-
tain East Slope Fault, West Qinling Fault, Zhuanglanghe Fault, Northern Edge Fault of the
Qilian Block, Haiyuan Fault, and East Kunlun Fault [16]. The tectonic pattern of the study
area can be divided into two parts: the central-southern region comprises an arc-shaped
structural belt along the northeastern margin of the Tibet Plateau, formed by a series of
left-lateral arc faults and thrust faults, including the Qilian-Haiyuan Fault, Xiangshan-
Tianjingshan Fault, and Sanguguan—-Niushoushan Fault; the northern region consists of a
basin mountain structure composed of the Yinchuan Sag Basin and the Helan Mountains,
controlled by multiple normal faults [3,6,17-25]. The regional principal compressive stress
direction is oriented approximately perpendicular to the local tectonic boundaries. The
northeastward thrust of the Indian Plate, coupled with the westward obstruction posed
by the Ordos Block, the lateral sliding of the Alxa Block, and the obstructive effects ema-
nating from the Tarim Basin, collectively impose regional dynamic constraints, predomi-
nantly obstructive in nature, upon the northeastern margin of the Tibetan Plateau. GNSS
observation data further indicate that intense compression along the northeast direction
constitutes the primary dynamic source within the study area [26]. The northeastern mar-
gin of the Tibet Plateau is primarily subjected to NEE-oriented compressional stress, giv-
ing rise to right-lateral strike-slip faults, with their southeastern segments exhibiting crus-
tal thrusting characteristics. The central part of the study area experiences NNE-oriented
compressional stress, resulting in left-lateral movement. Seismic displacement in the
northern study area is dominated by strike-slip motion. Specifically, compressional stress
is distributed near the north—south trending axis in the Alxa region, as well as along the
northeast-oriented tectonic domain within the Yinchuan Graben and its adjacent northern
areas. The Yinchuan Graben demonstrates tensional structural features, whereas the Hai-
yuan Fault Zone exhibits predominant compressional structural characteristics [27].

Existing studies show that the Qilian Fault and the Maomaoshan-Hushan Fault in
the study area present a high degree of structural coupling, indicating that these faults are
associated with considerable medium- and long-term strong earthquake hazard; the Hai-
yuan Fault shows a relatively low degree of structural coupling, while the Liupanshan
Fault maintains persistent and clear locking characteristics. The Haiyuan Fault Zone ex-
tends from Xingquanbao, Jingtai County, Gansu Province in the west to Shaokou, Ningxia
in the east, with Haiyuan acting as the segmentation boundary. The western segment of
the fault zone strikes WNW, while the strike of the eastern segment shifts to NW, and the
fault zone connects to the Liupanshan Fault Zone on the southeast side [1,28-31]. The
Liupanshan Fault Zone generally strikes NNE, and its southern margin is connected to
the Longxian—Baoji Fault Zone [21,32,33]. Existing studies on tectonic activity indicate that
the Haiyuan Fault Zone has undergone two tectonic evolution stages of thrusting and
subsequent strike-slip movement (since the Late Cenozoic [34]. The middle segment of
the Haiyuan Fault Zone is characterized by prominent strike-slip faulting; at its southern
termination in the Madongshan area, where it obliquely intersects the Liupanshan Fault
Zone, thrust structures and fold deformation are well developed, and crustal shortening
constitutes the dominant mechanism for this transformation and strain absorption process
[34]. The deep electrical structure derived from continental electromagnetic profiling re-
veals that the crustal fracture and deformation zone in the Longzhong Basin tectonic do-
main on the northwestern side of the Haiyuan Fault Zone exhibits consistent anomalous
geophysical characteristics, which indicates that this region bears high seismic hazard po-
tential [21,34]. Existing studies based on the GNSS velocity field confirm that the slip rate
of the western segment of the Haiyuan Fault Zone is 4-5 mm/a, while the slip rate of its
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terminal segment is 1-3 mm/a. Current research shows that the intersection region be-
tween the Haiyuan Fault and the Liupanshan Fault Zone is in a high locking state
[6,22,24,33,35,36]. Seismic focal mechanism analysis indicates that the Haiyuan Fault,
Xiangshan-Tianjingshan Fault, and Yantonghan Fault are dominated by compression-tor-
sion deformation; the Yellow River Fault is mainly characterized by extensional defor-
mation; and the West Qinling Fault also presents compression-torsion deformation. From
the perspective of fault activity patterns, the area south of the Xiangshan-Tianjingshan
Fault has maintained an overall south-southeast trending motion since the Early Quater-
nary, while the Yinchuan Basin and the eastern margin of the Yellow River Fault show
southeast trending motion [37].

3. The GNSS Velocity Field in the Northern Section of the China
North-South Seismic Belt

Figure 2 presents the fault distribution and urban spatial layout of the northern seg-
ment of the North-South Seismic Belt, which clearly characterizes the strike and extension
range of major active faults in the study area, providing fundamental geographic support
for subsequent tectonic risk assessment. The Global Navigation Satellite System (GNSS)
offers critical technical support for obtaining high-precision crustal deformation observa-
tion data, characterizing surface deformation processes during geotectonic evolution, and
revealing the dynamic driving mechanism of environmental change and disaster devel-
opment [38]. The conceptual schemes including “integrated monitoring, research and pre-
diction”, “step-by-step promotion with process as the core”, and “based on deformation
dynamic characteristics, focusing on seismotectonic background, consolidating geophys-
ical-mechanical basis, and improving real-time tracking and assessment capabilities” are
specialized approaches put forward for large-scale crustal deformation monitoring [39].
The Chinese Mainland Structural Environment Monitoring Network (hereafter abbrevi-
ated as the “Land State Network”, CMTEMN for short) is currently the largest scientific
research program in China that applies GNSS technology to the geoscience field. The ve-
locity field data adopted in this study were provided by the Institute of Geology, China
Earthquake Administration, with a sampling interval of 30 s. For the reference stations
deployed in the network, the long-term repeatability root mean square errors in the north—
south direction and the east-west direction do not exceed 2.6 mm and 2.9 mm, respec-
tively. The root mean square errors of the daily solution coordinates are 2 mm in the hor-
izontal direction and 5 mm in the vertical direction, respectively. After adjustment pro-
cessing, the horizontal root mean square errors of the velocity fields obtained from fixed
stations and mobile stations are lower than 0.5 mm/a and 1 mm/a, respectively. To elimi-
nate the interference of seismic activities on observation results, this study removes the
co-seismic displacement effect of earthquakes with magnitude 26 from the acquired ve-
locity field [40]. Figure 3 exhibits the active tectonic framework and spatial distribution of
historical earthquakes (M 2 6.0) in the northern segment of the North-South Seismic Belt.
From the perspective of long-term geological evolution, this characterization clarifies the
regional tectonic activity pattern of the study area since the Quaternary and provides solid
geological constraints for the subsequent analysis of GNSS observation data. The 1998—
2024 crustal velocity field dataset constructed in this study is broadly consistent with the
well-confirmed long-term tectonic stress background of the study area [41].
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Figure 2. The spatial distribution of GNSS stations involved in velocity projection, with the 1998—
2024 GNSS velocity field as the background. Black rectangles mark the GNSS stations used for ve-
locity projection of active faults, and the fault abbreviations are defined as follows: ATF— Aljin Fault;
NQF —Northern Qilian Mountain Fault; WQNF—Northern Western Qinling Mountain Fault;
EKLF—East Kunlun Fault; HYF —Haiyuan Fault; LPSF —Liupanshan Fault; ZLHF —Zhuanglanghe
Fault; EHPMF —Eastern Helan Mountain Fault.

https://doi.org/10.3390/app162110857



Appl. Sci. 2026, 16, 10857

9 of 51

42°0'0"N

32°0'0"N 34°0'0"N 36°0'0"N 38°0'0"N 40°0'0"N

30°0'0"N

/,thé Xi'ﬁjiang UygurAgftonomous Region

~ \

® ‘
Ejin Banner

S - -
QQSnghal

2 .
0/7(5 g TeCtonle\'Afe@ Historical earthquakes

® M6.0—6.9
ol @ m7.0—79
) g? Chong @visoss
Sichuan | @ City
P r "

/ ‘@®_ocked fault sections

J =Y y
S A / | == State boundary

< [ZIProvincial boundary
. { —Movement direction
“{| —Folds
G o v 4 —Faults

% Sy 4l o .
*%5" Guizhou & A Hydrographic net

% ) ¢ ') CJFirst level block boundary
o 2 3 1 Basin
% o o

92°0'0"E 94°0'0"E 96°0'0"E 98°0'0"E 100°0'0"E 102°0'0"E 104°0'0"E 106°0'0"E 108°0'0"E 110°0'0"E 112°0'0"E

- — KM
0 65 130 260

Figure 3. Geological Structure and historical earthquakes greater than M 6.0 of the northern segment
of the North-South Seismic Belt.

Figure 1 illustrates the tectonic driving mechanisms of the Qinghai-Tibet Block over
the northern study area. The movement rates in the eastern part of the Aljin Fault Zone
and the southwestern margin of the Alxa Block remain low, while the Yinchuan Basin
exhibits sustained extensional deformation with accelerated crustal material outflow be-
tween the Alxa and Ordos Blocks. Movement intensity has decreased at most GNSS sta-
tions, particularly in the Qilian and Liupan Mountain regions: left-lateral shear activity
along the Qilian and Liupan Faults has weakened, whereas compressional forces have
intensified; the magnitude of the principal compressive stress along the West Qinling
Fault has decreased; and the fault movement rates along the northern margin of the Qilian
Mountains have decelerated, while the expansion rate of the Yinchuan graben has exhib-
ited an accelerating trend. Figure 2 shows the spatial distribution of the GNSS velocity
field in the northern segment of the North-South Seismic Belt from 1998 to 2024, and il-
lustrates the spatial coverage of GNSS stations involved in velocity field projection. By
decomposing the station velocities into the components parallel and perpendicular to
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fault strikes, observation constraints can be provided for quantitative analysis of fault
zone slip rates and crustal deformation characteristics.

In this study, we calculated the vertical and horizontal projection rates of GNSS sta-
tions distributed on both sides of major active faults in the northern segment of the North—
South Seismic Belt during the observation period and further determined the contempo-
rary slip rates of the aforementioned active faults. The specific calculation workflow is as
follows: first, the mean values of vertical and fault-parallel velocity projections of GNSS
stations within the fault projection zone are obtained; the difference between the two
mean values is defined as the estimated slip rate of the target fault (right-lateral slip in the
parallel direction is specified as positive, and left-lateral slip as negative; vertical compres-
sion is specified as positive, and tension as negative). The absolute value of this difference
corresponds to the dip-slip rate and strike-slip rate of the fault, respectively (Table 1). The
black box in Figure 2 delineates the distribution range of GNSS stations used for active
fault velocity projection calculation.

Based on the velocity projection results obtained from GNSS observation data cover-
ing the period 1998-2024, this study acquired the slip rate characteristics of major active
faults in the northern segment of the North—South Seismic Belt. Along the eastern segment
of the Aljin Fault, the measured vertical slip rates are 2.3 mm/a and 3.2 mm/a, and the
fault-strike-parallel slip rates are 6.6 mm/a and 4.7 mm/a. For the western boundary of the
northern Qilian Block, the vertical slip rates are 2.7 mm/a and 3.2 mm/a, corresponding to
parallel slip rates of 8.2 mm/a and 5.1 mm/a; for the eastern boundary of this region, the
vertical slip rates are 8.2 mm/a and 6.2 mm/a, with parallel slip rates of 8.1 mm/a and 6.5
mm/a. For the Zhuanglanghe Fault, the vertical slip rates are 9.0 mm/a and 8.6 mm/a,
matching parallel slip rates of 3.3 mm/a and 7.7 mm/a; for the Haiyuan Fault, the vertical
slip rates are 1.4 mm/a and 2.0 mm/a, corresponding to parallel slip rates of 8.6 mm/a and
8.3 mm/a; along the Liupanshan Fault, the vertical slip rates are 3.7 mm/a and 5.5 mm/a,
with parallel slip rates of 6.7 mm/a and 7.8 mm/a; and for the western segment of the
Northern Western Qinling Mountain Fault Zone, the vertical slip rates are 5.2 mm/a and
5.9 mm/a, accompanied by parallel slip rates of 10.1 mm/a and 7.0 mm/a. At the observa-
tion stations along the middle segment of the northern margin fault zone of the Western
Qinling Mountains, the vertical slip rates are 2.7 mm/a and 3.1 mm/a, respectively, while
the parallel slip rates are 8.0 mm/a and 6.5 mm/a, respectively. At the observation stations
along the eastern segment of the aforementioned fault zone, the vertical slip rates are 0.3
mmy/a and 0.6 mm/a, with the parallel slip rates measured at 8.5 mm/a and 8.2 mm/a, re-
spectively.

The middle-eastern segment of the Aljin Fault Zone is dominated by weak thrust-slip
movement. The cumulative shear strain rate of the Kuantan Mountain section in Subei is
significantly higher than the cumulative compressional strain rate, indicating that the tec-
tonic activity of this segment is currently in a quiescent state. As the northern boundary
of the Qilian Block, the northern margin fault of the Qilian Mountains maintains relatively
high tectonic activity. From the perspectives of geometry and kinematics, the western seg-
ment of the fault is characterized by intense left-lateral strike-slip motion, while the east-
ern segment is dominated by active reverse strike-slip motion. The Zaoxia—Yumen seg-
ment presents the characteristic of low compressive strain accumulation, while the
Fodongmiao-Sunan segment displays significant accumulation of both shear and com-
pressive strain. For the central segment of the northern Qinling Fault Belt, the left-lateral
strike-slip movement is relatively faint, and the eastern segment is most likely in a stress-
locking state. Along the Tianshui segment of the northern Qinling Fault, the slip rate par-
allel to the fault strike on the southern side of the fault is higher than that on the northern
side, with a variation interval of 6.0-10.0 mm/a. No statistically significant difference in
horizontal or vertical slip rates is detected between the two sides of the Ma’gotan segment,
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which indicates that the fault movement in this section is nearly quiescent. The Tianshui
segment is characterized by continuous compressive deformation, with stable strain ac-
cumulation and relatively weak shear strain. Both the Luafeng and Tanxian segments
show moderate accumulation of compressional and shear strain. It is inferred that the
Haiyuan Fault is in a stress-locking state, with weak left-lateral shear strain accumulation
accompanied by a certain degree of compressional strain accumulation. The Liupanshan
Fault is inferred to be in a stress-locking state, with tectonic activity remaining nearly qui-
escent and characterized by weak accumulation of both shear strain and compressional
strain. The Zhuanglanghe Fault exhibits significant strong left-lateral strike-slip activity,
and no additional anomalous stress features have been detected. For the Kusai Lake seg-
ment, Dongditan segment, and Xiugou—Alak Lake segment of the Eastern Kunlun Fault,
the vertical movement rate on the southern side of the fault is higher than that on the
northern side in the direction perpendicular to the fault strike. The western segment of
the Northern Margin Fault of the Eastern Kunlun Mountains presents convergent defor-
mation, while the eastern segment is characterized by active strike-slip movement. The
vertical velocity difference along the eastern segment of the Eastern Kunlun Fault is not
significant, whereas the horizontal velocity variation has slowed to approximately 1 mm/a.
The western segment of this fault shows cumulative shear and reverse strain deformation.

Table 1. Slip rates valuation in vertical and parallel direction of main active faults on the northeast

margin of Tibet Plateau during 1998-2024 (unit: mm/a).

The Middle Western East Section The Western The Middle The Eastern
Fracture Name Eastern Section Section of of the NOF ZLHF HYF LPSF Sectionof Sectionof Section of
of the ATF  the NQF the WQNF the WQNF the WQNF
Dip-slip rate 1.33 6.60 061 055 0.02 0.62 2.09 0.77
strike-slip rate 4.61 7.29 206 170 0.92 1.34 0.93 0.33

To verify the representativeness of the 1998-2024 GNSS dataset for evaluating the
documented historical maximum crustal uplift, this paper first clarifies the temporal cov-
erage and geodetic data quality of the observations utilized in this research. The GNSS
network covering the study area has realized full continuous operational coverage since
1998, with inter-station spacing ranging from 15 km to 40 km, which meets the resolution
requirement for regional crustal deformation at the tectonic scale relevant to seismic haz-
ard assessment. The long-term GNSS time series are processed via standardized geodetic
models to correct for solid Earth tides, ocean tidal loading, atmospheric delay, and non-
tectonic seasonal deformation, yielding an uncertainty of annual uplift rate estimation of
less than 0.2 mmy/a. This precision is adequate to identify long-term uplift rate anomalies
relative to the centennial background deformation derived from leveling and paleoseis-
mic data.

Although the 26-year GNSS observation period is shorter than the millennial-scale
recurrence interval of large tectonic earthquakes, modern GNSS observations can capture
the most recent crustal deformation state immediately prior to potential large seismic
events, which provides a more robust constraint on current seismic hazard levels com-
pared with sparse or outdated historical observations. Given that the uplift rate anomaly
identified in this study exceeds all cumulative uplift values recorded in historical obser-
vation datasets (including leveling surveys conducted from 1950 to 1997 and paleogeo-
detic measurements over the past 500 years), this study confirms that the current anomaly
has reached the historical maximum in the recorded deformation history of the study re-
gion.
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4. The Strain Rate Field in the Northern Section of the China
North—-South Seismic Belt

The geodetic velocity field provides an intuitive and quantitative method to charac-
terize the tectonic motion of tectonic plates and crustal blocks. To eliminate crustal defor-
mation disturbances induced by earthquakes with magnitude > 6.0, this study first ex-
tracts the co-seismic displacement field generated by these events using continuous
Global Navigation Satellite System (GNSS) observation data and deducts this co-seismic
displacement component during the calculation of the GNSS velocity field. On this basis,
the GNSS-inverted strain rate field for the northern segment of the China North-South
Seismic Belt covering 1998-2024 is obtained.

Previous studies have confirmed that crustal strain accumulation is significantly cor-
related with seismic activity and regional stress concentration [42]. The strain rate field
can quantitatively characterize the regional strain accumulation process, and its spatial
distribution characteristics can be used to analyze the strain accumulation state and seis-
mic hazard level of different sub-regions [43]. As a dimensionless physical quantity, strain
rate can intuitively reflect the intensity and deformation characteristics of regional crustal
activities, and its measurement is not restricted by the selection of reference frames [29,31].

This study employs the weighted difference algorithm model [44] and constructs a
regular grid with 0.5° spacing within the study area. For each grid point, the strain rate is
calculated using velocity observations from no less than four GNSS stations within a 100
km search radius, and grid points with insufficient station coverage are excluded from
calculation. Finally, the strain rate contour maps of the northern segment of the China
North-South Seismic Belt for 1998-2024 are obtained (Figures 4-7).

In this study, a gridded interpolation approach is adopted to construct the regional
strain rate field. Based on velocity observation data from adjacent GNSS stations, the
strain rate components at any spatial position are obtained through spatial interpolation.
The specific implementation process is as follows: first, a uniform grid with regular spac-
ing is established; second, a search radius is defined with each grid node as the center;
third, observation data from no fewer than four GNSS stations within the search radius
are screened to complete the strain rate calculation; finally, grid nodes with fewer than
four valid GNSS stations within the search radius are excluded from calculation. In this
work, the grid spacing is set to 0.5° and the search radius is set to 100 km, and the time-
series results of principal strain rate, shear strain rate and areal strain rate covering 1998
2024 are finally obtained.

Based on the observations of the principal strain rate field (Figures 5 and 6), the low
principal strain rate zones delineated within the study area exhibit high spatial con-
sistency with the primary low shear strain rate zones, covering the northwestern part of
the Alxa Block, the northern and southern termini of the Ordos Block, and the South China
Block. The high principal strain rate zones are mainly distributed in the eastern part of the
Alxa Block, the central-southern part of the Ordos Block, the eastern part of the Bayan
Har Block, the eastern part of the Qiangtang Block, and the southeastern part of the South
China Block.

The regional strain field exhibits distinct extensional characteristics: extensional de-
formation is developed in the eastern part of the Qiangtang Block, the central-eastern part
of the Bayan Har Block, the central part of the Qilian Block, the northern part of the Alxa
Block, and the central-northern part of the Longzhong Basin tectonic zone, forming well-
defined extensional tectonic zones. In contrast, the northern and southern boundaries of
the Qilian Block, as well as the western segment of the southern boundary of the Qaidam
Block, are dominated by compressional strain. The tectonic strikes of these boundaries are
nearly perpendicular to the contour lines of the principal strain rate. The principal strain
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rate parameters of each major tectonic belt are statistically summarized as follows: the
principal compressive strain rate at the northern boundary of the Qilian Block is —2.6 x
10-%/a; the principal compressive strain rate at the western segment of the southern bound-
ary of the Qaidam Block is -2.3 x 10-8/a; the principal compressive strain rate at the central
segment of the southern boundary of the Qaidam Block is -1.6 x 10-%/a. Along the western
segment of the northern margin fault zone of the Western Qinling Mountains, the magni-
tude of the principal extensional strain rate ranges from 0.9 x 10-%/a to 1.6 x 10-%/a, while
the principal compressive strain rate ranges from -1.5 x 10-8/a to —1.5 x 10-%/a. Along the
Liupanshan Fault Zone, the magnitude of the principal compressive strain rate increases
gradually from 0.8 x 10-%/a to 1.6 x 10-%/a. For the Zhuanglanghe Fault, the principal exten-
sional strain rate is 0.9 x 10-%/a, and the principal compressive strain rate is 1.4 x 10-%/a.
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Figure 4. Spatial distribution of crustal strain in the northern segment of the North-South Seismic
Belt covering the study period 1998-2024. The magnitude of crustal strain is denoted by gradient
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Figure 5. Spatial distribution of the principal compressive stress field in the northern segment of the
North-South Seismic Belt over the 1998-2024 study period. The magnitude of the principal com-
pressive stress is denoted by gradient colors (see the attached color bar), and the distribution is

plotted on a kilometer-resolution principal strain grid under the ITRF 2014 Eurasian reference frame.

Analysis of observational data indicates that the maximum variation amplitude of
strain rate at the Guomatan segment of the northern fault zone of the Western Qinling
Mountains is approximately 0.7 x 10-%/a, demonstrating that the cumulative strain level in
this segment is relatively low. Within the Tianshui segment of this fault zone, the exten-
sional strain rate ranges from 0.3 x 10-8/a to 0.9 x 10-%/a, while the principal compressive
strain rate varies between —1.2 x 10-8/a and —0.6 x 10-8/a. This result further confirms the
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low-strain characteristic of the study region. Both the eastern segment of the northern fault
zone of the Western Qinling Mountains and the eastern piedmont fault of the Helan
Mountains strike nearly perpendicular to the isolines of the principal compressive strain
rate, with maximum strain rate differences of 0.8 x 10-8/a and 0.5 x 10-8/a, respectively.
Both of the aforementioned fault zones are situated within low-strain-rate regions. The
western segment of the northern fault zone intersects the principal strain rate isolines at a
small angle, with a principal extensional strain rate of 0.8 x 10-%/a and a principal compres-
sive strain rate of —1.5 x 10-8/a, and the isolines in this region are relatively sparse. The
principal compressive strain rate of the Subei Kuantan Mountain segment of the Aljin
Fault is only -0.4 x 10-%/a.
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Figure 6. Distribution of the first shear strain in the northern segment of the North-South Seismic

Belt. Principal stress values derived from kilometer-resolution grids under the ITRF 2014 Eurasian
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reference frame are overlaid, where the background color represents the magnitude of shear strain.
This result covers the study period from 1998 to 2024.
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Figure 7. Distribution of shear strain within the northern segment of the North-South Seismic Belt,
on which the principal stress values calculated from kilometer-resolution grids under the ITRF 2014
Eurasian reference frame are overlaid. The background color in the figure denotes the magnitude of

shear strain, and the result covers the research observation period from 1998 to 2024.

Stress state analysis yields the principal compressive strain rate parameters for each
study segment as follows: the eastern segment of the Aljin Fault Zone, -1.5 x 10-%/a to -1.2
x 108/a; the eastern segment of the Haiyuan Fault, —1.2 x 10-%/a to —1.5 x 10-8/a; the central-
eastern section of the northern boundary of the Qilian Block, —2.6 x 10-%/a to —2.1 x 10-%/a;
the western segment of the East Kunlun Fault Zone, -2.5 x 10%/a to 2.1 x 10-%/a; and the
northern segment of the Zhuanglanghe Fault, -1.8 x 10-%/a to —1.5 x 10-%/a. The strikes of
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the aforementioned tectonic zones are all parallel to the densely distributed principal com-
pressive strain rate isolines, indicating that stress locking may occur in these regions.

The eastern segment of the Aljin Fault intersects the principal extensional strain rate
isolines at a small angle and is parallel to the widely spaced principal compressive strain
rate isolines; its principal compressive strain rate is —0.4 x 10-%/a, which demonstrates that
compressive stress locking occurs in the Subei Kuantan Mountain segment of the Aljin
Fault. Similar locking characteristics are also identified along the Qilian Mountains north-
ern margin fault zone, the southern boundary of the Qaidam Block, and the central section
of the southern boundary of the Qilian Block. The Haiyuan Fault exhibits the characteristic
of compressive strain accumulation: it intersects the high-value principal compressive
strain rate isolines at a large angle and is parallel to the principal compressive strain rate
isolines with large spacing.

The Liupanshan Fault exhibits a low magnitude of compressive strain rate along its
entire strike. For the Kusai Lake, Dongditan, and Xiugou-Alak Lake segments of the East
Kunlun Fault, the calculated principal strain rate ranges from 1.5 x 10-%/a to 3.0 x 10%/a,
and the principal compressive strain rate ranges from -3.0 x 10%/a to -2.1 x 10-%/a. This
result indicates that the western segment of the East Kunlun Fault is characterized by
compressive strain accumulation. For the Alak Lake-Tuosuo Lake segment and the Tu-
osuo Lake-Maqu segment, the calculated principal strain rate ranges from 1.2 x 10-%/a to
2.1 x 108/a, and the principal compressive strain rate ranges from -2.4 x 108/a to -1.5 x
10-8/a, which confirms the existence of compressive stress locking in the eastern segment
of the East Kunlun Fault. The Hoh Xil region presents clear compressive strain accumula-
tion, and this region intersects both the principal strain rate isolines and the principal
compressive strain rate isolines at large angles, with large spacing between adjacent iso-
lines. The Zhuanglanghe Fault intersects the principal strain rate isoline at a small angle,
and is nearly perpendicular to the principal compressive strain rate isoline. According to
the observational data obtained in this study, the calculated principal strain rate of this
fault is 0.9 x 10-8/a, and its principal compressive strain rate is —1.4 x 10-8/a. The Dongkun-
lun Fault, which is distributed along the eastern section of the southern boundary of the
Qaidam Block, has a small intersection angle with the principal strain rate isoline in its
western segment that is situated within the high-value strain rate zone, and intersects the
principal compressive strain rate isoline at a large angle. In this segment, the calculated
principal strain rate is 1.5 x 10-8/a and the principal compressive strain rate is 2.3 x 10-%/a.
The eastern segment of the Dongkunlun Fault is nearly perpendicular to the principal
strain rate isoline and intersects the principal compressive strain rate isoline at a small
angle, with calculated principal strain rates ranging from 1.6 x 10-%/a to 2.0 x 10-8/a and
principal compressive strain rates ranging from -1.8 x 10-%/a to —2.4 x 10-%/a. Furthermore,
the isolines in this segment are characterized by large spacing. The Liupanshan Fault is
perpendicular to the low-value strain rate isoline zone and intersects the principal com-
pressive strain rate isoline at a large angle. Along the fault strike, the magnitude of the
compressive strain rate increases gradually from 0.8 x 10%/a to 1.5 x 10-%/a. The narrow
spacing of the isolines indicates a low level of cumulative compressive stress accumula-
tion, which is consistent with the conclusion reported by Xu W et al. [45]. Through com-
prehensive analysis, it can be concluded that multiple tectonic units and fault zones, in-
cluding the northern and southern boundaries of the Qilian Block, the western segment
of the southern boundary of the Qaidam Block, the eastern segment of the Aljin Fault, the
Haiyuan Fault, the eastern segment of the East Kunlun Fault, and the Hoh Xil region, all
present relatively significant compressive stress accumulation characteristics.

Based on the shear strain rate field obtained in this study (Figure 6), high-shear-strain
rate regions (1.6 x 10-8/a—2.5 x 10-8/a) are predominantly distributed along the boundary
between the Qilian Block and the Alxa Block, the southern region of the Qaidam Block,
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the central-eastern portion of the Bayan Har Block, and the eastern region of the Qiang-
tang Block. This spatial distribution pattern is consistent with the previous research results
[46]. The shear strain rate characteristics of the main tectonic units and fault zones are
summarized as follows:

The shear strain rate of the central-eastern segment of the Aljin Fault Zone is meas-
ured as 0.7 x 10%/a, and the Subéikuangtanshan section of the fault also yields a shear
strain rate of 0.7 x 10%/a, indicating that strain accumulation within this section is rela-
tively weak. The fault strike is nearly parallel to the isopleths of shear strain rate.

The overall shear strain rate at the northern boundary of the Qilian Block ranges from
1.6 x 10-%/a to 1.8 x 10-%/a, while the shear strain rates of the western and eastern segments
fall between 1.5 x 10-8/a and 1.8 x 10-8/a. The overall fault strike intersects the shear strain
rate isopleths at a large angle, and the isopleths are characterized by wide spacing.

The North Qilian Margin Fault, corresponding to the northern boundary of the Qilian
Block, forms a high shear strain rate zone at its junction with the Alxa Block, with a shear
strain rate ranging from 1.2 x 10-%/a to 1.5 x 10%/a and exhibits the characteristic of strike-
slip locking.

The strike of the Zhuanglanghe Fault intersects the shear strain rate isopleths at a
large angle, with relatively wide spacing between adjacent isopleths, and the shear strain
rate of this fault ranges from 1.2 x 10-8/a to 1.4 x 10-%/a.

The eastern segment of the North Western Qinling Margin Fault is perpendicular to
the low-density shear strain rate isopleths, with its shear strain rate ranging from 0.3 x
108/a to 1.2 x 10-8/a. Under the obstruction of the South China Block, this fault segment
exhibits strike-slip locking. The eastern segment of the Haiyuan Fault has a shear strain
rate of 0.9 x 108/a-1.3 x 10-%/a, which falls within the overall range of 1.2 x 10-%/a-1.4 x
108/a. This fault segment is located between the 1.2 x 10%/a-1.4 x 10-%/a isopleths with
relatively large spacing, and its strike is perpendicular to these isopleths. The shear strain
rate of the northern segment of the Liupanshan Fault varies from 0.3 x 10-8/a to 1.2 x 10-%/a,
with the overall value falling within the interval of 0-1.5 x 10-%/a, indicating a low level of
strain accumulation. For the southern segment of the East Helan Piedmont Fault, the shear
strain rate ranges from 0.6 x 10%/a to 1.2 x 10-#/a, and its strike is perpendicular to the low-
value contour lines corresponding to the 0.4 x 108/a-1.2 x 10-%/a strain interval. Both the
northern segment of the Liupanshan Fault and the southern segment of the East Helan
Piedmont Fault are located within this low-value contour zone, reflecting that stress accu-
mulation in these segments is weak.

The shear strain rates of the middle and western segments of the Eastern Kunlun
Fault Zone range from 1.5 x 10-8/a to 2.1 x 10-%/a, (among which the shear strain rate of the
western segment is 1.8 x 108/a-2.1 x 10-%/a). The strike of these segments intersects the
high-value contours of shear strain rate at a small angle, and the contours in this region
are densely distributed. In the eastern segment of the Eastern Kunlun Fault Zone, the fault
strike forms a certain included angle with the shear strain rate isoclines, and the relatively
large spacing of isoclines indicates the development of active strike-slip locking. The
Kekexili region exhibits low cumulative shear strain, and the included angle between fault
strike and shear strain rate isoclines is small.

For key fault zones including the eastern segment of the Western Qinling North Edge
Fault, the eastern segment of the Haiyuan Fault, the northern segment of the Liupanshan
Fault, the middle and western segments of the Eastern Kunlun Fault Zone, the western
and eastern segments of the northern boundary of the Qilian Block, and the southern seg-
ment of the Helan Mountain East Slope Fault, their strikes are all perpendicular to the
densely distributed isoclines of maximum shear strain rate, which implies that stress lock-
ing mechanisms may have developed in these regions. The northern boundary of the Qi-
lian Block, the Zhuanglanghe Fault, the eastern segment of the Eastern Kunlun Fault, the
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eastern segment of the Western Qinling North Edge Fault, and the Haiyuan Fault all ex-
hibit the characteristics of strike-slip stress accumulation.

In the Qilian Block, the eastern Qaidam Block, and the central Longzhong Basin tec-
tonic zone, the density of shear strain rate isoclines is relatively low, the variation ampli-
tude of maximum shear strain is small, and the minimum shear strain presents a decreas-
ing trend. This indicates that shear stress accumulation is increasing in the periphery of
the Haiyuan Fault, the Liupanshan Fault and the Western Qinling North Edge Fault. The
variation range of the principal compressive strain rate covers the entire variation interval
of the maximum shear strain rate. In addition, the density of the principal compressive
strain rate isoclines decreases in the Qiangtang Block and the south-central Bayan Har
Block.

As shown in Figure 7, the overall variation in regional surface strain is not significant.

5. The Dynamic Strain Rate Field Within the Sub-Blocks of
the Secondary Level Block

Active blocks refer to geological tectonic units formed from the Late Quaternary
(100,000-120,000 years ago) to the present, which are partitioned by active tectonic belts
and characterized by relatively uniform intra-block motion. On the Chinese mainland,
more than 52% of M6.0 earthquakes, over 73% of M7.0 earthquakes, and 100% of M8.0
earthquakes have occurred along the boundary tectonic zones of first-order and second-
order active blocks. Ma Jin argues that the perspective for analyzing seismic activity in
China should shift from focusing on active faults to centering on active blocks [47].

Based on the boundary orientation of secondary blocks along the northeastern mar-
gin of the Tibet Plateau (Figure 8), the direction of active fault structures [48], and the
spatial distribution characteristics of Global Navigation Satellite System (GNSS) stations
within these blocks, we further subdivided them into sub-blocks. Using velocity data from
GNSS stations within each sub-block between 1998 and 2024, we calculated their strain
rates and corresponding mean errors. The classification criteria were as follows: For blocks
with irregular geometric morphology, secondary active faults are adopted as block
boundaries as far as possible. On this basis, the relative uniformity of GNSS station distri-
bution within adjacent sub-blocks is guaranteed, and the difference in spatial station den-
sity is fully considered. For blocks where stations are generally sparse and concentrated
at the edges, no further subdivision is implemented, which is exemplified by the Ordos
Block. After the completion of sub-block subdivision, multi-temporal velocity field anal-
ysis of GNSS stations within each sub-block is conducted to obtain the time-series varia-
tion characteristics of strain rates. The strain parameters of all sub-blocks in the northern
segment of the North-South Seismic Belt covering the period from 1998 to 2024 are sum-
marized in Figure 9.

Taking the year 1998, when the GNSS Land State Network entered official operation,
as the reference epoch, the strain rate analysis results obtained for each study area are
presented below:

The strain rate parameters of each sub-region within the Longzhong Basin tectonic
zone exhibit significant spatial heterogeneity. In the northern area north of the eastern
foothills of the Helan Mountains, the maximum shear strain rate reaches 4 x 10-8/a, and
both the dilatation strain rate and the surface strain rate are measured as 3 x 10-%/a. In the
northern region adjacent to the Haiyuan Fault, the maximum shear strain rate is 3 x 10-%/a.
In the southern area adjacent to the northern marginal fault zone of the Qinling Mountains,
the maximum shear strain rate is 5 x 10-%/a. In the southern section bordering the eastern
boundary of the Bayan Har Block, the maximum shear strain rate, the first shear strain
rate, the dilatation strain rate and the surface strain rate are 7 x 10-8/a, 6 x 10-8/a, 6 x 10-8/a
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and 4 x 10-%/a, respectively. In the western area adjacent to the Aljin Fault Zone, the max-
imum shear strain rate is 3 x 10-%/a, while in the area adjacent to the Zhuanglanghe Fault,
the maximum shear strain rate reaches 4 x 10-8/a. Further subdivided regional analysis
yields the following results: the maximum shear strain rate in the southern part of the
northern segment is 5 x 10-%/a; the maximum shear strain rate in the southern part of the
southern segment is 7 x 10-8/a, with the first shear strain rate and the dilatation strain rate
both being 6 x 10-8/a, the NE-oriented strain rate being 5 x 108/a, and the surface strain
rate being 4 x 10-8/a; the maximum shear strain rate in the western part of the western
segment is 3 x 10-8/a; and the maximum shear strain rate in the eastern part of the western
segment is 4 x 10-8/a. Overall, the strain intensity of each sub-region has remained in the
normal-to-low range since 1998.
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Western Qinling Mountains; EKLF —East Kunlun Fault; HYF —Haiyuan Fault; LPSF —Liupanshan
Fault; ZLHF —Zhuanglanghe Fault; EHPMF — Eastern Foot Fault of Helan Mountains; LZBSA: The
structural region of the Longzhong Basin.

10
8 A i
A
T 61
"P; A L A
- A | ]
% 4 A A,A A g A A
Z A A
u | m2n 'y g A ®
o 2 ] ° [ ]
E ofitie . 4 8 % o 2
@ 04 Qg Q§8 Qggg Qg Q' BQ QQQQ@QQ ® First shear strain rate
T ¢ ] : ¢ o ‘ 3 v O First shear strain rate error
© QVOx ' s : ..' ! ’VO' ¥ Second shear strain rate
o -2 A ° "..! ¢ ; ’ ° A Second shear strain rate error
© L * . 'Y P B Main tensile strain rate
c -4 [ - ‘ O Main tensile strain rate error
© 4 Main pressure strain rate
o) -6 - . < Main pressure strain rate error
A Maximum shear strain rate
L [ ] v Maximum shear strain rate error
-8 A ® Surface strain rate
O Surface strain rate error
*10 T T T T T 7T T T T T T T T T T T T T T T T T T T T T T T T T T
S S T T NN S KK ST & & & o o
050505000 50000 0.0 -0:0:0 00y 00,0, ,0,0,85,5:2 555559
QQ?Q?Q?QQQ?Q'QQ?Q?{&Q?QQ@’\/N\’}//\//\//\//\/\/)//\//\,Q?Q?Q?Q?Q
SELFFIFTEELEEELEREONNNNNNNNNIESS LS
TR T LI I LI EL o 0SS LLEILELLIEITIToT
N oSS SRR TIOOCOTESISSSSSISSGTTTES
LILI TP IFPFFRN N c.0.0888888588 0 0088
55 S PLLLL LI STTEEEEEESSEESELSS
0ot SIEES PP IIIIIIST SIS0 0
FESELLEEO85S 200 S ESESITIESSEIE
N 7 OOIOSECEPSNISEN RSN S o Sl
SLELoNEEEYG 0005598008 F o9
S 89989555 2o UL O IDH R RS
TEEEESEILILELE s oo ] DOLLLLTS
$§§§o§$’r§?é‘é‘@$§ QQQQ\QJ.?Q»'S@ «5’&’5’@5@5@@@@&&
P50 e L08LEF S5T8s 55688088 Fe
FITTSEETFE ST SO F LSS ~WwS o
EELFSIT2F SIS99 SSEIEFS o
R 7 T o S o of A S Y
&Q S N P9 g9 &L
& ® N & g8 &6
& & S & o6& £F
] ~ o T LES S
Lo Y ob'é o&'S’S ISP
&(‘ Q? '?99 Qrooc“,_}g) 2 @
s & Lef R
& s RS,
& N
A
<
§
<

Faults (sections) name

Figure 9. Strain statistics of secondary level blocks in the northern segment of the North-South Seis-
mic Belt, China.

Based on an analysis of the temporal variation trends of strain parameters, the strain
characteristics within the Longzhong Basin tectonic zone can be summarized as follows:
In the northern subsection of the northern segment, east-west (EW)-oriented strain,
north-south (NS)-oriented strain, principal strain, maximum shear strain and surface
strain all present increasing trends; in the southern subsection of the northern segment,
EW-oriented strain, NS-oriented strain, shear strain, principal strain and surface strain all
display increasing trends; in the eastern segment, EW-oriented strain, NS-oriented strain,
principal strain and surface strain present increasing trends; in the northern subsection of
the southern segment, EW-oriented strain, NS-oriented strain, the first shear strain and
principal compressive strain display increasing trends; in the southern subsection of the
southern segment, NS-oriented strain and principal compressive strain present increasing
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trends; in the western segment, EW-oriented strain, shear strain and principal strain dis-
play increasing trends; in the central-western subsection, linear strain, shear strain, prin-
cipal strain and surface strain all present increasing trends; in the eastern-western subsec-
tion, shear strain displays an increasing trend; in the northern subsection of the central
segment, linear strain, the second shear strain, principal strain and surface strain all pre-
sent increasing trends; and in the southern subsection of the central segment, EW-oriented
strain, NS-oriented strain, shear strain, principal strain and surface strain all display in-
creasing trends.

Notable anomalous characteristics are identified as follows: the maximum shear
strain, principal strain and surface strain in the northern subsection of the northern seg-
ment have increased significantly, and the absolute values of the second shear strain and
northeast (NE)-oriented strain have reached the maximum value recorded since 1998; cor-
respondingly, the maximum shear strain, the second shear strain, NE-oriented strain and
principal strain in the northern subsection of the southern segment also reached the max-
imum value recorded since 1998.

For the central Qilian Block, the measured surface strain rate, maximum shear strain
rate, principal compressive strain rate and first shear strain rate are =3 x 10-%/a, 4 x 10%/a,
-4 x 10-8/a and 3.8 x 10-%/a, respectively. Overall, the absolute values of the block’s maxi-
mum shear strain rate, principal compressive strain rate, EW-oriented strain rate and first
shear strain rate (which are 4 x 10-8/a, -4 x 10-8/a, -3 x 10-%/a and 3.8 x 108/a, respectively)
all reach the maximum level recorded since 1998; the NE-oriented strain rate and the sec-
ond shear strain rate of the block also remain at historically high levels. The spatial varia-
tion pattern of strain within the block can be summarized as follows: in the western part
of the block, linear strain, shear strain, principal strain and surface strain all show an in-
creasing trend; in the central part of the block, shear strain and principal strain exhibit an
increasing trend; while in the eastern part of the block, EW-oriented and NE-oriented
strains, shear strain, principal compressive strain and surface strain all present an increas-
ing trend.

Within the western region of the Qaidam Block, the surface strain rate, maximum
shear strain rate, principal compressive strain rate and first shear strain rate are measured
as —2.7 x 10-8/a, 2.3 x 10-%/a, —2.5 x 108/a and 2 x 10-%/a, respectively. The absolute values of
the overall strain rate across the entire block are all below 3 x 10-%/a. Specifically, the strain
level in the western region has remained at a normal high level since 1998, while the strain
rate in the central and eastern regions has stayed within the normal range. The internal
strain variation exhibits distinct zonal differentiation characteristics: the EW-directional
strain, shear strain and principal strain in the western region all show an increasing trend;
the NS-directional strain, principal strain and maximum shear strain in the central region
show an increasing trend; and the linear strain, shear strain, principal strain and surface
strain across the entire eastern region all present an increasing trend. Statistical observa-
tions indicate that, at the westernmost end of the block, the NS-directional strain (2.3 x
10-8/a), surface strain (2.7 x 10-%/a), maximum shear strain (2.3 x 10-%/a), principal com-
pressive strain (-2.5 x 10-%/a) and first shear strain (2 x 10-%/a) have all reached the highest
level recorded since 1998, while the NE-directional strain and second shear strain also
remain at a historically high level.

The strain rate within the Ordos Block and the region north of the Subei Kuantan
Mountain segment of the Aljin Fault maintains a relatively low magnitude, and the strain
rate of the Alxa Block stays at a normal level. For the Bayan Har Block, the strain rates in
its western and central portions fall within the normal range, while the strain rate level in
the eastern portion is slightly higher. Specifically, the absolute strain rate in the western
portion is lower than 7 x 10-8/a, that in the central portion is lower than 4 x 10-%/a, and that
in the eastern portion is lower than 3 x 10-8/a. The strain variation within the Bayan Har
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Block exhibits the following trends: the EW-oriented strain, NS-oriented strain, first shear
strain, principal strain and surface strain in the western region all present an increasing
trend; the EW-oriented strain, first shear strain, principal compressive strain and surface
strain in the central region all show an increasing trend; and the NE-oriented strain, shear
strain and principal strain in the eastern region all present an upward trend.

The absolute strain rate values in the western region of the Qiangtang Block are lower
than 3 x 10%/a, indicating that the strain magnitude of this sub-region is relatively low; the
absolute strain rate values in the eastern region of the block are lower than 8 x 10-%/a. The
spatial variation pattern of strain within the block presents the following characteristics:
in the western sub-region, the linear strain, secondary shear strain, principal strain and
surface strain all show an increasing trend, while in the eastern sub-region, the NS-ori-
ented strain, triaxial strain and maximum shear strain exhibit more significant increments.
The notable anomalous strain characteristics can be summarized as follows: the first shear
strain, triaxial strain and surface strain in the western region have reached their maximum
values since 1998; in contrast, in the eastern region, the EW-oriented strain (-3.7 x 10-%/a),
NS-oriented strain (4 x 10-8/a), first shear strain (=7.2 x 10-%/a), triaxial strain (4 x 10-%/a),
principal compressive strain (-3.2 x 10-8/a) and maximum shear strain (7.2 x 10-%/a) all
reached their peak values recorded since 1998.

For the northern, western and central regions of the South China Block, the absolute
strain rate values are lower than 1 x 10-8/a, 4 x 10-8/a, and 1 x 10-8/a, respectively. On the
whole, the strain rate levels in the northern region and the central-western region are rel-
atively low. The strain variation characteristics within the South China Block are summa-
rized as follows: in the northern region, NE-strain, NS-strain, the second shear strain, and
the principal compressive strain all present an increasing trend; in the western region,
EW-strain, first shear strain, principal compressive strain, and surface strain all demon-
strate an increasing trend; and in the central region, EW-strain, NE-strain, and shear strain
all exhibit an increasing trend.

In the northeastern region of the northern edge of the Tibet Plateau, specifically the
northeastern section of the northern segment of the North—-South Seismic Belt, the absolute
value of the strain rate is less than 1 x 10-%/a, indicating a normal activity level during this
period; both the NS-oriented strain and the principal compressive strain in this area ex-
hibit an increasing trend.

Based on the above strain rate analysis results, it can be concluded that since 1998,
the absolute value of strain rates in the area north of the eastern segment of the Aljin Fault
has consistently been below 2 x 10-%/a, indicating moderate-to-weak strain activity during
this study period; the overall absolute strain value of the Alxa Block is lower than 1 x 10-%/a,
which indicates that the strain activity of the block has remained at a normal level since
1998. Cumulative growth trends are observed in the shear strain in the northern part of
the block, as well as the shear strain and the principal compressive strain in the southern
part. The absolute strain rate of the Ordos Block remains below 0.5 x 10-%/a, which indi-
cates that the strain activity within this block has remained at a relatively low level since
1998. Meanwhile, the linear strain, secondary shear strain, principal compressive strain
and areal strain all present cumulative increasing trends across the entire block. The re-
sults obtained in this study are generally consistent with the conclusions reported in ex-
isting published research [13,16,39,46,49,50].

6. Fracture Sliding Rates and Sliding Deficit Ratio

In linear inversion problems, taking fault slip magnitude estimation as a representa-
tive case, geophysical inversion theory constructs a quantitative mathematical framework
for resolving model parameters including fault slip angles and sliding velocities from ob-
servational data. By establishing the functional relationship between surface displacement
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observations induced by rectangular fault slip in an elastic half-space and the correspond-
ing Green'’s function, fault motion parameters can be estimated via inversion. In general,
the Green’s function in this context is derived on the basis of elastic dislocation theory [51-
53]. Through rotation and translation transformations of the GNSS displacement field,
projection of the displacement field onto the fault plane can be achieved, which enables
the construction of the functional relationship between the observed displacement field
and unknown fault parameters. The DEFNODE software of ver.2007 developed by
McCaffrey adopts the McCaffrey block model [54-56]. This model assumes that active
faults maintain complete locking during the inter-seismic period, and the resultant veloc-
ity field V' is decomposed into the sum of three components: the rigid rotation rate of the
fault block, the fault slip deficit rate, and the uniform elastic strain rate within the block,
as formulated in Equation (1). Given the rigid rotation rate of the blocks on either side of
an active fault V5(Q), The velocity difference between the blocks can be decomposed and
projected into the strike-slip, dip-slip, and extensional rate components of the fracture: Sg,
Sp and Sp. Vp(Q) is shown in the Equation (2). The rate of sliding deficit caused by frac-
ture at the block boundary V(Q) is represented by Equation (3). Among these, the Green
function Gy corresponds to the rectangular dislocation element, selected in the
DEFNODE program. The uniform elastic strain rate within the block V;(¢) is shown in
Equation (4), McCaffrey proposed Equation (5) based on GNSS horizontal velocity data
to estimate slip rate, locking rate, and Eulerian pole. Among these, the sliding rate, the
locking rate ¢ ,and €) are parameters to be inverted, and the sliding deficit rate Q?q)nk
is defined by the aforementioned formula. For the specific definitions of each symbol, refer
to McCaffrey’s literature [54].
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Based on the published research by Academician Deng Qidong on the geometric
boundaries of active fault zones and the spatial distribution of major active faults across
China [17], this study first determines the spatial positions of fault nodes, and subse-
quently conducts inversion to estimate the slip rate and slip deficit rate of major active
faults. In this study, fault nodes with equal quantity are constructed at depths of 0.5 km,
14 km, and 30 km, respectively. For the recalculation of Green’s functions, the distance
between any newly added node and all pre-existing nodes is constrained to be greater
than 1 km, and observation stations that are more than 4000 km away from all nodes are
excluded from the calculation of Green’s functions. This study implements a joint algo-
rithm combining simulated annealing and grid search and sets the initial temperature to
0 °C and the gradient search step size to 0.001 mm/a, under the prior assumption that fault
locking rate decreases as depth increases. After the inversion process is completed, a for-
ward model is constructed to calculate the corresponding residual of strain and rotation.
Subsequently, we utilized the non-integrated number x? to continuously verify the uni-
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formity of the strain rate fields within each block obtained through inversion and by ad-
justing the weight standard deviation factor f to make x? approaching 1. dof repre-
sents the number of degrees of freedom, calculated as the number of observations minus
the number of free parameters. #; represents the residual vector, and o0; represents the
data uncertainty matrix (see Equation (6)). Table 2 presents the inversion results of slip
deficit, locking rates, and total slip/strike-slip/dip-slip velocity components at 0—40 km
depth along the selected active fault segments in the northern segment of the North-South
Seismic Belt of China, covering the study period from 1998 to 2024.

n()
2 \fo; (©)
" dof

Table 2. Statistical summary of slip deficit, locking rates, and total slip/strike-slip/dip-slip velocity
components at 0-40 km depth along the selected active fault segments in the northern segment of
the North-South Seismic Belt during 1998-2024 (positive values represent northward (N) and east-

ward (E) velocity components, respectively).

Fracture Segment Sliding Loss Locking TO;:;ZI'P Strike-Slip  Dip-Slip
(mm/a) Rate Rate (mm/a) Rate (mm/a)
(mm/a)
The “Andir River-Cherchen River” section of the ATF 0.01~7.02  0.02~1.00 0.26~6.85  0.17~4.92  -6.76~-0.20
The “Solkuri-Aksay” section of the ATF 156~721  0.22~1.00 6.99~7.03  0.20~331 -6.99~-6.19
The “Subei Kuantan Mountain” section of the ATF 1.04~4.82 0.22~1.00 4.64~4.70 -3.83~1.84 -4.70~-2.73
The “Tianshui” section of the fault along the WQNF 0~2.36 0~1.00 0~2.36 -0.19~0.70 -2.36~0
The “Luanfeng” section of the fault along the WQNF 0~3.22 0~1.00 0~3.22 -1.11~0 -3.19~0
The “Tanxian” section of the fault along the WQNF 0~2.19 0~1.00 0~2.20 -0.01~0.05 -2.20~0
The “Guomatan” section of the fault along the WQNF 0~1.95 0~1.00 0~1.94 -0.55~0.50 -1.92~0
The “Qukusai Lake” section of the EKF 0.00~10.36  0.01~1.00 0.16~9.89 -2.56~3.24 -9.89~-0.16
The “Dongxidatan” section of the EKF 223~953  0.25~1.00 9.07-9.12  -0.30~2.41 -9.09~-8.78
The “Xiugou-Alak Lake” section of the EKF 1.98~8.53  0.24~1.00 8.09~8.12  -8.08~6.01  -8.10~8.09
The “Alak Lake-Tosuo Lake” section of the EKF 0.00~14.43  0.01~1.00 0.22~13.78 -10.03~5.24 -13.78~-0.15
The “Tosuo Lake-Maqu” section of the EKF 0~10.06 0~1.00 0~9.64 -7.74~0.21 -9.57~0
The “Shao Kou—Kui Xiang” section of the HYF 0.04~3.73  0.08~1.00 0.47~3.74 -1.18~-0.10 -3.70~-0.46
The “South/West Huashan” section of the HYF 0.20~5.03 0.16~0.99 1.30~5.08 -3.37~-0.64 —4.85~-1.13
The “Hasishan-Machangshan” section of the HYF 0~4.69 0.00~1.00  0.03~4.71 -2.87~-0.02 -4.68~-0.03
The LPF 1.39~6.34  0.23~1.00 6.18~6.20 -5.86~0.83 -6.20~-1.98
The “Zaoxia-Dahuanggou” section of the fault along the NQF ~ 0.38~1.83  0.21~1.00 1.81~1.82  0.22~1.44 -1.80~-1.10
The “Yumen” section of the fault along the NQF 0.30~1.48  0.21~1.00 1.46~1.47 -0.85~146 -1.46~1.46
The “Fodongmiao-Hongyazi” section of the NQF 0.29~142  0.21~1.00 1.40~1.41 -1.40~0.89 -1.15~1.40
The “Sunan” section of the NQF 0.42~2.06 0.21~1.00 2.04~2.04 -2.04~2.04 -2.04~2.04

Numerous prior studies have carried out slip deficit estimation and high-seismic-
hazard zone identification for the study area. On the whole, existing research has reached
a consensus on the overall pattern of seismic hazard: the main strike-slip fault zone cross-
ing the study area presents the highest long-term average slip deficit rate and is the region
with the highest potential for generating strong earthquakes above magnitude 7.0. This
conclusion is highly consistent with the regional historical distribution records of strong
earthquakes. However, significant discrepancies exist in the quantitative estimation re-
sults of key parameters among different studies:

For the slip deficit rate of the central and western segments of the study area, early
investigations based on sparse GNSS observation networks yielded estimation results of
4-6 mm/a, while recent studies with denser observation coverage obtained results of 2—

https://doi.org/10.3390/app162110857



Appl. Sci. 2026, 16, 10857

26 of 51

3.5 mm/a, with a difference of nearly twofold between the two sets of results. Regarding
the delineation extent of high seismic hazard zones, although all existing results cover the
eastern segment of the study area where historical strong earthquakes with M > 8.0 oc-
curred, the area of the delineated high-hazard zones in the central segment differs by
nearly twofold across different studies.

These discrepancies in research results are essentially caused by inconsistent variable
independence assumptions and inconsistent data processing procedures adopted by dif-
ferent studies, which directly demonstrates the necessity of this study to re-estimate re-
gional slip deficit and seismic hazard through an improved uncertainty quantification
framework that fully considers the interdependence among multiple influencing factors.

7. Discussion
7.1. The Mechanisms of Earthquake Generation and Occurrence Within a Structural Context

The geological structures across different regions of the Tibet Plateau have under-
gone distinct magmatic activities and crustal modification processes. The stress accumu-
lation, rupture, and release mechanisms near fault zones exhibit coupling relationships
with the physicochemical properties of various media components as well as the mechan-
ical behaviors of fluids and solids. Observations reveal vertical continuity in crustal and
mantle deformation within the plateau, indicating strong coupling between these systems,
where shear mechanical properties directly correlate with the degree of coupling. In gen-
eral, high friction coefficients, rapid stress loading rates, low strain rates, and high shear
moduli correspond to geological conditions featuring sliding resistance, high slip dissipa-
tion rates, substantial stress accumulation, and locked fault states. Via finite element dy-
namic simulation, Shi Fuqiang et al. identified potential hazardous segments of active
faults characterized by high stress rates and strong locking properties, which include the
eastern segment of the Aljin Fault, the central-western segment of the Haiyuan Fault, the
Liupanshan Fault, and the central-western segment of the northern margin faults of the
Western Qinling Mountains [57]. Variations in temperature and pressure conditions may
trigger dehydration reactions of mica and amphibole, leading to an increase in pore fluid
pressure within the crustal medium. This process is recognized as a key contributing fac-
tor for the formation of high-conductivity layers in the continental crust. Dehydration in-
creases the fluid content in the middle-to-lower crust, which may further induce localized
partial melting. When these high-conductivity layers experience shortening or shear de-
formation, stress can propagate upward into the high-resistivity and sub-high-resistivity
layers of the upper crust, eventually triggering shear fracture failure at the pre-locked,
structurally weak sites [8]. Prior to the occurrence of large earthquakes, rock dilatancy in
the focal region causes a rapid drop in pore pressure, which facilitates the gradual for-
mation of connected pore networks and enables the infiltration of peripheral fluids into
the focal area. In deep fault zones, mantle-derived high-temperature and high-pressure
materials can even intrude upward, leading to the formation of low-velocity seismic
anomalies.

Medium-scale heterogeneity constitutes another direct triggering factor for earth-
quake occurrence. Localized temperature increases induce uneven uplift of the upper
mantle, which imposes substantial shear stress on overlying fault zones and further gen-
erates localized tensile stress. This geological phenomenon has been identified in the
Yitong—Shulan Fault Zone, coastal islands of Fujian, and newly active faults in central-
western Fujian. Compared with fault opening and activation driven by thermal material
upwelling, the cascading triggering effect between adjacent lateral fault systems is more
likely to be the key mechanism of earthquake initiation, and this topic remains a core con-
troversy in the research of seismogenic environment and mechanism. Episodic fault dis-
location and post-seismic viscoelastic relaxation are two dominant processes governing
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Coulomb stress variation, both of which regulate earthquake triggering among adjacent
lateral fault systems. In general, the influence of episodic fault dislocation is more signifi-
cant than that of viscoelastic relaxation. The magnitude of this effect is significantly corre-
lated with earthquake magnitude, inter-event time interval and spatial distance between
faults. This correlation has been confirmed by the M5.7, M5.9, and M5.6 earthquake se-
quence that occurred along the Tuanbao Fault and Dawangcun Fault in the Datong-Yang-
gao area of Shanxi Province on 19 October 1989 [58].

It should be noted that an increase in Coulomb stress only indicates that the fault has
approached its rupture threshold and does not necessarily mean that an earthquake is
imminent. Earthquake triggering is jointly controlled by multiple factors including stress
accumulation rate and the yield strength of the fault zone. Viscoelastic—plastic finite ele-
ment numerical simulation results [59] show that the stress distribution along the fault
zones on the northeastern margin of the plateau is heterogeneous, and Coulomb stress
can transfer between different fault zones. When the accumulated loading stress reaches
the yield threshold of specific seismogenic faults, earthquake clustering may be triggered.
At present, the viscoelastic stress relaxation effect in this region has attenuated signifi-
cantly, which suggests that the Haiyuan Fault Zone has a high probability of hosting the
next large earthquake.

7.2. Fracture Sliding and Locking Characteristics of the Northern Segment of the North—South
Seismic Belt in China

Long-term tectonic loading from adjacent tectonic units triggered the 1932 Changma
earthquake that occurred along the Aljin North Margin Fault Zone. Although the magni-
tude of Coulomb stress accumulated by inter-seismic tectonic loading is lower than that
of co-seismic stress, this loading process remains the dominant contributor to the cumu-
lative stress buildup within the fault zone over a long geological timescale. This study
demonstrates that the Solkuri-Aksai segment exhibits elevated strike-slip and dip-slip
rates; the Su Bei Kuantan Mountain segment shows attenuated slip deficit, with its strike-
slip and dip-slip rates both decreasing significantly; the average locking depth of the en-
tire fault is approximately 15 km, and the slip deficit rate of the Su Bei Kuantan Mountain
segment is 4.82 mm/a.

The Haiyuan Fault constitutes a weak zone developed during the Paleozoic and is
categorized as a large-scale deep fault at the crustal scale. The lithosphere underlying the
fault is relatively thin, the lithospheric mantle cover exhibits high seismic velocity, and
the lower crust contains a highly conductive weak layer; both the upper crust and lower
crust show concurrent joint thickening [7]. This study indicates that: under the narrow
definition, the Haiyuan Fault is characterized by uniformly distributed locking rate, shal-
low locking depth and low coupling intensity; the eastern segment of the Hasi Mountain—
Machang Mountain section is characterized by low strike-slip velocity and high dip-slip
velocity; the Liupanshan Fault shows uniform and increasing slip deficit distribution,
with locked zones extending 15-20 km deep and uniformly distributed across its Haiyuan
segment and the Guyuan-Jingyuan boundary; and the dip-slip velocity decreases along
these sections.

As the leading edge of the northeastward extension of the Tibet Plateau, the Qilian
Mountain orogenic belt represents the tectonic deformation process along the plateau’s
northeastern margin during the Cenozoic era. The northern margin fault zone of Qilian
Mountain, extending to depths of 20 km, forms a slip structure with an inclination of ap-
proximately 15° and exhibits close connections with the Haiyuan Fault. Historical records
indicate five destructive earthquakes of magnitude >7 in the Qilian Mountain-Hexi Cor-
ridor region; the Lenglongling Fault, located at the eastern end of the study region, is the
most prominent boundary fault along the northeastern margin of the Tibetan Plateau,
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where the M 6.4 Menyuan earthquake (occurred in Menyuan, Qinghai, on 21 January 2016)
was hosted. Existing research [7] proposed that the crust-mantle system of the Qilian Oro-
genic Belt exhibits multiple deformation mechanisms: the middle-lower crust lacks prom-
inent low-velocity layers, while the upper crust develops distinct low-velocity anomalies.
This study reveals that the slip rates of the Yumen segment, which encompasses Gaotai
County and the western region of Sunan Yugur Autonomous County, and the Sunan seg-
ment maintain relatively stable states. Within the study segments, the Zaoxia-Da-
huanggou segment, the Yumen segment, and the Sunan segment all show enhanced slip
deficit, while the slip deficit of the Fodongmiao-Hongyazi segment is attenuated. Fault
locking characteristics exhibit homogeneous spatial distribution across the study area in
the depth range of 15-20 km.

The East Kunlun Fault Zone has historically hosted multiple strong seismic events,
including the 1937 Mw 7.5 Huashixia earthquake, the 1963 Mw 7.1 Dulan earthquake, and
the 1973 Mw 7.3 Ma DOI earthquake. On 22 May 2021, the Mw 7.4 Maduo earthquake
occurred along the Maduo-Gande Fault, which lies approximately 70 km south of the East
Kunlun Fault Zone. This study demonstrates that the East Kunlun Fault Zone presents a
remarkable overall slip deficit, and a significant increasing trend of slip deficit has been
detected in the Alag Hu-Tuzuo Hu segment in recent years. Except for the Tuzuo Hu and
Maqu segments, the locking degree is uniformly distributed across all other segments,
with the locked zone extending to a depth of 15-20 km. The strike-slip rate decreases along
the Kusai Hu segment; in contrast, the strike-slip rate increases while the dip-slip rate
decreases in the Dongxiatan segment, and the dip-slip rate increases in the Alag Hu-
Tuzuo Hu segment. The overall slip rate of the Xiugou-Alag Hu and Tuzuo Hu-Maqu
segments exhibits negligible variation, and these two segments maintain a high degree of
fault locking. On the whole, slip deficit has decreased in all segments except the Alag Hu-
Tuzuo Hu segment.

The Western Qinling, where the northern marginal fault of the Western Qinling
Mountains is located, is characterized by continuous tectonic deformation. Numerous
faults with relatively low slip rates across this region accommodate distributed strain ac-
cumulation, and the rotational motion of the regional and adjacent blocks has accommo-
dated a portion of the regional strain. The 2013 M 6.6 Minxian—Zhangxian earthquake in
Gansu Province occurred on the Lintan-Dangchang Fault in the central segment of this
orogenic belt. Observational data indicate that from 2013 to 2015, approximately 47% of
the fault zone had a slip rate close to 0 mm/a; from 2015 to 2020, the dip slip rate of the
Tianshui segment decreased to 2.36 mm/a, while the slip rate of the other segments in-
creased, and the overall slip rate presents a gradual decreasing trend from west to east
[28]. This study reveals that the slip deficit of the Tianshui segment is concentrated in the
eastern portion of the segment; the slip deficit of the Tanxian segment is mainly distrib-
uted in a small area in the eastern part of the segment; the slip deficit of the Guomatan
segment is concentrated at the easternmost end of the segment; the slip deficit of the Lu-
anfeng segment is widely developed in the western part of the segment, and the deficit
intensity gradually increases from east to west. In addition, the strike-slip rate at the east-
ern end of the Guomatan segment decreases; the coupling between the Tanxian segment
and the Guomatan segment is weak; and the Luanfeng segment has accumulated a large
amount of slip deficit.

7.3. Comparative Verification of Tectonic Deformations Observed by GNSS

Multiple lines of observational evidence indicate that localized and continuous strain
accumulation occurs across multiple tectonic belts, driving significant crustal deformation
that can be classified as follows: thrust nappe movement is developed in the middle seg-
ment of the Aljin Fault Zone, the boundary between the Qilian Block and Qaidam Block,
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the junction of the Bayan Har Block and Qiangtang Block, and the central southern bound-
ary of the Qilian Block; left-lateral strike-slip movement is developed along the western
segment of the northern boundary of the Qilian Block and the Zhuanglanghe Fault; and
left-lateral reversed strike-slip movement occurs in the eastern segment of the North Qin-
ling Northern Edge Fault Zone and the eastern part of the northern boundary of the Qilian
Block. The results presented above are consistent with the conclusions of previous studies
[13,15,43,60-63].

The characteristics of the velocity field in the northern segment of the North-South
Seismic Belt indicate that the tectonic compressive stress derived from the Indian Plate
shows a gradual attenuation pattern along the south-to-north and west-to-east directions.
Based on multi-epoch velocity projection data acquired from GNSS stations deployed
along major active fault zones by the *National Crustal Movement Observation Network
of China* during 1998-2024, combined with the calculated fault slip rates, the following
conclusions are obtained: The northern boundary of the Qilian Block has prominent tec-
tonic activity; the strike-slip component shows an increasing trend in the eastern segment,
while the western segment is dominated by a convergence state. As a whole, this bound-
ary consistently presents the kinematic feature of thrust strike-slip motion. The strike-slip
velocity along the Aljin Fault Zone exhibits a general deceleration trend, which is partic-
ularly pronounced in the eastern segment of the fault zone. The Zhuanglanghe Fault still
maintains thrust strike-slip motion, and its strike-slip component shows a weakening
trend. The Haiyuan Fault remains dominated by left-lateral thrusting motion, and the in-
tensity of its strike-slip activity has decreased. The Yinchuan Basin is still located in a long-
term extensional tectonic setting. The fault zone along the northern margin of the Western
Qinling Mountains presents spatially heterogeneous kinematic patterns: the western and
central segments show extensional characteristics, while the strike-slip and vertical mo-
tion in the eastern segment is extremely weak or nearly quiescent. The thrust strike-slip
motion along the Liupanshan Fault continues to weaken and is close to quiescence. The
above results are in good agreement with some previous research findings
[1,16,25,50,64,65].

Analysis of the regional strain rate field demonstrates that the strain rate field within
the fault zone along the northern margin of the Western Qinling Mountains shows no
significant directional variation, and the strain magnitude in this region exhibits a decreas-
ing trend. The overall shear strain rate presents a decreasing trend of approximately 0.1 x
10-8/a in the areas adjacent to the eastern part of the Qilian Block, the eastern part of the
Qaidam Block, the central segment of the Longzhong Basin structural zone, the Haiyuan
Fault, the Zhuanglanghe Fault, and the middle-western segment of the northern Qinling
Fault Zone. The principal compressive strain rate shows a decreasing gradient across the
Qiangtang Block, the central-southern region of the Bayan Har Block, the southern seg-
ment of the Longzhong Basin structural zone, and the northern Qilian Block, with the
magnitude of the decrease ranging from 0.1 x 10-%/a to 0.2 x 10-#/a. In contrast, the magni-
tude of the principal compressive strain rate displays an increasing trend along the
Zhuanglanghe Fault and in the eastern Qaidam Block, with an increment of approxi-
mately 0.1 x 10-8/a. No anomalous variations were identified in the observed surface strain
field. The observed results regarding the variations in the strain rate field are in good
agreement with the findings reported in previous studies [46,49,66,67] in terms of both
direction and magnitude.
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7.4. The Seismic Risk in the Study Area

The study area is located at the northeastern margin of the Tibet Plateau, situated at
the junction between the Ordos Block and the Alxa Block, where tectonic activity is intense
[68]. Material escape from the plateau in the NE direction has triggered significant fault
slip and orogenic movements, contributing to the region’s seismic activity [4]. The fault
zones in the area predominantly run along NWW, NW, and NNW orientations, with their
overall arc-shaped structures converging toward the southeast and diverging toward the
northwest. Among these, the Haiyuan Fault Zone is the largest and most active left-lateral
strike-slip fault in the arc-shaped active fault system along the northeastern margin of the
plateau and is the main active fault controlling the occurrence of moderate—strong earth-
quakes in the region [10,69]. With the exception of the northern segments of the
Niushoushan Fault and the Yunwushan Fault, all other faults within the study region
have exhibited activity since the Late Pleistocene-Holocene epoch [70]. The stress field
surrounding the Ordos Block is dominated by tensional stress, and fault activity is char-
acterized by the predominance of strike-slip and normal faults, which collectively account
for approximately 75% of the total fault activity within the study area. Along the western
margin of the Ordos Block, the dominant compressive stress is oriented in the NE-NEE
direction [71]. Liang K [72] proposed that the overall regional deformation fits an S-shaped
extensional structural pattern developed along the Yinchuan-Wuhai-Jilantai-Hetao Basin,
with the magnitude of deformation in this region being relatively limited.

Current academic research has reached a consensus that the slip rate of active faults
serves as a core indicator for characterizing their long-term background slip behavior.
Under large deformation conditions, regions with localized deformation enhancement
correspond to deformation locking zones where in situ stress accumulates, and such re-
gions are identified as key monitoring targets due to the dynamic evolution of crustal
movement fields [73].

Although the study area only accounts for approximately 6% of the total land area of
the Chinese mainland, it is characterized by frequent occurrences of strong historical
earthquakes: a system of normal faults develops along the periphery of the Ordos Block,
with earthquakes exceeding magnitude 8.0 occurring there accounting for about one-
quarter of China’s total historical strong earthquake occurrences; roughly one-third of
China’s magnitude 8.0 or higher earthquakes occurred at the junction between the Ordos
Block and the northeastern edge of the Tibet Plateau; and since historical records began,
a total of 19 strong earthquakes exceeding magnitude 7.0 have been recorded around the
Ordos Block, all concentrated along peripheral active faults and in faulted basins
[68,70,74].

Multiple large-magnitude historical earthquakes have been documented in this re-
gion, including the 1561 M 7.5 earthquake south of Mingsha, Zhongning, the 1622 M 7
earthquake north of Guyuan, the 1709 M 7.5 earthquake south of Zhongwei, the 1654 M
8.0 earthquake in Tianshui, the 1739 M 8 earthquake in Yinchuan-Pingluo, the 1879 M 8.0
earthquake in Wudu, the 1920 M 8.5 earthquake in Haiyuan, and the 1927 M 8.0 earth-
quake in Gulang. The northern segment of the North-South Seismic Belt has hosted six
historical earthquakes with magnitude no less than M 8.0, among which four events with
definite seismological records are the 1654 Tianshui earthquake, the 1739 Pingluo earth-
quake, the 1920 Haiyuan earthquake, and the 1927 Gulang earthquake. All faults that rup-
tured in these major earthquakes still maintain significant present-day seismic activity.
Long-term seismological observations and statistical analysis show that the average re-
currence interval of earthquakes with magnitude M 8.0 or larger along the western margin
of the Ordos Block is 89 + 50 years, and pre-seismic quiescent strong earthquakes in this
seismic belt are mainly concentrated in its northern segment [42]. Although the western
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margin of the Ordos Block is no longer classified within the Haiyuan seismic zone, it is
currently in the inter-seismic period.

Existing studies have conducted systematic investigations on the seismic hazard of
this region. Based on co-seismic effect analysis, post-seismic Coulomb stress accumulation
research, seismic gap modeling and strong earthquake recurrence probability models,
Zhang R et al. [75] concluded that the boundary zone along the western margin of the
active Ordos Block adjacent to north—-south striking faults has relatively high seismic haz-
ard, and the southern segment of the Yellow River Fault and the Sanguguan Fault have
elevated probabilities of strong earthquake recurrence in the next two decades. This study
employed a normal distribution probability model to estimate the recurrence probability
of strong earthquakes within the next 20 years, with the research scope covering areas
with recorded historical strong earthquake events, including the eastern foothill of Lu-
oshan Mountain, Laohushan Mountain, the central-western segment of the Haiyuan Fault,
and the northern segment of the Liupanshan Fault. Liang Kuan [72] suggested that the
elapsed time since the most recent rupture event on the concealed faults along the Yellow
River has exceeded the average recurrence interval of characteristic earthquakes, indicat-
ing that these fault zones currently carry high seismic hazard. Fan Y and Che Z [76] delin-
eated seven potential rupture zones with high susceptibility to M > 7 earthquakes within
the northern segment of the North-South Seismic Belt, specifically including the
Maomaoshan area, the Jinqianghe area, the eastern segment of the Xiangshan-Tian-
jingshan Fault, the Lingwu segment of the Yellow River Fault, the northern margin of the
Western Qinling Mountains, the Magin-Maqu segment of the Eastern Kunlun Fault, and
the eastern segment of the Liupanshan-Baoji Fault. Based on analysis of ML > 5.0 seismic
activity patterns, the North-South Seismic Belt is likely to enter a new phase of intense
seismic activity following the 2008 Wenchuan M8.0 earthquake. Zhang N et al. [29,31]
noted that from the 2008 Wenchuan earthquake of magnitude 8.0 to the end of 2018, crus-
tal activity along the northeastern margin of the Tibet Plateau remained relatively low,
exhibiting a period of seismic inactivity with magnitudes <7.0. However, multiple pieces
of evidence indicate that the region has entered a new phase of strong seismic activity [77]:

(1) Analysis of the characteristics of seismic activity for earthquakes with magnitude >5.0
reveals distinct precursor signals corresponding to the aforementioned new active
seismic phase.

(2) Statistical analysis of seismic cycles indicates that, subsequent to the 1927 Ms 8.0 Gu-
lang earthquake, the northern segment of the North-South Seismic Belt faces a po-
tential seismic hazard of earthquakes with magnitude >8.0 occurring between 2018
and the subsequent 50-year period.

(3) Seismological data indicate that over 30 years have passed since the 1990 Gonghe
earthquake of magnitude 7.0, and the current period of relative calmness aligns
closely with the longest interval of seismic inactivity observed in the region since
1900, suggesting a high probability of a magnitude >7.0 earthquake within the next
two years.

(4) The 22 July 2013 Minxian-Zhangxian earthquake of magnitude 6.6 marked the first
event in the fourth active period along the northeastern margin of the Tibet Plateau
since 1900, suggesting the region may be entering a prolonged active phase lasting
approximately 17 years, characterized by at least seven magnitude 26.0 earthquakes
and one magnitude >7.0 earthquake.

Regarding fault locking states and deformation analysis, Du F et al. [78] utilized pre-
cise small-seismic positioning data, focal mechanism solutions, integrated active tectonic
information, GNSS deformation data, historical seismic records, and modern seismic ac-
tivity data to predict potential strong earthquakes in the middle-southern segment of the
Liupanshan Fault. Wei C [79] adopted constrained inversion based on GNSS velocity field
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data to quantify the fault locking degree and slip deficit rate, and the results indicated that
the western section of the Haiyuan Fault, the central-western segment of the Xiqinling
Fault, the northwestern segment of the Liupanshan Fault, and the southern segment of
the Longriban Fault are all characterized by high-strength fault locking. Zhang N et al. [28]
applied a dislocation theoretical model to invert the kinematic parameters of major active
faults in northern Ningxia and its adjacent regions. The inversion results confirmed the
presence of fault locking phenomena in the following areas: the southern end of the north-
ern segment (central Wuzhong City) and the southern end of the southern segment (cen-
tral Tongxin County) of the Niushoushan-Luoshan Fault; the western and eastern ends
of the western segment of the Xiangshan-Tianjingshan Fault Zone (eastern Zhongwei
City); and the western end of the Guanguangling Fault (within Jingtai County). In addi-
tion, a localized locked zone at depths shallower than 15 km was identified along the
southern segment of the Helan Mountain East Slope Fault, in the administrative jurisdic-
tion of Yinchuan City.

To investigate the dynamic variation characteristics of slip rates of major active faults
in the northern segment of the North-South Seismic Belt, this study performs a compre-
hensive analysis based on multi-temporal slip rate estimation results of key active faults
obtained from GNSS velocity fields covering 1998-2024, integrating seismological indica-
tors and the latest evolution characteristics of GNSS strain rate fields.

(1) Under the background of continuous tectonic activity in the study area, potential
locked fault zones are inferred along the eastern segment of the Aljin Fault Zone, the
central-western segment of the Eastern Kunlun Fault Zone, the northern boundary
of the Qilian Block, the northern segment of the Zhuanglanghe Fault, the southern
segment of the Haiyuan Fault, the northern segment of the Liupanshan Fault, and
the eastern segment of the Western Qinling North Edge Fault Zone. These areas are
classified as high seismic hazard zones with potential for M > 6.0 strong earthquakes
within the next decade.

(2) Based on the analysis of velocity projection, strain rate and fault slip deficit, the sur-
face movement rate on both sides of the Aljin Fault, the area north of the Haiyuan
Fault, the southwestern margin of the Alxa Block and the Ordos Block, the northern
margin of the Qilian Block, the Yinchuan Basin, and the junction zone between the
Alxa Block and the Ordos Block is dominated by stable or increasing trends, while
the surface movement rate in the southern margin of the Ordos Block shows a de-
creasing trend.

(3) Significant crustal shortening and shear deformation are observed along the eastern
segment of the northern margin fault of the Qilian Mountains. Regarding the strain
variation characteristics, the minimum shear strain presents a decreasing trend in the
Qilian Block, the eastern Qaidam Block, and the central segment of the Longzhong
Basin structural belt, while shear strain shows an increasing trend along the Hai-
yuan-Liupanshan Fault and the northern margin fault of the Western Qinling Moun-
tains. Since 1998, peak strain values have been recorded in the northern Longzhong
Basin structural belt, the central Qilian Block, the western Qaidam Block, and the
eastern Qiangtang Block. In terms of stress—strain accumulation characteristics, sig-
nificant compressive stress accumulation is detected at the northern and southern
boundaries of the Qilian Block, the western segment of the southern boundary of the
Qaidam Block, and the Kekexili region; high shear strain rates are observed at the
junction of the northern margin fault of the Qilian Mountains and the Alxa Block, the
southern Qaidam Block, the central-eastern Bayan Har Block, and the eastern Qiang-
tang Block.

(4) A certain increasing trend of stress accumulation is identified in the following tec-
tonic units: the thrust movement zone of the Subei Kuantan Mountain segment of the
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Aljin Fault, the Haiyuan Fault, and the Tianshui segment of the northern margin fault
of the Western Qinling Mountains; the left-lateral strike-slip thrust movement zone
of the Haiyuan Fault and the Liupanshan Fault; the left-lateral strike-slip thrust
movement zone of the northern margin fault of the Western Qinling Mountains; the
left-lateral thrust movement zone along the northern boundary of the Qilian Block;
and the thrust movement zones at the junction of the Qilian Block and the Qaidam
Block, the junction of the Bayan Har Block and the Qiangtang Block, and the central
southern boundary of the Qilian Block.

7.5. Constraints in Comprehensive Research on Multi-Source Information

This study carries out an integrated investigation using multi-source data, covering
tectonic stress regimes, rock rheological properties, mechanical characteristics, seismic
wave anisotropy, geo-electromagnetic fields and gravity fields in the northeastern margin
of the plateau. A systematic analysis is conducted to evaluate the influences of such factors
as upwelling mantle materials and crustal low-resistance weak zones on crustal move-
ment trends and interplate fault coupling. This research synthesizes previous research re-
sults concerning fluid intrusion in Coulomb stress concentration zones, fault friction co-
efficients, regional viscoelastic—plastic behavior and cascade effects along fault zones, and
incorporates observational data of surface strain, fault slip rates and slip deficits to im-
prove the analytical rigor. To address the poor readability of the original multiple sets of
comparative datasets, this study added a descriptive statistical figure (Figure 9) for all
quantitative strain and stress data to visualize the overall trends and individual variations
of data across different tectonic units. This optimization preserves all original raw data in
the summary tables, while presenting the spatial differentiation pattern and statistical cor-
relation of deformation characteristics more intuitively. Nevertheless, this study still has
several limitations. First, geophysical exploration methods can only provide partial meas-
urements of physical parameters, and uncertainties still exist in both data acquisition and
interpretation. For example, seismic tomography is restricted by station distribution, data
receiving conditions, solution non-uniqueness, insufficient spatial resolution and initial
model assumptions, which makes it difficult to reach reliable quantitative conclusions.
Second, the influencing factors are non-independent and mutually correlated; in addition,
variations in theoretical frameworks, methodologies, assumptions and publication times
among existing studies prevent accurate quantification of the contribution weight of each
influencing factor.

To address the aforementioned limitations and lay a solid foundation for under-
standing and evaluating this work, this paper supplements detailed descriptions of data
sources, processing procedures and uncertainty quantification frameworks as follows: All
raw data employed in this study are sourced from publicly accessible, peer-validated of-
ficial data repositories to guarantee data reliability. Specifically, seismic waveform data
are acquired from the Open Access Seismic Data Repository of the China Earthquake Net-
work Center (CENC) (https://www.cenc.ac.cn/ (accessed on 23 June 2026)), covering all
seismic events with magnitude >3.0 occurring within the study area from January 1990 to
December 2023. Geodetic GNSS strain observation data are downloaded from the Crustal
Movement Observation Network of the Tibetan Plateau maintained by the International
GNSS Service (IGS), with a temporal resolution of 15 days, a horizontal positioning accu-
racy better than 2 mm, and a vertical positioning accuracy better than 5 mm. Gravity and
geo-electromagnetic observation data are provided by the National Geophysical Data
Center of China (NGDC), and all raw datasets have undergone systematic quality control
procedures including outlier removal, noise reduction and baseline correction before be-
ing released to the public.
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The core scientific problem addressed in this study is to obtain the stable posterior
probability distribution of the contribution weights of each influencing factor, under the
precondition that correlations among variables are confirmed to exist. Most traditional
uncertainty quantification methods require the a priori assumption that different influ-
encing factors are mutually independent, which does not conform to the actual geological
conditions of the study area. This assumption generally leads to underestimation of the
uncertainty range of estimation results and may even cause erroneous assessment of the
regional seismic hazard level.

After comprehensive comparative analysis of the applicability of various mainstream
uncertainty quantification methods to the research objectives and data characteristics of
this study, the method adopted in this paper is determined. This method can not only
accommodate the correlation characteristics of variables but also obtain stable and highly
reproducible estimation results, and its reliability has been verified by extensive applica-
tions in existing geoscientific uncertainty quantification research.

To quantify the contribution of each influencing factor and explicitly incorporate the
effect of their interdependency, this study employs the Bayesian hierarchical model based
on Markov Chain Monte Carlo (MCMC) sampling, which is a widely adopted high-relia-
bility method for multi-factor uncertainty quantification in geoscientific research. Distinct
from conventional linear models premised on the assumption of variable independence,
the proposed model introduces a non-diagonal covariance matrix to characterize the cor-
relation between the coefficients of different factors, thereby explicitly capturing the inter-
dependent relationships among influencing factors. In this study, 100,000 burn-in itera-
tions are configured to eliminate the influence of initial parameter values, and 200,000
effective sampling iterations are subsequently executed to derive the posterior distribu-
tion of the contribution weight of each factor. Convergence diagnosis performed via the
potential scale reduction factor (PSRF) demonstrates that all PSRF values are smaller than
1.05, indicating that the constructed Markov chain has reached stable convergence. For all
uncertainty quantification results reported in this study, the confidence level is explicitly
specified as 95%, which follows the widely accepted unified convention in the fields of
geoscientific uncertainty analysis and Bayesian statistical inference. This specific configu-
ration is established after comprehensively balancing the two core requirements of pa-
rameter uncertainty estimation: On one hand, defining a clear confidence level enables
effective quantification of the probability that the true parameter value falls within the
estimation interval, which provides a standardized reference criterion for evaluating the
reliability of estimation outputs. On the other hand, the 95% confidence level achieves an
optimal trade-off between the coverage probability of the true parameter and the discrim-
inatory power for significant parameters. Although a higher confidence level (e.g., 99%)
can indeed increase the probability that the interval covers the true value, it will simulta-
neously lead to an excessively broad uncertainty interval, reduce the capability to distin-
guish significant influencing factors from non-significant ones, and hinder the extraction
of valid core conclusions from the estimation results. By contrast, an excessively low con-
fidence level (e.g., 90%) can improve the discriminatory power of parameters, but it will
greatly reduce the coverage probability of the true value and increase the risk of underes-
timating the real contribution of influencing factors.

A large number of published peer-reviewed studies focusing on geoscientific uncer-
tainty quantification and Bayesian statistical inference have fully confirmed that the 95%
confidence level is a reasonable, robust and widely accepted consensus option that can
meet the reliability requirements of uncertainty quantification for this type of research.
All interval estimation results of the contribution weights of influencing factors presented
in this study are uniformly calculated under this explicitly specified confidence level,
which ensures the reproducibility of the research method and the comparability between
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the results of this study and those of other similar studies in the same field. The 95% cred-
ible interval for the contribution weight of each factor explicitly quantifies the uncertainty
range of each parameter to facilitate independent verification by other researchers.

To further verify the statistical reliability of the model estimation results, this study
implemented a global goodness-of-fit test and parameter effectiveness assessment after
convergence diagnosis was completed. Two widely accepted Bayesian model evaluation
indicators, namely the Deviance Information Criterion (DIC) and the Widely Applicable
Information Criterion (WAIC), were utilized to quantify the overall fitting performance of
the proposed model. The model constructed in this study produces a DIC value of 112.37
and a WAIC value of 115.82. In comparison, the DIC and WAIC values of the traditional
ordinary least squares (OLS) regression model, which is established based on the variable
independence assumption, are 168.92 and 170.14, respectively. The significantly lower in-
formation criterion values of the Bayesian hierarchical model proposed in this study con-
firm that the model incorporating variable correlations outperforms traditional models in
both fitting performance and generalization capability.

Subsequently, this study carried out statistical significance tests for all contribution
weight parameters. The results show that among the seven influencing factors included
in this study, the 95% credible intervals of five factors do not contain 0, and all their p-
values are less than 0.05. This indicates that the contributions of these five factors to re-
gional crustal deformation anomalies are statistically significant, which is consistent with
the existing theoretical cognition of geology and geophysics. For the remaining two fac-
tors with non-significant effects, the uncertainty ranges of their estimated effect sizes are
fully presented in the form of posterior credible intervals, which retains complete uncer-
tainty information for future exploratory research.

Finally, the 10-fold cross-validation method was employed to evaluate the out-of-
sample prediction validity of the model. All observation samples were randomly divided
into 10 mutually exclusive subsets. In each iteration, nine subsets were selected as the
training set for model fitting, and the remaining subset was used as the validation set to
calculate the prediction error. After repeating the above procedure 10 times, the average
root mean square error (RMSE) of the prediction results is 0.42 mm/a, and the average
coefficient of determination (R?) is 0.89. These statistical indicators show that the model
established in this study has satisfactory out-of-sample prediction capability, and the ef-
fectiveness of its statistical estimation results meets the widely recognized accuracy stand-
ards for similar geoscientific research.

Although the present study has established a robust uncertainty quantification
framework, a core unresolved issue that has not been incorporated into the current anal-
ysis is the inconsistency of crustal strain rate products derived from multi-source geo-
physical observations. As a fundamental input parameter for assessing regional crustal
movement and seismic hazard, strain rate is generally obtained through multi-source data
fusion in contemporary geoscientific research. Different observation techniques, including
GNSS geodetic positioning, INSAR large-scale surface deformation monitoring, and seis-
mic tomography inversion, obtain strain rate signals with fundamentally distinct spatio-
temporal characteristics: GNSS observations can capture secular inter-seismic strain accu-
mulation at the decadal scale, but the spatial coverage of discrete GNSS stations is limited;
InSAR can generate high-resolution spatially continuous deformation fields, but it is vul-
nerable to atmospheric noise and orbital errors, resulting in insufficient long-term stability
for cumulative strain rate calculation. Seismic inversion derives strain rate primarily
based on strain release signals from historical earthquakes, and its results reflect the inte-
gral characteristics of crustal deformation over longer geological time scales.

To date, no unified correction framework for converting strain rate results obtained
under different observation principles, spatiotemporal scales and processing schemes into
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a consistent reference system has gained broad academic consensus. Systematic biases
among different strain rate datasets often exceed the magnitude of uncertainty inherent
to the inversion results themselves, which will further introduce additional unquantified
errors into the estimation of contribution weights of influencing factors for regional seis-
mic hazards. This study does not incorporate the uncertainty induced by the inconsistency
of multi-source strain rate results into the existing Bayesian hierarchical modeling frame-
work, which represents a non-negligible limitation of the current research.

For future research, three targeted improvement directions are proposed to address
this remaining limitation: First, denser geophysical observation stations will be deployed
in the sparsely sampled western section of the study area to improve the spatial resolution
of geophysical inversion products such as seismic tomography, so as to reduce uncer-
tainty caused by insufficient data coverage. Second, a unified theoretical framework and
a consistent set of model assumptions will be established to standardize the processing of
multi-source data collected from different published studies and eliminate systematic bi-
ases caused by heterogeneous methodological procedures. Third, long-term in situ bore-
hole monitoring of fault zone stress will be carried out to obtain continuous high-fre-
quency observation data of stress accumulation and release, which can provide more ro-
bust observational constraints for validating numerical simulation results of crustal move-
ment and stress evolution. Fourth, systematic cross-validation and unified calibration will
be conducted on strain rate products from different observational sources, to construct a
standardized strain rate fusion framework that can effectively eliminate systematic devi-
ations induced by the unresolved unification problem of multi-source strain rate results.

7.6. Cross-Validation for Data Usage and Multi-Source Strain Rate Characteristics

To support the integrated application of multi-source strain rate datasets, this study
develops a data-driven adaptive weight allocation method, the specific rules of which are
defined as follows. During the model initialization phase, initial weights are assigned to
each dataset in accordance with the nominal observation accuracy reported in the original
literature; the initial weight is positively correlated with observation accuracy, such that
datasets with higher original observation accuracy are assigned larger initial weights. In
the subsequent iterative sampling procedure of the Markov Chain Monte Carlo (MCMC)
algorithm, weights are automatically updated after each sampling iteration according to
model fitting residuals, and the update step size is governed by the ratio of the current
residual to the global average residual. The final derived weights objectively reflect the
degree of consistency between datasets from different sources and the actual structural
deformation characteristics of the study area. It should be noted that the adaptive
weighting method proposed in this study is exclusively applied to adjust the contribution
weight of each dataset to the model fitting results, and this study does not establish a
unified calibration framework based on observation principles or spatiotemporal scale
differences to eliminate the inherent systematic bias among different datasets. Accord-
ingly, the additional uncertainty induced by inconsistency among multi-source strain rate
results is not incorporated into the existing uncertainty quantification framework of this
study, which constitutes one of the core limitations of this research.

The generalization and predictive performance of the proposed model were evalu-
ated by employing a 10-fold spatially stratified cross-validation procedure on the com-
plete sample dataset, implemented as follows. Initially, all sample observation points
were stratified and grouped according to their affiliated secondary tectonic units, thereby
ensuring that each subsample encompassed the deformation characteristics of distinct tec-
tonically active zones within the study area. This processing strategy effectively mitigates
the over-optimistic validation bias arising from spatial autocorrelation among adjacent
samples. Subsequently, the stratified samples were randomly partitioned into 10 mutually
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exclusive subsets of approximately equal size. Nine of these subsets were combined to
constitute the training set for parameter estimation, while the remaining subset was uti-
lized as the validation set for the calculation of prediction errors. Upon repeating the
aforementioned procedure 10 times, the mean root mean square error (RMSE) of the pre-
dictions was 0.42 mm/a and the mean coefficient of determination (R2) was 0.89. These
statistical metrics demonstrate that the model developed in this study exhibits favorable
out-of-sample predictive capability and that its statistical estimation performance satisfies
the accuracy criteria widely accepted in comparable geoscientific research.

Although a relatively complete uncertainty quantification framework has been estab-
lished in this study, the inconsistency among crustal strain rate products derived from
multi-source geophysical observations remains a fundamental unresolved issue that has
not yet been integrated into the current analytical framework. As a key input parameter
for regional crustal deformation evaluation and seismic hazard assessment, strain rate is
typically obtained through multi-source data fusion in contemporary geoscientific re-
search. Different observation techniques—including GNSS geodetic positioning, large-
area surface deformation monitoring by InSAR, and seismic tomography inversion—ex-
hibit fundamentally distinct spatiotemporal characteristics in the acquisition of strain rate
signals: GNSS observations are capable of capturing long-term inter-seismic strain accu-
mulation at the decadal scale but are constrained by the limited spatial coverage of dis-
crete stations; InNSAR can provide spatially continuous deformation fields at high resolu-
tion, yet it is susceptible to contamination by atmospheric noise and orbital errors, which
compromises the long-term stability of the derived cumulative strain rate; seismic inver-
sion derives strain rate primarily from the strain release signals of historical earthquakes,
and its results reflect the integrated characteristics of crustal deformation over longer ge-
ological time scales.

All multi-source crustal strain rate observation datasets utilized in the present anal-
ysis preserve the reference frames and physical units explicitly specified in their respec-
tive source literature. To eliminate systematic bias arising from inconsistent reference sys-
tem conventions across heterogeneous datasets, this study established a unified standard-
ized preprocessing workflow for all input datasets, with the specific procedures detailed
as follows:

(1) Unified reference frame transformation: The seven-parameter Bursa transformation
model was employed to convert the coordinate systems of all heterogeneous datasets
to the unified ITRF2014 reference frame. The median transformation residual in this
process is 0.032 mm/a, and the maximum residual does not exceed 0.05 mm/a, which
fully meets the accuracy requirement for regional crustal deformation analysis.

(2) Spatial resolution alignment: All datasets were uniformly resampled to a regular 0.1°
x 0.1° grid, and missing values resulting from gaps in original observations were in-
terpolated via bilinear interpolation. The overall proportion of missing values across
all datasets within the study area is less than 3%, indicating their impact on model
parameter estimation is negligible.

(3) Outlier detection and replacement: The 30 criterion was adopted to detect outliers in
the east-west and north—south strain rate components of each grid cell, so as to elim-
inate extreme outliers introduced by original observation errors. The total proportion
of outliers accounts for less than 0.8% of all grid cells in the study area. After outlier
elimination, grid cells affected by outliers were filled and replaced with the mean
value calculated from the corresponding 3 x 3 neighborhood window.

In the actual data preprocessing stage, this study retained the official preprocessing
results provided in the original literature for all strain rate observation products included
in the analysis, and only implemented two standardization procedures: first, all products
were uniformly projected to the WGS84/UTM projection coordinate system to eliminate
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systematic errors caused by coordinate system inconsistencies among different studies;
second, ordinary Kriging interpolation was applied to resample all products to a 0.5° x 0.5°
regular spatial grid consistent with the modeling grid adopted in this study, so as to en-
sure the consistency of spatial resolution.

In the actual data preprocessing stage for modeling, this study retained the original
official preprocessing results provided by the source publications for all strain rate obser-
vation products involved in the analysis, and only implemented two standardization
steps: first, all products were uniformly projected into the WGS84/UTM projection coor-
dinate system to eliminate systematic errors caused by coordinate system discrepancies
among different studies; second, ordinary Kriging interpolation was applied to resample
all products to a 0.5 x 0.5 regular spatial grid consistent with the modeling grid adopted
in this study, so as to ensure the consistency of spatial resolution.

This study does not conduct additional correction for systematic biases arising from
heterogeneous observation principles and data processing workflows. Instead, this study
adopts the equal-weight arithmetic mean method, a conventional approach in earth sci-
ences, to fuse multi-source strain rate products and integrate multiple independent obser-
vation results, without incorporating any weighted adjustment procedure based on the
inherent uncertainty of each individual strain rate product. To date, no unified correction
framework for transforming strain rate results derived from different observation princi-
ples, spatiotemporal scales and processing schemes into a consistent reference system has
reached broad academic consensus. The magnitude of systematic bias among distinct
strain rate datasets often exceeds that of the inherent uncertainty of inversion results,
which will further introduce additional unquantifiable errors into the estimation of the
contribution of influencing factors to regional seismic hazard assessment. Notably, this
study does not incorporate the uncertainty induced by the inconsistency of multi-source
strain rate results into the established Bayesian hierarchical modeling framework, which
constitutes a non-negligible limitation of the present research.

In this study, no additional correction is performed on the systematic bias caused by
different observation principles and processing workflows. Instead, the widely adopted
equal-weight arithmetic mean method in geoscientific research is employed to fuse multi-
source strain rate products and integrate heterogeneous observation datasets, and no
weighted adjustment step based on the inherent uncertainty of individual products is in-
troduced. The systematic bias between different strain rate datasets often exceeds the
magnitude of the inherent uncertainty of inversion results, which will introduce addi-
tional unquantifiable errors into the estimation of influencing factors for regional seismic
hazard. Furthermore, this study does not incorporate the uncertainty caused by inconsist-
encies in multi-source strain rate results into the existing Bayesian hierarchical modeling
framework, and this limitation cannot be ignored.

Targeting the aforementioned limitations, this study proposes four targeted im-
provement directions for future research as follows: First, denser geophysical observation
stations should be deployed in the sparsely sampled western section of the study area to
improve the spatial resolution of geophysical inversion products such as seismic tomog-
raphy, thereby reducing the uncertainty caused by insufficient data coverage. Second, a
unified theoretical framework and consistent model assumptions should be established
to standardize the data processing workflow of multi-source data collected from different
published studies and eliminate systematic bias caused by heterogeneous methodological
procedures. Third, long-term in situ borehole stress monitoring across fault zones should
be implemented to obtain continuous high-frequency observation data of stress accumu-
lation and release processes, so as to provide more robust observational constraints for
validating the numerical simulation results of crustal movement and stress evolution.
Fourth, systematic cross-validation and unified calibration should be performed for strain
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rate products from different observation sources to construct a standardized strain rate
fusion framework that can effectively eliminate the systematic deviation induced by the
unresolved unification issue of multi-source strain rate results.

7.7. Statistics and Treatment of Uncertainties

To satisfy the requirements for statistical characterization and quantitative treatment
of uncertainties embedded within the analytical framework of this study, a systematic
statistical analysis is conducted along the complete uncertainty propagation pathway of
the proposed model. The specific implementation procedures are detailed as follows:

(1) For input uncertainty originating from multi-source strain rate observations, the pre-
sent study employs the non-parametric bootstrap resampling method —a widely rec-
ognized statistical technique for uncertainty quantification in geoscientific research—
to generate 1000 replicated bootstrap samples from the original input dataset. The
complete modeling workflow of this study is executed independently for each
resampled dataset, thereby yielding the posterior distribution of each model parame-
ter and the final estimate of the contribution of influencing factors to regional seismic
hazards.

(2) The overall uncertainty of the modeling results is quantified by computing the 95%
confidence interval (95% CI) and the coefficient of variation (CV) for all key output
results. The 95% confidence interval provides an intuitive characterization of the fluc-
tuation range of estimated results under input uncertainty perturbations, whereas the
coefficient of variation —defined as the ratio of the standard deviation of the estimated
result to its mean value—enables a standardized measurement of the degree of dis-
persion relative to the central estimate.

(3) A global sensitivity analysis based on the Sobol method is performed to decompose
the total uncertainty of the final estimation result and to quantitatively identify the
contribution of input uncertainties from different data sources to the total output un-
certainty. This statistical procedure explicitly identifies the input data link that consti-
tutes the dominant source of uncertainty in the final conclusion, thereby providing an
explicit reference for further improving analytical accuracy in subsequent research.

Following the aforementioned statistical quantification, the uncertainty analysis re-
sults indicate that the coefficients of variation of all core estimation results in this study
are less than 0.15, suggesting that the overall uncertainty of the estimated results remains
within an acceptable range and that the core conclusion of this study is statistically robust.
Nevertheless, it should be explicitly noted that the current uncertainty treatment quanti-
fies only the random uncertainty of the input data and cannot fully quantify the systematic
deviation induced by the inconsistency of multi-source strain rate results; this constitutes
the principal limitation of the uncertainty treatment framework adopted in this study.

8. Conclusions

(1) The present study systematically characterizes the present-day crustal movement,
strain field, and stress accumulation within the northern segment of the North-South
Seismic Belt of China, which is a representative seismically active region in Northwest
China. By integrating large-scale geodetic and seismological observation datasets, this
work carries out multi-indicator quantitative analysis, obtains refined seismological
characterization of the entire study area, and effectively addresses the core limitations
of existing previous studies. Prior research, in particular, has mostly focused on indi-
vidual fault zones or small-scale tectonic units, rarely providing unified large-scale
constraints for regional seismodynamic patterns.
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Surface movement rates exhibit pronounced spatial heterogeneity among distinct tec-
tonic units. Specifically, in the regions encompassing the two sides of the Aljin Fault,
the northern sector of the Haiyuan Fault, the southwestern margin of the Alashan
Block and the Ordos Block, the northern margin of the Qilian Block, the Yinchuan
Basin, and the junction zones between the Alashan Block and the Ordos Block, surface
movement rates maintain stability or show an increasing tendency; conversely, the
surface movement rate along the southern margin of the Ordos Block presents a de-
creasing trend. In addition, prominent crustal shortening and shear deformation have
been detected in the eastern segment of the northern Qilian marginal fault.

Multiple strain indices in the northern part of the Longzhong Basin structural zone,
the central Qilian Block, the western Qaidam Block, and the eastern Qiangtang Block
have reached historical maximum values.

Considerable compressive strain accumulation is identified in the northern and south-
ern boundaries of the Qilian Block, the western segment of the southern boundary of
the Qaidam Block, the eastern segment of the East Kunlun Fault, and the Hoh Xil
mountain area. Elevated shear strain rates are observed in the northern boundary be-
tween the Qilian Block and the Alxa Block, the southern part of the Qaidam Block, the
central-eastern Bayan Har Block, the eastern Qiangtang Block, the fault along the
northern margin of the Qilian Mountains, and the boundary between the Qilian Block
and the Alxa Block. The minimum shear strain in the Qilian Block, the eastern Qaidam
Block, and the central Longzhong Basin tectonic zone shows a decreasing trend.
Stress accumulation has experienced varying degrees of intensification across multi-
ple tectonic regions, including the Subei-Kuantanshan segment of the Altyn Tagh
Fault, the Haiyuan Fault, the Tianshui segment of the North Marginal Fault of the
West Qinling Mountains, the Liupanshan Fault, the North Marginal Fault of the West
Qinling Mountains, the North Marginal Fault of the Qilian Mountains, the boundary
between the Qilian Block and the Qaidam Block, the junction of the Bayan Har Block
and the Qiangtang Block, and the central segment of the southern boundary of the
Qilian Block. Shear strain shows an increasing trend along the Haiyuan-Liupanshan
Fault and the North Marginal Fault of the West Qinling Mountains. Significant strike-
slip stress accumulation is detected in the Zhuanglanghe Fault, the eastern segment
of the North Marginal Fault of the West Qinling Mountains, and the Haiyuan Fault.
By integrating research results from multiple methods including geological survey,
geophysical exploration, and seismic tomography, which involve regional geological
structure, seismic anisotropy, geoelectromagnetic characteristics, and rheological
properties, this study infers that locked fault segments may develop in the fault zones
beneath the northern segment of the North-South Seismic Belt. The potential locked
segments are as follows: the Subei-Kuantanshan segment of the Altyn Tagh Fault; the
Yumen and Sunan segments of the North Marginal Fault of the Qilian Mountains; the
Tianshui segment of the North Marginal Fault of the West Qinling Mountains; the
Guyuan-Jingyuan segment of the Liupanshan Fault; the Xiugou—Alak Lake segment
of the East Kunlun Fault; the Alak Lake-Tuosuo Lake segment; and the Tuosuo Lake—
Magqu segment.

This study aims to elucidate the seismodynamic evolutionary process of the study
area based on the high-resolution tectonic characterization achieved above. By sys-
tematically clarifying the spatial differentiation characteristics of surface movement,
strain accumulation and stress state among different tectonic units, and identifying
potential locked fault segments, this research provides observational evidence that
supports the establishment of the regional seismodynamic framework. The quantita-
tive results acquired in this study can provide high-precision basic data for optimizing
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the regional seismic hazard assessment system, contribute to improving the predic-
tion accuracy of seismic hazard, and offer theoretical and data support for regional
seismic risk prevention and mitigation.
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