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Abstract: The arcuate tectonic belt in the northeast Tibetan Plateau has been a contentious
topic regarding its formation and evolution, owing to its distinctive geological structure
as the lateral growth boundary of the plateau. In this research, leveraging geological
and geophysical data, a three-dimensional finite element numerical model is employed
to explore the impact of lateral and vertical inhomogeneities in lithospheric strength
on the northeast Tibetan Plateau’s growth and the arcuate tectonic belt’s formation and
alteration. Additionally, the kinematic and deformation traits of the arcuate tectonic belt,
such as regional motion velocity, stress, and crustal thickness during shortening and
strike-slip deformation, are comparatively analyzed. The findings indicate that the arcuate
tectonic belt takes shape when the weakly strengthened Tibetan Plateau is impelled into the
Yinchuan Basin after being obstructed by the robust Alax and Ordos blocks during lateral
expansion. Intense shear deformation occurs at the block boundaries during the arc tectonic
belt’s formation. The weak middle-lower crust, serving as a detachment layer, facilitates
the plateau’s lateral growth and crustal shortening and thickening without perturbing
the overall deformation characteristics. It is verified that the arcuate tectonic belt was
formed during the NE-SW compression phase from around 9.5 to 2.5 Ma, accompanied
by significant crustal shortening and thickening. Since 2.5 Ma, within the ENE-WSW
compression process, the internal faults of the arcuate tectonic belt are predominantly
strike-slip, with no pronounced crustal shortening and thickening. Only local topographical
modification is conspicuous. This study will enhance our comprehension of the Tibetan
Plateau’s uplift and lateral growth process and furnish a foundation for investigating the
formation of arcuate tectonic belts.

Keywords: the northeast Tibetan plateau; arcuate tectonic belt; formation mechanism;
plateau growth; finite element numerical simulation

1. Introduction
Since the continent–continent collision between the Indian plate and the Eurasian

plate during the Cenozoic era [1,2], the ceaseless northward migration of the Indian plate
has constituted the principal impetus for the uplift and lateral expansion of the Tibetan
Plateau [3,4]. In the late Cenozoic, under the governance of deep-seated structures and
deformations [5,6], the lateral growth of the Tibetan Plateau was impeded by adjacent
blocks (Figure 1), giving rise to a geomorphic boundary belt of complex and diverse
structures encircling the plateau [7,8]. The northern and eastern peripheries of the Tibetan
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Plateau are typified by abrupt geomorphic belts. The southeastern margin is distinguished
by a basin–mountain alternating geomorphic belt that aligns with the expansion trend
of the plateau. The northeastern margin exhibits a parallel or arcuate basin–mountain
alternating geomorphic zone that is perpendicular to the spreading direction of the plateau,
with the topography gradually descending along the spreading direction.
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Figure 1. Tectonic geomorphological map of the Tibetan Plateau and its adjacent regions. The fault 
data were sourced from the Data Sharing Infrastructure of the Seismic Active Fault Survey Data 
Center, available at https://www.activefault-datacenter.cn (accessed on 26 April 2020). The DEM 
data with a resolution of 90 m was acquired from the Geospatial Data Cloud, accessible at 
http://www.gscloud.cn (accessed on 26 May 2019). 

2. Geological and Geophysical Background 
2.1. Tectonic Setting 

In general, the arcuate tectonic belt is composed of four northeast-protruding arcuate 
fault zones (as shown in Figure 2). These zones, arranged from south to north, are the 
Haiyuan fault zone (F1), the Xiangshan–Tianjingshan fault zone (F2), the Yantongshan 
fault zone (F3), and the Niushoushan–Luoshan fault zone (F4). Regionally, the belt di-
verges toward the northwest, converges into the Liupanshan tectonic belt toward the 
south, and is terminated by the northern margin fault zone of the West Qinling (F5) to the 
south [32]. 

The Haiyuan fault zone represents a pre-existing, extensive, and deep-seated fault 
zone that penetrates through the Moho, effectively demarcating the Longzhong block in 
the southern region from the Meso-Cenozoic basins in the north [9]. In terms of fault kin-
ematics, the Haiyuan fault zone is segmented such that the western part is characterized 
by a strike-slip section, while the eastern part is distinguished by a thrust section, with the 
Nanhua Shan serving as the dividing line [33]. The Xiangshan–Tianjingshan fault zone, 
which is delimited by Qingsheya–Shuangerzi, is further divided into its eastern and west-
ern parts according to the fault modalities, manifesting the traits of right-lateral en echelon 
configurations [12]. The westward elongation from Shixia is recognized as the Tian-
qiaogou–Huangyangchuan fault zone, which is interconnected with the Lenglongling 
[34,35]. The Yantongshan fault zone surfaces at Yachigou, northeast of Zhongwei City in 
the north. It traverses the Yellow River to the southeast, extends along the eastern foothills 
of Yantong Shan and Yao Shan southward, and ultimately combines with the Liupanshan 
fault zone in the south. Probably, its cutting depth is less than the other three, existing as 
a basement fault [36,37]. The Niushoushan–Luoshan fault zone, being connected with the 
Xiaoguanshan fault to its south [13,25], represents the outermost delimiting fault of the 

Figure 1. Tectonic geomorphological map of the Tibetan Plateau and its adjacent regions. The
fault data were sourced from the Data Sharing Infrastructure of the Seismic Active Fault Survey
Data Center, available at https://www.activefault-datacenter.cn (accessed on 26 April 2020). The
DEM data with a resolution of 90 m was acquired from the Geospatial Data Cloud, accessible at
http://www.gscloud.cn (accessed on 26 May 2019).

Regionally, the arcuate tectonic belt situated in the northeast of the Tibetan Plateau
and the Yinchuan Basin is confined within the triangular zone demarcated by the Alax
block, the Ordos block, and the Longzhong block [9]. This triangular area is constituted
by Meso-Cenozoic basins [10]. It has been demonstrated that the arcuate tectonic belt is
a consequence of intracontinental compressive deformation, and it comprises a sequence
of thrust faults and folds that have developed along the frontal portion of the arcuate
tectonic belt [11]. Nevertheless, a significant number of field investigations [12–17] and
GPS data analyses [18,19] imply that the four principal faults within the arcuate tectonic belt
predominantly exhibit the characteristics of strike-slip motion, with only the Liupanshan
Fault, located to the south of the arcuate tectonic belt, being characterized by thrusting.
Previous research has indicated that the formation mechanism of the arcuate tectonic belt
has been a subject of contention, owing to the complexity of the crust–mantle structures and
the deformation processes within the study area. Tian and Ding [20], based on the quasi-
trijunction structural model, contended that the formation of the arcuate tectonic belt was
attributed to the fact that the Tibetan Plateau was impelled into the relatively weak Yinchuan
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Basin after being obstructed by the firm Alax and Ordos blocks due to the northeastward
expansion of the Tibetan Plateau. This simultaneously instigated the left-lateral strike-slip
of the Haiyuan fault zone and the right-lateral strike-slip of the Niushoushan–Luoshan
Fault Zone. Wang et al. [21] and Lei et al. [14] proposed that the arcuate tectonic belt
represents a “thin-skin” forward thrust structure resulting from the bottom detachment
caused by the lateral growth of the plateau. This structure initiates from the Haiyuan Fault
and progressively extends towards the northeast. Chen et al. [22] maintained that each fault
within the arcuate tectonic belt is characterized by an early stage of thrusting followed by a
later stage of strike-slip, with the two stages of deformation successively propagating in
the northeastward direction from the Haiyuan Fault. Upon synthesizing the paleotectonic
stress field [12] and chronology [23–25], it becomes evident that the arcuate tectonic belt
endured significant shortening during the Middle/Late Miocene to Pliocene epoch (around
~9.5–2.58 Ma) under the influence of NE-SW compression. This shortening was responsible
for the origination of the arcuate tectonic geomorphological features. In contrast, since the
Early Pleistocene (approximately 2.58 Ma), the arcuate tectonic belt, being governed by
ENE-WSW compression, has been distinctly characterized by strike-slip. Concurrently, a
multitude of Quaternary pull-apart basins have emerged and evolved along the fault zone.

In light of the heterogeneous nature of the strength [26–31] within the arcuate tec-
tonic belt and the evolution of the paleotectonic stress field [12], we employed the three-
dimensional finite element numerical model in this study to dissect the crustal shortening
phase (~9.5–2.5 Ma) and the strike-slip stage (since 2.5 Ma) of the arcuate tectonic belt.
Additionally, we delved into the formation mechanism of the arcuate tectonic belt in
conjunction with the crustal deformation and fault activity that occurred during these
two distinct stages.

2. Geological and Geophysical Background
2.1. Tectonic Setting

In general, the arcuate tectonic belt is composed of four northeast-protruding arcuate
fault zones (as shown in Figure 2). These zones, arranged from south to north, are the
Haiyuan fault zone (F1), the Xiangshan–Tianjingshan fault zone (F2), the Yantongshan fault
zone (F3), and the Niushoushan–Luoshan fault zone (F4). Regionally, the belt diverges
toward the northwest, converges into the Liupanshan tectonic belt toward the south, and is
terminated by the northern margin fault zone of the West Qinling (F5) to the south [32].

The Haiyuan fault zone represents a pre-existing, extensive, and deep-seated fault
zone that penetrates through the Moho, effectively demarcating the Longzhong block in
the southern region from the Meso-Cenozoic basins in the north [9]. In terms of fault
kinematics, the Haiyuan fault zone is segmented such that the western part is characterized
by a strike-slip section, while the eastern part is distinguished by a thrust section, with the
Nanhua Shan serving as the dividing line [33]. The Xiangshan–Tianjingshan fault zone,
which is delimited by Qingsheya–Shuangerzi, is further divided into its eastern and west-
ern parts according to the fault modalities, manifesting the traits of right-lateral en echelon
configurations [12]. The westward elongation from Shixia is recognized as the Tianqiaogou–
Huangyangchuan fault zone, which is interconnected with the Lenglongling [34,35]. The
Yantongshan fault zone surfaces at Yachigou, northeast of Zhongwei City in the north. It
traverses the Yellow River to the southeast, extends along the eastern foothills of Yantong
Shan and Yao Shan southward, and ultimately combines with the Liupanshan fault zone in
the south. Probably, its cutting depth is less than the other three, existing as a basement
fault [36,37]. The Niushoushan–Luoshan fault zone, being connected with the Xiaoguan-
shan fault to its south [13,25], represents the outermost delimiting fault of the northeast
Tibetan Plateau. This fault zone also acts as the boundary separating the Tibetan Plateau
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from the Ordos block and the Alax block [13]. Moreover, it constitutes a deep-seated fault
zone that cuts through the Moho [37,38]. The arcuate tectonic belt has been subject to a
complex and intricate tectonic evolution, with a summary presented in Table 1.

J. Mar. Sci. Eng. 2025, 13, x FOR PEER REVIEW 4 of 24 
 

 

northeast Tibetan Plateau. This fault zone also acts as the boundary separating the Tibetan 
Plateau from the Ordos block and the Alax block [13]. Moreover, it constitutes a deep-
seated fault zone that cuts through the Moho [37,38]. The arcuate tectonic belt has been 
subject to a complex and intricate tectonic evolution, with a summary presented in Table 
1. 

 

Figure 2. Geological schematic map of the study area. This map has been modified by CorelDRAW 
(Version 2018) based on [25]. The expanded portion is sourced from the online geological maps of 
Chinese provinces offered by the OSGeo China Center (https://www.osgeo.cn/, accessed on 24 Oc-
tober 2016), which cover Gansu, Qinghai, Shaanxi, the Ningxia Hui Autonomous Region, and the 
Inner Mongolia Autonomous Region. F1: Haiyuan fault zone; F2: Xiangshan–Tianjingshan fault 
zone; F3: Yantongshan fault zone; F4: Niushoushan–Luoshan fault zone; F5: the fault of the northern 
margin of the West Qinling Mountains; F6: Maxianshan fault zone; F7: Yellow River fault; F8: the 
fault at the east piedmont of Helan Shan; F9: Xiaoguanshan fault. 

  

Figure 2. Geological schematic map of the study area. This map has been modified by CorelDRAW
(Version 2018) based on [25]. The expanded portion is sourced from the online geological maps
of Chinese provinces offered by the OSGeo China Center (https://www.osgeo.cn/, accessed on
24 October 2016), which cover Gansu, Qinghai, Shaanxi, the Ningxia Hui Autonomous Region, and

https://www.osgeo.cn/


J. Mar. Sci. Eng. 2025, 13, 170 5 of 23

the Inner Mongolia Autonomous Region. F1: Haiyuan fault zone; F2: Xiangshan–Tianjingshan fault

zone; F3: Yantongshan fault zone; F4: Niushoushan–Luoshan fault zone; F5: the fault of the northern

margin of the West Qinling Mountains; F6: Maxianshan fault zone; F7: Yellow River fault; F8: the

fault at the east piedmont of Helan Shan; F9: Xiaoguanshan fault.

Table 1. The tectonic evolution of the arcuate tectonic belt.

Fault Initial Age
Ma

Maximum
Horizontal

Compression
Tectonic Event Fault Mechanism References

F1

~9.5 NE-SW thrust thrust
[12,14,21]5.4

ENE-WSW
thrust and strike-slip thrust and sinistral strike-slip

2.6 strike-slip sinistral strike-slip (west);
thrust and sinistral strike-slip (east)

F2
5.4 NE-SW thrust thrust and sinistral strike-slip

[14,21]
~2.7 ENE-WSW strike-slip normal-sinistral strike-slip (west);

thrust and sinistral strike-slip (east)

F3 5.4 or ~2.7 NE-SW or
ENE-WSW thrust thrust and dextral strike-slip [13,14,21]

F4
~2.5 NW-SE thrust and strike-slip thrust and sinistral strike-slip

[14,17,39]0.15 NNE-SSW strike-slip dextral strike-slip
Note: The initial age of the Yantongshan fault zone (F3) has not been accurately determined.

2.2. Distribution Characteristics of Crustal Thickness and Rheological Strength

In Figure 3, the crustal thickness contour map sourced from the CRUST 1.0 model [40,41]
is superimposed upon the surface geomorphology and major faults, thus revealing the
interrelationships between the structure, crustal deformation, and geomorphic features. The
Alax block demonstrates stable structural traits, with the Moho surface depth decreasing
steadily from west to east. The Ordos block is typified by a steady crustal structure and
negligible Moho undulations. The Yinchuan Basin is flanked by the Yellow River fault
(F7) on the east and the east piedmont fault of the Helan Shan (F8) on the west, wherein
the Yellow River fault penetrates the Moho [42–44]. The crust–mantle architecture of
the Yinchuan Basin is shallower at the peripheries and deeper in the central region [42].
The arcuate tectonic belt, along with the Yinchuan Basin, composes the Meso-Cenozoic
basins in the northeastern Tibetan Plateau, renowned for its vigorous activity and recurrent
earthquakes along the boundary faults [9,45]. The Moho depth tapers off gradually from
the southwest to the northeast, with especially prominent disparities observable in the
boundary fault zones [38,46]. The Longzhong block, demarcated by the northern margin
fault of the West Qinling fault (F5), the Maxianshan fault (F6), and the Haiyuan fault (F1),
is likewise a stable entity. Its Moho progressively dips eastward, attaining its greatest
depth beneath Liupan Shan and Xiaoguan Shan, before shallowing again within the Ordos
block [45]. The rheological potency of a block can be gauged by the velocity signatures of
P-waves and S-waves. Reduced seismic velocities may signify a less robust rheological
strength, and vice versa [9,46,47].
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Figure 3. Tectonic geomorphological features and crustal thickness distribution within the study
region. The data pertaining to the crustal thickness is obtained from the publicly accessible CRUST
1.0 model, available at the website: https://igppweb.ucsd.edu/~gabi/crust1.html (accessed on
27 August 2013).

3. Numerical Model
3.1. Governing Equation

Elastic constitutive equations are usually utilized to study the short-term deformation
of the crust or lithosphere [48,49]. However, in order to describe large-scale, long-term
deformation, the continental lithosphere can be viewed as a continuum, following Newto-
nian fluids or power-law fluids [50–55]. In this study, the constitutive relation of viscous
fluid is adopted. In order to account for the inhomogeneity of the medium, different blocks
are assigned with different equivalent viscosity coefficients. Within the three-dimensional
space, the momentum conservation equation used to describe a quasi-static incompressible
viscous fluid is

− ∂P
∂xj

+
∂

∂xi

(
ηe f f

∂vj

∂xi

)
+ ρgi = 0 j = 1, 2, 3 (1)

https://igppweb.ucsd.edu/~gabi/crust1.html
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Mass conservation equation (incompressible condition):

∂vj

∂xj
= 0 (2)

where P is the pressure, vj is the velocity component, ηeff is the effective viscosity, ρ is the
density, and gj = [0, 0, g]T is the acceleration of gravity. The constitutive equation is as
follows:

σij = −Pδij + 2ηe f f
.
εij (3)

where σij is the stress tensor (take as negative in compression), and δij is the Kronecker
delta tensor. The strain rate tensor

.
εij is

.
εij =

1
2

(
∂vi
∂xj

+
∂vj

∂xi

)
(4)

In this study, the three-dimensional viscous large deformation finite element simu-
lation program developed by Sun et al. [56] was used to solve the above equations. The
program verified the reliability [57] of the numerical calculation by comparing it with the
sandbox experiment [58] and the sinking of a rectangular block with a different viscosity
contrast between the sinking block and its surrounding weak medium [59].

3.2. Finite Element Model and Boundary Conditions

In the horizontal plane, the three-dimensional finite element model is partitioned into
four segments: the Ordos block (OB), the Alax block (AB), the Longzhong block (LZB), and
the Meso-Cenozoic basins (M-CB). The demarcation between the Longzhong block and the
other three regions is marked by the Haiyuan fault zone (F1). The planar contour of the
model takes the form of a pentagon, which is derived by truncating the lower left corner of
a quadrilateral (as depicted in Figure 4a,b). The five vertex coordinates are A (102.3157◦ E,
39.26847◦ N), B (107.5843◦ E, 39.26847◦ N), C (107.5843◦ E, 34.47701◦ N), D (106.1083◦ E,
34.47701◦ N), and E (102.3157◦ E, 36.59635◦ N), respectively. Point F (102.3157◦ E, 37.38174◦

N) serves as the boundary point along the AE edge, with disparate boundary conditions
prevailing on either side. Free-slip boundary conditions are imposed along AF, AB, and
BC, while velocity boundary conditions are applied to EF, CD, and DE. The magnitude
and orientation of the velocities are subject to temporal variation. The vertical extent of the
model measures 100 km, and the meshing configuration is illustrated in Figure 4c.

To validate the disparity in lithospheric deformation during the early thrusting and
subsequent strike-slip, the overall simulation calculation duration is set at 9.5 Ma. The
transition time is designated as 2.5 Ma, signifying the commencement of strike-slipping
in the northeastern Tibetan Plateau. Given that the calculation time step is 0.1 Ma, the
thrusting deformation spanning from 9.5 to 2.5 Ma corresponds to steps 0–70 (as shown
in Figure 4a), and the strike-slip from 2.5 Ma to the present correlates with steps 71–95
(depicted in Figure 4b). In the model, it is postulated that the boundary conditions remain
uniform in the vertical direction. During the thrust stage, the velocity direction applied to
the EF, CD, and DE edges is uniformly set to N45◦ E. The velocity along the DE edge is
constantly 3.87 mm/yr, while the velocities along the EF and CD sides diminish linearly
from 3.87 mm/yr to 0. In the strike-slip stage, the velocity of the EF edge is oriented at N70◦

E and decreases linearly from 3.87 mm/yr to 0. The velocity magnitude imposed on the DE
edge is 3.87 mm/yr, and its direction, from point E to point D, varies linearly from N70◦ E
to 90◦ in accordance with the horizontal coordinate. The direction and magnitude of the
velocity on the CD side also change linearly with the horizontal coordinate. The velocity
directions shift from 90◦ S to 110◦ E, and the magnitudes decline from 3.87 mm/yr to 0.
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lateral viscosity differences on lithospheric deformation, five models were devised (Table 
2). To evaluate the effects of vertical viscosity differences on lithospheric deformation, 
three models were designed (Table 3). 

Figure 4. Block division, boundary conditions and mesh division within the numerical model.
(a) Illustrated are the boundary conditions during the period from 9.5 Ma to 2.5 Ma. (b) Presented
are the boundary conditions from 2.5 Ma up to the present. (c) Shown is the model mesh division
with a rotation angle of 0.05 degrees. The black arrow symbolizes the velocity boundary conditions,
and the black triangle represents the free-slip boundary conditions. Here, θ denotes the azimuth of
the velocity. OB: Ordos block; AB: Alax block; LZB: Longzhong block; M-CB: Meso-Cenozoic basins
(including the arcuate tectonic belt and Yinchuan Basin); F1: Haiyuan fault zone.

3.3. Model Parameters

The lithospheric strength in the northeastern margin of the Tibetan Plateau is heteroge-
neous [29,30,60–62]. Firstly, the Ordos and Alax blocks are stable cratonic blocks possessing
relatively high lithospheric strength. In contrast, the Meso-Cenozoic basins have been dis-
rupted by multi-stage tectonic activities, leading to a relatively weak lithospheric strength.
The lithospheric strength of the Longzhong block is weaker than that of the Ordos and
Alax blocks but stronger than that of the Meso-Cenozoic basins. Secondly, the Longzhong
block and the Meso-Cenozoic basins have a relatively weak lower or middle-lower crust
compared to the Ordos and Alax blocks.

Plastic deformation was not taken into account in this study. Consequently, the
parameters involved in the numerical simulation include effective viscosity (ηe f f ) and
density (ρ). Viscosity serves as an indicator of lithospheric strength. To assess the impacts of
lateral viscosity differences on lithospheric deformation, five models were devised (Table 2).
To evaluate the effects of vertical viscosity differences on lithospheric deformation, three
models were designed (Table 3).
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Table 2. Parameters for Case–1 to Case–5.

Block Case–1
ηeff (Pa·s)

Case–2
ηeff (Pa·s)

Case–3
ηeff (Pa·s)

Case–4
ηeff (Pa·s)

Case–5
ηeff (Pa·s)

OB and AB 1 × 1023 1 × 1023 1 × 1023 1 × 1023 1 × 1023

M-CB 1 × 1023 5 × 1022 2.5 × 1022 1 × 1022 2.5 × 1022

LZB 1 × 1023 5 × 1022 2.5 × 1022 1 × 1022 5 × 1022

Note: The upper crust density is 2700 kg/m3, middle crust 2800 kg/m3, lower crust 3000 kg/m3, and lithospheric
mantle 3300 kg/m3.

Table 3. Parameters for Case–6 to Case–8.

Block Layer Case–6
ηeff (Pa·s)

Case–7
ηeff (Pa·s)

Case–8
ηeff (Pa·s)

OB and AB

UC 1 × 1023 1 × 1023 1 × 1023

MC 1 × 1023 1 × 1023 1 × 1023

LC 1 × 1023 1 × 1023 1 × 1023

LM 1 × 1023 1 × 1023 1 × 1023

M-CB

UC 2.5 × 1022 2.5 × 1022 2.5 × 1022

MC 2.5 × 1022 2.5 × 1022 7.5 × 1021

LC 7.5 × 1021 7.5 × 1020 7.5 × 1020

LM 2.5 × 1022 2.5 × 1022 2.5 × 1022

LZB

UC 5 × 1022 5 × 1022 5 × 1022

MC 5 × 1022 5 × 1022 5 × 1021

LC 5 × 1021 5 × 1020 5 × 1020

LM 5 × 1022 5 × 1022 5 × 1022

Note: Refer to Table 2 for lithospheric layer density settings. UC: upper crust; MC: middle crust; LC: lower crust;
LM: lithospheric mantle.

To streamline the model, the Ordos and Alax blocks are considered as the same material
with the viscosity set at 1 × 1023 Pa·s. Case–1 represents a homogeneous model composed
of a single material, where the viscosity of all blocks is configured as 1 × 1023 Pa·s. To
account for the impact of lithospheric strength heterogeneity on the formation of the arcuate
tectonic belt, in Case–2 through Case–4, the Meso-Cenozoic basins and the Longzhong block
are treated as the same material. Their viscosities are set to 5 × 1022 Pa·s, 2.5 × 1022 Pa·s,
and 1 × 1022 Pa·s, respectively. Case–5 is a model designed for comparing three materials,
taking into consideration the distinctions between the Longzhong block and the other
blocks. To evaluate the influence of the vertical heterogeneity in lithospheric strength on the
formation of the arcuate tectonic belt during the thrust stage (9.5–2.5 Ma), we developed
Case–6 through Case–8 based on Case–5. In Case–6 and Case–7, the Longzhong block and
the Meso-Cenozoic basins possess a weakened lower crust. The lower crustal viscosity in
Case–7 is one order of magnitude lower than that in Case–6 (as shown in Table 3). In Case–8,
the Longzhong block and the Meso-Cenozoic basins have a weakened middle-lower crust.
The viscosity of the lower crust is 0.1 times that of the middle crust (refer to Table 3).

4. Results
All the calculated results in this study were plotted by Surfer (Version 11.0) and

MATLAB (Version R2020b), and further refined by CorelDRAW (Version 2018).

4.1. Impact of Horizontal Strength Variation on Arcuate Tectonic Belt Formation

In Case–1, with homogeneous materials and no lithospheric strength difference, the
model’s horizontal velocity uniformly decreases northeastward without abrupt changes
(Figure 5a). The Meso-Cenozoic basins lack a convex-to-northeast oroclinal structure, and
there is no squeezing of the Longzhong block into the Yinchuan Basin along the Ordos-
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Alax block boundary. However, uplift rates are higher in the southwest and southeast
corners than in the northwest and northeast corners, with the highest rate in the southeast
and negative vertical velocities in the northwest and northeast. As a transition zone, the
lithospheric strength of the Longzhong block and the Meso-Cenozoic basins significantly
impacts deformation. We examined the effect of their viscosity on lithospheric deformation
in Case–2–Case–4 (Figure 5b–d). The results indicate that as their viscosity decreases, both
horizontal and vertical velocities in the region increase. When their viscosity is 0.25 times
or less than that of Alax and Ordos, the vertical velocity gradient bands align with the
present-day arc tectonic belt location (Figure 5c,d).

Case–5 exhibits two deformation phases. The initial stage is the thrust stage, governed
by NE-SW compression from approximately 9.5–2.5 Ma (Figure 5e). The subsequent stage
is the strike-slip stage, controlled by ENE-WSW compression since 2.5 Ma (Figure 5f). In
Case–5, the impact of three block strength types on the arcuate tectonic belt formation
during the extrusion stage is considered (Figure 5e). The degree of arc compression in the
vertical velocity of Case–5 is nearly identical to that in Case–3 or Case–4. This implies that
the formation of the arcuate tectonic belt is chiefly reliant on the lithospheric strength of
the Meso-Cenozoic basins and the Longzhong block.

4.2. Effect of the Directional Change in Block Convergence Velocity on Crustal Thickness and
Stress Field

The analysis of the maximum and minimum principal stresses and maximum shear
stress during the shortening stage reveals that intense shear deformation predominantly
occurs at block boundaries, as depicted in Figure 6a. The Haiyuan fault zone exhibits
left-lateral strike-slip activity along its western segment (west of Haiyuan city) and mainly
thrusts northeastward with a sinistral strike-slip component along its eastern segment (east
of Haiyuan). Concurrently, NW-SE extension takes place in this area. In the Meso-Cenozoic
basins, there are three principal areas with high uplift rates (Figures 5e and 7a). The first
lies west of Jingtai, between the Xiangshan–Tianjingshan fault zone and the Haiyuan fault
zone. The second is south of the Haiyuan fault zone and west of Yongdeng. The third is in
the Liupanshan area, with uplift rates of 0.9–1.1 mm/yr, 1.7–1.9 mm/yr, and 0.9–2 mm/yr,
respectively, generally decreasing from south to north. The corresponding crustal thicknesses
are 44–44.5 km, 44–46.5 km, and 44.5–46.5 km. In the arcuate tectonic belt, uplift rates
gradually decline from 0.9 mm/yr in the south to 0 in the Yinchuan Basin, and crustal
thicknesses decrease from 45 km in the south to 42 km in the Yinchuan Basin. The Longzhong
block is squeezed northeastward along the Ordos and Alax blocks, with its southern margin
showing relatively high uplift rates of 1.1–1.4 mm/yr, corresponding to a crustal thickness of
43.5–44.5 km. The uplift rates of the Ordos block range from −0.3 to 1.4 mm/yr, increasing
from north to south, with the crust thickness of the northern part being 40 km and gradually
thickening to 44.5 km in the south. The Alax block has relatively low uplift rates, ranging
from −0.3 to 0.5 mm/yr. From the east to the west, the vertical velocities extend in the
NNE-SSW direction and diminish progressively. In contrast, from the north to the south,
the vertical velocities spread nearly in the E-W direction and increase correspondingly. The
crustal thickness of the Alax block ranges from 40 to 42.5 km, exhibiting a pattern similar to
that of the vertical velocity. The central region of the Longzhong block has a relatively low
uplift rate of 0.6 mm/yr, and its crustal thickness is 42–44 km, which is marginally thinner
than the 45 km obtained through geophysical observations [38,63].



J. Mar. Sci. Eng. 2025, 13, 170 11 of 23
J. Mar. Sci. Eng. 2025, 13, x FOR PEER REVIEW 13 of 24 
 

 

 

Figure 5. Horizontal velocity (indicated by black arrows) and the contour map of vertical velocity 
(positive for upward) for Case–1 to Case–5. (a–d) Results of Case–1 to Case–4 at 2.5 Ma. (e) Result 
of Case–5 at 2.5 Ma. (f) Result of Case–5 at present. 

Figure 5. Horizontal velocity (indicated by black arrows) and the contour map of vertical velocity
(positive for upward) for Case–1 to Case–5. (a–d) Results of Case–1 to Case–4 at 2.5 Ma. (e) Result of
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Figure 6. The maximum and minimum principal stresses and the maximum shear stress (shown by
contour lines) in Case–5. (a) Results of the thrusting stage (at 2.5 Ma). (b) Results of the strike-slipping
stage (at present). In elasticity, we define the tensile stress as positive and the compressive stress as
negative. The purple lines indicate the direction and the absolute value of minimum principal stress
(representing the maximum compressive stress), and the black lines represent the direction and the
absolute value of maximum principal stress.
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Figure 7. The crustal thickness and the distribution of the maximum and minimum principal stresses
in Case–5 during the (a) extrusion stage (2.5 Ma) and (b) strike-slip stage (present).

During the strike-slip stage, the horizontal velocity towards ENE shifts to NE in the
northern part of the Haiyuan fault zone and rapidly decreases towards the Yinchuan Basin,
as illustrated in Figure 5f. At this moment, the velocity at which the Meso-Cenozoic basins
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are squeezing into the Yinchuan Basin begins to decelerate compared to that in the thrust
stage (Figure 5e). Figure 6b indicates that the intense shear deformation during the strike-
slip stage still takes place at the block boundary but starts to weaken in contrast to the
thrust stage. The western region of Jingtai, located between the Xiangshan–Tianjingshan
fault zone and the Haiyuan fault zone, as well as the western area of Yongdeng and the
southern part of the Haiyuan fault zone, is under the control of WNW-ESE compression
and extends in the NNE-SSW direction. Towards the east, the compression direction in the
Liupan Shan gradually changes from NE-SW to ENE-WSW, and the extension becomes
correspondingly stronger in the NNW-SSE direction. The western segment of the Haiyuan
fault zone is marked by normal faulting with a sinistral strike-slip component, while the
central segment is dominated by sinistral strike-slip movement and thrust faulting. In
contrast, the Liupan Shan area is mainly subjected to nearly E-W compression, accompanied
by local extension in the NNW-SSE direction. However, the vertical velocity (Figure 5f) and
crustal thickness (Figure 7b) during the strike-slip stage reveal that there is a shortening
uplift area in the Liupan Shan area, with uplift rates ranging from 1.1 to 2 mm/yr and a
crust thickness of 45.5–49.5 km. The uplift rates in the area west of Jingtai and between the
Xiangshan–Tianjingshan fault zone and the Haiyuan fault zone are relatively low, varying
from 0.2 to 0.5 mm/yr. The uplift rates in the area west of Yongdeng and the southern
part of the Haiyuan fault zone are likewise relatively low, ranging from 0.6 to 0.9 mm/yr.
Towards the east, the uplift rates gradually increase. The crust thickness in the Liupan
Shan area is 44.5–46 km, and that in the area south of the Haiyuan fault zone and west of
Yongdeng is also 44.5–49.5 km. The uplift rates within the arcuate tectonic belt range from
0.5 mm/yr to 1.6 mm/yr, and the crustal thickness varies from 42.5 km to 48.5 km. All
these parameters tend to decline from the Liupan Shan area towards the Yinchuan Basin
and the west of Jingtai. The vertical velocity contour of the Ordos block extends in an E-W
direction. The uplift rate is 0.3 mm/yr in the north and gradually increases to 1.7 mm/yr
in the south. The crust of the Ordos block thickens from 40 km in the north to 46 km in the
south, with its contour lines spreading in the WNW-ESE direction. The contour lines of
the velocity of the Alax block extend from east to west in the N-S direction and the value
decreases from 0.4 mm/yr to 0. The crustal thickness of the Alax block gradually decreases
from 41 km in the central part to 40 km in the west and to 40.5 km in the eastern part of the
Helan Shan. The uplift rates of the Longzhong block increase from 0.5 mm/yr in the west
to 2 mm/yr in the east. The middle crust of the Longzhong block is the thinnest, having a
thickness of 43.5–45 km, and it thickens gradually towards the east and west.

In conclusion, around 2.5 Ma, there was a crucial temporal boundary for the formation
and subsequent modification of the arcuate tectonic belt. During the shortening stage, the
Haiyuan fault zone was compressed in the NE-SW direction. Its eastern part was dominated
by northeastward thrusting accompanied by a sinistral strike-slip component, while the
western part was mainly characterized by sinistral strike-slip. At this point, the arcuate
tectonic belt was fundamentally formed. The topography and crustal thickness decreased
gradually from the southwest to the northeast. Strong sinistral shear took place at the
southeastern boundary of the Alax block, and dextral shear and compression dominated the
western and southwestern margins of the Ordos block, respectively. In the strike-slip stage,
sinistral strike-slip activity occurred throughout the Haiyuan fault zone, and eastward
thrusting happened in the Liupan Shan area, which became the sole rapidly uplifting area
within the model. Comparing the crustal thickness between the extrusion stage and the
strike-slip stage reveals that the crustal shortening, thickening, and uplifting of the arcuate
tectonic belt mainly occur during the thrust stage. The strike-slip stage is governed by
strike-slip faulting, and crustal thickening is not conspicuous. The crustal thickness of the
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Haiyuan fault zone changes abruptly from the Longzhong block to the Alax block, which
aligns with seismic tomography imaging [38,46].

4.3. Impact of Vertical Strength Variation on Arcuate Tectonic Belt Formation

Similar to Case–1–Case–5, to directly reflect the impact of vertical viscosity differences
on the development of the arcuate tectonic belt, this paper combined the east-bound
velocity u and north-bound velocity v in the results of Case–6–Case–8 into a horizontal
velocity and superimposed the contour map of the vertical velocity beneath it. This vertical
velocity reflects the uplift rates at different locations within the study area (Figure 8a,c,e).
Meanwhile, to explore the influence of vertical viscosity differences on crustal shortening
and thickening, the distribution characteristics of crustal thickness in each case are also
presented correspondingly (Figure 8b,d,f).
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During the shortening stage of Case–5, the maximum vertical velocity is 2.0 mm/yr
and the maximum crust thickness is 47.5 km, as depicted in Figure 5e. In Case–6 and
Case–7, the maximum vertical velocity is 2.1 mm/yr (Figure 8a,c), and the maximum crust
thickness is also 47.5 km (Figure 8b,d). However, compared with Case–6, the velocity
in Case–7 is not as significant in Figure 8c, with a value of 1.1 mm/yr. In Case–8, the
maximum vertical velocity is 2.2 mm/yr (Figure 8e) and the maximum crust thickness is
48.5 km (Figure 8f).

Through contrasting the shortening stages of Case–6, Case–7, and Case–5, our findings
reveal that a weaker lower crust facilitates the extrusion of crustal materials from the
northeastern margin of the Tibetan Plateau into the Yinchuan Basin. Meanwhile, the lower
the viscosity of the lower crust, the more conducive it is to the lateral growth of the plateau
and the formation of the arcuate tectonic belt. However, when compared with Case–7, if we
modify the lower crustal viscosity of the Longzhong block and the Meso-Cenozoic basins,
the lateral growth of the plateau is not pronounced, with only a one order of magnitude
difference being notable.

By comparing the vertical velocity of Case–6–Case–8 (Figure 8a,c,e), we observe that on
the premise of having a weak lower crust in the Longzhong block and the Meso-Cenozoic
basins, significant uplift occurs in the Liupan Shan area, as well as in the area west of Jingtai
and between the Xiangshan–Tianjingshan fault zone and the Haiyuan fault zone when a
weak middle crust is incorporated into the model (Figure 8e). Compared to Case–6 and
Case–7, the contour map of the uplift rate in Case–8 indicates that the squeezing trend of
isolines into the Yinchuan Basin is more conspicuous.

By comparing the shortening stage of Case–5 with those of Case–6–Case–8, we discover
that a weaker lower crust promotes the lateral growth of the plateau and the formation of
the arcuate tectonic belt in the northeastern Tibetan Plateau. Nevertheless, vertical crust
thickening is not significant when only a weak lower crust is present in the model. Due
to the addition of a weak middle crust, the lateral growth of the plateau and the crustal
shortening and thickening of the arc tectonic belt are significantly enhanced. Hence, the
weak middle crust, similar to the lower crust, likely plays an important role in the lateral
growth of the Tibetan Plateau and the formation of the arcuate tectonic belt.

5. Discussion
5.1. Formation of the Arcuate Tectonic Belt and the Horizontal Heterogeneity of
Lithospheric Strength

Previous studies have demonstrated that the outward expansion of the Tibetan Plateau
can result in diverse deformation patterns due to variations in the rheological strength of
the surrounding terranes [61,62]. For instance, the eastern and northern boundaries of the
plateau are blocked by the high-strength Sichuan Basin and the Tarim Basin, respectively,
leading to steep landforms and concentrated crustal deformation. In contrast, at the
northeastern boundaries of the plateau, where multiple blocks are spliced together, there
is a gradual topography and diffuse crustal deformation [62]. The findings in this paper
further verify that when the rheologies of multiple blocks on the northeastern margin of the
Tibetan Plateau differ, more complex deformation patterns, like arcuate tectonic belts, will
form. Our study results reveal that when the rheological strength of the Yinchuan Basin
located between the Ordos and Alax blocks is low, the high strain during the lateral growth
of the plateau is mainly distributed within the Yinchuan Basin (Figure 5c–e). The transition
boundary between the Tibetan Plateau with low rheological strength and the Ordos and
Alax blocks with high rheological strength serves as a major area for fault development
and crustal thickening (Figure 7). Moreover, our rheological structure is based on the
effective viscosity (Figure 9) derived from the thermal model [63], which is similar to the
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thermal structure shown by the updated global heat flow data set [64]. We assume that
the rheological structure reflected by effective viscosity has not changed significantly since
the late Cenozoic. The calculated rheological structure and deformation characteristics are
consistent with the deep structure observed through geophysics [9,45,65] and the surface
deformation observed in the field [12–18].
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These two pictures have been modified by CorelDRAW (Version 2018) based on [63]. The lithospheric
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(accessed on 15 July 2013).

Seismic tomography outcomes indicate the presence of low seismic velocity anomalies
within the Longzhong block and Yinchuan Basin, which are situated between the Alax block,
Ordos block, and the Tibetan Plateau [9,65]. Notably, this low-velocity anomaly zone corre-
sponds to the primary crustal thickening area (Figure 3). The existence of such low-velocity
anomalies implies that the rheological strength of the Longzhong block and Yinchuan Basin
is likely to be relatively low. This finding is in harmony with the low-strength rheology
stipulated in our model (Table 2). Under this particular rheological configuration, the
deformation that occurs during the expansion of the plateau is predominantly concentrated
within the low-velocity anomaly region and the boundary area between the plateau and the
adjacent blocks (Figures 5–7). This observation aligns with the characteristics manifested in
the deep crust structure [44,45], where the principal thickening regions of the crust and the
abrupt changes in the depth of the Moho are chiefly concentrated at the block boundaries.

Moreover, the findings of this study are consistent with the tectonic deformation
evolution process in the studied area. The results demonstrate that the northeastern
expansion of the plateau, corresponding to the deformation occurring between 9.5 and
2.5 Ma (Figure 7a), represents the main period for crustal thickening in the northeastern
part of the plateau, the Longzhong block, and the Yinchuan Basin. It is also the key
period for the formation of the arcuate tectonic belt. Meanwhile, intense shear deformation
took place in the southern part of the Alax block and the western part of the Ordos
(Figure 6). However, since 2.5 Ma, the direction of compression has shifted from the
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northeast to nearly due east, causing the arcuate tectonic belt to exhibit sinistral strike-
slip characteristics. Previous investigations into the history of tectonic deformation have
revealed that powerful compressive deformation was transmitted northeastward from the
Haiyuan fault zone along with the expansion of the plateau. Subsequently, the Xiangshan–
Tianjingshan fault zone, Yantongshan fault zone, and Niushoushan–Luoshan fault zone
initiated thrust activities one after another, and the arcuate tectonic belt took shape from
the end of the late Pliocene to the beginning of the early Pleistocene. At the same time,
significant shear deformation occurred at the southern margin of Alax and the western
margin of Ordos again [12,25].

The sinistral shear deformation along the southern border of Alax might have in-
stigated the sinistral strike-slip activities in the western segments of the Xiangshan–
Tianjingshan and Haiyuan fault zones and the thrust-sinistral strike-slip activities in the
eastern part of the Xiangshan–Tianjingshan fault zone. Conversely, the dextral shear de-
formation along the western margin of Ordos could have triggered dextral strike-slip and
thrust activities in the Niushoushan–Luoshan fault zone, Yantongshan fault zone, and the
eastern section of the Haiyuan fault zone [12,14,37,66]. Since 2.58 Ma, the direction of the
paleotectonic stress field has shifted from NE-SW to ENE-WSW, owing to the continuous
resistance of the northern Alax block [14]. The area south of the Xiangshan–Tianjingshan
fault zone initiated an eastward movement along the southern edge of the Alax block,
exerting pressure on the southern Ordos block. Concurrently, the western parts of the
Xiangshan–Tianjingshan and Haiyuan fault zones exhibited significant sinistral strike-slip
movements, while the eastern sections were mainly characterized by eastward thrusting.
The Yantongshan and Niushoushan–Luoshan fault zones commenced dextral strike-slip
and thrust activities, leading to a transformation of the local geomorphic pattern. The
four fault zones rotated clockwise and converged towards the Liupanshan tectonic belt,
ultimately resulting in the formation of the current arcuate tectonic belt that converges at
one end [11]. These deformation histories are in accordance with the deformation process
elucidated in this study.

5.2. Formation of the Arcuate Tectonic Belt and the Vertical Heterogeneity in Lithospheric Strength

The lower crustal flow model is often used to explain the lithospheric deformation
patterns in the periphery of the Tibetan Plateau, such as the southeastern margin of the
Tibetan Plateau [61,67]. The crust and upper mantle structures in the northeastern part of
the Tibetan Plateau further imply the existence of low-velocity middle-lower crust in the
Longzhong block and the Meso-Cenozoic basins [9,44,45]. However, our findings reveal
that a weak middle and lower crust is not essential for the formation of the arcuate tectonic
belt. In this model, even when it is assumed that the crustal rheological strength of each
block is vertically consistent, the arcuate tectonic belt can still be formed. Its deformation
characteristics mainly rely on the lateral heterogeneity of lithospheric strength (Figure 5a–d).
Nevertheless, the weak middle and lower crust, functioning as a detachment layer, has
contributed to the uplift and thickening of the crust in the Longzhong block and the Meso-
Cenozoic basins (Figure 8). This has further promoted the lateral growth of the northeastern
margin of the plateau and the formation and expansion of the arcuate tectonic belt. Previous
numerical simulation studies have also demonstrated that the lower (or middle-lower)
crust with low viscosity and high flow velocity can cause the thickening of the lower
(or middle-lower) crust in areas distant from the collision boundary, resulting in surface
uplift [28,31,68], which aligns with the outcomes of seismic profile data [69]. Moreover,
previous studies have indicated that the arcuate tectonic belt in the northeastern margin
of the Tibetan Plateau is a forward-spreading thrust structure based on the detachment
layer [21,28,37]. In our model, the weak middle-lower crust of the Longzhong block and
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the Meso-Cenozoic basins serves as the detachment layer of the arcuate tectonic belt, which
is in accordance with the deep structure characteristics observed through geophysics [9].

5.3. Model Limitation

In this study, a three-dimensional viscous model has been employed to analyze how
the heterogeneity of the lithosphere’s rheological strength and the alteration of the pale-
otectonic stress field’s direction influence the formation of the arcuate tectonic belt. The
results indicate that the lateral heterogeneity of lithosphere strength and the change in the
plateau’s compression direction are the principal controlling factors for the formation and
deformation traits of the arcuate tectonic belt on the northeastern margin of the Tibetan
Plateau. Nevertheless, there are certain uncertainties within our numerical model that
warrant discussion.

Firstly, our model is a mechanical one based on the viscosity constitutive relation,
and it fails to take into account the impact of deep temperature anomalies on viscosity. A
free sliding boundary is set at the bottom boundary, which means no deformation occurs
in the vertical direction. Such boundary conditions will result in a higher vertical uplift
height during the shortening process, and this cannot be compared with the actual terrain.
Consequently, the crustal thickness and topography are outcomes of changes relative to the
initial model. Additionally, we assigned the same initial crust thickness to each model and
did not consider the initial differences in the crust thicknesses of these blocks, which might
have an influence on the subsequent deformation process.

Secondly, as we are unaware of the ancient velocity field in the northeastern margin of
the Tibetan Plateau, the convergence velocity at the model’s boundary is assigned based on
the horizontal shortening rate derived from the restored equilibrium profile. This might
not align with the complex ancient velocity field. When the model transitions from the
thrust stage to the strike-slip stage, the convergent velocity vector on the boundary changes
instantaneously, yet, in reality, the actual velocity field may change gradually.

Finally, surface denudation is not taken into account in this study. Surface denudation
leads to the redistribution of near-surface materials, which could potentially alter the
deformation characteristics of the crust under gravity equilibrium. The uplift of the arcuate
mountain systems within the arcuate tectonic belt in the northeastern margin of the Tibetan
Plateau is mainly controlled by four main fault zones. The sedimentary strata since the
Late Miocene are primarily distributed on both sides of these arcuate mountain systems,
suggesting that denudation mainly takes place in the arcuate mountain systems [12]. The
thickness of the Ganhegou Formation deposited between approximately 9.5–2.5 Ma ranges
from 73 to 752 m, and in the Jingtai area, it is 4671 m, while the thickness of the Yumen
Formation deposited after 2.5 Ma is just a few meters [25]. The thin thickness of these
deposits indicates that the surface denudation in this area is not intense. Hence, the surface
denudation may have a minimal impact on the results of this study.

6. Conclusions
In this paper, a three-dimensional finite element model is employed to explore the

formation mechanism of the arcuate tectonic belt in the northeastern margin of the Tibetan
Plateau. The following conclusions can be reached:

(1) The lateral heterogeneity of lithospheric strength in the northeastern margin of the
Tibetan Plateau governs the formation of the arcuate tectonic belt. When the litho-
spheric strength of the Meso-Cenozoic basins is 0.25 times or less than that of the
Alax and Ordos blocks, it is more favorable for the formation of the arcuate tectonic
belt and the northeastward expansion of the Tibetan Plateau. During the formation
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of the arcuate tectonic belt, intense shearing deformation occurs along the southern
boundary of the Alax block and the western boundary of the Ordos block.

(2) The simulation results show that when the viscosity of the middle crust is 10 times that
of the lower crust and 0.1 times that of the upper crust, the crust is more conducive
to shortening and thickening. The weak middle-lower crust of the Tibetan Plateau
is beneficial for the formation of the arcuate tectonic belt and crustal thickening.
However, it does not alter the deformation and geomorphology resulting from the
horizontal heterogeneity of the lithospheric strength.

(3) In combination with geological surveys, our results indicate that the arcuate tec-
tonic belt was formed during the NE-SW compression stage from 9.5 to 2.5 Ma. The
crustal shortening and thickening propagated from the Haiyuan fault zone to the
northeast. Since 2.5 Ma, the faults within the arcuate tectonic belt mainly exhib-
ited strike-slip behavior under the ENE-WSW compression. In the Liupan Shan
region, however, the faults showed a nearly E-W orientation with thrust faulting
characteristics. Throughout this process, crustal shortening and surface uplift were
relatively slight, and the process was primarily characterized by the modification of
the geomorphological pattern.
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