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The outward growth of the arcuate tectonic belt in the northeastern Tibetan Plateau: Insights from

three-dimensional finite element numerical simulations

Abstract: [Objective] The arcuate tectonic belt in the northeastern Tibetan Plateau is a unique boundary for the lateral
growth of the Tibetan Plateau. Characterized by an arcuate geomorphology with alternating basins and mountains
perpendicular to the direction of plateau expansion, it represents a unique growth mode of the Tibetan Plateau. This study
aims to reproduce the formation and evolution process of the arcuate tectonic belt in the northeastern Tibetan Plateau using
three-dimensional finite element visco-plastic large deformation numerical simulation. It also proposes a new structural
pattern and deformation mechanism for the outward growth of the arcuate tectonic belt. [Methods] Three tests based on a
large amount of geological and geophysical data were conducted to investigate how the barrier of the Yinchuan Basin and
the weak lower crust control the development of faults within the arcuate tectonic belt. [Results] The results show that, as
the Tibetan Plateau expanded northeastward, the shortening and thickening of the crust propagated from the plateau to the
northeast. Under NE-SW compression, the deep-seated materials in the Mesozoic and Cenozoic basins (arcuate tectonic
belts), which were confined by blocks, migrated northeastward. After being blocked by the rigid Ordos and Alxa blocks,
these materials were squeezed into the relatively weak Yinchuan Basin to a limited extent. The obstruction by the Yinchuan
Basin is an important condition for the formation and development of the faults within the shallow crust of the arcuate
tectonic belt. A weak lower crust with a viscosity of 2.5x10% Pa - s and a cohesion of 2 MPa promotes fault development
within the arcuate tectonic belt, but it is not a necessary prerequisite for fault formation. This paper analyzes the distribution
of the maximum shear strain rate on the surface and along three sections of the arcuate tectonic belt as well as the evolution
of these characteristics over time. It is proposed that the arcuate tectonic belt generally exhibits a "ramp-thrusting"

structural pattern in the deeper sections, and the deformation mechanism is characterized by deep—shallow decoupling. The
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deformation of the lithosphere within the arcuate tectonic belt decoupled at depths of 20 km and 40 km, forming three
tectonic layers. The middle—upper crust is dominated by thrust and fold structures, regulating the horizontal shortening and
vertical thickening of the crust; the weak lower crust completes the horizontal shortening and vertical thickening of the
crust through ductile—plastic deformation and serves as a detachment layer for the development of arcuate structures; the
lithospheric mantle, due to the regulating effect of the Moho surface, underwent limited shortening and thickening.
[Conclusion] Under the control of the preexisting fault zones in the southern and northern margins and the detachment
zones, the main arcuate faults developed synchronously during the period of 9.5-2.5 Ma. Then, they extended in depth and
finally cut into the middle crust. [Significance] This study deepens the understanding of the uplift and lateral growth of the
Tibetan Plateau, and provides a reference for the study of the deep—shallow processes involved in arcuate structure
formation.

Keywords: northeastern Tibetan Plateau; arcuate tectonic belt; Cenozoic; formation mechanism; finite element numerical

simulation
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Fig. 1 Tectonic geomorphological map of the Tibetan Plateau and adjacent regions

The fault data source was from the Data Sharing Infrastructure of the Seismic Active Fault Survey Data Center, https://www.activefault-

datacenter.cn. The DEM data with a resolution of 90 m was acquired from the Geospatial Data Cloud, http://www.gscloud.cn.
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Fig.2 Schematic geological map of the study area (modified after Shi et al., 2020b)

F/—Haiyuan Fault Zone; F,— Xiangshan—Tianjingshan Fault Zone; F;—Yantongshan Fault Zone; F,—Niushoushan-Luoshan Fault Zone;
Fs—Northern margin fault of the West Qinling Mountains; Fs— Maxianshan Fault Zone; F,—Yellow River Fault Zone; Fy—East piedmont fault of
Helan Shan; Fi— Xiaoguanshan Fault Zone; The expanded portion is from the online geological maps of Chinese provinces offered by the OSGeo
China Center, https://www.osgeo.cn/, which cover Gansu, Qinghai, Shaanxi, the Ningxia Hui Autonomous Region, and the Inner Mongolia

Autonomous Region)
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Table 1 Tectonic evolution of the arcuate fault zones in the northeastern Tibetan Plateau
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Fig.3 Tectonic geomorphological features and crustal thickness distribution in the northeastern Tibetan Plateau and adjacent areas

Profile I refers to Wang et al. (2017); Profile II refers to Wang et al. (2019); Profile Il refers to Song et al. (2024); Profile IV refers to Tian et

al. (2021); Profile V and Profile VI refer to Shen et al. (2022); Profile VI

refers to Li et al. (2022) and Zhang et al. (2013); Profile VIl refers to Jia

et al. (2010). The data pertaining to the crustal thickness is from the publicly accessible CRUST 1.0 model, available at the website:

https://igppweb.ucsd.edu/~ gabi/crust1.html; Refer to Fig. 2 for the annotations of the fault zones.
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Fig. 4 Contour maps of effective viscosity and the major faults in the northeastern Tibetan Plateau and adjacent areas (modified according to
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The legend and numbers of the fault zones are referenced from Fig. 2 )

(a) Contour map of effective viscosity at depth of 20 km and main fault zones; (b) Contour map of effective viscosity at depth of 60 km and main

fault zones
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Fig. 5 Initial model and boundary conditions, scheme of mesh discretization and vertical stratification

(a) Initial model and boundary conditions; (b) Scheme of mesh discretization; (c) Scheme of vertical stratification
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F,—Niushoushan—Luoshan Fault Zone
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Fig. 6 The distribution of the maximum shear strain rate for the Case-1 and Case-2 models

(a) The distribution of the maximum shear strain rate for the Case-1 model (the result at ~2.5 Ma); (b) The distribution of the maximum shear
strain rate for the Case-2 model (the result at ~2.5 Ma)

The values in the figure are expressed in scientific notation, where E represents the exponent with base 10

The legend and numbers of the fault zones are referenced from Fig. 2
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Fig. 7 The distribution of the maximum shear strain rates on the surface and the characteristics of their evolution over time

(a) Distribution of the maximum shear strain rate on the surface at ~9 Ma; (b) Distribution of the maximum shear strain rate on the surface at
~7 Ma; (c) Distribution of the maximum shear strain rate on the surface at ~5 Ma; (d) Distribution of the maximum shear strain rate on the
surface at ~2.5 Ma

The three cross-sections A—A', B-B', and C—C' are indicated by black lines in (a). The legend and numbers of the fault zones are referenced from

Fig. 2. The values in the figure are expressed in scientific notation, where E represents the exponent with base 10.
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Fig. 11 The models for the growth of the arcuate structure in the northeastern Tibetan Plateau
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(a) Forward expansion mode; (b) Backward expansion mode; (c) Disordered expansion mode; (d) Thrust—slip transformation mode
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Fig. 12 The synchronous growth model for the arcuate structure in the Northeastern Tibetan Plateau

(a) The deep deformation of the arcuate structure in the northeastern Tibetan Plateau at 9 Ma; (b) The deep deformation of the arcuate structure in

the northeastern Tibetan Plateau at 7 Ma; (c) The deep deformation of the arcuate structure in the northeastern Tibetan Plateau at 5 Ma; (d) The

deep deformation of the arcuate structure in the northeastern Tibetan Plateau at 2.5 Ma

See Fig. 11 for the fault legend
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interpretation

(a) Distribution of the maximum shear strain rate along the A—A' section at ~2.5 Ma; (b) Distribution of the maximum shear strain rate along the
B-B' section at ~2.5 Ma; (c) Distribution of the maximum shear strain rate along the C—C' section at ~2.5 Ma
The values in the figure are expressed in scientific notation, where E represents the exponent with base 10.

See Fig. 11 for the fault legend.
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