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Strain partitioning and accommodation are fundamental constraints to evaluate tectonic models of orogenic plateaus. The uplift mechanism issue of the eastern Tibetan Plateau has remained a long-term focus since the last century, namely, the steep uplift of the Longmen Shan area. Several tectonic models have been proposed to describe the uplift process of the central Longmen Shan area along the eastern margin of the Tibetan Plateau. Such as upper crustal shortening, mid-crustal channel flow, and whole-crust shearing. However, these models are typically examined through vertical differences. Geophysical, geological, remote sensing and geochemistry observation data indicate that there occur not only vertical differences but also obvious horizontal differences along the Longmen Shan orogenic belt. Based on the finite element method, we employed two-dimensional profiles crossed northern and southern Longmen Shan fault to reconstruct the uplift process of the Longmen Shan orogenic belt. The mechanical properties of the lithosphere south of the Longmen Shan orogenic belt were slightly less favorable than those of the lithosphere north of the Longmen Shan orogenic belt. For the better fitting result in the southern part viscosity of lower crust is less than 1021 Pa∙s and in the northern part viscosity of lower crust is around 1022 Pa∙s. The uplift processes in the upper and lower crust of the Longmen Shan orogenic belt were partially decoupled. The deformation of lithosphere in the northern Longmen Shan orogenic belt is smaller than it in southern Longmen Shan orogenic belt. Due to that the rigid Ruoergai block maybe resists the formation of a weak layer or enters of weak materials to the northern Longmen Shan block, resulting in the observed difference in lithospheric properties between the northern and southern Longmen Shan blocks.
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INTRODUCTION
Over the past 50–55 million years, from the Indo-Asian continental collision event, the rise of the Himalayan-Tibetan Plateau has doubled the thickness of the Tibetan crust and has resulted in more than 1,400 km of plate convergence (Yin and Harrison, 2000; Ding et al., 2016; Qasim et al., 2018).
The collision between the Indian and Eurasian plates not only caused the uplift of the Tibetan Plateau but also caused eastward motion of the plateau, producing several large-scale intracontinental strike-slip fault systems (Molnar and Tapponnier, 1975; Tapponnier and Molnar, 1977). The tectonic extrusion model (Tapponnier et al., 1982, 2001) provides fundamental constraints of the uplift process of the eastern Tibetan margin (Figure 1A). To date, more than seven tectonic models have been published to explain the deformation and uplift process in the Longmen Shan orogenic belt area of the eastern Tibetan margin: (1) the channel flow model (Royden et al., 1997; Clark and Royden, 2000); (2) brittle upper crustal shortening (Hubbard and Shaw, 2009); (3) simple-shear deformation of the lithosphere (Yin, 2010) or crust (Guo et al., 2013); (4) pure-shear shortening and thickening of the lithosphere (Yin, 2010) with possibly decoupled upper and lower crusts (Feng et al., 2016); (5) indentation of the rigid South China crust into the weak crust of Tibet (Zhang et al., 2004); (6) uplift of Tibet associated with westernward underthrusting of the South China crust (Clark et al., 2005; Jiang and Jin, 2005); and (7) heterogeneous crustal reactivation of pre-existing weak zones (Jia D. et al., 2010; Sun et al., 2018). These models largely do not consider the effects of transverse differences in the deep lithosphere on the deformation and uplift process of the eastern Tibetan margin.
[image: Figure 1]FIGURE 1 | (A). Faults and seismicity in the eastern Tibetan Plateau and neighboring regions (the location is indicated by a box in the inset). The focal mechanism solutions indicate the 2008 Mw 7.9 Wenchuan earthquake, 2013 Mw 6.6 Lushan earthquake, and 2017 Mw 6.5 Jiuzhaigou earthquake retrieved from the Global Centroid Moment Tensor (CMT) database (formerly referred to as the Harvard CMT catalog) (http://www.globalcmt.org/CMTsearch.html). The dark gray circle indicates historical events above Mw 7. The red circle indicates events above Mw 7.5 near selected faults from 1840 to 2000 (obtained from the Chinese Earthquake Administration). The green arrow is GNSS data (Wang and Shen, 2020). The dashed box indicates figure area. The area enclosed by the black line delineates the Ruoergai rigid block (Hu et al., 2018). ANMQF: Animaqing fault; AWCF: Awancang fault; HF: Haiyuan fault; HYF: Huya fault; MJF: Minjiang fault; QCF: Qingchuan fault; QLF: Qinling fault, WKF: Wenxian–Kangxian fault. The inset map demonstrated major tectonic features of the Tibetan Plateau. ATF: Altyn Tagh fault, HFT: Himalayan Frontal Thrust, JLF: Jiali fault, NCB: North China Block, RRF: Red River fault, SCB: South China Block, XJF: Xiaojiang fault, XSHF: Xianshuihe fault, I–Qaidam-Qilian Block, II–Bayan Har Block, III - Sichuan–Yunnan block. The white arrow shows the block movement direction. (B). Profiles A-A’cross the southern Longmen Shan fault, and Profiles B-B′ cross the northern Longmen Shan fault. The red line indicates the average elevation. The gray range indicates the highest and lowest elevation ranges.
Recently, Tan suggested different exhumation rates between the northern and southern Longmen Shan orogenic belts (Tan et al., 2019). The maximum exhumation belt exhibited a 15° angle difference from the Longmen Shan thrust belt. Topographic Digital Elevation Model data (DEM data) clearly indicated that the slope differed between the northern and southern Longmen Shan orogenic belts (Figure 1B). Geological data (Li et al., 2012), P- and S-wave results (Lei and Zhao, 2009; Wei et al., 2017; Xin et al., 2018), magnetotelluric data (Maus et al., 2007; Sun et al., 2019), and gravity anomalies (Xu et al., 2016) suggest that the lithosphere of the Longmen Shan orogenic belt is transversely inhomogeneous. Moreover, The recent deep seismic reflection profile (Gao et al., 2014) and deep seismic sounding data (Jia S. et al., 2010) prove that there are relatively strong crystallization basement in upper crust of Ruoergai Basin. The Pn traveltime data suggest that there are high-speed crystallization basement similar to Sichuan Basin and Tarim Basin in the deep part of Ruoergai region. And some series of heat flow data also prove that the Ruoergai Basin has low heat flow value (Hu et al., 2018; An and Shi, 2007). These studies point out that the Ruoergai Basin is a relatively strong and stable block.However whether this rigid block impacts the uplift and deformation of the Longmen Shan orogenic belt in the extrusion process of the Bayan Har block remains to be investigated. As a high-risk area for earthquakes and a hot spot of plateau deformation, research on the effect of deformation and uplift due to transverse differences in the lithosphere in this region remains insufficient.
A large number of numerical simulation-based articles on the uplift and deformation of the Tibetan Plateau and Longmen Shan orogenic belt have been published, suggesting lithospheric rheology, which controls the deformation and gradient of the Longmen Shan uplift (Clark and Royden, 2000; Wang and He, 2012; Sun and Liu, 2018). In this study, we established two two-dimensional viscoelastic-elastoplastic profiles crossing the northern and southern Longmen Shan orogenic belts to rebuild the uplift process of the eastern Tibetan margin. Furthermore, we investigated how rheological transverse variations in the Tibetan Plateau impact lithospheric deformation and uplift of the eastern Tibetan margin. Our results indicated that the mechanical properties of the lithosphere south of the Bayan Har block are slightly less notable than those of the lithosphere north of the Bayan Har block. The uplift processes in the upper and lower crusts of the Longmen Shan orogenic belt were partially decoupled.
TECTONIC BACKGROUND
In the Eocene (50–55 Ma), the Indian continental plate started to collide with the Eurasian continental plate, and this collision event caused the uplift of the Tibetan Plateau with a very high average altitude of 4,000 m and compressional tectonics (Yin and Harrison, 2000; Ding et al., 2016; Qasim et al., 2018). Moreover, within the plateau, certain blocks experienced eastern extrusion and produced several large-scale strike-slip fault systems (Molnar and Tapponnier, 1975; Tapponnier and Molnar, 1977). The tectonic extrusion model (Tapponnier et al., 1982, 2001; Schellart et al., 2019) provides fundamental constraints of the uplift process of the eastern Tibetan margin.
Main Tectonic Blocks
The Bayan Har block in the central easternmost Tibetan Plateau is controlled by major NW-trending strike-slip faults. The eastern, northern, and southern boundaries of the Bayan Har block are the NE-trending Longmen Shan thrust, NWW-trending Kunlun fault, and Xianshuihe fault, respectively (Figure 1). These features are regarded as representing the southeastward extrusion route of crustal material after the Indo-Eurasian collision event. Numerous geologists have suggested that the Bayan Har block is an ancient landmass of the Sichuan block (Xu et al., 1991; Yin and Harrison, 2000). Furthermore, the Bayan Har block might have become isolated from the Sichuan block during the late Paleozoic (Zhang et al., 2004). Later, uplift of the Longmen Shan block separated the Bayan Har block from the Yangtze block.
The Ruoergai Basin is a Cenozoic basin located along the northeastern margin of the Bayan Har block. The Bayan Har block has been subjected to orogenic events related to the development of the plateau since the Cenozoic. Petroleum geologists have investigated the crustal structures of the Ruoergai Basin via seismic profiling to explore prospective oil and gas resources (Jia S. et al., 2010; Gao et al., 2014; Lei et al., 2014).
The Sichuan block occurs in the southeastern part of our study area, which is a stable basin with little seismic or tectonic activity and characterized by a high seismic velocity and low topographic relief (Burchfiel et al., 2008). This rigid Sichuan block played an important role in strain distribution and Cenozoic deformation of the southeastern part of the Tibetan Plateau (Yin, 2010).
Main Active Faults
The Longmen Shan fault forms the eastern boundary of the Tibetan Plateau It is consisted of three main faults: the Guanxian-Jiangyou fault, the Yingxiu-Beichuan fault, and the Wenchuan-Maowen fault (Zhang, 2008; Xu X. et al., 2009). From structural geometry and ages of deformation along-strike segmentation of topography and structures the Longmen Shan belt can be divided into the north Longmen Shan segment and the south Longmen Shan segment. Further, based on field investigations and interpretations of seismic sections, we can divide the Longmen Shan belt into the following two transfer zones and three segments (from northeast to southwest): the northern segment, Anxian transfer zone, central segment, Guanxian transfer zone and southern segment (Jia et al., 2006; Jin et al., 2010). The GPS data have indicated ∼3 mm/a convergence and ∼1 mm/a right-lateral slip along this fault, and the elevation changes from N4000 m to ∼500 m within a distance of ∼50 km. Associated with steep topographic changes are sharp variations in the crustal thickness and seismic velocity in the lithosphere (Burchfiel et al., 2008). Dipping angles range from ∼45° to nearly vertical near the surface but gradually decrease with the depth (Burchfiel et al., 2008; Zhang, 2008; Xu Y. et al., 2009; Lin et al., 2009).
METHOD AND MODEL
In this study, we established two two-dimensional viscoelastic-elastoplastic profiles, which cross the northern Longmen Shan orogenic belt (referred to as Model N in the text) and southern Longmen Shan orogenic belt (referred to as Model S in the text) to reconstruct the uplift process of the eastern Tibetan margin (Figure 2). Furthermore, we investigated how rheological transverse variations in the Tibetan Plateau impacted lithospheric deformation and uplift of the eastern Tibetan margin.
[image: Figure 2]FIGURE 2 | Two two-dimensional reference models crossing the southern Longmen Shan fault (Model S) and the northern Longmen Shan fault (Model N).
The two-dimensional momentum conservation equation is:
[image: image]
where [image: image] is the stress tensor ([image: image]), [image: image] is the density and [image: image] is the gravitational acceleration.
In the lower crust and mantle, we defined viscoelasticity properties. The stress is related to the strain rate and depends on the stress–strain history, so a hereditary integral is employed:
[image: image]
where [image: image] is the Cauchy stress, [image: image] is the deviatoric strain, [image: image] is the volumetric strain, [image: image] is the past time, and [image: image] is the identity tensor. [image: image] and [image: image] are the Prony series shear and bulk-relaxation modulus, respectively:
[image: image]
where [image: image] is the relaxation time for each Prony component [image: image] and depends on the viscosity. [image: image] is the shear modulus of the ith Prony unit, while [image: image] is the long-term modulus (t = ∞), and [image: image] is the number of Prony terms. Similar behavior can be defined for the bulk relaxation modulus [image: image] with a separate set of [image: image] values of the Prony terms.
We applied the Drucker–Prager yield criterion to the elastoplastic upper crust. All the parameters are listed in Table 1.
TABLE 1 | Parameters for Models.
[image: Table 1]These 2 profiles cross the northern and southern Longmen Shan orogenic belts. The total profile length is 2000 km, the Bayan Har block length is 1700 km, and the Sichuan block length is 300 km according to DEM data. In the plateau, the upper crust is 25 km deep, the lower crust is 60 km deep, and the lithosphere is 100 km deep. In the Sichuan block, the upper crust is 20 km deep, the lower crust is 40 km deep, and the lithosphere is 100 km deep (Jia S. et al., 2010; Gao et al., 2014; Sun and Liu, 2018; Tan et al., 2019). In the Tibetan Plateau, the thickness of the upper crust rapidly decreases from 25 to 20 km in the 1,600–1700 km section of the profile, and the thickness of the lower crust rapidly decreases from 60 to 40 km in the 1,600–1700 km section of the profile (Laske et al., 2013). In the profile, which crosses the northern Longmen Shan fault, we set the rigid Ruoergai block in the 1,400–1,500 km section of the profile (Jia S. et al., 2010; Gao et al., 2014; Lei et al., 2014). We imposed a vertical displacement of 5 mm/a on the left side of the model domain. The right side of the model domain was fixed along all directions, assuming imposed boundary conditions without vertical deviation, with the bottom defined as a free-slip boundary along the horizontal direction and a fixed boundary along the vertical direction, while the surface was defined as a free boundary (Figure 2). The main uplift of the Longmen Shan orogenic belt has occurred since the Cenozoic. The study of the uplift of the Longmen Shan orogenic belt should consider the preexisting topographic relief and the impact of erosion. In particular, the preexisting topographic relief affected the deformation localization within the evolving thrust wedges (Sun et al., 2016). This study does not consider the preexisting topographic relief, mainly to simplify the model, eliminate the interference of other factors, and only explore the influence of rheology on the uplift and slope of Longmen Mountain. Our modeling process encompassed 10 ten million years (Wang et al., 2012; Shen et al., 2019).
All modeling was conducted in ANSYS® finite element software. ANSYS® employs the Newton–Raphson approach to solve nonlinear problems. In this method, a load is subdivided into a series of increments applied over several steps. Prior to each solution, the out-of-balance load vector is evaluated. If the convergence criteria are not satisfied, the load vector is reevaluated, the stiffness matrix is updated, and a new solution is obtained until convergence is reached.
SIMULATION RESULTS
We extracted DEM data pertaining to 6 sections perpendicular to the Longmen Shan fault (3 sections in the north and 3 sections in the south), and every section was 500 km in length and 25 km in width (Figure 3A). Profiles 1-1′, 2-2′, and 3-3′ crossed the southern Longmen Shan fault, and Profiles 4-4′, 5-5′, and 6-6’ crossed the northern Longmen Shan fault. In each section, we plotted the average elevation (red line) and highest and lowest elevation ranges (gray part) (Figure 3B). Furthermore, we compared the DEM data of these 6 sections, and clearly shows the trend, in which the slope declined and the average elevation decreased from south to north. Thereafter, we extracted uplift data from our numerical simulated models (Figure 4).
[image: Figure 3]FIGURE 3 | (A) 6 profiles cross the Longmen Shan fault, every section was 500 km in length and 25 km in width. (B) Profiles 1-1′, 2-2′, and 3-3′ cross the southern Longmen Shan fault, and Profiles 4-4′, 5-5′, and 6-6′ cross the northern Longmen Shan fault. The red line indicates the average elevation. The gray range indicates the highest and lowest elevation ranges.
[image: Figure 4]FIGURE 4 | Combination of the average altitude curves along the 6 profiles. The light blue area is the block area, and the pink area indicates the fault zone. LRB-Longriba fault; LMS-Longmen Shan fault; LMS block-Longmen Shan block (the Longmen Shan block is the area between the Longriba fault and Longmen Shan fault in the eastern part of Bayan Har block).
We merged the modeling results with the observed DEM data to obtain data with a good fitting effect (Figure 5). Then we extract the curves with relatively good fitting. Figure 6 shows the final modeling result. Profiles 1, 2, and 3 crossed the southern Longmen Shan fault, and Profiles 4, 5, and 6 crossed the northern Longmen Shan fault. We could obtain a better fitted model along Profile 1 with a lower crust viscosity of 1021 Pa∙s and an upper mantle viscosity of 5 [image: image] 1022 Pa∙s. Moreover, a lower crust viscosity of 1021 Pa∙s and an upper mantle viscosity of 5 [image: image] 1021 Pa∙s yielded a better fitting effect. Profiles 2 and 3 were more suitably fitted with a lower crust viscosity of 1021 Pa∙s and an upper mantle viscosity of 5 [image: image] 1022 Pa∙s. Moreover, the model with a lower crust viscosity of 1022 Pa∙s and an upper mantle viscosity of 5 [image: image] 1022 Pa∙s achieved a better fit. In the northern profile, we assessed Models N. In regard to Model N, we could conclude that the better fitted model along Profile 4, Profiles 5 and 6 with a lower crust viscosity 5 [image: image] 1022 Pa∙s and an upper mantle viscosity 1022 Pa∙s obtained a better fitting effect.
[image: Figure 5]FIGURE 5 | Comparison between the simulation results and extracted DEM results. Profiles 1, 2, and 3 are the results of Model S merged with the extracted DEM profiles 1-1′, 2-2′, and 3-3′, respectively. Profiles 4, 5, and 6 are the results of Model N merged with the extracted DEM profiles 4-4′, 5-5′, and 6-6′, respectively. In the legend exhibits different the viscosity of lower crust and mantle lithosphere in the Tibet Plateau.
[image: Figure 6]FIGURE 6 | Best fitting result from the comparison between the simulation results and DEM extraction results. Profiles 1, 2, and 3 are the results of Model S merged with the extracted DEM profiles 1-1′, 2-2′, and 3-3′, respectively. Profiles 4, 5, and 6 are the results of Model N merged with the extracted DEM profiles 4-4′, 5-5′, and 6-6′, respectively. In the legend exhibits different the viscosity of lower crust and mantle lithosphere in the Tibet Plateau.
However, as shown in Figure 5, the southern profile appeared to achieve a good fitting effect, whereas the fitting effect of the northern profile was a little insufficient. Then, we further refined the viscosity coefficient in the Model N and adjusted the model across the northern Longmen Shan fault (referred to as Model AN in the text; shown as model in Supplementary Figure S1) for fitting purposes. We adjusted the upper crustal elasticity and viscosity of lower crust of the Ruoergai block on the basis of the optimal simulation parameters (lower crust viscosity of 5 [image: image] 1022 Pa [image: image] s and an upper mantle viscosity of 1022 Pa [image: image] s or lower crust viscosity of 5 [image: image] 1022 Pa [image: image] s and an upper mantle viscosity of 5 [image: image] 1022 Pa [image: image] s), and carried out a large number of simulations. After further adjustment, we obtained a better fitting curve than that depicted of northern profiles in Figure 5 and obtained the final result, as shown in Supplementary Figure S2. As shown in Supplementary Figure S3, we found that the curve of the slope of the modeled uplift and the altitude of plateau convergence after final uplift based on the modeling results matched the curve of the observed DEM data suitably.
As shown in the Supplementary Figures S2, S3, left profiles 4, 5, and 6 are the results of Model N merged with the extracted DEM profiles 4-4′, 5-5′, and 6-6′, respectively. Model NU1, Model NU2 and Model NU3 present Model N with weaker upper crust in Ruoergai block. Model NL present Model N with weaker lower crust in Ruoergai block. Right profiles 4, 5, and 6 are the results of Model AN (shown as model in Supplementary Figure S1) merged with the extracted DEM profiles 4-4′, 5-5′, and 6-6’, respectively. Model ANU1 and Model ANU2 present Model AN with weaker upper crust in Ruoergai block. The upper crust of Ruoergai block of Model NU1 has the same strength as the surrounding Bayan-Har Block. It is means that only lower crust is the strength part in the Ruoergai block Model NU1, thickness is about 35 km in the depth. The lower crust of Ruoergai block of Model NL is the same strength as the surrounding Bayan-Har Block. It is means that only upper crust is the strength part in the Ruoergai block of Model NL, thickness is about 25 km. These two profiles exhibit different uplift curve in the Supplementary Figure S2, which means the thickness of Ruoergai block impact the uplift result of modeling. In the legend exhibits different the viscosity of lower crust and mantle lithosphere in the Tibet Plateau. Eastern profile and Western profile exhibits in the Model AN referred Ruoergai block. (The parameter in Model NU1, Model NU2, Model NU3, Model NL, Model ANU1 and Model ANU2 shown in Supplementary Table S1).
In the northern profile as shown in Supplementary Figure S3. Left profiles 4, 5, and 6 is regarded to Model N, we could conclude that the better fitted model NU1 along Profile 4 with a lower crust viscosity 5 [image: image] 1022 Pa∙s, an upper mantle viscosity 5 [image: image] 1022 Pa∙s and cohesion of the upper crust in Ruoergai block is 10 MPa (It is equal to the cohesion of the upper crust of the Tibetan Plateau) obtained a better fitting effect. Profile four cross the southern margin of Ruoergai basin, the unobvious basin indicates that the strength of the upper crust here may not be large, or it may weaken as a whole. Profiles 5 and 6 were more suitably fitted model NU2 and model NU3 with a lower crust viscosity of 5 [image: image] 1022 Pa [image: image] s, an upper mantle viscosity of 1022 Pa [image: image] s and cohesion of the upper crust in Ruoergai block is 15–20 MPa. Right profiles 4, 5, and 6 is regarded to Model AN, result is not good as left profiles 4, 5, and 6. Regarding the AN model, the viscosity differed on both sides of the Ruoergai block. We could conclude that the improved fitted model along Profiles four and 5 with a lower crust viscosity of 1021 Pa∙s and an upper mantle viscosity of 5 [image: image] 1022 Pa∙s east of the Ruoergai block and a lower crust viscosity of 5 [image: image] 1022 Pa∙s and an upper mantle viscosity of 2 [image: image] 1022 Pa∙s west of the Ruoergai block achieved a better fitting effect. Profile 6 was better fitted with a lower crust viscosity of 1021 Pa∙s and an upper mantle viscosity of 5 [image: image] 1022 Pa∙s east of the Ruoergai block. Moreover, a lower crust viscosity of 5 [image: image] 1022 Pa∙s and an upper mantle viscosity of 3 [image: image] 1022 Pa∙s west of the Ruoergai block yielded better fitting results.
Based on our modeling results, we suggest that in the southern part of the Bayan Har block, the viscosity of the lower crust ranges from 1021 Pa∙s–1022 Pa∙s or is lower than 1021 Pa∙s (in our simulations, a viscosity lower than 1021 Pa∙s was not observed because the simulated time encompassed 10 million years), and the viscosity of the lithosphere (upper mantle) ranges from 1022 Pa∙s–5 [image: image] 1022 Pa∙s. In the northern part of the Bayan Har block, the viscosity of the lower crust is 5 [image: image] 1022 Pa∙s, while the viscosity of the lithosphere (upper mantle) ranges from 1022 Pa∙s–3 [image: image] 1022 Pa∙s. Our results indicated that in the southern part of the Bayan Har block with a weaker lower crust (a weak layer or channel flow), the simulated topography better matched the real topography.
We compare the modeling displacements result of the best fitting property. In the Model S viscosity of lower crust and mantle lithosphere (upper mantle) is 1021 Pa∙s and 5 [image: image] 1022 Pa∙s, respectively. In the Model S viscosity of lower crust and mantle lithosphere (upper mantle) is 5 [image: image] 1022 Pa∙s and 1022 Pa∙s, respectively. The node displacement in the modeling results (Figure 7) revealed that, due to the different crustal structures and properties, the closer to the Sichuan block, the more inconsistent the node displacement was. This suggests that the eastern Tibetan crust could be partially decoupled. Compared the result of displacements in the Model S and Model N, the horizontal and vertical displacements in the Model N is obviously smaller than it in the Model S.
[image: Figure 7]FIGURE 7 | Compared to the simulation results of displacements in Model S and Model N. The above two are the results of vertical displacement. The next two are the results of horizontal displacement. MX: Maximum displacement; MN: Minimum displacement; X: x direction.
DISCUSSION
The current landform is the result of the joint action of external and internal dynamic causes on the Earth’s surface. In our research area, we should first exclude the factors of the difference between the northern and southern uplift processes of the Longmen Shan orogenic belt due to external dynamic reasons. In the southern Longmen Shan orogenic belt, in the hanging wall of the Wenchuan–Maoxian fault, the Xue-longbao massif yields AFT and AHe ages of ca. 2–3 Ma, and the magnitude can be measured since 10 Ma. Moreover, the highest exhumation rate is ∼1 mm/a (Godard et al., 2009; Tan et al., 2017). In the northern Longmen Shan orogenic belt, the maximum exhumation rate is ∼0.9 mm/a, as documented by the Pliocene cooling age (Kirby et al., 2002; Tan et al., 2019). The exhumation rate can also reflect external dynamic reasons (personal communication with Tan), which suggests that the erosion level in the northern Longmen Shan orogenic belt is lower than that in the southern Longmen Shan orogenic belt. Hence, we can exclude the factors of the difference between the northern and southern uplift processes of the Longmen Shan orogenic belt due to external dynamic reasons.
One of the most obvious differences across the north–south section of the Longmen Shan orogenic belt is the presence of a rigid Ruoergai block in the north. We defined Models S and N with the same properties, and the only difference was the occurrence of a rigid Ruoergai block in Model N. The results (Figure 8A) suggest that if only the lithospheric properties remain the same and only a rigid Ruoergai block occurs, it is difficult to alter the slope of the northern uplift. This could eventually lead to the final convergence height of the northern plateau exceeding that of the southern plateau. The resistance of the Ruoergai block could result in strain concentration on both sides of the rigid block, further causing more severe uplift (Figure 8B). The presence of the Ruoergai block is not the only reason for the different strain partitioning results in the Longmen Shan block. We could confirm that the existence of the Ruoergai block could not explain our observed results.
[image: Figure 8]FIGURE 8 | (A) Compared to the simulation results, there is only a single variable Ruoergai rigid block. (B) Comparing the strain results of the simulations, there only occurs a single variable Ruoergai rigid block. MX: Maximum strain; MN: Minimum strain; X: x direction.
Through analysis of GNSS data (Gan et al., 2007; Zheng et al., 2017; Wang and Shen, 2020), the current GPS rate change across the north–south section of the Longmen Shan fault tends to remain consistent (Figure 9). Our GPS rate change supports the strain-partitioning model: oblique extrusion motion of eastern Tibet is partitioned dominantly by strike-slip motion on the Longriba fault and dip-slip motion for the Longmen Shan thrust belt (Ren et al., 2013; Li et al., 2018). Moreover, the local shortening rates of the piedmont and hinterland between the central and the southern Longmen Shan orogenic belt are slightly different, they tend to be consistent as a whole (Li Z. et al., 2019). However, GPS data suggest that there occurs no obvious weakening along the northern profile, further there exists no notable difference in stress and strain between the northern and southern parts of the Longmen Shan fault section. Velocity in both profiles decelerate from about 11 mm/a to about 6 mm/a. Therefore, the stress–strain fields along the north–south profile perpendicular to the Longmen fault do not explain the difference in uplift between the northern and southern ends. The uplift difference between the north and South profiles is mainly caused by the vertical uplift difference under the surface. It should be caused by the different strain of the whole lithosphere mantle and the different decoupling degree of the upper crust from the lower crust.
[image: Figure 9]FIGURE 9 | Analysis of the GNSS extraction data. (1) GNSS datasets from (Gan et al., 2007; Zheng et al., 2017; Wang and Shen, 2020) visualized in the map and 3 extraction areas based on the GNSS data. (2) Profiles a-a’, b-b’ Extracted GNSS data within the box range and projected velocity field perpendicular to the Longmen Shan fault. Profile c-c’ GPS data are extracted within the box, and the velocity field is projected parallel to the Longmen Shan fault. BHB: Bayan-Har Block; QLO: Qinling Orogen; CDB: Chuandian Block.
The velocity of the surface nodes extracted from our simulation results is projected into the North-South profiles of GPS observation data (Supplementary Figure S5). The results show that the rate of simulation results decreases continuously from west to East, and remains stable after reaching the Sichuan block. The rate decrease in the Model N is slightly greater than that in the Model S, indicating that the Ruoergai rigid block still has a certain resistance effect in the eastern extrusion process of Bayan Har block (Supplementary Figure S6).
Along the Longmen Shan fault zone, the velocity component parallel to the northern end of the Longmen Shan fault zone does not significantly increase at the northern end of the Longmen Shan fault.
The advanced velocity field does not indicate that the material has been subjected to obvious northward escape. Northward motion is not the obvious reason why the northern Longman Shan uplift is weaker than the southern part.
Several studies have demonstrated that the southern Longmen Shan fault and northern Longmen Shan fault exhibit different dip angles (Xu X. et al., 2009; Shen et al., 2009) Moreover, the Moho ramp differs between the southern Longmen Shan fault and northern Longmen Shan fault (Laske et al., 2013). Therefore, we adjusted the dip angle of Model S and compared the results (shown as model in Supplementary Figure S4). The results indicate that the above change in dip angle affected the final uplift height, but it remained difficult to improve the uplift slope. The gentle Moho ramp will lead to more intense uplift in the north of the Longmen Shan orogenic belt. In order to obtain better fitting results, the viscosity coefficient of the lower crust is about 5 [image: image] 1022 Pa [image: image] s and the viscosity coefficient of the mantle lithospheric is 1022 Pa [image: image] s. This result has a stronger viscosity coefficient of the lower crust than the previous results (shown as model in Supplementary Figures S7, S8).
The channel flow theory gives a new explanation to the deformation and strain distribution of the Qinghai Tibet Plateau (Royden et al., 1997; Clark and Royden, 2000). A series of subsequent studies on geothermal, electromagnetic and seismic wave reflection also confirmed the existence of a high temperature and low resistivity layer in the middle and lower crust of the Tibetan Plateau (Wang, 2001; Unsworth et al., 2005; Gao et al., 2009; Bai et al., 2010). Subsequently, it caused an upsurge in the study of the viscosity coefficient of the lower crust of the Tibetan Plateau. According to Clark’s research, the viscosity coefficient of the middle and lower crust is 1016 Pa [image: image] s (Clark and Royden, 2000). A series of subsequent numerical simulation studies believe that the viscosity coefficient is from 1018 Pa [image: image] s to 1021 Pa [image: image] s (Wang and He, 2012; Bischoff and Flesch, 2018; Luo and Liu, 2018). Some series of geophysical studies have also confirmed that there is heterogeneity in the crust in this area (Wang et al., 2003; Xu Y. et al., 2009; Lei and Zhao, 2009). From the previous discussion, it can be seen that the inconsistent uplift of the North-South Longmen Shan orogenic belt may be caused by the difference of rheological properties of the middle and lower crust and upper mantle in the region. The above studies are basically consistent with the simulation results in the southern Longmen Shan orogenic belt of this paper, and this study shows that the middle and lower crust of the Longmen Shan orogenic belt in the north will be slightly larger than that in the south. Excluding all the factors above, considering our modeling results, we suggest that the obtained difference in uplift between the southern and northern Longmen Shan orogenic belts is caused by a difference in lithospheric properties. Several geophysical studies support our findings (Wang et al., 2003; Xu Y. et al., 2009; Lei and Zhao, 2009). Considering that the abovementioned existence also impacts strain partitioning in the study area, we proposed a new model (Figure 10).
[image: Figure 10]FIGURE 10 | Our conceptual tectonic models for the eastern margin of the Tibetan plateau crossed the Longmen Shan orogenic belt. The model further integrates the rigid Ruoergai block, Sichuan block and our simulation results. After imposing a uniform displacement field on the west side of the model, upper and lower crust movements are partially decoupled near the Sichuan block. Due to the weak layer in the lower crust south of the Bayan Har block, the lower crust uplifts the plateau more in the shortening process of the movement of the Bayan Har block. The red lines indicate the fault traces. The maximum exhumation belt represents the maximum uplift area (Tan et al., 2019).
Previous studies have pointed out that the weak lower crust may be formed by partial melting of crust at depths of 15–50 km in areas under the environment of high temperature and high pressure (Wang Q. et al., 2016). It is also pointed out that the weak lower crust has a certain fluidity, and shear action of channel flow on the upper crust caused the rapid uplift of Longmen Shan area (Clark and Royden, 2000; Bai et al., 2010). The existence of Ruoergai rigid block may resisted the weak lower crust in the process of eastward movement, further cause the weak lower crust can not effectively enter the northern lower crust of Longmen Shan orogenic belt. The simulation results show that the deformation of the lower crust in the northern Longmen Shan orogenic belt is weaker than it in the south, which may lead to the weaker partial melting of the crust and the formation of less weak materials in the lower crust of the northern Longmen Shan orogenic belt. Therefore, the rigid Ruoergai block resists the formation of a weak layer or enters the northern Longmen Shan block, resulting in the observed difference in lithospheric properties between the northern and southern Longmen Shan blocks. Moreover, the eastern Tibetan crust is partially decoupled in the shortening process of the lithosphere. Thus, the above uplift difference between the northern and southern Longmen Shan blocks is generated.
The structure of the lithospheric mantle in the eastern margin of the Tibetan Plateau is very complex. It collides with the rigid Sichuan block and also has a complex three-dimensional structure (Wang M. et al., 2016). In particular, the Longmen Shan orogenic belt produced by compression with the rigid Sichuan block, which has a low thrust angle, steep moho ramp and strong Baoxing and Pengguan Massifs in deep depth at the southern Longmen Shan orogenic belt. There is a high thrust dip angle with a dextral strike slip component, a gentle Moho ramp at the northern Longmen Shan orogenic belt (Feng et al., 2021). Further, the Bikou block is an important block which is located between the Longmen Shan fault and the Minjiang fault. Its strength is high and it has a Proterozoic basement. Bikou block, Pengguan massif and Baoxing massif have very high strength (Zhan et al., 2013; Zhao et al., 2012). Since these hard small blocks exist, the high-steep change belt can be distributed along the zone of Minjiang-southern segment of the Longmen Shan fault. Due to the shortcomings and limitations of this work, it does not completely discuss these blocks. We will further improve these points in our future work. Previous studies have also proved that the rheological heterogeneity of Longmen Shan orogenic belt determines the difference of deformation and strain distribution in the North-South section of Longmen Shan orogenic belt (Sun et al., 2019). More reasonable model is considering of the three-dimensional strength inhomogeneity. That is the key to study the geomorphology, lithospheric deformation and strain distribution. Our work explains the difference of North-South uplift of Longmen Shan orogenic belt from a new perspective. I hope to provide more thinking directions for the future research work in this area.
CONCLUSION
Based on our simulation results and relevant observation data, we obtained the following conclusions:
1. The eastern Tibetan crust is partially decoupled between the upper crust and lower crust. The deformation of lithosphere in the northern Longmen Shan orogenic belt is smaller than it in southern Longmen Shan orogenic belt.
2. The mechanical properties of the lithosphere south of the Longmen Shan orogenic belt were slightly less favorable than those of the lithosphere north of the Longmen Shan orogenic belt. For the better fitting result in the southern part viscosity of lower crust is less than 1021 Pa∙s and in the northern part viscosity of lower crust is around 1022 Pa∙s. The viscosity of the southern Longmen Shan block is lower than that of the northern part.
3. The presence of the Ruoergai block impacts strain partitioning in the Longmen Shan block. However, the difference in uplift between the southern and northern Longmen Shan orogenic belts is caused by a difference in lithospheric properties.
4. The Ruoergai block resists the formation of a weak layer or enters of weak materials to the northern Longmen Shan block, resulting in the abovementioned difference in lithospheric properties between the northern and southern Longmen Shan blocks. Thus, the observed uplift difference between the northern and southern Longmen Shan blocks can be explained.
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