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Introduction: The southwestern Sichuan fold-thrust belt (SWSB) is a duplex detachment system and features the basal Precambrian detachment at a depth of approximately 15–17 km and the upper Mid-Triassic detachment. Moreover, the SWSB undergoes forward-breaking propagation during the Cenozoic. To date, the mechanism and kinematic evolution governing the SWSB in this thrusting deformation as well as the way the two detachments control the structural deformation pattern of the SWSB remains unknown.
Methods: In this work, three discrete-element numerical models with the same strong upper detachment but basal detachments with different mechanical strengths and thicknesses were designed to study the deformation of the SWSB.
Results: The results indicate that for the Model I with a strong frictional basal detachment with thickness of 500 m, most deformation and thrust faults concentrate near the mobile backwall. Model I exhibits characteristics such as linearly increasing wedge height and stepwise increasing wedge width and slope angle. For the Model II with a modest frictional basal detachment with thickness of 500 m, the strain and deformation propagate into the foreland quickly and multiple back-thrust and thrust faults form on the upper detachment in the second thrusting period. The first thrusting period in Model II, exhibits similarities with Model I. However, in the second period, the wedge reaches a stable state, and its geometry remains constant. In this stage, the deformation propagates along the shallow detachment into the right side of the model. The geometry and activity of thrust faults in the foreland differ significantly in the model III with a modest frictional basal detachment but a greater thickness. Two additional pop-up structures are generated in the second period in this model. The first half of the first thrusting period is similar to the first two models. In the second half of the first period and the second period, the wedge is in a stable state. In the first stage of the shortening, all models undergo a transition from a subcritical state to entering a supercritical state, which indicates that the deformation is progressing rapidly along the basal detachment towards the right side of the model.
Discussion: The results of Model III are consistent with the deformation pattern of the SWSB. The study of the kinematics and interaction between two detachments could help hydrocarbon exploration beneath the upper detachment.
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1 INTRODUCTION
The Longmen Shan, the western region of the southwestern Sichuan fold-thrust belt (SWSB), is positioned between the significantly elevated eastern Tibetan Plateau and the low-relief Sichuan Basin, thereby defining the most pronounced tectonic boundary adjacent to the Tibetan Plateau (Burchfiel et al., 1995; Clark and Royden, 2000; Kirby et al., 2008). However, unlike the northwestern margin of the Tibetan Plateau, whose the present convergence rates range from 15 to 10 mm/yr (Wang et al., 2020), the Longmen Shan fold-thrust belt reveals a relatively low crustal shortening rate of <3 mm/yr (Chen et al., 2000; Zhang et al., 2004; Densmore et al., 2007; Gan et al., 2007; Burchfiel et al., 2008; Loveless and Meade, 2011; Thompson et al., 2015). The rapid and sustained development of such a magnificent intra-continental collision zone, amidst such a complex tectonic paradox, remains a subject of intense debate and scrutiny, but remains elusive to date. To address this problem, a series of main models have been proposed, including ductile lower crustal flow model (Burchfiel, 2004; Clark et al., 2005) and brittle upper crustal thrusting (Royden et al., 1997; Tapponnier et al., 2001; Royden et al., 2008; Hubbard and Shaw, 2009; Hubbard et al., 2010; Li et al., 2010; Wang et al., 2011; Wang et al., 2014).
The first theory, ductile lower crustal flow, emphasizes a vertical inflation process facilitated by the gravity-driven middle-lower ductile crustal flow beneath the eastern plateau margin when meeting with the rigid cratonic Sichuan Basin (Royden et al., 1997; Clark et al., 2005; Burchfiel et al., 2008), and could well explain the steep topography under the relatively low convergence of the Longmen Shan. However, the 2008 Mw 7.9 Wenchuan and the 2013 Mw 6.6 Lushan earthquake demonstrate the second theory, brittle upper crustal thrusting. Other evidence, like the balanced cross-section analysis, thermochronological dating and deep seismic refection, confirms the validity of this theory (Jia et al., 2006; Hubbard and Shaw, 2009; Jia et al., 2010; Guo et al., 2013; Tan et al., 2017).
The Sichuan Basin experienced two periods of foreland thrusting during the Cenozoic, resulting in the development of multiple rows of anticlines on the surface (Wang et al., 2012; Cook et al., 2013; Wang and Lin, 2017; Shen et al., 2019; Jia et al., 2020). This area has always been the focus of oil and gas exploration in the Sichuan Basin, and a few gas fields, such as Pingluoba and Daxingxi, were discovered. Therefore, analysis of the geological structure and tectonic processes in the SWSB are of great importance to the hydrocarbon exploration.
Numerous researchers have discussed the geological model of the SWSB as the brittle upper crustal thrusting style utilizing a diverse range of methodologies including seismic interpretation, field investigation, balanced cross-section analysis, analog modeling, limit analysis, and thermochronological data (Hubbard and Shaw, 2009; Hubbard et al., 2010; Jia et al., 2010; Li et al., 2010; Cook et al., 2013; Wang et al., 2013; Li et al., 2014; Sun et al., 2016; Wang and Lin, 2017; Zhang et al., 2018; Zhang et al., 2019; Cui et al., 2020; Wang et al., 2022). Most of the research findings have indicated that the SWSB is a duplex detachment system and features two main detachments. The lower detachment is a lower Precambrian detachment located at a depth of approximately 15–17 km below the surface. The upper detachment is at a depth of approximately 7 km and is localized in a Triassic gypsum salt layer. The Range Front Blind Fault (RFBF) links the two detachments, forming a flat-ramp-flat structure and making hanging wall a fault blend fold (Jia et al., 2010; Wang et al., 2022). Meanwhile, the SWSB experienced two periods of foreland thrusting during the Cenozoic (Cook et al., 2013; Wang and Lin, 2017; Jia et al., 2020). The first period involved forward-breaking development from Longmen Shan (∼70–40 Ma) to Xiongpo and the Longquan anticline (∼40 Ma to the present). The second period started with the reactivation of Longmen Shan (∼15 Ma to the present). However, the kinematics and the mechanism governing the SWSB in the thrusting deformation as well as the way the two detachments control the structural deformation pattern of the SWSB warrants still worth further exploration and discussion.
This paper establishes a tectonic model of the SWSB through analyzing regional tectonic profiles and utilizing the discrete-element modeling (DEM) (Cundall and Strack, 1979; Morgan, 2015; Li et al., 2018; Li et al., 2021a). Such modeling can quantitatively analyze the structural deformation process and evaluate the strain and stress distribution within deformed structures. It is a powerful method for fault-related structural and mechanical modeling that overcomes the limitations of classical kinematic theory represented by fault-related fold theory, which can be challenging to apply to complex tectonic areas. DEM has been employed in two main approaches to study the tectonic activities of the Sichuan Basin. Firstly, Wu et al. (2021), Xu et al. (2021) and Wu et al. (2021) utilized DEM to investigate the controlling factors of structural deformation in the basin. Their studies provided valuable insights into the regional erosion, sedimentary loading, detachments and surface processes which play crucial roles in the tectonic evolution. Secondly, Wu et al. (2020) and Feng et al. (2022) combined DEM with thermochronological analysis to reconstruct the tectonic uplift process, providing significant understanding of the basin’s geological history and tectonic movements. Thus, DEM is useful for the tectonic evolution and structural deformation within the Sichuan Basin. Using comparative DEM experiments designed based on the structural and mechanical properties of the detachments, we investigated the structural deformation and process of the southwest fold-thrust belt in the Cenozoic. We hope that the paper results provide some help for investigating the interaction between the upper and basal detachments and explaining the deformation pattern of the SWSB during the Cenozoic.
2 GEOLOGICAL SETTING
The Sichuan Basin, situated along the eastern margin of the Tibetan Plateau (Figure 1A), is a multicycle composite basin featuring both marine and terrestrial strata atop pre-Sinian crystalline basement (He et al., 2011). The SWSB is in the southwestern region of the Sichuan basin, with the southern segment of the Longmen Shan fold-thrust belt on the northwest (Figure 1B). To the southwest of the SWSB is the Kangdian paleohigh, while the northern region is characterized by Quaternary deposits within the Chengdu Basin. To the east of the region lies the central Sichuan uplift, which primarily exposes Jurassic sediment on the surface (Chen et al., 2020b).
[image: Figure 1]FIGURE 1 | (A) Topographic map of the Tibetan Plateau, the Longmen Shan fold-thrust belt (LMS), and Sichuan basin, and the area in the black box is shown in (B). (B) Geological map of the SWSB showing the locations of Longmen Shan fold-thrust belt (western of SWSB), the Kangdian paleohigh (south), the Chengdu basin (center) and the central Sichuan uplift (east). The four anticlines marked from west to east are Huangnigang-Gaojiachang Anticline (HGA), Xiongpo Anticline (XPA), Emei Anticline (EMA) and Longquan Anticline. The gray rectangles represent the age of previous published low-temperature thermochronology data, from Baoxing Massif (Cook et al., 2013; Tian et al., 2013), Xiongpo Anticline (Burchfiel et al., 1995; Arne et al., 1997; Li et al., 2019) and Longquan Anticline (Richardson et al., 2008; Wang and Lin, 2017; Lu et al., 2018). The deep blue lines represent the previous published seismic reflection profiles in the study area, from A-A′, B-B’ (Wei et al., 2019), C-C′, D-D′, and E-E’ (Hubbard and Shaw, 2009; Hubbard et al., 2010). WMF: Wenchuan-Maowen Fault; WLF: Wulong Fault; PGF: Pengguan Fault; RFBF: Range Front Blind Fault; XPF: Xiongpo Fault; LQF: Longquan Fault.
The SWSB has undergone approximately three phases of tectonic deformation since the Late Triassic (Yan et al., 2011; Xue et al., 2017; Yan et al., 2018a; Yan et al., 2018b; Wang et al., 2022). During Late Triassic to Early Jurassic, a thrust movement occurred in southwest Sichuan due to the collision of the South China Plate and the North China Plate. In this stage, the SWSB did not experience thrust folding, but rather developed a wedge-shaped sedimentary structure underlain by Middle Triassic evaporite rocks, with forebulge located between the Longquan mountains and Weiyuan anticline (Guo et al., 1996; Jia et al., 2006; Hubbard et al., 2010; Wei et al., 2019; Chen et al., 2020a; Wang et al., 2020; Wang et al., 2022). From the Mid-Jurassic to the Cretaceous, the southwestern Sichuan basin entered a phase of intracontinental subsidence, during which the wedge-shaped structure here was strengthened, while the forebulge migrated further to the east. Since the Late Cretaceous, the southwest Sichuan basin has been rejuvenated by the long-distance effect of the Indo-Tibetan continental collision, leading to slow, steady exhumation, followed by two periods of rapid uplift, which will be discussed in detail in the “3.2.2 Timing of Events” section. (Cook et al., 2013; Tian et al., 2013; Jia et al., 2020).
The NE hinterland of the SWSB consists of four NW-dipping imbricate thrust faults, from west to east, the Wenchuan-Maowen Fault (WMF), the Wulong Fault (WLF), the Pengguan Fault (PGT), and the RFBF (Deng et al., 1994; Kirby et al., 2003; Jia et al., 2006; Burchfiel et al., 2008; Li et al., 2013a). The Cenozoic thrusting formed three anticline belts, namely Huangnigang-Gaojiachang anticline (HGA), Xiongpo anticline and Longquan anticline, and two gentle synclines in foreland of the SWSB (Figure 1). The SWSB consists of a two-level detachment system: a gently dipping Pre-Sinian basal detachment at a depth of 15–18 km and a upper hinterland-dipping Mid-Triassic detachment located in the basin interior at a depth of 5–7 km (Figure 2) (Hubbard and Shaw, 2009; Hubbard et al., 2010; Jia et al., 2010; Wang et al., 2014). The RFBF links these detachments, forming a flat-ramp-flat structure and making hanging wall a fault blend fold (Jia et al., 2010; Wang et al., 2022). Basement-involved thrust-related structures have developed in the hinterland region of the SWSB. An array of NE-NNE-trending thrust-related folds are formed above the Triassic evaporitic detachment in the foreland of the SWSB, which is consistent with the thin-skinned tectonic model.
[image: Figure 2]FIGURE 2 | Typical structural profiles (AA’–EE’) across the SWSB, and the seismoteconic model of four representative earthquakes. Profiles (AA′, BB′) are adapted from Wei et al. (2019). Focal mechanisms of these earthquake are from Zhang et al. (1990) and Wang et al. (2022). Profiles (CC′–EE′) are modified from Hubbard and Shaw (2009) and Hubbard et al. (2010). See locations of lines (AA’–EE’) in Figure 1. Basement-involved imbricate thrust faults developed above the basal pre-Sinian detachment in the hinterland, and thin-skinned thrust-related folds are formed above the upper Triassic Mid- Triassic evaporitic detachment these detachments, forming a flat-ramp-flat structure.
The Xiongpo, Emei, and the Longquan anticline are the key structures of interest for comparison in this study. Therefore, it is essential to provide a focused introduction to their geometric features. The Xiongpo anticline is a NE-trending fault-related fold, approximately 90 km long and 10–15 km wide, primarily controlled by a west-verging NE-striking thrust fault (XPF in Figure 2) (Li et al., 2019). The Longquan anticline, the most prominent ramp anticline, trends north-northeastward and spans approximately 200 km in length and 15–20 km in width (Li et al., 2008; Li et al., 2013b). Geological profiles indicate that the surrounding area of both the Longquan anticline and the Xiongpo anticline consist of various pop-up structures formed by different numbers of thrust faults, all rooted in the Lower Triassic decollement layer. In profile A-A′, the north Longquan anticline is primarily bounded by an east-verging thrust fault at the eastern foothill and a west-verging wedge thrust at the western foothill with relatively small shortening (LQF in Figure 2). Similarly, the Xiongpo and Emei anticlines in this profile resembles the Longquan anticline, with the exception that the west-verging wedge thrust exhibits greater shortening. In profile B-B′, the south Longquan anticline is mainly bounded by two east-verging thrust faults at the eastern foothill and a west-verging wedge thrust at the western foothill with minor shortening. On the other hand, the Xiongpo and Emei anticlines in this profile exhibits the opposite configuration. In profile C-C′, D-D’ and E-E′, the southern end of the Longquan anticline is formed by a SE-dipping thrust fault, while the Xiongpo and Emei anticline is primarily bounded by three west-verging splay thrust faults and a minor thrust fault.
An accurate comprehension of the timing of thrust structures is crucial for understanding fault-related hydrocarbon migration, as it is believed to occur contemporaneously with deformation (Jia et al., 2006). Prior to 2010, hydrocarbon exploration in the SWSB was primarily focused on the shallow tectonic layer above the Mid-Triassic detachment. A few gas fields, such as Pingluoba, Daxingxi, and Qiongxi, as well as several gas-bearing structures like Zhangjiaping and Baimamiao (Yang et al., 2009; Pei et al., 2012), were then discovered, but their reserves and production were limited (Chen et al., 2020b). This indicates that the tectonic analysis of this complex tectonic zone restricted hydrocarbon exploration. Since 2010, attention has shifted to the deep tectonic layer below the Mid-Triassic detachment. Therefore, it has become particularly important to recognize the deformation timing of certain thrust structures and the interaction mechanism between the shallow and basal detachments. This not only greatly improves exploration efficiency in the shallow tectonic layer, but also gives new and promising opportunities for exploration beneath the upper detachment.
3 NUMERICAL METHODS AND EXPERIMENTAL SETUP
3.1 Basic principles
The DEM is a numerical method proposed by Cundall and Strack (1979) for studying the deformation of rock-soil mass. The main feature is to treat a single particle within a granular assembly as a discrete unit, and to simulate the mechanical behavior of the granular material through a series of discrete units, like two-dimensional discs and spheres. At present, this method has been widely used by domestic and foreign scholars in the study of tectonic deformation processes and mechanisms in fold-thrust belts (Hardy and Finch, 2005; Morgan, 2015; Xin et al., 2020; Li et al., 2021b; Li et al., 2022; Qu et al., 2022).
Distinct particles within the DEM displace independently from one another and interact only at contact points. The solution process of the DEM is actually an iterative calculation of the particle displacements and forces, which can be summarized in two parts: in the first step, the net force and moment on the known particles are updated by Newton’s second law; in the second step, the particles in contact with each other are found and the forces on these particles at that moment are calculated by applying a contact theory (i.e., the stress-displacement law) (Li et al., 2018; Li, 2019; Li et al., 2022). The main contact theories that are currently used contain the Lattice Solid model (Place et al., 2002), the Linear-Elastic mode (Cundall and Strack, 1979), the Bond model and the Hertz-Mindlin model (Morgan, 2015).
In this paper, the Bond and the Hertz-Mindlin contact mechanics models are used, utilizing the two-dimensional DEM numerical simulation software ZDEM (searched using https://geovbox.com/en/). The numerical code utilized for ZDEM software was written in C language and was modified from RICEBAL software developed by Morgan using Hertz-Mindlin model (Morgan, 2015). And RICEBAL was developed from TRUBAL which was invented by Cundall using the Linear-Elastic model at 1979 (Cundall and Strack, 1979).
In ZDEM software, the contact force between the particles that bonded to each other can be decomposed into normal force Fn and shear force Fs (Figure 3). When the normal stress between two particles is the pressure, Fn is positive, and vice versa is negative. Its calculation formula is:
[image: image]
[image: Figure 3]FIGURE 3 | Illustration of the DEM method and sign convention for Fn, Fs, Un, and Us. This schematic figure also demonstrates how the wedge height, wedge width, and slope angle have been determined. The shortening amount in this research (S) is 16 km. The two colorful competent layers are rheologically the same. Fn; normal force; Fs: shear force; Un: normal overlap value; Us: shear overlap value.
Where kn and ks represent the normal and tangential interparticle stiffness respectively, which could be calculated by the Hertz-Mindlin model when compressed and the Bond model when in extension. Un and Us denotes the normal and shear amount of overlap between particles respectively.
When particles are in bond, their maximum normal force is:
[image: image]
Their maximum shear force is:
[image: image]
Where Tb is the tensile strength, and Cb is the unconfined shear strength of the interparticle bonds at Fn=0. S’ is the cross-sectional area of the elastic bond, assumed to be a circle with a radius equal to that of the smallest particle in contact. μ is the friction coefficient. If the distance between the centers of two particles is less than or equal to the sum of their radii after the initial model is generated, they are in contact with each other thus generating a bond. When the normal force [image: image] or the shear force [image: image], two particles separate from each other, and their bond breaks. Even if these particles are in contact again, their bond will not restore.
After the simulation is completed, the geometric characteristics of the contractional wedge during the compression process can be accurately measured using the method described by Li et al. (2022). The contractional wedge comprises the top, toe, height, width, and slope angle, as illustrated in Figure 3. To identify the top point, the coordinates of the point on the surface should be determined, which can be extracted from the ". dat” files generated during the simulation using MATLAB software. In this process, the points of the surface are located based on the mesh, and the toe of the slope is determined using the farthest distance method. Subsequently, the wedge height, wedge width, and slope angle can be easily calculated using the top and toe of the wedge. This method provides a precise definition of the slope toe and enables automatic measurement through programming, thereby eliminating the measurement errors caused by human factors. For a detailed description, refer to Li (2019) and Li et al. (2021a).
In order to ascertain the state of the wedge during the thrusting process, we refer to the critical tapered wedge theory (Davis et al., 1983). According to this theory, for subaerial wedges with lower water saturation, pore pressure can be neglected in the calculation process. Therefore, the theoretical critical taper angle is as follows:
[image: image]
Where [image: image] represents the slope angle of the wedge, [image: image] denotes the dip of the basal detachment, [image: image] stands for the internal friction angle of the wedge, and [image: image] signifies the friction coefficient within the basal detachment layer. In the models below, the taper angle was determined by measuring the slope angle α, because the dip of the basal detachment (β) on the left side of the model was set to 0°. Previous studies (Morgan, 2015; Wang et al., 2022) have indicated that for layers composed of particles with a friction coefficient of 0.3 in the ZDEM software, the internal friction angle is approximately 19.3°.
3.2 Experimental design and setup
3.2.1 Method geometry and material properties
The models are set up based on the interpretation and the balanced restoration of the seismic reflection profile A-A’ (Figures 2, 4) (Wei et al., 2019). Meanwhile, because of the uncertainty of structural recovery in the hinterland of the SWSB caused by the absent strata in this region, we also refer to the structural restoration data published by other researchers (See line locations B-B’ ∼E-E’ in Figure 1) (Hubbard and Shaw, 2009; Hubbard et al., 2010).
[image: Figure 4]FIGURE 4 | (A) Representative structural profile A-A’ (see location in Figure 1) in the SWSB (Wei et al., 2019). (B) Balanced restoration results of deformed horizons in profile A-A’. The shortening of this profile is 28 km. The Cenozoic sedimentary strata within hinterland of the SWSB in this profile are absent.
The line A-A’ is located at the central SWSB, and underlines, from west to east, the range front, Huangnigang-Gaojiachang anticline (HGA), Xiongpo anticline and Longquan anticline. In this profile, a duplex detachment system comprises the basal detachment at a depth of 17 km, the upper Mid-Triassic detachment at a depth of approximately 7 km, and the RFBF which connects these detachments (Figure 4). Due to the intense erosion in the Late Cenozoic, the sedimentary strata above the Triassic within the hinterland are absent. Several faults in the hinterland, like WLF and PGF, are imbricate-shaped. Two pop-up structures, namely XPF and LQF, form in the central and right of the profile. After the balanced restoration, we can see the original length is 172 km and shortening amount is 28 km.
Researchers separated deformation in the SWSB into five NE-trending domains, that is, from west to east, 1) Range front, 2) Longmen Shan (LMS) foothills, 3) Xiongpo anticline, 4) Emei anticline, 5) Longquan anticline (Figure 2) (Hubbard and Shaw, 2009; Hubbard et al., 2010). Then they measured the shortening of each structure, and found the total shortening is 68.1 km (29.2%) from Range front to Longquan anticline (Table 1). The shortening measurement of the Rang front is from the section C-C’ (Hubbard et al., 2010). Measurements from the foothills through the Longquan anticline are made across cross-sections D-D′ and E-E’ (Hubbard and Shaw, 2009). Shortening is estimated in each area of the section by restoring fault cutoffs and dividing shortening by the horizontal width of each structural belt (Dahlstrom, 1969). Increasing shortening values from 2.6% in Longquan anticline to a maximum of 48.8% in Range front are noted, which correlates with the increase in topography. In the southern Longmen Shan region (including Range front and Foothills), the total shortening is 58.6 km, accounting for approximately 87% of the total shortening. In addition, the strata exhibit a regional west dip of two to three degrees towards the hinterland.
TABLE 1 | Shortening measurements for each structure of the SWSB along C-C′, D-D′, and E-E’ (Hubbard and Shaw, 2009; Hubbard et al., 2010).
[image: Table 1]In the previous investigations, the shortening amount from the Range front to the Longquan anticline was calculated (Table 2) (Hubbard and Shaw, 2009; Hubbard et al., 2010; Wei et al., 2019). As both profiles A-A′ and B-B′ are derived from complete seismic profiles and their positions are perpendicular to the main structural trend of the study area, they serve as the primary references for the shape of the models. The total shortening measured by profile A-A′ is 28 km, which takes up 19.2% of the original length. The shortening of the profile B-B’ is 34 km, which accounts for 25.8% of the original length. Therefore, the initial models for the DEM simulations are set up by comprising the shortening data above, and the original length of these models is 170 km with the hinterland taking 60 km up, and the estimated shortening is 35 km which accounts for 20.0% of the original length. Moreover, we divided the entire progressive deformation process into two stages, one in the southern Longmen Shan and the other in the southwestern Sichuan Basin. Based on the previous research (Table 1), the shortening rate in the southern Longmen Shan region is estimated to be 87%, which corresponds to 31 km in this model. Previous numerical and analogue models (Massoli et al., 2006; Zhang et al., 2019) also validated the RFBF that connects the basal and upper detachments can form when the length of upper detachment reaches 75–125 km. Because of the simplification of the models, we set the length of upper detachment as 110 km, which is consistent with the length of the frontland.
TABLE 2 | Summary of the shortening from the Range front through the Longquan anticline and the initial setup for the DEM simulations in the Paper.
[image: Table 2]The material properties (include the friction coefficient) used in the models were based on previous DEM simulation (Morgan, 2015; Li et al., 2018; Li et al., 2021a). The model was filled with particles that had grain sizes at 60 or 80 m, a density of 2,500 kg/m3, a friction coefficient of 0.3, a shear modulus of 2.9 GPa, and a Poisson ratio of 0.2 (Table 3). We used the nonlinear Hertz–Mindlin contact theory (Johnson, 2012) to calculate the interparticle contact forces. Gravity caused the particles to settle freely, and once they stabilized; they became bonded to one another. Young’s modulus and the shear modulus for particle bonding were both set to 2.0 × 108 Pa. The tensile and shear strengths were set to 2.0 × 107 and 4.0 × 107 Pa, respectively (Table 3). Lastly, the upper detachment is set as a non-frictional detachment that had particle at a friction coefficient of 0, and a density of 2,500 kg/m3. For the basal detachment, it is more complex. Thus, in this study, we designed three models with the same weak upper detachment and different strong and thick basal detachments to simulate the effects of different strengths and thicknesses of the basal detachment on the deformation pattern of the models. In the first model, the basal detachment was characterized by a strong frictional interaction with a coefficient of 0.3 and a thickness of 500 m. In the second and third models, the basal detachment exhibited a modest frictional interaction with a coefficient of 0.2. The thickness of the basal detachment in the second model was the same as in the first model, while in the third model, it was increased to 1,000 m.
TABLE 3 | Particle properties and interparticle bond properties for DEM simulations.
[image: Table 3]Overall, we set up a two-level detachment system with different mechanical strengths in the DEM simulations. The initial length is 170 km with the hinterland taking 60 km up, and the estimated shortening is 35 km which accounts for 20.0% of the original length (Figure 5; Table 2). The upper detachment was set to a thickness of 500 m, which dips toward the hinterland at an angle of 3°. The basal detachment, set at the bottom of the model and a thickness of 1,000 m, was horizontal in the hinterland, and parallel to the upper detachment in the foreland. Finally, by comparing the models with different thicknesses and friction coefficients of the basal detachment, we investigated the influence of the basal detachment strength on the foreland thrusting in the SWSB.
[image: Figure 5]FIGURE 5 | Schematic representation of the initial model setup containing two detachments with differential thicknesses and mechanical strengths. The upper Mid-Triassic evaporitic detachment ends at which the salt lake boundary is. The basal detachment develops throughout the whole SWSB, and is parallel to the upper detachment in its foreland.
3.2.2 Timing of events
The SWSB in the Cenozoic underwent two stages of thrusting tectonics, with the first phase starting around 70 Ma and the second phase commencing around 15 Ma and persisting to the present. Initially, the southern Longmen Shan experienced rapid uplift during the Late Cretaceous to the Paleogene (approximately 70–40 Ma), as evidenced by growth strata and a shift in the foredeep towards the southwestern Sichuan Basin (Jia et al., 2020). Subsequently, the fold-thrust belt propagated in a forward-breaking manner from the Longmen Shan towards the southwestern Sichuan Basin. Low-temperature thermochronology data from the Xiongpo anticline and Longquan anticline indicate their formation at approximately ∼40 and 11/15 Ma to the present, respectively (Figure 1) (Burchfiel et al., 1995; Arne et al., 1997; Richardson et al., 2008; Wang and Lin, 2017; Lu et al., 2018; Li et al., 2019). The second phase of thrusting involved the reactivation of the Longmen Shan around 15 Ma, resulting in another round of accretion in the range front. Cook et al. (2013) and Tian et al. (2013) presented fission-track and (U-Th)/He data from the Baoxing Massif in the southern Longmen Shan, suggesting ongoing exhumation by approximately 15 Ma (Figure 1). The catastrophic 2008 Mw 7.9 Wenchuan earthquake and the subsequent 2013 Mw 6.6 Lushan earthquake (Figure 2), located within the Longmen Shan fold-thrust belt, epitomized the tectonic activity in the range front, roughly 150 km distant from the deformation front. The present study centers on the mechanical strengths of the basal detachment within the SWSB and its role in the tectonic process. Consequently, the deformation period covered by our models should correspond to the first stage of thrusting tectonics.
4 EXPERIMENTAL RESULTS
We offer in this section three comparative DEM models. The model I contains a basal detachment at a thickness of 500 m and a friction coefficient of 0.3 in the thrusting process of 35 km. The thickness of the basal detachment in the model II remains constant, and friction coefficient changes from 0.3 to 0.2. In the model III, the basal detachment is at a thickness of 1,000 m and a friction coefficient of 0.2.
4.1 Model I-strong frictional basal detachment with thickness of 500 m
Model I (performed with the strong frictional basal detachment at a thickness of 500 m) was characterized by the forward-breaking thrusting towards the foreland in the two thrusting periods (Figure 6). Most of the deformation and thrust faults are formed in the first thrusting period, and concentrate near the mobile backwall. In the first period, T1, T2, T3, and T4 generate gradually, forming imbricate structures in the hinterland, and T5 forms as a pop-up structure in the end. The second thrusting produced T6 as a pop-up structure. Continued shortening produced two pop-up structures above the upper detachment. It is noteworthy that T5 and T6 share similar displacement, geometry and topography, even though they were developed in the different periods.
[image: Figure 6]FIGURE 6 | The progressive evolution observed in Model I (conducted with the basal detachment at the thickness of 500 m and a friction coefficient of 0.3). (A–C) The results of Model I at total shortenings of 20 km (A), 31 km (B), and 35 km (C). T1–T6 denote thrust faults in the order of their formation. RFBF, Range Front blind fault.
Once the simulation is finished, it becomes possible to precisely measure the geometric properties of the contractional wedge during the thrusting process. The deformation process of Model I (Figures 7A–C) exhibits the following characteristics: 1) The wedge height increases linearly throughout the process; 2) The wedge width shows a stepwise increase, with the formation of T1, T2, T3, and T5 faults at S=6, 8, 18, and 32 km, respectively, leading to a rapid increase in wedge width, and after shortening by 31 km, the wedge width remains relatively constant; 3) The overall wedge slope angle also exhibits a stepwise increase. 4) By Eq. 4, the critical taper angle for Model I is determined to be 8.7°. Therefore, in this model, when the amount of shortening is between 0 and 15 km, the wedge is in a subcritical state, and beyond this range, it remains in a supercritical state. The fact that the hinterland-tapered Coulomb wedge is in a supercritical state indicates that the deformation is advancing along the detachment into the right side of the model. Research from previous studies has demonstrated that further shortening of the supercritical wedge can lead to either the rapid advancement of the deformation front or extensional collapse in the hinterland (Davis et al., 1983; Platt, 1986). In general, the structural deformation of Model I is mainly concentrated near the wedge. With increasing shortening, the wedge height increases linearly, while the width and slope angle show stepwise increases. In the first stage of Model I, when the shortening is 0–15 km, the wedge is in a subcritical state, transitioning to a supercritical state afterward.
[image: Figure 7]FIGURE 7 | Comparative analysis of (A, D, G) wedge height variations with shortening for Model I, II, and III, respectively; (B, E, H) wedge width variations with shortening for Model I, II, and III, respectively; and (C, F, I) slope angle variations with shortening for Model I, II, and III, respectively.
4.2 Model II-modest frictional basal detachment with thickness of 500 m
Model II (performed with modest frictional basal detachment with thickness of 500 m) exhibited a two-stage evolutionary process. The geometry in the hinterland is similar with the Model I. However, the geometry and activity of the thrust faults in the foreland differed significantly from those of Model I. In the first period, three imbricate thrust faults, namely T1-T3 and a pop-up structure generate (T3-T4) gradually near the mobile backwall (Figure 8). However, several back-thrust and thrust faults (T5-T6) formed quickly in the whole foreland in the second thrusting because the deformation propagates fast along the non-frictional detachments during this term.
[image: Figure 8]FIGURE 8 | The progressive evolution observed in Model II (conducted with the basal detachment at the thickness of 500 m and a friction coefficient of 0.2). (A–C) The results of Model II at total shortenings of 20 km (A), 31 km (B), and 35 km (C). T1–T6 denote thrust faults in the order of their formation. RFBF, Range Front blind fault.
The Model II (Figures 7D–F) displays the following features: 1) The height of the wedge initially increases linearly, and after a shortening of 31 km, the wedge height stabilizes. 2) The wedge width rapidly increases in the shortening range of 0–5 km. Then, in the shortening range of 5–28 km, the wedge width stabilizes between 35 and 40 km, with a slight increase at a shortening of 18 km, representing the formation of the T2 fault. Subsequently, at a shortening of 29 km, the formation of the T3 causes a rapid increase in wedge width, followed by stabilization near 60 km. 3) The slope angle initially shows a stepwise increase in the shortening range of 0–29 km. The formation of faults (corresponding to shortening of 7, 18, and 29 km) corresponds to maximum values of the slope angle, indicating that the formation of new faults leads to the rapid migration of the toe position and a decrease in the overall slope angle. In the shortening range of 29–35 km, the slope angle stabilizes around 15°, indicating that thrusting propagates forward into the basin, and the orogenic belt enters a stable stage. 4) Using Eq, 4, the critical taper angle for Model II is calculated to be 5.8°. Consequently, in this model, the wedge remains in a subcritical state during the initial shortening of 0–17 km and transitions to a supercritical state thereafter, which signifies that the deformation is moving forward along the basal detachment, extending towards the model’s right side. Overall, the deformation in Model II can be divided into two stages. The first stage involves a shortening range of 0–31 km, during which the structural deformation concentrates on one side of the left wedge. In this phase, the wedge height rapidly increases, while the width experiences a rapid increase followed by gradual stabilization. Additionally, the slope angle exhibits a stepwise increase during this stage. The second stage (shortening range of 31–35 km) involves deformation propagating along the upper detachment into the right area of the model, causing the rapid formation of multiple thrust faults and backthrust faults in the right area. Meanwhile, the wedge maintains stability during this time, with its height, width, and slope angle remaining relatively constant.
4.3 Model III-modest frictional basal detachment with thickness of 1,000 m
We found that Model III (performed with modest frictional basal detachment with thickness of 1,000 m) also exhibited a two-stage evolutionary process, similar to that of Model II. The geometry in the hinterland is similar with two models above (Figure 9). However, the geometry and activity of the thrust faults in the foreland differed significantly from those of Model II. In the first period, three imbricate thrust faults, namely T1-T3 and a pop-up structure generate (T3-T4) gradually near the mobile backwall. The second thrusting enables the foreland to generate two pop-up structures. All faults and deformations deform in in-sequence style in the two thrusting periods. Even through the structures above the upper detachment share similar geometry as pop-up structures, they are developed in different time.
[image: Figure 9]FIGURE 9 | The progressive evolution observed in Model III (conducted with the basal detachment at the thickness of 1,000 m and a friction coefficient of 0.2). (A–C) The results of Model II at total shortenings of 20 km (A), 31 km (B), and 35 km (C). T1–T8 denote thrust faults in the order of their formation. WLF, Wulong fault. PGF, Pengguan fault. RFBF, Range Front blind fault. XPF, Xiongpo Fault. LQF, Longquan Fault.
In Model III, the deformation process is characterized by the following aspects: 1) The wedge height initially shows a linear increase for shortening distances of 0–31 km and then stabilizes. 2) The wedge width displays a step-like increase. The forming of the thrust faults T1, T2, and T3 at shortening of 4, 9, and 25 km, respectively, causes the position of the wedge toe to rapidly move forward and the wedge width to increase sharply. After reaching a shortening of 25 km, the wedge width remains relatively constant. 3) The wedge slope angle also exhibits a step-like increase in the early stages of deformation, forming thrust faults T1 and T2 at shortening of 5 and 9 km, respectively, where the slope angle reaches its maximum value. Subsequently, at a shortening distance of 25 km, the T3 forms, and the deformation is transmitted along the shallow detachment to the right-hand side of the model, stabilizing the slope angle at around 15°. 4) By applying Eq. 4, the critical taper angle for Model III is determined to be 5.8°. As a result, in this model, the wedge remains in a subcritical state during the initial shortening phase of 0–8 km, and subsequently transitions to a supercritical state, which indicates that the deformation is progressing along the basal detachment towards the right side of the model. In summary, the deformation of Model III can be divided into two stages: In the first stage, for shortening distances of 0–25 km, the wedge height rapidly increases, and the wedge width and slope angle exhibit step-like increases, corresponding to Stage 1(a) in Figures 7G–I. Subsequently, at a shortening distance of 25–31 km, the wedge height continues to increase rapidly, while the wedge width and slope angle remain relatively constant, corresponding to Stage 1(b) in Figures 7G–I. In the second stage (Stage 2 in Figures 7G–I), at shortening distances of 31–35 km, the wedge height, wedge width and slope angle remain relatively constant.
5 DISCUSSION
5.1 Implications for the Cenozoic thrusting of the SWSB
The article presents three comparative DEM models to investigate the deformation patterns in the SWSB. Model I, characterized by a strong frictional basal detachment, exhibits forward-breaking thrusting towards the foreland in two thrusting periods. Most deformation and thrust faults concentrate near the mobile backwall, with the development of imbricate structures and two pop-up structures. Model II, with a modest frictional basal detachment, shows a two-stage evolutionary process similar to Model I in the hinterland, but significant differences in the geometry and activity of thrust faults in the foreland. Multiple back-thrust and thrust faults form quickly in the second thrusting period. Model III, also with a modest frictional basal detachment but a greater thickness, displays a similar two-stage process to Model II in the hinterland. However, the geometry and activity of thrust faults in the foreland differ significantly. Two additional pop-up structures, named the Xiongpo and Longquan anticline, are generated in the second thrusting period. The results of Model III align well with the observed low-temperature thermochronology data.
Overall, Model III, where captures the deformation characteristics of the SWSB more accurately, indicating its relevance to the evolution of the region. The models provide insights into the deformation processes and mechanisms in the SWSB, emphasizing the importance of considering variations in detachment properties and thicknesses in understanding the tectonic evolution of the area. Since our results meet very well with the features of structural profiles and the available geological constraints, it is reasonable to adopt the upper crustal shortening as a major mountain building mechanism of the SWSB. Therefore, we can compare the deformation of the SWSB with Model III. In the Stage 1(a), the thrusting deformation occurs in the southern Longmen Shan (Range front) with a shortening range of 0–25 km. At this stage, the wedge undergoes the transition from a subcritical to a supercritical state, and the thrusting deformation mainly occurs on the orogenic belt side, leading to the development of imbricate structures. The Stage 1(b) occurs in the Longmen Shan (LMS) foothills, specifically the Huangnigang-Gaojiachang anticline, with a shortening range of 25–31 km. At this stage, the orogenic belt is in a critical state. In the Stage 2, the deformation occurs in the southwestern Sichuan Basin, specifically the Xiongpo and Longquan anticlines, with a shortening range of 31–35 km. At this stage, the wedge is in a critical state, and its geometry remains stable.
5.2 Model limitations
First, the two-dimensional simulations employed in this study did not account for variations along the strike of the décollement zone. Second, the experimental design simplified the lithology and structural characteristics of the strata, and did not consider the influence of syn-tectonic sedimentation and erosion. Additionally, duplexes or wedges, such as the Guankou duplex, are developed between the basement detachments (Lu et al., 2012; Liu et al., 2020). However, these structures were not founded in the three existing models, possibly due to neglecting the contrasting rock strengths between the basement and cover. For improved accuracy in future research, it is recommended to incorporate a high/low contrast in rock strength between the basement and sedimentary cover to simulate its impact on the SWSB. Furthermore, the modeling results were not influenced by variations in shortening relative to the geological timescale. This limitation arises from the lack of well-preserved Cenozoic syntectonic sedimentation records in the range front of the Longmen Shan (Burchfiel et al., 1995).
6 CONCLUSION
In this paper, three discrete-element numerical models with the same strong upper detachment but basal detachments with different strengths and thicknesses were designed to study the deformation of the SWSB. We analyzed the experimental results and compared the model results with the SWSB, obtaining the following conclusions:
1) In duplex detachment layer models, the strength and thickness of the basal detachment layer are important factors that affected the overall deformation of the models. In the Model I, most deformation and thrust faults concentrate near the mobile backwall. Model II shows a two-stage evolutionary process, but multiple back-thrust and thrust faults form quickly in the second thrusting period. The geometry and activity of thrust faults in the foreland differ significantly in the model III with a modest frictional basal detachment but a greater thickness. Two additional pop-up structures are generated in the second thrusting period in this model. The results of Model III are consistent with the deformation pattern of the SWSB. Additionally, from the results, we can infer that the current structure pattern of the SWSB can be produced by upper crustal thrusting.
2) Model I exhibits characteristics such as linearly increasing wedge height and stepwise increasing wedge width and slope angle. The deformation is concentrated near the wedge. In Model II, the first stage of deformation exhibits similarities with Model I. However, in the second stage, the wedge of Model II reaches a stable state, and its geometric properties remain constant. In this stage, the deformation propagates along the shallow detachment towards the right side of the model. As for Model III, Stage 1(a) is similar to the first two models. In Stage 1(b) and Stage 2, the wedge is in a stable state for the same reason with Model II. In the first stage of the shortening, all models undergo a transition from a subcritical state to entering a supercritical state.
3) The SWSB experienced forward-breaking development during the Cenozoic, extending from the southern Longmen Shan to the Longquan anticline. The results of our numerical models exhibit a remarkable consistency with the observed deformation patterns in the SWSB. This suggests that a thicker and modest basal detachment is a key factor driving the mountain building process in the SWSB. The high degree of agreement between the models and observations strengthens our understanding of the tectonic evolution of the region.
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