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Editorial on the Research Topic 
Active Fold-and-Thrust Belts: From Present-Day Deformation to Structural Architecture and Modelling

Fold-and-thrust belts are a characteristic structural unit observed at the outer part of mountain belts and accretionary prisms formed along convergent plate boundaries. The active folds and thrusts usually develop at the piedmonts and within the foreland basins of active mountain belts. Here, human populations, fertile lands, infrastructures and economic centers are also commonly concentrated and hence exposed to seismic hazards. Coastal areas are exposed to tsunami hazards from active offshore fold-thrust structures. In addition, foreland basins and fold-and-thrust belts host significant fossil energy resources. Hazard mitigation requires us to better understand the three-dimensional structure of fold-and-thrust belts, their seismic behavior and evolution. Earthquakes that occurred in the last couple of decades, newly-available ground-surface deformation observations from Sentinel satellites, the development of higher-resolution topographic models and the increased amount and quality of subsurface data acquired for oil and gas exploration purposes provide new opportunities to reach this goal. Enhanced exchanges between scientists from these different communities, also including modelers, are needed to address the issues mentioned above. The 23 papers in this research topic provide new insights into the structural development and evolution in the fold-and-thrust belts at multiple spatial and temporal scales.
Besides the occurrence of large earthquakes that are often associated with multi-fault or -segment ruptures, moderate earthquakes also show complex seismogenic behaviors. Based on the relocation and seismological analyses of the 2003 Ms 6.1 Minle earthquake sequence in Hexi Corridor Basin, Zou et al. found that this event is associated with a low-angle thrust fault beneath the Yonggu Anticline. Instead of producing surface ruptures, it is characterized by thrust-related folding, which is consistent with active deformation features revealed by the topographic surveys and OSL dating of river terraces. Yao et al. relocated the earthquake sequence of the 2020 M 6.4 Jiashi earthquake that occurred in the active Kepin fold-and-thrust belt, SW Tian Shan. After integrating with subsurface geometries revealed by seismic reflection profiles, they demonstrated that this event happened because of reactivated deep (below regional detachment), ancient structures within the basement. Based on observed borehole strain data and numerical simulations, Li Y. et al. provided further constraints on the seismogenic faulting of the 2016 Mw 6.0 Hutubi earthquake that occurred in the southern Junggar fold-and-thrust belt, northern Tian Shan. Instead of the major north-vergent Southern Junggar Thrust (the Huoerguosi-Manas-Tugulu fault branches at ground surface), the faulting occurred along a high-angle back thrust. According to the characteristic features of offset landforms revealed by high-resolution UAV-acquired topographic data and field surveys, Huang X. et al. re-evaluated the distribution and length of the surface ruptures produced by the AD 1609 M 7 1/4 Hongyapu earthquake along the Fodongmiao-Hongyazi thrust belt at the northern margin of the Qilian Shan. It is suggested that surface-rupturing of multiple segments with a total length of >90 km yielded an earthquake magnitude of Mw 7.2–7.4.
High-resolution topographic and imagery data together with the improved dating methods allowed geoscientists to provide more precise constraints on slip behaviors from observed tectonic landforms. In combination with unmanned aerial vehicle topographic surveys and trench investigations, Lei et al. demonstrated an eastward increase of slip rate from ∼0.7 to ∼2.8 mm/yr along the Fengle thrust fault, bounding the Yongchangnan Shan, northeastern Tibetan Plateau. They interpreted that the deformation in this region not only propagates northward but also eastward. Luo H. et al. determined the vertical and horizontal slip rates of the southern marginal fault of the Qaidam Basin to be ∼0.96 and ∼2.66 mm/yr, respectively. Besides the major Kunlun left-lateral slip fault, they suggested that the other faults nearby have also accommodated strain in response to lateral extrusion of the Tibetan Plateau. Considering the effect of erosion and deposition processes acting on fault scarp morphologies, Liu et al. re-evaluated the vertical rate of the western Minle-Damaying thrust fault at the northern margin of the Qilian Shan. Furthermore, they confirmed that fault activity is weaker here compared to the middle and eastern segments of this fault. Based on detailed analysis of remote-sensing imagery, field surveys and geological mapping, Yang et al. demonstrated the kinematics and late Quaternary deformation rate of the Huoyanshan structure, an important active fold-and-thrust belt in the eastern Chinese Tian Shan. A kinematic model of curved thrust fault propagation and folding was proposed, yielding a shortening rate of 2.0–3.2 mm/yr. The results highlight the importance of strain partitioning in the studied area. Hu et al. inferred a listric fault-fold model from surveying river terrace surfaces across an active fold, northern Qilian Shan, and compared it with fault geometries revealed by a seismic reflection profile. The results confirmed the reliability of the subsurface fault geometry estimated by deformed fluvial terraces.
Benefiting from the acquisition of seismic reflection profiles and other subsurface datasets, the geometry and kinematic evolution of folds and thrusts have been explored in detail. Huang H. et al. demonstrated that multiple detachments have played significant roles in controlling the spatial and temporal patterns of deformation in the southwestern Dabashan, South China. Huang K. et al. identified two sets of orthogonal, basement-involved faults at the northwestern margin of the Qaidam basin with contrasting geometries, kinematics, and temporal development, suggesting a transition from transpression to left-lateral slip on the central segment of the Altyn Tagh fault system nearby. Wu H. et al. integrated stratigraphic, sedimentological, and borehole data with seismic profiles to demonstrate the Jurassic to Cretaceous extensional deformation subsequent to the Triassic contraction. Ma et al. integrated seismic profiles and outcrop data to unravel that deformation history of the Huoerguosi-Manas-Tugulu fold belt could date back to the Late Jurassic, prior to the late Cenozoic episode. The structural characteristics have also been reproduced by sandbox modeling experiments. Costantino et al. carried out palinspastic restorations of two cross-sections constructed with surface data and seismic information to explore the tectono-stratigraphic history of the eastern Cordillera of Colombia. The methodologies may also be applied in structural analyses of other fold-and-thrust belts with high erosion rates where growth strata are mostly eroded.
Both numerical and analog experiments are powerful in exploring structural evolution histories, and are often thought-provoking. Granado et al. presented a series of two-dimensional (2D) thermo-mechanical numerical experiments of stretching and contraction of extensional basins with pre-rift salt. They also compared their results to natural cases, providing important insights into the structural evolution of salt-related inversion tectonics. Inspired by the observations of structural deformation involving multiple detachments within the western Sichuan fold-and-thrust belts, central China, Sun et al. carried out a series of sandbox experiments to test the controls on lateral structural variations. The results demonstrated that varied mid-level detachments can alter depth-dependent deformation partitioning in such systems. Using analog experiments, Luo Q. et al. investigated the influence of variable erosion and sedimentation on the structural development of a fold-and-thrust belt. The distinctly different styles have been applied to explain the reason why the Cenozoic rejuvenated foreland basin was restricted to the southwestern corner of the Sichuan Basin. Wu Z. et al. carried out four groups of discrete element models to also explore the effects of regional erosion and sedimentary loading on the sequences of thrusting in central and southern Longmen Shan belt. Similar conclusions have been achieved, suggesting the comparability between these two methods. Following this theme, Li C. et al. provided a direct comparison between a commonly applied discrete element method and analog model in terms of fault geometry and thrust-wedge topography. It is suggested that calibration of the discrete element method is necessary and important, increasing confidence in these models for exploring deformation within fold-and-thrust belts.
The Earth’s surface is shaped jointly by tectonics and changes in climatic condition. Hence, tectonic information can often be extracted from landscape characteristics via geomorphological methods. Sun and Mann carried out a systematic analysis of morphotectonic indices of the drainage network in southeastern Papua New Guinea, extracted from digital topographic datasets. It is suggested that more localized geomorphological anomalies are related to structural transition due to the regional microplate rotation. Based on the collected thermochronological ages, Cai et al. inverted the denudation and relief history of the Lhasa River drainage in the late Cenozoic using a three-dimensional (3D) thermo-kinematic model. The results indicate a complex denudation history, and also emphasize that the impacts of enhanced Asian monsoon precipitation on fluvial erosion and hence topographic evolution in the central Gangdese region. On the basis of the corrected 26Al/10Be burial ages of sediments on the fans of the eastern piedmont of the Lu Mountain, Han et al. constrained the denudation rates to 0.033∼0.082 m/kyr. In this regard, the hanging wall could have been eroded to its present position within 13–33 Myr. They proposed that the Lu Mountain was mainly uplifted in the Miocene due to crustal compressional deformation with the presence of the Xingzi reverse fault as its eastern boundary fault. Perez et al. integrated new results, including magnetostratigraphy and flexural modeling, with existing structural and thermochronological datasets to demonstrate the patterns of Cenozoic shortening, exhumation, and subsidence in the southern Bolivian Andes over time and space. The results emphasized the interplay between crustal and surface processes related to tectonics and Miocene climatic shifts.
In summary, the 23 high-quality original research articles gathered in this research topic represent a step forward in understanding the complex evolution of fold-and-thrust belts. More importantly, it is our hope that these studies offer new directions for future research that will guide future scientific community efforts.
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Constraining the seismotectonic faulting that occurred as a result of the 2016 Mw 6.0 Hutubi earthquake provides valuable information about the deformation in the northern Tien Shan region. However, due to the lack of surface rupturing and high quality near-field teleseismic data, the exact nature of the faulting remains controversial. In our study, we analyze the coseismic strain time series of the Mw 6.0 Hutubi earthquake using strain data collected from nearby borehole stations. The tensile and compressive coseismic strain steps account for most of the recorded borehole data in this region. Employing a numerical model that is based on elastic dislocation theory, we reproduce the observed tensile and compressive coseismic strain steps using source parameters that were generated through seismic wave inversion, seismic reflection data, and aftershock relocation. By conducting a comparative analysis between the predicted and observed coseismic strain steps, we study the seismogenic faulting of the Mw 6.0 Hutubi earthquake. The results indicate that when the source parameters are 292°/62°/80° (strike/dip/rake), the predicted tensile and compressive characteristics for 13/16 channels are consistent with the observational data. Based on these results, we infer that the seismogenic faulting, which is located near the Horgos-Manas-Tugulu fault, can be characterized as a high-angle blind back-thrust fault with a north-dipping fault plane. Providing constraints on the seismogenic faulting associated with the 2016 Mw 6.0 Hutubi earthquake also yields to understand the mechanism of the overall deformation pattern in the northern Tien Shan region.
Keywords: northern Tien Shan, coseismic strain step, seismogenic faulting, elastic dislocation theory, Mw 6.0 Hutubi earthquake
INTRODUCTION
On December 8, 2016, the Mw 6.0 Hutubi earthquake occurred within the active fold-and-thrust belts of the northern Tien Shan foreland basin, northwestern China (Li et al., 2018; Lu et al., 2018). However, as the absence of coseismic surface rupturing and high-quality far-field seismic observation record, the seismogenic faulting of this earthquake remains controversial.
In previous work, this earthquake fault has been described as either a low-angle south-dipping thrust fault or a high-angle north-dipping back-thrust fault (Liu et al., 2017; Liu et al., 2018; Lu et al., 2018; Gong et al., 2019; Wang et al., 2019; Xu et al., 2019; Yang et al., 2019). From seismic reflection data and seismic wave inversion results, it is postulated that the mainshock is controlled by a large-scale south-dipping thrust fault, while the aftershocks relocation results indicate the presence of a secondary back-thrust fault (Lu et al., 2018; Yang et al., 2018). However, the aftershock relocation suggests that this seismogenic faulting is a north-dipping secondary fault (Liu et al., 2018; Xu et al., 2019).
Earthquakes transfer stress to the surrounding rock, which can cause observable changes in geodetic data (Nykolaishen et al., 2015). Borehole strain observations record robust coseismic deformation information that not only provide constraints for the tensile and compressive coseismic stress and strains (Gladwin et al., 1994; Linde et al., 1996; Qiu and Shi, 2003; Johnston et al., 2006; Qiu et al., 2013; Barbour et al., 2015; Gong et al., 2019), but they can also act as parameters in numerical simulations of fault geometry. Using the observed four-component borehole strain data at the Changping station, Qiu and Shi (2003) analyzed the coseismic strain steps and estimated the corresponding stress changes induced by two Zhangbei earthquakes. By quantifying spatial differences in the borehole strain data that captured changes created by the 2004 Kii peninsular earthquakes, Asai et al. (2005) determined the coseismic strain steps in the Nankai Trough. Barbour et al. (2015) employed the data recorded on nine borehole strainmeters to characterize the coseismic strain caused by earthquakes with a range of magnitudes and distances. Based on the static-dynamic strain response of the area affected by the Mw 6.0 Hutubi earthquake, Gong et al. (2019) identified four stations where the borehole data capture resolvable static strain changes.
In order to analyze and characterize the coseismic strain step that was created by the Mw 6.0 Hutubi earthquake, we collected data from four near-field four-component borehole strainmeters that reside in observational stations located throughout the northern Tien Shan region. Based on elastic dislocation theory (Okada, 1985), we calculated the coseismic stress field using the different sets of source parameters that were inferred via seismic wave inversion, seismic reflection data, and aftershock relocation. After using these source parameters to generate synthetic strain step data, we then constrained the seismogenic faulting of the Mw 6.0 Hutubi earthquake by identifying the source parameters that minimized the difference between the predicted and observed tensile and compressive coseismic strain steps.
TECTONIC SETTING
The Tien Shan orogenic belt is bounded by the Tarim Basin to the south and the Junggar Basin to the north (Figure 1) (Zhang et al., 2003). As one of the largest orogenic belts within the Asian continent, this region was formed by multiple instances of plate collision and subduction (Xiao et al., 2004; Charvet et al., 2011; Chen et al., 2014; Qiu et al., 2019). Since the Cenozoic, the Tien Shan tectonic zone has experienced strong shortening and uplift due to continued convergence between the Indian and Eurasian plates (Molnar and Tapponnier, 1975; Allen et al., 1999; Qiu et al., 2019; Zhou et al., 2020); this ongoing collision has both created new faults and reactivated old faults (Yin et al., 1998). GPS data indicates that the crustal shortening rate in the Tien Shan tectonic zone increases from ∼5–10 mm/yr in the east to ∼20 mm/yr in the west (Yang et al., 2008; Liu et al., 2016). Deep seismic reflection profiles have revealed the thin-skinned tectonics of the crust beneath the northern Tien Shan piedmont, which consists of (from south to north) the piedmont Qigu fold-and-thrust zone, the Horgos-Manas-Tugulu active fold-and-thrust zone, and the Dushanzi-Anjihai active fold-and-thrust zone (Zhang et al., 1994; Yang et al., 2013; Gong et al., 2019). These active reverse fault-fold zones are the primary causes of the frequent seismicity in this region (Avouac et al., 1993; Zhang et al., 1996; Deng et al., 2000; Wang et al., 2004).
[image: Figure 1]FIGURE 1 | Tectonic setting and borehole station locations. Structural features: HMTA, Horgos-Manas-Tugulu Anticline; DAA, Dushanzi-Anjihai Anticline; QA, Qigu Anticline. F1. Yamata fault; F2, Junggar southern margin fault; F3, Horgos-Manas-Tugulu fault. Borehole stations: BLT, Baluntai; QEG, Queergou; SC, Shichang; YSG, Yushugou. GPS velocities are relative to the stable Eurasia plate (Wang and Shen, 2020). The black beach balls show the historic M ≥ 5.0 earthquakes since 1976 (Data Source: Global CMT). The black circles represent the relocated aftershock of the Mw 6.0 Hutubi earthquake.
In 2016, the Mw 6.0 Hutubi earthquake occurred in the active fold-and-thrust belt of the northern Tien Shan foreland basin. This region has accommodated ∼50% of the predicted crustal shortening (Yin et al., 1998; Zubovich et al., 2010; Yang et al., 2019). Seismic reflection profiles indicated that the seismogenic faulting created by the Mw 6.0 Hutubi earthquake is closely related to the south-dipping Horgos-Manas-Hutubi fault (Lu et al., 2018). However, an aftershock relocation analysis provides support for the hypothesis that this earthquake occurred on a north-dipping back-thrust fault that exhibits the ‘y-type’ distribution with the main rupture plane of the 1906 Manas earthquake (Lu et al., 2018). If this is true, then this fold-type earthquake was caused by the continuous stress accumulation that arose during the ongoing collision between the Tien Shan region and the Junggar Basin (Liu et al., 2018).
DATA
It has been repeatedly demonstrated that four-component borehole strainmeters yield high-quality and high-precision (10–10) recordings of the static and dynamic strains caused by earthquakes (Qiu and Shi, 2003; Ouyang et al., 2004; Qiu et al., 2013; Gong et al., 2019). To better monitor the ongoing crustal deformation in this area and to explore the relationship between borehole coseismic strain steps and strong earthquakes, we deployed eleven RZB-type four-component borehole strainmeters in the northern Tien Shan region since 2015.
In this paper, we analyzed the tensile and compressive coseismic strain steps recorded at stations QEG, SC, BLT, and YSG. All four strainmeters were installed directly into the bedrock of the southern Junggar thrust fault, the Borokonu strike-slip fault, and thrust fault located along the northern margin of Bogda Mountain at depths of 35–157 m (Table 1).
TABLE 1 | Basic data of the borehole stations
[image: Table 1]The coseismic strain steps and subsequent changes recorded at stations QEG, SC, BLT, and YSG are shown in Figure 2. According to the definition of a tensional or compressional coseismic strain step (Qiu and Shi, 2003), the coseismic strain step is tensional when the step change △ε ＞ 0, as shown in the S1 component of the QEG observation station (Figure 2). The maximum tensile and compressive changes of the coseismic strain steps observed at stations QEG, SC, BLT, and YSG reach values of 1.6 × 10–8, −3.4 × 10–8, 2.5 × 10–8, and −3.6 × 10–9, respectively (Figure 2; Table 2).
[image: Figure 2]FIGURE 2 | Coseismic strain step curves recorded on four-component borehole strainmeters located at four borehole stations. Si (i = 1, 2, 3, 4) represents a component of the borehole strainmeter.
TABLE 2 | Observed coseismic strain step characteristics
[image: Table 2]MODELS AND METHODS
The source parameters of the Mw 6.0 Hutubi earthquake, according to the published seismic wave, artificial seismic reflection profiles, and aftershocks relocation studies are summarized in Table 3. Where there is a consensus on the strike and rake of the seismogenic fault (all are oriented nearly E-W), there are contradictory characterizations of the fault’s dip angle as either a south-dipping large-scale thrust fault or a north-dipping secondary back-thrust fault (Liu et al., 2018; Lu et al., 2018; Xu et al., 2019).
TABLE 3 | Compilation of the source parameters of the Mw 6.0 Hutubi earthquake from different data types
[image: Table 3]For the slip model, InSAR observations reveal that the slip distributions are dominated by a nearly pure-thrust fault with no apparent surface rupture, a rupture length of 20 km, and peak slip values ranging from ∼0.1 m to 0.56 m at depths of 12–18 km (Liu et al., 2017; Wang et al., 2019; Yang et al., 2019). According to these published inversion results, we determined that the rupture length, rupture width, and average slip magnitude are 20 km, 15 km, and 0.1 m, respectively. Furthermore, we characterized the seismogenic fault as a blind thrust fault (Lu et al., 2018; Wang et al., 2019; Yang et al., 2019) with a fault tipline at a depth of 7.5 km.
Based on the depth profiles of converted waves from earthquakes in the northern Tien Shan region (Shao et al., 1996), we determined the parameters necessary for our stratified model (Figure 3). By employing PSGRN/PSCMP (Wang et al., 2006), a program that consists of a dislocation source model embedded in a mixed elastic/inelastic layered half-space, we generated six independent stress tensors based on the three different sets of source parameter values for the fault strike, dip, and rake (Table 3). Then we calculated the principal stresses and the direction cosines from the eigenvalues and the eigenvectors of the stress tensors, respectively. From this data, we quantified the stress fields at the four borehole stations.
[image: Figure 3]FIGURE 3 | Parameters of the stratified medium model. Vp represents the P-wave seismic velocity, Vs represents the S-wave velocity, ρ represents the lithospheric density.
RESULTS
Characteristics of the Coseismic Principal Stress Field
Figure 4 shows the characteristic coseismic principal stress field for the three different sets of source parameters. In model 1, the orientations of the maximum horizontal principal compressive stress at the QEG, SC, YSG, and BLT observation stations are NW-SE, NW-SE, NEE-SWW, and NEE-SWW, respectively. In model 2, the orientations of the maximum horizontal principal compressive stress at the QEG, SC, YSG, and BLT observation stations are NWW-SEE, nearly E-W, NW-SE, and NEE-SWW, respectively. In model 3, the orientations of the maximum horizontal principal compressive stress at the QEG, SC, YSG, and BLT observation stations are NE-SW, nearly E-W, NNE-SSW, and NEE-SWW, respectively.
[image: Figure 4]FIGURE 4 | Coseismic principal stress fields for the different sets of source parameters in (A) model 1, (B) model 2, and (C) model 3; (D) Schematic diagram of a standard borehole strainmeter, ε1 and ε2 represent the maximum and minimum principal strains, respectively. The red line in the beach ball denotes the fault plane.
Characteristics of the Coseismic Strain Field
By combining the maximum coseismic principal stress field and the known azimuths of the four components of the borehole strainmeters (Table 2), we quantified the tensile and compressive characteristics of the coseismic strain steps (Table 4) and compared those results to the coseismic steps recorded at the borehole stations (Table 2). In model 1, the predicted tensile and compressive step characteristics match the observed step characteristics on 11/16 channels. In model 2, the predicted tensile and compressive step characteristics match the observed step characteristics on 10/16 channels. In model 3, the predicted tensile and compressive characteristics match the observed step characteristics on 13/16 channels (Table 4). Based on our analysis, we conclude source parameters of 292°/62°/80° (strike/dip/rake) best reproduce the observed strain steps, suggesting that the Mw 6.0 Hutubi earthquake seismogenic fault is a north-dipping high-angle blind thrust fault.
TABLE 4 | Comparison of the predicted and observed tensile and compressive characteristics of the coseismic strain steps
[image: Table 4]DISCUSSION
Near-field geodetic observations provide the basic data necessary to characterize coseismic deformation (Johnston et al., 2006; Nykolaishen et al., 2015) and numerically simulate both the fault rupture plane and earthquake-induced deformation (Shen et al., 2009; Jiang et al., 2020).
Reliability Analysis of the Results
Our observed tensile and compressive coseismic strain steps are consistent with those in published studies (Gong et al., 2019). To validate the reliability of our simulation results, we calculated the coseismic vertical displacement field, the maximum principal stress field at the surface, and relations between the Coulomb stress change caused by the mainshock for the best-fit source parameters and aftershocks distribution. The coseismic vertical displacement field shows that when the seismogenic fault experienced bilateral rupturing, the hanging wall exhibited coseismic vertical uplift while the footwall exhibited coseismic subsidence (Figure 5). The projected hanging wall displacement is greater than that of the footwall (Figure 5A); these displacement patterns are consistent with those inferred from cross-fault profiles based on InSAR observations (Wang et al., 2019; Yang et al., 2019). When the fault plane dips to the south, the modeled vertical coseismic displacement is a poor fit for the InSAR observations (Figure 5B). From these results, we conclude that the seismogenic fault is a north-dipping thrust fault.
[image: Figure 5]FIGURE 5 | Vertical coseismic displacement field for different sets of source parameters. The red line in the beach ball denotes the fault plane.
The maximum principal stress field shows that the coseismic stress changes are relatively large at stations QEG, SC, and BLT, while the changes recorded at station YSG are relatively small (Figure 6). These coseismic stress changes are consistent with the observed coseismic strain steps (Table 2), and we attribute the spatial variation in the observed borehole strains to the heterogeneity of the coseismic stress changes.
[image: Figure 6]FIGURE 6 | The coseismic maximum principal stress field. Positive values represent tensile stresses, and negative values represent compressive stresses. The red line in the beach ball denotes the fault plane.
Using the aftershocks relocation depths (Xu et al., 2019) in conjunction with the best-fit source parameters, we determined that the static coseismic Coulomb stress change at the two ends of the rupture plane at a depth of 9 km exceeds 0.01 MPa, suggesting that the mainshock hastens or triggers the aftershocks (Figure 7). However, for some aftershocks that occurred on or near the rupture plane, this seemingly contradictory relation may be driven by afterslip (Ross et al., 2017; Perfettini et al., 2019). This observation is consistent with the findings of Wang et al. (2019) and provides further support for the theory that the seismogenic fault generated by the Mw 6.0 Hutubi earthquake is a north-dipping blind thrust fault.
[image: Figure 7]FIGURE 7 | Coseismic Coulomb stress change for the best-fit source parameters of 292°/62°/80° (strike/dip/rake). The frictional coefficient is assumed to be 0.4 (King et al., 1994). Fault labels are the same as in Figure 1.
Tectonic Implications
Due to compression caused by the collision of the NS-trending Indian plate and the rigid Junggar Basin, the zone between the northern Tien Shan and the Junggar Basin contains many fold-and-thrust structures (Burchfiel et al., 1999; Deng et al., 1999), including listric south-dipping thrust faults and a set of north-dipping high-angle back-thrust faults at the Frontier of the nappe (Liu et al., 2007; Guan et al., 2016). Similar to the categorization of the seismogenic Horgos-Manas-Tugulu fault of the 1906 Mw 7.7 Manas earthquake as a large-scale listric thrust fault (Zhang et al., 1994; Wang et al., 2004), structural studies indicate that the back-thrust faults related to the anticline located in the fold belts near the Hutubi earthquake epicenter are all blind thrust faults (Chen et al., 2007; Lu et al., 2018). Modeling results indicate that the continued India-Eurasia collision resulted in the reactivation of the Tien Shan mountain range and its related fault system (Neil and Houseman, 1997; Li et al., 2018); the Mw 6.0 Hutubi earthquake occurred on a reactivated rift-related structure that is connected to the Horgos-Manas-Tugulu thrust fault.
Double-difference relocation of the aftershocks demonstrate that the Hutubi earthquake seismogenic fault, as a north-dipping blind back-thrust fault that has a thrust direction that opposes the general sense of thrust in the piedmont thrust nappe of the northern Tien Shan, is located near the Horgos-Manas-Tugulu fault (Liu et al., 2018; Xu et al., 2019). This analysis is essentially consistent with our findings where the north-dipping fault plane generates a coseismic principal stress field that generates the observed changes in the near-field coseismic tensile and compressive strain steps. Thus, it is likely that the Hutubi earthquake seismogenic fault is a high-angle blind back-thrust fault with a north-dipping fault plane.
A back-thrust fault, which can rupture independently (Chuang et al., 2014; He et al., 2018), is regarded as a secondary structure in the thrust nappe tectonic belt (Stagpoole and Nicol, 2008; Xu et al., 2015; Zelilidis et al., 2016; Martinod et al., 2020). Based on the occurrence of the 1906 Mw 7.7 Manas earthquake and the 2016 Mw 6.0 Hutubi earthquake, we conclude that the Late Cenozoic crustal deformation caused by the continuous collision between Indian and Eurasia plates was accommodated by slip on the Horgos-Manas-Tugulu thrust fault and also on the secondary back-thrust faults.
In order to analyze the influence of the secondary back-thrust fault on crustal deformation, we employ the ANSYS commercial software to construct a two-dimensional elastic finite element model (Figure 8A). The model includes the lateral heterogeneity, the large-scale thrust fault, and the secondary back-thrust fault. The fault geometry and regional properties are referred to the previous studies (Wang et al., 2004; Liu et al., 2018). First, we model the vertical deformation with only the large-scale fault included (Figure 8B); then we analyze the influence of the back-thrust fault on vertical deformation. As shown by the modeled vertical surface displacement in Figure 8C, this back-thrust fault contributes to the significant uplift observed in this region.
[image: Figure 8]FIGURE 8 | Schematic model of the impact of fault systems on the vertical surface deformation. (A) The 2D elastic finite element model. (B) The projected vertical surface deformation with only the large-scale thrust fault included. (C) The projected vertical surface deformation where both fault systems are included. The fault has Young’s modulus (E) of 0.5 × 1010 Pa and Poisson ratio (ν) of 0.3.
Furthermore, with the dip angle of the large-scale thrust fault increasing from the deep to the shallow, this geometry change inhibits the slip on the thrust fault (Bilham and England, 2001) and benefits the strain energy accumulation on the back-thrust faults (Figure 9) (Xu et al., 2015; Zhang et al., 2019), although this process is influenced by other factors such as confining pressure, fault frictional coefficient and rheological property (Neil and Houseman, 1997; Collettini et al., 2019). The two fault systems jointly absorbed or facilitated the crustal shortening (Zubovich et al., 2010; Poblet and Lisle, 2011) and are responsible for the present-day uplift of the northern Tien Shan region that expressed as a ‘pop-up’ structure.
[image: Figure 9]FIGURE 9 | Impact of fault dipping angle change on the vertical surface deformation. The red line in the upper panel represents the same vertical displacement as in Figure 8C.
CONCLUSION
In this paper, we used the near-field borehole data to analyze the tensile and compressive characteristics of the coseismic strain steps for the Mw 6.0 Hutubi earthquake. After constructing a model based on elastic dislocation theory, we simulated the coseismic strain step characteristics for three different sets of source parameters. Our model results indicate that when the seismogenic fault source parameters are 292°/62°/80° (strike/dip/slip), the predicted and observed tensile and compressive characteristics of the coseismic strain steps are fairly consistent with one another. With these source parameters, the Hutubi earthquake is likely a high-angle blind back-thrust fault with a north-dipping fault plane. Based on additional data, we inferred that this seismogenic fault is located near the Horgos-Manas-Tugulu thrust fault, which is the seismogenic fault of the 1906 Mw 7.7 Manas earthquake.
Our results, which are informed by both near-field borehole strain observational data and numerical simulations, provide new insight into the analysis of the geometry of seismogenic fault. With more high-quality geodetic and seismic data, it may be possible to elucidate the seismotectonic and tectonic deformation of the northern Tien Shan region using high-resolution three-dimensional models.
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Tectonic Switch From Triassic Contraction to Jurassic-Cretaceous Extension in the Western Tarim Basin, Northwest China: New Insights Into the Evolution of the Paleo-Tethyan Orogenic Belt

Hongxiang Wu1,2, Xiaogan Cheng1,2, Hanlin Chen1,2, Cai Chen3, Yildirim Dilek1,4, Jun Shi3, Changmin Zeng3, Chunyang Li1,2, Wei Zhang1,2, Yuqing Zhang1,2, Xiubin Lin1,2* and Fengqi Zhang1,2*

1Key Laboratory of Geoscience Big Data and Deep Resource of Zhejiang Province, School of Earth Sciences, Zhejiang University, Hangzhou, China

2Structural Research Center of Oil & Gas Bearing Basin of Ministry of Education, Hangzhou, China

3Exploration and Development Research Institute, Tarim Oilfield Company Ltd., Korla, China

4Department of Geology and Environmental Earth Science, Miami University, Oxford, OH, United States

Edited by:
Renqi Lu, Institute of Geology, China Earthquake Administration, China

Reviewed by:
Matias Ghiglione, University of Buenos Aires, Argentina
Di Li, China University of Geosciences, China

*Correspondence: Xiubin Lin, xiubin_lin@zju.edu.cn; linxiubin1984@163.com; Fengqi Zhang, zhangfq78@zju.edu.cn

Specialty section: This article was submitted to Structural Geology and Tectonics, a section of the journal Frontiers in Earth Science

Received: 01 December 2020
Accepted: 23 February 2021
Published: 16 March 2021

Citation: Wu H, Cheng X, Chen H, Chen C, Dilek Y, Shi J, Zeng C, Li C, Zhang W, Zhang Y, Lin X and Zhang F (2021) Tectonic Switch From Triassic Contraction to Jurassic-Cretaceous Extension in the Western Tarim Basin, Northwest China: New Insights Into the Evolution of the Paleo-Tethyan Orogenic Belt. Front. Earth Sci. 9:636383. doi: 10.3389/feart.2021.636383

We use stratigraphic, sedimentological, and borehole data and seismic profiles from the western Tarim Basin to document its Mesozoic tectonic evolution. A nearly 60-km-wide, Triassic fold-and-thrust belt along the southwestern margin of Tarim Basin is unconformably overlain by a Jurassic-Cretaceous sedimentary sequence along a regional angular unconformity. The Lower-Middle Jurassic strata consist mainly of an upward-fining sequence ranging from terrestrial conglomerates to turbidite deposits, which represent the products of an initial rift stage. Palaeocurrent analyses show that sediments for these rift deposits were derived from the paleo-Kunlun and paleo-Tienshan Mountains to the southwest and northern, respectively. The overlying Upper Jurassic-Cretaceous series consist of coarse-grained, alluvial fan to braided river deposits in the lower stratigraphic member, and lagoonal mudstones and marine carbonates in the upper member. These finer-grained rocks were deposited in a subsiding basin, indicating that a significant change and reorientation in the drainage system should have occurred within the basin during the Early Cretaceous. The western Tarim Basin evolved from a syn-rift stage to a post-rift stage during the Jurassic-Cretaceous. A post-orogenic stretch developed due to the evolution of the Paleo-Tethyan orogenic belt in Central Asia is a likely geodynamic mechanism for this major tectonic switch from a contractional episode in the Triassic to an extensional deformation phase in the Jurassic-Cretaceous.

Keywords: western Tarim Basin, Triassic thrust, Early-Middle Jurassic rift, Cretaceous depression, tectonic switch, Paleo-Tethys


INTRODUCTION

Central Asia comprises an intricate collage of many crustal blocks and discrete geological domains, such as high orogenic plateaus, mountain ranges and sedimentary basins, which are separated by crustal- or lithospheric-scale faults (Figure 1A). This geological collage was built up through progressive accretion of continental fragments and terranes into the south Asian margin throughout the Phanerozoic (Watson et al., 1987; Windley et al., 1990; Allen et al., 1993; Matte et al., 1996; Mattern and Schneider, 2000; Xiao et al., 2005, 2015). The India-Asia collision has shaped the diverse landscape of Central Asia in the Cenozoic, obliterating some of the prior structural relationships while also exhuming previously deeply buried tectonic units (De Grave et al., 2013; Li G.W. et al., 2019). The majority of research on the Central Asian geology has mainly focused on its Paleozoic amalgamation history (Windley et al., 2007; Charvet et al., 2011; Xiao et al., 2015; Han and Zhao, 2018) and the Cenozoic deformation processes related to the growth of the Tibetan Plateau (Molnar and Tapponnier, 1975; Jiang and Li, 2014; Blayney et al., 2016; Sun et al., 2016). Many well-developed Mesozoic sedimentary basins with stratal thicknesses exceeding 5 km attest to widespread tectonic processes during this interval (Hendrix et al., 1992; Graham et al., 1993). However, the definition and origin of these sedimentary basins and their evolution is a topic of debate in the current literature (e.g., Watson et al., 1987; Sobel, 1999; Ritts and Biffi, 2001; Li et al., 2004; Li and Peng, 2010; Yang Y.T. et al., 2017; Cheng F. et al., 2019).
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FIGURE 1. (A) Schematic tectonic map of Northwest China showing the major tectonic units separated by faults and sutures (B) Simplified geological map of the western Tarim Basin and adjacent mountain ranges, presenting distribution and thickness of Lower Cretaceous strata (modified after Cheng X.G. et al., 2019), Paleozoic-Mesozoic magmatic belts and major faults (modified after Cao et al., 2015). Zircon U-Pb geochronological data of the plutons in West Kunlun orogen are from Zhang et al. (2016) and reference therein. Five seismic profiles (C-C’ to G-G’) are shown with black line. (C) E-W trending geological section (A-A’) near Tamuhe river, and another (D) S-N trending geological section (B-B’) near Kekeya are presented below. Section (A-A’) and section (B-B’) show the unconformity between Mesozoic and Paleozoic and the uniform deformation of the Jurassic and Cretaceous formations.


The western Tarim Basin, located to the northern margin of the Paleo-Tethyan orogenic system, is an important geological archive of the long-term tectonism within Asia during the Mesozoic and Cenozoic (Sobel, 1995, 1999; Bershaw et al., 2012; Cao et al., 2015). It has been widely accepted that the early Cimmerian (Triassic) continental collision events produced extensive crustal deformation and magmatism within the Paleo-Tethyan orogenic belt (Figure 1B; Xiao et al., 2002; Zhang et al., 2016; and reference therein). Numerous studies have been carried out to document the petrology, geochemistry and thermochronology of various tectonic units involved in the Triassic collision (Li G.W. et al., 2019). However, tectonic processes of the subsequent post-collisional events have not been investigated in detail, largely due to the incomplete record of sedimentary and magmatic events in the mountain ranges (Sobel, 1999). Although the Jurassic-Cretaceous basinal strata with unusually large sediment thicknesses have been investigated since the 1990s (Hendrix et al., 1992; Graham et al., 1993; Sobel, 1995, 1999), their origin and geological history remain poorly constrained. Several competing models have been proposed (Wu, 2018). Some researchers have suggested successive development of foreland basins in Central Asia as a response to episodic subduction and collision events within the Tethyan domain to the south during this period (Hendrix et al., 1992; Graham et al., 1993; Sobel, 1999; Yang Y.T. et al., 2017). Sobel (1999) argued for an Early-Middle Jurassic transtensional tectonics in the western Tarim Basin that occurred along the Talas-Ferghana fault and a large-scale strike-slip fault along the eastern Pamir. Some other scientists attributed it to an episode of post-Triassic extensional tectonics (Zhang et al., 2000; Chen et al., 2003, 2009, 2018; Li et al., 2013). The validity of these models remains to be tested.

These Jurassic-Cretaceous tectonic deformations occurred after the Paleozoic-Early Mesozoic amalgamation history along the paleo-south Asian margin, and since then they played a first-order role in the localization and evolution of the Cenozoic intracontinental deformation along the northern edge of the Tibetan Plateau (Ritts and Biffi, 2001; Jolivet et al., 2010; Jolivet, 2015; Tong et al., 2020). Therefore, the geological processes of these Mesozoic basins must be clarified in order to understand a coherent history from Paleozoic to Cenozoic. Nowadays the main obstacles limiting our better definition of the pre-Cenozoic tectonic pattern is largely due to the incomplete basin geometry remolded by Cenozoic deformation, and few direct evidence of pre-existed structures are preserved (Figure 1C). Meanwhile, the structures and prototype of the basin that currently covered by thick Cenozoic deposits are lack of detailed studies (Figure 1D).

This paper serves as a study using structural and sedimentological analyses in the field, in combination with new 2D seismic profile interpretation and tectonostratigraphy with published data, to address the tectonic evolution of the western Tarim Basin throughout the Mesozoic. A regional synthesis suggests that the western Tarim Basin suffered extension during the Jurassic-Cretaceous, following the Triassic orogeny along the West Kunlun Mountains (Mts.) and the Southwest Tienshan Mts. This work provides new insights on understanding of tectonic switch from Triassic contractional phase to Jurassic-Cretaceous extensional phase in the western Tarim Basin and establishing a geodynamic relationship between the Paleo-Tethyan orogenic belts and related basins.



GEOLOGICAL BACKGROUND AND TECTONOSTRATIGRAPHY


Geological Background

The Tarim Basin is located in Central Asia, in the Xinjiang Province, northwest China. It is an almond-shaped basin with an area up to 50 × 104 km2 (Figure 1A). The Tarim Basin is the largest intracontinental petroliferous basin in China (Jia and Wei, 2002; Laborde et al., 2019) that is surrounded by the South Tienshan Mountains to the north, the West Kunlun Mountains to the southwest, and the Altyn Mountains to the southeast (Figure 1A). Its stratigraphic record spans the Proterozoic through the Cenozoic and reflects its long Phanerozoic tectonic history (Jia et al., 2004). During the Paleozoic, the northern Tarim margin was separated from the Yili-Middle Tienshan block by the South Tienshan Ocean, which was a seaway in the paleo-Asian Ocean (Xiao et al., 2015; Käßner et al., 2017). The southern margin of the Tarim Basin faced the wide Paleo-Tethyan Ocean, which separated it from the Gondwanaland (Mattern and Schneider, 2000; Stampfli and Borel, 2002). The South Tienshan ocean floor was subducted northward beneath the Yili-Middle Tienshan continental block between the Late Devonian and the Carboniferous, and was finally closed in the latest Carboniferous–earliest Permian (Han and Zhao, 2018). After the Ordovician-Silurian collision with the West Kunlun terrane (Xiao et al., 2005; Zhang C.L. et al., 2018), the southern Tarim experienced the progressive amalgamation with several terranes, which were derived from Gondwanaland, into the active margin of southern Asia, such as Qiangtang-Tianshuihai and Karakoram-Lhasa terranes (Zhu et al., 2013; Robinson, 2015). It is commonly accepted that the Paleo-Tethys Ocean subducted northward under the West Kunlun terrane by the Late Permian-Early Triassic, forming a magmatic arc along the southern margin (Mattern and Schneider, 2000; Xiao et al., 2002). This magmatic arc construction was followed by its collision with the Qiangtang-Tianshuihai terrane along the Kangxiwa suture in the Middle-Late Triassic as revealed by extensive syn-collisional magmatism as well as crustal shortening (Yang et al., 1996; Cao et al., 2015; Zhang et al., 2016). As a result of these tectonic events, the West Kunlun orogenic belt experienced strong basement reactivation and uplift, and crustal deformation propagated toward the northern part of the Tarim Basin, leading to the synchronous uplift of the South Tienshan Mountains during the Triassic (Hendrix et al., 1992; Han et al., 2016). The inferred timing of the amalgamation of the Qiangtang and Lhasa terranes ranges from Middle Jurassic to Late Cretaceous (Fan et al., 2015; Li S. et al., 2019), which makes the Jurassic-Cretaceous tectonic setting of the northern Tibetan Plateau somewhat enigmatic. Finally, the indentation of India into Asia since approximately 65–50 Ma resulted in a northward propagation of deformation across the Tibetan Plateau and forming the large intracontinental foreland basin in the Tarim (Figure 1D; Laborde et al., 2019).



Mesozoic Stratigraphy and Lithofacies

The western Tarim Basin preserved the complete terrestrial sequences spanning the Jurassic through the Cenozoic. Thick Jurassic-Cretaceous sediments are well-exposed in the elongated basins along piedmont of West Kunlun and Southwest TienShan Mts., whereas Triassic deposits are almost absent (Sobel, 1999). The Jurassic record includes the Lower Jurassic Shalitashi (J1s) and Kangsu Formations (J1k), the Middle Jurassic Yangye (J2y) and Taerga (J2t) Formations, and the Upper Jurassic Kuzigongsu (J3k) Formation (Figure 2). The Cretaceous record consists of two groups, the Lower Cretaceous Kezilesu Group (K1kz) and the Upper Cretaceous Yengisar Group, which can be subdivided into the Kukebai (K2k), Wuyitake (K2w), Yigeziya (K2y), and Tuyiluoke (K2t) Formations in a stratigraphically ascending order. The Jurassic-Cretaceous stratigraphy and lithofacies distributions of the western Tarim Basin have been well-studied through field sedimentological observations (e.g., Sobel, 1999; Zhang et al., 2000; Jia et al., 2004). Two tectonostratigraphic units were established as described below.
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FIGURE 2. Generalized tectonostratigraphic column of Jurassic to Cretaceous system in the western Tarim Basin. Modified after Sobel (1999) and Zhou et al. (2005).



Lower Tectonostratigraphic Unit: Lower to Middle Jurassic Series

The Lower to Middle Jurassic sequences rest stratigraphically on the Paleozoic basement along an angular unconformity, and start at the bottom with the Shalitashi Formation, which ranges in thickness from 32 m to 1495 m (Zhou et al., 2005). The Shalitashi Formation is composed predominantly of massive and poorly sorted terrigenous conglomerate and polymictic breccia (Figures 3A,B), which are interpreted as proximal gravels representing alluvial fan deposits (Sobel, 1999). The Kangsu Formation mainly consists of stacked gray-greenish sandstones with coal beds containing abundant plant fossils (Figures 3C,D; Liao et al., 2010). Basal conglomerates and erosional basal surfaces represent fluvial deposits (Figure 2). The Middle Jurassic Yangye Formation is composed of continuous gray, black, and gray-green rippled or burrowed siltstone and shale, with disseminated leaf fragments and thin coal beds (Sobel, 1999). In the Keziletao section, this formation is dominated by successive gray-yellow thin sand-shale interbedded series (Figure 3E) with typical Bouma sequences (Figure 3F). Groove casts at subface of sandstone beds (Figure 3G) and soft-sediment deformation of mudstone mass encapsulated by the sandy body (Figure 3H) indicate turbidite deposition. This association is described as marginal lacustrine to half deep lacustrine facies deposits (Zhou et al., 2005). The uppermost part of the unit is Taerga Formation, which comprises gray-yellow shale beds intercalated with siltstones (Figure 3I). These beds are relatively thin and uniform single-layers with thicknesses of centimeter-scale. Thin gray-white argillaceous limestone interlayers and limestone nodules occur the upper part. These laterally well-extended mud-siltstones represent the shallow lacustrine sequences.
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FIGURE 3. Photographs of Jurassic strata. (A) Conglomerate of Shalitashi Formation in Wulagen section. (B) Pyroclastic breccia of Shalitashi Formation in Keziletao section. (C) Thick-bedded sandstone with a lenticular body of Kangsu Formation in Keziletao section. (D) An isoclinal fold of Kangsu Formation in Keziletao section. (E) Thin-bedded flysch deposits of Yangye Formation in Keziletao section. (F) Bouma sequence in Yangye Formation. (G) Groove cast at the subface of sandy layer in Yangye Formation. (H) Muddy mass with soft-sediment deformation in Yangye Formation. (I) Thin-bedded mudstone with intercalated siltstone of Taerga Formation in Kangsu section. (J) Parallel unconformity and yellow weathering crust between Middle and Upper Jurassic in Oytag section. (K) Medium-grained gravels in reddish conglomerate of Kuzigongsu Formation.




Upper Tectonostratigraphic Unit: Upper Jurassic to Late Cretaceous Series

The stratigraphically upper succession begins with the Upper Jurassic Kuzigongsu Formation, which rests on the Middle Jurassic rocks along a regional parallel unconformity (Figures 2, 3J; Yang Y.T. et al., 2017). The Kuzigongsu Formation comprises reddish thick-bedded conglomerates in the lower member and rhythmic layers of upward-fining pebbly sandstone in the upper member. The medium-grained and well sorted pebbles represent stream deposits in an alluvial fan (Figure 3K). The Kuzigongsu Formation phases upward into pebbly sandstones and mudstones with tabular cross laminations (Figure 4A) and scoured subfaces (Figure 4B) that represent fluvial deposits. The Lower Cretaceous thick-bedded coarse sandstones with muddy interlayers of the Kezilesu Group conformably rest on the Kuzigongsu Formation (Figure 4C). Large cross laminations characterize the Kezilesu Group deposits (Figures 4D–F). The upward-fining sand-mud sequence containing limestone nodules in the upper part of the Kezilesu Group points to a depositional environment transitioning from a braided fluvial-delta plain to a braided delta front subfacies (Sobel, 1999). Since the Late Cretaceous, this region has been predominated by several cycles of mudstone (Figure 4G) and marine carbonate beds (Bosboom et al., 2011; Zhang S.J. et al., 2018). Previous studies have found benthic foraminifers, ostracods and abundant bivalves, which indicate the steady high-energy lagoons or estuarine environments (Xi et al., 2016).
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FIGURE 4. Photographs of Late Jurassic to Cretaceous strata and the underlying deformed Paleozoic strata. (A) Tabular cross lamination in Kuzigongsu Formation. (B) Sand-mud binary structure with scoured subface in Kuzigongsu Formation. (C) Medium- thick sand- mud interbedded series of Kezilesu Group. (D) Tabular cross and parallel sandy layers of Kezilesu Group. (E) Trough and tabular cross lamination at middle part of Kezilesu Group. (F) Wedged and tabular cross lamination at upper part of Kezilesu Group. (G) Reddish calcareous mudstone with dwelling structure in Kukebai Formation. (H) Folded carboniferous and the post- orogenic unconformity (I) Stacked Carboniferous strata with monocline Cretaceous overlayer from Aertashi section. (J) The outcrops from Keziletao show that the recumbent fold occurred within Carboniferous strata, and it was overlaid by the Early Jurassic (Kangsu Fm.) along an angular unconformity. (K) The underlying Carboniferous strata having vertical attitude and the overlying Earliest Jurassic conglomerate in Qimugen section. (L) The conglomerate of Shalitashi Fm. mostly consisted of limestone gravels.






MATERIALS AND METHODS

To gain information on buried structures and distribution of Mesozoic strata in western Tarim Basin, five available 2D seismic reflection profiles from the Tarim Oilfield Co., Ltd., PetroChina are applied to this study. These seismic profiles are distributed in Keliyang, Qimugen-Aertashi and Kangsu regions from the south to the north (Figure 1B). The synthetic seismic data are time-migrated with the vertical scale in milliseconds two-way travel time, and all of them show relatively clear deep structures. Four drilling wells (WX1, S1, QB3 and KY) are used for calibrating stratigraphic reflector layers on the seismic profiles. The joint use of borehole data and formation occurrence on geologic map is applied to track the strata in the piedmont segments that have low signal-to-noise ratios. The seismic profiles in the basin interior are imaged well so that we could track the reflectors reliably.

On most cross profiles, eight stratigraphic units, including Lower Paleozoic, Carboniferous, Permian, Mesozoic, Paleogene, Miocene, Pliocene and Quaternary units, are determined. Two key lithologic interfaces are identified for their high-amplitude reflection features. One of the lithologic interfaces is the gypsum horizon at the bottom of the Paleogene, and another is the salt layer in the lower Cambrian series. The angular unconformity which separates the Mesozoic strata from the Paleozoic basements, could also be identified by the truncate surface (Figure 5; Cheng et al., 2012).
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FIGURE 5. Interpretation of the seismic profile near the Keliyang section, the location is showed in Figure 1B. Strata division of well KY and key surface marks have been indicated on the profile.


Besides, Palaeocurrent data of Jurassic-Cretaceous are collected by measuring dips of cross-lamination and are revised by attitudes of strata in this effort.



SEISMIC STRUCTURES IN WESTERN TARIM BASIN


Profile C-C’

The seismic line C-C,’ run across the well KY, is almost orthogonal to the West Kunlun piedmont structural belt (Figure 1B). Along this transect, most of the basin surface is covered by Cenozoic sediments. Carboniferous to Permian strata were exhumed by south-dipping basement-involved faults in the southmost of the transect. Well KY reveals that the Carboniferous overlapped on the Permian with gentle attitudes. The forelimb of the asymmetric anticline is almost vertical and exposes Jurassic to Quaternary strata with uniform deformation. We propose a breakthrough fault-propagation fold model to explain this structure (Figure 5). Growth strata reveal that an early anticline has started to generate during Pliocene and the forelimb of the anticline was broke-through in Quaternary (Wang et al., 2016a).

In the basin outback, two regional high-amplitude reflective bands are interpreted as two regional decollement layers corresponding to the Paleocene gypsum reflector and the Lower Cambrian evaporite, respectively (Guilbaud et al., 2017). In Yecheng subbasin, a fold-and-thrust belt with an approximate width of 60 km formed. At the root zone, it was characterized by a series of south-dipping basement-involved faults with a passive-roof back thrust on the top, which is corresponding to the base of Paleocene gypsum, and formed a series of stacked structural wedges (Figure 5). At the front zone, several north-vergent thrust ramps developed and together terminated along the basal detachment. Paleozoic strata were folded by several thrust ramps and formed an array of shear fault-bent anticlines. These anticline’s forelimbs were quite closed relative to their long backlimbs, and the tops of the Permian were partly eroded. The Mesozoic-Cenozoic cover overlying on these wedges showed northward-dipping occurrence on the whole. Comparing with the Paleozoic strata, Jurassic-Cretaceous have obviously endured relatively slight deformation. The angular unconformities between the Jurassic-Cretaceous cover and Paleozoic basements are clearly identified based on seismic reflector discontinuity. Integrated with the evidence of absence of Triassic deposits, smaller-scale displacements between Jurassic-Cretaceous strata contrast to Paleozoic deformation (Figure 5), and the discordant deformation of Cenozoic overlays together indicate that during the Triassic the western Tarim Basin was possibly uplifted and the sector represented fold-and-thrust belt.



Profiles D-D’ and E-E’

The seismic profile D-D’ (Figure 6), which is situated to the north of Qimugen, is a typical section to reveal the topographical controlling of Cretaceous distribution along basinal edge both by reflections and drilling wells (Liao et al., 2010). It shows that the topography low is a catchment with thick Cretaceous deposits, whereas the topography high accumulates thin Cretaceous or none sediments (Cheng et al., 2012). The stacked thrust structures are present in Paleozoic strata with SW-dipping faults, although Late Cenozoic overprints cannot be negligent. We interpreted that most of these SW-vergent faults have been active during Triassic for the following reasons. First, the Cretaceous strata settled on Permian basements unconformably with absence or erosion of Triassic sediments. Secondly, most faults are truncated by Cretaceous subface or have a small displacement in Cretaceous reflections. Finally, the gently stable Cenozoic strata fold between well S1 and YS1 are unable to compensate all the deformation within Paleozoic strata if only Late Cenozoic compressional event was responsible for it. Thus, it urgently calls for the paleo-structures prior to the Cretaceous deposition.


[image: image]

FIGURE 6. Interpretation of the seismic profiles in Qimugen area. Locations of the profiles are showed in Figure 1B.


Similarly, dual-phases contractional evolution is comprehended along section E-E’ which shares comparable structural style along the Qimugen-Aertashi belt (Figure 6). The whole of the transect shows a simple monocline where the attitudes between Mesozoic and Cenozoic strata are gentle and concordant. It indicates that the Late Cenozoic deformation was mild respect to the complex structures beneath the Cretaceous.



Profiles F-F’ and G-G’

Profiles F-F’ and G-G’ are situated in north Kashgar depression and perpendicular to each other in NS and EW direction, respectively (Figure 1). Kilometer-scaled thick Jurassic-Cretaceous outcrops are exhumed along the north and east of profiles. Different from the above sections, profiles F-F’ and G-G’ lie in the interactional zone between the Pamir and Southwest TienShan Mts. (Figure 1) and thus bare dual load from the south and north (Burtman, 2000; Liu et al., 2017). Complex compressional architecture since Late Miocene erased the trails of paleo-structures which have been deeply buried under the Cenozoic basin (Cheng et al., 2016; Li T. et al., 2019). Nonetheless, graben-shaped structures formed in Jurassic are described via steep reflection axis and thick Jurassic-Cretaceous sequence tracing from outcrops and lateral seismic reflections (Figure 7). On the profile F-F,’ Lower-Middle Jurassic strata were truncated by south-dipping normal fault, whereas the reflections in Upper Jurassic and Cretaceous are continuous. It indicates that the Early-Middle Jurassic sediments were controlled by faults, which show characteristics of syn-rift sequences, while the Late Jurassic and Cretaceous basin was more uncommitted. Although this basin structure requires more details to confirm, the abnormally thick and fast filling of Jurassic sequence on outcrop probably gives support for such normal fault interpretation.
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FIGURE 7. Interpretation of the seismic profiles in Kangsu area. The green and blue lines show the subface of Cretaceous and Jurassic strata, respectively. Locations of the profiles are showed in Figure 1B.





DISCUSSION


Early Cimmerian (Late Triassic) Deformation

It is generally recognized that the regional deformation throughout Central Asia at the end of the Triassic was a result of closure of the Paleo-Tethys Ocean and the ensuing collision with the strips of Cimmerian-terranes drifted from Gondwana (Şengör et al., 1984; Otto, 1997; Wilmsen et al., 2009; Zanchi et al., 2009; Gillespie et al., 2017). In Tibetan Plateau, the Early Cimmerian orogeny was driven by the convergence between Tarim and Qiangtang block (Matte et al., 1996; Yin and Harrison, 2000; Zhu et al., 2013; Song et al., 2015). Previous analyses proposed that the northward subduction of the Paleo-Tethys ocean floor beneath the South Kunlun has initiated by Late Permian-Early Triassic, producing an accretionary prism at the margin of South Asia, and it was followed by the resultant collision in the Late Triassic (Mattern and Schneider, 2000; Xiao et al., 2003). During the collisional phase (ca. 243-227Ma), a mega-magmatic belt of high-K calc-alkaline granitoid belt extending with NW orientation intruded within West Kunlun Mts. (Figure 1B; Liao et al., 2012; Jiang et al., 2013; Wang et al., 2016b; Zhang et al., 2016). And the suture zone along Mazha-Kangxiwa (also called Karakax fault) performed as a ductile shear fault to accommodate the convergence between Qiangtang and Tarim at the end of Triassic (Xu et al., 2007; Ge, 2018). The simultaneous crustal cooling event (ca. 250-200Ma) was recorded by low-temperature thermochronology from these Triassic batholiths that revealed a fast orogenic exhumation progress in West Kunlun Mts. (Cao et al., 2015; Li G.W. et al., 2019). These batholiths thus continued to be the source region for the Tarim Basin to the northeast throughout the Mesozoic (Bershaw et al., 2012; Cao et al., 2015; Han et al., 2016). Together with large scale magmatism, metamorphism and topographic uplift, an intense crustal contraction occurred within the paleo-Kunlun ranges and documented the early Cimmerian orogeny along the middle segment of the Paleo-Tethyan domain (Wu et al., 2016).

Previous studies have revealed that this contractional event in Late Triassic formed a south-verging fold-and-thrust system to the southern West Kunlun Mts., which is called the Tianshuihai back-thrust system (Cowgill et al., 2003). We report here an intense fold-and-thrust deformation generated along the western Tarim Basin that stand by paleo-Kunlun ranges to the south. Structural analysis suggests that the Triassic deformation was mainly controlled by advancing thin-skinned thrust-folds and these north-northeast vergent stacked faults formed the front fold-thrust belt of the paleo-Kunlun wedge, which was probably propelled by the Karakax ductile extrusion from the collisional core zone (Li G.W. et al., 2019). Outcrop structural analyses also give clues about the existence of these paleo-deformations. At Aertashi, along the Yarkant river, Carboniferous strata exposed and formed a series of asymmetric anticlines and synclines that controlled by mountain-ward dipping thrusts (Figure 4I). By contrast, Cretaceous strata just unconformably rest on the upside with a simple east-dipping monoclinic style. At Keziletao, Early Jurassic strata overlay on the Carboniferous recumbent fold through an angular unconformity (Figure 4J). Similarly, it could also be seen that the underlying Carboniferous layers were almost vertical (Figure 4K) and covered by the Earliest Jurassic conglomerate of Shalitashi Fm. from Qimugen section (Figure 4L). Field mapping along transect across western Tarim margin reveals a southeast- strike anticlinoria, which is composed of Devonian-Carboniferous in the core showing closed-form. The Cretaceous cover stays on two limbs with gentle style (Figure 8; Cheng X.G. et al., 2019). The discordant relationships between two sets of strata indicate a two-stage shortening history since the Early Mesozoic: a Triassic stage of southwest tectonic stress making Paleozoic strata thrusted and stacked, followed by a Late Cenozoic stage of tectonic reactivation making Jurassic-Cretaceous strata gently folded. To sum up, the ancient fold-and-thrust belt preserved in the Paleozoic strata, as well as the unconformity between the Paleozoic and Mesozoic strata indicate that the western Tarim Basin was involved into the strongly contractional tectonism during Early Cimmerian event.
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FIGURE 8. Anticlinoria near Aketala village showing two main phases of deformation (modified after Cheng X.G. et al., 2019). (A) planar geological map and the stereoplots (lower hemisphere- equal area projections) of anticline limbs, data collected from the Cretaceous strata (a) and Paleozoic strata (b). (B) cross section A-A’ and its balanced pattern after restoring the Cenozoic deformation.




Extensional Basin During Jurassic-Cretaceous

The Early Cimmerian orogeny caused the complete absence of Triassic strata in the western Tarim Basin, and the Jurassic-Cretaceous basin overlay on the deformed Paleozoic with a sharply divergent unconformity. The Early Jurassic basin was characteristic by sudden subsidence with thick conglomerate or breccia settled at the bottom (Figures 3A,B). The upward-fining sequence of Lower-Middle Jurassic gradually varied from a set of thick-bedded channel sandstones to deep lacustrine flysch deposits (Figures 3C–H), which imply the fast subsidence phase of the basin. During this stage, there was a significant lateral variation of cumulative stratigraphic thickness along the strike of the banded basin (Figure 9). The maximum subsidence occurred in Qiemugan-Keziletao area in the central regions, where the Jurassic deposits with stratal thicknesses exceeding 4 km accommodate (Figure 9). The moderate and weak subsidence with variable Lower-Middle Jurassic thickness were developed in Kangsu and Kekeya area in the southern and north regions, respectively (Figure 9). These major isolated depocenters were separated by high hinges that reject Jurassic sediments settled on. Palaeocurrent indicators show that the eastward paleo-drainage system had formed along West Kunlun side, but the paleo-drainage system along Southwest Tienshan was dominated by southward channels (Figure 10A). These basins are likely associated with normal faults along the orogenic belt side, as suggested by syn-rifting structures on seismic profiles (Figure 7). The linear geometry of Early-Middle Jurassic basin is also compatible with the trending of paleo-orogens or regional large inherited faults which gave the possibility for reactivation of pre-existing structures during stretching phase (Figure 9; Cheng F. et al., 2019). Although, the transtensional model proposed by Sobel (1999) argue for the Early-Middle Jurassic pull-apart basin that bounded by two postulated large-scale strike-slip faults. One is the Talas-Ferghana fault, and another is possibly the ancestor of Main Pamir thrust. This kinematic model requires the large dextral strike-slip fault cut through the Kashgar depression and extended southward into Yecheng depression. However, seismic profiles from the western Tarim Basin and paleomagnetic constraints do not favor such hypothesis (Li et al., 2007; Huang et al., 2009; Zhang and Sun, 2020). Instead, the southern extension of this zone was a transform-orogen junction with southward motion of the eastern wall accommodated by southward thrusting at the margins of the south Tien Shan and the Tarim Basin (Huang et al., 2009). Therefore, the Early-Middle Jurassic extensional model controlled by range-side normal faults is more comprehensible.


[image: image]

FIGURE 9. NW- SE correlation of cross-sections shows the distribution of Jurassic and Cretaceous and their stratal thicknesses. The locations of these stratigraphic columns are given below. Thickness data of Cretaceous were measured by PetroChina. Thickness data of Jurassic were from Sobel (1999) and Zhou et al. (2005).
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FIGURE 10. (A) rose diagrams of Early-Middle Jurassic paleocurrent directions. (B) rose diagrams of Early Cretaceous paleocurrent directions. Paleocurrent data were measured in the field and some of them were compiled from Yang W. et al. (2017) and Sobel (1995).


The successive phase of basin developing started with the regional parallel unconformity that separated the upper association from the Lower-Middle Jurassic series. Contrast to the pioneering phase, the sequence of Late Jurassic through Early Cretaceous were characterised by several cycles of coarse clastic deposits with large scale cross laminations that suggest a fluvial to braided delta setting (Figures 4A–F). The Cretaceous basin was obviously more unconfined and not confined by directly faulting effects (Figure 7). Vaster extensiveness and more flat topography during the Early Cretaceous indicate consistent expansion of the basin boundary (Figures 9, 11). Palaeocurrent analyses firstly showed the reversed flow direction from east to west in the middle segment during this time (Figure 10B). It suggests that a new clast source possibly eroded from the basement in outback contributed to the Early Cretaceous basin. Ultimately, the basin was dominated by several recurrent depositions of mudstone-carbonate association in Late Cretaceous (Hao et al., 1987; Bosboom et al., 2014; Xi et al., 2016), showing that the sedimentary environment was chiefly controlled by several transgressive-regressive cycles (Zhang S.J. et al., 2018).
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FIGURE 11. Paleogeographic evolution of the western Tarim Basin during the Late Triassic to Late Cretaceous. The basin boundary is retreated to the original position by restoring the structural deformation of balanced sections from Cheng et al. (2012, 2016). (A) Late Triassic paleogeography. (B) Early-Middle Jurassic paleogeography. (C) Early Cretaceous paleogeography. (D) Early Late Cretaceous paleogeography.


Syn-rift basins are usually associated with the rapid stretching of continental lithosphere and form a series of block normal faults that create discrete sunken space for sediments (Jackson et al., 2006; Allen and Allen, 2013). If crustal thinning is substantial, rift basins are commonly accompanied by inherited post-rift (depression) phase depends on thermal subsidence compensation (McKenzie, 1978; Ziegler and Cloetingh, 2004; Shi et al., 2017). As the basin structurally reorganizes, a transitional unconformity usually develops (Bell et al., 2014; Zhang et al., 2019). Meanwhile, the transition from isolated to large depocenters is expressed by a progressive change in the sequence stratigraphy, from coarse, alluvial fan and fluvial facies into lacustrine or marine facies (Gawthorpe and Leeder, 2000).

A similar process occurred in the western Tarim Basin during the Jurassic to Cretaceous. Fault-controlled, fast and thick accumulation of clastic sediments resulted in the formation of the Lower- Middle Jurassic system in the western Tarim Basin, and the coeval and lithologically analog sequences represent syn-rift phase in sedimentary basin evolution. Comparing to the syn-rift type, extensional faulting gradually became inactive showing on seismic interpretation (Figure 7) and the sediments covered the rift shoulder since Late Jurassic. Simultaneously, a transitional unconformity between Middle and Upper Jurassic occurred and the basin came into depressional phase. This growing unconformity ultimately affected the basin outback with the expansion of Cretaceous deposition. As a result, the unconformity between the Cretaceous and Paleozoic were widely preserved in the western Tarim Basin (Figure 4H). The lopsidedness of Cretaceous thickness tends to decrease, and sediments deposited in a single and relatively unconfined basin. Nonetheless, the thickness of Lower Cretaceous still varies according to the terrains where they get accommodation. In particular, stratigraphic columns show obvious continuity and inheritance of thickness between the Lower Cretaceous members and Lower-Middle Jurassic members (Figure 9). In other words, the Cretaceous inherited the Jurassic basin depocenters and further expanded on the formed basis (Figure 11). Cretaceous deltaic and ensuing epeiric sea deposits overlapping on the top along a parallel unconformity represent the post-rift accumulation. The relatively persistent depositional sequences accompanied by subsequent transgressions imply that the western Tarim region was seldom disturbed by additional structural activity. In this regard, a complete Late Mesozoic extensional basin mode overprinting on the fossil fold-and-thrust belts has been established.



Geodynamic Switch for Paleo-Tethyan Evolution

The drivers for regional extension have been linked to subduction retreat (Uyeda and Kanamori, 1979; Zheng and Dai, 2018), mantle plume and related continental rift (White and McKenzie, 1989; Li et al., 2008), and post-orogenic stretch that caused by lithosphere thinning (Kay and Kay, 1993; Krystopowicz and Currie, 2013). Subduction retreat and mantle plume event commonly produce massive volcanism or intrusions in the uppermost crust (Bryan and Ferrari, 2013; Ernst et al., 2019). However, the western Tarim Basin and its periphery are relatively inactive and without magmatic material inputting from surrounding orogens during Jurassic-Cretaceous (Chapman et al., 2018).

Geological observation indicates that mega-collisional orogenic belts usually undergo late or post-orogenic thinning (or extension) around the world, such as the well-known examples of the eastern Alps and Tibetan Plateau (Gaudemer et al., 1988; Ratschbacher et al., 1989). Conventionally, a complete orogenic evolution comprises three major stages orderly: collision and crustal thickening, to metamorphism and orogenic root delamination, and finally lithospheric collapse and extension (Leech, 2001). Crustal thickening and topography elevating along Paleo-Tethyan orogenic belt have been demonstrated based on structural, petrological, geochemical and thermochronological evidence discussed above (Xu et al., 2007; Cao et al., 2015; Liu et al., 2015; Zhang et al., 2016; Li G.W. et al., 2019). Some of Latest Triassic post-collisional magmatism and bimodal magmatism have been reported in West Kunlun and South Tienshan Mts. in recent years (Liao et al., 2012; Jiang et al., 2013; Tang et al., 2017). It indicates the post-orogenic delamination could have occurred. However, the post-Triassic extensional basin was always ignored (Leith, 1985; Brookfield and Hashmat, 2001). Structural and tectonostratigraphic analyses in western Tarim Basin provide new insights into the evolution between the Early Cimmerian orogeny and the subsequent Jurassic-Cretaceous extension along the Paleo-Tethyan orogenic belt. Chronologically, the Early Jurassic rift succession unconformably rested on the Paleozoic strata that deformed in Triassic orogeny. Such rapid basin subsidence and sedimentation following Triassic collision are most like post-orogeny pattern that usually makes an abrupt change from positive relief to negative landform (Peron-Pinvidic and Osmundsen, 2020). Spatially, the distributions of Jurassic-Cretaceous strata are mainly constrained by the residual landscape within the scope of Triassic fold-and-thrust belts (Figure 11). The depocenters are situated close to orogenic belt side, whereas the far outback of basin has no Jurassic-Cretaceous record. Close tempo-spatial coupling implies that the paleo- fold-and-thrust belt could play potential roles in controlling the subsequent subsidence and deposition, although the detail manners of how the ancient contractional structures reverse and reorganize are required to confirm. Taking all of these considerations, we propose that the post-orogenic dynamics of Paleo-Tethyan orogenic belt is likely to dominate the tectonic switch from Triassic contraction to Jurassic-Early Cretaceous extension along the South Asian margin.




CONCLUSION

A better understanding of the Mesozoic western Tarim Basin provides significant insights into the tectonism prior to Cenozoic for the northwest margin of the plateau. A synthetical analysis based on seismic interpretation, tectonostratigraphic and sedimentological studies leads us to draw the following main conclusions:


(1)New seismic profile interpretations provide constrains on the basin architecture. An approximate 60 km wide fold-and-thrust deformation belt formed along the western Tarim Basin margin during Triassic. These range-side dipping stacked faults belong to the north front thrusts of the paleo-Kunlun wedge, which was caused by contractional deformation during the Early Cimmerian orogeny. This contractional event was the primary cause that leading to the topography uplift and the absence of the Triassic system in the western Tarim Basin.

(2)The Jurassic-Cretaceous system rests on the folded Paleozoic strata along a post-orogenic unconformity. The Jurassic-Cretaceous stratigraphy is divided into two tectono-sequences, separating by the regional parallel unconformity between Middle Jurassic and Upper Jurassic series. The fault-controlled Early-Middle Jurassic basin accumulated thick sediments, evolving from alluvial fan to deep lacustrine deposits. The Late Jurassic-Cretaceous basin underwent a significant expansion, characterised by braided fluvial-delta and epeiric sea facies. Based on the inherited depocenters of the Jurassic and Cretaceous basin and the distinct tectonostratigraphic evolution history, we propose that the western Tarim basin evolved from a syn-rift stage to a post-rift stage during the Jurassic-Cretaceous.

(3)We discuss the close tempo-spatial relation between the Triassic fold-and-thrust belt and the ensuing Jurassic-Cretaceous extensional basin. And we propose that the post-orogenic stretch is a likely geodynamic mechanism for this major extension. This event highlights a significant tectonic switch from a contractional episode in the Triassic to an extensional deformation phase in the Jurassic-Cretaceous, and it could be associated with the coherent evolution of the Paleo-Tethyan orogenic belt in Central Asia.
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How fold and thrust belts (FTBs) evolve over time and space in a transpressional regime remains poorly understood. Based on high-resolution 3D seismic reflection data and remote sensing images, we herein present a detailed structural analysis of the Cenozoic faults in the NW margin of the Qaidam Basin that is bounded to the north by the left-reverse Altyn Tagh fault system. Two sets of orthogonal, basement-involved faults with contrasting geometries, kinematics, and temporal development are identified. One set consists of generally E-W-striking, N-dipping, reverse faults with a component of sinistral shear. They are parallel or subparallel to the Altyn Tagh fault system, led to southward tilting of the basement, and formed a local unconformity between the middle Miocene Shangyoushashan formation and underlying strata. They developed in an out-of-sequence order, and were mostly active during 43.8–15.3 Ma but in relatively tectonic quiescence with limited weak reactivation since then. The second set is mainly composed of the NNW-striking reverse faults with dextral shear components. They are approximately perpendicular to the Altyn Tagh fault system, and intensively active since ∼15.3 Ma, much later than the initiation of the E-W-striking faults. Together with published results, we ascribe the development of these two sets of orthogonal faults as the transition from transpression to left lateral slip on the central segment of the Altyn Tagh fault system. The two fault sets interplayed with each other in two ways: 1) the older E-W-striking faults were offset by younger NNW-striking faults, and 2) the younger NNW-striking faults curved to link with the preexisting E-W-striking faults. Our findings reveal that transpressional-dominated FTBs evolve in a more complicated way than the contractional-dominated ones, and more site-based case studies are needed to reveal the underlying primary principles.
Keywords: 3-D seismic reflection data, Altyn Tagh fault system, transpression, fault interplay, growth strata
INTRODUCTION
Fold and thrust belts (FTBs) are common features in basin margins under contractional regime (e.g., Jia, 2005; Morley et al., 2011; Lacombe and Bellahsen, 2016; Cheng et al., 2017), and sensitive to the tectonic activity of bordering orogenic belts and/or large-scale reverse faults. Numerous prior studies have been conducted in most of typical FTBs on the Earth and other terrestrial planets like Mars and Titan (e.g., Liu et al., 2016; Klimczak et al., 2018; Herrero Gil et al., 2020). They have provided a first-order image of geometries and kinematics of FTBs, and further, the way and underlying mechanisms of the deformation propagation from orogenic belts to adjacent basins. FTBs may also develop in a transpressional regime, and are commonly characterized by development of faults with various geometries and kinematics. These different sets of faults may interplay with each other when the FTBs evolve, resulting in more complicated deformation patterns than those under a contractional regime. This issue, however, has not yet been fully addressed.
Sandwiched between the left-slip Altyn Tagh Fault (ATF) and the East Kunlun Fault (EKF) to the northwest and south, respectively (Figure 1), the Qaidam Basin is the largest sedimentary basin inside the Tibetan Plateau in the Cenozoic, and provides an ideal field laboratory to understand the structural deformation pattern of FTBs in a transpressinal regime. Two sets of mutually orthogonal fault systems have been reported in the northwestern margin of the Qaidam Basin, which is also known as the Altyn slope in the southern side of the ATF (Zhao et al., 2016). One set is E-W-striking, and usually regarded as branch faults of the ATF; whereas the other is NW-NNW-striking, and forms the numerous folds that could be easily observed in the field and remote sensing images (Mao et al., 2016). Whilst the E-W-striking faults are generally left-reverse (Wu et al., 2019), the NW-NNW-striking ones are thought to be either right-reverse (Mao et al., 2016; Huang et al., 2018) or left-reverse (Du et al., 2019a; Liu et al., 2019). The activity time of these two sets of faults systems is also highly disputed. Wu et al. (2019) elucidated that the E-W-striking faults were active prior to ∼15 Ma, predating the development of NW-NNW-striking faults since the middle Miocene. On the contrary, Du et al. (2019a) inferred that the NW-NNW-striking structures initiated in the Oligocene, a bit earlier than the formation of the E-W-striking faults. Moreover, the interplay between these two sets of fault systems remains unassessed. In this contribution, we apply high-resolution 3D seismic reflection data in Dongping area in the NW Qaidam Basin, together with surface geology revealed by remote sensing images, to study the geometries, kinematics, activity time, and interplay of these two sets of fault systems. Our findings bear implications for the evolution of FTBs in transpressional regimes, and regionally, for the growth mechanism of the northern Tibetan Plateau.
[image: Figure 1]FIGURE 1 | Simplified geological map of the Qaidam Basin and adjacent areas, modified from Wei et al. (2016). Its location is shown in the inset tectonic map of the Tibetan Plateau in the lower-left corner. ATF, Altyn Tagh Fault; EKF, East Kunlun Fault; WK, West Kunlun Mountain; NAF, North Altyn Tagh Fault.
GEOLOGICAL SETTING
Lying within the northern margin of the Tibetan Plateau at an average elevation of ∼2, 800 m and covering an area of 120,000 km2, the Qaidam Basin is a rhomb-shaped intermountain basin bounded by the Altyn Tagh fault system to the northwest, the South Qilian Shan thrust belt to the northeast, and the East Kunlun fault system to the south (Figure 1). The depocenters of the Qaidam Basin resides approximately along its central axis during most of the Cenozoic era, and is gradually migrating eastward over time, implying that it likely formed as a synclinorium (Bally et al., 1986; Meng and Fang, 2008) rather than a foreland basin (Yin et al., 2002; Zhu et al., 2006; Cheng et al., 2019). Reconstruction of basin development based on regional or local 2D/3D seismic data revealed that, whilst the Qaidam Basin has been undergoing shortening since the early Paleogene, intense deformation that generates the numerous NW-striking anticlinal belts within the basin (Figure 1) occurred as late as the late Miocene (Zhou et al., 2006; Xiao et al., 2013; Wu et al., 2014; Wei et al., 2016). Two models have been proposed to account for the driving mechanism underlying the formation of these anticlinal belts in the western Qaidam Basin. The convergence model is characterized by the Qaidam Basin moving parallelly or slightly obliquely to the ATF, inducing NE-SW-directed crustal shortening with limited dextral shear component (Mao et al., 2016; Huang et al., 2020). This model is consistent with GPS observations (Gan et al., 2007). The block rotation model predicts ∼10° clockwise rotation of the Qaidam Basin that facilitates NW-WNW-striking sinistrial transpressional shear along the anticlinal belts (Liu et al., 2019). This model, however, is inconsistent with the GPS and paleomagnetic measurements indicating minimal rotation of the Qaidam Basin in the Cenozoic (Dupont-Nivet et al., 2002; Gan et al., 2007; Yu et al., 2014).
The Cenozoic deposits within the Qaidam Basin are mainly terrestrial clastic rocks with a maximum thickness over 15 km. From old to young, they are subdivided into eight formations (Table 1): the Lulehe Fm (LLH), Lower Xiaganchaigou Fm (LXG), Upper Xiaganchaigou Fm (UXG), Shangganchaigou Fm (SG), Xiayoushashan Fm (XY), Shangyoushashan Fm (SY), Shizigou Fm (SZG), Qigequan Fm (QGQ). Although absolute ages of these formations have been determined by paleomagnetostratigraphic studies of many sedimentary sections cross the basin (Yang et al., 1997; Sun et al., 2005; Fang et al., 2007; Gao et al., 2009; Lu and Xiong, 2009; Zhang et al., 2013; Wang et al., 2017; Nie et al., 2019), they are not consistent with each other due to lack of reliable radiometric or biostratigraphic constraints, and fall into two contrasting age models (Wu et al., 2019). The relatively old age model, in which the bottom of the Cenozoic strata is assigned as Early Eocene, is adopted in this study (Table 1), as suggested by Wu et al. (2019).
TABLE 1 | Cenozoic stratigraphy of the Qaidam Basin. Modified from Wu et al. (2019) and Huang et al. (2020).
[image: Table 1]Surface Geology of the Study Region
Our study region is situated in the middle of the northwestern margin of the Qaidam Basin, and in the junction area between the NW-NNW-striking structures in the basin interior and the E-W-striking structures adjacent to the ATF (Figure 1). Therefore, this is an ideal place to evaluate the development and interplay of these nearly orthogonal fault systems.
Three major anticlines have developed in this region (Figure 2A). The first is the NNW-striking South Dongping anticline that is characterized by a series of NW-striking, right-stepping, en echelon minor folds at surface, indicating a certain degree of NNW-striking dextral shear (Figure 2B). Quaternary QGQ Fm is outcropped in the core of the anticline. The second is the E-W-striking Dongping anticline to the north. Late Eocene–Oligocene SG Fm is well exposed in the core of this anticline, and deformed by a left-stepping, en echelon array of ESE-striking secondary anticlines, as well as some minor NE-striking left-lateral and NNW-striking right-lateral faults (Wu et al., 2019) (Figure 2C). These secondary structures together suggest a component of E-W-striking sinistral shear along the Dongping anticline (Figure 2C). The third is the NW-striking Hongsanhan anticline in the northwest of the study region. This anticline is a superimposed buckle fold (Du et al., 2019b), and highly asymmetric with a wide southwestern limb and a very narrow northeastern limb (Figure 2A). LLH to XY Fms are well exposed in the anticline. Faults controlling the formation of these anticlines are nearly invisible in the field, because of covering of late Quaternary alluvial deposits and saline mudstone deposited in playas.
[image: Figure 2]FIGURE 2 | (A) Geological map of Dongping area. (B) Remote sensing images showing surface deformation: a group of NNW-oriented dextral transpressional anticlines in the south and an E-W-striking sinistral transpressional belt in the north. (C) Zoom-in of the sinistral transpressional belt, showing a series of en echelon anticlines and minor strike-slip faults. The interpretation within the dotted rectangle is modified from Wu et al. (2019). Abbreviations for the Cenozoic units are same as those in Table 1.
A large E-W-striking fault, the Niubei fault, is existent in the north of our study region, and linked with the ATF to the west (Figures 1, 2A). It was a syn-depositional sinistral transpressional fault in ∼53.5–17 Ma, followed by intense reverse faulting during 17–15 Ma and tectonic quiescence since ∼15 Ma (Wu et al., 2019). This pattern was regarded as a response to the tectonic reorganization of the Altyn Tagh fault system in the middle Miocene (Wu et al., 2019).
SEISMIC DATA AND METHODS
We applied 3D seismic reflection data to reveal the subsurface structures in the study area. These data cover an area of approximately 500 km2 and involve the Dongping anticline, the South Dongping anticline and the eastern part of the Hongsanhan anticlines. They are pre-stack processed with the two-way travel time (TWTT) up to 5 s and spatial resolution of ∼100 m. Geological interpretations, including faults and stratigraphic boundaries, were conducted in the seismic data based on calibration of borehole loggings and surface geology. Along-layer similarity attributes (also known as coherency) on the bottom of the LLH and SG Fms (Figures 3A,B) were extracted from the 3-D seismic volume by applying the semblance algorithm that highlights lateral amplitude variations between adjacent seismic traces (Bahorich and Farmer, 1995). These coherency maps were used to assist in understanding the fault distribution in map view. Activity time of each fault was determined by identifying related growth strata, and associated fault throw and throw rate during the deposition period of each stratigraphic unit was quantified by calculating the thickness difference between both sides of the fault.
[image: Figure 3]FIGURE 3 | (A) Along-layer coherent slice of the bottom of Lulehe formation (LLH). (B) Along-layer coherent slice of the bottom of Shangganchaigou formation (SG), yellow arrows mark the thin-skinned reverse faults that are generally oblique to F1s and F2s with <45° angles. (C) Fault systems projected to the base of Lulehe formation (LLH) in map view. HSH, Hongsanhan anticline; DP, Dongping anticline; SDP, South Dongping anticline.
FAULT GEOMETRIES AND RELATED GROWTH STRATA
We recognized two major groups of basement-involved reverse faults that are nearly orthogonal to each other (Figure 3C). One is approximately E-W-striking (e.g., F2n, F3, F4, F5e, F6e, F8, F9, F10), and the other is NNW- to NW-striking (e.g., F1, F2s, F5w, F6w, F7). Some additional thin-skinned NW-striking reverse faults were also observed between Fault F1s and F2s. These basement-involved faults are described in detail in this study as follows. Six composite seismic reflection sections, which traverse the above-mentioned major faults, are presented with geological interpretations to elucidate the geometries of the studied fault groups (Figures 3C, 4, and 5, and Table 2).
[image: Figure 4]FIGURE 4 | Three seismic reflection sections across major faults in the study region. The location is shown in Figure 3. Mz represents the Mesozoic (mainly Middle Jurassic). Abbreviations for the Cenozoic units are same as those in Table 1. TWTT, Two-way travel time.
[image: Figure 5]FIGURE 5 | Three additional seismic reflection sections across major faults in the study region. The location is shown in Figure 3. Abbreviations are same as those in Figure 4.
TABLE 2 | Summary of growth strata and activity time of faults in the study region.
[image: Table 2]E-W-Striking Basement-Involved Faults
Fault F5e and F6e are N-dipping basement-involved thrust faults lying in the northernmost of our seismic survey, and connect with the larger E-W-striking Niubei fault to the north through NW-striking F5w and F6w (Figure 3C). They cut and folded the pre-Cenozoic basement and LLH–XY Fms, resulting in the southward tilting of the basement and the development of a local angular unconformity between the SY Fm and underlying strata (Figure 5A). This unconformity gradually changes to conformable contact toward the basin interior. Strata above the unconformity are only slightly deformed. Growth strata consisting of LXG to SZG Fms are observed in the hanging wall of F6e, with the best occurring in the XY Fm.
The N-dipping F8 is a steep basement-involved fault to the southwest of F6e. It cuts the basement upward into the UXG Fm, resulting in the occurrence of growth strata, though unapparent, in the UXG Fm that is overlain conformably by the non-growth SG Fm (Figure 4C). Together with the northern end of F1n, F8 controls the shape of the Dongping anticline, with a back-thrust developing in the hanging wall and soling in the mudstone in the LLH Fm. According to the consistency between deformed UXG-XY Fms, which is unconformably overlain by horizontal QGQ Fm atop F8, and the overlying syn-tectonical SY-SZG Fms to the south (Figure 4C), we interpret that F8 should be also active during the deposition periods of SY and SZG Fms. F8 extends against the F1 toward east (Figure 3C). Fault F3 has similar geometry to F8, and is located on the other side of F1. It slightly deformed the LLH–UXG Fms, with the appearance of growth strata in the UXG Fm (Figure 5A).
Fault F9 is another basement-involved fault in the footwall of F1 and located to the south of F3 (Figure 5A). It dips to the south, and cuts the basement upward into the UXG Fm, with the development of growth strata in the UXG Fm overlain conformably by non-growth SG Fm.
The S-dipping (60–70°) fault F10 is located to the southwest of F8 and linked with F2s and F2n to the east (Figure 3C). It cuts through the basement rocks up to the SZG Fm, resulting in thinning of LXG and SY-SZG Fms in the hanging wall (Figure 5C). To the east, the S-dipping basement-involved F2n cuts and folds the LLH–SZG Fm in the hanging wall, forming a secondary anticline of the larger South Dongping anticline (Figure 3C). Obvious F2n-related growth strata are observed in the SY and SZG Fms that are unconformably overlain by the weakly deformed QGQ Fm (Figure 5C). Whilst minimal thickness change has been detected in the XY Fm, we still attribute it as growth strata comparing with the underlying SG Fm that thickens toward F2n. F2n lies against the N-S-striking F1 to the east. Fault F4 with similar characteristic of F2n develops on the other side of F1. It cuts and folds the LLH–SZG Fms that are unconformably overlain by the nearly horizontal QGQ Fm, with well-developed growth strata in the SY and SZG Fms but inapparent growth strata in the XY Fm (Figure 5A).
NNW- to NW-Striking Basement-Involved Faults
Fault F1s (also termed Pingdong Fault) strikes approximately NNW in map view (Figure 3C). It dips ∼50–70° toward west, cuts the basement rocks upwards into the SY Fm, forming the South Dongping anticline in the hanging wall (Figure 4A). This fault is one of the major faults in western Qaidam Basin, because it has accumulated more than one thousand meters of basement uplift, and controls the distribution of the Mesozoic strata. Drilling data reveal that Mesozoic (mainly Middle Jurassic) strata are only preserved in the footwall of F1s, but missing in the hanging wall, indicating that it was likely a preexisting reverse fault prior to the Cenozoic. Growth strata related to F1s are clearly observed in the SY and SZG Fm that are unconformably overlain by less deformed Qigequan (QGQ) Fm (Figure 4A). Some NE-dipping back-thrusts develop in the hanging wall of F1s, and sole into the LXG and LLH Fms. They are en echelon right-stepping distributed in the map view (Figure 3C), indicating a component of dextral shear of F1s. Fault F1n is the northward continuation of F1s to the north of F8, and disappears further north. It does not have as much displacement as F1s, and together with fault F8, controls the shape of Dongping anticline. Growth strata are not observed in the LLH–XY Fms in the hanging wall, and the overlying SY and SZG Fms, which are overlain by horizontal QGQ Fm, are missing on top of F1n (Figure 4C).
The approximately N-S-striking fault F2s is located to the south of F2n and F10 (Figure 3C). It dips steeply to the east, and extends from the basement upward into the SY Fm (Figure 4A). F2s forms the western boundary fault of the box-shaped South Dongping anticline, which is characterized by a nearly wide and horizontal core but narrow and steep limbs. Some thin-skinned, SW-dipping back-thrusts, which are in en echelon right-stepping arrangement, develop in its hanging wall, indicating a certain component of dextral shear on F2s. Growth strata related to F2s occur in the SY -QGQ Fms.
The NW-striking F5w and F6w dip toward the NE, and cut upward from the basement to the SG Fm that is well exposed at surface or unconformable overlain by the QGQ Fm (Figures 4C, 5B). Pre-Cenozoic basement in the hanging walls tilts toward north, different from that of the conterminous F5e and F6e to the east (Figures 3C, 5B). Growth strata are not well developed in the remaining LLH–SG Fms in the hanging walls of F5w and F6w (Figure 4C).
The NW-striking, NE-dipping F7 is a steep basement-involved fault to the southwest of F6w, elevating the basement in the hanging wall to be hundreds of meters higher than that in the footwall (Figures 4B, 5B,C). A SW-dipping back-thrust develops on top of F7, constituting a flower structure indicative of strike-slip shear. LLH–SY Fms have been intensely deformed in the hanging wall of this back-thrust, forming the Hongsanhan anticline at surface. Growth strata are not observed in the LLH–XY Fms in the southern limb of the Hongsanhan anticline (Figures 4B, 5B). F7 likely connects the basement-involved E-W-striking fault F8 to the east.
INTERPRETATION
Fault Kinematics
Whilst all presented faults in our study region are reverse in section view, strike-slip shear is expected to have occur on these faults based on following observations. First, they are in the vicinity of the left-reverse Altyn Tagh fault system. Second, they are all high-angle basement-involved faults and form many flower or half-flower structures. Third, present-day GPS velocity in the western Qaidam Basin is generally NE-directed (Wang et al., 2017; Wang and Shen, 2020; Figure 1), oblique to their strikes. And fourth, strata in the hanging walls of F1s and F2s, which are cut by some secondary faults, are not balanced across faults in 2-D profiles (Figure 4A). The E-W-striking Dongping anticline, which is controlled by fault F8, consists of a set of en echelon distributed, ESE-striking secondary anticlines, as well as some minor NE-striking left-lateral and NNW-striking right-lateral faults (Figure 2C), suggesting a component of sinistral shear on F8. This is consistent with the kinematics of the larger E-W-striking Niubei fault to the north, which has been testified as a left-reverse fault (Wu et al., 2019). The NNW-striking South Dongping anticline bounded by F1s and F2s to the west and east, respectively, however, features a series of NW-striking, right-stepping, en echelon minor folds at surface (Figure 2B) and secondary faults at depth (Figure 3C), indicating dextral shear on F1s and F2s.
Fault Development Over Time
Based on the above descriptions of fault-related growth strata, we interpreted activity time of these faults and thus delineated the spatial and temporal patterns of fault development in our study region. The results are listed in Table 2 and Figure 6, and reveal different deformation patterns of the two orthogonal fault systems. The E-W-striking faults were generally initiated during the deposition periods of the LXG–XY Fms (43.8–15.3 Ma) in an out-of-sequence order, but most of them ceased their activity prior to the deposition of SY Fm (∼15.3 Ma) with limited weak reactivations. Activity of the NW- to NNW-striking faults, however, generally commenced in the deposition period of SY Fm (∼15.3–8.1 Ma), much later than that of the E-W-striking faults, and continue to the present. We further calculated the intensity of fault activity over time by measuring the fault throw of each period. The result (Figure 7) reveals that the E-W-striking faults were intensely active during the deposition periods of UXG (41.5–35.5 Ma) and XY (23–15.3 Ma) Fms, but became weakly active, or even inactive in the deposition period of SY–QGQ Fm (<15.3 Ma), when intense activity on the NNW-striking faults happened.
[image: Figure 6]FIGURE 6 | Summary of temporal development of the basement-involved faults within the study area. Black solid lines are active faults during corresponding period; whereas gray lines represent inactive ones.
[image: Figure 7]FIGURE 7 | Plot of accumulated throws (A) and throw rate (B) of the basement-involved faults vs. geological time, showing the contrasting temporal development of E-W-striking and NNW- to NW-striking faults.
DISCUSSION
Formation Mechanisms of the Two Fault Systems
The above analyses and interpretations reveal two orthogonal basement-involved reverse fault systems that contrast in geometries, kinematics, and temporal development in the NW margin of the Qaidam Basin. The E-W-striking faults are generally N-dipping, oblique to the ATF, and left-reverse. They result in southward tilting of the basement and form a local unconformity between the SY Fm and underlying strata (Figure 5A). They were intensively active prior to the deposition of SY Fm (∼15.3 Ma), but in a state of tectonic quiescence with limited weak reactivtions henceforth (Figure 7). This deformation pattern, which has been reported by Wu et al. (2019), is only observed in the NW margin of the Qaidam Basin and has never been found elsewhere. It is thus reasonable to attribute the development of these E-W-striking faults to the tectonic movement of the Altyn Tagh fault system that bounds the Qaidam Basin to the northwest. The NNW- to NW-striking faults are approximately perpendicular to the Altyn Tagh fault system, and form under right-laterally transpressional setting during the deposition periods of SY Fm (Figure 7), much later than the initiation of the E-W-striking faults. These deformation characteristics are similar to the NW- to NNW-striking faults that dominate the first-order tectonic framework in the interior of the modern Qaidam Basin (Mao et al., 2016).
Taken the deformation features of these two fault systems together, our findings reveal a change of structural deformation from E-W-striking sinistrally transpressional faulting to NNW- to NW-striking right-laterally transpressional faulting in the middle Miocene in the NW margin of the Qaidam Basin. This change was likely attributed to the middle Miocene reorganization of the Altyn Tagh fault system, as previously proposed by Wu et al. (2019). Specifically, the present-day active central segment of the ATF may not form during the deposition periods of LLH to XY Fms. The North Altyn Fault and the Jinyanshan Fault to the north defined the northwestern boundary of the Qaidam Basin, constituting a large restraining bend on the eastern termination of the Altyn Tagh fault system at the time (Wu et al., 2019; Figure 8A). The E-W-striking faults formed in this left-reverse transpressional restraining bend. The central segment of the ATF started to form in the late deposition period of the XY Fm (∼17 Ma), cutting through the restraining bend (Wu et al., 2019). The strike-slip efficiency of the ATF was very low in its initial stage due to lack of smooth fault traces. In this scenario, deformation along the ATF was dominated by vertical uplift rather than horizontal displacement, as attested by physical analog (Hatem et al., 2017), resulting in intense reverse faulting on the E-W-striking faults that formed the local angular unconformity below the SY Fm. The present ATF was finally established at ca. 15.3 Ma when it completely cut through the bend and the E-W-striking faults in the NW Qaidam Basin (Wu et al., 2019). Left-slip strain was then largely localized on the ATF, resulting in an abrupt decrease in the intensity of tectonic activity of the E-W-striking faults. Fast slip on the ATF was absorbed by NE-SW-directed crustal shortening over the entire northern Tibetan Plateau (Zhang et al., 2007; Zheng et al., 2013), which triggered the widely distributed NNW- to NW-striking reverse faulting in the Qaidam Basin. As the NNW- to NW-striking faults are oblique to the regional maximum principle stress (σ1) and lie against the sinistral ATF with a large angle, a component of dextral shear is manifested.
[image: Figure 8]FIGURE 8 | Diagrams illustrating the possible genetic relationships between the two fault systems and the bordering Altyn Tagh fault system. Modified from Wu et al. (2019). Lineation in the Altyn Shan modified from Wang et al., 2008.
Interplay Between the Two Fault Systems and Implication for the Development of Transpressional-Dominated FTBs
As the two orthogonal fault systems spatially overlap, we observe two aspects of interplay between them.
First, the relatively older E-W-striking faults were offset by younger NNW-striking faults. Specifically, F8 and F3 are two E-W-striking, N-dipping basement-involved faults in the western and eastern sides of the NNW-striking F1, respectively. They both extend from the basement upward into the UXG Fm, resulting in slight thinning of the UXG Fm in its hanging wall. We interpret that these two faults were likely active and linked to each during the deposition period of UXG Fm, but became tectonically inactive in the subsequent deposition periods of SG and XY Fms. Right-laterally transpressional fault F1 was initiated since the deposition period of SY Fm (∼15.3 Ma), offsetting F8 and F3, and resulting in reactivation of F8 in its hanging wall. Similarly, F2n and F4 are two E-W-striking, S-dipping basement-involved faults in the western and eastern sides of the F1, respectively. Analysis of associated growth strata indicates that they both became active since the deposition of XY Fm (∼23 Ma). Similar geometries, kinematics, activity time and spatial coincidence imply that they were possibly linked to each other prior to the deposition of SY Fm (∼15.3 Ma), but were offset right-laterally by F1 since then. If our above correlations are correct, ∼2 km right-lateral offset is predicted on F1 since ∼15.3 Ma.
Second, the younger NNW-striking faults curved to link with the preexisting E-W-striking faults. This is well documented by the N-S-striking F2s, which curves toward the east to link with the E-W-striking F2n to the northeast. Similar situation also occurred on NW-striking F5w and F6w, which curve on their southeastern ends to connect with F5e and F6e, respectively. This common pattern indicates that preexisting faults may result in lateral heterogeneity of rocks involved in the deformation, and thus change the local stress field to generate complex fault geometries.
Our findings bear meaningful implications for the development of FTB in a transpressional setting. Typical contractional-dominated FTBs are usually characterized by long-distance, thin-skinned over-thrusting and expands from hinterland to inland with increasing width over time, following the critical wedge taper theory (Dahlen et al., 1984; Suppe, 2007), such as those in the nearby SW and N margins of the Tarim Basin (Li et al., 2012; Cheng et al., 2017). However, in a transpressional-dominated FTB, faults are usually high-angle to facilitate vertical uplift and lateral offset rather than horizontal shortening, and the width of fault zone may abruptly decrease in response to strain localization on the neighboring boundary transpressional fault (Frost et al., 2009; Zhao et al., 2016; Wu et al., 2019), such as the tectonic quiescence of the E-W-striking faults since ∼15.3 Ma. Moreover, faults with contrasting geometries, kinematics, and activity time, like the E-W-striking and NNW- to NW-striking faults in this study, could develop in different time and space due possible to highly-heterogeneous stress field in a transpressional-dominated FTB. These different faults may interplay with each other to generate very complex fault systems. In brief summary, transpressional-dominated FTBs evolve in a more complicated way than the contractional-dominated ones, with highly spatio-temporal heterogeneity in fault development. More site-based case studies should be conducted to obtain the underlying primary principles, possibly in combined use of surface geology, subsurface geophysical data as well as physical analog and/or numerical modeling.
CONCLUSION
Based on 3D seismic reflection data and remote sensing images, we herein reveal two groups of high-angle basement-involved transpressional faults (E-W-striking and NNW- to NW-striking, respectively) that contrast in geometries, kinematics, and temporal development in the Dongping area, NW Qaidam Basin. The E-W-striking faults are parallel or subparallel to the bordering Altyn Tagh fault system. They dip generally to the N with a component of sinistral shear, resulting in southward tilting of the basement and a local unconformity between the SY Fm and underlying strata. They were mainly active during the deposition period of LXG to XY Fms (43.8–15.3 Ma), but almost ceased their activities since then. The NNW- to NW-striking faults, however, are characterized by a component of dextral shear and intense activity since ∼15.3 Ma. Our results thus suggest a significant structural reorganization in the NW Qaidam Basin, likely associated with the tectonic evolution of the bordering Altyn Tagh fault system. We further observed close interplay between these two orthogonal fault systems, implying that transpressional-dominated FTBs have very complicated evolutional processes than ever thought.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
The idea was provided by the corresponding author LW. First author KH mainly accomplished the manuscript together with LW and HZ. Seismic data and divided layers were offered by JZ and YZ. The other authors gave much advice for this manuscript. All authors agree to be accountable for the content of the work.
FUNDING
This study is funded by National Natural Science Foundation of China (41972218, 41402170), the Fundamental Research Funds for the Central Universities (2019QNA3013), and Research Institute of exploration and development, Qinghai Oilfield Company, PetroChina.
ACKNOWLEDGMENTS
We appreciate the seismic data provided by the Qinghai Oil Company.
REFERENCES
 Bahorich, M., and Farmer, S. (1995). 3-D seismic discontinuity for faults and stratigraphic features: the coherence cube. The Leading Edge 14, 1053–1058. doi:10.1190/1.1437077
 Bally, A. W., Chou, I., Clayton, R., Eugster, H. P., Kidwell, S., Meckel, L. D., et al. (1986). Notes on sedimentary basins in China; report of the American sedimentary basins delegation to the people's Republic of China. US: US Geological Survey, 86–327.
 Cheng, F., Garzione, C. N., Jolivet, M., Guo, Z., Zhang, D., Zhang, C., et al. (2019). Initial deformation of the northern Tibetan plateau: insights from deposition of the Lulehe formation in the Qaidam Basin. Tectonics 38, 741–766. doi:10.1029/2018TC005214
 Cheng, X., Chen, H., Lin, X., Wu, L., and Gong, J. (2017). Geometry and kinematic evolution of the hotan-tiklik segment of the western Kunlun thrust belt: constrained by structural analyses and apatite fission track thermochronology. J. Geol. 125, 65–82. doi:10.1086/689187
 Dahlen, F. A., Suppe, J., and Davis, D. (1984). Mechanics of fold-and-thrust belts and accretionary wedges Cohesive Coulomb theory. J. Geophys. Res. Solid Earth 89, 10087–10101. doi:10.1029/JB089iB12p10087
 Du, W., Chen, Y., Wang, Z., Bian, Q., and Guo, Z. (2019a). Tectonic analysis and petroleum significance of Cenozoic faults in Dongping-Niuzhong area in Altyn slope. Pet. Exploration Dev. 46, 983–990. doi:10.1016/S1876-3804(19)60254-5
 Du, W., Zhang, D., Yu, X., Cheng, X., Wang, Z., Bian, Q., et al. (2019b). Relationship between the Altyn Tagh strike-slip fault and the Qaidam Basin:New insights from superposed buckle folding in Hongsanhan:New insights from superposed buckle folding in Hongsanhan. Int. Geol. Rev. 62, 1570–1580. doi:10.1080/00206814.2019.1661039
 Dupont-Nivet, G., Butler, R. F., Yin, A., and Chen, X. (2002). Paleomagnetism indicates no neogene rotation of the Qaidam Basin in northern tibet during indo-asian collision. Geology 30, 263. doi:10.1130/0091-7613(2002)030<0263:PINNRO>2.0.CO;2
 Fang, X., Zhang, W., Meng, Q., Gao, J., Wang, X., King, J., et al. (2007). High-resolution magnetostratigraphy of the neogene huaitoutala section in the eastern Qaidam Basin on the NE Tibetan plateau, Qinghai province, China and its implication on tectonic uplift of the NE Tibetan plateau. Earth Planet. Sci. Lett. 258, 293–306. doi:10.1016/j.epsl.2007.03.042
 Frost, E., Dolan, J., Sammis, C., Hacker, B., Cole, J., and Ratschbacher, L. (2009). Progressive strain localization in a major strike‐slip fault exhumed from midseismogenic depths: structural observations from the Salzach‐Ennstal‐Mariazell‐Puchberg fault system, Austria. J. Geophys. Res. 114 (B4), B04406. doi:10.1029/2008JB005763
 Gan, W., Zhang, P., Shen, Z.-K., Niu, Z., Wang, M., Wan, Y., et al. (2007). Present-day crustal motion within the Tibetan Plateau inferred from GPS measurements. J. Geophys. Res. 112 (B8), B08416. doi:10.1029/2005JB004120
 Gao, J. P., Sheng-Xi, L. I., Dai, S., Ai-Yin, L. I., and Peng, Y. H. (2009). Constraints of tectonic evolution in provenance from detrital zircon fission-track data of Cenozoic strata of Xichagou district in western Qaidam Basin. J. Lanzhou Univ. 45, 1–7. doi:10.13885/j.issn.0455-2059.2009.03.012 [in Chinese with English abstract] 
 Hatem, A. E., Cooke, M. L., and Toeneboehn, K. (2017). Strain localization and evolving kinematic efficiency of initiating strike-slip faults within wet kaolin experiments. J. Struct. Geology. 101, 96–108. doi:10.1016/j.jsg.2017.06.011
 Herrero Gil, A., Ruiz, J., and Romeo, I. (2020). Lithospheric contraction on Mars: a 3D model of the amenthes thrust fault system. J. Geophys. Res. Planets 125, ee2019JE006201. doi:10.1029/2019JE006201
 Huang, K., Chen, L., Xiao, A., Shen, Y., and Wu, L. (2018). Cenozoic deformation characteristics of the xianshuiquan anticline in the northwestern Qaidam Basin and its significance. Geol. J. China Universities 24 (5), 761–768. doi:10.16108/j.issn1006-7493.2018012 [in Chinese with English abstract] 
 Huang, K., Wu, L., Zhang, J., Zhang, Y., Xiao, A., Lin, X., et al. (2020). Structural coupling between the Qiman Tagh and the Qaidam Basin, northern Tibetan Plateau: a perspective from the Yingxiong Range by integrating field mapping, seismic imaging, and analogue modeling. Tectonics 39, e2020TC006287. doi:10.1029/2020TC006287
 Jia, C. Z. (2005). Foreland thrust-fold belt features and gas accumulation in Midwest China. Petrol. Explor. Dev. 32 (4), 9–15. [in Chinese with English abstract] 
 Klimczak, C., Kling, C. L., and Byrne, P. K. (2018). Topographic expressions of large thrust faults on Mars. J. Geophys. Res. Planets 123, 1973–1995. doi:10.1029/2017JE005448
 Lacombe, O., and Bellahsen, N. (2016). Thick-skinned tectonics and basement-involved fold-thrust belts: insights from selected Cenozoic orogens. Geol. Mag. 153, 763–810. doi:10.1017/S0016756816000078
 Li, S., Wang, X., and Suppe, J. (2012). Compressional salt tectonics and synkinematic strata of the western Kuqa foreland basin, southern Tian Shan, China. Basin Res. 24, 475–497. doi:10.1111/j.1365-2117.2011.00531.x
 Liu, R., Chen, Y., Yu, X., Du, W., Cheng, X., and Guo, Z. (2019). An analysis of distributed strike‐slip shear deformation of the Qaidam Basin, northern Tibetan plateau. Geophys. Res. Lett. 46, 4202–4211. doi:10.1029/2018GL081523
 Liu, Z. Y. C., Radebaugh, J., Harris, R. A., Christiansen, E. H., and Rupper, S. (2016). Role of fluids in the tectonic evolution of Titan. Icarus 270, 2–13. doi:10.1016/j.icarus.2016.02.016
 Lu, H., and Xiong, S. (2009). Magnetostratigraphy of the dahonggou section, northern Qaidam Basin and its bearing on cenozoic tectonic evolution of the qilian Shan and Altyn Tagh fault. Earth Planet. Sci. Lett. 288, 539–550. doi:10.1016/j.epsl.2009.10.016
 Mao, L., Xiao, A., Zhang, H., Wu, Z., Wang, L., Shen, Y., et al. (2016). Structural deformation pattern within the NW Qaidam Basin in the Cenozoic era and its tectonic implications. Tectonophysics 687, 78–93. doi:10.1016/j.tecto.2016.09.008
 Meng, Q., and Fang, X. (2008). Cenozoic tectonic development of the Qaidam Basin in the northeastern Tibetan plateau. The Geol. Soc. America 120, 1–24. doi:10.1130/2008.2444(01
 Morley, C. K., King, R., Hillis, R., Tingay, M., and Backe, G. (2011). Deepwater fold and thrust belt classification, tectonics, structure and hydrocarbon prospectivity: a review. Earth-Science Rev. 104, 41–91. doi:10.1016/j.earscirev.2010.09.010
 Nie, J., Ren, X., Saylor, J. E., Su, Q., Horton, B. K., Bush, M. A., et al. (2019). Magnetic polarity stratigraphy, provenance, and paleoclimate analysis of Cenozoic strata in the Qaidam Basin, NE Tibetan Plateau. GSA Bull. 132, 310–320. doi:10.1130/B35175.1
 Sun, Z., Yang, Z., Pei, J., Ge, X., Wang, X., Yang, T., et al. (2005). Magnetostratigraphy of Paleogene sediments from northern Qaidam Basin, China: implications for tectonic uplift and block rotation in northern Tibetan plateau. Earth Planet. Sci. Lett. 237, 635–646. doi:10.1016/j.epsl.2005.07.007
 Suppe, J. (2007). Absolute fault and crustal strength from wedge tapers. Geology 35, 1127. doi:10.1130/G24053A.1
 Wang, M., and Shen, Z. K. (2020). Present-day crustal deformation of continental china derived from GPS and its tectonic implications. J. Geophys. Res. Solid Earth , 125 (2), e2019JB018774. doi:10.1029/2019JB018774
 Wang, E., Xu, F.-Y., Zhou, J.-X., Wang, S., Fan, C., and Wang, G. (2008). Vertical-axis bending of the Altyn Tagh belt along the Altyn Tagh fault: evidence from late cenozoic deformation within and around the xorkol basin. Geol. Soc. America Spec. Paper 444, 25–44. doi:10.1130/2008.2444(02
 Wang, W., Zheng, W., Zhang, P., Li, Q., Kirby, E., Yuan, D., et al. (2017). Expansion of the Tibetan plateau during the neogene. Nat. Commun. 8, 15887. doi:10.1038/ncomms15887 
 Wei, Y., Xiao, A., Wu, L., Mao, L., Zhao, H., Shen, Y., et al. (2016). Temporal and spatial patterns of cenozoic deformation across the Qaidam Basin, northern Tibetan plateau. Terra Nova 28, 409–418. doi:10.1111/ter.12234
 Wu, L., Lin, X., Cowgill, E., Xiao, A., Cheng, X., Chen, H., et al. (2019). Middle Miocene reorganization of the Altyn Tagh fault system, northern Tibetan plateau. GSA Bull. 131, 1157–1178. doi:10.1130/B31875.1
 Wu, L., Xiao, A., Ma, D., Li, H., Xu, B., Shen, Y., et al. (2014). Cenozoic fault systems in southwest Qaidam Basin, northeastern Tibetan Plateau: geometry, temporal development, and significance for hydrocarbon accumulation. Bulletin 98, 1213–1234. doi:10.1306/11131313087
 Xiao, A., Wu, L., Li, H., and Wang, L. (2013). Tectonic processes of the cenozoic Altyn Tagh fault and its coupling with the Qaidam Basin, NW China. Acta Petrologica Sinica 29, 2826–2836. [in Chinese with English abstract] 
 Yang, F., Sun, Z. C., Ma, Z. Q., and Zhang, Y. H. (1997). Quaternary ostrcode zones and magneto stratigraphic profile in the Qaidam Basin. Acta Micropalaeontologica Sinica 26-33, 35–38. [in Chinese with English abstract] 
 Yin, A., Rumelhart, P. E., Butler, R., Cowgill, E., Harrison, T. M., Foster, D. A., et al. (2002). Tectonic history of the Altyn Tagh fault system in northern Tibet inferred from Cenozoic sedimentation. Geol. Soc. Am. Bull. 114, 1257–1295. doi:10.1130/0016-7606(2002)114<1257:THOTAT>2.0.CO;2
 Yu, X., Fu, S., Guan, S., Huang, B., Cheng, F., Cheng, X., et al. (2014). Paleomagnetism of Eocene and Miocene sediments from the Qaidam basin: implication for no integral rotation since the Eocene and a rigid Qaidam block. Geochem. Geophys. Geosyst. 15, 2109–2127. doi:10.1002/2014GC005230
 Zhang, P. Z., Molnar, P., and Xu, X. (2007). Late quaternary and present-day rates of slip along the Altyn Tagh fault, northern margin of the Tibetan plateau. Tectonics 26, TC5010. doi:10.1029/2006tc002014
 Zhang, W., Fang, X., Song, C., Appel, E., Yan, M., and Wang, Y. (2013). Late Neogene magnetostratigraphy in the western Qaidam Basin (NE Tibetan Plateau) and its constraints on active tectonic uplift and progressive evolution of growth strata. Tectonophysics 599, 107–116. doi:10.1016/j.tecto.2013.04.010
 Zhao, H., Wei, Y., Shen, Y., Xiao, A., Mao, L., Wang, L., et al. (2016). Cenozoic tilting history of the south slope of the Altyn Tagh as revealed by seismic profiling: implications for the kinematics of the Altyn Tagh fault bounding the northern margin of the Tibetan Plateau. Geosphere 12, 884–899. doi:10.1130/GES01269.1
 Zheng, W. J., Zhang, P. Z., He, W. G., Yuan, D. Y., Shao, Y. X., Zheng, D. W., et al. (2013). Transformation of displacement between strike-slip and crustal shortening in the northern margin of the Tibetan Plateau: evidence from decadal GPS measurements and late Quaternary slip rates on faults. Tectonophysics 584, 267–280. doi:10.1016/j.tecto.2012.01.006
 Zhou, J., Xu, F., Wang, T., Cao, A., and Yin, C. (2006). Cenozoic deformation history of the Qaidam Basin, NW China: results from cross-section restoration and implications for Qinghai-Tibet Plateau tectonics. Earth Planet. Sci. Lett. 243, 195–210. doi:10.1016/j.epsl.2005.11.033
 Zhu, L., Wang, C., Zheng, H., Xiang, F., Yi, H., and Liu, D. (2006). Tectonic and sedimentary evolution of basins in the northeast of Qinghai-Tibet Plateau and their implication for the northward growth of the Plateau. Palaeogeogr. Palaeoclimatol. Palaeoecol. 241, 49–60. doi:10.1016/j.palaeo.2006.06.019
Conflict of Interest: Author JZ is employed by Bureau of Geophysical Prospecting Inc. Authors YZ and YC are employed by Qinghai Oilfield Company, PetroChina.
The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Huang, Wu, Zhao, Zhang, Zhang, Xiao, Chen and Chen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 19 March 2021
doi: 10.3389/feart.2021.634105


[image: image2]
Burial Ages Imply Miocene Uplift of Lu Mountain in East China due to Crustal Shortening
Zhiyong Han, Rouxian Pan, Xusheng Li*, Yujia Liu, Yufang Li and Xianyan Wang
School of Geography and Ocean Science, Nanjing University, Nanjing, China
Edited by:
Gang Rao, Zhejiang University, China
Reviewed by:
Fabio Matano, National Research Council (CNR), Italy
Yuntao Tian, Sun Yat-Sen University, China
* Correspondence: Xusheng Li, lixusheng@nju.edu.cn
Specialty section: This article was submitted to Quaternary Science, Geomorphology and Paleoenvironment, a section of the journal Frontiers in Earth Science
Received: 27 November 2020
Accepted: 12 February 2021
Published: 19 March 2021
Citation: Han Z, Pan R, Li X, Liu Y, Li Y and Wang X (2021) Burial Ages Imply Miocene Uplift of Lu Mountain in East China due to Crustal Shortening. Front. Earth Sci. 9:634105. doi: 10.3389/feart.2021.634105

Confined by the eastern and western boundary faults, Lu Mountain has long been considered a block mountain uplifted due to Mesozoic and Cenozoic crustal deformation in East China. However, the formation and evolution of this block mountain are still debated. In this study, the eastern boundary fault is investigated to confirm the tectonic style of the block mountain. In addition, the burial ages of sediments on the fans of the eastern piedmont are measured by 26Al/10Be dating to evaluate the denudation rate. Field evidence indicates the presence of a reverse fault (Xingzi reverse fault) acting as the eastern boundary fault, which demonstrates that the block mountain is not a horst as once thought but an extrusion structure. Corrected 26Al/10Be burial ages show that the sediments on the high-level fans were deposited at approximately 1.1–1.2 Ma, which indicates denudation rates ranging from 0.033 to 0.082 m/kyr. The vertical displacement along the Xingzi reverse fault is estimated to be at least 1,100 m. The hanging wall could have been eroded to its present position within 13–33 Myr at the above denudation rates. Combining our results with regional geological and geomorphological evidence, we suggest that Lu Mountain was mainly uplifted in the Miocene due to crustal compression deformation, which may have been a response to the movement of the Pacific plate.
Keywords: Lu mountain, block mountain, extrusion structure, denudation rate, burial age
INTRODUCTION
Determining the time and amplitude of the tectonic uplift of mountains is an important research topic in tectonics and geomorphology (e.g., Tapponnier et al., 2001; Wang et al., 2008; Fang et al., 2020). Tectonic uplift has been explored through low-temperature thermochronology (Clark et al., 2010), cosmogenic nuclide-derived ages and erosion rates (Palumbo et al., 2011) and fault scarp heights (Zheng et al., 2013). Among these approaches, denudation rates are now receiving increasing attention since they can imply tectonic movement and climate change (Reiners and Brandon, 2006) and can be used to determine the time of tectonic uplift together with independent geomorphic markers (Palumbo et al., 2009; Yuan et al., 2011).
East China, located at the junction of the Eurasian, Indo-Australian and Pacific plates, has experienced complex transformation processes under various tectonic systems and regimes (Li et al., 2013). The Mesozoic and Cenozoic tectonic deformation has shaped the modern geomorphic outline. Therefore, studying the development and evolution of modern landforms contributes to revealing the Mesozoic and Cenozoic tectonic deformation and tectono-dynamic background. At present, mountains and basins in East China have become important research objects in tectonics (Shu and Wang, 2006; Xu et al., 2014; Suo et al., 2017).
Lu Mountain is the only region on the southeastern margin of the South China block where the Precambrian crystalline basement with a high degree of metamorphism is exposed (Guan et al., 2010), forming a crucial “window” to provide insight into the Jiangnan orogenic belt and the South China block. Lu Mountain has long been considered a horst, and the uplifted side is composed of Sinian and pre-Sinian metamorphic rocks (Fang, 1959). However, this author did not illustrate the exact positions of Lu Mountain’s boundary faults. Since then, the idea that Lu Mountain is geologically a horst has become widespread. It has also been considered a klippe (Hsu et al., 1988); however, no thrust fault leading to northwestward movement of Lu Mountain has been found. A metamorphic core complex was suggested in a later study to have formed due to crustal extensional deformation during a period from the end of the Mesozoic to the beginning of the Cenozoic (Xiang et al., 1993). Subsequently, this view was questioned because the geological structure in Lu Mountain is obviously different from that of a metamorphic core complex (Yin and Xie, 1996; Bi et al., 1998). A recent study further found that the Xingzi Group is not the oldest metamorphic core, which undermines the interpretation of a metamorphic core complex (Wang et al., 2013).
The tectonic style of Lu Mountain remains undetermined, hindering a better understanding of its formation. This dilemma is largely due to the unclear nature of the Lu Mountain boundary faults. Early studies suggested that the Wuli normal fault is the eastern boundary fault based only on the study of drill cores at Wuli (Xiang et al., 1993). However, the existence of the Wuli normal fault has not been confirmed by other studies. Therefore, the eastern boundary fault becomes the key to determining the tectonic pattern and geo-morphogenesis of Lu Mountain.
Due to the lack of direct dating data, the uplift process of Lu Mountain remains controversial. The earliest study suggested that the mountain was uplifted at the end of the Neogene or the beginning of the Quaternary (Ren, 1953). A later study proposed that Lu Mountain has been intermittently uplifted since the end of the Neogene (Li and Zhu, 1987). Another study reported that Lu Mountain experienced strong uplift in the Pleistocene (Liu, 1987). The formation of Lu Mountain has also been divided into an initial stage in the late Permian- Palaeogene/Neogene and a formative stage in the late Neogene-Quaternary (Bi et al., 1996). In contrast to the above views, Lu Mountain was thought to have been uplifted in the middle Pleistocene (Peng and Huang, 1982; Zhu, 1995). Based on the calculation of stream steepness, the uplift of Lu Mountain was found to be slow in the early stage and fast in the late stage (Wang et al., 2015; Han et al., 2017).
To determine the pattern and the processes of the tectonic uplift of Lu Mountain, we carried out a field investigation of the eastern boundary fault. The burial ages of deposits on the eastern piedmont of Lu Mountain were measured by the 26Al/10Be method, and the denudation rates were calculated accordingly. Then, the denudation time of the uplifted side was estimated to define the approximate age of tectonic uplift. Combining these results with other evidence, a new tectonic pattern for Lu Mountain is proposed. Our study can help to better understand the formation and evolution of Mesozoic-Cenozoic mountains and basins in East China.
GENERAL BACKGROUND
Geomorphological Characteristics
Lu Mountain is located in Jiujiang city, Jiangxi Province, with the Changjiang River flowing on the northern side and Poyang Lake lying on the eastern side (Figures 1A,B). From a bird’s-eye view, Lu Mountain looks like a spindle extending NE-SW with a length of approximately 33 km and a width in the middle of 10 km (Figure 1C). Lu Mountain reaches 1,473 m above sea level (a.s.l.), and the elevations of most peaks are close to 1,300 m a.s.l. A youthful topography represented by V-shaped valleys is well developed on the massif margin, while a mature topography represented by wide valleys is distributed in the central area of the massif (Ren, 1953). The mature topography of Lu Mountain was suggested to have formed in the Neogene and been uplifted to its present elevation by neotectonic movement (Li and Zhu, 1987). Tectonic uplift led to a decrease in the base level of erosion and headward erosion of streams rising on Lu Mountain. The knickpoints generated by headward erosion are generally located at elevations of 1,000–1,300 m a.s.l. (Wang et al., 2015). The mature topography survives where headward erosion has not yet arrived.
[image: Figure 1]FIGURE 1 | Topography of the study area and study site. (A) Map of Eastern Asia. (B) Regional Thematic Mapper (TM) remote sensing image (data from http://www.gscloud.cn). (C) Digital elevation model (DEM) of Lu Mountain with a spatial resolution of 30 m. Dashed lines represent the boundary faults, and the white rectangle indicates the scope of panel D (D) Sampling sites (stars) on two fans located east of Lu Mountain. Dashed lines represent the approximate boundaries of the fans.
Geological Setting
Lu Mountain is situated at the junction of the middle and lower Yangtze plates, with a Mesozoic collisional orogenic belt (Dabie Mountain) in the north and a Neoproterozoic Jiangnan orogenic belt in the south (Zhu et al., 2010). Lu Mountain is located at the northern end of the Ganjiang fault, which can be regarded as the southern extension of the Tanlu fault (Wu et al., 2007). The metamorphic rocks with the highest metamorphic grade in this area appear on the southeastern piedmont of Lu Mountain and constitute the Xingzi Group, which is mainly distributed in an elliptical area with the long axis passing through Donggushan and Yujingshan (Figure 2). The Xingzi Group was intruded by Mesozoic magmas, forming the biotite granite at Donggushan, the granodiorite at Haihui, and the light-coloured granite at Wuli (Lin et al., 2000). The U-Pb age of detrital zircons obtained by secondary ionization mass spectrometry (SIMS) in leptite from the Xingzi Group is 834 ± 4 Ma, indicating that the Xingzi Group belongs to the Neoproterozoic (Guan et al., 2010).
[image: Figure 2]FIGURE 2 | Simplified geological map (A) Regional geological map modified after the geological map of Jiangxi Province (Ma, 2002). (B) Geological map of Lu Mountain (modified after the 1:50,000 geological maps produced by the Jiangxi Bureau of Geology and Mineral Resources in 1993 and 1995). Line A-B indicates the position of the cross-section in Figure 7.
The block mountain can be divided into southern and northern parts by a line from Litoujian to Jiuqifeng. The southern mountain has outcrops of the Shuangqiaoshan Group and Lushanlong Group (Xie et al., 1996). The sensitive high-resolution ion microprobe (SHRIMP) U-Pb age of zircons in spilite from the Lushanlong Group is 840 ± 6 Ma, and the U-Pb age of zircons in rhyolite is approximately 830 Ma (Gao et al., 2012). The SHRIMP U-Pb age of zircons from the Lushanlong Group is 838 ± 4 Ma (Shi et al., 2014). Hence, the Lushanlong Group belongs to the Neoproterozoic (Figure 3). The sandstone and quartzite intercalated with phyllite in the Liantuo Formation of the Nanhua System are mainly exposed in the northern mountains (Han et al., 2017).
[image: Figure 3]FIGURE 3 | Stratigraphic column of sedimentary and metamorphic units of Lu Mountain (according to the 1:50,000 geological maps and the auxiliary instructions produced by the Jiangxi Bureau of Geology and Mineral Resources in 1993 and 1995).
The Nanhua System is seldom exposed on the southwest piedmont of Lu Mountain. Sinian rocks crop out on the western and northeast piedmont. Lower Palaeozoic rocks are mainly exposed outside the massif. Generally, the strata tend to become younger with increasing distance from the massif. The upper Palaeozoic is found in southwestern Shahe. The upper Cretaceous Hekou Formation (Nanxiong Formation) is sporadically exposed near the shore of Poyang Lake. The Palaeocene Miaoling Formation forms scattered outcrops in the northwest. Quaternary deposits are widely distributed, especially in the piedmont and peripheral areas, with complex lithologies and multiple genetic types.
Lu Mountain can be regarded as a dome or brachy-anticline (referred to as the Lu anticline), but the Xingzi Group does not occupy the hinge of the brachy-anticline (Lin et al., 2000). Two distinct tectonic-metamorphic-magmatic events are revealed on Lu Mountain. The D2 event corresponds to the formation of the brachy-anticline extending NE-SW. Syntectonic granodiorite indicates that fold deformation occurred at 127 Ma. The D3 event manifests as a 6-km-long ductile shear zone in leucogranite, and surrounding rocks can be seen on the eastern piedmont. The shear zone consists of sinistral normal faults extending NNE-SSW and contemporaneous with the emplacement of leucogranite at 100–110 Ma (Lin et al., 2000). Sinistral ductile shear zones extending NNE-SSW on the southeastern piedmont have been found (Xie et al., 1996), which may also be products of the D3 event. The western boundary fault is called the Lianhuandong normal fault, while the eastern boundary fault passes Haihui, Wuli and Hualin (Figure 2) and was once recognized as a normal fault (Xiang et al., 1993).
DATA AND METHODS
Geological and Topographical Data
The geological data for northern Jiangxi Province were derived from the 1:1,500,000 geological map (Ma, 2002), and those of Lu Mountain were obtained from the 1:50,000 geological maps and the auxiliary instructions produced by the Jiangxi Bureau of Geology and Mineral Resources (JBGMR), including Lushan region (Jiangxi Bureau of Geology and Mineral Resources, 1993a), Haihui region (Jiangxi Bureau of Geology and Mineral Resources, 1993b), Mahuiling region (Jiangxi Bureau of Geology and Mineral Resources, 1995a) and Xingzi region (Jiangxi Bureau of Geology and Mineral Resources, 1995b).
A 1:10,000 digital topographic map of Lu Mountain was provided by the Jiangxi Bureau of Surveying and Mapping. Then, a 5-m digital elevation model (DEM) was generated. This DEM has a mean elevation error of ±1.7 m in the hill area, ± 3.3 m in the mountain area. Each site was positioned using a GPS navigator in the field, further marked in the DEM according to the latitude and longitude and examined in the Google Earth. The elevation of each site was measured in DEM, which was used for further analysis.
Estimation of Denudation Rate
The denudation rate on the piedmont is estimated from perched sediments. Alluvial and debris flow sediments are usually accumulate on the bottoms of valleys on the piedmont. When the piedmont is denudated, valleys undergo gradual down-cutting. The denudation thickness is approximately equal to the relief between the modern valley bottom and the perched sediments. The duration of denudation approximates the sedimentary ages. Hence, the denudation rate can be estimated by dividing the relief by the sedimentary ages. Certainly, the estimated value represents only the average denudation rate since the deposition. Uneven denudation may result in spatially variable denudation rates. Therefore, the measurements have to be made on multiple locations to obtain a regionally representative denudation rate. The sedimentary age can be determined by the 26Al/10Be dating method if the sediments have been buried deeply enough.
The obtained values may represent earlier denudation rates if the terrain and environments have not changed significantly. If the earlier denudation thickness is known, dividing the denudation thickness by the denudation rate yields the denudation time. Because the denudation takes place on elevated terrains, the denudation time may indicate the time of the terrain uplift. In this study, this approach is used to estimate the onset time of the Lu Mountain uplift.
26Al/10Be Dating Method
The basic principle of the 26Al/10Be burial dating method is that rocks on the surface bombarded by cosmic rays can produce the cosmogenic radionuclides 26Al and 10Be, and the production rate ratio of 26Al to 10Be is approximately 6.8. When the rock is covered, the production rates of 26Al and 10Be decay exponentially with depth. Due to the faster decay of 26Al, the ratio of 26Al to 10Be decreases with time. By measuring the ratio of 26Al to 10Be in the sample, we can calculate the burial age of rocks.
When the burial depth is insufficient, 26Al and 10Be will continue to be produced in the sample. Therefore, the total 26Al and 10Be contents change with time following the formulas below:
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[image: image] and [image: image] are the measured contents of 26Al and 10Be in the sample. [image: image] and [image: image] are the contents of 26Al and 10Be generated after burial, while [image: image] and [image: image] are the contents of 26Al and 10Be generated before burial. The average lifetime of 26Al ([image: image]) is 1.03 ± 0.02 Ma, and the average lifetime of 10Be ([image: image]) is 2.005 ± 0.02 Ma, and t means burial age.
If the burial depth is sufficient, the generation of 26Al and 10Be after burial can be ignored, and the formula can then be simplified as:
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In this formula, only [image: image] is unknown and can usually be calculated by the following formulas:
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[image: image] is 2.04 Ma, which is the average value of [image: image]. In the formula, t is also called the minimum age of the sample. The above formula is applicable to rapidly and deeply buried samples after their exposure at the surface. If a sample has experienced a complex exposure history, the obtained age should be regarded as the upper limit of the actual age (Granger and Muzikar, 2001).
Preferably, the vertical and horizontal burial depths of samples should be greater than 20 and 10 m, respectively (Kong, 2012). If the burial depth is insufficient, the corrected age of the sample, also known as the maximum age, should be calculated according to the burial depth and the average density of the overlying sediments (2.0 g/cm3 is used in this paper). According to longitude, latitude and elevation, we calculated the production rates of 26Al and 10Be by using the online program CRONUS-Earth (http://hess.ess.washington.edu/math/). The production rate of 10Be ([image: image]) at a certain depth can be approximated by using the sum of four exponentials (Granger and Smith, 2000).
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[image: image] and [image: image] represent the production rate factor and penetration length factor, respectively (Granger et al., 2014), z is the depth, and j represents each exponential equation. Then, according to the ratio of 6.8, the production rate of 26Al at the same depth can be calculated. We can substitute the minimum age into formula (10) to calculate the contents of[image: image] and [image: image] after burial.
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The measured contents minus [image: image] and [image: image] yield [image: image]. When putting these values into formula (8), a new age is available. After many iterations, the corrected age can finally be obtained. The dating range of this method is 0.1–5.0 Ma (Granger and Muzikar, 2001). If the overlying strata of the buried sample accumulate slowly or undergo significant erosion, the corrected age will be biased.
Quartz is the most suitable mineral for 26Al/10Be burial dating because quartz is a stable mineral on the surface and easily forms a closed system. In addition, the 27Al content of quartz is very low, which is conducive to accurate measurement of 26Al. Approximately 30 quartz gravels were collected in the field. First, the sample was etched for 40 min by using 38% HF to remove the surface layer that might be contaminated. After rinsing and drying, gravels were pulverized, and the impure particles were removed. Finally, 0.25–0.5 mm quartz particles were obtained. To test the purity of quartz samples, measuring the aluminum content was necessary. Samples with Al contents below 100 ppm are generally accepted as pure (Kong, 2012). The Al content of each 0.5 g subsample was measured by using inductively coupled plasma optical emission spectroscopy (ICP-OES) in the Analysis and Testing Center of Nanjing Normal University. The qualified quartz samples were sent to the Purdue Rare Isotope Measurement (PRIME) Laboratory at Purdue University for chemical separation, target preparation and accelerator mass spectrometry (AMS) measurement of Al and Be.
RESULTS
Xingzi Reverse Fault
The field investigation confirms that the eastern boundary fault does exist, but it is a reverse fault characterized by sinistral motion rather than a normal fault. This fault, extending NE-SW on the whole, passes through Weijia, Haihui, Bailu, Hujiazui and Hualin and almost overlaps with the Wuli normal fault. To avoid confusion, we call it the Xingzi reverse fault. The Xingzi reverse fault can generally be divided into two segments, namely, the northern segment and the southern segment (division point at Haihui). The northern segment extends northward via Haihui, Zhoujiacun, and Fujiashan and then turns northeastward. The Liantuo Formation crops out to the west of this fault, while the Sinian, Cambrian and Silurian formations crop out to the east. Cretaceous granite and granodiorite intrusions are distributed along the fault. The extension direction of the southern segment is stable. The Neoproterozoic Xingzi Group is exposed to the west of the fault, while Cambrian and Silurian rocks are exposed to the east. The northern segment of the reverse fault is located on the piedmont and leaves no fault cliffs. The southern segment of the reverse fault is far from the block mountain. The distance is approximately 4 km at Bailu and approximately 6 km at Liaohua. The distance roughly increases southward.
The outcrops of the Xingzi reverse fault are poor due to extensive cover by Quaternary deposits and the weathering crust. However, the fault crops out well at Hujiazui and Daao due to recent excavation. The Hujiazui profile (N29°24′22.9″, E116°0′7.41″) shows that the fault zone has a large scale with a visible width of approximately 80 m. To the east of the fault zone, Cambrian siltstone is exposed and to the west, the Neoproterozoic Xingzi Group (Figure 4). The fault zone is composed of two crushed zones intercalating one breccia zone. The rock blocks in the crushed zones are mainly Cambrian siltstone, and those in the breccia zone are mainly silicalite, quartz sandstone, siltstone, quartzite and leptynite. The breccia zone is wide at the top and tends to become narrow downward. The fault zone generally trends NE-SW. The interface between the Xingzi Group and the fault zone inclines to the west with a dip angle of approximately 45°. Therefore, the Xingzi Group to the west of the fault forms the hanging wall, while the Cambrian rocks to the east constitute the footwall. Because the Neoproterozoic Xingzi Group overlies the Cambrian units, this is clearly a reverse fault.
[image: Figure 4]FIGURE 4 | The Hujiazui profile shows the Xingzi reverse fault, which acts as the eastern boundary fault of Lu Mountain. The fault zone with a visible width of approximately 80 m is composed of two fracture zones and one breccia zone. The Xingzi Group overlies the fault zone.
The exposure of the Xingzi reverse fault at Daao (N29°31′12.3″, E116°3′25.81″) is relatively poor. Silurian siltstone is exposed to the east of the fault zone, and the Neoproterozoic Xingzi Group is exposed to the west (Figure 5). The fault zone has a visible width of approximately 300 m and extends NE-SW. The interface between the Xingzi Group and the fault zone dips WNW at an angle of approximately 50°. Therefore, the Xingzi Group to the west of the fault forms the hanging wall, and the Silurian rocks to the east constitute the footwall, indicating that the Xingzi Group thrusts eastward and overrides the Silurian. The visible part of the fault zone is actually a breccia zone, which mainly contains blocks of silicalite, quartzite and mylonite in the western part and blocks of limestone in the eastern part. The mylonite probably comes from the ductile shear zone in the Xingzi Group, which demonstrates that the activity along this reverse fault occurred later than the ductile shear zone.
[image: Figure 5]FIGURE 5 | The Daao profile shows the Xingzi reverse fault, which acts as the eastern boundary fault of Lu Mountain. The fault zone is actually a breccia zone with a visible width of approximately 300 m. The Xingzi Group overrides the fault zone.
Both the Hujiazui and Daao profiles reveal that the Xingzi reverse fault is the eastern boundary fault of Lu Mountain. The Xingzi Group in the hanging wall thrusts eastward and overrides the Palaeozoic strata, which may also be the cause of incomplete Palaeozoic exposure on the eastern piedmont of Lu Mountain. The Xingzi reverse fault is characterized by a thick fault zone and is composed of crushed zones and breccia zones. The fault breccias coming from the Xingzi Group and the Palaeozoic rocks have been consolidated. The extensively developed fracture zone and the breccia zone should be the results of strong compression along the thrust fault. Interestingly, the fault zone forms a positive landform at both sites, which indicates not only that the fault was active early and the hanging wall has experienced long-term denudation but also that the Xingzi Group is more vulnerable to denudation than the Palaeozoic rocks. The reason why the Xingzi Group is easily denuded is that crystalline metamorphic rocks and extensively developed ductile shear zones are favourable for weathering. Other geological and geomorphic evidence also indicates that the Xingzi reverse fault was active early: 1) the fault breccia is consolidated; 2) no Quaternary dislocation implies that the fault was probably active before the Quaternary; and 3) no fault valley or fault cliff suggests that the topographic relief produced by the fault was eliminated by long-term denudation.
Fan-Shaped Terrains
The landform of the eastern piedmont of Lu Mountain is characterized by the development of granitic monadnocks and fan-shaped terrain. In the core of the brachy-anticline, four large granitic monadnocks are exposed, namely, Donggushan (540 m a.s.l.), Xigushan (330 m a.s.l.), Yujingshan (324 m a.s.l.) and Hongmaojian (185 m a.s.l.) (Figure 1C). The Xingzi Group is exposed on the tops of these monadnocks. This fact shows that the granitic rocks have stronger resistance to erosion than the metamorphic rocks of the Xingzi Group. When the rocks surrounding the Xingzi Group are gradually eroded, the granitic intrusion becomes a monadnock.
Three fan-shaped terrains at different elevations have developed in the region from Haihui to Xingzi (Figure 1D). The low-level fan (Wanshancun fan) has elevations of approximately 45–20 m and extends from Wanshancun to the shore of Poyang Lake. This fan is surrounded by Donggushan, Hongmaojian and Yujingshan. The surface of this fan is relatively flat, and the Sanxia River flows southward on it. The middle-level fan (Xingzi fan) has elevations of approximately 70–30 m and is delimited by Yujingshan, Jindingshan, and Dalingshan. The ravine incision on this fan is not severe, and the outline of this low-relief fan remains relatively complete. The high-level fan (Dapailing fan) covers an area including Paishanling (252 m a.s.l.), Dapai Mountain (284 m a.s.l.), Changling (127 m a.s.l.), Dalingshan (149 m) and Jindingshan (193 m a.s.l.). Intense incision by ravines on this fan results in moderate relief. The hill tops within this fan may represent the original surface of the fan, probably the primitive piedmont denudation surface.
The deposits on the middle-level fan mainly comprise vermiculated diamicton and vermiculated laterite (Li et al., 1983), which were assigned to the middle Pleistocene Yejialong Formation (Xie et al., 1994). The Xingzi profile (N29°28′18.82″, E116°1′57.31″, 63 m a.s.l.) exposes brown-red vermiculated diamicton with a visible thickness of approximately 5 m (Figure 6D). Gravels supported by the matrix in the diamicton vary from less than 1 cm to 1 m in diameter and are presumed to be debris flow deposits. Deposits on the high-level fan were assigned to the early Pleistocene Dapailing Formation (Xie et al., 1994). The thickness of deposits on this fan varies greatly, and deposits at Dapailing, Daao and Zhangjialong are relatively thick. The diamicton in the Dapailing profile (N29°31′32.95″, E116°3′3.52″, 258 m a.s.l.) can be divided into two layers with a gradational contact: an upper brown-red layer and a lower greyish yellow layer. The diamicton with a total thickness of approximately 6 m overlies the Xingzi Group. A grain-supported texture can be seen in the poorly sorted diamicton with gravels of size from several centimetres to 4 m. The main lithologies of the gravels include schist, quartz sandstone, leptynite, quartzite, and gneiss. Most gravels are sub-angular in shape, and the diamicton is assumed to be colluvium (Figure 6A). The Daao section (N29°31′20.47″, E116°3′17.18″, 186 m a.s.l.) exposes brown-red diamicton, with its color fading upward. The diamicton is approximately 10 m thick and covers the Xingzi reverse fault zone. The sizes of grain-supported gravels range from several centimetres to approximately 1 m. Schist and quartz sandstone gravels are common, and most of them are sub-angular. This diamicton is presumed to represent debris flow deposition (Figure 6B). The Zhangjialong profile (N29°30′34.48″, E116°3′14.32″, 90 m a.s.l.) exposes sandy gravel with a thickness of approximately 16 m. The sediments can be divided into three horizons: a red upper horizon, a brown-red middle horizon with vermiculated structure, and a grey-white or grey-yellow lower horizon with unclear vermiculated structure. The sizes of most gravels are 1–10 cm and rarely up to 50 cm. The grain-supported gravels are mainly rounded and sub-rounded in shape. These gravels are presumed to be the channel deposits of mountain rivers (Figure 6C).
[image: Figure 6]FIGURE 6 | Photographs show the sediments on the fan to the east of Lu Mountain and the sampling locations. (A) Colluvium at Dapailing. (B) Debris flow deposits at Daao. (C) Alluvium at Zhangjialong. (D) Debris flow deposits at Xingzi.
Most samples for burial dating were selected from the bottoms of the sections. One sample (XZ-B-G) was taken from the Xingzi section, and another (DO-B-G) was taken from the Daao section. Two parallel samples (DPL-M-G and DPL-B-G) were taken from the Dapailing section. The position of sample DPL-M-G is relatively high, and the distance between the two samples is approximately 20 m. Samples were collected from the middle horizon (ZJL-M-G) and from the lower horizon (ZJL-B-G) in the Zhangjialong section (Figure 6). Each sample was composed of 20–30 gravels with diameters of several centimetres, and the selected gravels were either quartzite or vein quartz. To test the reliability of burial dating, one sample (QS-B-G) was also collected from the Qingshan section at Yizheng, Jiangsu (N32°15′40.06″, E119°3′19.13″, 36.3 m a.s.l.). The Qingshan section exposes a 2-m-thick sandy gravel covered by a 6-m-thick layer of Xiashu loess. The sample came from the sandy gravels of the Yuhuatai Formation (Han et al., 2009). Palaeomagnetic surveys demonstrated that the bottom age of the Xiashu loess is approximately 0.9 Ma (Li et al., 2018), so the sedimentary age of sample QS-B-G should be slightly greater than 0.9 Ma.
Burial Ages
The aluminum contents of the extracted quartz particles are low, ranging from 17.6 to 47.5 ppm. The acquired pure quartz samples weigh between 45 and 73 g (Table 1). The measured 26Al and 10Be contents indicate that the relative errors of the 26Al contents are between 3.0% and 5.6% and that those of the 10Be contents are between 2.2% and 5.0% (Table 2). The errors of 26Al and 10Be contents are so small that high-precision burial dating is possible. The 26Al/10Be dating results show that the uncorrected burial age (minimum burial age) of the Yuhuatai Formation sample from the Qingshan profile (QS-B-G) is 0.65 ± 0.10 Ma and that the corrected age (maximum burial age) increases to 1.04 ± 0.10 Ma, which is approximately 1.6 times larger than the uncorrected age. The 26Al and 10Be produced after burial ([image: image] and [image: image]) are 2.6 times and 2.0 times greater than the 26Al and 10Be produced before burial ([image: image] and [image: image]), respectively. The uncorrected age is significantly less than the bottom age of the overlying Xiashu loess (0.9 Ma). In contrast, the corrected age is close to the bottom age and in line with the stratigraphic sequence (Table 3). This result indicates that the samples with insufficient burial depth must be corrected and that the corrected age may be regarded as the actual burial age.
TABLE 1 | Sample information and Al contents in quartz.
[image: Table 1]TABLE 2 | Contents of 26Al and 10Be in quartz samples.
[image: Table 2]TABLE 3 | 26Al/10Be burial ages (minimum burial ages) and corrected ages (maximum burial ages) by considering insufficient burial depth.
[image: Table 3]Unfortunately, three samples from the Dapailing and Xingzi sections cannot be corrected, and only the minimum burial age can be given (Table 3). The minimum burial age of sample XZ-B-G from the Xingzi profile is 1.08 ± 0.10 Ma, and that of the parallel samples (DPL-M-G and DPL-B-G) is approximately 0.5 Ma. The ages of the samples from the middle and lower horizons in the Zhangjialong profile are out of sequence. The 26Al and 10Be produced ([image: image] and [image: image]) after burial in the sample (ZJL-M-G) from the middle horizon are 9.8 and 4.7 times greater than the 26Al and 10Be inherited ([image: image] and [image: image]) from before burial, respectively (Table 3). The corrected age (2.40 ± 0.11 Ma) is approximately 2.2 times larger than the uncorrected age (1.06 ± 0.11 Ma). More 26Al and 10Be produced after burial may lower the reliability of corrected ages. Therefore, the burial age of this sample is not used for further analysis.
The contents of 26Al and 10Be ([image: image] and [image: image]) produced after burial in the sample (ZJL-B-G) from the lower horizon in the Zhangjialong profile are relatively low, and the corrected age (1.22 ± 0.15 Ma) is only 1.4 times larger than the uncorrected age (0.88 ± 0.15 Ma). Similar to this sample, sample (DO-B-G) from the Daao profile has a difference between the uncorrected age (0.74 ± 0.13 Ma) and the corrected age (1.10 ± 0.14 Ma) that is insignificant (Table 3). Therefore, the corrected ages are used as the actual burial ages for these two samples.
Denudation Rate
The 26Al/10Be dating results suggest that the deposits on the middle-level and high-level fans are older than 0.45 Ma. Interestingly, although the sedimentary origins and elevations are different, deposits at Daao (186 m a.s.l.) and Zhangjialong (90 m a.s.l.) on the high-level fan have similar burial ages, which indicates that both deposits may belong to heterofacies deposited during the same period. Ancient mountain rivers left deposits in the Zhangjialong section, and the elevation of the nearby modern rivers is approximately 50 m. Therefore, the eroded thickness can be estimated as approximately 40 m in the past 1.2 Myr, resulting in a denudation rate of approximately 0.033 m/kyr. Ancient debris flows left deposits in the Daao profile, and the elevation of the nearby modern ravines is approximately 96 m. The eroded thickness can also be estimated as approximately 90 m, resulting in a denudation rate of 0.082 m/kyr.
The above results indicate that the denudation rate of the eastern piedmont of Lu Mountain has been between 0.033 and 0.082 m/kyr in the past 1.2 Myr. These data can be used to estimate the age of faulting along the Xingzi reverse fault. According to the 1:50,000 geological map of Haihui region (Jiangxi Bureau of Geology and Mineral Resources, 1993b), the thickness of the strata from the Nanhua System to the Ordovician is approximately 1,600 m (Figure 7). Since the fault is located on the east limb of the Lu anticline, the strata in this area are inclined to the ESE. We assume that the Xingzi reverse fault dips WNW at a 45° angle and that the strata are perpendicular to the fault. Now, the Xingzi Group has been elevated to contact the Silurian rocks, and the vertical fault displacement is at least 1,100 m. Such a large fault displacement must have produced a significant difference in elevation between the hanging wall and the footwall. However, there is no such topography along the southern segment of the Xingzi reverse fault, indicating that the high relief has been basically eliminated after long-term denudation. Therefore, the age of faulting should be older than or equal to the time required for eroding 1,100 m of rocks. The larger denudation rate (0.082 m/kyr) yields a denudation time of 13 Myr, while the smaller rate (0.033 m/kyr) yields a denudation time of approximately 33 Myr. These data suggest that the Xingzi reverse fault was active in the Miocene or earlier.
[image: Figure 7]FIGURE 7 | A geologic cross-section not in scale showing the extrusion structure. The Xingzi Group occupies the anticlinal core. The approximate displacement of the Xingzi reverse fault can be estimated from the stratigraphic thicknesses from the Liantuo Formation to the Ordovician. Line A‐B indicates the position of the cross-section.
DISCUSSION
Tectonic Style of the Block Mountain
The nature of the boundary fault is related to determining the tectonic pattern of Lu Mountain. A metamorphic core complex (Xiang et al., 1993) and an uplift-slip structure (Bi et al., 1998) have been suggested partly due to the existence of the Wuli normal fault to the east of Lu Mountain. The Wuli normal fault was originally found by analysing a drill core from Wuli. The fault inclines to the ESE and consists of fault breccia and fault gouge with thicknesses of 1–7 m (Xiang et al., 1993). The Wuli normal fault is obviously different from the Xingzi reverse fault. The Xingzi reverse fault has a larger scale, and its fracture zone is more than tens of meters. Therefore, the Wuli normal fault is speculated to be a secondary fault adjacent to the main fault, similar to a back-thrust fault.
Since the eastern boundary fault is a reverse fault, the block mountain is neither a horst nor a metamorphic core complex (nor an uplift-slip structure) because all of these geological structures require the presence of a normal fault inclined to the ESE in the eastern piedmont of Lu Mountain. In fact, Lu Mountain is one part of a very large anticline that extends from Jiugong Mountain to Lu Mountain, as shown on the geological map (Figure 2A). In the vicinity of Jiugong Mountain, the fold axis is oriented W-E. Neoproterozoic rocks lie at the core of the anticline, and Sinian-Palaeozoic rocks make up the fold limb. To the east of Wuning, the southern limb of the anticline is partially covered by Cenozoic deposits or damaged by faulting. Near Dean, the northern limb of the anticline is also incomplete due to faulting, where the fold hinge turns northeast and gradually plunges (Figure 2A). The anticline is affected by both faulting and later denudation at Lu Mountain; as a result, the Nanhua System and the Sinian units on the southern limb are almost absent. The eastern and western boundary faults have severely disrupted the anticline.
The block mountain is actually bordered by the Lianhuadong normal fault in the west and the Xingzi reverse fault in the east, and both faults dip WNW (Figure 7). It is clear that the block mountain is situated on the upthrown sides of these two boundary faults. Numerical simulation shows that under a compressive regime, normal and reverse faults with the same dip direction can develop synchronously and thus form a vertical extrusion structure (Zeng et al., 2001). A similar geological structure appears in the Himalayan orogenic belt. The central thrust fault to the south of the high Himalayan crystalline series dips northward, and the Rongbusi normal fault to the north also dips northward (Burchfiel and Royden, 1985). Therefore, the high Himalayan crystalline series is considered a wedge extruded vertically between the normal and reverse faults (Hodges et al., 1993). Since Lu Mountain exhibits similar tectonic characteristics, it is reasonable to deduce that the tectonic style of Lu Mountain is a vertical extrusion structure.
Although new evidence contradicts the interpretation that Lu Mountain is a horst block mountain, it is still a block mountain. The margin of a typical block mountain is close to the boundary fault, and fault cliffs are sometimes visible. In contrast, the southeastern margin of Lu Mountain is far from the boundary fault.
The Poyang Lake basin is located east of Lu Mountain (Figure 1B). Previously, they were believed to be separated by a normal fault, with the Poyang Lake basin on the hanging wall. Therefore, the Poyang Lake basin was also regarded as a fault basin (Liu, 1987; Deng et al., 2003). In fact, a fault basin surrounded by normal faults is usually the product of crustal extensional deformation. Therefore, a fault basin is often regarded as an indicator of an extensional stress field (Wu et al., 2007). However, the discovery of the Xingzi reverse fault suggests that the Poyang Lake basin is a fault basin formed not by extensional deformation but by compressional deformation. Many Mesozoic or Cenozoic basins also have developed in East China. This study shows the possibility that some basins may have similar origins. To avoid misinterpretation of the tectonic stress field due to mistaking the fault basin, the properties of the basin-controlling fault must be further checked.
Activity History of the Xingzi Reverse Fault
The 40Ar/39Ar ages of different rocks in Lu Mountain are concentrated in the range of 100–140 Ma, indicating that a major cooling event occurred during the Cretaceous (Lin et al., 2000), which should be related to the tectonic uplift of Lu Mountain. Magmatic rocks are distributed in the core of the Lu anticline and along the Xingzi reverse fault, and the magmatic intrusion should have been synchronous with the development of the extrusion structure. The age of the syntectonic granodiorite suggests that the Lu anticline was formed at 127–133 Ma, and the granite intrusion along the fault indicates that the fault was formed at 100–110 Ma (Lin et al., 2000). Hence, the Xingzi reverse fault developed on the basis of the anticline.
The Ganjiang fault in Jiangxi Province can be regarded as the southern extension of the Tanlu fault (Wu et al., 2007), and the Xingzi reverse fault is located at the northern end of the Ganjiang fault. Therefore, the Tanlu fault and the Ganjiang fault may form the Xingzi reverse fault to some extent. The Ganjiang fault controls a series of Late Cretaceous-Palaeogene red beds in sedimentary basins. Structural and sedimentary features indicate that the activity of the Ganjiang fault reached its peak during the Mesozoic-Cenozoic (Deng et al., 2003). The Tanlu fault does not cut through Miocene volcanic rocks, indicating that the Tanlu fault was no longer active after the Neogene. The simulation of apatite fission track data shows that the Tanlu fault was uplifted rapidly at 70–60 Ma and approximately 10 Ma (Wang et al., 2007). The above study suggests that the Tanlu fault was active in the Cretaceous, dormant in the Palaeogene, and active again in the Miocene and became dormant again after this time.
The results of studies on river landform also confirm that the uplift of Lu Mountain has been episodic. The channel steepness derived from the stream power river incision model suggests that the uplift rate of Lu Mountain has undergone several changes, from slow uplift in the early stage to rapid uplift in the late stage (Han et al., 2017). In the early stage, long-term denudation formed the mature topography represented by wide valleys in the central region of the mountain. In the late stage, strong headward erosion formed the youthful topography represented by V-shaped valleys on the mountain margin. When Lu Mountain was uplifted along the boundary fault, the base level of erosion was lowered significantly, resulting in the production of knickpoints at the mountain fringe. The knickpoints gradually migrated upstream and have risen to an elevation of approximately 1000 m at present (Wang et al., 2015). V-shaped valleys below the knickpoints and wide valleys above the knickpoints are seen. As the peripheral rivers continue their headward erosion, the central mature topography will gradually be diminished. Along the lines of Shahe, Guling and Dapailing, the distance between the two boundary faults is approximately 12 km, and the width of the residual mature topography is no more than 5 km; that is, mature topography with a width of approximately 7 km has been eroded. Undoubtedly, short-term denudation cannot eliminate mature topography.
Combining the above evidence, we suggest that the Lu Mountain was uplifted mainly in the Miocene. The tectonic uplift of Lu Mountain can be inferred to have undergone four stages. In Stage I, during the Cretaceous, tectonic movement was active, and the Lu anticline and the initial form of the extrusion structure developed. During Stage II in the Palaeogene, this region was relatively quiet in terms of tectonic activity, and the height of the mountain probably decreased due to continuous denudation. In Stage III, during the Miocene, tectonic movement was reactivated, the mountain rose dramatically along the boundary faults, and the extrusion structure was finally shaped. In Stage IV, after the Miocene, this region became quiet again, the massif retreated, and the metamorphic basement was exposed due to continuous denudation. The reason why Lu Mountain was previously considered to have been uplifted significantly in the Quaternary is that the vermiculated laterites have been sharply dislocated by the boundary faults. The vermiculated laterite occurring in the wide valleys of Lu Mountain was once correlated to the Pleistocene vermiculated laterite on the piedmont. The former was uplifted by approximately 300 m (Peng and Huang, 1982) or 600–800 m (Zhu, 1995) to the present position by neotectonic movements. Even accounting for a minimum uplift of 300 m at the beginning of the middle Pleistocene, the erosion rate of the hanging wall would reach 0.38 m/kyr, and the retreat rate of the fault cliff at Dapailing would be as high as 4.17 m/kyr. Such high erosion and retreat rates are unreasonable. Thus, we suggest another explanation: that is, the vermiculated laterite in the wide valleys was not formed in the Pleistocene but in the Neogene. Vermiculated laterite could have developed under a humid and hot climate when the monsoon was extremely strong in the middle Pleistocene (Yin and Guo, 2006). The climate at this time was still unable to form vermiculated laterite in the wide valleys (Peng and Huang, 1982). However, the temperature in the Neogene was higher than that in the middle Pleistocene (Zachos et al., 2008), so forming vermiculated laterite at higher elevations was possible.
Background of Tectonic Uplift
The formation of the extrusion structure and the episodic tectonic uplift of Lu Mountain may have occurred in response to the movement of the Pacific plate. During the Early and Middle Triassic, the South China block was lodged between the Indosinian block and the North China block. Geological structure trending E-W were developed due to the S-N-trending compression caused by the collision of plates. In the early Yanshanian orogeny, the westward subduction of the Pacific plate led to a great transition of tectonic orientations in East China, resulting in the development of NE-SW-trending structures (Li et al., 2011). Tectonic deformation, mainly compressive folds, nappe structures and new tectonic landforms, was thus produced (Ge et al., 2014). The NE-SW-trending Lu anticline might have formed against this background.
In the Early Cretaceous, the subduction of the Pacific plate turned NNW toward the continental margin of East Asia (Maruyama and Send, 1986), compression was intensified in East China, and the activity of NNE-trending faults was strengthened (Deng et al., 2003). The tectonic movement in Lu Mountain became active. During the Late Cretaceous-Palaeogene, due to the subduction of the Kula plate under the Eurasian continent, some landmasses or seamounts on the oceanic crust collided with the East Asian continental margin (Mizutani and Yao, 1991), resulting in the emergence of a new subduction zone on the ocean side. Consequently, the subduction rate slowed, and the main compressive stress changed to NW-SE (Zhou and Li, 2000). Against this background, the tectonic movement in Lu Mountain became inactive.
During the Miocene, the rapid subduction and extrusion of the Philippine Sea plate with respect to the Eurasian plate led to the occurrence of compressive and torsional stress fields in East China (Suo et al., 2017). The tectonic movement in Lu Mountain became active again. After the Miocene, due to the influence of back-arc spreading and eastward retreat of the oceanic trench (Hong and Luo 1989), intra-continental extensional deformation occurred in East China (Ge et al., 2014), mainly NW-NE extension (Ren et al., 2002). The geological movement in Lu Mountain ceased again.
CONCLUSION
The corrected burial ages from 26Al/10Be dating indicate that the sediments on the high-level fans on the eastern piedmont of Lu Mountain were deposited at 1.1–1.2 Ma, implying that the denudation rate of the piedmont is between 0.033 and 0.082 m/kyr. Field investigation shows that the Xingzi reverse fault is the boundary fault to the east of Lu Mountain with a vertical displacement of at least 1,100 m. The time required to erode the hanging wall to its present position is 13–33 Myr. This result and previous evidences imply that Lu Mountain was uplifted mainly in the Miocene. This study also reveals that the uplift of Lu Mountain can be ascribed to the development of an extrusion structure, which was probably produced by compressional deformation in response to Pacific plate movement.
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The WSFTB is located outboard of the eastern Tibetan Plateau, western China. It has received great attention due to high earthquake risks and rich resources of oil and gas. For both issues, the detailed structural configuration and deformation mechanism behind it are of great importance, but remain unclear due to the complexity created by the presence of multiple décollements. The effect of regionally distributed shallow Triassic salt décollement (SD) and the basal one (BD) has been well understood. In this paper, we focus on the third décollement situated between them. We conducted three sandbox experiments by varying this mid-level décollement (MD) from absence to presence, and from frictional to viscous, to test the effect on diversity of regional structural configuration. Our experimental results illustrated that 1) Absence of MD facilitated decoupling on SD, forming the greatest contrast between subsurface deformation front and the blind one beneath SD; 2) Frictional MD itself showed little decoupling, while its weakness reduced the bulk strength of deep structural level, lowering decoupling effect on SD and leading to approximating deformation fronts in the shallow and deep; 3) The viscous MD, along with SD relieved the resistance on their interbed layer. Consequently, the fastest deformation propagation rate and farthest deformation front (in all the experiments) occurred in the middle structural level. The modeled fold and thrust structures are comparable with the southern, central and northern WSFTB respectively, suggesting that varied MD may control the along-strike structural variations presented. The results also indicate that MD can alter the deformation partition in depth of any other multiple décollement system.
Keywords: Sichuan Basin, fold and thrust belt, multiple décollements, sandbox modeling, the Longmen Shan fault belt
1. INTRODUCTION
The western Sichuan fold and thrust belt (WSFTB) extends the front of Longmen Shan mountain (Figure 1), standing as an extremely important target for oil and gas exploration, and a region of high seismicity. It is the first natural gas exploiting area in China and has long been considered a prime area for natural gas exploration owing to the presence of abundant source-reservoir-cap rocks, (e.g. Jia et al., 2006; Tang et al., 2008; Liu et al., 2012; Zou et al., 2015; Gong et al., 2015; Li et al., 2019a; Chen et al., 2019). Recently, a historic discovery was made in the northern segment of the WSFTB, a giant gas field with a maximum daily output of 220 × 104 m3 was found in a blind structure named Shuangyushi. This confirms previous exploring prospects and indicates huge potential in similar structures. On the other hand, the WSFTB is still under active shortening in response to eastward growth of the Tibetan Plateau (Wang et al., 2013a; Wang et al., 2013b; Li et al., 2016; Li et al., 2017; Wang and Lin, 2017; Li et al., 2019c; Jia et al., 2020). Its deformation front (the Longquan anticline) is seismically active and may be responsible for the 1967 Ms5.5 Renshou earthquake (Wang and Lin, 2017). While in the Frontier of Longmen Shan (the transition zone between the Longmen Shan orogen and the WSFTB), several blind structures exist, these include the range front fault, (e.g. Hubbard et al., 2010; Li et al., 2014; Li et al., 2016; Li et al., 2017) and the Hongya blind fault (Wang et al., 2014a). These faults represent deformation migration in the deep, and also exert significant seismic hazards to the densely populated Chengdu Plain as illustrated by the 1970 Ms6.2 Dayi earthquake and the 2013 Mw6.6 Lushan earthquake (Li et al., 2016).
[image: Figure 1]FIGURE 1 | Morphological features in the western Sichuan (an oblique view). The pink lines indicated the locations of four cross sections in Figure 2, roughly. A. indicates anticline; LMS, Longmen Shan.
To assess both potential size of gas and oil reservoir and the possible maximum co-seismic rupture, an understanding of the structures bearing them (especially the structural continuity along the strike and dip) is clearly issue of significant importance. The WSFTB striking ∼500 km long in the NE-direction (Figure 1) is characterized by along-strike segmentation and decoupling in deep. In its southern segment (south of Dujiangyan), the superficial structures are isolated anticlines detached by the shallower Triassic salt décollement at the depth of ∼5 km, (e.g. Jia et al., 2003, Jia et al., 2006, Jia et al., 2010; Jin et al., 2010; Hubbard and Shaw, 2009; Hubbard et al., 2010; Lu et al., 2012, Lu et al., 2014; Li et al., 2013; Figure 2A). Deeper deformation is concentrated in the front of the Longmen Shan, but part of shortening may have propagated a little forward, resulting in the formation of blind structures (Wang et al., 2014a). In contrast, wide and gentle folds are identified in the northern segment (north of Anxian) (Figure 2C). These structures involve a much deeper structural level (>10 km in depth) and did not produce large structural relief (Jia et al., 2006; Chen et al., 2008; Jia et al., 2010; Jin et al., 2010; Wang et al., 2014b; Chen et al., 2019). Previously, they were considered as concentric folds, but new high-resolution seismic profiles suggested that except the basal décollement, deformation there was decoupled by at least another two décollements, as lots of small-scale folds have been identified solely in the middle structural level (Wang et al., 2014b; Chen et al., 2019; Figure 2D). In center segment between the Dujiangyan and Anxian, deformation is also decoupled by the Triassic salt décollement, but in a very low degree as both shallow and deep structures still focus on the front of Longmen Shan (Figure 1, Figure 2B).
[image: Figure 2]FIGURE 2 | (A and B) Cross sections across the southern and central segment of WSFTB (after Li, 2014). (C) Typical cross section from the northern segment of WSFTB, modified from Li. (2014) and Chen et al. (2019); (D) New obtained high-resolution seismic profile across the Guangyuan syncline from Chen et al. (2019), showing folding that confined in the middle structural level. The locations of these four profiles are indicated on Figure 1, roughly.
Within the WSFTB, several locally or regionally distributed weak rock layers like the Triassic and Cambrian salts and the Silurian shale (Figure 3), may have taken advantage to decouple the deformation and form distinct structural styles within different structural levels and along the strike as mentioned above (Cai and Liu, 1997; Jia et al., 2006; Tang et al., 2008; Jin et al., 2010; Lu et al., 2012; Li et al., 2013; Li et al., 2014; Chen et al., 2019; Figure 2). Recently, Cui et al. (2020) conducted sandbox experiments and illustrated that the Triassic salt décollement could account for nucleation of the Longquan anticline far into the Sichuan Basin. Using the same method, Fan et al. (2020) found that synchronous participation of the Triassic and Cambrian décollements provided an essential condition for the formation of blind duplex in the northern WSFTB. Their contributions confirmed that the activation of different décollements was the main reason for the presence of along-strike structural diversity. However, there lacks a comprehensive understanding of how contrast structures along the ∼500 km-long WSFTB were developed. For example, the Triassic salt décollement is evenly distributed within the western Sichuan Basin (Jia et al., 2006; Li, 2014), but it is not clear why the decoupling in its southern segment is much more outstanding. Meanwhile, factors controlling the differential deformation migration within deep structural levels (beneath the Triassic salt) are also poorly investigated.
[image: Figure 3]FIGURE 3 | Décollement layers in the WSFTB summarized from Chen and Wilson. (1996); Cai and Liu. (1997); Jia et al. (2006); Chen et al. (2008); Tang et al. (2008); Jin et al. (2010); Li et al. (2013); Li et al. (2014); Li et al. (2016).
Weak rock units like salt or shale, as well as the planes between sediments and base of the basin (potential décollements) stand at the forefront in controlling structural style of a fold-and-thrust belt (Davis et al., 1983; Davis and Engelder, 1985; Dahlen, 1990), and have been extensively explored by analogue and numerical modeling methods, (e.g. Cotton and Koyi, 2000; Koyi et al., 2000; Bonini, 2001; Couzens-Schultz et al., 2003; Bonini, 2007; Storti et al., 2007; Graveleau et al., 2012; Ruh et al., 2012; Feng et al., 2015; He et al., 2018; Zhang et al., 2019). These studies suggest that the resultant deformation patterns are sensitive to the rheology, thickness and strength of décollements. They also found the close relationship between along-strike structural variations and lateral changes of the décollements, as proposed for the southern belt of the Tian Shan in China (Borderie et al., 2018), the Salt Range in Pakistan (Cotton and Koyi, 2000; Borderie et al., 2018), the external zone of Gibraltar Arc between the Africa and Europe (Marı́a et al., 2003), the northern Apennines in Italy (Massoli et al., 2006) and the Zagros belt in Iran (Koyi et al., 2000; Bahroudi and Koyi, 2003; Ali and Koyi, 2014). These previous studies, however, mainly explored the cases of single or two décollements. Stratigraphy containing more than two décollements like that of the Sichuan Basin is poorly studied (Yan et al., 2016; Huang et al., 2020). Moreover, most of them only focused on the map-view structural and geomorphic changes, conditions beneath shallow décollement (important structural levels in the Sichuan Basin for petroleum resources and seismicity) received much less attention.
In this study, we conducted 2D sandbox experiments with a simplified stratigraphy of the WSFTB. We fixed basal and shallower décollement like that in Cui et al. (2020) and Fan et al. (2020), but a third one was added between them to represent the mid-level, locally distributed décollements such as the Cambrian salt or the Silurian shale (Figure 3). This is based on the structural style analysis (Figure 2) which leads us to speculate that along-strike variation of this third décollement may have played an important role in shaping current WSFTB. We varied this mid-level décollement (MD) both from absence to presence and from frictional to viscous in three experiments (Figure 4). Their results are found comparable with the southern, central and northern WSFTB respectively, which consequently confirmed our speculation about the formation of the WSFTB. Further, they also allow us to assess the role of different MDs on deformation propagation in each structural level and the activation of other décollements, which shed new light on the evolution of multiple décollement systems not only the WSFTB.
[image: Figure 4]FIGURE 4 | Experimental designs. The layers outlined by red are our investigated mid-level decollements. All the other boundary conditions are identical in the three experiments. SD: shallow décollement; MD: mid-level décollement; BD: basal décollement.
2. GEOLOGICAL SETTING
The Sichuan Basin (western China) covering an area of 2.6 × 105 km2 is a large petroliferous basin that currently bounded by mountain belts all round. As a superimposed basin developed on a Proterozoic cratonic basement, it has experienced several episodes of extension and compression near its boundary, and has accumulated >10 km thick layer-cake stratigraphic architecture during its long evolution history. Two major stages were distinguished corresponding to the stratigraphic architecture changing from late Paleozoic to early Middle Triassic marine sequences to post Middle Triassic wedge-shaped terrestrial strata, (e.g. Li et al., 2003; Meng et al., 2005; Jia et al., 2006; Yan et al., 2011; Yan et al., 2018; Liu et al., 2020). Within this thick sedimentary cover, a large number of incomplete or weak rock units were found activated as décollement layers on outcrops and interpreted seismic profiles, for example the argillaceous siltstone of Cambrian, the black coaly shale of Silurian and the halite-salt of Triassic in marine stratum at the lower-middle structural levels, as well as the shallow-level coal and mudstone of upper Triassic and Jurassic, (e.g. Chen and Wilson, 1996; Cai and Liu, 1997; Chen et al., 2005; Jia et al., 2006; Tang et al., 2008; Jin et al., 2010; Li et al., 2010; Lu et al., 2012; Li et al., 2013; Li et al., 2014; Wang et al., 2014b; Li et al., 2016; Chen et al., 2019; Figure 3).
Décollement layers are the major paths for deformation propagation from the basin margins to its interior. Our study area (WSFTB) is adjacent to the major tectonic boundary where the Songpan-Ganzi terrane (part of current Tibetan Plateau) thrusts over the Sichuan Basin and the Longmen Shan forms (Zhao et al., 2012; Guo et al., 2013). Structurally, the WSFTB is the thin-skinned part of Longmen Shan orogen and displays strong segmentation along its strike, (e.g. Jia et al., 2006; Jin et al., 2010). Taking Dujiangyan and Anxian as the boundaries like the Longmen Shan in the hinterland, (e.g. Li et al., 2010), it can be divided into three segments. The southern-central segments are delineated by the >200 km long Longquan anticline (Figure 1) which represents the shallow deformation front of the Longmen Shan orogen (Figure 2A). Between this anticline and the foothill of the Longmen Shan, a ∼100 km wide Paleogene-Neogene basin with deposits <1000 m thick has developed. Within this restricted basin, several shallow fault-related fold structures like the Dayi and Xiongpo anticlines have emerged or are buried (Figure 2), and recent low-temperature thermochronological data suggests that they developed by an in-sequence manner above the Triassic salt décollement, (e.g. Jia et al., 2020). However, it is noted that most of the emerged structures nucleate within the southernmost segment. In the central segment (north of Dujiangyan), only the Longquan anticline show clear geomorphology. While regarding the north segment, there exist few emerged structures as the Longquan anticline has plunged before reaching Anxian (Figure 1). Except for the shallow structural variations above the Triassic salt, the subsalt deformation and its relationship with shallow structural level change along the strike as well. The southern segment with the farthest shallow deformation front has a deep deformation front restricted near the foothill of the Longmen Shan (Figure 2A). A range front ramp fault there connects the basal décollement beneath the Longmen Shan orogen with shallow décollement in the western Sichuan Basin, forming a crustal scale flat-ramp-flat structural system (Hubbard and Shaw, 2009; Hubbard et al., 2010; Li et al., 2014; Li et al., 2016). In the central segment, a structural wedge has occurred beneath the shallow splay faults (Li et al., 2010; Lu et al., 2016; Lu et al., 2018; Figure 2B). Although deformation fronts in both shallow and deep structural levels are close, they are decoupled. As to the northernmost segment, layered deformation controlled by décollements at different depth becomes more pronounced and complex (Wang et al., 2014b; Chen et al., 2019; Figure 2C), especially a series of small folds independent of regional structures have developed within the middle structural level interbedded by two décollements (Figure 2D).
Most of modern structures adjacent to our study area (especially within the Longmen Shan orogen) display rather linear and continuous geometry (Figure 1). However, evidence for along-strike variation in the tectonic evolution has been widely recognized (Jia et al., 2006; Jia et al., 2010; Jin et al., 2010; Yan et al., 2011; Yan et al., 2018), indicating that the existence of contrast stratigraphic architectures. Terrestrial strata in the shallow structural level are associated with formation of the Longmen Shan there and two major orogenic events could be identified (Burchfiel et al., 1995; Jia et al., 2006; Jia et al., 2010). The first one witnessed by wedge-shaped terrestrial clastic rocks took place in Late Triassic to Late Cretaceous times when the Songpan-Ganzi ocean basin closed (Luo and Long, 1992; Liu et al., 1996; Meng et al., 2005; Liu et al., 2012; Liu et al., 2020). It produced flexurally loaded foredeep affecting the whole western margin of the Sichuan Basin (Li et al., 2003; Jia et al., 2006). During this evolution, significant lateral migration and expansion of the foredeep (from the south to north) occurred, possibly related with clockwise rotation of the Sichuan Basin (Meng et al., 2005). The latest event is related to the India-Asia collision (Burchfiel et al., 1995; Chen and Wilson, 1996) and only very limited Cenozoic sediments were preserved in the southwest conner of the basin. Taking this nonmarine sedimentary rocks in the western Sichuan Basin as a whole, their thickness is relatively small (maximum thickness in foothill of the Longmen Shan, ∼5 km). Weak rock units therein only show decupling locally in the mountainous area (Tang et al., 2008). Therefore, their deformation style and the along-strike difference are probably more controlled by behaviors of the Triassic salt and marine strata beneath (Figure 2).
With regard to the marine strata in middle-deep structural levels, several intracratonic sags and palaeo-uplifts of different ages were developed beneath the Triassic salt (Liu et al., 2020 and references therein). The sags occurred in the central-northern segments of the western Sichuan Basin, while the uplifts nucleated in the southern-central segments (Figure 14 in Liu et al., 2020). They all orient at high angles to modern Longmen Shan orogen and may have greatly affected stratigraphic architectures, thus contribute to along-strike variation of weak rock distribution. Coincidentally, deformation complexity beneath the Triassic salt also varies, with weak rock units showing different degrees of decoupling along strike of the WSFTB (Figures 2, 3). Therefore, we speculate that the potential décollement layers and their along-strike changes (in this marine strata) have played important roles during the deformation. Moreover, considering the Triassic salt extends steadily beneath the western Sichuan Basin, we also suggest that the middle-level décollement may have not only affected the middle-deep structural deformation, but controlled the shallow deformation as well.
3. ANALOGUE MODELING
3.1 Modeling Setup
Our experimental apparatus is a 100 cm-long, 30 cm-wide glass-sided box with a horizontal PVC base. Backstop in the left connects with computer-controlled motor that provides shortening for the models, while the right side is fixed (Figure 4).
Analogue of stratum in the Western Sichuan Basin is carefully designed and installed in the sandbox. In all our experiments, one basal frictional décollement (BD) and one shallow viscous décollement (SD) are introduced constantly at the same structural levels, simulating the décollement between sedimentary cover and the basement of Sichuan Basin and the regional distribution of Triassic salt décollement, respectively (Figure 3). A third décollement has been inserted between the shallower and basal ones (Figure 4). The rheology of this middle-level décollement is the only variable. We alter it from absence (no weak materials added as a middle-level décollement in Exp. M1, Figure 4A) to presence (frictional middle-level décollement in Exp. M2 (Figure 4B) and viscous middle-level décollement in Exp. M3 (Figure 4C). The latter two are representatives of the Silurian shale and Cambrian salt, respectively (Figure 3), or other locally distributed décollements at similar structural level.
3.2 Modeling Materials
Like many previous sandbox modeling studies, (e.g. Weijermars et al., 1993; Cotton and Koyi, 2000; Bahroudi and Koyi, 2003; Nilforoushan et al., 2008; Wu et al., 2014; Sun et al., 2016, Sun et al., 2019; Yan et al., 2016; He et al., 2018; Cui et al., 2020; Fan et al., 2020), we use dry quartz sand, glass microbeads and viscous silicone polymer to build rheologically analogous stratum of the Sichuan Basin.
The first two materials deform in a brittle manner and obey the Coulomb failure criterion, thus are suitable representatives for the brittle crustal rock (Colletta et al., 1991; Lohrmann et al., 2003; Panien et al., 2006; Ritter et al., 2016). In our experiments, sieved quartz sand (grain size of 0.2–0.4 mm) serves as principal part of model stratum, simulating competent rock units in the WSFTB. The sand pile has an internal friction of around 0.7, a cohesive strength of ∼150 Pa and a bulk density of ∼1400 kg/m3. Layers of glass microbeads are introduced as brittle frictional décollements (normal pressured shale or mudstone, coal layer or the plane between sediments and the basement), because they have a lower frictional strength (approximately 0.4) than dry quartz sand and are able to slip easily due to their spherical shapes (Krantz, 1991; Klinkmüller et al., 2016). The used glass microbeads are cohesiveless and have a mean diameter of 0.3 mm with a density of ∼1000 kg/m3. We choose Newtonian silicone polymer to simulate viscous detachments like overpressured shale, salt and gypsum, (e.g. Borderie et al., 2018; Wang et al., 2019). Because at typical laboratory strain rates, the rheological characteristics of silicone putty are consistent with the salt rock at geological strain rate (Weijermars and Schmeling, 1986; Weijermars et al., 1993; Reber et al., 2020). The density of the silicone putty used here is ∼1000 kg/m3 and the viscosity is about 104 Pa.s at room temperature (24°C).
3.3 Scaling
Reasonable models should be properly scaled with nature in geometry, kinematics, and dynamics (Weijermars and Schmeling, 1986). Mechanical properties of used materials and their ratios to the prototype determine the finally length and kinematic scales, (e.g. Ritter et al., 2016). For the brittle deformation, the Smoluchowsky number (Sm, Ramberg, 1981) is a commonly used benchmark, which is defined by the ratio of the gravitational force [image: image] to the frictional force [image: image], where μ and [image: image] are friction coefficient and the cohesion. Dynamic similarity is achieved when this ratio is of the same order in nature and the sandbox. Because the friction coefficient of sand and real brittle rocks is similar (Colletta et al., 1991; Lohrmann et al., 2003), a simplified length ratio [image: image] is therefore obtained. Taking mechanical properties listed in Table 1, it is calculated to be ∼2.5 × 10–6. As a result, 1 cm in our sandbox represents 4 km in nature.
TABLE 1 | Material properties and scaling parameters between model and nature.
[image: Table 1]As for the time-dependence viscous deformation, we use the Ramberg number (Rm, Weijermars and Schmeling, 1986) that represents the ratio of gravitational to viscous forces: [image: image]. Assuming that simple shear dominates within the viscous layer, [image: image] here can be transferred as [image: image]. This gives the velocity ratio as [image: image]. Based on materials properties (Table 1), GPS velocity of 4 ± 2 mm/yr (Zhang et al., 2004; Gan et al., 2007) and the same length scale as the brittle deformation, we calculate the experimental shortening rate as ∼10−4 mm/s. However, this value is too small to be carried out in the experimental platform. We therefore apply a shortening rate of 0.005 mm/s instead to all the present experiments.
3.4 Construction
After cleaning the sandbox with alcohol solution and drying, we first deposit a 3 mm-thick glass microbeads layer in the sandbox as the basal décollement (BD). Then, layers of quartz sand are sieved to build competent rock units from a constant height of 40 cm (to ensure the homogeneity of resultant sand piles). The used color sand has the same mechanical property as the white sand, they just act as passive markers to identify the ongoing deformation. When introducing the shallower décollement (SD, 5 mm thick), a 15 cm-long gap is left between the mobile backstop and pinch-out of the décollement. This design allows the formation of a thrust wedge like the Longmen Shan orogen before deformation reaches the basin area (Sun et al., 2016; Cui et al., 2020; Fan et al., 2020). Notably, the MDs in Exp. M2 and Exp. M3 cover the same region as the SD (Figures 4B,C), with a fixed thickness of 3 mm (Figure 4D). The total thickness in all experiments is identical, at 4 cm. According to the length scale ratio, it corresponds to 16 km in nature.
We stress that all décollements in the experiments are chosen as 3 mm-thick artificially (that is 1200 m in nature, thicker than their prototypes), as thinner layers are difficult to deposit. The depth of corresponding décollement is also forced at the same level for all the three experiments for simplification.
4. RESULTS
In this section, we describe the cross-sectional evolution of our experiments to show how differential deformation is induced by the investigated MDs.
4.1 Experiment M1: No Middle-Level Décollement
There were two décollements in this experiment, including the basal one covering the whole sandbox and the shallower one distributed only in the foreland (Figure 4A), while no MD was considered. Experimental shortening induced deformation ahead of the moving backstop immediately. During the first 78 mm of shortening, two in-sequence thrusts (F1 and F2) nucleated and emerged (Figures 5A–C), as there was no shallow décollement within the involved sand pile yet. They both dipped at ∼35° in their initial stage. During successive shortening, the two faults progressively stacked against the backstop. At 120 mm of regional shortening, deformation was propagated forward and began to affect the foreland area where shallow viscous décollement was situated (Figure 5D). In response, two new structures, namely the deep thrust F3 and the shallow fold S1 formed. They were separated by the SD. The blind thrust F3 displayed an gentle initial dip angle at ∼20°. It merged into the SD and continued taking up the experimental shortening and transferred displacement to the shallower level. During this stage, deformation propagated only in the shallow level with the nucleation of detachment folds S2 and S3 (Figures 5D–F). The space between S2 and S3 was ∼10 cm, smaller than that of F3, ∼16 cm. Once the shortening reached 258 mm, another blind thrust F4 was developed in the deep structural level (Figure 5G). The deep deformation front stepped out at a distance of ∼24 cm. After that, F4 and its conjugated fault F5 nucleated and became the major structure that accommodated the regional shortening (Figures 5G–J), similar to the role of F3 during previous stages (Figures 5D–F). While in the shallow level, a total of four detachment folds (S4–S7) occurred, representing another period of rapid shallower deformation propagation. This experiment finally ended up with a total shortening of 400 mm (Figure 5J). At the latest stage, another deep thrust F6 was generated ∼30 cm away from F5, following the appearance of a low-amplitude fold geometry beneath S5 and S6. The fault space in deep structural level increased with their sequence. In contrast, the shallow ones remained similar, in the range of 6–10 cm. Vergence of these shallow folds were random, consistent with Davis and Engelder. (1985)’s prediction about fold-and-thrust belts over salt décollement.
[image: Figure 5]FIGURE 5 | Evolutionary stages of Exp. M1 that contains no MD. The yellow dash line outlines the viscous SD. On the base of the model, a frictional BD was also added. Uppercase letters S and F are used to indicate Folds involving the shallow structural level (above the SD) only and thrusts nucleated from the basal décollement. (A–C) early stages before the SD was affected by shortening; Experimental shortening produced a thrust wedge against the mobile backstop (not shown here). (D–J) Deformation started its propagation within the shallow and deep structural levels (separated by SD), respectively. A fast, in-sequence development of shallower folds occurred synchronous with deep faulting. Shortening in deep was localized in fewer faults in comparison to the shallow, resulting in a delay in the migration of the deep deformation front toward the foreland.
Overall, this experimental model run without MD displayed fast, shallow propagation of deformation toward the foreland, and episodic step of deep deformation front in the deep.
4.2 Experiment M2: Frictional Middle-Level Décollement
In contrast with Exp. M1 that had no MD, a middle-level layer of glass microbeads was added in this experiment (Figure 4B). This was simulating the potential MD consisting of shales or coal bed in the center WSFTB (Figure 3). The initial deformation still took place by in-sequence nucleation of closely space (1–2 cm) thrusts against the moving backstop (Figures 6A–C), but four faults (F1–F4) had formed before SD in the foreland was involved, which were double of those in Exp. M1 at the same stage (Figure 5C). They showed an average dip angle of ∼33°, and were counterclockwise rotated in the following shortening. When the fifth thrust F5 showed up beneath the SD, a shallower backthrust-dominated fold S1 also emerged. They together with the imbricate fan containing F1–F4 made up a passive roof duplex (Figure 6C). Interestingly, the dip angle of F5 was just ∼20°.
[image: Figure 6]FIGURE 6 | Evolutionary stages of Exp. M2 that has a frictional MD (outlined by green line). The yellow dash line outlines the viscous SD. A frictional BD was also added on the base of the model. Uppercase letters S and F are used to represent folds involving the shallow structural level (above the SD) only and thrusts nucleated from the basal décollement. (A–B) initial stacking of small thrust slices in the right; (C–E) deformation started to affect the shallow structural level (above the SD). Synchronously, small thrusts F6–7 nucleated beneath the SD; (F–J) Asynchronous deformation propagation in the shallow and deeper structural levels. The deeper faults in these stages showed much large spaces than the former stages.
As experimental shortening continued, both the deep and shallower deformation fronts propagated toward the foreland (Figures 6C–E). But the rate of propagation of the shallower system was faster than the deeper system. Moreover, we noted that the propagation rate of the deep deformation was also lower than its counterpart in Exp. M1 after the deformation reached the multiple layered pile, as it progressed in the form of small blind thrusts F6–F8 (Figure 6E). When the shortening amounted to 234 mm, the first long (∼18 cm) thrust sheet F9 came out beneath the SD, which helped the deep deformation front catch up with the shallower one (Figure 6F). Notably, during the same period, strong vertical stacking of thrust sheets was in progress near the moving backstop. With continuous shortening, thrust F8 in the hinterland then truncated the roof sequence of the duplex and emerged in the high-relief slope (Figure 6G). This fault along with another out-of-sequence fault F10 and F9 in the foreland acted as major shortening absorbers and caused structural thickening nearby. During the same period, part of shortening was transferred to the shallow level, promoting the occurrence of S5 and S6 there (Figures 6H,I).
When shortening came to 378 mm, another blind thrust F11 nucleated ∼24 cm away from F9, with the previous shallower detachment fold S6 located in its backlimb (Figure 6I). From then till the end of 400 mm shortening, the whole foreland shallower level (above the SD) was progressively detached from the deeper on the shallow décollement. This resulted in rapid flow of the viscous material of SD into a weakly folding structure S6 in the foreland (Figures 6H–J). The space between shallow folds was random, due to the distortion from formation of deeper structures.
4.3 Experiment M3: Viscous Middle-Level Décollement
A viscous MD analogue to viscous décollement like salt or overpressured shale, was introduced in this experiment (Figure 4C), at the same depth as the frictional décollement in Exp. M2 (Figure 4B). While the initial deformation was more similar to Exp. M1 that had no MD (Figures 6A–C), with in-sequence formation of two thrusts F1 and F2 during the first 45 mm of shortening (Figures 7A,B). They both dipped at ∼33°. Once the shortening reached 75 mm, deformation came to the foreland multiple décollement system (Figure 7C). The third thrust F3 was developed and a small shallower fold S1 also nucleated from the SD. The dip angle of F3 was also ∼20°, similar to its counterparts F3 in Exp. M1 and F5 in Exp. M2. As experimental shortening continued, an out-of-sequence fault F4 emerged in the hanging wall of F3 (Figure 7D).
[image: Figure 7]FIGURE 7 | Evolutionary stages of Exp. M3 that includes a viscous MD (marked by yellow dash line, the same as the SD above). Uppercase letters S and F indicate Folds involving the shallow structural level (above the SD) only and thrusts nucleated from the basal décollement. Lowercase letter f is used to label faults limited in the middle level (between SD and MD). (A–C) Thrust stacking stages before SD in the foreland were involved by shortening; (D–J) Layered deformation within the foreland multiple décollements system. Notably, the mid-level folding affected most of the foreland area very quickly, from (D) to (E) with ∼45 mm of shortening. This fast deformation propagation toward the foreland controlled the styles of successive deformation in both the shallow and deep levels. See the text for details.
When the experimental shortening reached 168 mm, most of the intermediate level (between the SD and MD) was affected by long-wave (∼8 cm) folding (Figure 7E). The amplitude of these folds decreased from ∼2 cm (beneath S4) toward the foreland. Regarding the right fixed backstop, folding of the sand layer was already too small to be identified. At the same time, a wedge-front syncline bounded by S1 and newly formed S2 developed in the shallow level, synchronously with nucleation of blind F5 near the pinch out of MD. With continued shortening, the amplitude of folds detaching on the intermediate level increased (Figures 7F–I), and the fold geometry also evolved from symmetry to asymmetry with the forelimb overturned progressively. At the shortening of 211.5 mm, 307.5 mm and 358.5 mm, three thrusts f1, f2 and f3 hve nucleated in-sequence and truncated forelimbs of the associated intermediate folds respectively. Synchronous with folding and contraction at the middle structural level, the shallow level was also folded. Uplift caused by folding beneath the SD had driven flow of the viscous materials and produced another five shallower structures, S3–S8 (Figures 7E–J). However, they were generated under the influence of deeper deformation, which did not obey an in-sequence manner. In contrast to both shallow and intermediate structural levels, deformation in the deep level highly focused on the hinterland. Five closely spaced thrusts F6–F10 had stacked there, forming blind imbricates that merged into the MD. By the end of 400 mm experimental shortening, no long thrust sheets like F4 in Exp. M1 (Figure 5G) and F9 in Exp. M2 (Figure 6I) have ever developed in this experiment.
5. DISCUSSION
5.1 Effect of MDs on Lateral Deformation Propagation
The three experiments we described illustrate that the response of foreland multiple layered system (like the western Sichuan Basin) to regional shortening relies heavily on the MDs. The presence or absence of MD will lead to significant difference in lateral propagation of deformation at each structural level, thus control the resultant structural styles. We measured the width of the deforming zone at the shallow/intermediated/deep structural levels (separated by the SD and MD, or situated at the corresponding depth when MD was absent in Exp. M1), and obtained three lateral growth curves for each experiment at the same levels (Figure 8). Approximating curves in one experiment suggested that deformation within the corresponding structural levels were coupled. While a greater difference on them indicated a stronger decoupling effect. They thus help to quantitatively constrain the differences in modeled deformation.
[image: Figure 8]FIGURE 8 | Width curves of deforming zones in the three sandbox experiments. Each experiment has three curves to illustrate the difference in foreland-ward deformation propagation at different structural levels separated by the SD and MD. Approximating curves in one model indicate coupling between them. Otherwise, decouple occurred.
In Exp. M1, there is no MD in the foreland multiple layered system (Figure 5A). The intermediate-deep structural levels are therefore coupled during the whole evolution. Longer, blind thrust sheets with the boundary faults cutting both levels occurred (Figures 5D–J), resulting in episodic propagation of deformation toward the foreland (black sawtooth-type growth curves with circles and triangles in Figure 8). The small difference between lateral growth curves of the intermediate-deep levels is a result of the dip geometry of the deformation front (fore-thrusts). As the shallower structural level above the SD only involved a thin layer (Figures 4, 5), its deformation front stepped toward the foreland rapidly, but with a limited step width each time. Consequently, the growth curve (marked by rhombus) is relatively smooth, in contrast to the intermediate-deep levels.
A brittle frictional MD has been introduced in our Exp. M2 (Figure 6A). However, we note that during most of stages (before 330 mm of shortening), the intermediate-deep levels did not experience effective decoupling. The growth curves of them (light blue lines with circles and triangles in Figure 8) were comparable with their counterparts in Exp. M1 which lacked an MD. Only in the latest stage (after 330 mm of shortening), a differentiation between curves of intermediated and deep levels occurred, which reflected the initiation of slip or called detachment along the brittle MD. Wang et al. (2013c) proposed that a similar interbedded frictional décollement can only be activated when enough vertical loading (syn-tectonic sedimentation in their sandbox experiments) was added. In our experiment M2, a similar process took place with the increased topographic relief, playing the same role as that of syn-tectonic sedimentation in Wang et al. (2013c).
Notably, all growth curves from the Exp. M2 (at each depth, including the shallow level) were similar to, but located below their counterparts in the Exp. M1 (black vs. light blue lines in Figure 8). As predicted by the critical taper theory, a thrust wedge composed of weaker materials would have a larger critically tapered angle under which forelandward deformation propagation can be motivated, (e.g. Davis et al., 1983; Dahlen, 1990). The introduction of a frictional MD in Exp. M2 reduced the strength of foreland multiple layered system. Thus, more structural relief (additional stacking of small slice, F6–F7 in Figures 6C–E) than Exp. M1 was required to achieve the larger taper. This has resulted in the lower rates of lateral growth we observed.
In our third experiment M3, a viscous MD was added (Figure 7A). This led to an extremely weak multi-décollement foreland basin system that effectively decoupled along the SD and MD. The deformation propagation toward the foreland at its shallow (red line with rhombuses Figure 8) approximated to that in Exp. M1 and Exp. M2. However, the viscous décollements above and below the intermediate layer were too weak, their resistance to outward deformation propagation was therefore quite small. Thus, after the arrival of experimental compression, the deformation affected most of this intermediated layer rapidly by long-wave gentle folding (Figures 7E–J). This gave rise to a sudden forelandward shift in deformation at 168 mm of shortening, characterized by a steep ramp on the growth curve (red line with circles Figure 8). After that, the intermediated deforming zone became significantly wider than both the shallow and deep levels, indicating its leading role in deformation of the distal foreland. With regard to the deep structural level, formation of closely spaced thrusts (Figure 7) exhibited a smooth growth curve (red line with triangles Figure 8). We propose that earlier deformation within its overlying levels increased the loading on it and suppressed its further forelandward deformation migration.
5.2 Comparison With the WSFTB
There is no doubt that the presence of décollements controlled the first-order style of the WSFTB. Their role in shaping fold-and-thrust belt ahead of the Longmen Shan has been tested by both physical and numerical modeling (Zhang et al., 2019; Cui et al., 2020; Fan et al., 2020), as well as by analytical solution (Hubbard et al., 2010; Zhang et al., 2018). One remarkable phenomenon associated with the décollements is the nucleation of Longquan anticline that extends far into the basin (Figure 1). Using sandbox modeling, Cui et al. (2020) showed that weakness of the shallow salt décollement was the dominant factor for the observed fast and further deformation propagation as indicated by the Longquan anticline. However, a problem emerged here about the contrast structural style in the northern segment where the Triassic salt layer exist as well (Figure 2A vs. Figure 2C). Why does this segment display different deformation style?
The WSFTB was developed based upon a multiple décollement system (Figures 2, 3). Through the sandbox experiments in this study, we have illustrated that the mid-level décollement played an important role in determining the deformation mode of a thrust and fold belt. Furthermore, in the WSFTB, except for two regionally distributed décollements (the basal one at the bottom of the basin and the shallow one in the Triassic evaporite rocks), several local décollements have also participated in the deformation as identified from both field outcrops and seismic profiles, (e.g. Cai and Liu, 1997; Jia et al., 2006; Tang et al., 2008; Jia et al., 2010; Jin et al., 2010; Li et al., 2010; Lu et al., 2012; Wang et al., 2014b; Lu et al., 2016; Lu et al., 2018; Chen et al., 2019; Wang et al., 2020, summarized in Figure 3). Among them, the Silurian shale from the central-northern WSFTB and the Cambrian salt/mudstone in the northern segment are two representatives in a middle structural level similar to our investigated MDs.
Based on the comparison between our experiments and the typical cross sections, we infer that lateral change in the MDs is the main reason for the observed structural variations along the strike of WSFTB (Figure 9). As shown by Exp. M1, experimental shortening would be transferred directly through ramp structures that connect the basal and shallow décollements if there was no MD (Figure 5). A pronounced shallow folding belt would then form ahead of the ramp before the occurrence of outward-step deformation in the deep level (nucleation of another deep ramp structure) (Figures 5F,J). Such a contrast mode of deformation localization in the vertical direction is also a characteristic of the southern WSFTB (Figure 2A). Meanwhile the shallow folds like S5–S7 in Exp. M1 (Figure 5J) are comparable to the Dayi, Xiongpo and Longquan structures that make up the southern WSFTB as well. Therefore, except for the Triassic salt décollement and the basal décollements, there may exist no other active regional detachment beneath the southern WSFTB (Figure 9). This speculation seems to be supported by the discovery that the southern WSFTB was dominated by a palaeo-uplift context before the Triassic, (e.g., Wei et al., 2008; Liu et al., 2020).
[image: Figure 9]FIGURE 9 | 3D diagram showing how different MDs contribute to structural diversity along the strike of WSFTB. The absence of MD in the south, presence of brittle shale MD in central WSFTB and viscous salt MD in the northmost can explain the observed first-order structural differences. Notably, the possible variations of décollements thickness and their depth have not been constrained here.
As to the central-northern WSFTB, the deep and shallow deformation fronts are weakly decupled and situated roughly at the same location, both are near the foothill of the Longmen Shan (Figure 2B). This is coherent with some scenarios presented in our Exp. M2 that contains a frictional MD (Figures 6F–H). Some studies based on field outcrop found local detachment along the Longmaxi formation Shale, (e.g. Tang et al., 2008). As shown by Exp. M2, such limited detachment occurred within the frictional décollement layer when its overriding topography is enough (Figure 8). Although decoupling effect of the frictional MD is rather weak, the weakness introduced by it has weakened the bulk strength of the associated structural levels. The weakened horizontal rock units would not sustain too large stress and propagate deformation too far (Figure 6). Thus, more deformation (in the form of thrust stacking) had been localized near the hinterland part of the multiple décollement system, which restricted the shortening being transferred to the shallow décollement and in turn reduced the ability of outward deformation migration. Consequently, the Silurian shale here should control structural pattern in the central-northern WSFTB by weakening the rock units beneath the Triassic salt instead of being activated directly (Figure 9).
In the case of northernmost WSFTB, long-wave, low-amplitude folds occur and dominate the subsurface level (Figure 2C). They were previously considered as concentric folds. However, new higher-resolution seismic profiles revealed strongly decoupling signs as numerous small folding traces were found confined only within the mid-level unit, (e.g. Wang et al., 2014b; Chen et al., 2019; Figure 2D). Such a special structural feature is now well reproduced in our Exp. M3, which has taken a viscous MD into account (for example the area marked by blue rectangle in Figure 7H). During this experiment, the structural level interbedded between the SD and MD experienced a totally different deformation style with related to its above and below levels. When compression started to affect the foreland multiple layered system, deformation propagation first took place within this level through buckling (or low-amplitude folding) that involved the whole foreland area rapidly (Figures 7D,E). With the increase of experimental shortening, the folds near the hinterland amplified progressively, their forelimbs were overturned and finally truncated by late-formed forethrusts (Figures 7E–J). While deformation in both shallow and deep levels were lagging seriously. They (especially the deep structures) would probably overprint and complicate the deformation styles in the mid-level during later evolutionary stages, as observed in the northern WSFTB (Figures 2C,D, Figure 9).
5.3 Implications for Seismicity and Petroleum in the WSFTB
The structural similarities between our experiments and the WSFTB are helpful to understand the distribution of regional seismicity. In the south-central segments of this belt, the shallow deforming belt extends to the Longquan anticline, involving several other anticlines such as the Dayi and Xiongpo (Figure 1, Figures 2A,B). All these structures are active, undergoing shortening at a rate of 0.2–0.4 mm/y (Li et al., 2019c). They may have borne earthquakes like the 1976 Ms5.5 Renshou event in the Longquan anticline (Wang and Lin, 2017). In the deep (beneath the Triassic salt), however, the deformation front should still locate near the mountain-basin boundary where the 2008 Mw7.8 Wenchuan earthquake and 2013 Mw6.6 Lushan earthquake occurred. The strength of sub-salt units maybe one important factor contributing to such mode of deformation localization. As shown in our modeling, both the flat-ramp-flat system in the south segment (Hubbard et al., 2010; Li et al., 2017; Figure 2A) and structural wedge in the central segment (Li et al., 2014; Lu et al., 2017; Figure 2B) are indications for lack of regional weak units (like salt rock) in the deep.
With regard to the northmost segment of WSFTB, the deformation has been partitioned into shallow, middle and deep levels that were separated by two viscous décollements (Wang et al., 2014b; Chen et al., 2019; Figures 2C,D). According to our modeling, the middle-level folding and thrusting should play a key role when the multiple layered foreland system is affected (Figures 7D,E). The deformation within the middle level accumulates, uplifts the detached shallow level passively, and exerts more and more loading toward the deep (Figures 7D–J). This suppresses forward deformation propagation in the deep and would concentrate shortening within the blind imbricates (Figure 7J), which largely account for the 2017 Ms5.4 Qiangchuan earthquake in the northern WSFTB occurring at a depth of ∼13 km (Li et al., 2019b).
On the other hand, the northern WSFTB has received great attention due to giant gas discovery in the middle-structural-level, upper Paleozoic carbonate rocks, (e.g. Yang et al., 2018; Liang et al., 2019). Through our modeling, we infer that this reservoir stratum may have produced duplex near the mountain front (Figure 7). Therefore, apart from “lateral” exploration, the prospect for deeper expedition is also appreciable.
5.4 Implications for Other Fold-And-Thrust Belts (FTBs)
Our experiments have produced structural styles resembling with the WSFTB, but some features are also comparable with those of several other natural FTBs. Taking Exp. M1 as an example, its shallow level deformation is characterized by decupling along the viscous SD. A foreland deforming belt that is much wider than the deeper level one formed (Figures 5, 8). This is comparable with several famous thin-skinned FTBs that involve dozens or hundreds of kilometers wide deforming zone over an undeformed basement, for instance the Potwar-Salt Range belt in Pakistan (Jaumé and Lillie, 1988; Ghani et al., 2018; Figure 10A), the Jura foreland belt in Swiss (Sommaruga, 1999; Affolter and Gratier, 2004; Figure 10B) and the Appalachian Plateau belt in NE United States (Sak et al., 2012; Mount, 2014; Figure 10C). There is no doubt that the presence of weak salt décollement has defined a small critical taper angle (≤1°) for these deformed belts (Davis et al., 1983; Davis and Engelder, 1985), which results in fast forward deformation migration. However, except for the surface processes (sedimentation and erosion) and other common factors that can affect deformation migration (see Graveleau et al. (2012) for a review), another important issue should be carefully considered. All these belts are in front part of an orogeny where sedimentary cover is just several kilometers thick. In general, there is only one activated décollement that locates on top of the basement (Figures 10A,B) or carbonate rocks (Figure 10C), with relatively higher strength compared with shallow clastic rocks. Formation of such remarkable thin-skinned deforming belts seem to require that the sub-salt unit is relatively strong, with limited regional weak strata (potential MD). Our modeling does support this, for if there is either frictional MD (Exp.M2, Figure 6) or viscous MD (Exp.M3, Figure 7), the foreland shallow deforming zone would more or less reduce compared with the situation when MD is absent (Exp.M1, Figures 5, 9).
[image: Figure 10]FIGURE 10 | Typical cross sections of (A) The Patowar-Salt Rangle FTB in Pakistan (after Jaumé and Lillie, 1988); (B) The central Jura belt in Swiss (Affolter and Gratier, 2004); (C) The central Appalachian FTB in Pennsylvania, eastern United States (Sak et al., 2012); (D) The eastern Sichuan fold belt in China (Gu et al., 2021); Yellow color indicates the involved salt (evaporites) décollements. Other colors are used to show deformation only, not represent specail strata unless being labbed.
The difference in deformation associated with Exp. M1 (no MD) and Exp. M2 (frictional MD) lies in the strength of imposed MD and their spatial distribution (thickness, depth etc.). In natural cases, they may be hard to distinguish. While Exp. M3 can be treated as the end-member case in which the viscous MD has the strongest influence on the resultant structural style. In this experiment, the middle level was interbedded by double viscous décollements and has experienced faster deformation propagation than the shallow and deep ones (Figure 7). This exhibits a phenomenon that is also well documented in the eastern Sichuan fold belt where deformation is mainly focused in the middle structural levels with clear intensity decrease from the east Sichuan to its center (Figure 10D).
6. CONCLUSION
Motivated by contrast structural styles in the middle structural level of the WSFTB (Figure 2), we have conducted sandbox experiments varying the mid-level décollement but fixing basal and shallow décollements to test how the difference in mid-level décollement controls the resultant structural styles of a multiple layered foreland system. Our experiments have produced comparable structural styles with those in the WSFTB, indicating that mid-level décollements are major factor controlling the observed along-strike segmentation.
1) Effective decoupling between the shallow and deep structural levels and the pronounced shallow folding belt in the southern WSFTB require a rather uniform unit beneath the Triassic salt decollement (no regionally distributed mid-level décollement).
2) Frictional mid-level décollement (the Silurian shale) in central-northern WSFTB has weakened the bulk strength of deep structural levels, which limits the deformation fronts of both shallow and deep structural levels in the mountain front.
3) In the north WSFTB, fast forelandward deformation propagation in the middle structural level (interbedded between two viscous décollements) controls the deformation above and below. Mountain front duplex within the middle level has good prospects for gas exploration, as regional reservoir stratum involved.
  Our experimental results also provide interesting insights for several other fold-and-thrust belt:
4) In addition to a salt décollement, the pronounced thin-skinned deforming zone of Jura belt in Swiss, the Appalachian belt in NE United States and the Potwar-Salt Range belt in Pakistan also benefit from a relatively strong subsalt unit (without regional weak rocks, like salt).
5) Deformation front in shallow structural level is not always located further forward than the deeper one. Double viscous décollements can give birth to a fast-growing middle-level deforming zone like the eastern Sichuan fold belt, China.
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Fold-and-thrust belts and their associated structures are among the most common geological features of convergent margins. They provide significant information about crustal shortening and mountain-building processes. In subaerial belts, where the erosional rates are high and the growth strata are mostly eroded, methodologies such as that presented here can provide insights into to their formation. Two 2D cross-sections located in the Eastern Cordillera of Colombia are presented in this research. These sections extend from the Bogota Savanna to The Llanos, parallel to the regional deformation direction. Section construction was carried out using commercial surface data, and seismic information provided by Ecopetrol. Published thermochronometric data, gravel-clast petrography analysis, and paleoflora analysis were used to construct a viable tectono-evolutionary history of the study area. This evolutionary model is presented here in two palinpastic restorations from the Early Paleogene to Recent (∼65 Ma to Present-day). Section 1 and Section 10 accumulated 17.3 km and 19.5 km of shortening, respectively. The section reconstruction displays two major tectonic events – post-rift subsidence during the Early-Mid Paleogene, and positive inversion from the Oligocene to Recent (∼33 Ma to Present-day). This investigation focuses on the compressional period, where the structural analysis evidences an acceleration in the shortening rate, as well as a progressive migration of the deformation from northwest to southeast. This research discusses the extent and limitation of this methodology, as well as the principal structural aspects of the reconstruction.
Keywords: structural restoration, thermochronology, deformation rate analysis, kinematic evolution, Eastern Cordillera of Colombia
INTRODUCTION
Fold-and-thrust belts are the typical place in which shortening is accommodated in the crust, and they are widely distributed (Nemcok et al., 2005; Cooper, 2007). For hydrocarbon exploration, the knowledge of the structural evolution of the fold-and-thrust bels is critical to understand the generation, migration, and accumulation of oil and gas (e.g., Masini et al., 2011).
Two balanced cross-sections were constructed in the Eastern Cordillera of Colombia based on detailed maps, surface and well dips, and confidential seismic data. These cross-sections are in the east portion of the Eastern Cordillera, between latitude 5.60°N and 4.00°N, and longitude 74.30°W and 72.60°W (Figure 1). For dating thrust events, a wide range of methods can be applied. The timing of thrusting, and associated folding, is best determined when pre-kinematic, syn-kinematic, and post-kinematic depositional sequences are preserved in the study area. Furthermore, when the syn-kinematic deposits (i.e., growth strata) are well recorded, not only the timing, but also the folding mechanism can be recognized in detail (Suppe and Medwedeff, 1990; Erslev, 1991; Poblet et al., 1997; Shaw et al., 2005). This approach has been used in numerous studies in deep-water fold-and-thrust belts (e.g., Bilotti et al., 2005; Rowan and Peel, 2005; Vidal-Royo et al., 2013; Butler, 2020). However, in subaerial belts, where the erosional rates are high, and the growth strata are mostly eroded, as in the Eastern Cordillera, different methods can provide insight into the structural evolution.
[image: Figure 1]FIGURE 1 | Regional Digital Elevation Model (DEM), and detailed geological map of the study area. (A) Principal tectonic elements of the North Andes with location of the study area. (B) Structural and stratigraphic map of the study area (modified from Parra et al., 2009a).
Both balanced cross-sections were restored from the Early Paleogene to Recent (∼65 Ma to Present-day). The kinematic evolution of these cross-sections was time-calibrated by means of thermochronometric data, and the chronostratigraphy of the syntectonic successions shaped by the contractional tectonic regime. The necessary topographic surfaces for each restoration stages were inferred from published paleoflora analysis (Wijninga, 1996; Hooghiemstra et al., 2006; Anderson et al., 2016). The structural analysis of these two cross-sections allowed for the understanding of the strain distribution and shortening rate in the study area.
This study focuses on the structural evolution of a portion of the Eastern Cordillera by a comprehensive and multidisciplinary methodology. It analyses the extent and limitation of this methodology, compares the most relevant results with previous researches, and discusses the principal structural aspects of the compressional period in this area (from the Oligocene to Recent).
GEOLOGICAL SETTING
Structural Setting
The Colombian Andes (Figure 1A) is characterized by three prominent tectonic elements, the Western, Central, and Eastern Cordilleras. The Eastern Cordillera is the easternmost of these orogens, and is the locus of a Triassic to Early Cretaceous rift system possibly associated with the separation of North and South America in the proto-Caribbean (Cooper et al., 1995). Due to the occurrence of compressional structures previous authors (e.g., Colletta et al., 1990; Cooper et al., 1995) attributed the formation of the Eastern Cordillera to an inversion orogeny. More recently, other studies (e.g., Mora and Parra, 2008; Mora A. S. et al., 2013; Tesón et al., 2013; Mora et al., 2015a; Mora et al., 2015b) have provided further evidence to support the idea that the Eastern Cordillera formed by the inversion of an earlier rift system (involving basement uplift), and a subsequent activation of footwall shortcuts. Inversion onset could be established in the Late Cretaceous (Parra et al., 2012), with an increase in the compressive activity from the Pliocene to Recent, and the active deformation continues to the Present-day (Mora A. et al., 2013).
The study area (Figure 1B) is located between latitude 5.60°N and 4.00°N, and longitude 74.30°W and 72.60°W (Eastern flank of the Eastern Cordillera). Along the dip direction, this part of the Cordillera displays overall symmetrical deformation (Figure 2), and can be divided into three regions, the Western and Eastern marginal portions, and the Bogota Savanna in the center. The Western and Eastern margins appear to have accommodated the shortening in a brittle manner. In these areas, the inverted structures involve basement uplift that gave rise to thick-skinned systems (Figure 2). In contrast, the most marginal areas exhibit thin-skinned tectonics and they are bounded to the East by The Llanos foreland basin and Middle Magdalena Valley intra-mountain basin to the West (Figure 1A and Figure 2). The Bogota Savanna (Figures 1, 2) is located in the highland between the marginal fold-and-thrust belts and is characterized by a low relief that is approximately 2600 m above sea level (Mora et al., 2008). Unlike the marginal systems, the deformation along this area features shorter-wavelength folding with low amplitude. The possible causes of this distinctive deformation are discussed below.
[image: Figure 2]FIGURE 2 | Regional 2D structural cross-section along the Eastern Cordillera of Colombia (modified from Teixell et al., 2015). It is characterized by an overall symmetrical deformation with two marginal systems and a highland in the middle of the section (Bogota Savanna). The inversion-tectonic portion forms a thick-skinned system, whereas the foothill and foreland basin have experienced a thin-skinned deformation.
Stratigraphy
The stratigraphy in the area (Figure 3) can be broadly divided into Paleozoic, Mesozoic, and Cenozoic rocks depicting multiple regional unconformities (Martinez, 2006).
[image: Figure 3]FIGURE 3 | Stratigraphic column of the Eastern part of Eastern Cordillera, Medina, and The Llanos basin (modified from Cooper et al., 1995; Parra et al., 2009a).
Describing the stratigraphic column from older to younger (Figure 3), the oldest drilled Paleozoic rock is Ordovician (Martinez, 2006). In this study, the Paleozoic rocks are considered the economic basin basement, and the exhumation of this unit resulted in up to 4 km of low and medium grade metamorphic rocks and intermediate to acid intrusives (Parra et al., 2009b; Segovia, 1965). The Devonian to Carboniferous rocks are deposited disconformably overlying the basement, and they can reach up to 4 km of thickness. They are formed by clastic platformal sequences described as the Devonian-Carboniferous Farallones Group (Figure 2) located in the Quetame Massif (Ulloa and Rodriguez, 1976).
During the early period of rifting, from the Triassic to Jurassic, the deposition was predominantly volcanoclastic with some intercalation of non-marine to shallow marine sediments (Parra et al., 2009b). These sediments were locally deposited on the narrow asymmetric grabens located mostly in the western flank of the Eastern Cordillera (e.g., Rusia and Giron Formations in Figure 3).
The thickness (approximately 4–6 km) and wide distribution of the Lower Cretaceous rocks, suggest that the Later Mesozoic rifting phase initiated a wider extensional system (Mora et al., 2006; Mora et al., 2009). During this period the basin was bounded by regional extensional faults dipping basinward (La Salina fault to the west and Servita-Lengupa system to the east in Figure 1B). Macanal, Las Juntas, and Fomeque Formations were deposited in the study area during this period (Figure 3).
During the post-rift and thermal subsidence (Sarmiento-Rojas et al., 2006), in the Upper Cretaceous, approximately 1.5–2.0 km thick sediments were deposited in this basin. They are Une, Chipaque, and Guaduas Formations and Guadalupe Group (Figure 3).
The Late Cretaceous inversion of this Mesozoic rift basin gave rise to a foreland system east of the basin which extends throughout the foothill and The Llanos basin (Bayona et al., 2008; Cooper et al., 1995). The Cenozoic rocks in the Medina Basin (Figure 1B) comprise a Paleocene to Late Miocene sequence which evolves from coastal plain and tidally influence lacustrine sediments of the Barco, Los Cuervos, Mirador, Carbonera, and Leon Formations (Figure 3), to the proximal and alluvial deposits of Guayabo Group (Cooper et al., 1995; Parra et al., 2009b).
METHODOLOGY AND DATA
The methodology applied in this study covers a number of structural-geology subjects, such as section construction and balancing, low-temperature thermochronology-based section restoration, and paleotopograhy reconstruction. For this study, Ecopetrol Colombia has provided commercial datasets: 2D seismic reflection, surface dips, geological maps, and well data (formation markers and strata dip). The thermochronology used to constrain the structural evolution has been published by Parra et al. (2009a). The paleotopography construction was carried out based on the paleoaltimetry and paleoflora analysis published by Van der Hammen et al. (1973), Hooghiemstra et al. (2006), and Wijninga (1996); and gravel-clast petrography analysis from the Medina Basin (Parra et al., 2009b; Parra et al., 2010). This comprehensive method can give insights into the evolution of the fold-and-thrust belts where the growth strata are highly eroded. However, the accuracy of the outcomes is subject to the quantity and quality of the available data.
2D Section Construction and Balancing
The commercial structural modeling and analysis platform, Move™ of Petroleum Experts Ltd., was primarily used for this study. The ‘kink method’ (cf. Allmendinger, 2015) was applied for the section construction and balancing.
For the two sections presented in this study, the section construction was carried out by a comprehensive methodology which involves different data from diverse sources. Figure 4 displays an example of section construction and balancing, and the multi-source data involved in this process. The topographic profile on each section (Figure 4) was extracted from the Digital Elevation Model (DEM) available for this research (International Hydrographic Organization, 2003). The intersections of the different formations (Figure 1B) with the topographic profile were calculated projecting the formational contacts of the geological map as displayed in Figure 4. Similar process was used for the fault intersection. Surface dips (Figure 4) were used to constrain the strata dip angles nearby the topographic surface. Limited and confidential 2D seismic reflection and well data were used to interpret the deep structures of the foreland basin; particularly in the Medina Basin and The Llanos where thick layers of recent sediments preclude the use of surface-observation method.
[image: Figure 4]FIGURE 4 | Structural section constructed along the Medina Basin area using the kink method (see location in Figure 1). The principal elements for the section construction are: 2D seismic profiles, geological contacts, surface dips, well markers and dips, and the topographic profile.
Thermochronometric Dating
Techniques involving low-temperature thermochronometric dating have been widely used to reveal the exhumation, and its associated cooling history, in many geological settings affected by upper-crust processes (e.g., Garver et al., 1999; Reiners and Brandon, 2006; Blythe et al., 2007). This method allows a correlation between the rock exhumation and the processes that transport rocks to the topographic surface. Methods such as fission track (FT) and (U-Th) He have proven successful in areas where the exhumation occurred during the Late Mesozoic to Cenozoic period; encompassing extensional tectonic settings (e.g. Armstrong et al., 2003; Ehlers et al., 2003; Blythe et al., 2007), and compressional systems such as subduction zones and collisional belts (e.g., Garver and Kamp, 2002; Ehlers et al., 2003; Garver et al., 2005; Cao et al., 2013). Specifically, in the Easter Cordillera, this technique has allowed for significant advancement of understanding about how the Eastern Cordillera formed (e.g., Parra et al., 2009b; Mora et al., 2010; Parra et al., 2012; Mora A. S. et al., 2013; Cao et al., 2013; Carrillo et al., 2016).
Thermochronometric dating does not provide structural-evolution information per se, but the thermal history of an exhumed sample. However, the temperature variation of a sample that has been buried relates to the exhumation of this sample (Fitzgerald et al., 1995; Lisker et al., 2009). Moreover, exhumation can be described as the displacement of rocks with respect to the topographic surface (England and Molnar, 1990). Therefore, exhumation cannot be simply associated with an uplift rate; but to a more sophisticated process - denudation. Erosion or tectonics (and a combination of both) generate denudation at the Earth’s surface. Erosion is the process by which soil or rock experience breaking down, chemical solution and transport (Michael, 2008); whereas tectonic denudation is associated with extension and normal faulting resulting in a rapid removal of large rock volumes (Lisker et al., 2009). Due to the variety of processes associated with the thermal history of a sample, it is necessary to constrain this information with geological data to obtain a verisimilar solution in terms of structural evolution (i.e., uplift, folding, and transport rate). In this research the thermochronometric data from apatite and zircon fission tracks are combined with paleoelevation and paleoprovenance studies to sequentially restore the deformation in the study area.
The fission track method is based on the fission decay of uranium which forms a linear damage trace in the mineral lattice (Fleischer et al., 1975). The fission track traces form continuously at relative low temperature, but they are annealed rapidly if the mineral experiences high temperature. During the annealing process, the damage traces reduce the length until they vanish away; therefore, the previous thermal history is reset. Subsequently, if the annealed sample is brought to temperatures below the annealing temperature, fission tracks forms over again recording a new thermal history. For apatite, the temperature of continuous annealing (or closure temperature) is approximately 100–120°C, and for zircon it is approximately 250–300°C (Green et al., 1986). A relevant aspect to consider about this method is that there is a range of temperature of partial annealing, the “partial annealing zone” (PAZ). Within the PAZ the annealing process intensifies rapidly when the temperature increases. Conventional ranges of PAZ from ∼60–120°C and ∼210–300°C are estimated for apatite and zircon respectively (Green et al., 1986; Tagami, 2005). If a sample experiences slow transit through the PAZ, the annealing process would affect the tracks length precluding a confidence analysis. In orogenic belts, which have experienced rapid cooling due to uplift and erosion, such as the Eastern Cordillera, a characteristic fission-track profile should be recorded.
The geographic distribution of the apatite and zircon fission-track samples used for this study is shown in Figure 5. These 49 samples have been analyzed by Parra et al. (2009a) to study the diachronous exhumation of the Central and Eastern Cordillera. Table 1 presents the fission track ages with their corresponding formation. Further details regarding the sample analyses are presented in Parra et al. (2009a)Tables 1, 2, and its respective auxiliary material.
[image: Figure 5]FIGURE 5 | Geological map with the apatite and zircon fission track sample distribution, and the trace of the two cross-sections restored in this study.
TABLE 1 | Apatite and zircon fission track samples used for this research (modified from Parra et al., 2009a).
[image: Table 1]TABLE 2 | Accumulative shortening in the study area.
[image: Table 2]Paleotopographic Restoration
In this study the sequential structural restoration has been carried out by the analysis of the exhumation history of a series of fission-track samples. As mentioned above, exhumation can be defined as the displacement of a portion of rock with respect to the topographic surface (England and Molnar, 1990). Thereby, the reconstruction of paleotopographies becomes crucial for the process of relating exhumation and cooling history to uplift and erosion. A paleotopography can be modeled by means of indirect methods, and can be subject to significant errors and uncertainty depending on the quantity and quality of the data involved in the process. In this research the paleotopographies were inferred based on published analysis of paleoaltimetry and paleoflora for the axial zone and Bogota Savanna (Wijninga, 1996; Hooghiemstra et al., 2006), and lipid biomarker analysis (Anderson et al., 2015; Anderson et al., 2016).
Paleoaltimetry and paleoflora: these methods have been used previously in the Eastern Cordillera to gain understanding about the structural evolution of this orogen (e.g., Hooghiemstra and Cleef, 1995; Hooghiemstra et al., 2006; Torres et al., 2005; Veer and Hooghiemstra, 2000). This methodology allows the correlation between fossil pollen spectra with similar pollen spectra from modern vegetation. Figure 6 summarizes the fossil flora analysis conducted by Hooghiemstra et al. (2006), and Wijninga (1996), in the Late Miocene to Late Pliocene fluvialite Tilata Formation, from samples collected in the Bogota Savanna. They argue that for the Middle Miocene the paleoelevation in the Bogota Savanna region was ∼700 ± 400 m, during the early Pliocene ∼1100 ± 400 m, in the Late Pliocene ∼2000 ± 400 m, and for the Quaternary ∼2500 m - which is the Present-day average of elevation in this region. This information has been previously used in the same fashion in the Eastern Cordillera to calibrate thermochronometric restorations (e.g., Wijninga, 1996; Mora A. S. et al., 2013; Carrillo et al., 2016).
[image: Figure 6]FIGURE 6 | Paleoaltimetry estimations based on fossil pollen spectra analysis for the Bogota Savanna and surrounding areas (modified from Hooghiemstra et al., 2006; Wijninga, 1996).
More recently, the chronology of deposition of those units and the paleoelevaton estimations have been reassessed by Anderson et al. (2015); however, the results essentially confirm those by Wijninga (1996).
Provenance Analysis and Unroofing History
The gravel-clast petrography analysis allows the temporal and spatial correlation of eroded and transported sediments with their final depositional area. Foreland basins are generally formed as a result of flexural subsidence which is driven by the thrust-sheet loading affecting the frontal system (DeCelles and Giles, 1996). Therefore, the sediments deposited in the accommodation space of the foreland basin derive principally from the frontal-system erosion (Dickinson and Suczek, 1979; DeCelles and Giles, 1996). Hence, the gravel-clast petrography analysis of a foreland basin permits the reconstruction of the erosion windows on the paleoprovenance areas. Parra et al. (2010) tracked the occurrence of different conglomerate clasts deposited in the Medina Basin during the Oligocene-Miocene to evaluate the unroofing history of the exposed Quetame massif (Figure 7). They interpreted a normal unroofing sequence suggesting that Paleogene rocks are the sources of the conglomerates below the Upper C1 Member; and the sources of the Upper C1 Member, Leon, and Guayabo Formations are Upper Cretaceous rocks (Guadalupe, Chipaque, and Une Formations). In this research, this information is used to calibrate the paleotopography reconstruction in the frontal system and adjacent areas (Quetame massif, Medina Basin, and the proximal part of The Llanos). Even more, it is necessary to recreate the erosion windows in the frontal system that contributed to the depositional record in the Medina Basin.
[image: Figure 7]FIGURE 7 | Gravel-clast petrography analysis of the Medina Basin (modified from Parra et al., 2010).
Paleocurrents and the Age of the Guavio Anticline
The Guavio anticline is a thin-skin structure that is bounded by the Guaicaramo fault to the southeast (Figure 4). Seismic data suggest that the Guavio anticline is a fault bend fold related to the subsurface shape of Guaicaramo fault. If that is the case, the age of the Guavio anticline would be directly associated with the age of the Guaicaramo fault. This fault cuts through the Neogene and Quaternary sedimentary units in The Llanos foreland (Figure 4). There are also active terraces related to this fault (Mora et al., 2010). Therefore, it should have been active most likely from the latest Neogene throughout the Quaternary. However, Quintero (2010) documented a significant shift in paleocurrents in the Neogene sedimentary units in the Guavio anticline, from dominantly parallel to the structural grain to perpendicular and pointing to the NW. This shift was observed by Quintero (2010) in the uppermost Miocene units. Therefore, the most evident growth of the Guavio anticline can be bracketed between Late Miocene and the Present-day. Uncertainties would be related to the age of the sedimentary units where the paleocurrents were measured (Quintero, 2010).
2D Thermokinematic Restoration
The integration of the above-mentioned techniques and data sets was used to constrain the restoration at different times for both cross-sections. The restorations have to respect different assumptions like the following.
Thermochronology would guide at which temperature the different rock units should be for the restoration steps. While this happens, the unroofing history from gravel petrography would limit which units are exposed and shedding detritus at the surface. Therefore, the still buried and hot rocks in the subsurface (and their thicknesses) should be coherent with the actively eroding and exposed rock units and, more important, should not be the same. For example, while the actively eroding units at a particular time are at the surface, thermochronometers may predict that other units should be 4 km underneath the topography. Thus, the calculated thicknesses for the different rock units, which is still buried and preserved, should respect both data sets.
Finally, the paleoelevation estimates would allow to approximately constrain the maximum elevation above the sea level where the exposed rock units could be. This should be in agreement with the predicted fault geometries at depth, and the structural and topographic elevation where the rocks should be exposed. Thus, the above-mentioned data relate denudation, rocks, and surface uplift in a single structural restoration. If the available data for this study area are carefully used, the deformation of the different rock units would be constrained with reasonable accuracy.
RESULTS
The 2D section construction, balancing (Figures 8, 9), and restoration (Figure 10) of Section 1 and 10 are discussed here. It was possible to obtain nine evolutionary stages from the thermochronology constraints. These evolutionary stages can be broadly divided in two major tectonic events: post-rift, and inversion tectonics. The Cretaceous rift period was followed by a post-rift regime characterized by cooling and subsidence. From ∼65 Ma to ∼40 Ma (Early Paleocene to Late Eocene) the post-rift tectonics facilitated the accommodation space for the deposition of the following Paleogene units: Guaduas Formation at 65 Ma (Figures 10A,B), Los Cuevos Formation at ∼55 Ma (Figures 10C,D), Mirador Formation at ∼40 Ma (Figures 10E,F). From ∼33 Ma to Recent (Figures 10G–R) the study area experienced positive inversion tectonics characterized by a compressive deformation which initiated in the northwest and propagated toward the southeast. First, the structural style of the balanced cross-sections; and second, the structural evolution of this portion of the Eastern Cordillera are described as follows.
[image: Figure 8]FIGURE 8 | (A) Distribution of the thermochronometric data along Section 1. (B) 2D section construction and balancing of Section 1 (see location in Figure 5).
[image: Figure 9]FIGURE 9 | (A) Distribution of the thermochronometric data along Section 10. (B) 2D section construction and balancing of Sections 10 (see location in Figure 5).
[image: Figure 10]FIGURE 10 | Sequential restoration in nine evolutionary stages, from ∼65 Ma to Recent, of Section 1 and 10. From Early Paleocene to Late Eocene the post-rift tectonics facilitated the accommodation space for the deposition of the Paleogene units. From ∼33 Ma to Recent the study area experienced positive inversion tectonics.
Structural Style
One of the principal structural features of this area is the coexistence of thick and thin-skinned deformations (Figures 8, 9). In the Eastern Cordillera, from the Servita-Lengupa fault toward the hinterland, a thick-skinned deformation with basement uplift caused by the inversion tectonic initiated during the Oligocene is observed, and also documented in previous works (e.g., Horton et al., 2010; Ramirez-Arias et al., 2012). Farther to the Southeast, in Medina Basin (Figure 9), the occurrence of shallower detachments associated with thrust ramps results in a thin-skinned deformation of more recent age.
The hinterland of the study area is the locus of a high plateau (cf. Ramirez-Arias et al., 2012), known as Bogota Savanna (Figures 8, 9). Section 1 and 10 run along the middle and northeast of this structural elevation respectively (Figure 5). Paradoxically, the degree of deformation on this plateau is significantly less than in the foreland system; however, the plateau is in a much higher structural position. A possible cause of the plateau uplift is discussed below.
From the Bogota Savanna toward the fontal system (Figures 8, 9) the most important structural and topographic relief is observed. This deformation is associated with the external inversion faults (Servita-Lengupa, and Tesalia faults) which accommodate the thick-skinned displacement. Farther to the foreland (i.e., to the southeast) the foreland basin is disrupted by a series of low-angle (∼30°) thrust faults (Mirador and Boa fault in Section 1, and Guaicaramo fault in Section 10) which give rise to a thin-skinned system. They are interpreted as footwall edge shortcuts (cf. Mora and Parra, 2008; Rowan and Linares, 2000; Tesón et al., 2013) connected to the afore-mentioned inversion faults (Figures 8, 9). In the case of the Guaicaramo fault, it can be described as a multi-ramp thrust with a sub-horizontal segment in between. The Medina (or Guavio) anticline in the foreland basin in Section 10 (Figure 9) is the consequence of a fault-bend-folding deformation associated with the geometry of the Guaicaramo fault ramps. This fault detaches in the Lower Cretaceous shales underneath the Nazareth syncline, it ramps up to an intermediate detachment in the Upper Cretaceous units, and then it climbs up to the topographic surface (Rowan and Linares, 2000).
The deformation process of the inversion tectonics from the Early Oligocene to Recent on both section is described in the following.
Configuration Prior to Shortening ca. 33 Ma (Early Oligocene)
Previous studies based on thermochronological information, stratigraphic sections, and sedimentary petrology (e.g., Horton et al., 2010; Parra et al., 2009b; Parra et al., 2010; Ramirez-Arias et al., 2012) present evidence which date the initial exhumation in the Eastern Cordillera during the Oligocene. Hence, the ∼33 Ma restoration (Figure 11) is considered the youngest structural setting before the compressional tectonics; also, the maximum sedimentary load is assumed for this stage. The C8 Member (of the Carbonera Formation) in the foothill and The Llanos, and the Concentracion Formation on the Eastern Cordillera were deposited during this age (Cooper et al., 1995). The C8 Member is described as marine-influenced and lower coastal-plain sedimentation (Cooper et al., 1995), therefore the paleotopography is assumed to be a flat-lying surface vertically located near the mean sea level (Figure 11).
[image: Figure 11]FIGURE 11 | Restoration to ∼33 Ma, (A) of Section 1, (B) of Section 10.
Assuming a thermal gradient of approximately 25°–30°C per kilometre in depth (Allen and Allen, 2006), the closure temperature of apatite fission tracks (∼120°C) can be estimated with a line which is parallel to but 4 km underneath the paleotopography. Applying the same reasoning, the closure temperature of the zircon fission track (∼240°C) can be estimated at 8 km beneath the paleotopography. This apatite-closure-temperature approximation in all models is demarked by a light-blue dashed line and referred to as ACTA; whereas the zircon-closure-temperature approximation is referred as ZCTA, and is displayed as the light-red dashed line (Figures 11–16).
[image: Figure 12]FIGURE 12 | Restoration to ∼23 Ma, (A) of Section 1, (B) of Section 10.
[image: Figure 13]FIGURE 13 | Restoration to ∼11 Ma, (A) of Section 1, (B) of Section 10.
[image: Figure 14]FIGURE 14 | Restoration to ∼5 Ma, (A) of Section 1, (B) of Section 10.
[image: Figure 15]FIGURE 15 | Restoration to ∼3 Ma, (A) of Section 1, (B) of Section 10.
[image: Figure 16]FIGURE 16 | Restoration to the present-day, (A) of Section 1, (B) of Section 10.
For the necessity of projecting the samples onto the sections, some thermochronometers display an offset with respect to the Present-day topography (in dashed red line in Figure 11). Additionally, some small amendments (vertical movements) were made on the projected samples to honor their relative position in relation to the formations from which they were extracted. To clarify the analysis of the thermochronological data both sections have been divided into three zones. Zone-1 covers the Foothill and the frontal thrust system of the Eastern Cordillera (Figure 11). Zone-2 extends across the central portion of the sections, which is featured in the Present-day deformation by a marked monocline dipping northwest. Zone-3 covers the area of the Bogota Savanna. Note that Section 1 does not have thermochronometers located over zone-3, therefore the deformation and analysis of this zone are inferred from Section 10.
In zone-1 of Section 10, ZFTs Z05 and Z06, which are located in Macanal Formation (Figure 11B) display an average age of 16 Ma. They are considered reset, and this is consistent with their relative location with respect to the ZCTA as they are displayed beneath the light red-dashed line. A similar analysis can be applied to sample Z07 which is located in the Farallones Group. From the AFT samples A27 and A28, it is also inferred that the samples are reset with and average age of 2.0 Ma, and located beneath the ACTA. In zone-1 of Section 1 (Figure 11A) there are three ZFT samples, Z16 (in Quetame Group), Z19 and Z20 (both in Buenavista Fm). Z19 and Z20 display anomalous ages of 145.2 Ma and 165.9 Ma respectively. These dates markedly contrast with the overall knowledge about the structural evolution of this belt, therefore it is assumed that they have never reached the zircon closure temperature (∼240°). Consequently, they can be observed in Figure 11B above the ZCTA. In this zone the apatite fission track age is in an average of 2.7 Ma with all the samples being reset (A41, A44, A46, A45).
Zone-2 of Section 10 (Figure 11B) is populated by eleven AFT samples. Every sample appeared to be reset, apart from A13 which displays an anomalous apatite age of 38 Ma, indicating that it could be partially annealed. To the southeast portion of this zone samples A16 to A18, A25, and 26 are located in the Early Cretaceous formations and they have an average apatite age of 6.7 Ma. To the northwest part of this zone, samples A12, A14, A15, A22, and A23 are located in the post-rift (Late-Cretaceous) formations with an average apatite age of 8.4 Ma. In zone-2 Section 1 (Figure 11A), the fission track samples were collected from the deepest stratigraphic units exposed on the Present-day topographic surface (from the pre Devonian Quetame Group to the Early Cretaceous formations). In the southeast portion of this zone the ZFT samples Z8 to Z10, Z15, Z17 and Z18 appear to be reset, with an average zircon age of 10.0 Ma. The average apatite age calculated from A29 to A34, A40, A42, and A43 in this area is 2.1 Ma. In the northwest portion of this zone two zircon fission track samples Z11 (136.5 Ma), and Z12 (61.3 Ma) appear not to be reset, therefore in the pre-deformation model they are located above the ZCTA. The apatite fission track samples A35 to A37, placed in the Lower Cretaceous formations to the northwest of this zone, have an average apatite age of 10.0 Ma.
In zone-3 of Section 10 (Figure 11B) there are three AFT samples, A19 to A21. A19 is from the Paleogene Upper Socha Formation, having an apatite age of 45 Ma, which indicates that it could be partially annealed. A20 (17.6 Ma) and A21 (24.4 Ma), which are consider reset, are located in the Paleocene Cacho Formation and Late Cretaceous Guadalupe Group respectively.
Restoration ca. 23 Ma
At the beginning of the Miocene age (∼23 Ma) the C5 Member (of the Carbonera Formation) was deposited on the foreland basin (Figure 12). The inferred paleoelevation analysis (Figure 6) indicates that before the Middle Miocene (∼15 Ma) the paleotopography was similar to the mean sea level in the region. This is consistent with the marine influenced origin of C5 Member (Cooper et al., 1995).
The deformation initiated during the Middle Eocene to Oligocene (Parra et al., 2009b; Horton et al., 2010; Parra et al., 2010; Ramirez-Arias et al., 2012) along the axial zone. After the initiation, the western portion strain has propagated toward the Magdalena Valley, whereas the eastern portion toward The Llanos in an overall symmetric fashion (Figure 2). The eastward deformation is reflected in this model with the initial deformation localized in zone-3 (Figure 12). It is in zone-3 of Section 10 that the AFT samples with oldest apatite ages are extracted. The reset samples in this zone (A20 and A21) have an average apatite age of 20 Ma, therefore during this period they should be located near the ACTA – ∼4 km in depth (Figure 12B). The deformation in this zone, but in Section 1 (Figure 12A), has been inferred by taking into account the lateral continuity from Section 10 toward the south. The accumulative shortenings from ∼33 Ma to ∼23 Ma, are 0.6 and 3.0 km for Section 1 and 10, respectively.
It has been mentioned above, that the onset of deformation estimated in the literature for the western structural domains (Saylor et al., 2012a; Saylor et al., 2012b), which is the zone-3, occurred by the Late Eocene. Therefore, the deformed section at 23 Ma actually represents the finite shortening that occurred between the Late Eocene and Late Oligocene. In this context, the available apatite ages give a minimum age for the exhumation and associated shortening.
Restoration to ca. 11 Ma
At the Late Miocene (∼11 Ma) the Leon Formation was deposited in the study area (Figure 13). An interpolation of the paleoelevation information (Figure 6) has been used to model the paleotopography. At the hinterland the elevation is assumed to be approximately 1000 m, progressively decreasing toward The Llanos until reaching similar values to the mean sea level.
During the period between ∼23 Ma and 11 Ma, in zone-3 on both sections, the exhumation continued with the AFT samples in a cooler position above the ACTA. The deformation propagated toward zone-2 and northwest of zone-1. The structural evolution from ∼23 Ma to ∼11 Ma is featured in the inversion of the Servita-Lengupa fault system forming a gentle and long-wave anticline (Figure 13). This anticline is asymmetric in Section 10 with a lengthy back limb dipping toward the northwest; whereas in Section 1 it appears to be symmetric (Figure 13).
Every ZFT sample located along Section 10 was in a cooler position with respect to the ZCTA (Figure 13B). In Section 1, at the southeast part of zone-2, ZFT samples (Z08 to Z10, Z15 to Z18) with an average zircon age of 9.9 Ma were distributed near the ZCTA (Figure 13A). This constrains the anticline symmetry since it generates a steeper and shorter backlimb compared to the anticline geometry observed on Section 10. To the northwest part of zone-2 the reset ZFT samples (Z13 and Z14) with older zircon ages were located in a cooler position with respect to the ZCTA. The AFT information indicates that, in both sections, the AFT samples collected on the Present-day topography at this stage were located near the ACTA.
The frontal system uplift, in both sections, was bounded by the moderate to steep extensional faults of the Servita, Lengupa, and Tesalia complex. However, in this initial stage of the frontal-system development, the fault offsets are not interpreted with inversion. The topographic load caused by the frontal-system initial uplift resulted in a flexural response which initiated a foreland basin (foredeep depozones, cf. Parra et al., 2009a). The development of the foreland basin accommodated the stemmed sediments proceeding primarily from the frontal-uplift erosion. The gravel-clast petrography analysis (Figure 7) presented by Parra et al. (2010) suggests that from the Middle Oligocene to ∼11 Ma, the sediments in this foreland basin came from the erosion of the Paleocene-Eocene rocks deposited in the frontal system (Barco, Los Cuervos, and Mirador Formations). Therefore, as it is represented in this model (Figure 13), the erosion window on the frontal system exposed Upper Cretaceous rocks (Guadalupe, and Chipaque Formations). This unroofing sequence and the acceptable paleoelevations for the interval between ∼23 Ma and ∼11 Ma are the most precise constraints to reconstruct the actively deforming areas for that time. The accumulative shortenings from ∼33 Ma to ∼11 Ma, are 2.4 and 4.6 km for Section 1 and 10, respectively (Figure 13).
Restoration ca. 5 Ma
The Early Pliocene marked a depositional transition from the Lower to Upper Guayabo Formation (Figure 14). The paleotopographic reconstruction for this model step is interpreted (for both sections) with an altitude of 2000 m in the hinterland (Wijninga, 1996; Hooghiemstra et al., 2006), which progressively decreases toward the southeast to the mean sea level in The Llanos. Different published regional interpretations inside, and nearby the study area, support the hypothesis that the deformation rates were much faster during the last 5 Ma (e.g., Martinez, 2006; Mora A. S. et al., 2013; Mora et al., 2014). In the study area Mora et al. (2008) show very young AFT ages (<3 Ma) on top of a frontal basement thrust that imply acceleration of exhumation and shortening rates. To the north and along the eastern foothills cross-cutting relationships in well constrained cross-sections interpreted by Tamara et al. (2015) show that the longest traces (in profile view) of the most frontal faults cut through Late Miocene-Pliocene sedimentary units.
The analysis of the AFT samples indicates that in Section 10 the apatite ages decrease from northwest to southeast. In zone-3 and northwest part of zone-2 the apatite samples are older than 5 Ma; consequently, in our model they are located above the ACTA. From the middle of zone-2 toward The Llanos the samples have younger ages; therefore they are located nearby the AFTA, or even below. A similar situation is observed in Section 1 in which, apart from A35 and A36, the apatite ages from mid zone-2 toward The Llanos are younger than 5 Ma.
From 11 Ma to this stage the compressional deformation continued its overall forward propagation. This caused: 1) the inversion of the master extensional faults underling the frontal system (Servita-Lengupa fault), and 2) the initiation of a series of low-angle shortcut faults, which resulted in a thin-skinned system (Boa and Guaicaramo faults). Following the early period of folding in the frontal system, in this stage the continuous shortening initiated the fault inversion of the principal extensional faults. In Section 10 (Figure 14B), the inversion offsets for the Servita-Lengupa and Tesalia faults were 220 m and 380 m, respectively. In Section 1 (Figure 14A), the Servita-Lengupa fault displacement was 950 m. Note that the Naranjal fault, in Section 1, has remained extensional during the entire fold-and-thrust belt formation (see frontal system in Figure 14A). A series of low angle shortcut faults broke through the stratigraphic section. They are located between the inversion faults and the foreland basin trough with an angle of approximately 30°. The seismic profiles display the low angle of the shortcut faults from the Cretaceous units to younger; however, the seismic coverage and resolution preclude a confident fault interpretation in deeper units. Therefore, these faults are tentatively interpreted here as connected to the inversion faults (cf. Rowan and Linares, 2000; Mora and Parra, 2008; Tesón et al., 2013). In Section 1, the Boa fault had 450 m of displacement, whereas the Mirador fault continued being inactive. In Section 10, a low displacement shortcut fault is interpreted at the side of the foreland basin trough; however, the most significant characteristic of zone-1 is the occurrence of the Guaicaramo fault (Figure 14B). The Guaicaramo fault is a multi-ramp thrust fault formed by two low-angle ramps (∼30°) and a sub-horizontal segment in between, which is located in the Upper Cretaceous section. The movement of the hanging wall over the fault ramps resulted in a fault-bend fold–the Medina anticline. In this early evolutionary stage the Medina anticline (also known as Guavio anticline) displays a large wavelength and low amplitude, flanked by the Nazareth syncline to the hinterland, and the Rio Amarillo syncline to the foreland.
The gravel-clast petrography analysis (Figure 7) indicates that the erosion of the upper and middle section of the Une Formation was the main source of sediments in the foreland basin during this period (Parra et al., 2010). These sediments are thought to come from the uplift of the frontal system, and that fact is reflected in this evolutionary model with an erosion window exposing the lower units of the Une Formation in the proximities of the inversion faults (Figure 14). The accumulative shortenings from ∼33 Ma to ∼5 Ma, are 4.5 and 10.5 km for Section 1 and 10, respectively (Figure 14).
Restoration ca. 3 Ma
From 5 Ma to the Late Pliocene the upper Guayabo Formation was depositing in the foreland basin (Figure 15). In this stage the paleotopography (Figure 6) was comparable to the Present-day elevation; with approximately 2500 m above the mean sea level in the hinterland and near the mean sea level in The Llanos (Wijninga, 1996; Hooghiemstra et al., 2006).
In Section 10 (Figure 15B), AFT samples A28 and A27 which are located in zone-1 (in the hanging wall of the inversion fault system), and A26 located in zone-2 (in the back limb of the frontal system) are younger than this period. Therefore they are located near the ACTA. Likewise, in Section 1 the AFT samples distributed from the end of the frontal-system back limb (in zone-2) to the middle of zone-1 are younger than this stage.
In Section 1 (Figure 15A) the Servita-Lengupa inversion fault had 1450 m of displacement; whereas in Section 10 the Servita-Lengupa and Tesalia faults had 450 and 750 m, respectively. In this stage the structural activity in both sections was mostly focused in the development of the shortcut-fault system. In Section 1, the Boa fault had 4000 m of total displacement, while Mirador fault is interpreted inactive. In Section 10, the Guaicaramo fault had 6100 m of displacement and the overlying hanging wall continued its deformation increasing the Medina anticline amplitude.
The sediments deposited from 5 Ma to this stage came from the lower sections of Une Formation according to the gravel-clast petrography analysis (Figure 7). Therefore, the erosion window of this model exposes the Las Juntas Formation in the frontal system. The accumulative shortenings from ∼33 Ma to ∼3 Ma, are 9.8 and 14.5 km for Section 1 and 10, respectively (Figure 15).
Present-Day Structural Context 0 Ma
At present, the topographic elevation in the northwest portion of both sections (in zone-3) is approximately 2800 m (Figure 16), however from the Pajarito fault toward the southeast it decreases progressively until The Llanos – where it reaches few hundred of meters above the mean sea level (∼200 m).
During this last deformation stage, the deformation was mainly distributed along zone-1 and 2 in both sections. Folding is the dominant structural style in zone-2; whereas in zone-1 the shortcut thrusts experienced large fault slip. In Section 10 (Figure 16B), the Guaicaramo fault accommodated 9200 m of total shortening; whereas in Section 1 the Boa and Mirador faults accommodated 8000 m and 1900 m, respectively (Figure 16A).
All the AFT samples which were located near the ACTA in zone-1 and 2 in the previous stage are at the present on the topographic surface. This indicates that during this period zone-2 and 1 underwent a rapid exhumation (approximately 4 km of exhumation in 3 Myr). This rapid exhumation is quantified and discussed below in the context of the entire deformation.
DISCUSSION
The reconstruction models highlight two marked tectonic periods: 1) post-rift subsidence during the Early and Mid Paleogene (Figures 10A–H), and 2) positive inversion from the Oligocene to Recent (Figures 10H–R). This research emphasizes in the Oligocene to Recent contraction, which has resulted in the aforementioned tectonic inversion of this orogen.
The reconstruction models (Figures 11–16) indicate that the overall compressive deformation initiated during the Oligocene (from ∼33 to ∼23 Ma) in the hinterland (Bogota Savanna) and propagated southeastward to The Llanos. The quantitative analysis (below discussed) shows an overall constant shortening ratio of 200 m/Myr (meters per million years) from the Oligocene to Early Pliocene, which rapidly increases to approximately 2500 m/Myr from the Early Pliocene to Recent. A significant regional uplift is observed in the Bogota Savanna from the Oligovene to Early Pliocene compared to the low shortening ratio (∼200 m/Myr) during this period. This issue is discussed in further details below, as well as the non-uniqueness of this model and the structural analysis.
Non-uniqueness of the Balanced Palinspastic Restoration
Line-length balanced palinspastic restoration is a valuable tool to understand the structural evolution of a deformed geological setting; however, it offers a non-unique solution. Although the synoptic view is reasonably well constrained by the involved geological elements; any one part of the reconstructed geology may be depicted with limitations. For example, the precise structural style of individual structures cannot be established with complete certainty. In this research the kinematic evolution of the anticlines is assumed to be similar to a breakthrough (or break-thrust) anticline (cf. Willis and Willis, 1934), such is the case for the Farallones anticline in the frontal system. In this anticline an initial period of basement-involved folding from ∼23 Ma to ∼5 Ma is assumed before the extensional-fault inversion.
It has been debated whether the frontal basement uplift and antiform, the Farallones anticline, is a huge basement involved fold or an antiform whose structural relief is caused by basement duplexes (see discussion in McClay et al., 2018). The deep erosion inside the river canyons like the Guayuriba river (Mora et al., 2006) allowed to document that the basement is actually folded into a huge anticline without the presence of basement duplexes. This favors the lesser shortening solution proposed by McClay et al. (2018), which requires a distribution of less amounts of basement shortening through time.
The 2D model presented here is first order at best. It has been achieved by line-length balancing; however the internal deformation and volume loss that a thrust sheet experiences before starting to move along a discrete fault plane, in many cases, can be considerable (e.g., Williams et al., 1989). Different authors investigated the causes of volume and material loss in the crustal thicknesses of the Andes Cordillera (e.g., Mora A. et al., 2013; Eichelberger et al., 2015; Kammer et al., 2020). Eichelberger et al. (2015) ran two models using map-view reconstruction of the Andes in Bolivia to predict the crustal thicknesses of the central Andres. These models predicted volumetric excess of 8% and 25%. Eichelberger et al. (2015) argue that the volume excess in this region can be accounted for by "lower crustal flow" and/or "removal of lower crust" during the Andean deformation. Furthermore, fluid inclusions and outcrop-based structural analysis conducted in the study area (Mora A. et al., 2013) denoted that second-order folding associated to internal strain occurred prior to the first-order deformation. Kammer et al. (2020) and Mora A. et al. (2013) document that total amounts of basement shortening by ductile deformation could represent 30% of the total shortening estimates. Additionally, Mora A. et al. (2013) suggest that most basement folding occurred when those rocks were at depths higher than 7 km, favoring a ductile behavior of the basement. The low shortening rates from Paleogene and Early Neogene documented in this work also could be associated with this ductile deformation. However, in this research, we do not consider additional ductile or internal strain for the shortening estimates.
To constrain the kinematic evolution with thermochronometry, a constant thermal gradient of approximately 25°–30°C per kilometer in depth was assumed. This allowed for the calculation of the apatite and zircon closure-temperature approximations (ACTA and ZCTA, respectively), which are parallel to the paleotopography and located approximately 4 and 8 km beneath, respectively. However, the ACTA and ZCTA are just simplifying assumptions. The prediction of the thermochronometric ages in tectonically active settings depends on factors such as: erosion history, topographic relief, thermophysical properties of the rock, and fault kinematics and geometry. When thrust faults propagate upward along footwall ramps, the vertical component of motion and the exhumation advect heat upward. Then, whether this topographic relief is rapidly eroded, the upward advection of isotherms is enhanced. Contrarily, the sediments deposited in the foreland basin are subsequently buried to exert a downward advection of the isotherms. Therefore, assuming closure temperatures only depending on the topographic level represent a limitation of our method. Furthermore, the subsurface thermal field that is affected beneath the individual structures by both surface uplift via faulting, and erosion focused over active uplift was documented in numerous works (e.g., Ter Voorde et al., 2004; Huerta and Rodgers, 2006; Lock and Willett, 2008; McQuarrie and Ehlers, 2017). Greater accuracy of the thermal field can be obtained by means of software packages like Pecube (Braun, 2003; Whipp et al., 2009; McQuarrie and Ehlers, 2015), and Fetkin (Almendral et al., 2015; Mora et al., 2015a). Even taking all these factors into account, this evolutionary model satisfies the current known constraints of the first order structural geometry, pressure-temperature time constraint, stratigraphy, and basic shortening estimations.
Paleoelevation Data: Lipid Biomarkers Versus Paleobotanic Assessments
The scopes and challenges of using paleobotanic data to relate topographic elevations with geological ages are discussed here. As it is mentioned above, Hooghiemstra et al. (2006), and Wijninga (1996) used the nearest living-relatives-paleobotanic method to assess past elevations in the Eastern Cordillera. Different authors (e.g., Molnar and England, 1990) suggest that this is a risky method of assessing paleobotanic data, since certain species which today live at specific elevations may not have lived at the same elevations in previous times. However, Hooghiemstra et al. (2006), and Wijninga (1996) have compiled years of studies regarding the vegetation history of the Eastern Cordillera; therefore, it is difficult to debate about this knowledge without evidence that rejects the way of interpreting their data. Generally, the risk exists for the nearest-living-relatives method, but Hooghiemstra et al. (2006), and Wijninga (1996) use populations of species.
In our view, the main uncertainty of this method is not precisely that one. Instead, the risk may be to assign to the biozones from Hooghiemstra et al. (2006), and Wijninga (1996) a higher accuracy than the actual one. Perhaps this is one of the misinterpretations in Mora et al. (2008), where the authors proposed that the data from Hooghiemstra et al. (2006), and Wijninga (1996) suggests a topographic growth between 6 and 3 Ma. Certainly, Figure 6, modified from the original one by Hooghiemstra et al. (2006), and Wijninga (1996), and reproduced by Mora et al. (2008), does not precisely shows a topographic growth between 6 and 3 Ma, but a wider range from Mid Miocene to Pliocene.
More recently, Anderson et al. (2015) provided more accurate review about the previous hypothesis by Hooghiemstra et al. (2006), and Wijninga (1996). In fact the refined ∼8 Ma age for the base of the Salto de Tequendama I and II sections by Anderson et al. (2015) is coincident with the initial assessments of Mid Miocene to Pliocene by Hooghiemstra et al. (2006), and Wijninga (1996). This is also the case of the paleotemperature estimates. Hooghiemstra et al. (2006), and Wijninga (1996) do not provide a paleotemperature estimate but actually a paleoelevation range, which is broad for the Subachoque 39 and Salto del Tequendama I and II sections (Figure 6). In such case, we can emphasize that both data sets do not disagree.
Structural Analysis and Evolution
Accumulative shortening from 33 Ma to Recent was calculated on both sections (Table 2 and Figure 17A). The shortening curves display a subparallel trend. Section 10 underwent approximately 2 km more shortening from the compression onset to Recent. Along the time, the shortening was increasing in the study area on both sections, but not constantly. From the analysis of the average accumulative-shortening curve (Figure 17A) three marked tendencies were observed. First, from ∼33 Ma to ∼11 Ma, when the study area deformed with a relatively low and constant shortening rate of ∼160 m/Myr; experiencing an average of ∼3.5 km of accumulative shortening. Second, from ∼11 Ma to ∼5 Ma, when the rate increased to ∼650 m/Myr, resulting in an accumulative shortening of ∼7.5 km. Finally, from ∼5 Ma to Recent, when the deformation has experienced a significant acceleration that raised the rate at ∼2200 m/Myr. The total accumulated shortening at the present is 17.3 km and 19.5 km on Section 1 and Section 10, respectively. This results in an average of shortening rate of ∼550 m/Myr from ∼33 Ma to Recent.
[image: Figure 17]FIGURE 17 | Deformation analysis in the study area. (A) Accumulative shortening for both sections. (B) Shortening rates in different structural domains of Section 10.
The above described accumulative shortening was not homogeneously accommodated along the study area. Hence, to understand the propagation sequence of the deformation, as well as the strain distribution, shortening rates have been calculated for the three principal structural domains of Section 10 (Figure 17B). These shortening rates were calculated dividing the shortening by the time frame. The following analysis is also well representative of the deformation in Section 1. The “Bogota Savanna” is one of these domains, and it covers the most northwest part of the study area to the Paja fault (Figure 9). The “Frontal System” domain is bounded by the Paja fault to the northwest and the Tesalia fault system to the southeast. “Medina Basin” domain is flanked by Tesalia fault system to the northwest and extends to The Llanos basin.
From the beginning of the compressional deformation, approximately from 33 Ma to 23 Ma, the shortening was accommodated along the Bogota-Savanna domain. During that period, the rate of shortening was ∼260 m/Myr yielding ∼3 km of shortening (Table 3). In this period, the Frontal System and Medina Basin remained inactive. From ∼23 Ma to ∼11 Ma the structural activity was constrained in the Frontal System with a shortening rate of ∼83 m/Myr that resulted in ∼1 km of shortening; whereas the other two domains were inactive (Figure 17B). From ∼11 Ma to ∼5 Ma the Medina Basin, which had been inactive before, rapidly started deforming with a rate of ∼1000 m/Myr. From ∼5 Ma to ∼3 Ma two domains synchronically deformed, since Medina Basin increased its shortening rate to ∼1750 m/Myr, and the Frontal System was reactivated with a rate of ∼250 m/Myr. From ∼3 Ma to Recent these two domains have remained active with rates of ∼1500 m/Myr and ∼333 m/Myr for the Medina Basin and the Frontal System, respectively. The accumulative shortening in the Medina Basin from ∼11 Ma to Recent has been 14 km. The shortening accumulated in the Frontal System in its last reactivation (from ∼5 Ma to Recent) has been ∼2 km.
TABLE 3 | Shortening rates of different structural domains of Section 10.
[image: Table 3]The shortening rates differentiated by structural domains clearly display an overall forward-propagation sequence of deformation in the Eastern Cordillera and Foothill. From the shortening onset (∼33 Ma) to ∼11 Ma the relatively low shortening velocities, which affected the Bogota Savanna and the Frontal System domain, are associated with the thick-skinned inversion tectonics that involved basement uplift. The structural activity from ∼11 Ma to Recent features an acceleration of the deformation. This shortening has been primarily accommodated in the thin-skinned system of the Medina Basin, and to a lesser degree in a reactivation of the Servita-Lengupa fault in the Frontal System.
Parra et al. (2009a), based on a palinspastic restoration of Mora et al. (2008), calculated deformation rates in the Eastern Cordillera. Like this research, they suggest the occurrence of slow and rapid (i.e., unsteadily) advance of the orogenic deformation front. Additionally, the information related to the ‘orogenic migration rates’ presented in Table 3 by Parra et al. (2009a) suggests that the shortening rates are in the same order of magnitude as the ones established here.
Comparison With Other 2D Palinspastic Restorations in Nearby Areas
There are two recent studies related to palinspastic restorations constrained by thermochronology near the study area: Carrillo et al. (2016) and Mora et al. (2015b). The fundamental difference between the previous works and this investigation is that here the emphasis is on the analysis of the structural evolution, and the spatiotemporal deformation of different structural blocks; whereas the previous works focused on the refinement of the thermokinematic restorations, thermal-model validation, and testing of new technologies (Fetkin platform).
Carrillo et al. (2016) restored 30 2D balanced cross-sections from Niscota (to the northeast) to Cusiana (to the southwest) - located between latitude 6.30°N and 4.70°N, and longitude 73.80°W and 72.10°W. They used similar geological elements to construct the cross-sections, and because their study area is in the north, this research can be considered a continuation of that investigation. They analyzed the velocity-vector variations along geological time to understand the exhumation and thermal evolution of that area. This research presents quantitative analysis of shortening velocities and rates, which can be used to validate the Carrillo et al. (2016) hypothesis.
Mora et al. (2015b), used a 2D structural section to test the capability of a new technology – Fetkin. This software gives the possibility to calibrate a kinematic restoration through the comparison between the thermal model derived from the section restoration, and the thermochronometric data collected from the field. They interpreted a larger cross-section which covers the entire Eastern Cordillera along dip direction, located south of Section 1. The thermal, exhumation, and structural evolution presented in the eastern flank of their cross-section display an overall similarity to the results of this research. They also calculated shortening rates for a number of geological periods (see Table 6 in Mora et al., 2015a) and are on the same order of the ones presented here. Note that those shortening rates were calculated in a longer cross-section (approximately the double in length), therefore approximately half of those values should be used for a comparison.
An intriguing and poorly understood aspect about the structural evolution in the study area is the high elevation and low topographic relief observed in the Bogota Savanna. These two features may indicate that a brittle deformation was not the principal mechanism that formed this highland. Similar to the two above discussed works, in our evolutionary model it was necessary to apply a sub vertical displacement to the northwest portion of the study area (i.e., Bogota Savanna). In such a way, it was possible to relate the thermal information from samples A20 and A21 to the structural evolution of this area. The structural analysis presented here suggests that the plateau formation was coincident with the initial period of slow compressive deformation from ∼33 to ∼11 Ma, in which the shortening velocity was approximately ∼160 m/Myr (Figure 17A). Carrillo et al. (2016) dismissed the possibility of uplift by brittle deformations only such as fault-related folding (e.g., Mora et al., 2008) instead they proposed the idea of pure shear deformation associated to a mid-crust detachment. Below the brittle portion of the continental lithosphere (∼25 km) underlies the mid-lower crust (Molnar, 1988) which is characterized as being aseismic, and where the deformation may be produced by ductile processes (Allen and Allen, 2006). This ductile deformation zone has been mentioned in numerous studies associated with levels of detachments of mayor upper crustal faults (e.g., Kusznir and Park, 1987; Allen and Allen, 2006). Chamberlin (1910), proposed that the area of material in a fold that is uplifted by deformation (excess area) is equal to the product of the displacement and the depth to the detachment. Therefore, by dividing the excess area by the shortening, it is possible to obtain an estimation of the detachment depth. In this restoration, at 11 Ma the excess area below the Bogota Savanna plateau is approximately 150 km2, and the shortening is ∼4.6 km; therefore the estimated mid-crust detachment may be located below ∼30 km. The result of this equation may support the hypothesis of pure shear deformation proposed by Carrillo et al. (2016); however, there is a level of uncertainty in this result since the method has failed in other geological settings. The limitations of this equation have been widely discussed by numerous authors (e.g., Bucher, 1933; Kusznir and Park, 1987; Mitra and Namson, 1989; Groshong and Epard, 1994; Epard and Groshong, 1995), nevertheless, here it appears to produce a reasonable first-order result. Additionally, evidence of homogeneous flattening and strain associated with pure shear has been presented in this area previously (e.g., Kammer, 1997; Kammer and Mora, 1999; Mora and Kammer, 1999; Kammer et al., 2020). Therefore, it is possible to infer that Bogota Savanna plateau formed, during the early stage (from ∼33 Ma to ∼11 Ma), primarily by a ductile mechanism caused by the slow-deformation rate. Then, the rapid shortening velocity (from ∼11 Ma to Recent) resulted in brittle deformation primarily located in the frontal system and foreland basin, where the structural relief can be explained by the amount of shortening.
Mora-Páez et al. (2016) used GPS velocities to calculate a shortening rate of ∼4000 m/Myr for the east and west portion of the Eastern Cordillera. Hence, we can estimate approximately ∼2000 m/Myr just for the eastern portion. This estimated rate is in the same order of magnitude as the ∼2200 m/Myr calculated in our sections from ∼11 Ma to Recent. However, ∼2000 m/Myr is considerably high compared to the ∼550 m/Myr calculated here from ∼33 Ma to Recent (total compressive period). Mora-Páez et al. (2016), also suggest that very young ages of deformation and low total amounts of shortening do not explain the modern GPS rates and crustal thicknesses (Poveda et al., 2015). Perhaps our shortening estimates are too low to be compared to the published estimates (Mora-Páez et al., 2016); however, if the above mentioned ductile deformation is considered, the shortening in our cross-sections could be higher. The evidences discussed here and previous researches (Mora-Páez et al., 2016) indicate that it is unlikely a Late Neogene onset of deformation in the study area.
CONCLUSION
This research proposes a comprehensive and multidisciplinary methodology to provide insights into the structural evolution of an active fold-and-thrust belt where other approaches cannot be applied (e.g., restoration guided by the growth strata). The method presented here was applied in the Eastern Cordillera of Colombia with the following outcomes.
With approximately 18 km of shortening, the study area experienced post-rift subsidence during the Paleocene – Eocene (∼65 Ma to ∼33 Ma) followed by positive inversion from the Oligocene to Recent (∼33 Ma o ∼0 Ma). During the tectonic inversion, the shortening rate increased. The compressional deformation initiated with low shortening rate (∼650 m/Myr), which increased to ∼2200 m/Myr to the Present-day. For the total amount of shortening, the deformation velocity could be considered relatively low. In particular, the low initial shortening, which has been also documented in previous studies, gives further evidence of an early ductile deformation in the study area.
The abundant evidence discussed here, regarding the timing of deformation, favors a Paleogene to Early Neogene onset of shortening and deformation along the eastern side of the Eastern Cordillera and discard a younger (Late Neogene) timings for the onset of deformation.
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We present a series of 2D thermo-mechanical numerical experiments of thick-skinned crustal extension including a pre-rift salt horizon and subsequent thin-, thick-skinned, or mixed styles of convergence accompanied by surface processes. Extension localization along steep basement faults produces half-graben structures and leads to variations in the original distribution of pre-rift salt. Thick-skinned extension rate and salt rheology control hanging wall accommodation space as well as the locus and timing of minibasin grounding. Upon shortening, extension-related basement steps hinder forward propagation of evolving shallow thrust systems; conversely, if full basin inversion takes place along every individual fault, the regional salt layer is placed back to its pre-extensional configuration, constituting a regionally continuous décollement. Continued shortening and basement involvement deform the shallow fold-thrust structures and locally breaches the shallow décollement. We aim at obtaining a series of structural, stratigraphic and kinematic templates of fold-and-thrust belts involving rift basins with an intervening pre-rift salt horizon. Numerical results are compared to natural cases of salt-related inversion tectonics to better understand their structural evolution.
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INTRODUCTION

It is well known that the inherited structural framework and the distribution of décollement-prone units have a strong influence on the structural style of fold-and-thrust belts and their kinematic evolution (Ruh et al., 2012; Granado et al., 2016; Lacombe and Bellahsen, 2016; Tavani et al., 2021). A significant leap in the understanding of fold-and-thrust belts (Boyer and Elliot, 1982) came with the incorporation of thrust tectonics involving the positive inversion of rift basins and passive margins (e.g., Gillcrist et al., 1987; Granado and Ruh, 2019; Ruh, 2019). Salt tectonics concepts have been more recently incorporated and provide key concepts in terms of related geometries and kinematics (see Jackson and Hudec, 2017 for a recent thorough review), particularly when early salt structures become involved in the thrust wedge (e.g., Rowan and Vendeville, 2006; Jahani et al., 2007; Callot et al., 2012; Callot et al., 2012; Duffy et al., 2018; Granado et al., 2019; Célini et al., 2020).

Salt is well known for being an extremely efficient décollement (Davis and Engelder, 1985), whose inherent weakness allows for relatively fast flow at geological rates in response to load gradients. The strength of salt is strain rate dependent, thus being extremely sensitive to rates of extension, contraction and/or surficial processes such as sedimentation and erosion (i.e., differential loading; see Hudec and Jackson, 2007). Two types of salt response to stress have been proposed largely based on experimental research: linear viscous and temperature-dependent non-Newtonian. However, since direct measurements of rheology at natural deformation rates are not feasible, the rheology of rock salt during long-term deformation in nature is still controversial (Li et al., 2012). Little is known as to how such differing rheologies may impact stratigraphic patterns resulting from salt evacuation coeval to deformation and structural styles developed during extension and convergence (see Rowan et al., 2019 for a recent review). In fact, well-constrained natural examples may show characteristics at odds with the mechanical behavior of salt proposed from laboratory experiments (Li and Urai, 2012).

In this work, we briefly review the archetypal geometries of extensional half-graben basins with a pre-rift salt layer, and those formed after their subsequent shortening (Figure 1). We have chosen this model geometry configuration, since it defines many Late Paleozoic to Mesozoic inverted basins and the structural style of fold-and-thrust belts incorporating such basins (Soto et al., 2017). We describe a series of numerical modeling experiments of extension followed by thin-skinned, thick-skinned, or mixed (i.e., thin- to thick-skinned) deformation styles of shortening. Although the use of a simplified “laye-cake” stratigraphy allows for quick balanced cross-sections construction and validation, such template is overwhelmly misused and leads to systematic errors in structural definition and de-risking (e.g., Pérez-Díaz et al., 2020). We aim at obtaining a series of process-based stratigraphic and structural templates to aid in subsurface characterization. Our templates may be also applied to other salt-influenced rift basins and passive margins to fold-and-thrust belts where the initial relationships between basement features responsible for crustal stretching/thinning and their sedimentary cover have been lost due to large tectonic transport. Our modeling results are discussed and compared to two natural case studies: the Moroccan Atlas and the Calcareous Alps of Austria.


[image: image]

FIGURE 1. Archetypal geometries of extensional half-graben basins with a pre-rift salt layer (magenta), and those formed after their subsequent shortening. (A) Pre-rift configuration. (B) Thick-skinned extensional forced fold, with lapping syn-extension sediments (red) on a pre-kinematic cover (blue). (C) Thick-skinned extension, diapirism, and local welding of the pre-kinematic cover. (D) After thick-skinned extension and local welding, sediment loading induces further salt evacuation and depocenters shift (i.e., flip-flop). (E) Thin-skinned convergence. (F) Thick-skinned convergence and full basin inversion. Yellow sediments are syn-convergence deposits. Black paired dots represent salt welds, white arrows indicate main salt flow.




EXTENSION AND INVERSION OF RIFT BASINS INVOLVING PRE-RIFT SALT


Processes and Rationale for Numerical Modeling


Extension

In the following, we describe the archetypical structural styles of rift basins involving pre-rift salt affected by thick-skinned (i.e., basement-involved) extensional faulting (Figure 1A). The simplest scenario denotes the mechanical decoupling between basement faults and a supra-salt sedimentary cover imposed by the presence of an intervening salt horizon. In such a scenario, the most common structures are monoclines and forced folds developed above the propagating basement faults (see Coleman et al., 2019 for a recent review). The degree of (de-)coupling between basement and cover and the formation of associated fault-related folds is controlled by: (i) extensional fault displacement rate, (ii) salt rheology, (iii) salt layer thickness vs. fault displacement, and (iv) thickness and mechanical properties of the supra-salt cover (e.g., Withjack and Callaway, 2000; Richardson et al., 2005; Tavani and Granado, 2015). Since weak salt can inhibit the propagation of basement faults to the supra-salt cover, the latter accommodates extension by stretching and folding (e.g., Tavani et al., 2018). Thin-skinned extension and/or erosion of the upper hinge of developing forced folds (Figure 1B) can trigger the initiation of diapirism. In addition, differential loading associated with sedimentation focused on the subsiding hanging wall of basement-involved faults favor the expulsion of underlying salt and further upwelling of salt, whereas syn-extensional sediments onlap onto the supra-salt cover (Figure 1C). In detail, these processes should be recorded by the minibasin broad infill architecture, but also by the interactions at the salt-sediment interface for which the relative rates between salt rise and sediment supply would be reflected on the sedimentary record of halokinetic sequences (see Roca et al., 2021 for a recent review). Salt evacuation eventually leads to the primary basal welding of hanging wall minibasins (Figure 1C), whereas deflation of any remaining salt results in the lateral shift of depocentres (e.g., flip-flop kinematics sensu Quirk and Pilcher, 2012; Figure 1D).



Inversion and Crustal Shortening

In systems undergoing convergence, shortening can take place by: (i) thin-skinned deformation where the cover is strongly decoupled from basement deformation in the orogenic hinterland (Figure 1E), (ii) thick-skinned tectonics involving the positive inversion of the basement faults and coupling between basement and cover deformation (Figure 1F), (iii) thick- and thin-skinned shortening where the cover is moderately decoupled from the shortened basement.

Common structural styles typical of inverted basins may include hanging wall by-pass thrusts, footwall shortcut thrusts, back-thrusts, and harpoon anticlines (see Granado and Ruh, 2019 for a recent review). However, due to the inherent weakness of salt rock, diapirs, and salt walls will be squeezed upon contraction leading to additional salt rise, surface flaring as allochthonous salt, and/or salt export back to the source layer (Dooley et al., 2009; Duffy et al., 2018). Eventually, salt diapirs will be pinched-off to form secondary welds and then thrusts nucleate within and propagate from the tip of underlying diapir pedestals (Figures 1E,F); additional regional shortening and displacement along thrust welds could lead to further minibasin rotation and imbrication. Full shortening may transport all these structures forelandward, also leading internal deformation of minibasins. At least conceptually, stress concentration at basement steps may result into the nucleation of new thrusts or favor buttressing against extensional faults. Conversely, if full basin inversion occurs for each individual basement fault, i.e., the basement top is reset to its pre-extensional configuration, a flat lying décollement will favor forelandward slipping of the supra-salt strata. More complex evolutions may take place in thin- to thick-skinned convergence scenarios, particularly when surface processes (i.e., syn-convergence erosion and sedimentation) are present.

Previous numerical modeling studies on salt tectonics have been carried out in the last years, dealing with whole passive margin salt tectonics processes (e.g., Albertz et al., 2010; Allen and Beaumont, 2012; Gradmann et al., 2012; Allen et al., 2020; Duretz et al., 2020), the formation of minibasins (Peel, 20; Fernández N. et al., 2020), the role of thick-skinned extension (e.g., Burliga et al., 2012). However, there is limited modeling work addressing both the extensional phase and the subsequent shortening phase of an inverted salt basin; our work here aims to link geometries (i.e., partially observable in seismic data or in outcrop) to specific tectono-stratigraphic processes to better understand natural processes of deformation, as well as to reduce uncertainty in exploration and extraction of natural resources and/or storage.





NUMERICAL MODEL

Experiments of extension and subsequent convergence are conducted by applying a 2D finite difference thermo-mechanical numerical code with a fully staggered Eulerian grid and a freely advecting Lagrangian marker field containing the necessary material parameters (Ruh, 2017; Ruh and Vergés, 2018).


Governing Equations

The mechanical model is based on the Stokes equation implying conservation of momentum and the continuity equation implying conservation of mass under the assumption of incompressibility:
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P denotes dynamic pressure (mean stress), τij is the two-dimensional deviatoric stress tensor, ρ is rock density, gi is the gravitational acceleration (g1 = 0; g2 = 9.81 m2/s), ui denote velocities in x- and y-direction, and xi are spatial coordinates (x1 = x, x2 = y).

The thermal model is based on the energy equation:

[image: image]

where T denotes temperature, t is time, Cp is heat capacity, and k the thermal conductivity coefficient. Additional heat terms such as radioactive heating and shear heating are neglected in the thermal equation due to the geometrical constraints of the model setup and related boundary conditions that affect the diffusion of such additional heat. We assume that the initial thermal conditions of the crust are at steady state. The mechanical and thermal models are separately solved on the Eulerian nodes with Matlab’s “backslash” direct solver. The resulting pressure field from the mechanical model and the resulting temperature field from the energy equation are interpolated with a linear distance-weighted scheme onto the Lagrangian makers. The Lagrangian markers then advect through the Eulerian according to a fourth-order Runge-Kutta interpolation of the calculated two-directional velocity field.



Numerical Implementation

The visco-elastic rheological model is defined by a Maxwell-type strain-stress relationship with a combined viscous and elastic description of strain rate:
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where η is the effective viscosity and G the elastic modulus. The objective co-rotational time derivative of visco-elastic stresses is discretized as a first-order finite difference function (see Moresi et al., 2003, 2007; Gerya and Yuen, 2007):
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Effective viscosity η is calculated for temperature- and stress-dependent non-Newtonian dislocation creep:
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where the second invariant of the stress tensor is given by [image: image], R is the gas constant, AD is the pre-exponential factor, n the power-law constant, and Q the thermal activation energy. Elasticity is implemented by a modification of the viscous stresses depending on the stress history and an “elastic” time step of Δte = 5 kyr. The updated visco-elastic deviatoric stresses are defined by:
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where superscript “old” indicates stresses of the previous time step and Z denotes the visco-elasticity factor
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The effective viscosity η is multiplied by this visco-elastic factor to obtain a numerical viscosity ηnum that is used to solve the set of equations:
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Plastic deformation is implemented according to the Drucker–Prager yield criterion and applies if the visco-elastic second invariant of the stress tensor σII exceeds the yield stress σy (if F > 0):
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where C denotes cohesion, φ is the friction angle, and λ the fluid pressure ratio defined as fluid pressure divided by mean stress, Pf/P. If F > 0, exceeded stresses are reduced to remain within the failure envelope:
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Effective viscosity η is capped to maintain yield stresses:
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where,
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Viscosity, including the visco-elastic effect and plastic failure, is calculated on Lagrangian markers and interpolated onto the Eulerian nodes with a weighted-distance averaging scheme to solve the system of equations. Picard iterations (repeated cycles of global solution) are performed until the average velocity change is smaller than 10–14 m/s.



Geometrical Setup

The numerical model is designed to investigate crustal extension along steep normal faults accompanied by syn-extensional deposition into an evolving half-graben system and subsequent tectonic inversion. The Eulerian grid measures 150 km × 25 km with 1501 × 251 nodes in x- and y-direction, respectively, resulting in a nodal resolution of 100 m × 100 m (Figure 2). Each nodal cell contains nine randomly distributed Lagrangian markers defining the rock type and carrying material parameters. The initial marker distribution prescribes 15 km of upper continental crust at the bottom overlain by a 1-km-thick salt horizon and a 0.5-km-thick mechanically strong horizon (Figure 2A). The upper 8.5 km of the model domain are filled with sticky-air markers to assure very low shear stresses along the rock-air interface (Crameri et al., 2012). Five fault zones are predefined in the upper 10 km of the crustal basement (y = 10–20 km) to enhance strain localization. These fault zones reach the basement-salt interface at x = 30, 50, 70, 90, and 110 km (Figure 2A). The fault zones are initially 400 m wide and dip 60° to the right. Crustal basement and basement faults exhibit a non-Newtonian temperature-dependent rheology, where the relative weakness of pre-existing faults is given by a lower frictional strength (Table 1). While pre- and syn-kinematic cover sequence rock types have a linear pre-failure viscosity of 1024 Pa⋅s. The rheology of salt is either linear viscous (1018 Pa⋅s) or temperature-dependent non-Newtonian. Density, linear and non-Newtonian viscosity parameters, elastic modulus, friction angle, cohesion, and fluid pressure ratio of all rock types and sticky-air are given in Table 1. Effective viscosities are cut off to not fall below 1017 Pa⋅s or exceed 1024 Pa⋅s, comparable to the range of typical rock viscosities (Ranali, 1997), to prevent large viscosity ranges that would lead to difficulties in solving the system of equations. The initial temperature field describes a linear geothermal gradient of 33.3°C/km that results in a temperature of 550°C at the base of the model (e.g., Turcotte and Schubert, 2002; Artemieva, 2011); this rather elevated thermal gradient implies steady state thermal equilibration of a mature continental crust.
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FIGURE 2. Set up and boundary conditions, temporal evolution and composition of modeling phases of thick-skinned (basement) extension (A), thin-skinned convergence (B), and thick-skinned convergence (C).



TABLE 1. Applied material parameters.
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Boundary Conditions and Surface Processes

Presented experiments of tectonic inversion undergo three stages: crustal extension, tectonic quiescence, and thin-skinned or thick-skinned (i.e., basement-involved) convergence. Throughout the entire experiments, thermal boundary conditions are free-slip at the model sides and constant temperatures of 0° and 550° at the top and the bottom.


Extension

Extension of the crustal basement and the covering salt and pre-kinematic layers is implemented by zero horizontal velocity at the left boundary and a horizontal velocity of vx at the right boundary (Figure 2A), with vx = 1 mm/yr (slow extension) or vx = 8 mm/yr (fast extension). At the top, a vertical velocity vy = 1/6 × vx assures conservation of mass within the Eulerian model domain, while the bottom boundary has zero vertical velocity. All boundary-parallel velocities follow free-slip, i.e., zero shear stress conditions. Velocity conditions apply until reaching a horizontal extension of 10 km, which means 10 Myr for slow extension and 1.25 Myr for fast extension. Surface processes are mimicked by diffusion of the rock-air interface:
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where κ is the diffusion constant, hs is the vertical component of the surface, and xi the spatial coordinates. If the diffused line is below the previous rock-air interface, erosion applies by converting rock markers to sticky-air markers. If the diffused line is above the rock-air interface, sedimentation occurs by converting sticky-air markers to new sediment markers. Different coefficients for surface diffusion have been applied (Table 2; κ = 1.25 × 10–6, 2.5 × 10–6, 5 × 10–6, and 10–5 m/s2) to test their effect on the structural evolution of syn-sedimentary strata during extension and sediment markers alter every 0.5 Myr resulting in a visible strata pattern without any change in material properties (Figures 2B,C). We decided to vary the extension velocity rather then surface processes and salt viscosity, as both those parameters include time and both will be affected by extension velocity that is also dependent on time.


TABLE 2. Presented numerical experiments.
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Tectonic Quiescence

After 10 km of extension, a phase of tectonic quiescence takes place where all cross-boundary velocities are set to zero and all boundary-parallel velocities remain at free-slip conditions. The diffusion constant describing the surface processes remains constant (equal to extension) during tectonic quiescence. The tectonically quiet phase lasts 0.5 Myr in case of previous slow extension (1 mm/yr) but 4 Myr in case of previous fast extension (8 mm/yr), to allow mechanical equilibration of the mobile salt and overlying strata. At the end of the tectonically quiet phase, at 10.5 Myr for slow extension and 5.25 Myr for fast extension, a layer of post-extension strata is introduced that covers the previous syn-kinematic layers (Figures 2B,C). The updated rock-air interface is horizontal and its vertical position is defined in a way that the thickness of these post-extension strata (green in Figure 2) ranges between 500 and 1000 m, depending on the previous shape of the dynamic surface. Since κ is time dependent, differences in post-extension strata thickness take place also due to any diapirism since it defines the highest points and therefore the surface diffusion.



Convergence

Convergence is induced by applying a horizontal velocity of vx = 10 mm/yr at the left boundary of the model domain (Figures 2B,C). Three difference scenarios are investigated: thin-skinned, thick-skinned, and thin- to thick-skinned convergence. Thin-skinned convergence indicates that the basement is not actively shortened and that the sedimentary cover sequence is scraped off along a mechanically weak décollement. In the presented experiments, this décollement occurs within the mobile salt layer. Therefore, thin-skinned convergence is imposed by zero velocity for the top 10 km of the right boundary and a horizontal velocity vx = 10 mm/yr for the lower 15 km, restricting shortening to take place within the basement (Figure 2B). In case of thick-skinned convergence, the entire right boundary is prescribed as a zero-slip velocity condition, resulting in basement-involved shortening (Figure 2C). In both cases, the bottom boundary condition exhibits zero vertical velocity and a horizontal velocity of vx = 10 mm/yr. The top boundary exhibits a negative vertical velocity of vy = 1/15 × vx and vy = 1/6 × vx for thin-skinned and thick-skinned convergence, respectively, that accounts for the new material entering the model domain along the left side (Figures 2B,C). Convergence is applied for duration of 5 Myr in case of purely thin-skinned deformation and 3 Myr for thick-skinned deformation. For experiments with variable style of deformation, 3 Myr of thin-skinned deformation are followed by 1.5 Myr of thick-skinned deformation. The diffusion constant during convergence is κ = 10–6 m/s2 and sediment markers alter every 0.5 Myr resulting in a visible strata pattern without any change in material properties.



Limitations of the Modeling Approach

One of the major drawbacks of the modeling approach is the rheology of the salt horizon. As mentioned above, two fundamental types of salt response to stress have been proposed largely based on experimental research: linear viscous and temperature-dependent non-Newtonian. The rheology of rock salt during long-term deformation in nature is still controversial (Li et al., 2012), and in fact, rather than exclusive monomineralic halite (i.e., NaCl), evaporitic basins are commonly constituted by layered evaporitic sequences, which include variable percentages of evaporites, but also and non-evaporite rocks such as shales, carbonates, sandstones, and others. The relative percentage of each of these rock types will affect the integrated strength profile and its consequent overall rheology. Using a more realistic strength profile is out of the aims of this work, but may be considered for future experiments.





RESULTS

A total of nine numerical experiments are conducted to test the effects of the rate of extension (1 vs. 8 mm/yr), the rheology of the salt horizon (linear vs. non-Newtonian viscosity), and the style of shortening (thin-skinned, thick-skinned, thin- to thick-skinned deformation) on the resulting sedimentary architectures and structural styles of inverted basement half-graben systems (Table 2) with a pre-rift salt horizon. First, results of four crustal extension experiments dependent on the rate of extension and salt rheology are presented. Then, each of these four experiments is shortened by the above-mentioned styles of deformation.


Extension and Tectonic Quiescence

All experiments exhibit a similar deformation pattern of the crustal basement and related faults during extension (Figures 3, 4): strain accumulates along the weak fault zones which leads to a domino-style tilted basement blocks. The central faults tend to exhibit more offset than the lateral ones. After 10 km of extension, the basement-cover interface represents a system of five half-grabens of ∼20 km width and 2–3 km depth (Figures 3, 4). However, experiments differ strongly in terms of evolution of the syn-extension strata accumulation and their interaction with the mobile salt horizon.
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FIGURE 3. Marker composition of thick-skinned extension and tectonic quiescence with a linear viscous salt rheology. (A) Extension rate = 1 mm/yr. (B) Extension rate = 8 mm/yr. See Figure 2 for color code.
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FIGURE 4. Thickness of salt after 5 km (50%) and 10 km (100%) of extension. (A) Extension rate = 1 mm/yr, linear salt viscosity. (B) Extension rate = 8 mm/yr, linear salt viscosity. (C) Extension rate = 1 mm/yr, non-Newtonian salt viscosity. (D) Extension rate = 8 mm/yr, non-Newtonian salt viscosity.



Linear Salt Viscosity

After 5 km of extension, experiment 1 with a linear salt viscosity of 1018 Pa⋅s and an extension rate of vx = 1 mm/yr shows a series of open synclines of syn-extension strata covering and lapping the rigid pre-kinematic layer on both limbs (Figure 3A). The synclines exhibit a wavelength of ∼20 km above the half-grabens and 10–15 km to the left and right sides of the model domain. The pre-kinematic layer is generally undeformed except above the leftmost normal fault and along the lateral boundaries, where it is broken allowing the salt to reach the surface (Figure 3A). Narrow anticlines between the wider syn-extension basins form initially above the normal faults but migrate onto the footwall of the respective fault during extension. After 7.5 km extension, some salt anticlines evolved into salt diapirs flanking vertically subsiding minibasins. Other anticlines (e.g., at x = 20 km) are covered by newly accumulated undeformed strata (Figure 3A). Accumulated syn-extension strata patterns indicate basins rotation around an horizontal axis, initially synthetic to the basement blocks, but become antithetic after further extension. After 10 km of extension, up to 6-km-thick sequences of syn-extension strata accumulated into the synclinal structures. Synclines are separated by salt diapirs that either flare to the surface or are shallowly buried by ephemeral roofs of syn-kinematic sediments. An additional 0.5 Myr of tectonic quiescence shows no significant effect as most of the synclines are primary welded and ground to the basement blocks along most of their lengths. Slight internal deformation of the minibasins occurs immediately above the tilted basement fault block after touchdown.

Experiment 2 with an extension rate of vx = 8 mm/yr shows distinctly different patterns of syn-extension strata; broadly speaking the sedimentary infill is more asymmetric than that developed at lower extension rate because depocentres are more coupled with basement in the hanging all of the extensional faults (Figure 3B). After 5 km of extension, surface subsidence and related deposition of strata is roughly concordant with the deformation of the basement blocks. After 7.5 km of extension, the left parts of the syn-extension basins undergo further synthetic rotation and salt diapirs extrude directly above the faults’ upper tips. After 10 km of extension, sedimentary strata accumulate in ∼10-km-wide basins situated above fault blocks (Figure 3B). In the right part of the syn-extension basins, subsidence decreases and condensed sequences develop laying on top of the pre-kinematic layer. The leftmost ∼30 km and rightmost ∼20 km do not exhibit significant subsidence. 4 Myr of post-extension tectonic quiescence promotes further subsidence and strata accumulation leading to antithetic rotation of former strata above fault blocks accompanied by salt diapirism, once the initial depocentres became welded or nearly welded. At the sides of the model domain, strata accumulate to form younger -diachronous- basins separated by salt cored anticlines.

The difference in salt mobility for slow and fast extension is shown by the lateral distribution of vertical salt thickness after 5 km and 10 km of extension (Figures 4A,B). For experiment 1 with slow extension, the peaks of ∼2 km and ∼4 km after 5 km and 10 km of extension, respectively, indicate the salt diapirs flare to the surface, while the initially 1 km thick salt horizon thins to 100–200 m below the subsiding basins (Figure 4A). In contrast, during fast extension, inflated salt does not exceed ∼1.3 km of thickness (Figure 4B). In this case, the experiment has not enough time for salt to be fully evacuated as a result of thick-skinned extension; however, since primary welds (or near primary welds) develop close to the basement faults and salt inflates upward along the tilted hanging wall, differential loading by syn-extensional sedimentation favors upwelling of underlying salt. Wider salt diapir pedestals and more gaps by stretching of the pre-kinematic cover form with respect to slow extension. Low values of 200–400 m indicate reduced salt thickness where subsiding basins weld to the footwall of fault blocks (Figure 4B).

Additionally, a series of slow (vx = 1 mm/yr) extension and linear salt viscosity experiments with slower surface diffusion were conducted due to the time dependence of the diffusion coefficient in contrast to faster extension (Supplementary Figures 1–3). Results show that for κ = 5 × 10–6 m/s2, the wavelength of downbuilding minibasins remains dependent on the basement fault distribution (Supplementary Figure 1). A further decrease to κ = 2.5 × 10–6 m/s2 results in a shorter wavelength of minibasins in certain grabens, while other graben structures remain filled by large sedimentary synforms (Supplementary Figure 2). A surface coefficient of κ = 1.25 × 10–6 m/s2 implies a similar bulk mass movement as for the fast extension experiment with vx = 8 mm/yr leads to the development of minibasins with a wavelength of ∼5–7 km and salt walls are generally absent (Supplementary Figure 3).



Non-Newtonian Salt Viscosity

After 5 km of extension, experiment 3 with a non-Newtonian salt viscosity and an extension rate of vx = 1 mm/yr shows a series of asymmetric synclines of syn-extension strata (Figure 5A). The pre-kinematic rigid horizon is disrupted by the upward propagation of basement normal faults. Sedimentary wedge patterns develop according to the fault block rotation within the basement, which defines the variable subsidence of the evolving basins. Additional 0.5 Myr of tectonic quiescence does not result in any significant vertical growth of the sedimentary basins (Figure 5A). The geometrical evolution of sedimentary strata developing during experiment 4 with fast extension and non-Newtonian salt rheology resemble its slow counterpart (Figure 5B); the only difference is represented by the number and thickness of syn-extension strata. After 10 km of extension, the vertical thickness of syn-extension strata depends on the subsidence imposed by the underlying basement fault blocks. A 4-Myr-long phase of tectonic quiescence has no effect on the strata pattern other than ∼100 m of additional sediment deposition covering the fault-related basins (Figure 5B).
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FIGURE 5. Marker composition of thick-skinned extension and tectonic quiescence with a non-Newtonian viscous salt rheology. (A) Extension rate = 1 mm/yr. (B) Extension rate = 8 mm/yr. See Figure 2 for color code.


The lateral variation of salt thickness after 5 km and 10 km extension, respectively, shows a similar pattern, independent of extension rate (Figures 4C,D). In both cases, the general vertical thickness remains at the initial 1 km, with low values at the locations of basement normal faults, where the salt horizon is offset and the syn-extension strata weld against the uppermost tip of the footwall of the normal fault or to the fault scarp in the slow and fast extension experiments, respectively. In general, it must be emphasized how strong the coupling of the supra-salt sequences and basement in the experiments with non-Newtonian salt viscosities are when compared to the largely decoupled system observed for those experiments with linear viscosity salt.




Convergence

After extension and a phase of tectonic quiescence, extensional basins are inverted by imposing a horizontal convergence with a rate of vx = 10 mm/yr (Figures 2B,C). Experiments 1 and 2 with linear salt viscosity are both tectonically inverted by thin-skinned, thick-skinned, and thin- to thick-skinned convergence styles (Table 2; experiments 1a, b, c and 2a, b, c). For non-Newtonian salt rheology, only experiment 3 (slow extension, Figure 5A) is inverted by the different convergence styles (Table 2; experiments 3a, b, c), because an increased extension velocity (experiment 4) results in nearly identical spatial salt distribution and syn-extension strata patterns (Figure 5).


Linear Salt Viscosity


Thin-skinned convergence

After 10 km of convergence, the sedimentary cover sequence registered the initiation of shortening at the right boundary of experiment 1a, where the basement is pulled out of the model domain (Figure 6A). Strain localized along pre-existing salt diapirs flanked by syn-extensional strata. These large-strain shear zones are subvertical following the initial attitude of the diapirs (Figure 3A), but they preferentially dip toward the backstop wall as deformation progresses and welds develop, which leads to clockwise rotation and imbrication of syn-extension minibasins. Toward the foreland, pre-existing salt bodies localized larger strain than at the central segment. After 30 km of convergence, several extensional basin sequences are stacked on top of each other, with the rightmost having rotated clockwise by ∼80° (Figure 6A); stacking takes place along thrust welds after necked off salt diapirs (i.e., secondary welds). Syn-convergence strata deposits into piggy-back basins on top of rotating syn-extension strata, forming typical sedimentary growth packages wedging forelandward. After 50 km of convergence, some of the thrust sheets are deformed by backthrusts rooted down where syn-extension strata welded against basement fault blocks (i.e., at x = 100 km).
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FIGURE 6. Thin-skinned convergence with linear salt viscosity. (A) After slow extension; (B) After fast extension. Upper diagrams: Marker composition. Lower diagrams: Second invariant of the strain-rate tensor. Strain accommodated by salt squeezing and slip along the basal detachment during early shortening, whereas internal deformation of minibasins mostly takes place afterward and toward the fold-thrust belt hinterland (i.e., right hand side of the experiments).


Thin-skinned tectonic inversion after fast extension (experiment 2a) shows a similar general pattern of deformation with stacking of clockwise rotating syn-extension basins (Figure 6B). However, differences in the structural evolution occur due to variable patterns and ages of earlier syn-extension strata, gaps in the pre-kinematic layer, and the presence of narrow basins flanked by diapirs. Diapiric structures are also reactivated, leading to smaller thrust sheets that eventually become internally deformed in between larger thrust sheets (x = 100 km at 10 km of convergence). Conversely to experiment 1a, central salt diapirs localized more strain than those at the foreland. After 50 km of convergence (10.25 Myr total), previously tectonically reactivated diapiric structures become inactive and get fully buried by syn-convergence strata (Figure 6B; x = 140 km).

After 10 km of convergence, strain rate plots of both experiments 1a and 2a show no deformation within the crustal basement, while the salt décollement is activated all along the model but showing higher strain rates close to the backstop wall (Figure 6). Furthermore, salt mobility is observed within the diapiric structures. Strain rates indicate that the activity of the salt horizon as a décollement is affected by the normal faults in the basement, where salt thickness diminished during extension (Figures 4A,B) and furthermore during shortening and tectonic welding of the syn-extensional basins against the footwalls (Figure 6). After 50 km of convergence, both experiments show localization of strain rate within the basement along pre-existing faults, in particular along the frontal faults at x = 80 km. Strain rates also indicate internal deformation of the syn-extensional basins boundaries as backthrusts nucleate at the apex of necked-off salt diapirs (i.e., see three innermost basins in Figure 6A).



Thick-skinned convergence

Thick-skinned convergence with linear salt viscosity experiments display more distributed deformation within the cover sequence than thin-skinned convergence experiments (Figure 7). After 10 km of convergence, experiments are 100% tectonically inverted (i.e., same amount of extension and convergence). In broad terms, salt diapirs remain subvertical, localize and accommodate horizontal shortening but also account for the vertical offset between bounding syn-extensional minibasins as slip is transferred from the inverted basement faults. This opposites what we observed in thin-skinned convergence experiments where salt diapirs are tilted. Inverted normal faults close to the backstop wall show net shortening, while distal faults exhibit net extension. Experiment 1b that underwent slow extension shows syn-extensional basins that rotated clockwise together with the basement blocks (Figure 7A). Salt diapiric structures act as large-strain zones accommodating shortening. The diapir closest to the backstop wall (x = 145 km) exhibits the largest amount of syn-convergence offset. Ongoing convergence leads to large offsets along the basement faults. After 30 km of convergence, the cover sequence is either offset along reactivated diapirs above inverted normal faults (x = 125 km) or internally deformed as a result of basement fault activity beneath (x = 50 km), while the most distal part (x < 50 km) is shortened in a thin-skinned deformation style (Figure 7A).
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FIGURE 7. Thick-skinned convergence (>100% inversion) with linear salt viscosity (A) After slow extension. (B) After fast extension. Upper diagrams: Marker composition. Lower diagrams: Second invariant of the strain-rate tensor.


Thick-skinned convergence of experiment 2b that underwent fast extension accommodates shortening of the cover sequence along salt diapirs until 100% of inversion (Figure 7B). With ongoing shortening, the cover sequence furthermore deforms where underlying basement faults are active. In contrast to thin-skinned convergence, the surface slope of thick-skinned-shortened experiments remains shallower resulting in more intense distal deformation and more abundant back-thrusting within the cover sequence.

Strain rates illustrate deformation along the basement faults and at the base of the basement, where it is scraped off by the backstop wall at the right side (Figure 7). The change from localized to diffuse strain rates at y = 15 km indicates the brittle-ductile boundary within the crustal basement. With ongoing convergence, strain rates within the basement faults slightly decrease, while previously undeformed basement, particularly distal to the backstop, becomes deformed.



Thin- to thick-skinned convergence

Experiments 1c and 2c undergo 3 Myr of thin-skinned convergence (30 km of horizontal shortening), followed by 1.5 Myr (15 km of horizontal shortening) of thick-skinned convergence (Figure 8). Before thick-skinned shortening is activated, syn-extension basins are stacked by thrust welds that localize along former (squeezed out) salt diapirs. After 30 km of thin-skinned convergence, this stack forms a ∼50 km-wide wedge pushed by the backstop wall with a considerably inclined surface slope. The subsequent switch to thick-skinned convergence results in tectonic inversion of basement faults. For both experiments 1c and 2c, strain is mainly accommodated along basement faults in below and ahead of the thin-skinned wedge, while the faults below the wedge become less inverted (Figure 8). This re-equilibration ultimately leads to a shallower surface slope in contrast to the established one during thin-skinned convergence. Strain rates clearly show the activation of deformation within the basement after the switch from thin- to thick-skinned convergence (Figure 8). After a total of 45 km convergence, new shallow basement thrusts develop away from the inverted normal faults.
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FIGURE 8. Thin- to thick-skinned convergence with linear salt viscosity. (A) After slow extension. (B) After fast extension. Upper diagrams: Marker composition; Lower diagrams: Second invariant of the strain-rate tensor.





Non-Newtonian Salt Viscosity


Thin-skinned convergence

Compared to the experiments with linear salt rheology, experiment 3a with non-Newtonian salt results in a thinner sedimentary cover sequence (Figures 3, 5). Thin-skinned convergence of this relatively thin cover sequence consisting of syn- to post-extension strata leads to imbrication of thrust sheets while the crustal basement leaves the model domain undeformed (Figure 9A). After 10 km of convergence, deformation initiates at the right boundary, which represents the backstop wall. Above horst structures, the cover sequence is less than 1 km thick and folding occurs with a respective wavelength. After 30 km of convergence, a series of thrust sheets emplaced following a piggy-back sequence with a preferred forward vergence associated with syn-convergence growth strata. Thrust spacing is ∼10 km (i.e., about half the crustal basement normal fault spacing and hence half the length of the syn-extensional minibasins) and so. Thrusts were emplaced parallel to the edge of the syn-extensional basins and inactive basement faults, where the cover sequence is thicker and truncate the center of these syn-extensional minibasins (Figure 9A). The frontal thrust is a prolongation of one of the inactive basement faults (Figure 9A). After 50 km of convergence, the frontal thrust sheet of the previous time step is entirely pushed forward onto the hanging wall of the respective basement fault block and therewith shortened the next syn-extension basin. Each syn-extension basin is separated into several thrust sheets during thin-skinned shortening.
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FIGURE 9. Thin-skinned convergence after slow extension with non-Newtonian salt viscosity. (A) Marker composition and second invariant of the strain rate tensor. (B) Vertically averaged viscosity of the salt horizon at 15.5 Myr. Note the spatial correspondence of the decrease in viscosity and the position of the basement faults.


Strain rates indicate the activation of the salt horizon as a décollement (Figure 9A). In this regard, the non-Newtonian salt becomes mobile only below the actively shortened cover sequence. As such, syn-extension basins are stacked onto each other until the frontal sheet overthrusts the horst, which is when the salt of the next half-graben structure becomes mobilized. Strain rates show very little internal deformation of the basement, which localizes after 50 km of convergence along the basement normal faults, but internal deformation of the syn-extension basins takes place (Figure 9A).

The viscosity of the salt horizon depends on temperature and strain rate (equation 6). Figure 9B illustrates the vertically averaged viscosity of the non-Newtonian salt horizon after 50 km of convergence. It shows viscosities as low as 1018 Pa⋅s close to the backstop and 1021 to 1022 Pa⋅s for the foreland part (x = 0–70 km) where no shortening localizes within the cover sequence (Figure 9B). Slightly lower viscosities at x = 70–100 km result from elevated temperatures and increased strain rates below syn-extension strata (Figure 9A). Viscosity values below 1018 Pa⋅s furthermore occur where very thin salt inherited from the extensional phase localizes and enhances strain rates when syn-extension strata is thrust over horst structures.



Thick-skinned convergence

After 10 km of convergence (i.e., 100% of tectonic inversion) experiment 3b shows that inverted normal faults closer to the backstop wall accommodate more shortening than distal ones (Figure 10A). Deformation in the cover sequence localized where it is thinnest, between the syn-extension basins covering the half-grabens. Ongoing convergence forces the distal syn-extension basins to thrust over the horst structures after 2 Myr. After 30 km of convergence, the most proximal basement fault (x = 120 km) shows a thrusting-related offset of ∼5 km, which leads to the formation of thick syn-convergence strata on its footwall (Figure 10A). The syn-extension strata that were pushed over the horsts form basement fault-propagation harpoon-like anticlines. Part of the deformation is also transferred ahead of the rifted margin (i.e., left of the model) where the cover is affected by gentle folding.
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FIGURE 10. Thick-skinned convergence after slow extension with temperature-activated non-Newtonian salt viscosity. (A) Marker composition and second invariant of the strain rate tensor. (B) Vertically averaged viscosity of the salt horizon at 13.5 Myr. Lowest viscosities are observed below the frontal anticlines. Transition from brittle to ductile deformation occurs where the strain rate pattern becomes diffuse (∼17 km depth).


Strain rates indicate intense deformation within the basement and localization along the inverted normal faults (Figure 10A). The transition from brittle to ductile deformation occurs at ∼17 km depth, below where the strain rate pattern becomes diffuse. Strain rates within the non-Newtonian salt horizon are not significantly increased in comparison to the surrounding rocks, indicating that salt behaves more passively than with a linear rheology, however, still behaves as a décollement between the basement and the cover sequence as shown by the gentle cover folding.

The vertically averaged viscosity of the salt horizon after 30 km of convergence exhibits similar values between 1019 and 1020 Pa⋅s across the entire model width (Figure 10B). Lower viscosities are only observed below the two frontal anticlines of the cover sequence, where values of 1018 Pa⋅s are observed. Values of >1022 Pa⋅s at the very left refer to very low strain rates within the salt where material is entering the model domain (Figure 10B).



Thin- to thick-skinned convergence

Experiment 3c undergoes 3 Myr of thin-skinned convergence (30 km of horizontal shortening) followed by 1.5 Myr (15 km of horizontal shortening) of thick-skinned convergence (Figure 11A). After 30 km of thin-skinned convergence, a ∼30-km-wide stack of thrust sheets forms a wedge of the cover sequence at the backstop wall. The wedge’s frontal thrust is a propagation of an inactive basement normal fault (x = 120 km). Initiation of thick-skinned deformation results in tectonic inversion of the basement faults. After 37.5 km of convergence, basement faults proximal to the backstop exhibit less inversion than distal ones (Figure 11A). After 45 km, the proximal wedge of stacked thrust sheets remains unchanged since the change from thin- to thick-skinned convergence. The three frontal normal faults are inverted more than 100% and force the formation of anticlinal structures in the overlaying syn-extension strata.
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FIGURE 11. Thin- to thick-skinned convergence after slow extension with temperature-activated non-Newtonian salt viscosities. (A) Marker composition and second invariant of the strain rate tensor. (B) Vertically averaged viscosity of the salt horizon at 15 Myr.


Strain rates within the crustal basement illustrate the change from thin- to thick-skinned deformation (Figure 11A). During the latter, strain rates localize along the inverted normal faults and at the base of the basement. After 45 km of convergence, shallow-dipping thrusts develop in front of the half-graben systems (x = 0–50 km) with a brittle-ductile transition at ∼17 km depth. Elevated strain rates indicate salt mobility for thin-skinned deformation and after 45 km of convergence, when the top of the basement forms a quasi-horizontal geometry (Figure 11A).

After 45 km of convergence, the viscosities of the salt horizon exhibit values of ∼1020 Pa⋅s for the frontal part (x = 0–40 km), where the cover sequence is not shortened significantly (Figure 11B). Between x = 40–150 km, vertically averaged salt viscosities lay between 1018 and 1020 Pa⋅s, with the lowest values occurring where the salt horizon is thinned as a result of the inversion along basement normal faults.






DISCUSSION

Since thrust wedges are commonly constituted by inverted rift basins and telescoped passive margin sedimentary sequences (i.e., the Wilsonian Cycle; see Cohen, 1982), we have simulated the formation and deformation of half-graben basins with an intervening pre-rift salt layer by means of finite difference numerical models. The selected boundary conditions (i.e., extension and subsequent shortening of basins with pre-rift salt) are a widespread scenario for many Alpine fold-and-thrust belts involving Permian and Triassic layered evaporitic sequences, such as in the European Alps, the Pyrenees, the Hellenides or the Atlas (e.g., Soto et al., 2017). Our results have strong implications as well beyond fold-and-thrust belt scenarios. Extensional results are useful to areas such as the North Sea Rift (e.g., Stewart, 2007), the Portuguese Lusitanian Basin (e.g., Alves et al., 2002) or the Barents Sea Basin (e.g., Rowan and Lindsø, 2017) or many other rift basins with pre-rift salt where limited to negligible shortening followed after extension. In this work, we tested the effects of slow (i.e., 1 mm/yr) and fast (i.e., 8 mm/yr) thick-skinned extension using two contrasting salt rheologies (i.e., linear and temperature-dependent non-Newtonian viscosity) under a given geothermal gradient of 33.3°C/km for the formation of half graben basins. In addition, we have included the transition into a temperature-controlled viscous regime of the modeled tectonic wedges at the accreted basement in the orogenic hinterland below about 15 km depth. We commence by discussing the results of the extensional phase, and then we continue with those relevant to convergence. Finally, a comparison to natural case studies is provided.


Structural Styles and Basin Architecture

The results of the presented numerical experiments successfully replicate the archetypal structural styles of rift basins involving a pre-rift salt layer, including half-graben basins and associated sedimentary infill, forced folds promoted by the presence of a decoupling layer, and eventual formation of salt diapirs. A first order control on the size and distribution of extensional basins is imposed by the basement fault spacing, as well as the mechanical properties of the pre-kinematic layer. Slip rate furthermore controls the degree of breaching of the pre-kinematic layer, with faster rates promoting more faulting, strain and eventually gaps allowing for diapir initiation and minibasin partitioning, and salt extrusion to surface. The presence of such early salt structures has strong implications for the shortening phase, including minibasin rotation and/or stacking, that will be discussed later.


Extensional Phase

Larger minibasins occur associated with subsiding hanging walls, whereas on either side of the models where only large fault blocks were modeled, smaller and more abundant minibasins developed with flanking salt diapirs or salt anticlines. Minibasin sizes for those domains were controlled by the bending of the pre-kinematic layer in response to sedimentary loading, and thus, relate to its stiffness. Thin-skinned extension and/or erosion affecting the upper hinge of developing monoclines or forced folds triggered reactive diapirism. In addition, differential loading associated with sedimentation focused on the subsiding hanging wall of basement faults favored the expulsion of underlying salt and a fast transition from active to passive diapirism. Half-graben minibasins developed in linear viscosity salt experiments display an internal stratigraphic architecture controlled by rate of extension along basement faults and related folding of the cover, but also by evacuation of underlying salt. Non-Newtonian salt, on the contrary, suffered no evacuation by differential sedimentary loading or basement fault extension, leading to significantly thinner stratigraphic series. In more detail, for those experiments using linear salt viscosities (Figures 3A,B) under slow extension, forced folding of the pre-kinematic cover allowed for the lapping of growth strata on both flanks of the subsiding basins. The basal infill records an initial quasi vertical subsidence therefore, conforming the so-called troughs sensu Rowan and Weimer (1998). Further extension led to breaching of the pre-kinematic layer and diapirism. In a larger picture, the minibasin infill displays from that moment onward a wedge-like geometry (sensu Rowan and Weimer, 1998), however, since salt evacuation processes become recorded at the salt-sediment interface the developed geometries were broadly consistent with tabular halokinetic sequences (e.g., Rowan and Giles, 2012; Roca et al., 2021). The younger sequences, though, are broadly tabular indicating dominant equant vertical subsidence, and conform to the geometries of layers (sensu Rowan and Weimer, 1998). It has to be emphasized how different the degree of coupling between basement and supra-salt cover is depending on the strain rate, as well as the mechanical behavior of the salt layer (i.e., linear viscous vs. temperature dependent non-Newtonian. The lower the strain rate, and the less viscous the salt is the larger the decoupling (compare Figures 3, 5). Experiments with decreased surface diffusion generally lead to shorter minibasin wavelength during extension (Supplementary Figures 1–3); in fact, for decreased surface diffusion, not all minibasins display sizes controlled by the spacing of the underlying fault-blocks.



Convergence Phase

As pointed out in the introduction, one key aspect controlling the evolution of salt-influenced thrust belts is the presence of early salt structures (Jahani et al., 2007; Granado et al., 2019). Numerical results of extension using linear salt viscosities (i.e., slow and fast) show differences on basin infill geometries but also welding distribution, shape and width of diapir pedestals, and number of salt diapirs and stratigraphic gaps of the pre-kinematic layer. Such differences are of marked importance to the following shortening stage, controlling the structural styles developed during convergence. In general, salt diapiric structures act as large-strain zones accommodating shortening. In linear viscosity experiments, the salt décollement is activated all along the model, showing higher strain rates close to the backstop wall. Deformation is recorded in the diapirs as far as the foreland, well before thrusting and minibasin imbrication take place. In our models, diapirs are secondary welded and then reactivated as thrust welds. Further shortening leads to imbrication of minibasins, as well as erosion of thrust sheet tips, and sedimentation in piggy back basins. Subhorizontal synorogenic sediments can conceal structurally complicated imbricates bound by earlier, narrower and deep reaching contractional growth wedges (Figures 6A,B). A marked difference exists in thrust angles between thin- and thick-skinned shortening, with the latter being developed at steeper angles; such difference occurs as a result of the differing kinematics: basement-involving thrusts produce more uplift than horizontal translation, since it is resolved by reactivation of steeply dipping basement faults. Since diapiric structures act as large-strain zones these accommodate the vertical movements of the basement steadily. On the contrary, thin-skinned tectonics promotes imbrication of thrusts sheets, and thrust welding at shallower angles. In those experiments with non-Newtonian salt rheologies significantly thinner stratigraphic series were developed, and this had a profound impact on the wavelength of the contractional structures developed: the thinner the stratigraphic sequences (shallower detachment), the shorter the fold wavelengths developed by buckling. Main anticlines and syn-contractional depocentres were developed by thick-skinned reactivation of basement faults, leading to harpoon-like anticlines and related growth wedges. The applied non-Newtonian temperature-dependent constitutive law for salt translated into flow only being activated by burial below stacked thrust sheets sand related syn-orogenic sedimentation, as well as by increased strain rates at those zones areas nearby basement steps, and the decoupling between basement and cover.




Analysis of Strain Distribution and Salt Behavior

As outlined above, thick-skinned extension of linear salt experiments resulted in differential loading by syn-extensional sedimentation producing salt evacuation and development of minibasins whose internal architecture is profoundly controlled by the rate of extension (Figure 3). This is reflected by the variable thickness of salt during extension (Figures 4A,B). Salt mobilization during slow extension indicates lateral rightward flow above basement blocks that is driven by minibasin subsidence ultimately resulting in the establishment of diapirs (Figure 12A). Diapirs initially develop above basement faults footwalls and early welding of minibasins onto the horst structures permits salt flow across the basement fault zones, further localizing and activating salt diapirism above the footwall. Fast extension with linear salt viscosity results in highly variable subsidence within evolving minibasins and mainly rightward horizontal salt flow toward the horst structures (Figure 12B). However, the horizontal flow is partly driven by the faster subsidence on the hanging wall along the basement faults, which in turn prohibits the subsidence above the footwall to the right. There is no welding of minibasin after full extension, permitting the salt to flow between the graben structures (Figure 12B). After 4 Myr of tectonic quiescence, salt upwelling at diapirs is fed by sedimentary loading until welding of the entire minibasins occurs (Figure 3B). The difference in minibasin geometry and salt flow between slow and fast extension results from the strain rate dependence of viscosity: in detail, faster extension rates produce larger stresses within the viscous salt and therefore increase its resistance to flow.
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FIGURE 12. Salt rheological behavior for the extensional phase. (A) Experiment 1 (linear salt viscosity and extension rate = 1 mm/yr) shows loading-induced salt flow along the footwall and passive diapirism. (B) Experiment 2 (linear salt viscosity; extension rate = 8 mm/yr) indicated mainly fault-related minibasin subsidence and minor sub-horizontal salt flow along the footwall. (C) Experiment 3 (non-Newtonian salt viscosity; extension rate = 1 mm/yr) indicates salt viscosities significantly larger than for linear viscous experiments (1018 Pa⋅s) prohibiting salt flow and minibasin subsidence by salt evacuation.


On the other hand, neither slow nor fast extension and consequent sedimentary loading results in significant evacuation of salt if it follows a non-Newtonian temperature-dependent rheology (Figure 5). Salt distribution across the model remains roughly constant and unchanged from the initial value (1 km thickness), except where basement faults cut through and impose localized thinning (Figures 4C,D). Figure 12C illustrates the viscosity within the non-Newtonian salt horizon after 7 Myr of slow extension. The uniform thickness of salt indicates very little variable horizontal flow. Viscosities vary between 1020 and 1022 Pa⋅s, which are much larger values than for the linear viscous experiments (1018 Pa⋅s) and overcome the salt viscosity in nature (1010 and 1021 Pa⋅s, see Mukherjee et al., 2010 for a review). Viscosities are lower into the graben structure due to the temperature-dependent activation of salt flow. Viscosities of 1019 Pa⋅s occur along the basement faults where deformation is localized as a result of the power-law relation between stress and strain rate (Figure 12C).

The non-Newtonian viscosities of salt during the extensional phase prohibit any significant salt flow under the prevailing geothermal gradient (i.e., 33.3°C/km; section “Geometrical Setup”) and numerical modeling results using linear viscosities of 1018 Pa⋅s are in broad agreement with the geometries found for natural case studies of minibasin provinces assisted by thick-skinned extension (e.g., Rowan and Lindsø, 2017). Conversely, the geometries and kinematics and architectural infill formed during the extension phase in the non-Newtonian salt experiments are at odds with natural examples. It is arguable that such differences may arise from our modeling boundary conditions, i.e., the chosen geothermal gradient and the thickness of post-extension strata, which both affect the apparent temperature within the salt horizon, however, in a proximal rift setting such as that modeled here were crustal extension is low, the average geothermal gradient should not be much larger than the used values. In contrast to the extension phase, non-Newtonian salt viscosities during convergence show lower values between 1018 and 1020 Pa⋅s (Figures 9–11). This decrease in viscosity results from temperature increase due to structural and syn-orogenic stratigraphic burial, as well as from localized deformation, i.e., increased strain rates, along the salt horizon decoupling the basement from the overlying sedimentary strata. We also acknowledge that alternative or additional non-Newtonian constitutive laws for the modeled salt processes may be tested and compared to our results to strenghten this line of research.



Comparison to Natural Case Studies

In the following we compare the results of our numerical modeling with a series of natural examples for which complex structures have been defined as resulting from the contractional reactivation of minibasins; some of which seem to have been clearly initiated by rift tectonics involving thick-skinned extension (e.g., Moroccan Central High Atlas) and some others are still debated. In the first case study -the Moroccan Central High Atlas- there is still some debate as to the degree of decoupling between the pre-salt basement and its sedimentary cover (i.e., whether the Triassic evaporites represented a thin-skinned detachment or not). The second case study is the Austrian Northern Calcareous Alps fold-and-thrust belt, for which the origin of thick carbonate sequences is debated as to either related to syn-rift thick-skinned extensional faulting (Fernández O. et al., 2020) or post-rift tectonics purely developed by downbuilding and thin-skinned extension on salt (Granado et al., 2019; Strauss et al., 2020).


Central High Atlas Fold Belt, Morocco

The structure of the Central High Atlas in Morocco (Figure 13A) is interpreted as the result of the Cenozoic tectonic inversion of the Mesozoic Atlas rift basin (e.g., Frizon de Lamotte et al., 2000, 2008 and references therein) resulting from the convergence between the African Plate and the Iberian and Eurasian Plates (Mattauer et al., 1977; Gomez et al., 2000). In the Central High Atlas, the Variscan basement is topped by Permian red beds and Triassic evaporites, siliciclastic rocks and basalts which are overlaid by more than 5 km of Lower to Middle Jurassic rocks (Baudon et al., 2009). Upper Jurassic and Cretaceous outcrops are scarce and restricted to the margins of the basin. There is still an open debate on the structural evolution of the Central High Atlas regarding if Triassic rocks represent or not an efficient décollement horizon. In the first case displayed (Figure 13B), there is not structural decoupling and the architecture of the chain resulted from the inversion of extensional fault and by coupled buckling of both basement and Mesozoic cover (Poisson et al., 1998; Benammi et al., 2001; Teixell et al., 2003; Arboleya et al., 2004). Thin-skinned tectonics is restricted to the basinal margins where most of the shortening is accommodated (Beauchamp et al., 1999; Benammi et al., 2001; Teixell et al., 2003; Teson and Teixell, 2008) and most folds resulted from the Cenozoic contraction with very limited, pre-shortening folding and salt tectonics (Laville and Piqué, 1992; Beauchamp et al., 1999; Teixell et al., 2003; Arboleya et al., 2004).
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FIGURE 13. (A) Synthetized geological map of the Central High Atlas (after Teixell et al., 2003; modified). (B) Central High Atlas section from Teixell et al. (2003); (C) Central High Atlas section from Michard et al., 2011 (after Calvín, 2018; modified).


Restoration of the Central High Atlas to its pre-contractional stage (Teixell et al., 2003; Arboleya et al., 2004) resembles experiments 3 and 4 (Figure 5) where a non-Newtonian temperature-dependent rheology salt horizon led to a null basement-cover decoupling during the extensional stage (Figure 5). Syn-extensional sedimentation filling directly depends upon the accommodation space created by the extensional offset of steeply dipping normal faults with any influence of salt mobilization either in the models or interpreted in nature. Subsequent shortening led to formation of structural highs dependent upon the degree of inversion of syn-rift normal faults. In the second and opposite interpretation (Figure 13C) and based on integrated structural, paleomagnetic reconstructions and stratigraphic work, the Central High Atlas is thought to represent an extensive diapiric province (Figure 13A) characterized by ENE-WSW trending salt walls with intervening synclinal minibasins that were active during Early and Middle Jurassic times, partly synchronous to rift tectonics and later on rejuvenated during Alpine shortening (e.g., Saura et al., 2014; Martín-Martín et al., 2016; Moragas et al., 2016; Torres-López et al., 2016, 2018; Teixell et al., 2017; Vergés et al., 2017; Calvín et al., 2018). This structural evolution is contingent on the existence of a mobile horizon within the Triassic sequence. Similar boundary conditions and resulting geometries are found in experiments 1 and 1b (Figures 3A, 7A, respectively). Both in the Atlas Mountains and these experiments the Triassic evaporites, in nature, and a linear salt viscosity, experimental décollement allows an efficient basement-cover decoupling and permits salt mobilization and the development of an isolated minibasin province. Structures have been interpreted as squeezed salt walls since some geometries are indicative of halokinetic sequences and because, even if limited, the occurrence of evaporites in the Triassic allows to speculate there was a higher percentage of evaporites than seen in outcrop (Saura et al., 2014). Our numerical models do show the feasibility of such interpretation where early mobilization of salt occurs and where salt can act as an effective décollement during shortening. It is possible, however, that locally abundant gabbro intrusions in the evaporite formation may have contributed to larger viscosities, and to changes in the behavior of the Triassic décollement. Likewise, lateral and vertical changes in the stratigraphy of the layered evaporite sequence may have contributed to rheological variabilities.



Northern Calcareous Alps (NCA)

The NCA of Austria constitute a 700 km long E-W striking salt-detached fold-and-thrust belt characterized by thick (up to ∼4500 m) successions of Neo-Tethyan Triassic passive margin carbonates (Mandl, 2000). The NCA stratigraphy documents the diachronous growth of Middle Triassic carbonate platforms over a Permian-Triassic layered evaporitic sequence (Strauss et al., 2020) deposited during the late-thinning phase of rifting (Leitner et al., 2017). In the proximal domain of the Neo-Tethys passive margin, the salt likely constituted an extensive layer overlaying those basement faults responsible for crustal extension, whereas toward the developing ocean, the salt may have been bound by active extensional faults accounting for salt thickness variations. The role of such faults in controlling the accommodation space of the carbonate platforms is still a matter of debate, with some authors proposing salt evacuation and salt-detached extension in a thermally subsiding basin (Granado et al., 2019; Strauss et al., 2020), whereas others still suggest thick-skinned extension (Fernández O. et al., 2020) as the main subsidence and accommodation space driver Considerations on regional geological evidence, facies distribution across the belt, and subsidence analysis indicate a dominating post-rift setting, where accommodation space was provided by thermal subsidence largely assisted by salt evacuation (Strauss et al., 2020). Since Alpine shortening completely sheared off the NCA along the Permian-Triassic evaporites from their pre-salt rifted basement (Linzer et al., 1995), the original relationships between the post-salt stratigraphy and the basement structures responsible for crustal thinning cannot be directly observed. In this sense, from a exclusively structural point of view, the role of basement faults in the potential formation of the carbonate minibasins may remain elusive. The numerical models presented here aid in further constraining the structural and stratigraphic evolution of the NCA fold-thrust belt. In more detail, Figure 14 shows a new cross-section from the eastern Northern Calcareous Alps in Hohenberg (Lower Austria). The section displays marked changes in depositional stratigraphic thickness and unconformities for the Middle and Upper Triassic carbonate sequences across structurally juxtaposed units which are consistently separated by salt-bearing thrusts. Such differences in stratigraphic development point to a salt behavior akin to that used in the linear salt viscosity experiments. The contractional structural styles are largely controlled by the stratigraphic thickness distribution, with tight folds affecting the thinnest carbonate sequences in the foreland to the north and thrust imbricates involving thicker depocentres in the central parts of the section, as well as the presence of early salt structures. Thrust sheet boundaries occur as thrust welds, and were most likely associated with the position of salt walls formerly flanking the Middle-Late Triassic minibasins. In fact, the imbricated nature of the Tirolic nappes in the section (Figure 14B) suggest that convergence took place along a stepped base salt (purely thin-skinned, or at least with very little basin inversion initially). The origin of such stratigraphic thickness changes across salt-bearing thrust could relate to an inherited stepped base salt topography bounding different depositional thickness of salt developed during the late phases of rifting. The northward tilting of the basal NCA thrust and the folding of shallow thrust systems above in the hinterland (i.e., the Juvavic nappes; Figure 14B) relate to the late involvement of the pre-salt rifted basement in the thrust stack (such as in experiments 1c and 2c of thin-skinned followed by thick-skinned convergence; Figure 8), like in many other salt-detached fold-and-thrust belts worldwide (Tavani et al., 2021).
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FIGURE 14. (A) Geological map from the eastern Northern Calcareous Alps around Hohenberg [modified from Schnabel et al. (2002)]. (B) Geological cross-section. B1_pro: Berndorf well protected (25 km east) reached the European crystalline basement at ca. –5600 m, and constrains the NCA basal detachment depth. NCA nappes nomenclature from Mandl (2000). Fr., Frankenfeld nappe; Sulz./S, Sulzberg nappe.






CONCLUSION

Finite-difference 2D thermo-mechanical numerical experiments have been carried out to model the formation of extensional basins with a pre-rift salt layer to be subsequently shortened by thin-, thick-skinned, and thin- to thick-skinned convergence coeval with surface processes (i.e., erosion and sedimentation). Our results indicate a strong control imposed by the rate of extension and salt rheology on the internal architecture of extensional basins, as well as the degree of estructural decoupling above active extensional faults with a pre-rift salt layer. Syn-extension basin size and distribution is also controlled by the spacing between active basement faults, with faster rates leading to larger partitioning of depocentres separated by salt anticlines or diapirs. The pre-shortening configuration (end-or-rifting and post-rift quiescence) is fundamental in shaping the geometries and kinematic evolution of the subsequent shortening phase. Under the boundary conditions applied in our numerical simulations linear salt viscosities replicated more accurately the geometries observed in natural case studies, particularly in the extensional phases. Widespread presence of magmatic intrusions in evaporites may significantly increase formation viscosity. Including changes in the layered evaporite sequences in terms of the % of halite or the intercalations of non-evaporitic lithologies may also contribute to changes in formation viscosity. Further analysis using time-integrated geothermal gradients applied to non-Newtonian salt rheologies may aid in providing more accurate numerical simulations, and also establishing a better understanding of the natural long-term behavior of saltrock formations rheology.

The models presented here can be applied to other salt-influenced fold-and-thrust belts where the initial relationships between basement features responsible for crustal stretching/thinning and their sedimentary cover have been lost due to large tectonic transport, such as the Eastern Fars province of Iran, the Pyrenees or the Northern Calcareous Alps, as well as to rift basins with pre-rift salt that had undergone different degrees of tectonic inversion, such as the North Sea or the European Permian Basins.
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The Hexi Corridor is located beyond the northeastern edge of the Tibetan Plateau, and it is bounded by a series of active thrusts along the northern margin of the Qilian Shan and the southern piedmont of the Longshou Shan. Historically, five destructive earthquakes have occurred along the Hexi Corridor, which indicates that this region poses high potential seismic risks. The 1609 Hongyapu earthquake occurred along the Fodongmiao-Hongyazi fault in the northern Qilian Shan, China, and it killed more than 840 people and destroyed a large number of buildings. Presently, there are different opinions as to the distribution and length of the surface rupture of this event along the Fudongmiao–Hongyazi fault. Thus, we searched all of the fault scarps on the Holocene surfaces and suspected surface rupture locations related to the 1609 earthquake based on previous studies and developed detailed remote-sensing interpretations along the fault. An abundance of north-facing scarps on the younger fans and terrace faces, slightly higher than the active modern stream bed, were found along the Fodongmiao-Hongyazi fault in the area ranging from the Hongshuiba River (39.52°N, 98.41°E) in the west to the Shuiguan River (39.07°N, 99.37°E) in the east. Based on our research, we estimate a surface rupture length as ∼98 km based on the distribution of the fault scarps on Late Holocene surfaces and constraints provided by age dating. Most of the surface ruptures are preserved as fault scarps and indicate an average vertical surface offset of ∼1.0 m, a value found consistently in three segments of the fault. The surface rupture features indicate that segments of the fault ruptured together coseismically during the 1609 earthquake, i.e., a multisegment rupture. Using the surface fault traces, length of 98 or 90 km (without the Shuiguan River section), dip of 30° inferred from previous reflection profiles, a rigidity of 3.3 × 1010 N/m2, and dip slip average as 1.9 m converted from our observations of the offsets, we computed the magnitude of this event as ca. Mw 7.2–Mw 7.4.
Keywords: fodongmiao-hongyazi fault, northern Qilian Shan, 1609 Hongyapu earthquake, surface rupture, thrust fault, rupture segmentation
INTRODUCTION
Mapping of the surface rupture features and geological effects of large earthquakes, as well as the distribution of slip, is useful for assessing regional seismotectonics (Yeats et al., 1996; Molnar and Ghose, 2000; Arrowsmith et al., 2016). However, lack of an apparent surface rupture is a common finding on low angle thrust faults associated with major historical earthquakes, and the reason could be related to little or no slip in the shallow part of the fault during such events (Kumar et al., 2006; Wang and Fialko, 2015). Alternatively, the reason could be related to the topographic features of the thrust earthquake surface ruptures. Thrusts tend to produce discontinuous and broad scarps, which are often ambiguous and less well preserved than normal or strike-slip fault breaks (Wells and Coppersmith, 1994; McCalpin, 2009; Arrowsmith et al., 2016). Importantly, floods may destroy coseismic surface scarps and stratigraphic records in just a few seasons (Sapkota et al., 2013). However, recent studies were able to locate the surface rupture of the AD 1934 Mw 8.2 Bihar–Nepal earthquake and 1950 Mw ∼8.6 Assam earthquake by geomorphological mapping and age dating, which had previously been ascribed to blind faults (Sapkota et al., 2013; Priyanka et al., 2017).
Earthquake size is controlled primarily by the area of the fault plane that ruptures, as well as the amount of displacement averaged over this area (Scholz, 2002). Disjointed segments of faults can behave as distinct faults, rupturing separately in individual earthquakes, but at times these segments coalesce and rupture simultaneously in a large, entire-fault encompassing event (Sieh, 1996; Elliott et al., 2009). Thrust rupture segment boundaries may be indicated by different kinds of structural discontinuities along the fault, such as a strike-slip tear fault, sharp changes in the orientation of the fault, abrupt changes in dip, and so forth (Davis et al., 2005; Yue et al., 2005; McCalpin, 2009; Dal Zilio et al., 2020; Lei et al., 2020).
The Hexi Corridor in Gansu Province, China, was part of the Silk Road that formed during the Han Dynasty. It spans the transpressional region between the Altyn Tagh fault and Haiyuan fault, two regional left-lateral strike-slip faults at the northeastern corner of the Tibetan Plateau, and it is bounded mainly by a series of active thrusts along the northern piedmont of the Qilian Shan and the southern piedmont of the Longshou Shan (Xu et al., 2010) (Figure 1). The Hexi Corridor is located in arid or semi-arid areas, and surface ruptures of many historical earthquakes have been preserved here (Zheng, 2009a; Xu et al., 2010; Guo et al., 2019). Historically, five destructive earthquakes occurred along the Hexi Corridor, including the AD 180 M71/2 Gaotai earthquake, AD 1609 M71/4 Hongyapu earthquake, AD 1927 M8.0 Gulang earthquake, AD 1932 Mw 7.6 Changma earthquake, and AD 1954 M7.3 Shandan earthquake, which have been the focus of many previous studies (Gu, 1983; Lanzhou Institute of Seismology and State Seismological Bureau, 1985; Tapponnier et al., 1990; Lanzhou Institute of Seismology, 1992; Institute of Geology, State Seismological Bureau, and; Lanzhou Institute of Seismology, 1992; Chen, 1994; Earthquake Disaster Prevention Department and State Seismological Bureau, 1995; Gaudemer et al., 1995; Zheng et al., 2009b; Cao, 2010; Xu et al., 2010; Guo et al., 2019).
[image: Figure 1]FIGURE 1 | (A) Active tectonics map of northeastern Tibet (after Xu et al., 2010). Fault labels in (B) include: 1) Hanxia–Dahuanggou thrust; 2) Changma fault; 3) Jiayuguan thrust; 4) Fudongmiao–Hongyazi thrust; 5) Yumushan thrust; 6) Minle–Damayin thrust; 7) Dongqingding thrust; 8) Lenglonglin; 9) south Longshoushan thrust; 10) Baode fault.
There is an agreement that the 1609 Hongyapu earthquake occurred along the Fudongmiao–Hongyazi fault (FHF), but the distribution and length of the 1609 surface rupture are still in dispute, as only a few detailed field observations have been published (Institute of Geology, State Seismological Bureau, and Lanzhou Institute of Seismology, 1992; Cao et al., 2010; Xu et al., 2010; Liu et al., 2012; Liu et al., 2014; Huang et al., 2018a). Notably, the distribution and magnitude of the slip along the rupture have not been clearly reported before our work (Huang et al., 2018a).
Field documentation of the preserved 1609 earthquake rupture was the focus of this study. We provide descriptions of the surface rupture based on field investigations, with more details compared to our previous report (Huang et al., 2018a). The offsets along the rupture were systematically reviewed, and the surface rupture slips were calculated according to rupture fault dip angles. Based on the surface slip distribution and the previous paleo-seismic trenching works (Huang et al., 2018b), the rupture segmentation of the FHF was discussed and the data were suggestive of a multisegment rupture for the 1609 earthquake. Our description of the fault trace, the length, and the slip distribution, and our estimate of the geological moment contributes to the limited dataset on large reverse-faulting earthquakes.
GEOLOGICAL SETTING AND OVERVIEW OF THE AD 1609 EARTHQUAKE
The Qilian Shan is the youngest uplifting orogenic belt in NE Tibet (Figure 1) (Meyer et al., 1998; Tapponnier et al., 2001; Hetzel et al., 2002; Zhang et al., 2004). The late Cenozoic deformation of this range recorded the remote effects of the Indo-Asian collision (Tapponnier et al., 2001; Zhang et al., 2004; Yuan et al., 2013), and the present crustal shortening rate maintains a high level of 5. 5–7 mm/a as shown by geodetic measurements (Zhang et al., 2004; Zheng et al., 2013). The northern Qilian thrust fault zone, which is located on the northern margin of the Qilian Shan, has accumulated approximately 20% of the crustal shortening of the Qilian block (Tapponnier et al., 1990; Hetzel et al., 2004; Zheng et al., 2013; Zuza et al., 2016; Yang et al., 2018a; Yang et al., 2018b; Hetzel et al., 2019). High fault slip rates and the historic occurrence of strong earthquakes indicate that there are high potential seismic risks within this fault zone (Hetzel et al., 2004; Xu et al., 2010; Hetzel et al., 2019).
The Fodongmiao-Hongyazi fault (FHF) is a major range-bounding thrust fault between the Qilian Shan and Jiudong basin, belonging to the middle segment of the northern Qilian thrust fault zone (Figures 1, 2) (Yang et al., 2018a). The segment of the FHF that has been the most active during the Late Quaternary is approximately 110 km long, and it trends WNW (Institute of Geology, State Seismological Bureau, and Lanzhou Institute of Seismology, 1992; Chen, 2003; Zheng et al., 2009b; Xu et al., 2010; Liu et al., 2011; Liu et al., 2012; Liu et al., 2014; Yang et al., 2017; Yang et al., 2018a, Yang et al., 2018b; Liu et al., 2019). The vertical slip rate of the FHF has amounted to 1.2 ± 0.1 m/ka during the last 200 ka (Hetzel et al., 2019).
[image: Figure 2]FIGURE 2 | Geologic map across the Fodongmiao-Hongyazi fault. Place names: FDM, Fodongmiao; SYJ, Shiyangjuan; DLH, Dalong River; CYK, Ciyaokou; QJKZ, Qujiakouzi; HSC, Hongshan Village; RJTZ, Rujiataizi; HCB, Huangcaoba; JSZ, Jiashazi Reservoir; YG, Yagou; XQ, Xiaoquan; HYZ, Hongyazi; TDDW, Toudaodongwan; XCG, Xichagou. The segmentation is according to Yang et al. (2017). The isoseismal lines of the 1609 earthquake are after Liu et al. (2011). Locations of historical earthquake epicenters, shown by red circles in the figure, are from the Earthquake Disaster Prevention Department and State Seismological Bureau (1995), Earthquake Disaster Prevention Department, China Earthquake Administration (1999), and Cao et al. (2010). The 180 AD M7.5 and 180 AD M7.0 data are for the same event but data vary in accordance with different estimates; these data are from the Earthquake Disaster Prevention Department and State Seismological Bureau (1995) and Cao et al. (2010), respectively.
This fault can be subdivided into three segments by the Hongshan village and Maying River based on the fault trace geometry and local structures (Yang et al., 2017). We adopted this segmentation in this study.
The western segment of the FHF has a relatively continuous fault trace along the piedmont foreland with a strike of 115°, and there are uplifted and dissected fans in the hanging wall. The surface fault dips south with a dip angle of 25–45° as measured on the outcroppings in trenches, gullies, and river banks. The seismic reflection profile across the Ciyaokou village revealed a south fault dip of 30° in depth (Yang et al., 2007). The hanging wall is mainly Neogene mudstone and sandstone, and a few Oligocene and Early Cretaceous rocks are present.
The middle segment has a sinuous and discontinuous trace along the mountain front, with a strike of 120°. The highest peak of the Qilian Shan at an elevation of 5,564 m is located on this segment. The outcrops of the hanging wall are mainly Paleozoic granite and the foot wall are mainly Quaternary alluvium. The fault dips south with a surface dip angle of approximately 40° according to field observations (Yang et al., 2017; Yang et al., 2018a; Yang et al., 2018b), but the value can range from 25° to 35° at depth based on seismic reflection profiles (Zuza et al., 2016).
The eastern segment is separated from the middle section by the Hujiatai anticline in the Maying River area. The surface trace occurs along the piedmont fans or the mountain front, and it includes fault scarps and fold-scarps; the overall trend is approximately 130°. The hanging wall is mainly Paleozoic sandstone and mudstone, and a few Mesozoic and Tertiary rocks are outcropped in the Maying River area. The fault dips south with a dip angle of 20–70° at the surface according to measurements taken in the field (Yang et al., 2017; Yang et al., 2018a; Yang et al., 2018b), and the dip is 25–30° at depth based on seismic reflection profiles (Yang et al., 2007; Zuza et al., 2016).
The 1609 Hongyapu earthquake killed more than 840 people and destroyed a large number of buildings, including those in the old town of Hongyapu (Li, 1960; Gu, 1983; Lanzhou Institute of Seismology and State Seismological Bureau, 1985; State Seismological Bureau, and Lanzhou Institute of Seismology, 1992; Institute of Geology, 1993; Cao, 2010; Liu et al., 2011). Scarps, cracks, caves, and landslides caused by the earthquake were observed by scientific research teams in the Hongyazi village and its surrounding area in the 1960s (Cao, 2010). Differing views on the epicenter location and magnitude of this earthquake exist among different research groups, based on their estimates on field work and textual analyses. Li (1960) suggested that the epicenter was in the area southeast of Jiuquan (39.2°N, 99.1°E), and the magnitude of the event was 61/2, based on the analysis of buildings damage and life loss from textual analyses. Gu (1983) and (Earthquake Disaster Prevention Department, 1995) State Seismological Bureau (1995) increased the magnitude to 71/4 and changed the epicenter to the area of 39.2°N, 99.0°E according to the macroseismic intensity distribution based on more detailed textual analyses and field observations of damages. Meanwhile, Lanzhou Institute of Seismology, State Seismological Bureau (1985) suggested that the magnitude of the event was 71/4 and the epicenter was in the area of Hongyapu (39.2°N, 99.2°E) with a different macroseismic intensity distribution map. The Institute of Geology, State Seismological Bureau, and Lanzhou Institute of Seismology (1992) adopted the same magnitude of 71/4 and the same seismic intensity map from Lanzhou Institute of Seismology, State Seismological Bureau (1985), but proposed that the epicenter was in the west of Xiaoquan (39°0′54″N, 99°16′E) according to their field work on the earthquake surface ruptures. Liu et al. (2011) provided new evidences for the macroseismic intensity assessment of the earthquake to draw a new seismic intensity map and suggested that the meizoseismal intensity value reached X, the long axis was more than 70 km striking NWW (Figure 2), and the epicenter was in the area west of Hongyazi village (39.2°N, 99.0°E).
There are also different opinions on the distribution and length of the surface rupture at present. The Institute of Geology, State Seismological Bureau, and Lanzhou Institute of Seismology (1992) suggested that the length of the surface deformation zone is approximately 60 km long and consists of scarps, mole tracks, cracks, and an offset of streams and ridges from the Fengle River in the west to the Bailang River west bank in the east. Xu et al. (2010) proposed that the Hongyapu earthquake was accompanied by two segments of rupture, namely, the Xiaoquan segment that strikes N15°W with a coseismic rupture length of 11 km, and the Hongyazi segment that strikes N65°W with a coseismic rupture length of 5 km. Cao (2010) suggested that the surface rupture of the Hongyapu earthquake is approximately 90 km long with a maximum vertical offset of 2 m and lateral offset of 3 m, and it occurs as fault scarps and a few left-lateral offset rills locally. Liu et al. (2012), Liu et al. (2014) reported that the coseismic rupture of the Hongyapu earthquake occurs as small fault scarps with fresh free faces along the middle and western section of the FHF. Importantly, previous research only reported limited coseismic displacement data for this earthquake and did not systematically document the distribution and magnitude of slip along the rupture.
Furthermore, there were insufficient constraints from age dating on the surface rupture before our work. The Institute of Geology, State Seismological Bureau, and Lanzhou Institute of Seismology (1992) reported two thermoluminescence ages in the gully profile near the Xiaoquan village. Additionally, Xu et al. (2010) provided some age dating results for the fan surfaces across the Xiaoquan fault to constrain the surface rupture in the Xiaoquan area, and they suggested that no coseismic rupture occurred in the area west of the Maying River during the 1609 earthquake based on thermoluminescence dating results of alluvial fans. The Group of Liu (Cao, 2010; Liu et al., 2012; Liu et al., 2014) reported a dozen optically stimulated luminescence measurements and several 14C dating results for alluvial fans and the terrace surface across the FHF, but most of the data were older than 6 ka BP and only rare data points from were recovered for the Late Holocene.
During our mapping on the FHF at 1:50,000 from 2014 to 2017, we searched all of the small fault scarps on the Holocene surfaces and the suspected surface rupture potentially related to the 1609 earthquake after reviewing previous studies on the FHF; then, we developed remote-sensing interpretations for the fault. In our field work, we found an abundance of north-facing scarps on the younger fans and terrace faces, which are slightly higher than the active yongest stream bed, along the FHF from the Hongshuiba River (39.52°N, 98.41°E) in the west to the Shuiguan River (39.07°N, 99.37°E) in the east, with a total length of approximately 98 km. Some of these scarps preserve the free face with heights of 0.2–0.9 m. Additionally, the profiles of gullies, riverbanks, and trenches across the scarps revealed that most of these were controlled by faults, as indicated by the south dip faults in the profile data under the scarps. Rills and stream terraces are right-lateral offset along the east-west strike scarps trace in the east of the Hongshan village and left-lateral offset along the north-south strike scarps trace in the west of the Xiaoquan village, compatible with a uniform overall North-east slip direction. In our field observations, we emphasized keys areas mapped for the rupture at a 1:50,000 scale on topographic and aerial photographic base maps, measurements of the surface offset, and detailed observations at numerous sites. We focused on the fault scarps on Late Holocene fans and terrace surfaces, as constrained by optically stimulated luminescence and 14C dating, samples from the trenches and pits on the young and deformed surfaces.
METHODS AND DEFINITION OF TERMS
Methods
We first mapped the track of the FHF on the Google Earth imagery before the field work. Fault scarps were initially detected from inspection of Google Earth imagery, and targeted for detailed field survey. We performed 94 offset determinations using a combination of profile data obtained by a differential global positioning system (GPS), tape and compass, unmanned aerial vehicle (UAV) photography, and simple field measurements with a laser distance meter. We also recorded, the strike of the fault, and the dip where the exposure is available.
Differential GPS was used to measure the locations and elevations of points with 0.5 m spacing along a profile normal to the strike on the surface across the fault trace with a precision of 0.1 m. An unmanned aerial vehicle with a 4 K camera was used to scan the deformed area. Stereo images were used to generate a high-resolution DEM with Agisoft Photoscan. To ensure the accuracy of the DEM, 19 control points were set uniformly across the scanned area and precisely located with real-time kinematic GPS to 0.2 m vertical precision. The resulting DEMs was previously partially published by Yang et al. (2017) with elevation error of 0.05 m and location error of 0.05–0.1 m, and here we analyzed these data to determine surface offsets. A line profile normal to the strike is used to extract the surface offset across the fault trace. We also use tape and compass to determine surface offset. Along a line normal to the fault scarp, spacings of the neighbor points were measured by a tape with precision of 0.01 m and surface slope angles, dip, were measure by a compass with precision of 0.5° at every point. And then we plot the points with spacings and dips on a plane to get a line profile across the scarps. The method of Thompson et al. (2002) was applied to calculate the vertical displacement and errors of offset alluvial fans and terraces.
Portion of vertical offsets and total lateral offsets were surveyed by handheld laser range finder, with a vertical and horizontal precision of 0.3 m. We measured the altitude at the crest and toe of the scarp, and calculate the altitude difference to get the scarp height. As most of the horizontal distances are narrower than 2 m, so the scarp heights measured by handheld laser range finder are very close to the vertical offset. For the lateral offsets, we measured horizontal distances between the offset channel margins or the offset thalwegs, which intersect and are nearly perpendicular to the fault by laser range finder.
In our offset tabulation (Supplementary Table S1), we assigned a relative quality rating for the offsets from our confidence in the offset reconstruction and its applicability to the 1609 event. We calculated the most recent slips from the offsets with the rupture fault dip angle determined by trench work and field work on the fault exposures. The rupture trace, assumptions of dip and seismogenic thickness, and conversion to dip slip from our offset observations enabled us to estimate the moment contribution from the rupture.
Characteristics of Thrust Fault Scarps and Identification of the Most Recent Fault Slip
The surface rupture of the 1609 earthquake mainly exists as thrust fault scarps. These scarps can be divided into three types according to their different topographical characteristics and origins. We evaluated the measurements on the scarps in different ways to achieve accurate displacement estimates of this most recent earthquake (Figure 3). The types of scarps encountered are described below.
1) Simple fault scarp exists on different surfaces as a continuous single fault trace (Figure 3A). This type of scarp is suggested to have formed by a fault with only one branch, i.e., a breaching surface along the same track during different earthquake events. The most recent vertical slip of the fault can be acquired by measuring the surface offset across the lowest scarps on the young surface. We took the vertical offset of the surface as the vertical slip in this study, and the variance between these values is small because the majority of slope angles of the young surfaces are less than 5°. Additionally, we took the scarp height as an approximation of the vertical offset on lower scarps, as the scarp height is close to the vertical offset but slightly larger, and these data are marked as low-quality data in our database (Supplementary Table S1). Free faces have been found not only on lower scarps, but also on the higher composite fault scarps, and these are mainly composed of gravels with no or minimal loose cover (Figure 3B). The free faces on the thick-layered loose covered surface could have retreated and been eliminated over a short time, while boulders in the gravel layer protected the free face from erosion and thus these were preserved much longer. We also used the height of the free face as an approach to estimating the vertical offset.
2) Shifting scarps often occur in this region as two parallel tracks of scarps with greatly different heights (Figure 3C). These always present as a small and steeper scarp on the hillslope of a large composite scarp. Their formation could have been driven by the propagation of the thrust fault zone, whereby the old splays of the fault zone stopped breaching while a new splay encroached into the adjacent region and the surface rupture locations shifted forward. There is only one scarp on the lower and younger surface beside the shifting scarps. The surface offset across the lower scarp of shifting scarps can be used to evaluate the vertical slip of the newest earthquake.
3) Multiple scarps occur here as several parallel scarps on the same surface (Figures 3D,E). In this type of scarp, the scarp on the newer surface is lower than the one on the older surface while tracing along the same track. The vertical displacement of the newest event can be assessed by measuring the total vertical offset of the young surface across the multiple scarps as the spacing between scarps is narrow (Figure 3D). If the spacing was too large, i.e., more than hundreds of meters, we measured every scarp separately and summed up the most recent offsets to obtain the total vertical displacement (Figure 3E).
[image: Figure 3]FIGURE 3 | Scarp types of the 1609 earthquake. (A) Simplified model for the simple fault scarp. The upper figure shows a higher and older scarp on an older and higher surface, and the lower one is a lower scarp on a young surface. The vertical slip is very close to the vertical offset of the surface according to the upper figure, and the scarp height is similar but slightly larger than the offset according to the lower figure. (B) The free face is prone to remain on the surface, which is mainly composed of gravels with minimal loose cover, and its height is approximate to the vertical offset. (C) Simplified model for shifting scarps. A steep and lower scarp occurs on the hillslope of an older modified scarp on the higher surface, while only one scarp occurs on the adjacent lower surface. (D) Multiple scarps with narrow spacing, less than a hundred meters, can be profiled on the young surface to achieve the most recent offset. (E) Multiple scarps with wide spacing, more than hundreds of meters. We summed up all offsets across each scarp on the young surface to obtain the total vertical offset of the most recent earthquake.
RESULTS
Offset Landforms and the Most Recent Fault Slip at Different Sites
Hongshuiba River Site
On the right bank of the Hongshuiba River, five levels of fluvial terraces, namely, T5–T9 (we named the lowest terrace as T1, and the terrace will be higher as the number becomes larger in this study) attest to the tectonic activity in the area (Yang et al., 2020). Fault scarps are 20 and 40 m high on the terraces T5 and T6, respectively. These terraces were eroded by seasonal streams and slope flows, and consequently, these terraces developed new surfaces with different heights. There were distinct scarps detected on these new surfaces, except for the active surface, which remained submerged in water during seasonal streams flood. On the left bank of the Hongshuiba River, no structural scarp was found on the surfaces younger than T5 as the river gorge is about 400 m wide.
The preserved surface rupture on the Hongshuiba River site can be divided into two sections (Figure 4A). The western section starts by the river, and most of it strikes at approximately 125° with a total length of ca. 400 m. Two low scarps occur on the eroded slope of the large fault scarp of T5 near the river, and the vertical offset of the slope surfaces are 0.9 ± 0.1and 1.2 ± 0.1 m, respectively according to the profile by differential GPS (Figure 4D, Profile 14,019; Supplementary Figure S1A). The sharp parts of the scarps, composed of gravel, are 0.4 ± 0.1 and 0.7 ± 0.1 m high, respectively, which could represent the free faces caused by the most recent event (Supplementary Figure S1A). These two scarps merge into a simple fault scarp in the east. Additionally, it crosses the terrace of an ephemeral gully at point 14,022 with a vertical offset of 1.1 ± 0.1 m according to the profile by differential GPS (Figure 4D, Profile 14,022).
[image: Figure 4]FIGURE 4 | Topographic features of the 1609 earthquake surface rupture on the Hongshuiba River site. (A) Surface rupture map. (B,C) Hillshade DEM extracted from UAV aerial photography along the eastern section. (D) Topographic profiles across portions of 1609 rupture traces.
The eastern section is approximately 2 km long with a nearly E–W strike. It extends intermittently to the east, gapped by active gullies and alluvial fans. The scarps of this section present as one or two strips at different locations, and changes in their height range from 0.4 to 5 m on different surfaces, but values are mostly lower than 1 m for the scarps that occur on T1 of active gullies. Two traces of scarps occur at the western end of this segment. The northern scarp on T1 of active gullies is 0.4–0.7 ± 0.1 m high according to the profiles by tape and compass (Profile 160,609 in Figures 4B,D, photographs in Supplemental Figures S1E,F), and the height is 1.7 m on T2 according to the profile by differential GPS (Profile 14015P in Figure 4D, photograph in Supplemental Figure S1F). In trench Tc3 (location in Figure 4A), a south-dipping fault with a dip angle of 40° was revealed with a 1.5–1.7 ± 0.3 m vertical offset, measured by a laser distance meter (Supplemental Figure S1G; Huang et al., 2018b). According to this trench work, the most recent event occurred after AD 1. In the east part of this section, shifting scarps exist at some locations. The northern scarps are of the same height at approximately 0.7 ± 0.1 m, profiling by differential GPS, regardless of the location on T2 or T1 of the gullies, but a higher scarp is present only on T2 in the south (Profile 14,010 and Profile 141,012 in Figure 4D). Gravels are outcropped along the northern scarps (Supplemental Figures S1B,D). Along the trace of fault scarps, no obvious lateral landform offsets were found in the Hongshuiba River site.
The digital elevation model (DEM) extracted from UAV aerial photography agreed with the differential GPS profile results from our field work. For example, the offset of the young surface along the northern scarp on the eastern section ranged from 0.4 to 1.2 m according to the DEM (Figures 4B,C), and these data were in accordance with Profile 14,008 data produced by the differential GPS (Figure 4D).
Shiyangjuan Site
The Shiyangjuan surface rupture segment meets the Hongshuiba segment in its western portion. Its trace is very sinuous compared to the Hongshuiba segment, and it generally strikes 110°. Along the trace, the offset of terraces T1 in gullies is approximately 0.6–1.4 ± 0.1 m, according to the profiles extracted from the UAV DEM and the profiling data collected by tape and a compass. The results of these two profiling methods were in accordance with each other. At point 14,040 (see the scarp photographs in Supplemental Figures S2B,C), the vertical surface offset is 1.3 ± 0.1 m according to the DEM profile from the UAV aerial photography (Figure 5C, Profile 14,040), and it is 1.4 ± 0.1 m according to the tape and compass measurements. At point 14,042 (see the scarp photographs in Supplemental Figures S2D), the surface offset is 0.8 ± 0.1 and 0.6 ± 0.1 m, respectively, according to the two methods used (Figure 5C, Profile 14,042). Although the offset of terraces T1 has a wide range of 0.6–1.4 m, but most of these offsets are between 1.2 and 1.4 m except the local area around point 14,042 (Figure 5B). The small offset of point 14,042 may be caused by slip variation, or caused by the local severe erosion on the offset surface, especially while the length of the profile is obviously shorter than the other points, such as point 14,040. The T2 in small gullies were found to be vertically offset by approximately 1.6–2.0 m, with free faces on the scarps; for example, the surface offset is 1.9 ± 0.1 m at point 14,043 (Profile 14,043 in Figure 5C), and the free face was approximately 0.6 m high (Supplemental Figure S2E). The surface offset is larger on T2 in large gullies, for which the offset is approximately 4.5 ± 0.1 m at the stream outlet of the Shiyangjuan gully (Figure 5C), measured by the GPS profile and DEM profile, with a 0.7 ± 0.1 m high free face composed of large gravels (Supplemental Figure S2A).
[image: Figure 5]FIGURE 5 | Topographic features of the 1609 earthquake surface rupture at the Shiyangjuan site. (A) Surface rupture map (B) Hillshade DEM extracted from UAV aerial photography along the Shiyangjuan segment. (C) Topographic profiles across portions of 1609 rupture traces.
Dalong River Site
The Dalong River site is located east of Shiyangjuan. The trace of the newest surface rupture of this segment is arcuate and NE extruding with a generally 122° strike; it presents as one or two strips of fault scarps. The vertical offset of T1 at the Dalong River across the trace is approximately 1.0–1.5 ± 0.1 m according to profiles.
In the area west of the Dalong River segment, a simple fault scarp occurs on T1 in a branch gully at point 14,182, and the vertical offset determined by differential GPS profiling is 1.5 ± 0.1 m (Figure 6B). This terrace is covered by conglomeratic sand without loess (Figure 6C). The loess is a common surface cover in the region and dated to the early Holocene. Therefore, this terrace should have formed much later than the loess deposition; its vertical offset is suggested to be related to the most recent earthquake. The 1.5 m offset is the maximum vertical offset of the most recent surface-ruptured event at this site. It is slightly larger than the offset measured on T1 in the East Shiyangjuan gully, west of the Dalong River site, where the value is 1.3 ± 0.2 m, and the age of that terrace is 2.8 ± 0.2 ka (Yang et al., 2017).
[image: Figure 6]FIGURE 6 | Topographic features and photographs of the 1609 earthquake surface rupture on the Dalong River site. (A) Surface rupture map. (B) Topographic profiles across portions of 1609 rupture traces. (C) A simple fault scarp exists on T1 of a gully, covered by conglomeratic sand, and the vertical offset is 1.5 m. (D) The vertical offset of the first terrace of the Dalong River is 1.1 m across a simple scarp with low amounts of loess covering it. (E) Fault scarps are present on the terraces of ephemeral gullies on T3 of the Dalong River.
At point 14,199, the vertical offset of T1 along the eastern riverbank is 1.1 m, as measured by differential GPS profiling across a simple scarp (Figure 6B), and there is minimal loess cover on it (Figure 6D).
Fault scarps also occur on the terraces of the ephemeral gullies that flow to the north on T3 along the Dalong River. At point 14,197, the scarp on T2 in the gully is 3.5 ± 0.3 m high, and it is 0.4 ± 0.3 m high on T1 (Figure 6E).
Fengle River Site
The Fengle River site is located on the middle segment of the FHF. The fault scarps generally trend 80° at this site and turn to 120° in the eastern portion. The simple fault scarps occur on the T3, T4, and T5 terraces as a high escarpment in the estuary of the Fengle River (Yang et al., 2017). We found it difficult to recognize the fault scarps on T1 because of the severe artificial modifications here. However, some scarps have been preserved on the late erosional surface of T2, which adjoins the escarpment on the higher terraces.
The T2 along the river is covered by a thin layer of loess, and it has been dated as 6.0–7.3 ka on the west river bank (Yang et al., 2017). Gravels are outcropped here on the fault scarp. At point 14,081 (Figure 7A,B), the vertical offset is 2.7 ± 0.1 m (as determined by the differential GPS profile) across the scarp on T2 of the west river bank, and large gravels are present on the scarp (Figure 7C). Cobbles and gravels are exposed on the late erosional surface of T2 along the river, and north-facing scarps about 1.0 m high occur on this surface. The vertical offset of the surface is 0.7 ± 0.1 m at point 14,137, as measured by the differential GPS profile (Figures 7B,D). Free faces composed of boulders occur on high scarps of older terraces, including the late erosional surfaces on T5 along the west river bank (Figure 7E). The free face is approximately 0.9 ± 0.3 m at point 14,079, as measured directly by a laser distance meter (Figure 7F). No apparent lateral offset landform was found in this site. On its eastern portion, the vertical offset of the T1 terrace of a gully is 0.8 ± 0.3 m, measured by a laser distance meter, at point 169,085. And this value is similar to the vertical offset of the late erosional surface of T2 along the Fengle River.
[image: Figure 7]FIGURE 7 | Topographic features and photographs of the 1609 earthquake surface rupture at the Fengle River site. (A) Surface rupture map. (B) Topographic profiles across portions of 1609 rupture traces. (C) Gravels are outcropped on the fault scarp of T2 in the west river bank at point 14,081, and T2b is the late erosional surface on T2 with cobbles and gravels exposed. (D) A north-dipping scarp approximately 1.0 m high is present on T2b on the east river bank. (E,F) Free faces composed of boulders occur on high scarps of higher terraces on the west river bank, and the free face is approximately 0.9 m at point 14,079.
Huangcaoba Site
The Huangcaoba site is located in the area east of the Fengle River, and this segment is also on the middle segment of the FHF. There are fault scarps of different heights on terraces in the river mouth of the Huangcaoba River, similar to the Fengle River site. However, these constitute multiple scarps here and thus are different from the simple scarps at the Fengle River site.
According to the altitude differences compared with the river bed, we label the terraces in the river mouth area as T1, T2, and T3 from low to high. Four strips of fault scarps exist on T3, and these merge into a simple scarp toward the east or west (Figure 8A). T2 was not preserved along the fault trace because of later lateral washout and it was replaced by T1. Three fault scarps occur on T1 along the western river bank (Figures S3A, 11B), and UAV aerial photography was carried out here (Figure 8B). Vertical offsets were measured as 1.2 ± 0.2, 1.6 ± 0.1, and 0.6 ± 0.1 m from south to north on these scarps by extraction profiles from the DEM of the UAV aerial photography (Figure 8C). A small terrace was formed by an abandoned stream on the T1 terrace (marked as T0b in Figures 8A,B); this was displaced by the central fault and subsequently formed a 0.7 ± 0.1 m high fault scarp (Figure 8C). The excavation of the gully wall below the scarp, i.e., trench Tc4, revealed a south-dipping fault with an angle of 22°, which displaced the top of a gravel layer 1.5 ± 0.3 m vertically, measured by a laser distance meter (Supplementary Figure S3C). Two surface-ruptured events were found in Tc4, and the most recent event was dated as post-dating 1184–1275 AD, which is compatible with the rupture occurring in the 1609 event (Huang et al., 2018b).
[image: Figure 8]FIGURE 8 | Topographic features of the 1609 earthquake surface rupture at the Huangcaoba site. (A) Surface rupture map (B) Hillshade DEM extracted from UAV aerial photography of the estuary of the Huangcaoba River. (C) Topographic profiles across portions of 1609 rupture traces.
Cobbles and boulders are exposed at the northern and middle scarps on the T1 terrace, but only small amounts of gravels are outcropped at the southern scarp. We suggest that the fault breached the surface through the northern and middle scarps and did not break through the southern scarp during the most recent earthquake event. The most recent vertical offset revealed in Tc4 across the scarp on T0b is 0.7 ± 0.1 m; and it is about half of the vertical offset of the middle scarp of T1, which is 1.6 ± 0.1 m. Therefore, we suggest that at least half of the vertical offset across the north scarp on T1 could be caused by the most recent event and we cannot exclude the possibility that the whole scarp height could also be caused by this event. Then, the total vertical offset of this event at the Huangcaoba site is approximately 1.4 ± 0.3 m, while the total vertical offset at the northern and middle scarps ranges between 2.2 ± 0.2 and 2.5 ± 0.2 m (this study and Yang et al., 2016).
Maying River Site
The middle segment and east segment of the FHF adjoin at the Maying River site. The most recent rupture trace, located along the mountain front, mainly trends 125° in most places, but the trace turns to 140° on the west bank of the Maying River and stops near the river bank. No fault scarp was found on the river terraces near the mountain front on the eastern riverbank (Figure 9A).
[image: Figure 9]FIGURE 9 | Topographic features of the 1609 earthquake surface rupture on the Mingying River site. (A) Surface rupture map; the box near B shows the location of Figure B. (B) Detailed remote-sensing image from Google Earth showing the trace of the shifting scarps at point 169,153, SW of Jiashanzi. (C) Topographic profiles across portions of 1609 rupture traces.
Xu et al. (2010) assessed the outlet of Changcheng gully west of Mayin River, finding no evidence for the 1609 earthquake surface rupture on the youngest fans deposited during 0–3 ka, and they concluded that the 1609 rupture stopped at the Hujiatai anticline. We revisited the Changcheng gully and its surrounding area to made detailed field works in the west of the Maying River and found many surface rupture evidences in this area. Along the mountain front, west of the Maying River, low simple scarps approximately 1.0 ± 0.3 m high exist on young surfaces, such as the Late Holocene alluvial fans with gravels outcropped and no loess coverage, high flood plains of large gullies, and T1 terraces of ephemeral gullies. On the T1 terrace of Changcheng gully, a scarp is 1.2 ± 0.3 m high, measured by a laser distance meter, at point 169,146 (Supplementary Table S1). On the outlet of a large seasonal gully east of the Changcheng gully, the scarp at point 151,062 is 0.9 ± 0.3 m high, measured by tape and compass profile, on the high flood plain (Profile 151,062 in Figure12B), and the scarp at point 169,160 is 1.0 ± 0.3 m high, measured by a laser distance meter, on the T1 terrace of an ephemeral gully (Supplemental Figure S4A). Next to these small scarps, large simple fault scarps occur on the older and higher surfaces.
Shifting scarps are common in this section. These scarps have a large scarp in south and a small scarp in north, and the height of north scarp is similar with the scarp on youngest surface, which is supposed to occur in the most recent earthquake. At point 169,153, there are two scarps on T1 in a large seasonal gully, and the vertical offset on the southern scarp and northern scarp is 1.8 ± 0.1 and 0.9 ± 0.1 m, respectively, as measured by tape and compass profiling (location shown in Figure 9A, profile presented in Figure 9B, and photograph presented in Supplemental Figure S4C). Along the strike of the northern scarp on T1 (Figure12B), a scarp with a vertical offset of 0.8 ± 0.1 m occurs on a small ephemeral gully terrace lower than T1 (Profile 169153b in Figure12C; Supplemental Figure S4D), but no scarp occurs on this lower terrace along the strike of the southern scarp on T1. Furthermore, the vertical offsets of the southern scarp and northern scarp are 3.4 ± 0.1 and 1.0 ± 0.1 m, respectively, at point 169,152, and values are 2.9 ± 0.1 and 0.3 ± 0.1 m, respectively, at point 151,026, all measured by tape and compass profiling (Figure12C; Supplemental Figure S4D).
Xu et al. (2010) found no evidence of deformation of the Hujiatai anticline during the AD 1609 earthquake by mapping on the aerial photos and in the field. We did detailed field observation and found a 5 km long fault scarp along the north-limb of the Hujiatai anticline (Yang et al., 2018b) in the area north of the Jiashanzi Reservoir at the Maying River site. It starts in northwest of Jiashanzi and extends to the east along the eastern bank of the Maying River with a nearly E–W strike, proving the western end of the eastern rupture segment reached Maying River area in the AD 1609 earthquake. The most robust evidence comes from our trenching work across the fault scarp on the T5 and T6 terrace of the western riverbank. In trench Tc1 across the 1.7 ± 0.2 m high scarp on the T5, south-dipping faults with a dip angle of 22–25° and two surface-ruptured events were revealed. The most recent event was considered as the 1,609 earthquake, and the vertical offset caused by it is approximately 0.7 ± 0.3 m (Supplemental Figure S4G, Huang et al., 2018b). The fault scarps on the T6 terrace are approximately 2.2–2.6 ± 0.2 m high, measured by tape and compass profiling. Three surface-ruptured events were revealed in the trench Tc2 across the fault scarp, which is approximately 2.2–2.4 ± 0.3 m vertically offset totally. Based on the trench work, we suggest that the vertical slip of the 1609 earthquake was approximately 0.7 ± 0.3 m on T5 and T6 (Huang et al., 2018b). Apart from the river, fault scarps turned out to be lower. In the area northwest of Jiashanzi, a low scarp approximately 0.8 ± 0.3 m high, measured by a laser distance meter, with a length of 300 m occurs on the terraces of ephemeral gullies and young fans. Additionally, at the eastern end of this section, i.e., point 160,606, the vertical offset of the surface is approximately 0.8 ± 0.1 m by tape and compass profiling (Profile 160,606 in Figure 9C). Therefore, according to the above-mentioned findings, the vertical offset of the 1609 earthquake is 0.7–0.8 ± 0.3 m along the Maying River section of the eastern segment of the rupture.
Vertical Fault Slip Along the FHF
West Segment
According to our detailed field work, the 1609 earthquake surface rupture can be divided into three main geometric segments separated by important steps, similar to the previous segmentation of the FHF (Yang et al., 2017). In the Hongshan Village (HSC), the western segment and middle segment are separated by changes in rupture trace orientation and dip angles (Figure 10A), and on the western bank of the Maying River, the middle segment and eastern segment are separated by a ∼5 km wide step (Figure 11B). We obtained 94 offset data points during our field work, and most of these data consisted of vertical offsets with an average of 1.0 ± 0.3 m.
[image: Figure 10]FIGURE 10 | (A) Map of the 1609 surface rupture in the western segment. Place names: SYJ, Shiyangjuan; DLH, Dalong River; QJKZ, Qujiakouzi; HSC, Hongshan Village. (B) Offset and slip of the 1609 earthquake in the western segment.
[image: Figure 11]FIGURE 11 | (A) Map of the 1609 surface rupture in the middle segment. Place names: JFS, Jinfosi; GBK, Ganbakou; LJQ, Luejiaquan; YLB, Yulinba; JSZ, Jiashanzi. (B) Offset and slip of the 1609 earthquake in the middle segment.
The west segment of the 1609 surface rupture trends 115° from Fodongmiao to Hongshancun, with a length of ca. 24 km. The separation demarking the middle segment is a small section of fault trending 73°, with a length of approximately 2.5 km; sinistral offsets were measured at a few locations on it, in the area east of the Hongshancun. And these Left-lateral offsets are compatible with the change in strike as the rupture accommodating a NE-directed slip vector. Although the trace is sinuous in some locations such as the Shiyangjuan site, most of the rupture trace in the west segment is relatively straight compared with that in the middle and eastern segments. The majority of the interruptions of the trace were caused by active gullies, rivers, and alluvial fans, but the existence of some stepovers with a width of 200–300 m was also noted, such as along the trace on the Hongshuiba River sections. The preserved surface rupture in the west segment consisted of mostly simple fault scarps, and part of them contained multiple scarps or shifting scarps with two or three strips. The spacing between the two strips is generally less than 100 m, but values can reach 200 m locally. Most of the fault planes breaching the surface are south-dipping with a dip angle of 40°, as revealed by the profiles of trenches and gullies.
The vertical slip of the 1609 earthquake was acquired by measurement of the surface offset on the young surface or by measuring the shifting scarps on T1 in large gullies and T2 in small gullies; a few data points were estimated via the heights of free faces. According to the results, average surface offsets are approximately 1.0 ± 0.3 m with a reliable maximum of 1.5 ± 0.3 m in the western segment (Figure 10B; and Supplementary Table S1). The maximum of the surface offsets occurs at the Dalong River site, east of Qujiakouzi and west of Hongshancun. It was obtained by differential GPS profiling at the Dalong River site, and the value was approximated by the scarp height measurements taken via a laser distance meter at the remaining two locations.
The surface rupture was almost completely vertically offset with a sinistral motion noted only in that area east of Hongshancun, where the fault strike is rotated about 45° counterclockwise relative to the overall thrust geometry. At point 169,007, the north-dipping scarp on T1 in the gully is approximately 1.0 ± 0.3 m high, as the riser of T1 is left-lateral offset 3 ± 0.3 m, as measured by a laser distance meter. We take these data as the most recent offsets with some uncertainty. Because hanging wall of this scarp was badly eroded, the measured vertical offset could be underestimated. And the lateral offset may also include multiple events as we did not have any dating data of this terrace. Except for Hongshancun, no obvious larger landform offsets along the field traces were indicative of horizontal motion, and we suggest the lateral slip is purely a geometric effect, not a large-scale kinematic change.
We divide the vertical offset by the sine of the dip angle to get the dip slip and take it as the slip where no lateral offset exists. If there is lateral offset, we sum up the square of the dip slip and the square of the lateral offset, and take the square root of the sum as the slip. We converted the vertical offsets to dip slip using dip angles of rupture faults revealed in trenches and gullies for the majority of the data, but chose a neighbor dip angle for the points without outcropped fault plane (Figure 10B; Supplementary Table S1). And it will bring in some uncertainties as we are not sure if the local dip angles can change a lot in short distance along the fault strike. The maximum slip in the western segment is 3.4 + 1.4/−1.2 m in the east of Shiyangjuan (SYJ in Figure 10A) and average slip is 1.8 + 0.6/−0.5 m (N = 29).
Because the youngest surfaces relevant to ruptures have slope angles mostly smaller than 5°, the vertical offset of the surfaces is close to the vertical slip of the rupture, so we take the vertical offset as the vertical slip to calculate the dip slip of the rupture. But in turn this calculation will bring some overestimate of the slip because the vertical offset is a little larger than the vertical slip.
Middle Segment
The middle rupture segment trends 120° from the area east of Hongshancun to the west bank of the Maying River, with a length of ca. 50 km. The rupture trace is sinuous and mainly northeast protruding arc-shaped; the arc top is located between the villages of Luejiaquan and Yushuba (Figure 11A). The easternmost of the middle segment turns to a 140° strike and is distributed along the mountain front in the area southwest of Jiashanzi along the western bank of the Maying River.
The segment is composed of dozens of small sections of ruptures of different lengths amounting to several hundreds of meters or kilometers. Most of the small sections are distributed along the mountain front, and a few of these are present on alluvial fans hundreds of meters or even kilometers away from the mountain front. These sections are separated by stepovers with a width of hundreds of meters, or by Holocene alluvial fans without a rupture trace. Compared to the west segment, the rupture trace in the middle segment is more sinuous and zigzag. The fault plane of the surface rupture is south-dipping at 35 + 27/−15° dip angle in average with a range from 22 ± 2° to 60 ± 2° as revealed in the profiles of trenches and stream banks.
Average surface offsets are also approximately 1.0 ± 0.3 m with a reliable maximum of 1.5 ± 0.3 m in the middle segment (Figure 11B; Supplementary Table S1). The maximums of the surface offsets are located between the area east of Hongshan village and the Huangcaoba River site. The maximum value at the Yulinba was obtained by tape and compass profiling, and the remaining data were measured directly by a laser distance meter on the scarp height.
The surface rupture was completely reverse-sense without obvious landform offsets along the field traces indicating horizontal motion in the middle segment. We converted the vertical offsets to dip slip using the fault dip revealed in trenches and stream banks and chose neighbor dip data to be substitutes for the points without outcropped fault plane (Figure 11B; Supplementary Table S1). The maximum slip in the middle segment is 4.1 + 1.4/−1.2 m in Huangcaoba (HCB in Figure 11A), and the average slip is 2.0 + 0.7/−0.6 m (n = 43).
East Segment
NNW-Trending Xiaoquan Oblique Dextral Fault Segment
The east segment of the 1609 surface rupture trends mainly 130° with a length of ca. 25 km from the Maying River to the Toudaodongwan. It is composed of four sections with different strikes. The westernmost section, i.e., the Maying River section, occurs on both sides of the Maying River and traces the north-limb of the Hujiatai anticline, north of Jiashanzi, with a total length of 5 km. The Xiaoquan section is near N–S trending from Zhangjiaquan to the area south of Xiaoquan, and it is 11 km long. The Hongyazi section joins the Xiaoquan section at a location west of Xiaoquan village and trends eastwards with a 130° strike; it stops on the west bank of the Shuiguan River and is ca. 5 km long (Xu et al., 2010). The easternmost section, i.e., the Shuiguan River section, trends 120° from the east bank of the Shuiguan River to Toudaodongwan, and it is 3.6 km long in total. This section is composed of three smaller sections with two stepovers of 200 and 600 m width, respectively.
The Maying River section of the rupture is completely vertically offset. The average surface offsets are approximately 0.7 ± 0.3 m according to the measurements on the terraces of small gullies and the layer offsets in trenches. Additionally, the fault planes of the rupture are south-dipping at 20–30°.
Along the Xiaoquan section, N15°W trending scarps occur on various surfaces except active fans and gullies. The fault strike is rotated about 45° clockwise relative to the overall thrust geometry and the NE slip vector could decompose into NEE compression and NNW lateral slip to show a right-lateral strike-slip sense along this fault section. In fact, the N15°W trending surface rupture shows both vertical and horizontal (right-lateral) offsets, compatible with the same slip vector with the whole fault. The vertical surface offsets range between 1.0 ± 0.1 and 1.8 ± 0.3 m (Figure 12B; Supplementary Table S1). The maximum vertical offset of 1.8 ± 0.3 m was measured directly on the scarp by a laser distance meter in the area south of Xiaoquan village. The right-lateral offsets were measured by a laser distance meter on the displaced gullies and terrace risers along the surface rupture trace. In the area west of Xiaoquan village, most of the small deflected gullies at the foot of the hill are right-laterally displaced by ca. 1.5 ± 0.3 m (Yang et al., 2018b; Supplementary Table S1). Vertical offset of 1.0 m was measured for the profile on T1 at Yagou (Duck gully) (Figure 13A; Supplementary Figure S5A), with minimal loess coverage, which are findings suggestive of having been caused by the 1609 earthquake (Xu et al., 2010). The T2 is vertically offset is 1.8 ± 0.3 m, and the T3 terrace riser is right-laterally displaced 2.3 ± 0.3 m (Supplementary Figure S5B).
[image: Figure 12]FIGURE 12 | (A) Map of the 1609 surface rupture in the eastern segment. Place names: JSZ, Jiashanzi; YG, Yagou; XQ, Xiaoquan; HYZ, Hongyazi; HPC, Heping Village; SGH, Shuiguan River reservoir; TDDW, Toudaodongwan. (B) Offset and slip of the 1609 earthquake in the eastern segment. Only one right-lateral offset data point, measured beside Tc5 in the area south of Xiaoquan, is plotted because the locations of the measurements were close and the data range was narrow around 1.5 m.The box signed C is the location of Figure 13A, and the box signed D is the location of Figure 13B.
[image: Figure 13]FIGURE 13 | Surface rupture maps of the 1609 earthquake on the Yagou site (A) and Shuiguan River section (B).
Because of severe artificial reformation on the surface, it was difficult to obtain reliable rupture offsets along the Hongyazi section. We measured the scarp height of a small gully east of Xiaoquan village as being about 1.0 ± 0.3 m. This value is in accordance with that of a previous study, in which the range of scarp height caused by the 1609 earthquake was reported to be between 0.7 and 1.5 m (Cao, 2010; Xu et al., 2010). Two traces of fold-scarps with gentle slopes occur on the late Pleistocene alluvial fans in the area south of the Hongyazi fault scarp section, in Heping village (HPC in Figure 12A). No fault was found in the stream bank profiles across the fold-scarps, and their relationship to the 1609 earthquake remains unknown.
The surface rupture was completely dip-slip without lateral motion in the Shuiguan River section. In the area east of the Shuiguan River, fault scarps occur on T4 of the river, the hill slope, and the T1 and T2 terraces of gullies on the piedmont. Additionally, the heights of scarps range from 0.5 ± 0.1 to 4.5 ± 0.3 m. According to the locations and shapes of scarps, the scarps with a height of 0.5 ± 0.1–1.4 ± 0.3 m are suggested to have formed during the 1609 earthquake, but there remains a lack of age dating constraints.
Average vertical surface offsets of the east segment are approximately 1.0 ± 0.3 m as estimated with 16 sets of data (Figure 12B; Supplementary Table S1), and the average dextral offsets are approximately 1.5 ± 0.3 m as estimated with six sets of data from the Xiaoquan section (Supplementary Table S1).
Because the dip of the fault revealed in the trenches and outcropped on different sections are not the same and the motion senses are different, we converted the surface offsets of different sections into dip slip with different fault dips. The vertical offsets on the Maying River section were converted to dip slip by using fault dips as revealed in trenches Tc1 and Tc2, and drainage channels (Huang et al., 2018a; Huang et al., 2018b). The vertical and right-lateral offsets on the Xiaoquan section were converted to dip slip by using fault dip revealed in gully banks and the trench Tc5 (Huang et al., 2018b). We used a vertical offset average of 1.4 ± 0.3 m for the conversion of the right-lateral offset data measured beside Tc5 in the area south of Xiaoquan as there were no measurements of vertical offsets on these scarps. Additionally, vertical offsets without lateral offset data were converted to dip slip with a lateral offset average of 1.5 ± 0.3 m. The vertical offsets on the Hongyazi section and Shuiguan River section were converted to dip slip with a fault dip of 56 ± 5° from Tc-X, west of Xiaoquan village (Xu et al., 2010). The maximum slip in the eastern segment is 2.6 ± 0.5 m in the south of Xiaoquan and average slip is 1.8 ± 0.4 m (N = 22) (Figure 12B; Supplementary Table S1). Because all of the lateral offsets and most vertical offsets were sourced from direct laser distance meter measurements with an error of 0.3 m and the fault dip angles are only confirmed by a few trenches with some uncertainty, the slip data may include more uncertainty compared with other segments.
Shuiguan River Section
The surface rupture of the Shuiguan River segment can be divided into three small sections. The western one starts at the T4 terrace on the eastern bank of the Shuiguan River and extends to the hillslope in the east as linear scarps striking 116° with a total length of ca. 1.4 km. The T4 terrace of the Shuiguan River is covered by 1.5 m thick loess, and there is a gravel layer on top at some locations, which was caused by the accumulation of seasonal slope runoff. The vertical offsets of the T4 surface range from 0.6 ± 0.1 to 0.9 ± 0.1 m across the scarp, where values become lower from east to west (Figure 13B; Supplemental Figure S6A). Additionally, the surface offset on the hillslope in the east is approximately 1.2 m.
The middle small section has a sinuous trace striking 105° generally, with a total length of approximately 600 m. The separation between this section and the western one is approximately 200 m. In the westernmost portion of this section, a low scarp occurs on the hillslope and is covered by thick loess, where the vertical offset of the surface is 0.6 ± 0.1 m as measured by tape and compass profiling (Supplemental Figure S6C). Along the rupture trace, fault scarps are 1.0–1.5 m high as measured by a laser distance meter on gullies terraces (Figure 13B; Supplemental Figure S6C).
The eastern small section has an S-shaped trace trending 105° generally with a total length of approximately 1.4 km. A 600 m wide stepover occurred between the middle section and small section. Most ruptures are simple fault scarps, and only a few locations contain shifting scarps. The vertical offsets across the trace of simple fault scarps are 2.0–4.5 m. At point 16,194, in the area west of Toudaodongwan, a composite scarp occurs on T2 of the gully and the total vertical offset is 4.5 ± 0.1 m according to tape and compass profiling (Supplemental Figure S6D). The steepest slope section of this scarp is approximately 1.4 m high, and this is in accordance with the scarp height on gully terraces on the middle section. To its east, this single scarp turns into two strips of scarps on the T1 terrace of another gully. The northern scarp is 1.3 ± 0.3 m high, and the southern one is 1.2 ± 0.3 m, measured by a laser distance meter. These are suggested to represent shifting scarps.
As mentioned above, the vertical offsets of the young surfaces on the Shuiguan River segment range from 0.6 ± 0.1 to 1.5 ± 0.3 m, and the maximum of 1.5 ± 0.3 m was measured directly from the height of the scarp determined by a laser distance meter on the T1 terrace of a gully. There are no age dating constraints on the surfaces to prove that these were from the 1609 rupture. However, at point 169,188, the scarp on the hillslope is low, about 0.6 m high, and it is preserved on a thick loess covered surface with a relatively steep slope (Supplemental Figure S6B). Under such conditions, old scarps can retreat and disappear after thousands of years (Zhang et al., 1994), so we are prone to consider the Shuiguan River segment as part of the 1609 surface rupture.
DISCUSSION
Rupture Length, Coseismic Slips, and Possible Magnitude of the 1609 Earthquake
As mentioned above, the west segment of the 1,609 surface rupture trending 115° from Fodongmiao to Hongshancun is ca. 24 km long, and the average and maximum slip is 1.8 + 0.6/−0.5 and 3.4 + 1.4/−1.2 m, respectively. The middle segment trending 120° from the area east of Hongshancun to the west bank of the Maying River is ca. 50 km long, and the average and maximum slip is 2.0 + 0.7/−0.6 m and 4.1 + 1.4/−1.2 m, respectively. The east segment trending generally 130° from the Maying River to the Toudaodongwan is ca. 25 km, or 17 km long not including the Shuiguanhe section, and the average and maximum slip are 1.8 ± 0.5 and 2.6 ± 0.5 m, respectively. The average and maximum slip of the whole rupture are 1.9 + 0.6/−0.5 and 4.1 + 1.4/−1.2 m, respectively.
The relation between the seismic moment (Mo) and the moment (Mw) magnitude is described by Hanks and Kanamori (1979) as follows:
[image: image]
Seismic moment can be calculated as the slip × area × rigidity (3.3 × 1010 Nm−2). To estimate the moment from each fault segment, we used its mapped length and a dip of 30°, as adopted from previous studies on the seismic reflection profiles across the FHF (Yang et al., 2007; Zuza et al., 2016), along with an assumption of a 10 km seismogenic thickness because the estimated detachment depth of the FHF ranges between 6 and 15 km (Yang et al., 2007; Zuza et al., 2016) to compute the rupture area of the fault. The seismic moment estimates for the western segment, middle segment, and eastern segment are 2.85 × 1019 Nm, 6.60 × 1019 Nm, and 2.97 × 1019 Nm (or 2.02 × 1019 Nm not including the Shuiguan River section), respectively. Summing these three segments, we estimate that the total seismic moment was 1.24 × 1020 Nm (Mw 7.33), or 1.15 × 1020 Nm (Mw 7.30) not including the Shuiguan River section. On the west and east segments, most of the local slips are estimated based on local rupture dips steeper (or shallower) than 30° dip, based on which the area is calculated in the Eq. 1. This probably introduces some incompatibility. If local dip is 40° higher or 10° lower than regional dip (30°), then slip is 0.9 m smaller or larger, and the effect on the magnitude is + or −0.1. The change in dip doesn’t change the magnitude estimate too much.
The total length of the surface rupture measured on the map is 98 or 90 km without the Shuiguan River section, and this length is slightly shorter than the sum of each segment because a stepover exists between the middle and eastern segments. We can assess the magnitude from the rupture length by using the empirical relation between the rupture length and magnitude for dip-slip faults, given by Leonard (2010), as follows:
[image: image]
Here, SRL is the rupture length. According to Eq. 2 calculations, the predicted magnitudes are Mw 7.43 and Mw 7.37 for the 98 km and 90 km rupture lengths, respectively.
We also estimated the magnitude of the AD 1609 earthquake by another empirical equation from Wells and Coppersmith (1994), in which the relationship between the maximum displacement and magnitude is as follows:
[image: image]
Here, Dmax is the maximum coseismic slip; this value is 4.1 + 1.4/−1.2 m at point 150,736 on the middle segment. According to Eq. 3 calculations, the predicted magnitude is Mw 7.3 ± 0.1.
Implications for Thrust Fault Rupture Segmentation
Most of the recent rupture along the FHF could be traced on different surfaces, but the youngest ruptured surfaces on different segments are all from the Late Holocene. The most recent surface rupture on the western segment occurred after AD 1, which was proven by trench Tc3 data collected at the Hongshuiba River site (Huang et al., 2018b). The newest surface rupture on the middle segment formed after AD 1184–1275, as revealed by Tc4 data from the Huangcaoba site (Huang et al., 2018b). The most recent surface rupture on the eastern segment, which trends from the area west of the Maying River to the area west of the Shuiguan River, occurred in AD 1609, as proved by trench Tc1 and Tc2 data from the Maying River site (Huang et al., 2018b), as well as trench TcX data from Xiaoquan village (Xu et al., 2010). Jiuquan city, which is just 24 km south of the Hongshuiba River site, was built in 160 BC. during the Han Dynasty. Among the earthquakes included in the Chinese historical earthquake catalog (Li, 1960; Gu, 1983; Earthquake Disaster Prevention Department, State Seismological Bureau, 1995) and the China Earthquake Networks Center, 2020 (http://www.ceic.ac.cn/history), only the AD 1609 M71/4 Hongyapu earthquake could have been responsible for the most recent surface rupture running from the Hongshuiba River to the Shuiguan River. Therefore, the three segments of the FHF are considered to have coalesced and ruptured simultaneously during the AD 1609 earthquake, occurring as a multisegment rupture. This multisegment rupture event happened about 400 years ago, so the probability of large earthquakes along the FHF in the next 100 years is small, with consideration of the millennial-scale recurrence revealed in the trenches (Huang et al., 2018b).
In Hongshan Village (HSC), from the western segment to an oblique thrust fault striking 73°, the surface rupture trace orientation differs by about 42°, named as Bend 1 in Figure 14, and dip angles change from 38° to 54–78°. Structural discontinuities may indicate a rupture segment boundary (McCalpin, 2009) and displacement could decrease significantly or falls to zero at segment boundaries (Rockwell and Klinger, 2013). But the surface slip distribution of the 1609 earthquake does not show obvious slip impeding or decreasing at this boundary. Because of insufficient data on this rupture section, this geometric complexity cannot be affirmed a segment boundary of the 1609 rupture by the surface slip distribution. The geometry of rupture trace in the Maying River area is much more complex than the HSC (Figure 14A). The rupture trace orientation differs by about 30° from the Hongyazi section to the Xiaoquan section, named as Bend 2, and differs by about 70° from the Xiaoquan section to the Maying river section, named as Bend 3, as the dip angles change from 60° to 20°. And there is a step of ∼5 km between the eastern segment and the middle segment in this area. This rupture trace complexity and structural discontinuities should indicate a robust segment boundary. It modulated the fault rupture to form a slip troughing on the surface slip distribution (Figure 14B), and a slip gap also occurred between Xiaoquan section and the Maying river section. Length of earthquake ruptures is controlled by the geometrical complexity of fault traces (Wesnousky, 2008). Bends and steps in fault trace play a role in controlling the extent of earthquake ruptures (Biasi and Wesnousky, 2017). In previous reports, dip-slip ruptures can cross large steps with maxima of ∼5 km (Biasi and Wesnousky, 2016). The orientation of ends of ruptures cannot differ by more than 60° in strike-slip ruptures but it is not clear in dip-slip ruptures, which are observed to have rarely ended at a deflection less than 20°, and maximum angles passed inside ruptures for dip-slip ruptures concentrate below 50° (Biasi and Wesnousky, 2017). The rupture trace and slip distribution of the 1609 earthquake confirmed that The rupture trace and slip distribution of the 1609 earthquake confirmed that large earthquakes can rupture across a large step of ∼5 km and a large bend of 70° along a thrust fault.
[image: Figure 14]FIGURE 14 | Surface slip distribution of the 1609 earthquake and segmentation of surface rupture. (A) Surface rupture map and segmentation of the rupture. (B) Surface rupture slip distribution. (C) Possible correlation of the paleo-earthquakes along the Fodongmiao-Hongyazi Fault according the previous trenches work (Huang et al., 2018b). Place names: FDM, Fodongmiao; SYJ, Shiyangjuan; HSC, Hongshan Village; RJTZ, Rujiataizi; HCB, Huangcaoba; XQ, Xiaoquan; HYZ, Hongyazi; TDDW, Toudaodongwan; XCG, Xichagou.
To further evaluate fault segmentation along the FHF, we synthesized Holocene paleoseismic data from five trench sites in our previous paleo-seismic trenching work (Huang et al., 2018b). The youngest earthquake, constrained to be the AD 1609 earthquake, being evidenced in all the trench sites on three different segments (Figure 14C) is consistent to a complete multisegment rupture along the FHF mentioned above. TC3 and TC4, sites on the western segment and middle segment respectively, yielding a time range of 3.4–2.1 ka for the penultimate earthquake, E2, suggest a multisegment rupture. Although the penultimate earthquake in TC2 overlaps the E2, there is a gap between the E2 and the penultimate earthquake in TC1, which is only 100 m apart from TC2. Therefore, the penultimate earthquakes in TC1 and TC2 suggest the third last event, E3, ranged of 4.4–3.5 ka. The E3 evidenced only in TC1 and TC2 could be a single segment rupture, partially ruptured the east segment and was constrained by the Bend 3 and the step in the Maying River area. Both the E2 and E3 were impeded by the large step in this area. TC3, TC2 and TC5 yielding a time range of 7.6–7.0 ka for the fourth last event, E4, suggest another complete multisegment rupture on the FHF, similar with the AD 1609 earthquake. These earthquakes prove that the segment boundaries on the FHF can act as impermanent barriers in single segment rupture or multisegment rupture events, but they cannot impede the rupture propagation of large earthquakes such as the AD 1609 earthquake. The earthquakes alternating between longer multisegment ruptures and shorter single-segment ruptures along the FHF is similar with the Minle-Damaying Fault (thrust fault) in the eastern Qilianshan in China (Lei et al., 2020) and the Wasatch fault zone (normal fault) in United States (McCalpin, 2009; DuRoss et al., 2016).
CONCLUSION
According to our research, the 1609 rupture surface is 98 km long, or 90 km long not including the Shuiguan River section. The surface rupture is mostly vertically offset with an average of 1.0 ± 0.3 m and maximum of 1.8 ± 0.3 m. Lateral horizontal motions occurred locally where the strike departs substantially from mountain front orientation, and a left-lateral offset of 3.0 ± 0.3 m was measured in the easternmost section of the western segment, while some right-lateral offset data were recorded on the Xiaoquan section along the eastern segment with an average value of 1.5 ± 0.3 m. We converted the vertical offsets and lateral offsets (for the area east of Hongshan village and on the Xiaoquan section), to dip slip using the different fault dips on the different segments. The maximum slip is 4.1 + 1.4/−1.2 m based on the offset data collected from points in the area of HCB, and the average slip is 1.8 + 0.6/−0.5, 2.0 + 0.7/−0.6, and 1.8 ± 0.5 m for the western segment, middle segment, and eastern segment, respectively. Constrained by age dating and the historical earthquake catalog, these three segments are considered to have coalesced and ruptured simultaneously during the 1609 earthquake, and we suggest a multisegment rupture for the 1609 earthquake along the FHF.
The moment (Mw) magnitude estimated according to the equations from Hanks and Kanamori (1979), Leonard (2010) and Wells and Coppersmith is approximately Mw 7.2–Mw 7.3 along the FHF from the Hongshuiba River to the Shuiguan River with a length of 90 km. If the Shuiguan River section also broke during the 1609 earthquake, the magnitude could have reached Mw 7.3–Mw 7.4. The rupture trace and slip distribution of the 1609 earthquake confirmed that large earthquakes can rupture across a large step of ∼5 km and a large bend of 70° along a thrust fault. The findings of this study should be valuable for future assessments of seismic activity in this region.
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The Minle-Yongchang fault is an active reverse fault-related fold structural belt developed in the Hexi Corridor Basin on the northeastern edge of the Tibetan Plateau. An earthquake of Ms6.1 occurred near the Minle-Yongchang fault zone in 2003. The deformation pattern of the Minle-Yongchang fault and its relationship with this strong earthquake, however, are still not well known. In this study, we used the methods of HYPOINVERSE absolute location and double-difference location with waveform cross-correlation technology to relocate the 2003 Minle earthquake sequence. In total, 383 earthquakes are precisely relocated. Based on the results of precise seismic relocation, using the method of determining fault planes by small earthquakes, the seismogenic fault is found to be a low-angle thrust with a strike of 311°, a dip of NE, and a dip angle of 14°. It does not rupture the surface, extends to 19–20 km depth, and is hidden beneath the Yonggu Anticline. We also employed the cut-and-paste (CAP) method with a broadband waveform to determine the focal mechanism of the mainshock in 2003: the strike is 311°; the dip is 34°; and the rake is 90°. The fault plane parameters obtained in these two ways are roughly consistent. We also used a digital elevation model (DEM) derived from the SPOT 6 stereo image pair and high-precision differential Global Positioning System (GPS) to measure the displacement of terraces. Topographic profiles along the terraces across the Minle-Yongchang fault show that high alluvial terrain exhibits fold deformation. The vertical offsets of the T2 and T3 terraces along the Tongziba River are approximately 2.3 and 22 m, respectively. Optically stimulated luminescence (OSL) dating indicates that the ages of T2 and T3 are 11.3 and 106 ka, respectively. We calculated an average uplift rate of 0.21 ± 0.05 mm/a by dividing the vertical offset by age. According to the spatial distribution of the relocated earthquake sequence and terrace deformation in the study area, the Ms6.1 Minle earthquake in 2003 was caused by the latest activity of a blind reverse fault-related fold in the Hexi Corridor Basin.

Keywords: Hexi Corridor, Minle-Yongchang fault, fold earthquake, stereo image pair, earthquake source parameters


INTRODUCTION

The North Qilian Shan-Hexi Corridor is the active frontal zone of the northward extrusion and expansion of the Tibetan Plateau, and active structures are widely developed in this region (Institute of Geology, State Seismological Bureau, and Lanzhou Institute of Seismology, State Seismological Bureau, 1993; Chen, 2003; Hetzel et al., 2004; Yuan et al., 2004; Zhang et al., 2006; Zheng, 2009; Xu et al., 2010; Zheng et al., 2016). It is one of the main seismotectonic regions in China (Institute of Geology, State Seismological Bureau, and Lanzhou Institute of Seismology, State Seismological Bureau, 1993; Zhang et al., 2003; Zhang et al., 2005; Shao et al., 2011). Historically, many strong earthquakes have occurred in the Hexi Corridor, such as the AD 180 Biaoshi M71/2, AD 756 Zhangye-Jiuquan M7, AD 1609 Hongyapu M71/4, AD 1932 Changma M7.6, and AD 1954 Shandan M71/4 earthquakes (Institute of Geology, State Seismological Bureau, and Lanzhou Institute of Seismology, State Seismological Bureau, 1993; Cao et al., 2010; Xu et al., 2010; Liu et al., 2011; Zheng et al., 2013). In this area, the strong earthquakes mainly occur in deep active fault zones on both sides of the Hexi Corridor Basin but rarely occur in the basin (Institute of Geology, State Seismological Bureau, and Lanzhou Institute of Seismology, State Seismological Bureau, 1993; Xu et al., 2010; Figure 1A). However, the strong Ms6.1 Minle earthquake, which was followed by a smaller earthquake (Ms5.8) after 7 min, occurred in the inner part of the Hexi Corridor in the southern Dahuang Shan (shan means mountain) on October 25, 2003 (He et al., 2004; Zheng et al., 2005). This earthquake indicates that the interior of the Hexi Corridor Basin is not stable (Zheng et al., 2005; Yuan et al., 2006; Zheng, 2009). Previous studies have suggested that the earthquake occurred on the Minle-Yongchang fault, which is buried beneath the Yonggu Anticline in the middle part of the Hexi Corridor (He et al., 2004; Liu, 2004; Zheng et al., 2005; Xin et al., 2008). However, due to the unclear surface features of the active fault, we still do not know much about this active structure and earthquake mechanism.
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FIGURE 1. Map of the seismic network, aftershocks, and active tectonics. Historical earthquakes and the 2003 Ms6.1 Minle earthquake sequence are plotted as red circles, and the earthquake sequence of the 2003 Minle earthquake was relocated by us. The recording stations are plotted as red triangles, and the codes below the triangles are station names. The historical earthquake and recent earthquake data are obtained from http://www.csi.ac.cn/ and the Gansu Seismographic Network, respectively. Fault labels in (A) include: NQTS: northern Qilian Shan thrust system; ATF: Altyn-Tagh fault; HYF: Qilian-Haiyuan fault; MYF: Minle-Yongchang fault; FHF: Fudongmiao-Hongyazi fault; YMF: Yumushan fault; MDF: Minle-Damaying fault; LSF: Longshoushan fault; and HLF: Helishan fault. (B) The results for focal mechanisms from different organizations. Focal mechanism solutions are presented in the table, and the corresponding beach balls are plotted on the right. The numbers below the beach balls correspond to the sequence numbers of focal mechanism solutions in the table.


Conducting in-depth and quantitative studies on the active faults inside the foreland basins has great significance (Institute of Geology, State Seismological Bureau, and Lanzhou Institute of Seismology, State Seismological Bureau, 1993; Hetzel et al., 2004; Yuan et al., 2004; Zheng, 2009), as these studies can provide important references for research on continental dynamics, seismic risk determination, and disaster prevention. However, the geometry and kinematics of the Minle-Yongchang fault, especially the quantitative parameters, are debatable (Zhang and Xu, 2003; Liu, 2004; Zhang, 2007; Feng, 2008; Xin et al., 2008; Figure 1B) due to the limitations of previous techniques. For example, the focal mechanism solutions are inconsistent when using different methods. The focal mechanism solution given by Zhang and Xu (2003) is based on eight local Pnl broadband waveforms from the China Digital Seismograph Network (CDSN) and does not make use of the surface waves. Liu (2004) employed P-wave first motions to determine focal mechanism solutions, and the results have great uncertainty due to the uneven distribution of data points on the focal sphere. Harvard University uses only teleseismic P and SH waveforms to invert the source parameters, and the signal-to-noise ratio (SNR) of these waveforms is lower than that of the local Pnl waveforms. Zhang (2007) used the same method and procedure as Zhang and Xu (2003) to invert the focal mechanism but with seven broadband datasets from the Lanzhou Digital Seismic Network (LDSN). Feng (2008) and Xin et al. (2008) employed double-difference location method and genetic algorithm, respectively, to relocate the 2003 Minle earthquake sequence. The genetic algorithm is an absolute location technique that is sensitive to velocity model error. The double-difference location method is a relative location method (Waldhauser and Ellsworth, 2000; Waldhauser, 2001), and its accuracy depends on the accuracy of the initial locations and phase picks. Xin et al. (2008) adopted the velocity model suggested by Li et al. (1998), which is based on natural and artificial seismic data before Global Positioning System (GPS) timing, and the accuracy of the velocity model is affected by timing accuracy. Moreover, the arrival times and initial locations of these studies are obtained from manual phase picks. Therefore, the relocations of the Minle earthquake sequence are not ideal.

The 2003 Minle earthquake can be taken as a typical example for an in-depth analysis of the relationship between tectonic deformation and seismic activity in the Hexi Corridor area. This study comprehensively uses the methods of seismology and geomorphology to analyze and discuss the deep-shallow structural relationship and mechanism of the seismogenic structure of the 2003 Minle earthquake. Based on the structural deformation features of the Yonggu Anticline, the focal mechanism solutions, and the spatial distribution of the relocated earthquake sequence, we concluded that the Minle earthquake occurred in the Minle-Yongchang reverse fault-fold belt in the Hexi Corridor and is a typical blind reverse fault event.



REGIONAL GEOLOGICAL SETTING

The Qilian Shan-Hexi Corridor, as the transition zone between the Qilian Shan Block and the Gobi-Alashan Block, is bounded by the Altyn-Tagh fault, Haiyuan fault, and other active block boundary faults. The active faults in this area are mainly thrust faults trending NW and WNW (Yuan et al., 2004; Zheng et al., 2016). The central part of the Hexi Corridor Basin is bounded by the North Qilian thrust belt (composed of the Fodongmiao-Hongyazi fault, the Yumu Shan fault, and the Minle-Damaying fault) in the south and by the southern Heli Shan fault and the Longshou Shan fault in the north. The boundary faults together constitute a ramp structure on the northeastern margin of the Tibetan Plateau (Institute of Geology, State Seismological Bureau, and Lanzhou Institute of Seismology, State Seismological Bureau, 1993; Chen, 2003; Zheng et al., 2016; Figure 1A).

The Hexi Corridor Basin is divided into four subbasins by several NW- and NNW-striking secondary faults that control their uplifts. The subbasins are the Jiuxi Basin, Jiudong Basin, Minle Basin, and Wuwei Basin, which are separated by the Wenshu Shan, Yumu Shan, and Dahuang Shan from west to east. Among them, the Dahuang Shan has the largest uplift area (Institute of Geology, State Seismological Bureau, and Lanzhou Institute of Seismology, State Seismological Bureau, 1993; Zheng, 2009).

The Minle-Yongchang fault is an active reverse fault-fold structural belt located on the southern margin of the Dahuang Shan, and its trend is nearly E-W (Figure 2). This fault can be divided into three segments based on the fault geometry (He et al., 2004; Zheng et al., 2005; Figure 2). The eastern segment (➀ in Figure 2) extends along the front of Yongchang Beishan, and Permian strata has been thrust above middle Pleistocene strata. The middle segment (➁ in Figure 2) has a distinct linear trace along the Dahuang Shan front, and fault scarps occur along the piedmont alluvial–pluvial fans. The western segment (➂ in Figure 2) is the section from Minle to Damaying. In this section, the fault is blind, and the surface deformation is dominated by the folding of the Yonggu Anticline. There is no clear fault trace at the surface except for the linear distribution of ascending springs (He et al., 2004; Zheng et al., 2005). The Ms6.1 and Ms5.8 Minle earthquakes in 2003 and the Quantou Cun (cun means village in Chinese) Ms5.0 earthquake in 1978 were rare strong earthquakes in the interior of the basin (Figure 2), and they all occurred in this section near the Yonggu Anticline. Their occurrences indicate that the western segment of the Minle-Yongchang fault is active and has potential seismic risks.
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FIGURE 2. Geological map of the Minle Basin. The strong historical earthquakes are shown as red circles. The data are obtained from http://www.csi.ac.cn/. MYF: Minle-Yongchang fault; YMF: Yumushan fault; MDF: Minle-Damaying fault; MLF: Minle fault; and LSF: Longshoushan fault. Place names: DMY: Damaying; and QTC: Quantou Cun. The segments of the Minle-Yongchang fault:, the eastern segment;, the middle segment; and, the western segment.


Previous studies have shown that there may be blind thrusts under active folds (King and Vita-Finzi, 1981; Stein and King, 1984; Zhang et al., 1994; Xu et al., 2013). The development of folds is mainly controlled by the deep blind thrusts in the compressional structural environments (Stein and King, 1984; Stein and Yeats, 1989; Xu et al., 2013). The nucleation of small earthquakes near hidden faults under folds is a significant sign of folding. This kind of reverse fault-fold belt structure can cause not only moderate earthquakes but also strong earthquakes. However, when earthquakes occur, the surface is deformed by folding, and no surface rupture is formed. This type of earthquake is called a “fold earthquake” (King and Vita-Finzi, 1981; Stein and King, 1984; Stein and Yeats, 1989). The 1980 Mw7.3 El Asnam earthquake in Algeria, the 1983 M6.5 Coalinga earthquake in the United States, the 1906 Manas earthquake in Xinjiang, China, the 2013 Ms7.0 Lushan earthquake in Sichuan, China, and the 2015 Ms6.5 Pishan earthquake in Xinjiang, China are well-known fold earthquakes (King and Vita-Finzi, 1981; Stein and King, 1984; Zhang et al., 1994; Xu et al., 2013; Zhang and Lei, 2013; Yi et al., 2016; Lu et al., 2017; Wu et al., 2017).

The Ms6.1 Minle earthquake in 2003 marked the latest activity of the Minle-Yongchang fault. Its epicenter was located in the Yonggu Anticline area. There were ground fissures of different scales in some parts of the meizoseismal area, and no surface fracture zone was formed (He et al., 2004; Zheng et al., 2005). All these results indicate that this earthquake was likely a blind reverse fault earthquake.

There are not sufficient constraints from quantitative parameters for the Minle-Yongchang fault because most previous studies provide only qualitative descriptions (Institute of Geology, State Seismological Bureau, and Lanzhou Institute of Seismology, State Seismological Bureau, 1993; He et al., 2004; Zheng et al., 2005). Geomorphic parameters and field investigations reveal that terraces across the fault are deformed by folds (Zou et al., 2017; Zhong et al., 2017, 2020). Therefore, we explored the tectonic activity and deformation patterns of typical thrust fault-fold belts in the Hexi Corridor by comprehensive utilization of the geomorphological and seismological methods. These quantitative parameters can play an important role in understanding the role and position of the Minle-Yongchang fault in the structural evolution of the Qilian Shan-Hexi Corridor.



RELOCATION AND INVERSION OF THE SOURCE PARAMETERS


Relocation of the Minle Earthquake Sequence

Two principal sources of error for the location problem are velocity model error and arrival time measurement error. It is established that the double-difference location method together with waveform cross-correlation can greatly reduce both these error sources. The use of travel time differences removes much of the errors from the location problem occurred due to the accuracy of the velocity model and the lateral inhomogeneity of the crustal structure. The waveform cross-correlation can be used to improve the accuracy of travel time differences (Waldhauser and Ellsworth, 2000; Waldhauser, 2001; Schaff et al., 2004).

In this study, a stepwise approach (Long et al., 2015), using the combined strengths of HYPOINVERSE (Klein, 1978), the minimum one-dimensional (1D) model (Kissling et al., 1994, 1995), waveform cross-correlation (Schaff et al., 2004), and the double-difference method (Waldhauser and Ellsworth, 2000; Waldhauser, 2001), is applied to reduce both error sources. With the employment of these methods and multistep relocation, the accuracy is improved step by step. In this flow, the absolute location method HYPOINVERSE and the “minimum 1D” model program VELEST (Kissling et al., 1995) are first used to obtain the initial relocation, and the double-difference method combined with waveform cross-correlation is then adopted for precise relocation. The earthquake observation reports and waveforms from the Gansu Seismographic Network from October 2003 to October 2004 are used in relocation, and approximately 941 events occurred in the study region. We plotted the travel time curves of the P- and S-waves. After eliminating the data deviating obviously from the theoretical travel time curve, we found that the theoretical P-wave to S-wave velocity ratio (VP/VS) is 1.719 (Figure 3A).
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FIGURE 3. (A) The travel time curves from the catalog. Gray lines are the theoretical travel time curves, and the blue and red dots represent P- and S-waves, respectively. The gray dots obviously deviate from the theoretical travel time curve and are eliminated in fitting the theoretical P-wave to S-wave velocity ratio (VP/VS). (B) The minimum 1D model inverted from Li et al. (1998) model by VELEST in this study. The dashed blue and red lines indicate the a priori models of the P- and S-waves, respectively. The minimum 1D model is shown with solid lines.


The multistep location technique is applied to the Ms6.1 Minle earthquake sequence. First, we obtained the minimum 1D model and initial absolute location. The absolute location program hypo1.411 is used to relocate the earthquakes through the models of the study area (Li et al., 1998; Dong and Zhang, 2007; Yin et al., 2017). According to the travel time residuals of each model, we chose the model suggested by Li et al. (1998) as the priori model. The seismic events with no fewer than five recording stations and an initial error of less than 2 km are selected for inversion, and the minimum 1D model of the P-wave, S-wave, and station correction values is then obtained by the VELEST program (Kissling et al., 1995; Figure 3B). This reference velocity model (including station correction values) is used by HYPOINVERSE (Klein, 1978) for absolute relocation, and this relocation result is the initial location for the HYPODD program (Waldhauser, 2001) to precisely relocate the earthquake sequence.

The travel time differences for pairs of earthquakes at common stations can be obtained from earthquake catalogs (hereafter referred to as catalog data) and/or waveform cross-correlation (cross-correlation data) (Waldhauser, 2001; Schaff et al., 2004; Jiang et al., 2016). The catalog phase data are transformed into input files for HYPODD by Ph2dt. Ph2dt builds links from each event to neighboring events within a search radius defined by MAXSEP (maximum separation between event pairs), and only neighbors linked by more than MINLNK (minimum number of links) phase pairs are considered. In addition to the parameters above, the quality of the phase pairs and connectedness between events are optimized by setting MAXDIST (maximum distance between event and station) and MINOBS (minimum number of observations per event pair). We obtained 25,517 catalog data for 402 earthquakes, including 13,267 P-waves and 12,250 S-waves, with the following parameter settings: MAXSEP = 10 km, MINLNK = 8, MINOBS = 8, and MAXDIST = 300 km.

The cross-correlation data are obtained by waveform cross-correlation in the time domain. When the maximum cross-correlation coefficient is greater than the threshold value (in this study, it is 0.7), the sum of the delay and the travel time difference for pairs yields the cross-correlation data. We used the program SAC to remove the mean and trend, to taper the waveforms, and to filter the waveforms from 1 to 10 Hz. Adopting a P-wave window length of 1.1 s (P-wave front at 0.3 s and P-wave after 0.8 s) and an S-wave window length of 2.0 s (S-wave front at 0.5 s and S-wave after 1.5 s), the waveform cross-correlation of the P- and S-waves in the time domain is carried out to obtain the relative time delay. The travel time differences of event pairs with maximum cross-correlation coefficients greater than 0.7 and three or more stations are used for relocation.

Finally, we obtained 32,197 cross-correlation travel time difference data, which include 17,588 P-waves and 14,609 S-waves. Figures 4A–E shows an example of the waveform cross-correlation results at station SDT. The event pairs generated by cross-correlation have highly similar waveforms, but the phases are not fully aligned, indicating that there are mispicked seismograms in the observation reports (Figure 4B). Figures 4C,D indicates that most of the seismograms are mispicked each by 0.15 s, and the maximum delay is up to 0.8 s. Moreover, S-waves have a greater time delay than P-waves, and compared with the catalog data there are more S-waves than P-waves in cross-correlation data. Figure 4E shows that the distances between event pairs obtained by cross-correlation are relatively close (basically within 5 km) and that the earthquake distribution is more concentrated after relocation.
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FIGURE 4. The results of waveform cross-correlation at station SDT. (A) The seismic stations are shown with triangles and labeled with the station codes; the reference station is shown in red. The reference station for this study is SDT, and the template event is shown with a red circle. (B) The waveforms of event pairs from the Minle earthquake sequence recorded at SDT. Note the high similarity of all waveforms, which are sorted by cross-correlation with the template event. Each event waveform serves as a template for cross-correlation analysis to select event pairs in this study. (C) Histogram of time delays. The blue and red bins represent the time delay of P- and S-waves, respectively, and the blue and red lines represent the equivalent normal distributions of P- and S-waves, respectively. (D) Distribution of P- and S-waves time delays as a function of travel time. The blue and red dots represent P- and S-waves, respectively. (E) Relocation of cross-correlation data; the star is the template event, and circles indicate the events matched by waveform cross-correlation. The initial locations are shown in blue, and the relocated positions are shown in red.


The velocity model used in the double-difference location is the minimum 1D velocity model obtained by VELEST (Figure 3B), and the inversion method is the conjugate gradients method (LSQR). We combined the catalog data and cross-correlation data in HYPODD by giving strong weights to catalog data with large separation distances (WDCT) and to cross-correlation data with small separation distances (WDCC). Through the above processes, a total of 57,686 travel time difference data for 402 events (13,267 P-wave and 12,250 S-wave catalog data; 17,573 P-wave and 14,596 S-wave cross-correlation data) are obtained for relocation, and 383 events are relocated, which accounts for 95% of the total. The root-mean-square (RMS) residual for catalog data (RMSCT) decreases from 0.233 to 0.176 s, and that of cross-correlation data (RMSCC) decreases from 0.268 to 0.009 s. The distribution of relocated events is shown in Figure 5. The horizontal distribution of the hypocenters reveals that the location of the mainshock is consistent with the macro-epicenter, and the distribution of aftershocks is consistent with that of the meizoseismal area, showing an NW-trending linear distribution (Figure 5A). The depth profile illustrates that the mainshock and most of the aftershocks are mainly distributed at depths of 19.2–20.6 km, while the distribution of earthquakes with depths above 18 km is relatively dispersed (Figures 5B,C).
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FIGURE 5. Relocation of the 2003 Minle earthquake sequence by combining the catalog data with waveform cross-correlation data. (A) Map of the relocated epicenter distribution of the Minle earthquake sequence. The colored shapes mark the meizoseismal area of this earthquake, and the seismic intensity is expressed by Roman numerals. The dashed red lines give the surface positions of profiles shown in (B,C). (B) The depth profile along B–B′. (C) The depth profile along A–A′. The hypocenters and the beach balls are projected to profiles; aftershocks are shown by circles; the Ms6.1 mainshock is indicated by a green star; and the Ms5.8 mainshock is indicated by a red star.




Inversion of Focal Mechanism Solution

The classic method employs P-wave first motions to determine focal mechanism solutions. The uneven distribution of the data points on the focal sphere leads to excessive increases or decreases in the weights of uneven data points, and the results have great uncertainty. The cut-and-paste (CAP) method employs full waveform fitting to determine the focal mechanism solution (Zhao and Helmberger, 1994; Zhu and Helmberger, 1996), which makes full use of the advantages of body waves and surface waves and provides rich source information. This method also uses a time shift in waveform fitting, and the uncertainty in the velocity model and the lateral change in crustal structure have minimal influence on the inversion. Therefore, the CAP method has lower requirements for station distribution and the number of stations recorded than the P-wave first motion method. In the CAP method (Zhao and Helmberger, 1994; Zhu and Helmberger, 1996), the waveforms are divided into Pnl waves and surface waves with different weights. The globally optimal solution of fitting the theoretical waveform with the observed waveform is obtained by a grid search algorithm to determine the focal mechanism solution and optimal focal depth.

The observed seismic displacement is represented as u(t), and the synthetic seismogram s(t) of a double-couple source can be expressed as
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In this formula, the values of i = 1, 2, and 3 correspond to three fundamental faults: vertical strike slip, vertical dip slip, and 45° dip slip; M_0 is the scalar moment; A_i is the radiation coefficient, and each component is a function of the fault dip angle and relative slip angle: ϕ is the station azimuth angle; θδ and λ represent the strike, dip, and rake of the focal mechanism, respectively, and G_i is Green’s function.

The CAP method finds the minimal residual between observations and synthetic data by using the cross-correlation technique. Due to the time shift, this approach can also reduce the influence of velocity model error. The fitting error function between the observed waveform u(t) and synthetic seismogram s(t) is as follows:
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Where r is the epicentral distance and r0is the reference epicentral distance. Generally, we choose r0 = 100 km. p is the weight factor (for a general body wave, p = 1.0; for a surface wave, p = 0.5). The fitting error function adopts the absolute amplitude, introduces the distance influence factor, and gives different weights to different waveforms; it can thus avoid the dominant role of near-station and surface waves, retain abundant source information in the waveforms, and eventually reduce the requirements of velocity models and recording quantity in inversion (Zhu and Helmberger, 1996).

The data used in this study are broadband waveforms with a high SNR within an epicentral distance of 400 km. After eliminating stations with large azimuth deviations of seismometers (Niu and Li, 2011) and then removing the mean, trend, and instrument responses, the waveforms are rotated into R-T-Z components and divided into Pnl waves and surface waves. The Pnl wave is filtered from 0.05 to 0.2 Hz, and the surface wave is filtered from 0.05 to 0.1 Hz. The synthetic seismograms are generated by the frequency-wavenumber (FK) code (Zhu and Rivera, 2002) with the CRUST1.0 model. Finally, the focal mechanism solutions of the mainshock are obtained, as shown in Figure 6A.
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FIGURE 6. (A) Waveform fitting and focal mechanism solutions of the 2003 Minle earthquake. The upper figure is the comparison between synthetic seismograms and observations. The origin time and moment magnitude are on the top, and the focal mechanism solutions and beach balls are presented in the next line. PnlV, Pnl R, and so on are the components of body waves and surface waves that can be used in waveform fitting. Red lines are synthetic data, and black lines are observed waveforms. The station codes are on the left, and the numbers below the codes split by “/” are epicentral distance (in km) and azimuth (in degrees). The numbers below the waveform lines are the time shifts (in seconds) between synthetic data and observations and the corresponding maximum cross-correlation coefficients (in percentage). The lower figure is the optimal depth inversion by the CAP method, and the fitting error and moment magnitude vary with depth. The best focal depth is the depth with the minimum fitting error. (B) Focal mechanism solutions of the Minle earthquake sequence.


The fault plane parameters revealed by the focal mechanism solutions for the mainshock are basically consistent with the distribution of aftershocks. The correlation coefficient of waveform fitting is 0.75. The optimal depths of Ms6.1 and Ms5.8 earthquakes are 16.8 and 12.5 km, respectively, and the corresponding moment magnitudes are all Mw5.6. The focal mechanism solutions for the mainshock and several aftershocks of this earthquake sequence are listed in Figure 6B. The results show that the fault plane of the mainshock strikes NE and dips 34° and that the seismogenic fault is a thrust fault. Importantly, the focal mechanism solutions for the aftershocks vary greatly and are different from those of mainshock. This may be related to the complex underground structure. The epicenter is located in the Yonggu Anticline, which is the boundary between the Dahuang Shan uplift and Minle Basin. The different focal mechanisms reflect the geometric and kinematic differences in the secondary faults hidden beneath the Yonggu Anticline. However, the influence of the low SNR cannot be ruled out because the magnitude of these aftershocks did not exceed Mw5.0.



Parameter Determination for the Minle-Yongchang Fault

Small earthquakes after the mainshock often occur along the fault plane, and the orientation of the fault plane can be determined through the distribution of small earthquakes. Wan et al. (2008) provided a method and program for inversion to determine the fault parameters. This method establishes a mathematical model for identifying the fault plane by finding the plane with the smallest square sum of the distances from the small earthquakes to the fault plane. The initial value of inversion can be obtained by a simulated annealing algorithm and then iterated by the Gauss–Newton algorithm, which yields the optimal solution for fault plane parameters. Therefore, without relying on the initial solution, this method can obtain the globally optimal solution.

In this study, the fault plane parameters are inversed by using accurate relocation results, and the results are shown in Figures 7A–E. The aftershocks are mainly concentrated within 2 km of the fault plane and are distributed uniformly along the fault plane (Figure 7D). According to the resulting fault plane parameters (strike of 311.2° and dip angle of 14.2°), which are shown in Figure 7E, combined with the structural stress field parameters (Bu et al., 2013), the slip angle and its error can be obtained as 81.7° and 23.8°, respectively. These results are basically consistent with the focal mechanism solution for the mainshock. However, the difference in the dip angle reflected by the small earthquakes and the mainshock is approximately 20°. The depth range of the fault is 19.2–20.6 km, which is slightly deeper than the focal depth of 16.8 km obtained from focal mechanism inversion.
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FIGURE 7. The projection of aftershocks on the horizontal (A), fault surface (B), and cross section vertical to the fault (C), and the distribution of distances from small earthquakes to the fault plane (D). Circles indicate earthquakes; the box is the boundary of the fault plane; A–A′ is the upper boundary of the fault. The thick black line in (C) indicates the fault. (E) The calculated results for the fault plane.




GEOMORPHIC DEFORMATION CHARACTERISTICS OF THE FAULT

The slip rate of a fault is an important parameter in the quantitative study of active tectonics. This rate is determined from offsets of geomorphic features whose ages can be measured; therefore, the measurement of deformation and dating of terraces are necessary steps to determine the slip rate and age of fault activity. In recent years, with the application of differential GPS, stereo image pairs, structure from motion (SfM) photogrammetry, and light detection and ranging (LiDAR) in active tectonics, it has become increasingly convenient to measure the deformation of structures (Wang et al., 2016; Ren et al., 2018).

In this study, ERDAS software is used to process the SPOT 6 stereo image pair. By adding two ground control points (the accuracy is better than 5 cm), 30 tie points are automatically generated. The RMS error (RMSE) of the final aerial triangulation is 0.09 pixels, and the linear error at 90% probability (LE90) of the digital elevation model (DEM) reaches 1 m. Finally, a DEM with 2 m resolution is generated by interpolation and filtering. The accuracy of the DEM is tested by comparing the elevation from the DEM with that from differential GPS (error less than 5 cm) measurement results, and the mean square error of elevation is 0.98 m, which is similar to the result given by ERDAS. This high-precision DEM is used in terrace division and detailed geomorphic mapping. Topographic profiles of the Tongziba River terrace across the Minle-Yongchang fault are measured by using high-precision differential GPS. All samples for terrace dating were collected from the bottom of the loess and dated by the optically stimulated luminescence (OSL) method at Zhejiang Zhongke Institute of Luminescence Testing Technology.


Vertical Offsets of Terraces

By detailed geomorphic mapping based on the high-precision DEM, four main geomorphic surfaces are found in this area according to their heights above the river level (Figures 8A,B). Terraces T1 and T2 are fill terraces, and their maximum heights above the river level are 4 and 7 m, respectively. Terrace T3 is the strath terrace, and the maximum height above the river level reaches 24 m. Among them, terrace T2 is the most fully preserved and the most widely distributed (Figures 8A,B) and is mainly composed of upper Pleistocene loess and gravel (Figures 9A–E). Terrace T3 is mainly distributed on the western bank of the Tongziba River and near Quantou Cun and is composed of middle Pleistocene loess and gravel layers (Figures 9F,G). The dominant dip direction of the largest flat surface of the gravel on the outcrops of geomorphic surfaces is toward the south (Figures 9C,H), indicating that the paleocurrent came from the Qilian Shan and flowed toward the north, which is consistent with the current flow direction. This shows that the deformation of all geomorphic surfaces in this region occurred after the uplift of the Qilian Shan.
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FIGURE 8. The distribution of terraces along the Tongziba River and the location of the survey profile. (A) Terrace classification and field investigation on the western bank of the river. (B) Terrace classification and field investigation on the eastern bank of the river. The red lines are the traces of elevation profiles, and the red circles are the sites of deformed terraces revealed through profiles.
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FIGURE 9. Sampling photographs of terraces. (A,B) Sampling site of OSL sample TOSL1702 on terrace T2 on the western bank of the Tongziba River. The terrace T2 is mainly composed of loess and gravel. (C) Sampling site of OSL sample TOSL1701 on terrace T2. TOSL1701 was collected from silty sand in the gravel layer approximately 0.8 m below the top of the T2 terrace in the northern part of the Yonggu town. (D,E) The loess with a thickness of approximately 2 m was removed artificially at the sampling site of TOSL1701. (F,G) The terrace T3 is composed of middle Pleistocene loess and gravel layers, OSL samples TOSL1704 and TOSL1705 were collected from the bottom of loess on the T3 terraces. (H) OSL sample TOSL1706 was collected from the residual T1 terrace of the Tongziba River. (I,J) The Q2f remnant and erosion surface of the Yonggu Anticline. Gravels are outcropped on Q2f. The locations of photographs and sampling sites are marked in Figure 8, and the locations of sampling sites are marked in the photographs.


Based on the high-precision DEM extracted from the SPOT6 stereo image pair, three swath profiles on high-level surfaces of Q2f (Figures 9I,J) and T3 are obtained, and the swath widths are 3, 0.26, and 3 km (Figure 10). The swath profiles show that there is a significant fold on the high-level geomorphic surfaces (Figure 11A). Detailed geomorphological mapping was performed in the study area based on the DEM, and high-precision differential GPS (measurement error < 5 cm) was used to measure the absolute elevation of the terraces of the Tongziba River. The profiles of river terraces were extracted (see Figure 8 for the profile positions) and show that there is no obvious surface deformation of the T0 and T1 terraces (Figure 11B), while the vertical offset of the T2 terrace is approximately 2.0 m; the relief between the T3 terrace and the T2 terrace is approximately 22.3 m (Figure 11A). The deformation of the T2 and T3 terraces shows that the northern part of the terraces is clearly uplifted relative to the southern part (Figure 11B), and three swath profiles also show obvious crustal uplift (Figure 11A), which is consistent with the geological structural background of NE-SW compressional deformation and shortening in the Hexi Corridor. The profiles of T2 terraces in the Yonggu town reveal that the overall strike of the deformation is approximately 311°, while the strike of deformation revealed by the profiles of T2 and T3 terraces in Xipo Cun is generally E-W (Figure 8). The kidney-shaped meizoseismal area of the Minle earthquake may be related to the deformation characteristics revealed by the terraces.
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FIGURE 10. Aftershock distribution and locations of tectonic deformation in the study area. The dashed blue line is the trend of the deformed river terrace sites near the Yonggu town. The green star indicates the Ms6.1 mainshock, and the red star indicates the Ms5.8 mainshock.
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FIGURE 11. The swath profiles of high-level surfaces and longitudinal profiles of terraces. (A) The swath profiles extracted from the high-precision DEM generated through the SPOT 6 stereo image pair. (B) the longitudinal profiles measured by differential GPS. The locations of the profiles are shown in Figures 8, 10.




Terrace Ages and Slip Rate Constraint

OSL sample TOSL1701 was collected from silty sand in the gravel layer approximately 0.8 m below the top of the T2 terrace in the northern part of the Yonggu town (Figures 8A, 9C), and its age is 19.1 ± 1.0 ka. Considering that loess with a thickness of approximately 2 m was removed artificially (Figures 9D,E), this age may be too old. On the western bank of the Tongziba River, the age of sample TOSL1702 from the bottom of the loess on the T2 terrace is 11.3 ± 0.6 ka (Figures 8A, 9B), and this age is close to the age of the T2 terraces in this area (Zhong et al., 2017). OSL samples TOSL1704 and TOSL1705 were collected from the bottom of loess on the T3 terraces to the north of Quantou Cun (Figure 8B). The burial depth of this layer is approximately 1.6 m (Figure 9G), and the ages of TOSL1704 and TOSL1705 are 10.8 ± 1.0 ka and 106 ± 14 ka, respectively. Among these samples, TOSL1704 was collected from the overlying loess (Figure 9G), and its age is significantly younger than the age of TOSL1705, so we took the older age of 106 ± 14 ka as the age of the T3 terraces. Sample TOSL1706 was taken from the fine sand layer approximately 0.4 m from the top of the residual T1 terrace of the Tongziba River and has an age of 0.4 ± 0.05 ka (Figures 8A, 9H). The ages of the T1 and T2 terraces on the western bank of the Tongziba River are similar to the ages of 14C samples collected by Zhong et al. (2017) in the upper reaches of the Tongziba River; the 14C ages of T1 and T2 are 282.5 ± 17.5 cal a BP and 10,092.5 ± 27.5 cal a BP, respectively.

By combining the terrace ages and offsets of geomorphic indicators, the slip rate of the active structure can be obtained. A vertical offset of 2.1 ± 0.3 m was measured for the profile on the T2 terrace located in the Yonggu town (Figures 8A, 11B). Considering that loess with a thickness of approximately 2 m has been removed from the original geomorphic surface at the sampling location (Figures 9D,E), the age of 19.1 ± 1.0 ka is considered too old, according to the 14C age from Zhong et al. (2017) and our OSL age for the T2 terrace on the western bank of the Tongziba River. The OSL age of 11.3 ± 0.6 ka from sample TOSL1702 collected on the western bank of the river is suggested to represent the age of the T2 terraces. The vertical slip rate is 0.19 ± 0.04 mm/a at the Yonggu town site. The vertical offset of the T2 terrace on the western bank of the Tongziba River is 2.6 ± 0.5 m; the age of this terrace is 11.3 ± 0.6 ka; and the vertical slip rate is 0.23 ± 0.05 mm/a, obtained in the same way. The vertical offset of the T3 terrace is 22.3 ± 2.0 m; the age of the T3 terrace is 106 ± 14 ka; and the vertical slip rate is calculated as 0.22 ± 0.05 mm/a. Therefore, the average vertical slip rate is 0.21 ± 0.05 mm/a. All of the above data show that the Minle-Yongchang fault has been continuously active since the late Pleistocene.



DISCUSSION


The Relation Between Terrace Deformation and Earthquakes

Topographic profiles along the terraces across the fault show that high alluvial terrains exhibit fold deformation (Figures 11A,B), and the overall strike of the structural deformation is 311°. The uplift displacements of the T2 and T3 terraces are approximately 2 and 22 m, respectively, and the corresponding terrace ages are 10 and 106 ka. This indicates that the Minle-Yongchang fault has been active since the late Pleistocene, and its average vertical slip rate is 0.21 ± 0.05 mm/a.

Previous studies have shown that a “fold earthquake” has the following characteristics: (1) it occurs under a young anticline structure; (2) there is no coseismic surface rupture; and (3) structural deformation is mainly manifested as fold uplift (King and Vita-Finzi, 1981; Stein and King, 1984; Zhang et al., 1994; Xu et al., 2013). The distribution of the relocated mainshock and aftershocks shows that the earthquakes occurred in the Yonggu Anticline (Figure 12A; He et al., 2004; Zheng et al., 2005). The field investigation indicated that there was no earthquake surface rupture in the meizoseismal area, but some WNW-striking compressional and nearly E-W-striking tensional ground fissures were found (He et al., 2004; Zheng et al., 2005). These observations, together with the fold deformation exhibited by the topographic profiles (Figures 11A,B), imply that this earthquake can thus be classified as a fold earthquake. The meizoseismal area, ground fissures, and aftershocks of the Minle earthquake are all located to the north of the tectonic deformation zone. The northern part of the terraces is uplifted correspondingly. Due to the hanging wall effect (Zhang et al., 2009; Huang and Li, 2009), we can determine that the northern section of the fault is the hanging wall, and the fault is a south-vergent thrust. This reverse fault-related fold model is supported by the distribution of the mainshock and aftershocks of the 2003 Minle earthquake sequence (Figures 6, 7).
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FIGURE 12. The focal mechanism solutions and the seismogenic model of the Minle-Yongchang fault. (A) Map of focal mechanism solution distribution. Focal mechanism solutions are determined for seven events, which are presented as beach balls, and the beach balls are projected to the horizontal plane. (B) Profile highlighting the relationship among the Yonggu Anticline, earthquake sequence, and focal mechanism solutions. They are projected to the A–A′ profile. The green star indicates the Ms6.1 mainshock. Black lines indicate the main faults in the study region, modified after Wu et al. (2017).




Hypocenter Distribution and Seismogenic Model

The relocated mainshock and aftershocks are distributed in the NW direction along the Yonggu Anticline, which indicates that the 2003 Ms6.1 Minle earthquake is closely related to the Minle-Yongchang fault hidden beneath the Yonggu Anticline. Through the study of the profiles of river terraces and other structures, it is concluded that the strike of the Minle-Yongchang blind fault is NW and that the fault is part of a reverse fault-fold belt. The deformation position and fault strike are basically consistent with the seismological results (Figure 10).

In the depth profile, the earthquakes are mostly distributed near the main fault plane with depths of 19.2–20.6 km below the Yonggu Anticline. However, due to the existence of many small faults in the core of the anticline, the distribution of earthquakes above 18 km is relatively discrete (Figures 5B,C; Stein and Yeats, 1989). The fault parameters determined by the precise hypocenter location are 311° strike, NE dip, and 81° slip angle. The fault is a low-angle reverse fault, and its depth range is approximately 19.2–20.6 km (Figure 7E). The focal mechanism solution for the mainshock obtained by the CAP method yields a strike of 311°, dip angle of 34°, rake of 90°, and depth of 16.8 km (Figure 6A), which is in agreement with the strike of the deformation position revealed by the terrace profiles (311°, dip of NE).

The fault parameters determined by the CAP method are roughly consistent with the fault parameters fitted by small earthquakes, except for a 20° difference in dip angle. The dip derived from fitting small earthquakes represents the mean dip of the fault. The other dip angle of the main earthquake focal mechanism obtained by the CAP method represents the local dip of the fault, and reflects the rupture direction of earthquake. These two dip angles cannot be the same.

We built a seismogenic model according to the spatial distribution of the relocated earthquake sequence, the deep-shallow structural relationship reflected by the inversion of hypocenter parameters, and the focal mechanism solutions of aftershocks (Figure 12B). The overall structure of the fault is constructed according to the spatial distribution of earthquakes. The secondary fault configuration is outlined based on the focal mechanisms and topography of the Yonggu Anticline. The depth and shape of the basement detachment fault that controls the Yonggu Anticline are based on magnetotelluric sounding. The magnetotelluric sounding reveals an anomalous low-resistivity layer at depths of 16.2–17.5 km in the Yonggu Anticline (Lin et al., 1984), which coincides with the fault parameters reflected by the small earthquakes and mainshock. Based on the deformation characteristics of terraces, aftershocks, and earthquake damage distribution, as well as the results of source parameter inversion, the comprehensive analysis indicates that the Minle earthquake in 2003 was a typical blind reverse fault-fold earthquake in the Hexi Corridor.

The North Qilian Shan and the Hexi Corridor are the northeastern margin of the Tibetan Plateau extrusion (Tapponnier et al., 2001). The northeast thrusting system dominates tectonic deformation in this area. However, our model suggests that Minle-Yongchang fault is southwest thrusting in the corridor, which is similar to the Longshou Shan southern fault. This indicates the instability of the corridor and the continuous deformation on the northeastern margin of the Tibetan Plateau. Meanwhile, the deformation extends from the Qilian Shan to the Longshou Shan, is widespread, and is not confined to a few main boundary zones (Zheng et al., 2013). The Yonggu Anticline is influenced by the NE extrusion and expansion of the Tibetan Plateau and is in response to the uplift and expansion of the Tibetan Plateau. Previous studies of active tectonics and seismology also support this continuous deformation model rather than a continental escape structure (Molnar et al., 1993; Molnar, 2004; Yuan et al., 2004; Zhang et al., 2006; Zheng, 2009; Zheng et al., 2013; Zheng et al., 2016).



CONCLUSION

In this study, multiple methods were comprehensively used to quantify the geometry and kinematics of the Minle-Yongchang fault and then to discuss the seismogenic structure model of the Ms6.1 Minle earthquake in 2003. A multistep location method was used to relocate the 2003 Minle earthquake sequence. With the stepwise use of HYPOINVERSE, double-difference location with waveform cross-correlation technology, and VELEST, the location precision was effectively improved. The fault parameters were determined by the distribution of the relocated aftershocks and the CAP method. The topographic profiles and OSL dating were used to constrain the offsets and ages of terraces, respectively.

The spatial distribution of the relocated aftershocks indicates that the seismogenic fault is a low-angle thrust with a strike of 311°, a dip of NE, and a dip angle of 14°. This fault does not rupture the surface, extends to 19.2–20.6 km depth, and is hidden beneath the Yonggu Anticline. The focal mechanism solutions are roughly consistent with these results except for indicating a dip angle of 34°. The high alluvial terrains exhibit fold deformation, and the vertical offsets of T2 and T3 along the Tongziba River are 2.3 ± 0.3 m and 22.3 ± 2.0 m, respectively. The ages of T2 and T3 determined by OSL are 10 and 106 ka, respectively, indicating that the Minle-Yongchang fault has been active since the late Pleistocene, and its average uplift rate is approximately 0.21 ± 0.05 mm/a.

The spatial distribution of the relocated earthquake sequence, the field investigation, and the deep-shallow structural relationship reflected by the inversion of hypocenter parameters all indicate that the Minle earthquake in 2003 was a typical blind reverse fault-fold event. The Minle-Yongchang blind reverse fault, located beneath the Yonggu Anticline, is the seismogenic structure of this earthquake. It strikes 311° and dips to the NE with a dip angle of 34° and a rake of 90°. The seismic risk to the interior of the Hexi Corridor should be considered.
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The interaction of surface erosion (e.g., fluvial incision) and tectonic uplift shapes the landform in the Tibetan Plateau. The Lhasa River flows toward the southwest across the central Gangdese Mountains in the southern Tibetan Plateau, characterized by a low-relief and high-elevation landscape. However, the evolution of low-relief topography and the establishment of the Lhasa River remain highly under debate. Here, we collected thermochronological ages reported in the Lhasa River drainage, using a 3D thermokinematic model to invert both late Cenozoic denudation and relief history of the Lhasa River drainage. Our results show that the Lhasa River drainage underwent four-phase denudation history, including two-stage rapid denudation at ∼25–16 Ma (with a rate of ∼0.42 km/Ma) and ∼16–12 Ma (with a rate of ∼0.72 km/Ma). In the latest Oligocene–early Miocene, uplift of the Gangdese Mountains triggered the rapid denudation and the formation of the current main drainage of the Lhasa River. In the middle Miocene, the second stage of the rapid denudation and the high relief were associated with intense incision of the Lhasa River, which is probably due to the enhanced Asian summer monsoon precipitation. This later rapid episode was consistent with the records of regional main drainage systems. After ∼12 Ma, the denudation rate decreases rapidly, and the relief of topography in the central Gangdese region was gradually subdued. This indicates that the fluvial erosion resulting from Asian monsoon precipitation increase significantly impacts on the topographic evolution in the central Gangdese region.

Keywords: tectonic geomorphology, low-temperature thermochronology, Lhasa River, Tibetan Plateau, thermokinematic modeling, relief development


INTRODUCTION

The landscape evolution of the orogenic belt results from the complex interaction between tectonic uplift and surface erosion (e.g., fluvial incision). However, surface erosion is also influenced by tectonic forcing and climatic change on the different temporal scales (Davis et al., 1983; England and Molnar, 1990; Whipple et al., 2000; Schildgen et al., 2009; Whipple, 2009). For example, the tectonic uplift creates a topographic gradient that increases fluvial incision and triggers landslides (Ahnert, 1970; Wilson and Fowler, 2011; Wang et al., 2012; Tian et al., 2015). An intensified monsoon precipitation or increased amplitudes of glacial–interglacial climatic fluctuations could also enhance fluvial incision (Zhang et al., 2001; Pan et al., 2003; Clift et al., 2008; Wang et al., 2012, 2015; Nie et al., 2018), which may in turn have an impact on tectonic activity (Zeitler et al., 2001; Whipple, 2009). Thus, how tectonics, climate, and surface erosion are coupled to control the evolution of topography is a fundamental question.

The Tibetan Plateau, created by the India–Asia collision since the Cenozoic (Molnar et al., 2010), is a natural laboratory for examining the coupling of tectonics, climate, and erosion in shaping the landscape. Previous studies have important findings in the Himalayas (Beaumont et al., 2001; Bookhagen et al., 2005; Clift et al., 2008; Zhang et al., 2012) and the southern and southeastern Tibetan Plateau (Lang and Huntington, 2014; Liu-Zeng et al., 2018; Nie et al., 2018; Shen et al., 2019). However, these studies have not reached a consensus about the mechanism of the landscape evolution in some regions, such as the Gangdese region, a low-relief and high-elevation landscape in the southern Tibetan Plateau (Figure 1). In the Gangdese region, quantitative inversion of thermochronological ages of Gangdese batholith suggests a rapid exhumation stage from the Oligocene to the Miocene or ∼22–18 Ma due to the activity of the Gangdese Thrust system (Copeland et al., 1995; Yin et al., 1999; Dai et al., 2013). In contrast, other thermochronology studies suggest that the rapid denudation since ∼23 or 20–10 Ma was linked to regional river incision or the intensification of the Asian monsoon (Li et al., 2016; Ge et al., 2017). Tremblay et al. (2015) indicated that a rapid exhumation stage at ∼12 Ma has been interpreted as river incision in the Gangdese region. Thus, distinguishing the effects of regional tectonic, the fluvial incision, and intensification of the Asian monsoon on the landscape evolution of the central Gangdese region since the early Miocene remains the major ramifications.
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FIGURE 1. Tectonic frame and regional topography of the southern Tibetan Plateau. (A) Five different east–west-trending terranes in the Tibetan Plateau. Orange rectangular shows the extent of (B). (B) The main faults and rivers and the topography of the southern Tibetan Plateau. The black box shows the extent of Figure 2. White dashed box indicates the locations of elevation swath profiles in (D). IYS, Indus-Yarlung suture zone; BNS, Bangong-Nujiang suture zone; NB: Namche Barwa. (C) Topographic relief of the southern Tibetan Plateau. The black line indicates the locations of the relief profile in (D). (D) Relief and elevation swath profiles across the Lhasa River drainage.


The Lhasa River is one of the large rivers that cross the central Gangdese Mountains in southeastern Tibetan Plateau. The formation of the Lhasa River and its incision could influence on the evolution of low-relief landscape on the central Gangdese Mountains. However, the time of significant incision of the Lhasa River remains highly debated. One view indicates that the Lhasa River probably formed and incised before 80 Ma based on the age of sediment accumulation near Lhasa River outlet (Laskowski et al., 2019). The study of the evolution of the Yarlung River into which Lhasa flows suggests that the current Lhasa River possibly formed at 26–19 Ma (Wang et al., 2013; Li et al., 2017). Based on the numerical simulations and the inversion of thermochronological ages, Tremblay et al. (2015) believe that the current river in the southern Tibetan Plateau formed at ∼12–11 Ma. Thus, the timing of the Lhasa River initial flowing across the central Gangdese which could affect the landform evolution in this area is still unclear.

Low-temperature thermochronology may be able to provide information to solve this problem by carefully quantifying rates and transition time of denudation of the Lhasa River drainage. However, previous studies in the Lhasa River drainage have only considered one-dimension cooling, neglecting potential effects of temporally varying topography and laterally varying denudation (Braun, 2002; Gallagher et al., 2005a, b; Luszczak et al., 2018). A numerical simulation method for inverse thermal history modeling, three-dimensional (3D) thermal kinematic model Pecube (Braun, 2002, 2003; Braun et al., 2012) coupled with the neighborhood algorithm (Sambridge, 2010a, b), has considered these limiting factors of one-dimension cooling. This method has been successfully applied to the inversion of denudation and topographic evolution in orogenic regions (Braun et al., 2012; Wang et al., 2016; McDannell et al., 2018; Shen et al., 2019; Yang et al., 2019). Here, we used this 3D thermokinematic modeling approach to invert both denudation and topographic evolution history in the Lhasa River drainage using low-temperature thermochronologic data from the Lhasa River Valley. The aims of this work are (i) to constrain the timing of the establishment of the modern Lhasa River and the evolution history of relatively low-relief topography in the southern Tibetan Plateau and (ii) to distinguish the respective roles that tectonics and climate played on the topographic evolution through numerical modeling of both thermal and relief histories in a drainage, using the Lhasa River drainage in the southern Tibetan Plateau as a case.



REGIONAL SETTING

The Cenozoic India–Asia collision created the high-elevation topography of the Tibetan Plateau, consisting of five different east–west-trending terranes, namely the Himalaya, Lhasa, Qiangtang, Songpan-Ganze, and Qaidam from south to north (Yin and Harrison, 2000; Figure 1A). The Lhasa terrane, located in the southern Tibetan Plateau, is bounded by the Bangong-Nujiang suture to the north and by the Indus-Yarlung suture to the south (Li et al., 2016). The Lhasa River headwaters originate in the eastern portion of the Lhasa terrane. The main trunk of the Lhasa River drains to the southwest across the Gangdese Mountains and merges into the east-flowing Yarlung River, forming a so-called barbed junction (Figure 1B). Our study area is located in the Lhasa River drainage within the Lhasa terrane (Figure 1B).

The extensive and widely exposed Late Triassic–Eocene Gangdese batholith intruded into the Paleozoic–Mesozoic sedimentary units in the study area (Ji et al., 2009; Zhu et al., 2011), which should record the later crustal thermal history. In the southern and central Lhasa River drainage, the Gangdese region exposes the lower Jurassic volcano-sedimentary sequence of the Yeba Group (Zhu et al., 2011), the lower Cretaceous volcanic rocks of the Sangri Group, and the Cretaceous–Tertiary volcanic rocks of the Linzizong Group (Mo et al., 2008; Figure 2). The widely distributed Paleozoic sedimentary strata in the Lhasa River drainage consist of Ordovician and Carboniferous to Cretaceous clastic sediments (Wei et al., 2014), and the middle–late Jurassic deposits mainly distribute on the upper reaches of Lhasa River. However, the Paleocene–Eocene sedimentary rocks in the Lhasa River drainage are limited or apparently absent (Yin and Harrison, 2000). The Quaternary sediments expose along the lower reaches of the Lhasa River and the Rift valley (Figure 2).
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FIGURE 2. Simplified geologic map and locations of the collected thermochronological data of the Lhasa River drainage in the southern Tibet Plateau [modified from Zhang et al. (2012)]. The black box shows the extent of Figure 3B. GT, Gangdese Thrust; GCT, Great Counter Thrust. The number in the black box represents the position of the compiled sample.


The main faults in the study area since the Cenozoic include the Gangdese Thrust (GT), the Great Counter Thrust (GCT), and the north–south-trending normal fault (Figure 2). The north-dipping Gangdese Thrust activated between ∼30 and 23 Ma and has an estimated 50–60 km of shortening along the Indus-Yarlung Zangpo suture zone (Yin et al., 1999; Wei et al., 2014). The south-dipping Great Counter Thrust belt juxtaposed the passive continental margin sediments of northern India over the Indus-Yarlung ophiolites (Yin et al., 1999; Li Y. L. et al., 2015). The isotopic dating of Gangdese batholith in southern Tibetan Plateau constrains that the activity of GCT was between ∼25 and 10 Ma (Yin et al., 1999; Harrison et al., 2000). The north–south-trending Yangbajing-Yardong graben system developed during the late Miocene, which reflects the E–W extensional regime in the Tibetan Plateau (Harrison et al., 1992; Li Y. L. et al., 2015).

The climate in the Lhasa River drainage is substantially influenced by the South Asian summer monsoon (Figure 1). Global monsoon systems are generally considered to be associated with seasonal changes in the land–sea thermal contrast and the shift of Intertropical Convergence Zone (Gadgil, 2003; Wang et al., 2017). During the boreal summer when the sensible heating of the Asian continent by solar insolation is at a maximum, the Intertropical Convergence Zone is located over the Indian continent, where the SE trade winds in the Southern Hemisphere change direction to NE after crossing the equator (Wang et al., 2017). The SE trade winds bring air masses carrying abundant moisture from the Bay of Bengal to the north and northwest (Bookhagen et al., 2005). When these vortexes encounter the frontal terrain of the Himalaya, they were released to produce a large amount of topographic precipitation, and only a small part of the water vapor can be transported further to high-altitude areas on the Tibetan Plateau through the valleys of the Himalayan transverse river (Bookhagen and Burbank, 2010). The precipitation of modern Lhasa River drainage do not exceed 500 mm (Bookhagen and Burbank, 2010).



ANALYSIS METHODS


Data and Age–Elevation Relationship

In order to constrain the timing of rapid denudation of the Lhasa River, the published thermochronological ages in Lhasa River valley were compiled (Figure 2). This low-temperature thermochronological dataset includes 9 apatite (U-Th)/He (AHe) ages, 24 apatite fission-track (AFT) ages, and 4 zircon (U-Th)/He (ZHe) ages (Copeland et al., 1995; Tremblay et al., 2015; Li et al., 2016; Figure 2 and Supplementary Table 1). Five AHe ages ranging from 14.2 ± 1.8 to 16.5 ± 2.7 Ma are from the middle reaches and along a 1.2-km elevation transect in the eastern tributary of the Lhasa River (Tremblay et al., 2015), and four AHe ages ranging from 18.0 ± 1.3 to 21.2 ± 1.5 Ma are from the eastern tributary valley of the Lhasa River (Li et al., 2016; Figure 2 and Supplementary Table 1). AFT ages, ranging between 15.0 ± 0.9 and 41.1 ± 3.4 Ma, are mainly from the middle and lower reaches of the Lhasa River valley, but two are from the Yarlung River valley (Figure 2 and Supplementary Table 1). ZHe ages, ranging between 43 ± 3.0 and 51.9 ± 3.8 Ma, are from the valley-wall transects in the middle and lower reaches of the Lhasa River (Li et al., 2016; Figure 2 and Supplementary Table 1). However, six ZHe ages from the tributary of Lhasa River reported in Tremblay et al. (2015) are much younger than the ZHe and AFT and AHe ages in the region reported in Copeland et al. (1995) and Li et al. (2016). This is probably caused by the locally structural/thermal effect. In order to avoid the uncertainty, these data are not selected. All thermochronological ages, at elevation between 3,600 and 5,478 m, were collected from Mesozoic and Early Cenozoic Gangdese batholith granites.

In order to provide first-order estimates of the denudation parameters in Pecube, the age–elevation relationship (AER) was plotted from thermochronological data from river valleys. Here, we assume that the Lhasa River drainage underwent the history of uniform denudation in space, and then the variable slopes of the different AERs can be interpreted as reflecting a change in the denudation rate of this region (Gallagher et al., 2005a, b; Beek et al., 2010). The ZHe data suggest a relatively rapid denudation rate of 0.09 km/Ma between ∼47 and ∼43 Ma, but a lower rate of 0.01 km/Ma between ∼43 and ∼15 Ma from the AFT data (Figure 3A). The steeper age–elevation relationship from AHe data implies an increase in regional denudation rates to ∼0.289 km/Ma from ∼23 to ∼16 Ma and ∼0.331 km/Ma between ∼16 and ∼12 Ma (Figure 3A). Varying denudation rates are also suggested by the AFT data, which indicates a rapid denudation phase at around ∼23 Ma. These data were used to set the possible variation range of the parameters in the modeling (see details in the following).
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FIGURE 3. (A) Denudation rates estimated from the age–elevation relationship from the Lhasa River drainage according to least-square fitting. (B) Model setup for the 3D thermokinematic model (parameters are given in Table 2). The model calculates the evolving thermal field of a 50-km-thick crustal block using a combination of geothermal, rock denudation, and landscape evolution parameters.



In fact, the estimation from the AER is simply one-dimensional, which possibly under- or overestimates the denudation rate (Braun et al., 2012), because of neglecting the possible effects of temporally varying topography on underlying isotherms, and/or neglecting possible effects of relief development. Moreover, the internal consistency between the different datasets and their inferred interpretation has not been assessed. Thus, we will analyze these data using Pecube (Braun et al., 2012) to more quantitatively infer the denudation and relief history of Lhasa River drainage.



Thermokinematic Modeling

Pecube is a finite-element thermokinematic modeling that solves the 3D heat transport equation (Braun, 2003):
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where T(x,y,z,t) is the temperature (°C), ρ is the rock density (kg/m3), c is the heat capacity (J/kg/K), v is the vertical velocity of the rock particle relative to the base of the crust (km/Ma), k denotes conductivity (W/m/k), and H is the radioactive heat production (W/m3). In a crustal block, the thermal properties such as rock conductivity, heat capacity, density, and heat production were assumed to remain constant through time, and then Eq. (1) was solved to reflect a crustal block undergoing lateral and vertical rock particle transport, denudation, and surface change. The surface change is incorporated here using the relief factor R, defined as the ratio between the relief amplitude (Δhi) when rocks passed through the closure isotherms and the modern-day relief amplitude (Δh0) (Valla et al., 2010):

[image: image]

when R = 0, the initial topography is a plateau at the maximum present-day elevation; when R = 1, the paleo-relief was the same as the modern topography; for R < 1, the paleo-relief is lower than today, while for R > 1, the paleo-relief is higher than today.

During a Pecube model inversion, a two-step neighborhood algorithm was used (Sambridge, 2010a, b). The first step involves an iterative search in the multidimensional parameter space in order to find sets of input parameters that minimize the misfit between observed and predicted data. The misfit was calculated as
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where m is the misfit value; n is the number observed data; and for each data point i, is the age predicted by Pecube; oi and σi are the observed age and its error, respectively. The second step of the neighborhood algorithm is an appraisal of the search results to define statistical limits on the ranges of input parameters that provide a good fit to the observed age data (Sambridge, 2010b), and Bayesian inference is used to produce posterior probability density functions (PPDFs) for each individual parameter using a likelihood function L,
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The appraisal yields 1D and 2D PPDFs for the model parameters that are presented for each set of model parameters in Table 1.


TABLE 1. Values of parameters of input and inversion results.

[image: Table 1]The input thermokinematic parameters used in Pecube are listed inTable 2. We set a 50-km depth model, and thebasal temperature of the model is a free parameter ranging between500 and 1,000°C, which is equivalent to an initialgeothermal gradient of ∼10–20°C/km. The initialgeothermal gradient in the Lhasa River drainage should be lower thanthe present-day (∼20–30°C/km), because the late Cenozoic denudation should have increased the thermal gradient to the current values (Ehlers, 2005). The starting time of the model was set as 41 Ma, as the reported oldest thermochronological age in the main trunk of the Lhasa River valley is ∼41 Ma. Cenozoic faults are absent within the selected simulation area (Figure 2); thus, the faults are not considered in our model. The geometry of the surface topography was extracted from 90-m resolution DEMs (Figure 3B).


TABLE 2. Thermokinematic and elastic parameters used in this study.

[image: Table 2]
In order to obtain a more robust and detailed view of the denudation rate, transition time, and topographical relief in the Lhasa River drainage, two scenarios were modeled as the “denudation scenario” and the “relief scenario.” Here, we defined the “denudation scenario” as a steady evolution of topography scenario considering only spatially and temporally varying rock denudation rates, without considering the complex evolution of topography, and the initial topography changes linearly through time to modern. Based on previous studies for the denudation history in the Gangdese region, we have known apparently more than two-stage denudation history since 41 Ma in the Lhasa River drainage (Li et al., 2016). Thus, the assumption of three-phase, four-phase, and five-phase denudation history in the “denudation scenario” since 41 Ma was tested, respectively.

The inverted parameters are preliminarily set based on the AER, including the slope of AHe and AFT ages with uncertainty (Figure 3A). The parameters of the three-phase denudation history include (1) first and second transition time (T1, 30–10 Ma, and T2, 20–10 Ma, the reference basis for boundary setting shown in Supplementary Table 2); (2) denudation rates of the first, second, and third phase (E1 = 0–1.5 km/Ma, E2 = E3 = 0–2 km/Ma, referring from the slope of AHe and AFT in AER); and 3) initial relief (R, 0–2). The parameters of the four-phase denudation history include (1) first, second, and third transition time (T1, 30–20 Ma; T2, 25–15 Ma; and T3, 15–10 Ma); (2) denudation rates of the first, second, third, and fourth phase (E1 = 0–1.5 km/Ma; E2 = E3 = E4 = 0–2 km/Ma); and (3) initial relief (R, 0–2). For the five-phase denudation history, the parameters include (1) first, second, third, and fourth transition time (T1, 40–30 Ma; T2, 30–20 Ma; T3, 25–15 Ma; and T4, 15–10 Ma); (2) denudation rates of the first, second, third, fourth, and fifth phase (E1 = E2 = 0–1.5 km/Ma; E3 = E4 = E5 = 0–2 km/Ma); and (3) initial relief (R, 0–2).

The incision of the Lhasa River will affect the topographical relief. We also define a “relief scenario” to consider not only spatially and temporally varying rock denudation rates, but also the multistage evolution of topography due to the impact of the fluvial incision. The detailed parameters of this scenario were set according to the results of the “denudation scenario,” including four-phase denudation and topographic evolution history (Table 1, see section “denudation Scenario” for details). Inverted parameters of this scenario include the following: (1) the first, second, and third transition time set as 24.6, 15.5, and 12.3 Ma, respectively, according to the simulation result of the four-stage denudation in the “denudation scenario”; (2) the range of denudation rates of the first, second, third, and fourth phase, which are the same as four-phase denudation history in the “denudation scenario”; and (3) topographic relief of the initial, first, second, and third transition time (R = R1 = 0–1.5, R2 = R3 = 0–2). The input parameters of the modeling under different denudation stages and different scenarios are shown in Table 1.



MODELING RESULTS


Denudation Scenario

The results for best fitting of the three-phase denudation are shown in Table 1. We found the slow denudation at a rate of 0.29 km/Ma from 41 to 16 Ma, the rapid denudation at a rate of 1.75 km/Ma between 16 and 12 Ma, and a slow rate of 0.18 km/Ma since ∼12 Ma (Table 1 and Supplementary Figure 1). However, a rapid phase of denudation since ∼23 Ma reported by Li et al. (2016) is not reproduced in this modeling. For the inversion of five-phase denudation history, the denudation rates of best fitting of the first phase (a rate of 0.09 km/Ma from ∼41 to 31.5 Ma) and second phase (a rate of 0.02 km/Ma from ∼31.5 to 23.8 Ma) are not more than 0.1 km/Ma (Table 1 and Supplementary Figure 2), which can be considered as a slow denudation phase. Moreover, the minimum misfit value of the forward result for the three-phase and five-phase denudation history is 0.74 and 0.40, respectively, which is higher than the four-phase denudation history (0.35) (Table 1). Therefore, the assumption of four-phase denudation is much more possible for the Lhasa River drainage since 41 Ma.

The results for the inversion of four-phase denudation are shown in Figure 4. The best-fitting model shows that the transition time of four-phase denudation is 24.6, 15.5, and 12.3 Ma, respectively. The slow denudation phases are the episode between ∼40 and 24.6 Ma with a rate of 0.07 km/Ma and the episode of ∼12 Ma to the present with a rate of 0.08 km/Ma. The rapid denudation rates were the second and third phases that were 0.39 km/Ma from 24.6 to 15.5 Ma and 1.22 km/Ma from 15.5 to 12.3 Ma. Note that 1.22 km/Ma from 15.5 to 12.3 Ma from the modeled denudation rate was higher. The age of the best-fit forward model in this scenario is also basically close to the observed age, except that ZHe is slightly younger (Figure 5A).


[image: image]

FIGURE 4. Scatterplots of Pecube inversion misfits for the four-stage denudation scenario model of the Lhasa River drainage. Colored dots represent individual forward-model runs plotted in 2D projections of the parameter space with color corresponding to misfit values. Posterior probability density functions for parameter values are plotted along the axes. The best-fit solution is represented by a yellow star with 2σ (black) and 1σ (light blue) confidence contours. (A–D) Transition time and denudation rate during the four stage (transition time T1, T2, and T3; denudation rate E1, E2, E3, and E4); (E) basal temperature T and relief factor of initial topography R.
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FIGURE 5. Comparison of observed and predicted thermochronological data for the best-fit parameters. (A) Comparison of observed and predicted thermochronological data under the “denudation scenario” with four-stage denudation. (B) Comparison of observed and predicted thermochronological data under the “relief scenario.”




Relief Scenario

The incision of the Lhasa River valley leads to rapid denudation and changes in topographic relief. However, the simulation of the denudation scenario only inverted the initial relief. Therefore, we set the topography scenario with three additional relief parameters to invert the change of denudation rates and the evolution of topographic relief under the four-phase denudation (Table 1). The best-fitting model shows that the denudation rate of the four phases was 0.09, 0.42, 0.72, and 0.16 km/Ma, respectively (Figure 6). The denudation rate of the third stage in the relief scenario was lower than that of the denudation scenario, and the denudation rate in the other stages is close to the denudation scenario. The best fitting of the relief factor was 0.49 at 41 Ma, 0.85 at 24.6 Ma, 0.82 at 15.5 Ma, and 1.58 at 12.3 Ma, respectively. The relief factors at 41 and 25 Ma are not well converging and their errors are relatively large (Figures 6, 7), but the obvious changes in the relief after ∼25 Ma have been well constrained (Figure 6). All ages of forwarding simulation under the relief scenario are basically consistent with the observed ages (Figure 5B).


[image: image]

FIGURE 6. Scatterplots of Pecube inversion misfits for the relief scenario model of the Lhasa River drainage. Colored dots represent individual forward-model runs plotted in 2D projections of the parameter space with colors corresponding to misfit values. Posterior probability density functions for parameter values are plotted along the axes. The best-fit solution is represented by a yellow star with 2σ (black) and 1σ (light blue) confidence contours. (A–D) Relief factor and denudation rate during the four stage (relief factor R, R1, R2, and R3; denudation rate E1, E2, E3, and E4).



[image: image]

FIGURE 7. A comparison of the geologic events in south Tibet and Himalaya, the Asian summer monsoon, and the denudation rate and relief history of the Lhasa River drainage since ∼40 Ma. (A) The black horizontal lines represent the main deformation events for tectonic units of southern Tibet and Himalaya (Li Y. L. et al., 2015). MCT, Main Central thrust; MBT, Main Boundary thrust; MFT, Main Frontal thrust. The yellow line represents that growing season precipitation modeled from CLAMP (Climate-Leaf Analysis Multivariate Program) for the eastern Himalayan Siwalik fossil leaf assemblages (Khan et al., 2019). The red line represents the Southeastern Asian offshore sedimentary accumulation rate (SR) (Clift, 2006). (B) The benthic oxygen and carbon isotope record is represented by black and blue lines, respectively (Zachos et al., 2001). (C) Continuous black and yellow lines represent the best-fit denudation rate and relief of the Lhasa River drainage, respectively. The shaded line represents 1σ uncertainty on these estimates.




DISCUSSION


The Timing of Establishment of the Modern Lhasa River

In this study, we found that the thermochronological ages in the main trunk are 41–14 Ma according to published thermochronological ages. The denudation history result of the modeling shows that rapid denudation started at ∼25 Ma (Table 1 and Figure 4). The establishment of rivers will definitely cause rapid denudation of the valley. Of course, other factors such as increased tectonic uplift and rainfall and related discharge could also lead to the enhancement of river incision and rapid denudation. However, we suggest that the rapid denudation of the Lhasa River valley before 25 Ma may be also recorded by thermochronological data if the modern Lhasa River exists before 25 Ma. In fact, we only found that the rapid denudation of the Lhasa River valley started at ∼25 Ma, probably suggesting that the modern Lhasa River in its modern extent did not exist prior to 25 Ma. In addition, the paleoaltimetric studies (e.g., carbon and oxygen stable isotopes) suggest that the northern portion of the Lhasa terrane where the Lhasa River originates was uplifted to near-modern elevations since around 25–23 Ma or much earlier (Rowley and Currie, 2006; DeCelles et al., 2007; Tian et al., 2013; Ding et al., 2014). If the Lhasa River did not start to develop at ∼25 Ma, the rapid denudation might imply that the northern Lhasa terrane must have the rapid rock uplift, and thus, it can maintain the current elevation. However, the northern Lhasa terrane did not undergo rapid rock uplift since the late Oligocene (Hetzel et al., 2011; Li et al., 2016), which suggested that this rapid denudation episode is most likely associated with the initial incision of the upper reaches of the Lhasa River.

In addition, the main trunk of the Lhasa River drains to the southwest across the Gangdese Mountains and merges into the Yarlung River (Figure 1B). Gangdese conglomerates are exposed discontinuously along the Yarlung River, and the depositional age of the Gangdese conglomerates is 26–23 Ma in the Xigaze forearc basin near the Lhasa River outlet (Wang et al., 2013; Carrapa et al., 2014). Paleocurrent measurements and provenance data indicate that the initial detritus of the Gangdese conglomerates were entirely derived from the north (mainly from the Gangdese arc) (Wang et al., 2013; Li et al., 2017), suggesting that the southward-draining relatively large rivers existed in the Gangdese region at least before ∼23 Ma, and a large amount of material from the Gangdese arc can be transported southward. Furthermore, Laskowski et al. (2019) proposed that the paleo-Lhasa River may form since the Late Cretaceous based on the sedimentary provenance analysis. However, Li et al. (2018) summarized the incision history of modern tributaries of the Yarlung River and showed that tributaries on the north side of the Yarlung River (originating from the Lhasa terrane, including the Lhasa River) have only recorded progressively northward cooling episodes since the early Miocene. This could also verify the result of thermal history modeling. The southward-draining paleo-Lhasa River proposed by Laskowski et al. (2019) probably did not follow the current Lhasa River channel. In summary, according to these thermochronological, sedimentological, and paleoaltimetric evidence, the modern Lhasa River was probably established during the latest Oligocene–earliest Miocene.



Forcing for the Late Cenozoic Denudation and Topographic Evolution of Lhasa River Drainage


The Latest Oligocene–Early Miocene

Our best-fit model shows that the Lhasa River drainage underwent a rapid denudation from 24.6 to 15.5 Ma (with a rate of 0.42 km/Ma) (Figure 7C). The onset of rapid denudation occurred slightly earlier compared with the previous reported rapid exhumation timing (∼23 or 20–10 Ma) (Li et al., 2016; Ge et al., 2017). The topographic relief did not change significantly with the increase of denudation during this stage (Figure 7C), suggesting a possible overall uplift in a large area including the Lhasa River drainage during this phase. The Gangdese Thrust is a north-dipping fault developed at the southern margin of the Lhasa River drainage (Figure 2), and it was active during late Oligocene–early Miocene (Yin et al., 1994; Li G. W. et al., 2015). Thus, the rapid denudation and relatively stable relief in this stage are most likely associated with the activity of the Gangdese Thrust (Figure 7A).

Moreover, we also compared the denudation rate with climate change (Figure 7B) and found that the rapid denudation in this stage also corresponds to the intensification of the Asian monsoon. Recent studies have shown that climatic change (precipitation or glacier development) determines the denudation of a large-scale area (Montgomery et al., 2001; Clift et al., 2008), but the orogenic tectonics could only trigger the erosion of the relatively local region (Beaumont et al., 2001; Luszczak et al., 2018; Yang et al., 2019; Shen et al., 2019). Based on this hypothesis, we have summarized the cooling history of five large rivers in the southeastern Tibetan Plateau from ∼40 Ma to the present to identify the possible effect of climate on the denudation (Figure 8). This result suggests that not all rivers on the southeastern Tibetan Plateau underwent a rapid cooling at this period (Figure 8B), indicating that the rapid denudation at this stage is not dominated by climate, which further validates our viewpoint.


[image: image]

FIGURE 8. Cooling history of large rivers in the southern Tibet Plateau retrieved by Hefty (Ketcham, 2005) or QtQt (Gallagher, 2012). (A) Sampling sites of the river detrital or bedrock low-temperature thermochronology in the southern Tibetan Plateau. The letters a, b, c, d, and e represent the study sites of the Yarlung River, Mekong River, Yangtze River, Indus River, and Yalong River, respectively. (B) 2D thermal history modeling (Hefty or QtQt) results of thermochronological ages from the large rivers in the southern Tibetan Plateau (data from van der Beek et al., 2009; Tremblay et al., 2015; Shi et al., 2016; Zhang et al., 2016; Carrapa et al., 2017; Nie et al., 2018; Song et al., 2018; Liu-Zeng et al., 2018; Gourbet et al., 2019). MMCO, middle Miocene climate optimum.


The Gangdese Thrust leads to the further uplift of the Gangdese Mountains, which could cut off the external paleodrainage from north to south in the southern Tibetan Plateau (Zhang et al., 2012; Han et al., 2019). At the same time, the southward paleodrainage in the southern Gangdese Mountains also rapidly incised in response to the uplift of the Gangdese Mountains, leading to the formation of the initial Lhasa River. In the early Miocene, the development of the GCT system caused the uplift of the southern terranes (the Xigaze forearc basin, YTSZ, and Tethyan Himalaya) that might block the originally southward paleoflows (Wang et al., 2013; Li et al., 2018). The westward-flowing paleo-Yarlung River initiated at ∼22 Ma (Wang et al., 2013) and captured the initial paleo-Lhasa River, possibly leading to the formation of the so-called barbed junction with southwestward-flowing tributaries (modern Lhasa River) of the Yarlung River (Figure 2). Theoretically, the formation of the modern Lhasa River will definitely lead to an increase in topographic relief, but the result of our simulation suggests that the topographic relief did not change significantly with the increase of denudation during this stage (Figure 7). This is probably related to the overall uplift of the central Gangdese Mountains during this phase due to the development of the GT and GCT (Figure 7A).



The Middle Miocene

Although previous studies have generally estimated a rapid denudation stage of the Gangdese region at ∼23–0 or 20–10 Ma (Dai et al., 2013; Li et al., 2016; Ge et al., 2017), our modeling shows that a period of intense denudation existed at ∼15.5–12.3 Ma (with a rate of 0.72 km/Ma) (Figure 7C). The topographic relief in Lhasa River drainage also increased significantly (Figure 7C). An important climate event, the middle Miocene climate optimum (MMCO, ∼17–14 Ma) happened, which is characterized by the warmest climate and highest atmospheric CO2 concentrations during this period (Zachos et al., 2001; Tripati et al., 2009). The MMCO corresponds to a phase of enhanced East and South Asian summer monsoon precipitation with large amplitude variability as recorded by offshore Southeastern Asian sediment accumulation rates (Clift, 2006; Yang et al., 2020). Meanwhile, the activity of the south-dipping GCT caused uplift and denudation of the Xigaze forearc basin, YTSZ, and Tethyan Himalaya in the southernmost Lhasa terrane (Wang et al., 2013; Li Y. L. et al., 2015). However, the middle reach of the Lhasa River is close to the central Lhasa terrane, and the tectonic activity of GCT should have a little impact on the denudation of the Lhasa River. Thus, we suggest that the intense denudation in this stage is more likely to be related to the large increasing Asian summer monsoon precipitation.

Furthermore, the cooling history of five large rivers in the southeastern Tibetan Plateau also underwent rapid cooling at this stage (Figure 8B), and this spatially large-scale synchronous rapid denudation including in the Lhasa River drainage should be dominated by climate (Montgomery et al., 2001; Clift et al., 2008). This is consistent with the fast incision of the Lhasa River, which leads to the topographic relief to increase rapidly (R3 = 1.6), which resulted in a relatively high-relief landscape (Figure 7C).



After ∼12 Ma

The denudation rate and relief in the Lhasa River drainage significant decreased after ∼12 Ma. The geological evidence suggested that the Himalaya experienced significant rock uplift since the late Miocene (Figure 7, e.g., MBT and MFT); thus, the orographic barrier to precipitation in the southern Tibetan Plateau would have strengthened (Tremblay et al., 2015), but the Lhasa River valley could be the only access for moisture penetration to the north and the precipitation decreased here. Therefore, the denudation rate significantly decreased. Another possibility was that a stationary knickzone results from coupling between focused rock uplift and rapidly fluvial incision within the Namche Barwa Syntaxis during the late Miocene (Lang and Huntington, 2014; Zeitler et al., 2014), creating a high-elevation base level for the drainage network upstream which inhabited the incision of the upper reaches of the Yarlung River. The decreasing of incision and low transport capacity in the upper Lhasa River might have led to the accumulation of the Lhasa River and reduced the topographic relief.



CONCLUSION

Based on a set of thermochronological ages reported in the Lhasa River valley, we have used a 3D thermokinematic model to carefully quantify rates and transition time of denudation under different scenarios. Two-stage rapid denudation rates at ∼25–16 Ma (with a rate of 0.42 km/Ma) and ∼16–12 Ma (with a rate of 0.72 km/Ma) are revealed. Furthermore, the results of the drainage denudation history were combined with the data of topographic evolution to distinguish the tectonic and climate controls on geomorphic evolution of the Lhasa River drainage. The rapid denudation of the first phase (∼25–16 Ma) could be caused by the activity of the Gangdese Thrust, which led to the overall uplift of the Gangdese Mountains. This might result in the reorganization of southward paleodrainage in the southern Tibetan Plateau, and the modern Lhasa River started to develop. The second stage of the fast denudation and high relief which correspond to a ubiquitous increase of fluvial incision in the southern Tibetan Plateau should be related to enhanced Asian summer monsoon precipitation during the middle Miocene. After that, the denudation rate decreased rapidly due to the uplift of the Himalayas barrier to precipitation, and a low-relief landscape gradually developed in the Gangdese region.
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The height of a thrust-fault scarp on a fluvial terrace would be modified due to erosion and deposition, and these surface processes can also influence the dating of terraces. Under such circumstances, the vertical slip rate of a fault can be misestimated due to the inaccurate displacement and/or abandonment age of the terrace. In this contribution, considering the effect of erosion and deposition on fault scarps, we re-constrained the vertical slip rate of the west end of the Minle–Damaying Fault (MDF), one of the thrusts in the north margin of the Qilian Shan that marks the northeastern edge of the Tibetan Plateau. In addition, we tried to explore a more reliable method for obtaining the vertical fault displacement and the abandonment age of terraces with AMS 14C dating. The heights of the surface scarps and the displacements of the fluvial gravel layers exposed on the Yudai River terraces were precisely measured with the Structure from Motion (SfM) photogrammetry and the real-time kinematic (RTK) GPS. The Monte Carlo simulation method was used to estimate the uncertainties of fault displacements and vertical slip rates. Based on comparative analysis, the dating sample from the fluvial sand layer underlying the thickest loess in the footwall was suggested to best represent the abandonment age of the terrace, and the fluvial gravel layer could better preserve the original vertical fault displacement compared with the surface layer. Using the most reliable ages and vertical offsets, the vertical slip rate of the MDF was estimated to be 0.25–0.28 mm/a since 42.3 ± 0.5 ka (T10) and 0.14–0.24 mm/a since 16.1 ± 0.2 ka (T7). The difference between the wrong vertical slip rate and the right one can even reach an order of magnitude. We also suggest that if the built measuring profile is long enough, the uncertainties in the height of a surface scarp would be better constrained and the result can also be taken as the vertical fault displacement. Furthermore, the consistency of chronology with stratigraphic sequence or with terrace sequence are also key to constraining the abandonment ages of terraces. The fault activity at the study site is weaker than that in the middle and east segments of the MDF, which is likely due to its end position.

Keywords: erosion and deposition, vertical slip rate, vertical offset, terrace abandonment age, Minle–Damaying Fault


KEY POINTS

• The vertical slip rate of the Minle–Damaying Fault is re-estimated to be 0.25–0.28 mm/a since 42.3 ± 0.5 ka at the outlet of the Yudai River.

• The topographic profile extracted from the top of the faulted gravel layer and that with sufficient length from the faulted loess layer are suggested to be used to constrain the vertical fault displacement.

• The age of the fluvial sand layer underlying the thickest loess in the footwall of a thrust fault is suggested to best represent the abandonment age of the terrace.



INTRODUCTION

The vertical slip rate of a fault is a significant metric to quantify the intensity of tectonic activity (Tapponnier et al., 1990; Hetzel et al., 2002; Ai et al., 2017; Liu et al., 2017), reconstruct the behavior of the fault over time (Zheng W. J. et al., 2013; Xiong et al., 2017; Hetzel et al., 2019), evaluate the seismic risk (Ren et al., 2019; Lei et al., 2020), and understand the regional active deformation (Yang et al., 2018; Liu et al., 2019; Ren et al., 2019; Zhong et al., 2020). The estimation of vertical slip rates mostly depends on two factors: the magnitude of the offset and the age of offset landmarks (Burbank and Anderson, 2011). However, accurate determination of vertical slip rates is not easy because the complex surface processes including erosion and deposition would affect the estimation of the original displacement and the representation of the collected dating samples.

For thrust faults, the vertical displacement recorded by the geomorphic surface can be obtained by extracting the topographic profile perpendicular to the fault scarp (e.g., Hetzel, 2013; Wei et al., 2020). However, as the fault scarp degrades with time (Avouac, 1993; Hetzel, 2013; Jayangondaperumal et al., 2013), the hanging wall can be eroded and acts as the sediment source for the footwall (Stewart and Hancock, 1988). In addition, the stream that formed the terrace may shed sediments onto the footwall (Hetzel et al., 2004; Hetzel, 2013). Fluvial aggradation is also possible in the footwall due to the adjoining stream (Priyanka et al., 2017), and the footwall is also more likely to accumulate aeolian sediments (Avouac and Peltzer, 1993). Therefore, it is a consensus that vertical offsets derived from scarp profiles may underestimate the real displacement of a fault especially in areas with heavy loess cover (Wallace, 1980; Peterson, 1985; Stewart and Hancock, 1988; Hetzel, 2013; Liu et al., 2017; Yang et al., 2018). In recent years, as Laser Radar (Cunningham et al., 2006; Ren et al., 2016), high-resolution satellite optical image (e.g., QuickBird, WorldView, and Pleiades), and aerial photogrammetry (Matthews, 2008; Fraser and Cronk, 2009) are gradually gaining usage relative to the traditional total station and the tape measure, it becomes more accurate and efficient to acquire topographic profile based on large-scale and high-precision topographic data. Although many studies on the fault tend to focus on the resolution or precision of the topographic data (Blakely et al., 2009; McPhillips and Scharer, 2018; Hetzel et al., 2019), inadequate evaluation of surface processes may lead to errors or mistakes in the measurement of fault displacement. It has been suggested that we should select sites less affected by surface processes to extract profiles (Palumbo et al., 2009), calculate the vertical slip rate based on the offset of the top of the fluvial gravel layer in the trench (Liu et al., 2014; Ren et al., 2019), or attempt to estimate the effect of the surface processes to correct the height of the scarp (Priyanka et al., 2017; Yang et al., 2018). More often, however, researchers acknowledged the underestimation of the vertical displacement but did not discuss much about it (Blakely et al., 2009; McPhillips and Scharer, 2018; Hetzel et al., 2019). In different geomorphic conditions, how to choose more reasonable topographic profiles and obtain more accurate vertical displacements needs to be systemically understood.

Another challenge in constraining the vertical slip rate is chronology. Taking the Qilian Shan area as an example, geomorphic dating tends to be affected by loess cover and erosion. If we assume that the loess overlying the terrace surface begins to deposit immediately after the abandonment of the terrace, there will be no significant gap between the age of the bottom of the loess and that of the top of terrace deposition (Pan et al., 2003; Xu et al., 2010; Lu et al., 2018; Lu and Li, 2020). However, in most cases, the deposition of the loess layer usually lags behind the abandonment of the terrace, thus taking the bottom age of the loess as the abandonment age of the terrace will affect the estimated deformation rate (Stokes et al., 2003; Küster et al., 2006; Lu and Li, 2020). For example, when dating the same terrace of the Xie River, OSL age from the bottom of the loess is 12.7 ± 1.4 ka (Xiong et al., 2017), while 14C age from the floodplain sand layer is 16,405 ± 210 cal a BP (Lei et al., 2020). The age gap between the two results is ∼4 ka. The latter is the age of the uppermost fluvial sediment and is close to the abandonment age of the terrace, while the OSL age is younger due to the lagging deposition of loess mentioned previously. In the middle and western Qilian Shan, the loess deposition with a thickness less than 1.5 m is mostly younger than 13 ka by OSL dating (Stokes et al., 2003; Küster et al., 2006). The loess possibly has deposited since the Holocene, thus the bottom of the loess is significantly younger than the abandoned terrace (Hetzel et al., 2002, 2004; Hetzel, 2013). In addition, it is usually hard to find organic materials suitable for 14C dating in the front of the middle and western Qilian Shan due to the arid climate. Therefore, the 10Be exposure dating is widely used to constrain the terrace age (Hetzel et al., 2004, 2019; Liu et al., 2017; Yang et al., 2018). The shielding and erosion effect of the loess should still be considered when collecting the 10Be exposure dating samples (Hetzel, 2013). If the fluvial deposits are eroded or covered by loess after deposition, the nuclide concentration of surface samples would be relatively low (Hetzel, 2013). For this reason, the sampling site of the 10Be exposure dating should be selected in the hanging wall dominated by erosion (Hetzel, 2013), and in the profile without the cover of loess (Champagnac et al., 2010; Zheng W. et al., 2013; Liu et al., 2017, 2019; Hetzel et al., 2019), otherwise, the loess shielding effect must be corrected (Hetzel et al., 2004, 2006; Palumbo et al., 2009; Yang et al., 2018; Cao et al., 2019). Compared with the western Qilian Shan, the eastern Qilian is more humid (Geng et al., 2017; Cai et al., 2020) with abundant charcoal for 14C dating (Ai et al., 2017; Xiong et al., 2017; Lei et al., 2020; Zhong et al., 2020). However, the erosion and deposition processes can also make it difficult to collect 14C dating samples.

The Minle–Damaying Fault (MDF) is an active fault in the north margin of the Qilian Shan during the late Quaternary (Xiong et al., 2017; Lei et al., 2020; Zhong et al., 2020). A better constraint of its vertical slip rates is critical to understanding the northeastward propagation of the Tibetan Plateau (Figure 1; Institute of Geology and Lanzhou Institute of Seismology [IGLS], 1993; Xiong et al., 2017). The vertical slip rates of the MDF have been constrained at several sites (Figure 1B; Xiong et al., 2017; Lei et al., 2020; Zhong et al., 2020), but the influence of surface processes on fault scarps and the collection of dating samples has not been discussed in depth. Especially at the outlet of the Yudai River, the west end of the MDF, intense erosion and deposition seriously damaged the original morphology of the fault scarp, and also interfered with the collection of dating samples. As a result, measuring the height of the surface scarp would underestimate the vertical fault displacement and collecting the charcoal from the loess overlying the fluvial sediment would cause a relatively young abandonment age of the terrace (Lei et al., 2020). However, the clearly exposed fluvial gravel layers provide an opportunity to redetermine the vertical slip rate at this site.
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FIGURE 1. Topography and active tectonics of the study area. (A) Topography and active tectonics of the Hexi Corridor and its peripheral zone with an insert topographic map of inner Asia in the lower left (Yuan et al., 2013; Zheng W. et al., 2013). NQTS: north Qilian thrust system. (B) Active tectonics and river system around the MDF. The white box indicates study sites along the fault with a known slip rate. YD, Yudai River; CM, Chaomian site; TZB, Tongziba River; DXG, Daxiang Gully; MQG: Mingquan Gully. The earthquake data (since the year AD 1917) are downloaded from the website of USGS: http://earthquake.usgs.gov/earthquakes.


In this contribution, we studied the activity of the MDF at the outlet of the Yudai River. Structure from Motion (SfM) photogrammetry and real-time kinematic (RTK) GPS were used to constrain the height of the surface scarp and the displacement of the fluvial gravel layer exposed on the terrace. Combining them with AMS 14C dating, we aimed to (1) re-estimate the vertical slip rate of the MDF at the Yudai River site based on accurate ages and vertical offsets, (2) discuss the methods of obtaining accurate vertical offsets and reliable 14C dating samples in different geomorphic conditions, and (3) re-evaluate the spatial variation of shortening rates along the MDF strike. The method for obtaining correct vertical slip rates of thrust faults summarized in this paper can help researchers save time and money and better understand the properties of thrust faults.



GEOLOGICAL SETTING

As an early Paleozoic orogenic belt, the Qilian Shan has been reactivated by a series of thrusts and folds due to the collision between India and Asia, with an average altitude of ∼4000 m (Tapponnier et al., 1990; Yin and Harrison, 2000; Hetzel et al., 2004). The Qilian fold–thrust belt marks the geomorphic feature in the north of the Tibetan Plateau and is considered as the growth front of the NE Tibetan Plateau (Tapponnier et al., 2001; Allen et al., 2017; Zheng et al., 2017). The northern front of the Qilian Shan has been inferred to be limited by large, south-dipping, active thrusts (Tapponnier et al., 1990), and they are collectively known as the North Qilian Thrust Belt (Figure 1A; Institute of Geology and Lanzhou Institute of Seismology [IGLS], 1993). The belt consists of a series of near-NW-striking parallel faults, including the Hanxia–Dahuanggou Fault, Yumen Fault, Fodongmiao–Hongyazi Fault, North Yumu Shan Fault, East Yumu Shan Fault, Minle Fault, MDF, and Huangcheng–Taerzhaung Fault (Figure 1A; Institute of Geology and Lanzhou Institute of Seismology [IGLS], 1993). They juxtapose the low-grade metamorphic early Paleozoic rocks (slates, phyllites, limestones, and volcanic and granitic rocks) over the Cenozoic sediments within the Hexi Corridor basin (Zheng et al., 2017).

As the boundary fault between the Qilian Shan and the Zhangye Basin, the MDF is a large thrust in the north margin of the Eastern Qilian Shan. It is an N50–60W-striking fault, extending from the eastern piedmont of the Yumu Shan in the west to the south of Huangcheng area in the east over a length of ∼120 km, with dip angles of 30–60° (Figure 1B; Institute of Geology and Lanzhou Institute of Seismology [IGLS], 1993; Lei et al., 2020). The fault may be divided into east and west segments, with lengths of 45 km and 75 km, respectively (Lei et al., 2020). Previous fieldwork shows that the tectonic activity of the MDF pushes the Paleozoic strata over the Miocene strata, indicating that the fault has been active since the late Tertiary, but it also suggests that the MDF has not been active since the Holocene (Institute of Geology and Lanzhou Institute of Seismology [IGLS], 1993). However, recent studies show that the fault has offset the Holocene fluvial terraces at many sites, and the vertical slip rates vary from 0.1 to 1.6 mm/a at different sites (Xiong et al., 2017; Lei et al., 2020; Zhong et al., 2020). At the outlet of the Yudai River, one tributary of the Hongshui River, the MDF offsets the terraces on both banks and pushes the Carboniferous and Pliocene strata over the late Quaternary fluvial gravels.



MATERIALS AND METHODS


Terrace Classification

The Hongshui River and its tributary, the Yudai River, have formed the same terrace sequence since the late Pleistocene. Based on detailed fieldwork, the shapes of the terraces were recognized and mapped on the Google satellite imagery, and the terraces were graded according to their heights above the riverbed, stratigraphy, and distribution. RTK GPS survey was used to define the absolute elevation of all levels of terraces along the Yudai River to the lower part of the Hongshui River. The strata of the natural exposures on each terrace were divided by their colors, grain sizes, and components, and the TruPulse 200X laser rangefinder with an accuracy of 1 cm was used to accurately measure the thickness of each stratum. The terraces are divided into 14 levels according to their heights above the river level, stratigraphy, and distribution (Figure 2). On the whole, the terraces located in the hanging wall of the Minle Fault, especially on the west bank of the Hongshui River, are scattered and broken due to the effects of bedrock uplift and long-term erosion. The high-level terraces T14–T12 are only distributed on the west bank of the Hongshui River, terraces T11–T6 are widely distributed on both banks of the Hongshui and Yudai River, and the low-level terraces T5–T1 are distributed in the incised valley below the terrace T6 (Figure 2).
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FIGURE 2. Terrace classification based on the Google image. (A) Google satellite image in the vicinity of the study site. (B) Terrace distribution of the Yudai River and the Hongshui River, and sampling sites of some samples. P1 and P2 show the locations of the sections in Figure 4.


At the outlet of the Yudai River, the MDF faulted T7 and T10 on the east bank and T10 on the west bank (Figures 2B, 3). The structure of the terraces was reflected in the river-terrace cross-section of the hanging wall and footwall (Figure 4). In the hanging wall, the structure of T10 could be divided as ∼3 m loess, ∼0.1 m fluvial sand, ∼14 m fluvial gravels, and the underlying bedrock from top to bottom. Due to serious erosion, a ∼0.9-m-thick mixture of loess and slope deposits overlying ∼2.9-m-thick fluvial gravels has deposited on the bedrock of T7 in the hanging wall. A layer of ∼2-m-thick fluvial sand has deposited on T5. Only a layer of 0.1–1-m-thick loess and/or fluvial sand has deposited on T4–T1, and the underlying bedrock was not exposed (Figure 4A). In the footwall, the thicknesses of the fluvial gravels, fluvial sand, and aeolian loess overlying the Jiuquan Conglomerate (Q2) (Zhao et al., 2001) of T10 were similar to those in the hanging wall. A loess layer has deposited on T7 in the footwall, with even a thickness of 3.8 m somewhere. T6 in the footwall was composed of ∼8 m fluvial gravels, 0.1–0.5 m fluvial sand, and ∼2.5 m loess depositing on the top of the Jiuquan Conglomerate (Q2) (Zhao et al., 2001). A layer of 0.1–1-m-thick loess and/or fluvial sand has deposited above the fluvial gravels of T4–T1 (Figure 4B).
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FIGURE 3. SfM post-image processing. (A) Orthoimage of the MDF at the outlet of the Yudai River taken by the UAV. Yellow dots show the camera positions of 260 m above the ground. (B) Interpretation of the terraces based on the high-resolution orthoimage and sampling sites of some samples. (C) Positions of the control points and checkpoints, with a total number of 16 with associated horizontal and vertical errors which control the precision of the DEM. (D) DEM generated from the Orthoimage. Three profiles (W1/W2/W3) were extracted from T10 on the west bank of the Yudai River, corresponding to those in Figure 10. Six profiles, with lengths of 50 m, 100 m, 200 m, 400 m, 600 m, and 800 m, respectively, were extracted from each site among the three sites (E1/E2/E3) on the east bank of T10 (taking E1-50 as an example, it represents the profile with a length of 50 m extracted across the fault at the site of E1), corresponding to those in Figure 9. P1 and P2 show the locations of the sections in Figure 4.
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FIGURE 4. Terraces structure of the Yudai River. Panels (A,B) indicate the general structure of the terraces in the hanging wall and footwall of the MDF, respectively. The locations of the two sections are shown in Figures 2B, 3D.




Sampling Strategy

To determine the abandonment ages of the terraces, charcoal samples were collected from the natural exposures on each terrace. The hydrodynamic conditions are usually weak on the gravel layer when the river has just incised from it, thus floodplain materials with sand and silt may deposit above it. Therefore, the age of the charcoal collected from the fluvial sand on the top of the gravel layer is closest to the abandonment age of the terrace (Zhang et al., 2008; Xu et al., 2010; Xiong et al., 2017; Zhong et al., 2020). Sampling sites are shown in Figures 2, 3B, 5. Except for T5, T8, and T9, on which no suitable dating materials were found, the samples from the other terraces were sent to Beta Analytic Inc., United States, or AMS 14C Laboratory of Peking University for AMS 14C tests (Table 1). Samples of T1–T6 were all collected from the fluvial sand overlying or within the gravel and cobble layer. The fluvial sand layers are generally covered by silt and/or loess, and even a layer of pebbles (Figures 5A–G and Table 1). Among the seven samples of T7, five samples were collected near the fault scarp of the MDF: MLF62 was from the fluvial sand about 3 cm above the top of the gravel layer near the fault (Figure 5H), MLF66 was from the sand 15 cm above the top of gravel layer in the footwall of the fault (Figure 5I), and MLF140 was from the silt above the interface between the gravels and slope deposits in the hanging wall (Figure 5J). YD04 and YD05 were collected from the loess about 0.9 m and 0.1 m above the gravel layer, respectively (Figure 5K). The other two samples were collected from the fluvial sand overlying the gravel and cobble layer of the middle and lower reaches of the Hongshui River, respectively (Figures 2, 5L,M). Four samples were collected on T10. MLF38 and MLF39 were collected from the fluvial sand above and within the gravel layer at the same site, respectively (Figures 2, 5O). MLF03 was from the fluvial sand layer 15 cm above the gravel layer, and MLF43 was from the loess 5 cm above the gravel layer (Figure 5P).


TABLE 1. AMS 14C dating data of the Yudai River and the Hongshui River terraces.
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FIGURE 5. Sampling photos of terraces of the Yudai River and the Hongshui River. See Figures 2, 3B for sampling locations. (A) The dating sample of T1. (B–C) The dating samples of T2. (D) The dating sample of T3. (E–F) The dating samples of T4. (G) The dating samples of T6. (H–M) The dating samples of T7. (N–P) The dating samples of T10.


The laboratory treated the samples following the standard experimental procedure (De Vries and Barendsen, 1954). All the samples were pretreated with an acid–alkali–acid sequence to remove contaminants and then converted into graphite samples, which were used for the radiometric C determination by AMS.



Measurement of the Scarp Height

The tops of the loess layer and fluvial gravel layer were considered as the marker surfaces to obtain the topographic profiles across the fault for the scarp heights. In this study, two methods were used to obtain profiles across the fault.

The first was the SfM (Structure from Motion) photogrammetry. The rapidly popular unmanned aerial vehicles (UAVs) have provided platforms for SfM photogrammetry, which has been commonly used to measure the height of surface scarps (Priyanka et al., 2017; Xiong et al., 2017; Liu et al., 2019; Zhong et al., 2020). The high-precision orthoimages obtained from SfM photogrammetry can offer the most visualized fault morphology, and the produced DEM can be used to measure the accurate length and height (Harwin and Lucieer, 2012). To obtain the topographic profile of the top of the loess layer, the UAV of Dajiang phantom 4 Pro was used to carry out the photogrammetry at the outlet of the Yudai River. This type of UAV is equipped with a 1-inch outsole Sony Exmor R CMOS sensor of 20 megapixels and a satellite positioning module (GPS/GLONASS). Fourteen control points and two checkpoints were set in the planned area before the flight (Figure 3C). RTK GPS with centimeter precision was used to measure the coordinates of each point, and the vertical and horizontal precisions of the image were respectively controlled at 0.2 m and 0.08 m (Figure 3). Based on the produced DEM, topographic profiles across the MDF were extracted from the loess layer of the T10. Because T10 is limitedly distributed on the west bank of the Yudai River, especially on the hanging wall, only three parallel profiles with lengths of ∼80 m (W1/W2/W3) were extracted from it (Figures 3B,D). However, T10 distributed on the east bank is wide and flat. Thus, we extracted profiles with different lengths from three sites (E1/E2/E3). Seven lines were extracted from each site, with lengths of 50 m, 100 m, 200 m, 400 m, 600 m, 800 m, and 1000 m, respectively (Figure 3D).

The second method was to measure the scarp height with high-precision instruments, which was suitable for extracting profiles from the top of the gravel layer if the gravel layer is continuously exposed. RTKGPS with an accuracy of 5 cm was used to obtain the location and absolute elevation of a measuring point, and TruPulse 200X laser rangefinder with an accuracy of 1 cm was used to measure the relative height from the measuring point to the top of the gravel layer in the same location. In this way, the absolute elevation of the top of the gravel in the location was obtained. After measuring a series of points and calculating the distance between them, an elevation–distance profile was plotted (Figures 6B, 7B). As the gravel and loess layers of T7 on the east bank were exposed well, the top of the gravel and loess profiles were plotted with this method. However, part of the exposed gravels in the hanging wall was located at the trailing edge of T7. Because of the elevation difference between the trailing and leading edges of the terrace, a sudden turning point of elevation appeared in the profile. Therefore, the trendline of the leading edge of the terrace was taken as the reference line of the hanging wall (Figure 6). The outcrop on T7 also shows the contact interface between Tertiary red sandstone and Quaternary sediments on either side of the fault, and a dip angle of 42° was measured at the contact interface with a geological compass (Figure 6A). Considering the error of the instrument is 3°, the dip angle of the MDF at the outlet of the Yudai River was determined to be 42 ± 3° (Figure 6A). The gravels of T10 on the east bank were limitedly exposed, especially near the fault scarp, where the top of the original gravel layer in the hanging wall has suffered severe erosion (Figure 6A). Therefore, the complete profile topography could not be obtained by measuring the height of the scarp. However, the top of the gravel layer of T10 on the west bank was well exposed, and its profile could be used to measure the scarp height (Figure 7).
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FIGURE 6. Measurement of the scarp height of T7 on the east bank. (A) Exposure profile of T7. The boundaries between layers are marked by solid lines in different colors. (B) Profile morphologies of the top of the loess layer, the fluvial gravel layer, and the bedrock layer. The profile was measured by differential GPS and the height of the scarp was obtained by Monte Carlo simulation.
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FIGURE 7. Measurement of the scarp height of T10 on the west bank. (A) Exposure profile of T10. The boundaries between layers are marked by solid lines in different colors. (B) Profile morphologies of the top of the gravel layer and the bedrock layer. The profile was measured by differential GPS and the height of the scarp was obtained by Monte Carlo simulation.


The model proposed by Thompson et al. (2002) was used to measure the vertical offset of the fault. First of all, the river terrace was considered to be originally planar. Field data were measurement points along the terrace surface and across the fault. To calculate the vertical offset of the fault, all field data were rotated and projected onto a vertical plane normal to the structural trend (Figure 8A). Least squares linear regressions of these points in an x–y coordinate system determined trendlines representing the hanging wall (y1 = a1x + b1), fault scarp (y2 = a2x + b2), and footwall (y3 = a3x + b3) (Figure 8A).


[image: image]

FIGURE 8. Measurement of the scarp height and uncertainty analysis. (A) The model for measuring the vertical offset of the fault proposed by Thompson et al. (2002). (B) The probability distribution of independent variables.


The vertical offset could be calculated by function (1) if the hanging wall was parallel to the footwall; otherwise, it could be calculated by function (2). The value xp is the abscissa of point P (xp, yp), at which the fault plane intersects the scarp plane.
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Uncertainty Analysis

In this study, Monte Carlo simulation was implemented to calculate the uncertainties of vertical offsets and the rates of the fault. SEs of all the independent variables were taken into account in this method (Thompson et al., 2002). For independent variables in symmetric distributions such as a1, b1, a3, b3, and dip angle θ, a normal distribution was used when sampling them (Figure 8B; Thompson et al., 2002). For ease of calculation, 14C age was also assumed to be normally distributed (Figure 8B). Because the position of the intersection point P (xp, yp) between the fault plane and the scarp surface was unknown, the trapezoidal distribution was adopted. The probability of the location of point P is maximum within the range of 1/3 to 1/2 the distance along the scarp surface measured from the base of the scarp and diminishes to zero at the top and the base of the scarp (Figure 8B; Thompson et al., 2002). In the estimation of the fault scarp height and the vertical slip rate, 106 simulations were conducted for each result and a 95% CI was defined as the uncertainty.



RESULTS


Determination of the Abandonment Ages of Terraces

MLF52 was collected from the fluvial sand overlying the gravel layer, only 5 cm above the boundary between the two layers, thus its age 300 ± 40 cal a BP can represent the abandonment age of T1 (Figure 5A and Table 1). Among the three samples of T2, MLF06 (1620–1517 cal a BP) is from the fluvial sand between the cobbles and pebbles layer, only ∼0.5 m below the surface, and its age is similar to that of MLF51 (1744–1605 cal a BP), which approaches the top of the gravel layer. In addition, the ages of these two samples are both older than that of MLF48 (1344–1270 cal a BP), which is from the upper fluvial sand. This is consistent with the stratigraphic sedimentary sequence. The deposition age of MLF48 (1310 ± 40 cal a BP) is closer to the abandonment age of the fluvial sand, which can be taken as the abandonment age of T2 (Figures 5B,C and Table 1). We take the age of 1880 ± 95 cal a BP of MLF143 as the abandonment age of T3, as the sample is from the upper fluvial sand (Figure 5D and Table 1). The deposition heights above the gravel layer of the two samples of T4 are similar, and they are both from the fluvial sand, thus we take the younger age of 6960 ± 70 cal a BP as the abandonment age of T4 (Figures 5E,F and Table 1). The ages of MLF44 (9487–9396 cal a BP) and MLF45 (9471–9370 cal a BP) are very close, thus the younger age of 9420 ± 50 cal a BP is taken to represent the abandonment age of T6 (Figure 5G and Table 1).

The terrace T7 has suffered severe reconstruction near the fault by surface processes so that the ages of the collected samples are greatly different (Table 1). MLF66 (16,310–15,970 cal a BP) is collected from the fluvial sand overlying the gravel layer in the footwall, and a 3.8-m-thick loess overlies the fluvial sand at this site, effectively protecting the fluvial sediments from erosion (Figures 5I, 6A). YD04 (10,463–10,245 cal a BP) and YD05 (12,822–12,706 cal a BP) are from the loess overlying the fluvial layer at the back of the terrace. Although they cannot represent the abandonment age of the terrace, they show good stratigraphic chronology with MLF66 (Figures 5K, 6A), indicating that the ages are reliable. In addition, the ages of the samples of T7 collected from different sites along the Yudai River and even the lower part of the Hongshui River [MLF79 (17,156–16,719 cal a BP) and MLF113 (20,587–20,205 cal a BP); Figures 2, 5L,M] are close to that of MLF66. In summary, the age 16,140 ± 240 cal a BP of MLF66 is used to represent the abandonment age of T7. MLF62 (5584–5500 cal a BP) is from the footwall sand layer near the fault, where the topography is concave (Figures 5H, 6A). A 0.5-m-thick sand layer overlies the gravel layer and the loess deposition is missing. Thus, we speculate that the site may have been eroded and redeposited by a small gully, which deposited the young charcoals in the sand layer, resulting in the younger age of MLF62 (Figures 5H, 6A). MLF140 (233–166 cal a BP) was collected from the interface between the gravel layer and the slope deposits. At this site, the primary aeolian loess has been completely eroded or never deposited. The fluvial gravel layer may also be eroded. Also, the overlying slope deposits composed of reformed loess and broken gravels are only 0.9 m thick, which may produce a very young age (Figures 5J, 6A). Therefore, the age of MLF140 cannot represent the abandonment age of T7.

The abandonment ages of T10 derived from AMS 14C (Table 1) and OSL (Table 2; Zhu, 2016) are all concentrated around 40 ka. MLF38 and MLF39 were collected from the same site, with MLF38 from the fluvial sand overlying the gravel layer and MLF 39 from the fluvial sand among the gravel layer. The ages of MLF38 (42,720–41,790 cal a BP) and MLF39 (47,838–45,233 cal a BP) are consistent with the sedimentary chronological sequence (Figure 5O). The age of D528 (40.3 ± 4.3 ka), an OSL sample collected from the sand layer among the top gravel layer (Table 2; Zhu, 2016), covers the age range of MLF38 but has greater uncertainty. MLF43 (34,544–33,890 cal a BP) is relatively younger than the other samples, probably because MLF43 was collected from the bottom of the loess (Figure 5P). In addition, MLF43 is located on a wall of a gully which means it was deposited by the gully after the abandonment of T10. Therefore, MLF43 is slightly younger (Figure 5P). Overall, the age 42,260 ± 470 cal a BP of MLF38 is suggested to represent the abandonment age of T10.


TABLE 2. OSL dating result of the terrace T10.
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The Height of the Fault Scarp

After each profile was fitted to a Thompson et al. (2002) model, 106 trials were carried out in Monte Carlo simulation, and the vertical offsets on the 95% CI were obtained. Results show that by taking the leading edge of T7 as the reference to fit the profile morphology, the vertical offset recorded by the top of the gravel layer is 2.28–3.90 m. However, the vertical offset recorded by the loess of T7 is only 0.07–2.83 m because the loess layer has been seriously affected by surface processes (Figure 6). The vertical offset recorded by the gravel layer of T10 on the west bank is 10.63–11.67 m (Figure 7), while that recorded by the three profiles of T10 on the west bank is only 1.73–5.15 m (Figures 3D, 9). These data indicate that the topographic profile of the loess surface could be different from the original morphology more or less due to the effect of the subsequent surface processes. It cannot reflect the real vertical offset of the fault because it could be a little smaller in general. On the contrary, the gravel layer of the terrace is more likely to preserve the original offset morphology completely due to the protection of the overlying deposits.
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FIGURE 9. The height of the scarp obtained from three profiles of T10 on the west bank of the Yudai River. The probability distribution of the scarp height was obtained by Monte Carlo simulation, and the positions of profiles are shown in Figure 3D.


For T10 on the east bank, profiles with the same length extracted from different sites (E1/E2/E3) are different in the morphology but similar in the vertical offset (Figure 9). However, profiles with different lengths from the same site are different both in the morphology and the vertical offset (Figure 9). The morphology of the profile may further affect the fitting of the trendlines of the hanging wall and footwall. Exceptionally, the profiles in site E2 are significantly different from those in the other two sites, which may be related to local erosion (Figure 9). Without regard to E2, the vertical offsets of the profiles with different lengths are 1.97–3.00 m (50 m), 2.87–3.78 m (100 m), 4.30–5.41 m (200 m), 6.49–9.05 m (400 m), 8.37–11.74 m (600 m), 6.30–12.80 (800 m), and 2.78–9.82 (1000 m). Results show that with the increase of the length of the profiles at site E1 and E3, the calculated vertical displacement at the same site tends to increase. When the length of the profile is equal to or greater than 600 m, the height of the scarp remains steady, approaching the vertical displacement of the gravel layer on the west bank (10.63–11.67 m; Figure 7). However, in this case, the vertical offset derived from profiles with a length of 1000 m seems to be underestimated (Figure 9). This is because the 1000-m-long profiles go beyond T10 and almost reach the piedmont in the hanging wall, resulting in steeper trendlines of the hanging wall and smaller vertical offsets (Figures 3, 10).
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FIGURE 10. The height of the scarp obtained from three profiles of T10 on the east bank of the Yudai River. The probability distribution of the scarp height is obtained by Monte Carlo simulation, and the positions of profiles are shown in Figure 3D.




DISCUSSION


Reasonable Rates of the MDF in the Yudai River Site

If all the vertical slip rates are accepted without regard to the reasonability of vertical offsets and ages, 14 and 100 results will be obtained since the abandonment of T7 and T10, respectively (Tables 3, 4). Even though we use the single most reasonable age according to the section “Determination of the Abandonment Ages of Terraces” and respectively determine the abandonment age of T7 and T10 to 16,140 ± 240 cal a BP (MLF66) and 42,260 ± 470 cal a BP (MLF38), the vertical slip rates calculated from different profiles of the same terrace still have apparent differences (Figure 11). The vertical slip rate (0.14–0.24 mm/a) obtained from the top of the T7 gravel layer is more reasonable than that from the surface scarp on T7 (Figure 9). The vertical slip rate (0.25–0.28 mm/a) obtained from the top of the T10 gravel layer can represent that of the fault since the terrace was abandoned, and it is similar to that (0.15–0.30 mm/a) from the long profile (E1/E3-600 and E1/E3-800) on the T10 surface (Figure 9). Combined with a dip angle of 42 ± 3° (Figure 6), it is considered that the shortening rates of the MDF are 0.24–0.36 mm/a and 0.15–0.29 mm/a since 42.3 ± 0.5 ka and 16.1 ± 0.2 ka, respectively. The vertical slip rate of the MDF in the Yudai River site seems to be smaller since ∼16 ka, compared with that since ∼42 ka. This is possibly because the activity of the MDF is weak in the west end of the fault (Nash, 2013), and a certain seismic event since ∼16 ka may not have been transmitted to the west end point of the fault to cause a surface rupture. Therefore, the omission of the seismic event has led to the small slip rate since ∼16 ka.


TABLE 3. All possible vertical slip rates of the MDF in the Yudai site since the abandonment of T7.
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TABLE 4. All possible vertical slip rates of the MDF in the Yudai site since the abandonment of T10.
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FIGURE 11. Vertical slip rates of the MDF derived from the correct ages and different measuring profiles. The green strips are reasonable rates.


In some cases, unreasonable displacements and ages can also generate numerically correct rates, but the results should not be adopted. The vertical slip rate of 0.14–0.24 mm/a since the abandonment of T7 is consistent with the vertical slip rate of 0.2 ± 0.1 mm/a derived from the same terrace by Lei et al. (2020). However, their vertical offset and age of the terrace are quite different from the ones we use in our study. The vertical offset of 2.2 ± 0.6 m in Lei et al. (2020) is based on the measurement of surface scarp height, thus it is less than the true vertical offset determined from the gravel layer (Figure 6B; 2.28–3.90 m). Sample YD04 was collected from the upper loess (Lei et al., 2020), but it is younger than the abandonment age of T7 as we have stated previously.

The difference between the wrong vertical slip rate and the right one can even reach an order of magnitude (Tables 3, 4). Avoiding mistakes in advance can save a lot of time and money. However, if the wrong results cannot be eliminated, the characteristics of the fault would be greatly misunderstood. Therefore, general methods are needed to accurately determine the vertical offset of a thrust fault and the abandonment ages of the terraces according to the examples in this paper and the previous studies.



The Accurate Vertical Displacement Constraint

To obtain accurate vertical displacement, it is necessary to select sites carefully and extract several parallel profiles across the same scarp (Tapponnier et al., 1990; Avouac, 1993; Palumbo et al., 2009; Xiong et al., 2017). The suitable site should be in good geomorphic condition, such as the clear vertical scarp, excellent geomorphic preservation of landform, exposure of landform unobscured by vegetation, and consistent landform trend on either side of the fault (Haddon et al., 2016). It should be noted that the loess cover contributes to the formation of such good geomorphic conditions. Therefore, the influence of the surface processes still needs to be taken seriously for the measurement of the thrust fault scarp, especially in areas with heavy loess cover.

Surface processes will degrade the fault scarp, which leads to the underestimation of the vertical displacement. In this study, the fluvial gravel layer of the terrace can completely preserve the original displacement of the fault because the gravels are usually protected by loess and other overlying deposits. For example, the T5 surface of the Hongshuiba River preserves only a 0.5-m-height scarp of the Fodongmiao–Hongyazi fault, while the gravel layer in the trench shows a vertical displacement of 1 m (Liu et al., 2014). The gravel layer in the southeast wall of the Heihekou trench is faulted by the East Yumu Shan Fault with a vertical displacement of ∼3.5 m, while the measured surface scarp height is only ∼1.9 m (Ren et al., 2019). The gravel layer in the southwest wall shows a displacement of ∼3.7 m, but the surface scarp is only ∼2.5 m high (Ren et al., 2019). Therefore, if conditions permit, it is more reliable to take the offset recorded by the fluvial gravels in the trench or on the outcrop as the vertical fault displacement.

In most cases, the fluvial gravel layer is buried, and the excavation of a trench costs a lot of time and money while the trench can only reflect the offset in the adjacent region (Burbank and Anderson, 2011). If the gravels of the terrace are not well exposed or the vertical offsets are largely varied along the fault, measuring the surface scarps to estimate the vertical fault displacement is a more efficient way. Some methods or models can minimize the estimated errors, and make the surface scarp height as close as possible to the real vertical displacement. The topographic profiles can be extracted directly in the area where the thicknesses of loess in the hanging wall and footwall are close (Xiong et al., 2017), and where the thickness of the footwall deposition is relatively thin (Palumbo et al., 2009). After comparing the differences in the slope gradient of the footwall and the present riverbed, the site with a small modification in the footwall can be chosen to measure the vertical offset (Palumbo et al., 2009; Yang et al., 2017). The height of the surface scarp can be revised by measuring the thickness of footwall aggradation (Priyanka et al., 2017) or estimating the thickness of the footwall aggradation according to the deposition rate and the age difference between the hanging wall and the footwall (Yang et al., 2018).

Furthermore, the angularities at the crest of the scarp will be rounded off and the curvature would increase, while the slope angle of the scarp face would decrease and the scarp will widen toward the two sides of the fault (Figure 12A; Wallace, 1977; Bucknam and Anderson, 1979; Stewart and Hancock, 1988). Surfaces of the hanging wall and footwall are significantly affected by the surface processes near the fault scarp, but the parts far away from the scarp are less affected. Therefore, it is necessary to extract longer profiles to obtain the true extension trend of the surface (Avouac, 1993; Wei et al., 2020). Shorter profiles will cause significantly underestimated results (Figure 12B; Yang et al., 2017). In our results, only short profiles with a length of about 80 m were extracted due to the limited distribution of T10 on the west bank, thus the measured result (1.73–5.15 m) is far less than the true vertical offset (10.63–11.67 m) (Figures 3D, 7, 8). The wide distribution of T10 with a steady surface on the east bank enables us to extract long profiles with sufficient length (≥600 m), which can produce a reliable offset (Figures 3D, 10). It seems that the height of the scarp is random to some extent when the profile is relatively short because the profile shape is not stable. As the length of the profile increases, the profile shape is gradually stable, and the scarp height is gradually close to the real vertical offset (Figures 3D, 10). Thus, on a broad geomorphologic surface, it is more likely to obtain accurate vertical offset if the profile is long enough on both sides of the fault. However, it is important to note that the maximum acceptable profile length should not exceed the terrace range.
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FIGURE 12. A model for the evolution and height measurement of the reverse fault scarp. (A) The model of scarp morphology with time (Stewart and Hancock, 1988). 1 to 5 represent the scarp morphologies in different periods. I–I′ and II–II′ are the short and long profiles showed in Figure 12B across the fault, respectively. H is the vertical displacement of the fault scarp. (B) Measurement of the scarp heights from two profiles with different lengths.




The Chronologic Establishment of the Terrace Sequence

A lot of vegetation in the humid eastern Qilian Shan potentially provides enough charcoal for 14C dating (Geng et al., 2017; Cai et al., 2020), but the sampling site should be carefully chosen considering the effect of geomorphic reconstruction. The age of the charcoal from the fluvial sand layer overlying the gravel layer is most close to the abandonment age of the terrace (Zhang et al., 2008; Xu et al., 2010; Xiong et al., 2017; Zhong et al., 2020). The age of the samples which were from the bottom of the loess overlying the fluvial deposits is usually younger (MLF 43, YD05 in Table 1 and Figures 5K,P) due to the age gap between the terrace abandonment and the loess deposition. After the formation of the terrace, gullies often develop on its surface with exposure profiles on both sides for easy sampling. Because the structure of the profiles may suffer erosion and redeposition of the gully, ages of the charcoals from such positions are usually younger than the abandonment age of the terrace (MLF43 in Table 1 and Figures 2, 5P). The region adjacent to the fault scarp is most likely to be affected by surface processes, and gullies are easy to develop along the scarp. Therefore, the charcoal near the scarp may deposit during the subsequent surface processes, and its age cannot represent the abandonment age of the terrace (MLF62 in Table 1 and Figures 3B, 5H, 6A). Fluvial deposition of the terrace in the hanging wall is easy to be eroded (Wallace, 1980; Stewart and Hancock, 1988; Nash, 2013) and then the hanging wall may be covered by a mixture of broken gravels and clay due to the surface processes. Charcoal in the mixed sediments may be too young to indicate terrace age (MLF140 in Table 1 and Figures 3B, 5J, 6A). The footwall far from the fault with thick overlying loess and well-preserved fluvial deposition is the most ideal for charcoal collection to determine the abandonment age of the terrace (MLF66 in Table 1 and Figures 3B, 5I, 6A).

Charcoal samples can be collected at different heights in the fluvial and aeolian layers of a terrace because the consistency of chronological and stratigraphic sequences could indicate the robust abandonment age of the terrace (Figures 5C,I,K,L). In addition, the consistency of grades and ages of terraces is also an effective means to constrain the abandonment age of terraces (Table 1).



Spatial Difference of the Rates of the MDF

The shortening rate (0.24–0.36 mm/a) since the late Quaternary in our study is less than that in the middle or eastern segment of the fault (Figure 13; Xiong et al., 2017; Lei et al., 2020; Zhong et al., 2020), which may be because the outlet of the Yudai River is located in the west end of the fault. The activity of the whole fault represented by the results in a single site may ignore the variation of slip rates along the strike, resulting in the omission of seismic events and the misjudgment of seismic risks. In addition, the study area is the most densely populated in the Qilian Shan–Hexi Corridor. Therefore, the activity and seismic risk of the large fault should be judged comprehensively after a multi-site study along the fault. However, in the east segment of the MDF, only the Xie River site has been studied (Xiong et al., 2017). Compared with the west segment of the MDF, the spatial-varied rates in the east segment require further research in the future.
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FIGURE 13. Rates of the MDF along its strike. Positions of study sites are shown in Figure 1B. The slip rate in the Yudai River site is derived from this study. Vertical slip rates in the Chaomian site (CM), Daxiang Gully (DXG), and Mingquan Gully (MQG) refer to Lei et al. (2020), and shortening rates in these sites are calculated combined with the dip angle in each site. Slip rates in the Tongziba River and Xie River site refer to Xiong et al. (2017) and Zhong et al. (2020), respectively.


According to the 10-year scale GPS data, the shortening rate between the Qaidam basin and the Gobi Alashan across the east Qilian Shan is 7.6 ± 1.5 mm/a (Zhong et al., 2020). Using the shortening rate of the MDF in the Xie River site (Figure 13) to represent that of the North Qilian Frontal Thrust System, we find that the system only accounts for 9–15% deformation across the Qilian Shan and its foreland basin. The other deformation should be absorbed by the orogenic interior and the faults or folds in the foreland basin (e.g., the Yonggu Anticline; Zhong et al., 2020). The deformation distribution in the Qilian Shan is very different from that in the Himalaya, where most of the shortening rate (20 ± 3 mm/a) seems to be absorbed mainly by the Main Frontal Thrust fault in its south margin (Lavé and Avouac, 2000). The difference may be due to the different tectonic positions of the two thrust systems. The Main Frontal Thrust fault is located at the India-Eurasian plate collision boundary, thus the high strain leads to the high shortening rate of the Main Frontal Thrust fault. The difference may be also related to the fact that the Main Frontal Thrust fault of the Himalaya (Lavé and Avouac, 2000) and the North Qilian Frontal Thrust System (Zuza et al., 2016) have different crustal structures, for example, the depth of the décollement.



CONCLUSION

Considering the effect of geomorphologic processes, we redetermine the vertical slip rate in the west end of the MDF, a part of the North Qilian Thrust System. The SfM photogrammetry and precise measurement with the RTK GPS were used to constrain the height of the surface scarp and the vertical displacement of the fluvial gravel layer exposed on the Yudai River terrace. AMS 14C dating was used to determine the abandonment ages of the terraces. Uncertainties were estimated by Monte Carlo simulation. We consider that the age of the dating samples from the fluvial sand layer underlying the thickest loess in the footwall can best represent the abandonment age of the terrace as the sample has been well protected. And it is more reasonable to take the gravel layer displacement as the fault offset because the layer is usually protected by overlying sediments. Using the most reliable ages and vertical offsets, the vertical slip rate of the MDF was estimated to be 0.25–0.28 mm/a since 42.3 ± 0.5 ka (T10) and 0.14–0.24 mm/a since 16.1 ± 0.2 ka (T7). The difference between the wrong vertical slip rate and the right one can even reach an order of magnitude. We also suggest that if the built measuring profile is long enough, the uncertainties in the height of a surface scarp would be better constrained and the result can also be taken as the vertical fault displacement. Furthermore, the consistency of chronology with stratigraphic sequence or with terrace sequence are also key to constraining the abandonment ages of terraces. The study site is less active compared with the middle and east segments of the MDF probably due to its end position.
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The subsurface fault geometry is the base for understanding a process of crust deformation and mountain building. Based on kinematic models for fault-related folds, a geomorphic method is recently applied to estimate the subsurface fault geometry, while the validation on its reliability is lacking. In this study, we surveyed a suit of river terrace surfaces across an active fold at the north front of the Qilian Shan. According to the deformation geometry of the terraces, the fold deformation is interpreted by a listric fault fold model, and based on this kinematic model, the fault geometry underlying the fold is estimated. In comparison between the estimated fault geometry and a seismic reflection profile, we found that the decollement depth and the back thrust are highly consistent with each other. Although some small fault bends or internal shearing cannot be estimated solely by the terrace deformation, the overall fault geometry is successfully revealed by the terrace deformation. Using this fault geometry and the terrace dating results, the region deformation kinematics are re-evaluated, which suggest that the dip slip (in a rate of 1.8 ± 0.4 mm/a) along the decollement is mainly accommodated by two structures, one is the blind-back-thrust fault within the piggy basin in a dip-slip rate of 0.9 ± 0.3 mm/a and another is the thrust and fold at the west portion of the Yumu Shan range.

Keywords: terrace deformation, fault-related fold, geometric model, Qilian Shan, fault geometry


INTRODUCTION

The subsurface geometry of an active fault is the base for estimating the deformation kinematics (e.g., Whipple et al., 2016), to calculate the crust shortening rate (e.g., Lavé and Avouac, 2000), and thus to understand a process for mountain building (e.g., Hu et al., 2019b). For the extension of a fault from the surface to the deep crust, except definite evidence of the fault tip at the surface (if the fault breaks the surface) and a certain position at which a large earthquake happened (e.g., Burchfiel et al., 2008), most part of the fault geometry is hard to be definitely revealed. Up to now, the most popular method to acquire the subsurface fault geometry is a seismic reflection survey (e.g., Gao et al., 2013; Wang et al., 2013). Although it can supply relatively reliable data on sedimentary basins with layered strata (e.g., Wu et al., 2019), the results usually have great uncertainties in regions involving basement rocks (e.g., Gao et al., 2013). An extremely high cost in operating the seismic reflection is also a matter, which impedes its utilization in a wide area.

In the profit from the development of kinematic models for fault-related folds (Suppe, 1983; Suppe and Medwedeff, 1990; Erslev, 1991; Hardy and Poblet, 1994; Wickham, 1995; Allmendinger, 1998; Mitra, 2003; Cardozo, 2008; Hardy and Allmendinger, 2011; Poblet and Lisle, 2011; Brandes and Tanner, 2014), scholars try to estimate the active fold geometry using deformation patterns of geomorphic markers (Thompson et al., 2002; Gold et al., 2006; Scharer et al., 2006; Wilson et al., 2009; Burgess et al., 2012). Based on kinematic models for fault-related folds geometry and geomorphic deformation, the geometry of the related fault can also be estimated (Hu et al., 2015, 2017, 2019b; Liu et al., 2019; Wang et al., 2020; Zhong et al., 2020), which provides a more convenient way to investigate the subsurface fault geometry. Due to the uncertainty derived from the selection of the fold model and from the assumption of the fault dip close to the surface (e.g., Hu et al., 2015), the reliability of the estimated fault geometry is still questionable. Thus, it is highly necessary to verify the geomorphic method for the estimation of the subsurface fault geometry.

In this study, we conduct geomorphic investigations on a relatively new active fold, at the north front of the Qilian Shan, northwest China. This fold is named as the Dahe Anticline whose deformation is onset in recent 1 Ma (Hu et al., 2017). The deformed terrace surfaces along the Bailang River, which transect the active fold, are surveyed to obtain their deformation patterns and to estimate the fold and its related fault geometry. Then, the estimated fault geometry is compared to the available seismic reflection profile (Zuza et al., 2016) to verify the result. Furthermore, combining the ages of terrace surfaces, the deformation kinematic across the North Qilian Shan Fault (NQF), the piggy-back basin, and the Yumu Shan range is renewed.



REGIONAL TECTONIC SETTING


The North Qilian Shan Fault

The North Qilian Shan Fault (NQF) is a geomorphic boundary between the Qilian Shan and the Hexi Corridor, which acts as a foreland basin (Yang, 2007) receiving sediments from the Qilian Shan range (Figure 1). This South West-dipping thrust fault (NQF) consists of a series of segments that lies ∼600 km long from the Altyn-Tagh Fault (in the west) to the city of Wuwei (in the east). Along the NQF, the surface deformation includes surface offsets by break-through thrusts (Palumbo et al., 2009; Liu et al., 2017; Xiong et al., 2017; Yang et al., 2018; Hetzel et al., 2019) and fault-related folds by blind thrusts (Yang et al., 2018; Cao et al., 2019) or by fault bending in the depth (Hu et al., 2015, 2017, 2019b; Liu et al., 2019; Wang et al., 2020). Through multiple dating methods, the optically stimulated luminescence (OSL), the in situ terrestrial cosmogenic nuclides (TCN), and 14C dating, the deformed Quaternary geomorphic surfaces at different segments are dated to yield vertical slip rates of 0.5–1.5 mm/a, inferring an average crust shortening rate of 1–2 mm/a (e.g., Xiong et al., 2017; Yang et al., 2018; Hu et al., 2019b; Wang et al., 2020). According to the continuous thrusting of the NQF from ∼10 Ma (Zheng et al., 2010), the Qilian Shan is uplifted to a peak elevation of ∼5,500 m and the pre-Cenozoic rock exposed in the range is placed on the Quaternary sedimentary rock in the Hexi Corridor. At the north front of the NQF, in the foreland basin, late Cenozoic sediments are deformed by several active thrust faults and/or folds, indicating that these structures are relatively new (to be onset in Pliocene and Quaternary; Palumbo et al., 2009; Zheng et al., 2013; Hu et al., 2017, 2019b; Zhao et al., 2017). These structures are interpreted as the result of north-ward propagation of the NQF system through new growing thrust faults, which root at the decollement connected to the NQF in the deep crust (Tapponnier et al., 1990; Hetzel, 2013; Cheng et al., 2019; Hu et al., 2019b).
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FIGURE 1. Topographic map of the Qilian Shan [derived from the Shuttle Radar Topography Mission (SRTM) digital elevation model with 90 m resolution] and the distributions of active faults. Fault data are from Meyer et al. (1998), Hetzel et al. (2002), Yuan et al. (2013), Zheng et al. (2013), and Hu et al. (2017).




The North Yumu Shan Fault and the Dahe Anticline

The uplift of the Yumu Shan is controlled by thrusting and its related folding on the North Yumu Shan Fault (Tapponnier et al., 1990; Palumbo et al., 2009; Hu et al., 2019b). In the core of the range, the Paleozoic sedimentary rocks are exposed with a summit of ∼3,200 m and on the west rim of the range, as the elevation decreases, Paleogene, Neogene, and Quaternary sediments are systematically exposed in the form of an anticline (Figure 2A). Through landform deformation and TCN dating, Palumbo et al. (2009) determined an uplift rate of ∼0.8 mm/a for the central part and ∼0.5 mm/a for the eastern tip and deduced an onset age of 3.7 ± 0.9 Ma for the activation of the NYF. Another geomorphic research on the eastern part of the Yumu Shan builds a fault-related model from the deformed river terraces and derived a relatively higher uplift rate of 1.2 ± 0.1 mm/a (Hu et al., 2019b), which inferred a relatively newer onset age of 2.5 ± 0.5 Ma for the uplift of the Yumu Shan. The thermo-modeling of the apatite fission track data indicates that the fast cooling of the Yumu Shan range began at ∼4.0 Ma (Wang et al., 2018). The sedimentary evidence in the foreland basin also records the Late Pliocene (∼3 Ma) uplift for the Yumu Shan (Hu et al., 2019a).
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FIGURE 2. (A) Geologic map of the study region showing the lithology and active structures (lithology data are from 1:200,000 Chinese geologic maps, Ministry of Geology and Mineral Resources). (B) The Google Earth image of the study region showing the topography distribution from the Qilian Shan to the Yumu Shan. The line U–U′ shows the location of a seismic reflection profile in Zuza et al. (2016). FH is the Fodongmiao-Hongyazi Fault and NYF is the North Yumu Shan Fault, and both of these two faults are parts of the North Qilian Shan Fault (NQF).


At the region between the Yumu Shan and the Qilian Shan, widespread Pleistocene alluvial-fluvial sediments, mainly gravels with a depth of >150 m (Hu et al., 2017), cover on the surface of this region, which has an average elevation of 2,000–3,000 m. Based on the geology and geomorphic characters in this region, Hu et al. (2017) proposed a deformation model of the piggy-back basin, which began to be uplifted and deformed since 1.0–0.3 Ma associated with the west-ward extension of the NYF (Seong et al., 2011). The Dahe Anticline (Figure 2B) is formed by the thrusting on a north-dipping back-thrust fault, which is a blind fault rooting to the decollement that extends to the NYF in the north and to the NQF to the south (Tapponnier et al., 1990; Hu et al., 2017). Recently published seismic reflection profile to the west of this region (U–U′ profile in Zuza et al., 2016) shows a clear trace of a blind-back-thrust fault at the position of the Dahe Anticline, and the reflection profile also presents a trace for a possible decollement surface, which has an upward-convex shape that gradually increases its dip angle and extends to the deep crust under the Qilian Shan. Previous estimated shortening rate within this region is relatively low (0.14 + 0.14/-0.03 mm/a), which is calculated with an assumption of ∼7 km depth for the decollement (Hu et al., 2017).



MATERIALS AND METHODS


Fluvial Terraces Along the Bailang River

Along the Bailang River, at least five levels of fluvial terraces are developed (Figures 3A–C), and we named the lowest (youngest) as T1 and the highest (oldest) as T5. Near the Dahe Anticline, T5 and T4 are continuously developed and have relatively wide surfaces that extend downstream until they are merged into T3. T3 is developed almost continuously along the studied reach, and its surface is relatively narrow upstream of the Dahe Anticline. Downstream the anticline, T3 surface is extending widely in a fan shape in a plan view. T2 and T1 are distributed relatively narrower and just adjacent to the active river channel.
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FIGURE 3. (A) Distributions of terraces along the Bailang River. (B) The photo showing the terrace staircases and the composition of terrace T4. (C) The sketched transect near the anticline (location shown in the Figure 3A) showing the stratigraphy and positions of the optically stimulated luminescence (OSL) and 10Be samples. (D) The photo showing the T4 surface of the gravel top at which the 10Be sample was taken and above which the OSL sample was taken close to the base of aeolian loess. (E) The photo showing the T5 surface of the gravel top, at where the 10Be sample was taken and above which the OSL sample was taken close to the base of aeolian loess.


From the transect (Figure 3C) across the river valley close to the crest of the anticline, the composition of the terrace staircases can be identified. T5 and T4 express as strath terraces that terrace gravels are beveled by Middle and Early Pleistocene conglomerates, which are interpreted as alluvial fan deposits before the region began to uplift from Middle Pleistocene (Hu et al., 2017). From the field investigation, we can find that the beveled conglomerates are relatively smaller and have a brownish color contrasting to the terrace gravels of gray color (Figure 3B). T3 is about 100 m above the river bed and has a thick terrace gravel deposition of 40–60 m, which is also beveled by the old conglomerates. The thick fluvial deposition of the T3 suggests that this terrace is a fill terrace with a fast following incision. Both terraces T2 and T1 are strath terraces and their surfaces are ∼30 and ∼10 m above the river bed, respectively. All these terrace surfaces are made to overlie by a thin layer of aeolian loess with a thickness of 1–3 m.



Deformation of Terrace Surfaces

In order to obtain accurate surface deformation characteristics, we used a differential Global Positioning System (GPS) with a vertical error of less than 5 cm to measure the elevations of terrace surfaces. Due to the relatively thin loess cover on the terrace surface, continuous terrace surface was surveyed on the loess top, and most of the discontinuous points were surveyed at the top of a gravel layer. After minus the loess thickness, longitudinal profiles for each terrace surface and modern river bed were plotted to find the deformation geometry (Figure 4B). In order to constrain the deformation amount, the distance for longitudinal profiles was projected in the direction of NE30° (Figure 2B), perpendicular to the fold strike. Furthermore, in order to eliminate the effect of the initial inclination of the terrace surface, elevations of the terrace surfaces are transformed to relative heights above the modern river bed (Figure 4C). The fold deformation at the Dahe Anticline is clearly recorded by the terraces T5 and T4 (Figure 4A), and a north-ward tilting of terrace surfaces to the south of the Dahe Anticline (upstream of 16-km point) is also illustrated from the terrace deformation geometry. From the geometry of T5 and T4, we can find that the width of the Dahe Anticline is about 6.6 km, from ∼16 to ∼23 km at the longitudinal profile (Figure 4B), and the crest of the anticline is at the 17-km point. The forelimb (south limb) is relatively short (Figure 4C), with a width of ∼1.3 km, and the backlimb (north limb) is relatively wide, with a width of ∼5.3 km. The dip angle for T5 at the backlimb is greatly larger than that of the modern river bed.
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FIGURE 4. (A) The photo of the folded terrace surface of T5 at the anticline. (B) The longitudinal profiles of terrace surfaces and the modern river bed. The distance is along the straight line of A–A′ in Figure 2, and each surveyed point is projected to this line. (C) The heights of terrace surfaces along the Bailang River. The height data for the terrace surfaces are calculated by subtracting the elevation of modern river bed from the elevation of terrace surface.


We noticed that the T3 is a fill terrace, contrasting to the strath terraces for other terrace levels, and the thickness of the fill is up to ∼60 m, indicating significant aggradation in building the T3 surface and fast incision after the abandonment of the surface. This terrace also has a wide distribution downstream, composing the main fan along the Bailang River. These characteristics are similar with the terrace formed during 25–15 ka along the rivers to the west of the Bailang River, such as the Maying River (Yang et al., 2018), the Hongshuiba River (Yang et al., 2020), the Beida River (Wang et al., 2020), the Baiyang River (Liu et al., 2019), and the Shiyou River (Hetzel et al., 2006). The incision rate by this late Pleistocene terrace is estimated to be 6–10 mm/a, which is greatly higher than the regional rock uplift rate of 0.5–1.5 mm/a, and the fast incision is attributed to the climate transition after the last glacial maximum (Hetzel et al., 2006; Wang et al., 2020; Yang et al., 2020). In the upstream of the Bailang River, the luminescence study of T3 yielded an age of 16 ± 1 ka (Zhou et al., 2002), in good agreement with the ages obtained from other rivers for this climatic terrace, and thus we give the age of 16 ± 1 ka for T3. In order to eliminate the influence of climate (Wang et al., 2020), we can construct the deformation before T3 by subtracting the surface elevation of T3 from T4 and T5 (Figure 5A).
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FIGURE 5. (A) Terrace heights relative to the T3 surface showing the deformation geometry of across the Dahe Anticline. The lower part showing the fault geometry deduced from the deformed terraces with the calculating method in (B). (B) The geometric method to calculate the subsurface fault geometry and to calculate the fault slip rate. R = radius of the curve, α = the tilt angle of the terrace surface, W = the width of the backlimb, θ = dip angle of the back thrust at the upper-most part, d = the depth to the decollement, y = the height from the surface to the center of rotation, S = the slip amount along the back thrust, h = terrace height at the anticline crest. (C) The illustration to show the area-mass-balance method to calculate the fault slip. X is the shortening area on a horizonal fault, and it equals to the uplifted area from the backlimb of the terrace surface.




Chronology of the Terraces

Abandonment times for T5 and T4 surfaces were determined by cosmogenic 10Be exposure dating, and the OSL samples were also collected at the base of the aeolian loess for the correction of 10Be exposure ages. Close to the terrace riser of T5 and T4 (Figure 3C), we excavated out the overlying loess to the top of the fluvial gravels (Figures 3D,E), and then we picked out at least 50 quartz grains with a size of 10–20 mm at the topmost surface of the fluvial gravels. In the meantime, close to the loess base (at the position 30 cm above the gravel layer), we collected one OSL sample from the loess deposit by a steel tube. The excavated gravel top is a flat surface, indicating limited post erosion on the gravel surface. Detailed information on chronology samples is presented in Tables 1, 2.


TABLE 1. OSL samples from the overlying loess and dating results.
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TABLE 2. 10Be samples and analysis results for terraces of the Bailang River.
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In calculating the exposure age, we follow the method proposed by Hetzel et al. (2004) to eliminate the influence from loess shielding, and the calculated equation can be expressed as:

[image: image]

where t1 is the time span between the generation of the surface and the onset of loess accumulation and t2 is the time span from the onset of loess accumulation to the present. λ is the decay constant (for 10Be: 4.998 × 10–7 yr–1, Korschinek et al., 2010). P is the production rate of the nuclide (with unit of atoms⋅g–1⋅yr–1), and it is calculated with the scaling model of Stone (2000), using the 10Be production rate of 5.1 atoms⋅g–1⋅a–1 at sea level and high latitude. Ctot is the concentration of the total cosmogenic 10Be nuclides in quartz from the original surface (atoms⋅g–1). ρ is the loess density with the value of 1.4 g⋅cm–3 (Hetzel et al., 2004; Cao et al., 2019). α is the accumulation rate of loess derived from the age and the depth. Λ is the decay length of cosmic ray (160 g/cm2; Balco et al., 2008). The sum of t1 and t2 is the total exposure time t.



RESULTS


Geometry of the Subsurface Fault

According to the deformation pattern of terraces (Figure 4), the coupled deformation and related fault geometry can be separated into two parts: The first part is the Dahe Anticline deformation, relating to a back thrusting fault derived from the decollement (Zuza et al., 2016; Hu et al., 2017) and the second part is the monocline with north-ward tilting terraces on the south of the anticline and probably related to the thrusting on the base fault with a south-ward tilting shape (Hu et al., 2017).

Based on the factors of a gentle tilting and wide backlimb, a relatively short forelimb, and a blind fault under the anticline, we can interpret the anticline using a listric fault model (Amos et al., 2007; Hu et al., 2015) for the backlimb and using a trishear-fold model (Erslev, 1991) above the fault tip for the forelimb. In building the detailed fault-and-fold geometry, two boundary conditions, a dip angle at the upper tip of the blind fault and a dip angle of the decollement at the north boundary, are assumed based on local investigations. Previous investigations in this area showed that faults at the surface usually have steep dip angles of 40°–70° (Tapponnier et al., 1990; Yang et al., 2018; Cao et al., 2019; Ren et al., 2019), and a seismic reflection profile (Zuza et al., 2016) illustrated a dip angle of ∼55° for this fault tip. Thus, we assume a dip angle for the upper dip of the blind fault as 55° ± 5° (θ). According to the landform pattern that, all the terraces are merged into the fluvial plain to the north of the anticline, probably indicating no uplift at this region and suggesting a horizontal we assume a dip angle of 0° for the decollement at the north boundary, which is also in agreement with previous interpretation for the decollement dip at the south of the Yumu Shan (Tapponnier et al., 1990; Hu et al., 2017). Enclosed by the two axle surfaces, a listric fault geometry can be constructed (Figure 5B). By the width of the anticline (5.3 km) and the fault dip angle at the fault upper tip, the radius of the fan is estimated as ∼6.5 km, and then the fault depth of the decollement at the north can be estimated as ∼2.8 ± 0.3 km (the uncertainty is mainly derived from the uncertainty of the fault dip angle θ). The southward tilting at the forelimb of the anticline is simply interpreted by a trishear zone (Figure 5B) in the shallow depth and with a surface width of ∼1.3 km (Figure 4B).

The subsurface fault geometry at the second part is estimated by the kinematic theory of fault-bending fold that, the uplift rate is a function of the dip angle with a constant fault slip rate (Thompson et al., 2002; Hu et al., 2015). At the 15-km point, the river incised 40 m from T4 to T3. Using the incision amount and the age, the incision rate can be estimated as 0.3–0.4 mm/a. If we assume this relatively long-term river incision rate in equilibrium with the local rock uplift rate and using the fault slip rate of 1.8 ± 0.4 mm/a (detailed discussion for this value is in the section “Deformation rate”) for the base thrust in this region (Hetzel et al., 2019; Hu et al., 2019b), the dip angle of the base fault at this point can be calculated as 11° ± 2°. At the 10-km point, using the same method, the local uplift rate is calculated as 0.8–1.2 mm/a, and then the dip angle can be estimated as 34° ± 8°. With these two constraints for the fault dips and the horizontal fault surface under the Dahe Anticline, the subsurface fault geometry under the south monocline is constructed (Figure 6).
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FIGURE 6. The overall geometry for the subsurface thrust fault. In calculating the fault dip, we assume that the river incision equal to the rock uplift. Sf = the full fault slip rate along the base thrust, Sb = the fault slip rate along the back thrust, Sd = the fault slip rate to the north of the back thrust, U = vertical component of the dip-slip rate or uplift rate, θ = the local fault dip angle.


From south to north, the overall geometry for the subsurface fault estimated by terrace deformations can be described as a convex-up curve changed to a horizontal decollement, and at the horizontal decollement, a concave-down curve of the back thrust grew. By comparing the geometry with the seismic reflection profile (Figure 7), the fault structure is closely match with each other, especially for the depth of the horizontal decollement, for the geometry of the curved back thrust, and for the curved south-dipping thrust. Although a natural fault is not following an ideal curve and shows some small fault bends and secondary fault traces (as illustrated in the seismic reflection profile, Figure 7), which cannot be estimated in this study, the overall geometry for the fault in controlling local deformation can be successfully estimated by the surface deformation pattern, and it verified the validation of the geomorphic method in estimating the subsurface fault geometry.
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FIGURE 7. Comparison between the fault geometries estimated by terrace deformation, and the interpretation form the seismic reflection profile of Zuza et al. (2016).




Deformation Rate

The TCN exposure dating on the terrace surface yields an age of 204 ± 7 ka for T5 and an age of 109 ± 8 ka for T4 (Table 2). With the fault geometry, terrace deformation geometry, and terrace ages, the slip rate for the back thrust can be estimated. The first method (Figure 5B) for the estimation is using the tilting angle of terrace surfaces and the turning radius R (∼6.5 km). Relative to T3, the tilting of T5 surface is ∼1.9°, and this angle will yield a slip amount of 215 m. From T5 (∼204 ka) to T3 (∼16 ka), the slip rate can be estimated as 1.1–1.2 mm/a. The tilting angle of 0.7° for T4 surface (relative to T3) yields a slip rate 0.8–0.9 mm/a. The second method uses the terrace height at fold crest and θ (55° ± 5°) to calculate the total slip amount. In relation to T3, the estimated fault slip rate for T5 is 1.0 ± 0.2 mm/a and for T4 is 0.8 ± 0.2 mm/a by T4. For the connection of the back thrust to the horizonal decollement, the slip rate on the back thrust could be estimated as the shortening rate (part of the total shortening) at the horizonal decollement, thus we can apply the commonly used area-balance method (Lavé and Avouac, 2000) to calculate the slip rate (Figure 5C). The uplifted area of T5 and T4 also relative to T3 can be calculated by a triangle, and using the decollement depth estimated in the previous section, the slip rate is estimated as 0.8 ± 0.2 mm/a. We can find that these estimations for the fault slip rate by three methods are highly in agreement and give an average value of 0.9 ± 0.3 mm/a.



DISCUSSION


Implications for Local Deformation Kinematics

Based on the geological (Tapponnier et al., 1990), seismic (Zuza et al., 2016), and geomorphic (Hu et al., 2017, 2019b) evidences, the deformation of the Yumu Shan and the piggy-back basin at its south is interpreted by thrusting along an upper crust decollement (Tapponnier et al., 1990; Hu et al., 2017). This base thrust fault is connected to the NQF at the south in a relatively deeper crust (Zuza et al., 2016). Furthermore, to the south margin of the piggy-back basin, no active fault has been found along the eastern extending trace of the Fodongmiao-Hongyazi Fault (FH), although a clear geology and topographic boundary can be identified along this line. This evidence probably suggests that the NQF had been active along this boundary before the thrust fault propagating to the north below the piggy-back basin and to the Yumu Shan. Thus, we can assume the NQF has been inactive after its north-ward propagation in this region, and the slip rate along the decollement and at the NYF (if without internal shortening in the piggy basin) should be equal to the slip rate on the NQF. On the west of the Bailang River, a dip-slip rate of 1.7 ± 0.3 mm/a for the FH fault can be estimated according to 1.2 ± 0.1 mm/a vertical slip rate (Yang et al., 2018; Hetzel et al., 2019) and 45° ± 5° dip angle for the fault close to the surface (Yang et al., 2018). At the eastern portion of the Yumu Shan, Hu et al. (2019b) estimated a full dip-slip rate of 1.8 ± 0.4 mm/a, which is in good consistency with the rate on the FH fault. Thus, we could assume that the full dip slip along the decollement under the piggy-back basin is in a rate of 1.8 ± 0.4 mm/a.

At the eastern portion of the Yumu Shan, this rate is probably fully concentrated on the faulting and the folding across the Yumu Shan range (Hu et al., 2019b), while it is not concentrated at the western portion of the Yumu Shan by the observation in this study. We suggest a 0.9 ± 0.4 mm/a shortening or fault slip is accommodated by the Dahe Anticline within the piggy-back basin, and the rest half-slip is accommodated by the western portion of the Yumu Shan range. After revisiting the terrace deformation pattern along the Dahe River (Hu et al., 2017), we find the anticline deformation could be extending to a wider width of ∼6 km with a relatively wide and gentle-tilting backlimb, rather than a folding with a width of 3 km. Thus, using a new method in this study, we estimated the subsurface fault geometry using T5 surface along the Dahe river, and it yields a similar geometry result (Figure 5A) as that along the Bailang River.



Advantages and Limitations in Estimation of the Fault Geometry Using a Geomorphic Method

Across tectonic active fault-and-fold belts, river terraces are usually widely distributed, which provide us available materials to constrain the deformation kinematics, such as the Himalaya (e.g., Lavé and Avouac, 2000; Burgess et al., 2012), the Tian Shan (e.g., Burchfiel et al., 1999; Goode et al., 2014), the Taiwan Range (e.g., Simoes et al., 2007), the New Zealand (e.g., Amos et al., 2007), and the Qilian Shan (e.g., Hu et al., 2015; Cao et al., 2019). These widely distributed materials were mostly used to determine the fold types and deformation rates, while this study along with other relative studies (Amos et al., 2007; Hu et al., 2015; Wang et al., 2020) indicate that the geometry of fold-related fault could be also successfully estimated based on the terrace deformation and kinematic models for fault-related folds (Brandes and Tanner, 2014). Thus, this geomorphic method could provide us a valuable way to estimate the subsurface fault geometry in a basement-involved range, where the seismic reflection data are usually lacking or have great uncertainty in determining the fault trace. From these studies, we can know that a geomorphic constraint on deformations not only gives us the availability to study the fold geometry and deformation rates, but also at the same time, it would provide us a new way to obtain the subsurface fault geometry.

In this study, we should notice that a listric fault-related fold model was applied to reconstruct the terrace deformation. Along the Bailiang and Dahe rivers, the tilted terrace surface at the backlimb is not strictly a planar surface (with a constant dip angle), which suggests that the subsurface fault probably is not an ideal curve, has some small fault bends or a certain amount of internal shearing (Hu et al., 2019b). The uncertainty with the chosen fold model can be also derived from the fold geometry, likewise, the terrace deformation may be interpreted by a hanging-wall shearing model along a fault-bend fold (Suppe et al., 2004; Wang et al., 2020). For the shear fault-bend folding, how to obtain the subsurface fault geometry is still a question; however, the listric fault-related fold (e.g., Hu et al., 2017) and classic fault-bend folding models (e.g., Stockmeyer et al., 2017) have been successfully applied to reconstruct the subsurface fault geometry based on the geomorphic deformation. In regard to a buried fault, another uncertainty in calculating the subsurface fault geometry is that we need an assumption for a dip angle of the upper-most fault trace. Here, the assumption depends on a seismic reflection profile, which gave us a robust boundary condition. While we do not have a seismic reflection profile, people usually made the assumption according to nearby investigations on the fault dips on the break-through thrusts at the surface (Hu et al., 2015; Liu et al., 2019). Although this assumption could be validated according to the similar lithology in a nearby region, the investigated dip angles of the thrust at the surface usually have a wide range (Yang et al., 2019), which could introduce a certain amount of uncertainty for this assumption. To resolve this problem, surveying by the Ground Penetrating Radar (GPR) would be an efficient method (Amos et al., 2007) to determine the shallow-buried thrust fault.



CONCLUSION

In comparison to a seismic reflection profile, the high consistency of the subsurface fault geometry estimated by the terrace deformation across an active folding region proved the validation of the geomorphic method in estimating the subsurface fault geometry. Although the uncertainty can be derived from the selection of fold kinematic models and from the assumption of the fault dip at one boundary, the overall geometry for the blind thrust fault is successfully estimated by a geomorphic deformation. Based on the fault geometry, a more reliable kinematic for local crust deformation can be constructed.
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We use analog experiments to investigate the influence of rapid filling of a foreland basin system during the development of a fold-and-thrust belt, in particular, the change of erosion–sedimentation along the strike in the Longmenshan foreland basin. A negative relationship between wedge geometries and the magnitude of erosion can be found; increased erosion results in out-of-sequence thrusting and fault reactivation in the wedge hinterland, to limit the forelandward propagation of the wedge. In contrast, increased sedimentation facilitates the forelandward propagation of the wedge. We focus on a natural example of the Longmenshan foreland basin, where a change in erosion–sedimentation along the strike during the Late Cretaceous to Cenozoic is well documented. The comparison between our model and seismic sections indicates that such along-strike variation results in a rejuvenated foreland basin restricted to the southwestern part of the western Sichuan Basin in the Cenozoic.
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INTRODUCTION

Tectonic–erosion–sedimentation interaction controls the evolution of fold-and-thrust belt and foreland basin system at different time and space scales. This process plays an important role in controlling the material energy transfer and transportation process in the basin-mountain system, leading to the dynamic equilibrium of tectonic deformation, uplift, erosion, and sedimentation (Hack, 1975; Kooi and Beaumont, 1996). In the 1980s, the thrust belt and foreland basin system model was compared to that of “a pile of sand in front of a moving bulldozer” (Davis et al., 1983), of which the mechanical and structural evolution could be attributed to the critical Coulomb wedge theory (Chapple, 1978; Davis et al., 1983; Dahlen, 1984; Dahlen et al., 1984; Dahlen and Suppe, 1988; Decelles and Mitra, 1995), e.g., the Sevier orogenic wedge, Taiwan wedge, and Canadian Rockies wedge. Critical taper is attained when the angle between the base and surface of the wedge reaches a critical value with stable geometry and is maintained as the offsetting effects of deformation in the rear of the wedge and forward propagation in front of the wedge. When the critical taper remains, the wedge is considered to be stable (i.e., critical state). As a result, deformation is restricted to slide along the basal detachment. However, the erosion can decrease the wedge taper (i.e., subcritical state), and result in the locus of deformation shifting to the rear of the wedge in order to maintain a critical taper. Furthermore, the deformation at the rear of the wedge increases the wedge taper larger than the critical taper, causing a supercritical state and propagates forelandward over large distances to rebuild a critical taper (Decelles and Mitra, 1995).

Based on analog experiments and natural examples (e.g., Decelles and Mitra, 1995; Bonnet et al., 2007; Cruz et al., 2008; Wu and McClay, 2011; Graveleau et al., 2012 and references in), increased surface processes will transform the thrust belt and foreland basin system from a critical state to an unstable state (i.e., subcritical or supercritical state). This transformation will lead to the uplift and erosion of wedges, change in the geometry of wedges, multi-stage reactivation of faults, thermal convection, and unstable geomorphic construction processes (Willett et al., 1993; Persson et al., 2004; Hoth et al., 2006; Cruz et al., 2008; Konstantinovskaya and Malavieille, 2011). Cruz et al. (2008) suggested wedge erosion increases the density of fore-shears and controls the wedge geometry and its topographic divide migration. Fillon et al. (2013) and Erdõs et al. (2015) argued the first-order control of syntectonic sedimentation on wedge geometry and thrust spacing. However, analog experiments lack quantitative studies on the material flux in the process of tectonic erosion–sedimentation and their coupling process, and therefore, quantitative comparisons between stable and unstable surface processes of the foreland basin system are still not fully understood (Malavieille, 2010; Sieniawska et al., 2010; Konstantinovskaya and Malavieille, 2011).

The Longmenshan thrust belt and foreland basin system have the largest terrain gradient around the whole Tibetan Plateau. Controlled by multi-stage tectonic movements and sedimentary loading, a Late Cretaceous–Cenozoic rejuvenated foreland basin occurred at the southern segment of the western Sichuan basin, overlying the Late Triassic–Early Jurassic peripheral foreland basin across the western Sichuan basin (Liu et al., 1994, 2005; Jia et al., 2006; Deng et al., 2012). They are consistent with strong uplift and erosion that occurred at the southern segment of Longmenshan in the Cenozoic (Wang et al., 2012; Tian et al., 2013; Tan et al., 2017), as well as much larger topographic relief in the south. This indicates a significant influence of the surface process (i.e., erosion–sedimentation) on the foreland basin occurred in the late Mesozoic and Cenozoic time across the Longmenshan (Hubbard and Shaw, 2009; Wang et al., 2012). Based on analog experiments, Sun et al. (2016) argued that the along-strike topographic relief across the northern and southern Longmenshan had contributed significantly to the kinematics and deformation localization (e.g., the Xiaoyudong tear fault) of the Longmenshan. Hubbard et al. (2010) suggested a critical taper wedge for the Longmenshan fold-and-thrust belt; based upon this finding, Liu et al. (2020) further showed that the interaction between the late-Cenozoic shortening and the localized fluvial erosion of the Minjiang River resulted in the Dujiangyan recess in the central Longmenshan.

In this study, several sandbox analog experiments were carried out with syntectonic erosion and sedimentation, systematically expounding the surface process in a foreland basin system. Furthermore, a comparison between the Longmenshan fold-and-thrust belt and the western Sichuan foreland basin system and analog results revealed that the surface process and tectonics profoundly impacted the evolution of the foreland basin system.



MODEL SET-UP OF EROSION AND SEDIMENTATION PROCESSES

The critical-taper Coulomb wedge theory emphasizes that tectonic shortening produces a typical orogenic wedge and foreland basin system (Davis et al., 1983; Dahlen et al., 1984; Decelles and Mitra, 1995). The surface process not only results in the deposition of a large amount of eroded material in the foreland basin but also brings important changes to the structural geometry of the orogenic wedge (McClay and Whitehouse, 2004; Cruz et al., 2008; Wu and McClay, 2011). In particular, there are mutual feedback relationships between tectonics and surface processes in natural examples. Tectonic deformation, material transport, and the sedimentary model dynamically respond to the temporal and spatial extent of erosion. They jointly control the dynamic evolution process of imbricated thrust, tectonic shortening, and the aggradation and duplex structure in the orogenic wedges.

We have conducted two experiments in the tectonic modeling laboratory, which divided the surface process (i.e., erosion–sedimentation process) of the natural prototype into two independent models: erosion and sedimentation (Figure 1 and Table 1). Different lithologies have different anti-weathering abilities, and their sedimentation resulting from surface processes varies from one another. To eliminate the complications caused by lithologic dissimilarities, we used quartz sand as the experimental material in all analog models. The quartz sand we used was medium-rounded, well-sorted, and had an average grain size of 0.2–0.3 mm, a bulk density of 1.35 g cm–3, an internal friction angle of 29–31°, an internal coefficient of friction of 0.58, and a critical wedge taper angle of 10–12° (Deng et al., 2018). The quartz sand was evenly sieved into a sandbox to form an initial sand pack of 800 mm × 400 mm × 35 mm. Approximately 1 mm-thick colored quartz sand was laid in the sandbox at an interval of 7 mm vertically to ensure that the deformation process could be easily monitored and quantitated (Figure 1A).
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FIGURE 1. (A) Diagram of the experimental apparatus. (B) Interpreted fold-thrust wedge showing the parameters measured in the experiment. Note that the distance between frontal thrust and backstop is about 7.5 mm shorter than the original definition of wedge length (Dahlen et al., 1984; Dahlen, 1990). (C) Erosion models with constant erosion slope angles to represent different rates of erosion. (D) Sedimentation models with constant deposited slope angle with different area to represent different rates of sedimentation.



TABLE 1. Summary of experimental parameters.
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Quartz sand has a linear Coulomb Mohr fracture deformation behavior and is nearly cohesionless. It enables sandbox models to effectively simulate brittle deformations in the upper 10 km of the crust (e.g., Davis et al., 1983; McClay and Whitehouse, 2004). The scaled coefficient of strain can be expressed by calculating the corresponding physical quantity between the analog model and the natural prototype. The strain-scaled coefficient σ∗ = ρ∗ L∗ g∗, where ρ∗, L∗, and g∗ are the proportion coefficients of density, length, and gravity between the analog model and the natural prototype, respectively. In this research, we obtained a strain-scaled coefficient of σ∗ = 0.74 × 10–6. Considering that the shear strength of natural rock is 1–20 MPa and the cohesion strength of the analog model is approximately 0–100 Pa, this implies that they are ideal models to simulate natural brittle deformation in the upper crust under normal gravity conditions.

When the compression shortening reaches 100 mm (corresponding to 12% shortening), a critical state of the wedge is attained at the movable cylinder in the sandbox. Meanwhile, the materials on the surface of the sandbox accept different syntectonic processes according to their location, which includes erosion (E1-3 group), and sedimentation (S1-3 group) models. For each erosion model, an inclined surface line set from the forefront thrust with different angles is determined by the critical taper angle (i.e., 12° based on our quartz sands) to represent a critical state of the erosional process (Figure 1C). Furthermore, we set a smaller slope angle of 4° and 8° to represent much strong erosion at the wedge top, following Konstantinovskaia and Malavieille (2005) and Wu and McClay (2011). All quartz sands above the inclined surface line (i.e., an erosion surface) are scraped off and removed by a vacuum cleaner for each 20 mm shortening. Erosion is allowed elsewhere about the erosion surface, however, no erosion is carried out if all quartz sands are under the surface until to next step (Table 1). It should be noted that a strong erosion decreases the wedge strength, and results in the wedge a sub- and super-critical state. The wedge thus tends to rebuild its critical taper after each syntectonic erosion. The E1 model with a 4° erosion surface is characterized with the strongest erosion (i.e., ten repetitions of erosion) occurred on the wedge top, while the E2 and E3 models with 8° and 12° (critical taper age) erosion surfaces respectively are characterized with medium- and low-rate of erosion, both of them have three repetitions of erosion (Table 1).

The sedimentation models are divided into three sets of models, starvation, transitional, and saturated to elucidate how syntectonic sedimentation influences the evolution and deformation of the foreland basin system. According to DeCelles and Giles (1996) and Allen and Allen (2005), a natural foreland basin system is composed of the wedge-top, foredeep, forebulge and back-bulge zones, however, a foreland basin system in an analog experiment usually lacks the last two zones due to the absence of lithospheric flexure-related deformation, so we assigned that the wedge-top and foredeep (separated by the forefront fault, in Figure 1B) are two parts of our foreland basin system. After the wedge attains the critical state, dry quartz sands are sieved by hand, to fill in the foreland basin system in each 20 mm shortening. In the model of starvation sedimentation (i.e., S1 model), quartz sands are filled in the foredeep zone, which is approximately 10 cm from the forefront fault toward the foreland. With increasing sedimentation, quartz sands are filled in the foredeep and wedge-top basins in the model of medium sedimentation (i.e., S2 model). Their deposited slope surface (i.e., an accommodation space) is restricted by the surface of the wedge taper angle (Figure 1D). Furthermore, we used a top slope surface of 12° (i.e., a critical wedge angle) to represent the maximum flux of syntectonic sedimentation in the model of saturated sedimentation (i.e., S3 model). In the three sets of sedimentation models, we carried out ten repetitions of sedimentation (Table 1).

During the experiment, the movable cylinder moved forward at a speed of 0.003 mm/s. The total shortening amount was 300 mm, corresponding to an overall shortening percent of ca. 38% for a natural thrust belt and foreland basin system. Progressive deformation of all experiments was monitored using high-resolution digital photographs taken after 1.0 mm increments of displacement. Using a graphic software package, wedge height and distance between frontal thrust and backstop were systematically measured at every 10 mm of incremental shortening to describe the evolving wedge configuration, following the methods used by Buiter et al. (2016) and Schreurs et al. (2016). However, it should be noted that the distance between frontal thrust and backstop is about 7.5 mm (i.e., 35 mm × tan12°) shorter than the original wedge length defined by Dahlen et al. (1984) and Dahlen (1990).



EXPERIMENT RESULTS


Results of Erosion Models

The deformation and evolution process of the model with a medium rate are illustrated by the E2 group (Figure 2). With the movable cylinder moving forward at a constant speed, several thrust faults were propagating forward in the sequence. After the critical–taper angle was attained, the T4 fault formed with a 12% shortening, as a result, the wedge taper angle reached approximately 13–15°, larger than the erosion surface we set. Therefore, the wedge surface was eroded along a sloped surface of 8° from the back of the wedge to the tip of the frontal fault (Figure 2A and Table 2). When the shortening was 15%, the T5 fault formed, and T2-T4 fault surfaces steepened. Because the wedge taper angle was exactly 8°, with no erosion occurred on the wedge surface at that moment. The T6 fault formed when the shortening was 18%, and the black layer was denuded up to the surface during the second erosion process (Figure 2B). Pre-existing faults were reactivated with a continuous compression process, resulting in a sharp decrease in the distance between frontal thrust and backstop (i.e., wedge length) and a gradual increase in the wedge height, to rebuild a critical wedge taper. The T7 fault and the second pop-up structure formed in the wedge frontier with a wedge taper angle of less than 8° when the shortening was 25%. When the shortening was 28%, the third erosion process caused the deepest red layer to be exposed on the surface (Figure 2C), and the wedge height decreased sharply. Until the end, the shortening was 38%. At this end stage, the T1–T7 fault surfaces at the back of the wedge are rotated and steepened strongly. In the final stage of this experiment, a wedge with a height of 80 mm and a length of 200 mm is attained.
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FIGURE 2. Experiment results of medium rate of erosion model (E2). (A–D) Sequential photopraphs showing the structural evolution of wedge.



TABLE 2. Summary results of erosion and formation of thrusts with shortening.
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In model E1, which is characterized by a high-rate erosion, a wedge taper of 13–15° was formed with the new T4 fault when the shortening arrived at 12% (Table 2). The first erosion was thus conducted on the wedge surface, to significantly reduce the wedge height to about 60 mm (Figure 3A). With the progressive shortening, the wedge tended to rebuild a critical wedge taper with strong reactivation of faults in the wedge hinterland (Figure 3A), e.g., T1-T4. A new T5 fault formed and the wedge taper increased to 8° when the shortening was 15%. The second erosion was carried on the wedge surface and decreased the wedge height by 5 mm. After each 20 mm shortening, the wedge taper increased to 8°-10°, which exceeded the erosion surface we set initially. Thus, we performed a total of ten repetitions of erosion in model E1 (Table 2), resulting in the distance between frontal thrust and backstop and wedge height to fluctuate between 100 mm and 60 mm, respectively. Ten imbricated faults formed in the whole and thrusted toward the foreland (Figure 3D and Table 2), with a final wedge height and distance between frontal thrust and backstop of 65 mm and 120 mm respectively.
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FIGURE 3. Experiment results of high rate of erosion model (E1). (A–D) Sequential photopraphs showing the structural evolution of wedge.


In the E3 model, the first erosion event occurred on the wedge surface when the wedge taper angle reached approximately 12–14° (Figures 4A,B and Table 2). Due to the erosion surface was set to an angle of 12°, the erosion decreased weakly the wedge height and the distance between frontal thrust and backstop. With a progressive shortening, the wedge taper increased to 12–14°, thus the second and the third erosion events occurred at the 23 and 25% shortening (Figure 4B), respectively. A new T5 fault formed with the second pop-up structure in the wedge frontier, and the fourth erosion event occurred at the shortening of 28% (Figure 4C), decreasing the wedge height by about 3-5 mm. After that, the wedge taper was roughly smaller than the critical taper, we performed no erosion anymore. In the final stage of this experiment, a wedge with a height of 100 mm and a length of 300 mm is attained (Figure 4D).
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FIGURE 4. Experiment results of low rate of erosion model (E3). (A–D) Sequential photopraphs showing the structural evolution of wedge.


Overall, controlled by the variation of the erosion trigger angle set and the wedge taper angle, the distance between frontal thrust and backstop and wedge height were negatively correlated with the erosion rate (Figure 5). High-rate erosion could strengthen the thrusting deformation within the accretionary wedge. For example, we found that more thrust faults occurred in the E1 group than in the E3 group (Table 2).
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FIGURE 5. Plot of geometries of accretionary wedge versus shortening in three erosion models. It should be noted that the geometry of no erosion model shows much changes among our models.




Results of Sedimentation Models

The evolution process of the high-rate sedimentation model is illustrated by the S3 group (Figure 6). After a critical wedge taper was attained when the shortening reached 12%, colored quartz sand was deposited at the foredeep to wedge-top basins to form a sloped surface of 12° (Figure 6A). With progressive shortening, the syntectonic depositions were deformed by thrusting and shortening to rebuild a critical wedge taper, resulting in the steepened faults in the hinterland and the increased wedge height (Figures 6B,C). A new T5 fault formed with an 18% shortening, which cut the second and third depositions, in contrast to three inactive faults (i.e., T1–3 faults) in the hinterland without cutoff the first depositions. Then a new T6 fault formed with a 23% shortening, in particular, the T5 fault was characterized by the maximum offset along the former depositions (Figure 6C). The T7 fault and second pop-ups formed when the shortening reached 30% (Figure 6D), to accommodate a piggy-back or wedge-top basin. Where the backthrust of T7 and T6 faults thrust and resulted in the early depositions deformed. The seventh and subsequent depositions took place in front of the tip of the T7 fault, rendering the distance between frontal thrust and backstop increased slowly and most of the faults in the wedge hinterland inactive (i.e., T1–6 faults). Until the end at a shortening of 38% with ten repetitions of deposition, the distance between frontal thrust and backstop and wedge height reached 500 mm and 100 mm, respectively (Figure 6D and Table 3). In the S3 group experiment, we found the dragging fold deformation preserved in the syntectonic sedimentation at the forelimb of the wedge.
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FIGURE 6. Experiment results of Saturated (high-rate) sedimentation model (S3). (A–F) Sequential photopraphs showing the structural evolution of wedge.



TABLE 3. Summary results of sedimentation and formation of thrusts with shortening.
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In model S2, which is characterized by medium-rate sedimentation, a critical wedge taper was formed with the new T4 fault at a shortening of 12%. We performed the first syn-sedimentation in the foredeep and wedge-top basin to increase the distance between frontal thrust and backstop to about 200 mm (Figure 7A). With a progressive shortening and sedimentation, the wedge increased the length and height to rebuild a critical wedge taper, compared with the second and third repetitions of deposition at the shortening of 15% and 18% respectively (Table 3). A new T5 fault and second pop-up formed when the shortening was 23%, subsequent with an out-of-sequence T6 fault (Figure 7C). The sixth and subsequent depositions took place in the wedge frontier (front of the T5 fault) with progressive deformation induced by the T5 fault thrusting. As a result of ten repetitions of deposition, the distance between frontal thrust and backstop and wedge height reached 350 mm and 85 mm, respectively (Figure 8 and Table 3). It should be noted that most of the faults in the wedge hinterland were inactive (i.e., T1–3 faults) as well as the T6 fault, however, the T4 fault was reactivated with increase offset in the syn-sedimentations (Figure 7D).
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FIGURE 7. Experiment results of medium-rate sedimentation model (S2). (A–D) Sequential photopraphs showing the structural evolution of wedge.
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FIGURE 8. Experiment results of Staved (low-rate) sedimentation model (S1). (A–D) Sequential photopraphs showing the structural evolution of wedge.


In the S1 model characterized by low-rate sedimentation, a critical wedge taper formed with the new T4 fault at a shortening of 12%, and the first syn-sedimentation was thus deposited to increase the distance between frontal thrust and backstop to about 200 mm (Figure 8A). A new T5 fault and second pop-up formed when the shortening was 20%, followed by the fourth to ten repetitions of deposition in the wedge frontier (front of the T5 fault). Because of repetitions of deposition, the front pop-up was deformed substantially with the T5 fault thrusting, and a new backthurst of T5 fault formed to cut the early depositions in the wedge-top basin when the shortening was 28% (Figure 8C). As a result of ten repetitions of deposition, the distance between frontal thrust and backstop and wedge height reached 350 mm and 90 mm, respectively (Figure 8D and Table 3).

By contrasting the wedge height and the distance between frontal thrust and backstop between the S1, S2, and S3 groups, we found a distinct increase in wedge height and length in the saturated syntectonic sedimentation group (S3 group) (Figure 9). Furthermore, we argued that the synsedimentary process accelerated the propagation of the wedge to the foreland but restrained faults in the hinterland (Figures 6-8), as well as reactivation and out-of-sequence thrusting of faults.
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FIGURE 9. Plot of geometries of accretionary wedge versus shortening in three sedimentation models.





DISCUSSION


Influence of Erosion and Sedimentation on Deformation

Based on analog experiments, we argued that syntectonic erosion and sedimentation play an important influence on wedge geometry and kinematics. The syntectonic erosion process prohibited the wedge from propagating toward the foreland, the higher the erosion rate, the more intense the faults thrust in the hinterland. In other words, syntectonic erosion would enhance the uplift and consequent erosion of the deep material in the hinterland (Figure 5). The lowest red layer in E1 was partly denuded up to the surface in the hinterland (Figure 3). However, in the E3 group, the lowest red layer was still buried deep in the hinterland (Figure 4). The high-rate erosion led to the multi-stage reactivation of pre-existing faults in the hinterland. Previous researches have also revealed that shallow denudation results in multi-stage reactivation and out-of-sequence thrusting of faults in the hinterland (Persson and Sokoutis, 2002; McClay and Whitehouse, 2004; Cruz et al., 2008). In general, the reactivation of pre-existing faults was positively correlated with the thrusting deformation and erosion rate and negatively correlated with the wedge height and the distance between frontal thrust and backstop.

Syntectonic sedimentation increased the mass fluxes, deposition amount, and the distance between frontal thrust and backstop (Figure 9). It prohibited faults from thrusting in the hinterland, resulting in several dormant or deep-buried faults (Figures 6, 8). Generally, pre-existing faults and related pop-up structures were buried much deeper as the mass fluxes increased. Pop-up structures were specifically developed with deeper depths and smaller fault spacings in the S1 group than that of the S3 group. Wu and McClay (2011) suggested that syntectonic sedimentation results in conspicuous stratigraphic rotation in the front of the wedge, which is also similar to the change in the thickness and deformation of syn-sedimentation strata in our models (Figures 6-8). An earlier study revealed that the synsedimentary process would steepen thrust faults (Storti and McClay, 1995; Nieuwland et al., 2000). Syntectonic erosion leads to overlying unloading in the hinterland of the wedge, which tends to concentrate strain and trigger the reactivation of dormant faults. However, the syntectonic sedimentation increases overlying loads at the foredeep of the wedge, restricts the activation of pre-existing faults, and then propagates the wedge forward (Stockmal et al., 2007; Duerto and McClay, 2009). The deposition rate would also greatly influence the development of both fore-thrust and back-thrust (Bonnet et al., 2007).

The syntectonic erosion and sedimentation in analog experiments indicated that the erosion and sedimentation processes control the wedge deformation and evolution with an interactive influence on each other. Erosion and sedimentation control the coupling of the fore-thrust at the forelimb and passive back-thrust in the hinterland, which results in multi-stage reactivation and out-of-sequence thrusting of the faults (Mugnier et al., 1997; Bonnet et al., 2007; Malavieille and Trullenque, 2009).



Volume of Erosion and Sedimentation

Syntectonic erosion and sedimentation in the fold-and-thrust belt and foreland basin system have an important influence on the deformation of the compressed wedge and structural geometry of faults. In this study, we calculated the amount of both erosion and sedimentation and their relationship to unravel the erosion and sedimentation of the basin–mountain system in nature.

These tectonics-erosion analog experiments showed that the total erosion amount increased with the erosion repetitions (Figure 10A). The maximum cumulative erosion ratio in the E1 group increased to 20–25%. However, the cumulative erosion ratio was 5–10% in the E1 and E2 groups, representing the medium and low rate of erosion, respectively. The erosion amount at every time was approximately equal (i.e., 200-300 cm3) among the experiments with different erosion rates. Therefore, the differential erosion processes were controlled by erosion repetitions. Additionally, with the increased shortening, the cumulative erosion ratio increased in a step-type manner in the E1 group, but we found a linear correlation between the cumulative erosion ratio and the shortening in the other two groups (i.e., the E2 and E3).
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FIGURE 10. Volume of erosion and sedimentation versus shortening. The cumulative erosion ratio is the ratio of cumulative erosion volume to original volume of quartz sand in the model; the cumulative deposition ratio is the ratio of cumulative sedimentation volume to original volume of quartz sand in the model.


Similarly, the total amount of sedimentation was positively correlated with the shortening and the repetitions of sedimentation in the sedimentation analog experiments (Figure 10B). The most synsedimentary quartz sand was deposited in the S3 group, with a cumulative deposition ratio of 45%. In contrast, the cumulative deposition ratios of the S1 and S2 groups were between 20–30%. Sedimentation analog experiments revealed that the amount of each repetition of syntectonic deposition was different under different sedimentation rates. For instance, the deposition volume was significantly higher in the S3 group (i.e., 300-1500 cm3) than that in the S1 and S2 groups (i.e., 300-500 cm3). In addition, the total deposition amount in the S1 and S2 groups increased with a positive correlation with the shortening, which was different from the S3 groups. This difference was attributed to the different wedge taper angles set in these three groups.

Different erosion and sedimentation processes in the thrust belt and foreland basin systems have different mass fluxes. The mass flux in the high-rate erosion (i.e., E1 group) is approximately twice than that in the medium-to-low-rate erosion (i.e., E2-E3 groups). Similarly, the mass flux in the saturated deposition model (i.e., S1 group) is also twice to four-time than that of the starvation and transitional deposition models (i.e., S2-S3 groups). The critical-taper Coulomb wedge theory emphasizes that the erosion and sedimentation process can reach a critical state of the matter exchange (Dahlen and Suppe, 1988; Willett et al., 1993). However, both the erosion volume in each repetition of erosion and the cumulative erosion ratio of the low-rate erosion process (i.e., E3 group) was smaller than the deposition volume of the saturated sedimentation process (i.e., S3) (Figure 10). Therefore, we concluded that there must be a huge quantity of matter and energy from the deep lithosphere to maintain a critical state of the matte exchange in the thrust and foreland basin system (Konstantinovskaia and Malavieille, 2005; Vanderhaeghe, 2012; Jamieson and Beaumont, 2013).



Comparison of the Natural Example of Longmenshan Fold-and-Thrust Belt

At the eastern margin of the Tibetan Plateau (Figure 11), the peripheral foreland basin and rejuvenated foreland basin were formed in the Late Triassic–Early Jurassic and Late Cretaceous–Cenozoic, respectively (Burchfiel et al., 1995; Liu et al., 2005; Jia et al., 2006; Deng et al., 2012). During the Late Triassic to Early Jurassic, the Songpan Ganzi fold belt
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FIGURE 11. Natural example of the Longmenshan fold-and-thrust belt in the eastern margin of the Tibetan Plateau. (A) Topography of Longmenshan FTB (fold-and-thrust belt) with the thicknesses of upper Cretaceous to Eocene showing Longmenshan foreland basin. (B–D) Structural sections indicate different style of deformation occurred in the northern, middle, and southern segments of the Longmenshan FTB.


was thrust upon the western margin of the Yangtze Plate and accommodated the Longmenshan fold-and-thrust belt composed of the Maowen-Wenchuan ductile shear zone, Beichuan-Yingxiu Fault, and Anxian-Guanxian Fault (Figure 11A). Therefore, approximately 1–2 km of wedge-shaped molasse was deposited in the western Sichuan foreland basin, such as the Upper Triassic Xujiahe Formation and Lower Jurassic Baitianba Formation (Figure 11C). Many calcareous and quartzitic synorogenic conglomerates revealed a high rate of erosion and unroofing process of the Longmenshan fold-and-thrust belt (Cui et al., 1991; Deng et al., 2012). The Late Cretaceous–Cenozoic eastward extrusion process of the Tibetan Plateau caused the Longmenshan fold-and-thrust belt to rejuvenate, leading to an increased erosion (Wang et al., 2012; Tian et al., 2013; Deng et al., 2016). The outcrops of Precambrian basements, such as the Pengguan and the Baoxing complexes, indicate a strong uplift and erosion process at the southern and middle segments of the Longmenshan (Wang et al., 2012; Tian et al., 2013; Tan et al., 2017). Approximately 1–2 km of molasse was deposited in the Longmenshan foreland basin (Figure 11A). The Upper Cretaceous Jiaguan and Guankou formations and Eocene Mingshan Formation are characterized by wedge-shaped conglomerates, as a result of unroofing of the Longmenshan fold-and-thrust belt (Li and Ji, 1993; Gou, 2001).

Based on river sediment load data and denudation rates, Liu-Zeng et al. (2011) argued that the erosion of the Longmenshan margin has approached a steady state. It is consistent with a nearly constant surface slope and fault-related fold geometry along the Longmenshan described by Liu et al. (2020), to argue a critically-tapered thrust wedge along the eastern margin of the Tibetan Plateau. Combined with the critical taper wedge model, Hubbard et al. (2010) suggested that crustal shortening, structural relief, and topography are strongly correlated in the Lognmenshan, controlled by the mechanical strengths of rock and fault, and detachment. The Longmenshan fold-and-thrust belt has attained a steady state since the Pliocene or the latest Miocene. Although erosion rates deduced from cosmogenic 10Be, and low-temperature thermochronology and topography are similar about 0.2-0.8 mm/yr (e.g., Liu-Zeng et al., 2011; Tian et al., 2013; Tan et al., 2019), two-phase rapid exhumation occurred in the Longmenshan fold-and-thrust belt, beginning around 30 Ma (with a rate of 0.8 mm/yr) and about 10 Ma (0.4 mm/yr) respectively (Wang et al., 2012). It indicates an exhumation steady state (Willett and Brandon, 2002) occurred in the Late Miocene, as well as a steady state wedge of the Longmenshan.

The evolution of the Longmenshan fold-and-thrust belt is characterized by multi-stage thrusting and denudation, indicated by syn-sedimentations and low-temperature thermochronology (Li and Ji, 1993; Gou, 2001; Wang et al., 2012). In particular, the crustal thickness, fault geometry, and kinematics, and exhumation pattern all show along-strike variation in the Longmenshan at the eastern margin of the Tibetan Plateau (e.g., Hubbard et al., 2010; Sun et al., 2018; Lu et al., 2019; Tan et al., 2019). Which resulted in the kinematic and deformation more complicated than that of our experiments. It should be noted that the most distinct difference is along-strike topography and relief in the Longmenshan, probably as result of thrusting and surface processes in Cenozoic. Based on models of a critical taper wedge, Hubbard et al. (2010) argued that a much steeper topography in the southern segment of the Longmenshan is related to the localization of detachment within lower to middle Triassic evaporite sequence in the Longmenshan foreland basin. We found such a detachment deformation and related thickening strata are widespread in seismic sections (Figures 11C,D).

The along-strike variation of erosion–sedimentation in the Longmenshan fold-and-thrust belt has caused the southern and middle segments to be eroded more intensively than the north segment. Therefore, a Precambrian basement outcrops at the southern segment, and the lower Paleozoic strata outcrop to the north. The rejuvenated foreland basin developed in southwestern Sichuan could also be identified from the analog experiments. Similar to the syntectonic sedimentation at the foredeep of the wedge, the foredeep of the Longmenshan fold-and-thrust belt was filled with upper Cretaceous and Cenozoic depositions, causing thrust faults to become laterally gentler from north to south. For example, thrust faults in the Xiongpo and Lihuashan anticlines (Figure 11D) were gentler than those in the Hewan and Tongzhi anticlines (Figure 11B). Meanwhile, the back thrusting was more intensive in the southwest of the Sichuan basin than in the north. For example, typical back-thrusts are widespread in the Lianhuashan and Longquanshan anticline. In response to the differential erosion–sedimentation, we could find detached deformation, bulk shortening, and thickening in the Middle–Lower Triassic gypsum and mudstone at the central and northern segment of the foreland basin (Figures 11C,D).




CONCLUSION

Syntectonic erosion analog experiments indicated that the erosion decreased with increasing erosion surface among different groups (erosion surface of 4°, 8°, and 12°corresponding to S1, S2, and S3, respectively). The syntectonic erosion process concentrated deformation in the hinterland of the thrust belt, reactivated pre-existing faults, and weakened the propagation of the thrust toward the foreland. Syntectonic sedimentation analog experiments revealed a strong restriction of the deposition load, thereby stopping fault activities. Therefore, the syntectonic sedimentation process helped the wedge propagate toward the foreland. The saturated deposition (S3), in particular, resulted in a significant increase in wedge height and length. In particular, the comparison between the erosion and deposition volume revealed that both a single erosion volume and the cumulative erosion ratio of the erosion process were much smaller than the deposition volume of the saturated sedimentation process.

A rejuvenated foreland basin controlled by the along-strike variation of erosion and sedimentation in the Longmenshan fold-and-thrust belt was developed in the southwestern part of the Sichuan Basin in the Late Cretaceous to Cenozoic times. We further found thrusts with lower dip-angle and stronger back thrusting are widespread in the southwestern parts of the basin than that in the northern part.
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The area of southeastern Papua New Guinea includes three active microplates – the Trobriand, Woodlark, and Solomon Sea plates – that are being deformed by regional convergence between the much larger Pacific and Australian Plates. The landward extent of the plate boundary between the Trobriand and Australian Plates corresponds to the Owen-Stanley Fault Zone (OSFZ), an onland and continuous 510 km-long left-lateral strike-slip fault that forms a linear, intermontane valley within the elongate Owen-Stanley Range (OSR) and continues as a 250 km-long low-angle normal fault along the margins of Goodenough and Woodlark basins. GPS geodesy reveals that the Trobriand microplate has undergone rapid counter-clockwise rotation since the Late Miocene (8.4 Ma) and that this rotation about a nearby pole of rotation predicts transpressional deformation along the 250 km-long northwestern segment of the OSFZ, strike-slip motion along a 100 km-long central segment, and transtension along the 270 km-long ESE-trending southeastern segment of OSFZ. In order to illustrate the along-strike variations in neotectonic uplift resulting from the changing structure of the OSFZ, we delineated 3903 river segments in the northeastern side of the OSR drainage divide and derived river longitudinal profiles along each river segment. Normalized steepness indices (ksn) and knickpoint clusters are the highest and most concentrated, respectively, for the northwestern transpressional segment of the OSR, moderately high and concentrated along the southeastern segment of the OSR, and the lowest and least concentrated along the central strike-slip segment. These geomorphological indices indicate that most of the plate boundary uplift occurs along the transpressional and transtensional segments that are connected by the central strike-slip zone. Within this overall pattern of structural variation, abrupt changes in the azimuth of the OSFZ create more localized anomalies in the geomorphological indices.

Keywords: Owen-Stanley Fault Zone, tectonic geomorphology, transpression and transtension, normalized steepness index, microplate rotation


INTRODUCTION

The eastern margin of the Papuan Peninsula and the Solomon Sea has been identified using GPS-based geodesy as the landward extent of the 135,000 km2 Trobriand microplate – one of the three microplates in the Woodlark region between the much larger Pacific and Australian Plates (Baldwin et al., 2012; Ott and Mann, 2015). The Woodlark region is formed by orthogonal oceanic spreading at rates of 19–35 mm/yr at the Woodlark Rift in the south and subduction beneath the Bismarck Plates at rates of 67–157 mm/yr at the New Britain and San Cristobal trenches in the north and east (Wallace et al., 2014). To the west, the plate boundary follows the Owen-Stanley Fault Zone (OSFZ) that is dominated by left-lateral oblique convergence, strike-slip, and extension between the Woodlark region and the Australian Plate (Wallace et al., 2004; Daczko et al., 2011; Baldwin et al., 2012; Wallace et al., 2014; Figure 1). With the recognition that slow subduction occurs along the 600 km-long Trobriand Trench and that right-lateral strike-slip motion occurs along the Nubara Transform (Lock et al., 1987; Wallace et al., 2014; Benyshek and Taylor, 2021), the Woodlark region is now perceived as three discrete and active fault-bounded microplates that include the Trobriand Plate in the west, the Solomon Sea Plate in the northeast, and the Woodlark Plate in the southeast (Kington and Goodliffe, 2008; Benyshek and Taylor, 2021).
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FIGURE 1. (A) Tectonic setting of the Papuan-Woodlark region with the black arrows showing the active counter-clockwise rotation of Trobriand Plate relative to the much larger Australian Plate about the GPS-constrained pole of rotation on the map from Benyshek and Taylor (2021). The onland Owen-Stanley Fault Zone (OSFZ) extends 510 km along the length of the Papuan Peninsula and marks the boundary between the Australian and Trobriand Plates. The structural and geomorphic character of the OSFZ transitions from transtensional in the southeast where the fault is largely submarine in a coastal setting to strike-slip and transpressional where the fault forms a prominent and linear valley within the more elevated areas of the central and northwestern Owen-Stanley Range (OSR). The green dots are sampled at 20-km intervals along the fault, and the white boxes show the outlines of the swath topography profiles shown in Figures 11, 13. The yellow lines show the locations of the cross sections shown in Figure 3. Colored lines show contours of uplift rates derived from emerged, Holocene coral reefs (Mann et al., 2004). (B) Schematic illustration of the rapid along-strike structural transition from compression to extension about a nearby pole of rotation is modified from De Paor et al. (1989).


Current plate models based mostly on GPS data indicate that the Trobriand Plate is undergoing counter-clockwise rotation relative to the Australian Plate (Wallace et al., 2004, 2014; Koulali et al., 2015; Benyshek and Taylor, 2021; Figure 1). It has been proposed that this rapid microplate rotation about a nearby pole of rotation is driven by a downward pull from the 600 km-long Solomon Sea slab that is subducted at the New Britain Trench that is terminated at its western end by the Finisterre collisional zone (Weissel et al., 1982; Wallace et al., 2014). This slab-driven plate rotation leads to the westward propagation and transition of the Woodlark oceanic spreading center into a more diffuse zone of continental rifting along the southeastern segment of the OSFZ (Abers, 2001; Abers et al., 2016). This large-scale rotation of the Solomon Sea and Trobriand plates also explains the distinctive V-shape of the Woodlark oceanic crust – a hallmark of rotationally-controlled plate boundaries (Figure 1).

The 600 km-long and 60–150 km-wide Papuan Peninsula forms the southeastern part of the island of New Guinea (Figures 1, 2). The mountain range that forms the central spine of the peninsula is called the Owen-Stanley Range (OSR) as it was first described by the English ship captain Owen Stanley as he carried out a naval survey of the region in 1849. The OSR is defined on its northwestern end by Mount Chapman (3,376 m) at its juncture with the even higher New Guinea Highlands (3–4.7 km). From Mount Chapman, the crest of the range increases in elevation to Mount Victoria (4,038 m) in the center of the range and then decreases in a southeastward direction with three peaks in the elevation range of 2.8–3.7 km (Figure 2). The range has few natural passes so most travelers use small boats or ships to circumnavigate the peninsula to access the higher interior areas from the nearest coastal areas. The best-known passes across the range include the Kokoda Trail and the Kapa Kapa Trail that occupy the same 50 km-wide saddle south of Mount Victoria; these two passes connect Port Moresby on the southwestern coast with Buna on the northeastern coast. Both tracks were expanded and used extensively by Japanese, US, and Australian troops during World War II – but proved to be too steep to accommodate vehicles or heavy equipment. The OSR disappears into Goodenough Basin at the southeastern tip of the peninsula.
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FIGURE 2. Oblique view of the topography and bathymetry of the OSR of the Papuan Peninsula and the adjacent Goodenough Basin, the Solomon Sea, and the New Britain Trench. The counter-clockwise rotation of the Trobriand Plate is inferred to result from the rapid subduction (67–157 mm/yr) of the Solomon Sea Plate along the New Britain Trench and its transition to the west with the collisional zone of the Finisterre arc with the Australian margin (Wallace et al., 2014). The areas northwest of Mount Lamington are subject to transpression whereas the areas to the southeast of the pole of rotation and the Sibium Mountains are subject to transtension as shown schematically in Figure 1B. South of Goodenough Island and Ferguson Island, continental rifting becomes more pronounced and produced the rifting that formed Goodenough Basin. Mount Lamington and Mount Victory are active, andesitic stratovolcanoes produced by slow subduction of the Solomon Sea plate at the Trobriand trench. This volcanic line is colinear with the domal core complexes of Goodenough and Fergusson Islands.


Because of the proximity of its pole of rotation, the OSFZ changes very rapidly along its strike from its 250 km-long northwestern transpressional segment between Mount Chapman and the Sibium Mountains to its 100 km-long central strike-slip segment area adjacent to the Sibium Mountains and extending to its 270 km-long southeastern segment from Suckling Dome (3,676 m) to the southeastern tip of the Papuan Peninsula at sea level (Figures 1–3). This structural change from transpression to strike-slip and to transtension occurs over a very short distance of about 200 km. The northwestern transpression is also expressed by a broad zone of Miocene and younger anticlines in the Aure-Moresby fold and thrust belt (Figure 1A). Earthquake focal mechanisms from the USGS Comprehensive Earthquake Catalog (U.S. Geological Survey, 2020) show oblique extension along the transtensional southeastern fault segment (Figure 1A). Several 9-km long NNE-SSW corrugations on Dayman Dome show the normal slip along the southeastern transtensional segment of OSFZ (Figure 3; Daczko et al., 2011).
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FIGURE 3. Oblique view of the topographic transition along the southern OSFZ of the Papuan Peninsula based on the SRTM DEM (Farr et al., 2007). The corrugations on the northern flank of the Dayman Dome show normal slip along the southeastern transtensional segment of OSFZ. Vertical exaggeration is 3:1.


An ancient analog for “near-pole orogeny” – characterized by compression on one side of a pole of rotation and extension on the opposite side of the pole – has been proposed as a tectonic mechanism for Eocene compression during the Eurekan orogeny that deformed the present-day area of Ellesmere Island. This compression accompanied the Eocene oceanic spreading of the V-shaped Labrador Sea as conceptually shown in Figure 1B (De Paor et al., 1989). In this case, previous workers have shown that the age of shortening on Ellesmere Island is the same as the age of oceanic spreading in the adjacent Labrador Sea. Similarly on the Papuan Peninsula, previous studies (Fitz and Mann, 2013a,b; Ott and Mann, 2015) have shown that compression and extension along the 510 km-long OSFZ that has been active simultaneously since Late Miocene (8.4 Ma) (Figure 4).
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FIGURE 4. Three regional cross sections located on the map in Figure 1 that illustrate the changing structural style along the OSFZ. (A) Transpressional, northwestern region of the Aure-Moresby fold-thrust belt exhibits elevated areas with peaks reaching as high as 4,038 m; plate motion is highly transpressional and partitioned into left-lateral shear along the OSFZ and across a 160 km-wide zone of thrusting that formed the Aure-Moresby foreland basin along the western side of the OSR; the age of thrusting based on syn-deformational deposits is late Miocene to Recent (Ott and Mann, 2015); the pole of rotation separates the Miocene to Recent, transpressional Aure-Moresby foreland basin to the north from an older Paleogene rifted-passive margin of the Coral Sea to the south (Ott and Mann, 2015; Bulois et al., 2018). (B) In the transtensional, southeastern region, the Suckling Dome (3,676 m) and Dayman Dome (2,896 m) are footwall blocks elevated along low-angle (16–21°) normal faults of Late Miocene to Recent age (Little et al., 2019; Biemiller et al., 2020a,b); cross section is modified from Little et al. (2019). (C) The hanging wall block of the low-angle normal fault segment of the OSFZ forms Goodenough Basin (water depth over 1,300 m) (Fitz and Mann, 2013b). Age of rifting from syn-rift wedging in the Goodenough Basin region is Late Miocene to Recent (Fitz and Mann, 2013b) and is coeval with transpression along the northern OSFZ as schematically shown in Figure 1B.


The rugged and sparsely populated northwestern transpressional area of the OSFZ remains poorly studied compared with the more accessible and populated central strike-slip and southeastern transtensional fault segments near Suckling and Dayman Domes (Daczko et al., 2011; Little et al., 2019; Biemiller et al., 2020a,b) and the coastal areas adjacent to Goodenough Basin, a large submarine half-graben that has been mapped by marine geophysical studies (Little et al., 2011; Fitz and Mann, 2013a,b). In this study, we use satellite-based remote sensing data to better understand the remote, northwestern segments of OSFZ and to illustrate the remarkably rapid geomorphic transitions of all three segments of the OSFZ.



MATERIALS AND METHODS

Tectonic geomorphology quantitatively evaluates the competing processes of neotectonic uplift and river incision. If the tectonic uplift rate does not surpass the fluvial incision rate, the river incises into bedrock and an equilibrium state between uplift and incision is quickly achieved (Begin et al., 1981; Snow and Slingerland, 1987; Hume and Herdendorf, 1988; Roering et al., 2001). If the tectonic rate surpasses the fluvial incision rate, the riverbed is steadily being elevated and river slopes become progressively steeper (Hovius, 2000). For each river, a longitudinal profile can be constructed by plotting riverbed elevations against distances to the river mouth. Rivers in equilibrium form longitudinal profiles that are concave upward; rivers that are not in equilibrium are characterized by a riverbed segment that is uplifted, over-steepened, incised, and contains a knickpoint in the upstream direction (Kirby and Whipple, 2001). Knickpoints mark the sudden changes from gentler to steeper slopes and appear convex upward on river longitudinal profiles.

In this study, we first extract detailed maps of the river network from the NASA Shuttle Radar Topography Mission (SRTM) global digital elevation model (DEM) version 3.0 (Farr et al., 2007). In order to down-sample the topography into a coarser resolution and to limit the computation expense, the 1 arc-second data (about 30 m) over the Papuan Peninsula are mosaicked together and resampled to 3 arc-second (about 90 m). The mosaic is projected into UTM Zone 55S so that the grid cells have the same geodetic sizes. The river network is then delineated using the hydrology toolbox in ArcGIS 10.7 (ESRI, Redlands, CA, United States). We used a 5 km2 cutoff for catchment areas to study only the fluvial rivers (Willgoose et al., 1991). Applying the same procedure to a smaller test subset of a higher resolution (1 arc-second) resulted in the same river network pattern with the pattern from the lower resolution (3 arc-second) subset data; this test enhanced the credibility of our river-delineating methodology. For bathymetric data, we used the GEBCO 2020 digital grid which has a 15 arc-second spatial resolution (about 470 m) (GEBCO Bathymetric Compilation Group, 2020).

To compare river steepness for different areas, we calculate the normalized steepness index (ksn) for each river data point by:
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where Slope represents the elevation gradient along the river, A represents the catchment area of that river point, and θref is the reference concavity index and typically 0.45 is used (Wobus et al., 2006). Elevation values are smoothed using a moving average filter (Durbin, 1959) of about 1 km-wide moving window through the river profiles. Higher ksn values indicate that the river is relatively steeper as commonly observed in tectonically active areas. These ksn values are then averaged within each river segment and interpolated into a ksn surface which highlights the areas of most active tectonic uplift with the highest ksn values. We also extracted knickpoints from the river longitudinal profiles that mark slope increases greater than 3° in order to highlight areas of active uplift.



RESULTS


Constraints on Active Left-Lateral Strike-Slip Along the OSFZ

Using satellite photography and digital topography, we identified three areas of left-lateral strike-slip in the remote forest-covered areas of northwestern OSFZ and the floodplain area of the central OSFZ (Figure 5). In the northernmost area, a river junction is displaced northward by the OSFZ for a distance of 2.25 km in a left-lateral sense (Figure 5B). This left-lateral displacement of the OSFZ is consistent with both GPS results and earthquake focal mechanisms from this area (Figure 1A). The two northeast-flowing river segments are separated by shutter ridges within the main trace of the OSFZ. The map in Figure 5C illustrates a possible left-stepping pull-apart basin that formed the isolated Lake Trist that overlies the trace of the OSFZ. Figure 5D shows a larger left-stepping pull-apart basin along central OSFZ. The outlet of this basin in the center of Figure 5D is a water gap that the Musa River has eroded through the elevated ridge northeast of the basin.
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FIGURE 5. (A) Geomorphic indicators of active left-lateral strike-slip displacement along the OSFZ; map locations of zoomed areas (B–D) are shown; (B) Apparent left-lateral disruption of the drainage pattern with a maximum offset of 2.25 km of left-lateral displacement; (C) Lake Trist is an isolated, 4.32 km2 lake that either formed as a pull-apart basin at a left-step in the fault trace or formed along the downthrown side of the large west-dipping thrust; (D) a larger 250 km2 pull-apart basin in the central OSFZ that exhibits a water gap outlet for the Musa River. The surrounding area of this basin to the northeast and southwest forms one of the lower passes that traverses the OSR between Suckling Dome and the Sibium Mountains.


The left-lateral strike-slip character of the northwestern and central OSFZ is consistent with the counter-clockwise rotation of the Trobriand Plate around a rotation pole at 147.6°E, 9.7°S at 2.560°/Myr relative to a fixed Australian Plate (Benyshek and Taylor, 2021; Figures 1, 2, 5). Along the strike of OSFZ, the counter-clockwise plate rotation translates the Trobriand Plate toward north-northwest to produce transpressional deformation along the northwestern segment, strike-slip deformation along the central segment, and transtensional deformation along the southeastern segment. These transitions occur over distances as short as 200 km and produce significant geomorphological variability. On the Australian Plate, both the transpressional and transtensional areas produce much higher and more rugged topographic relief while the intervening strike-slip area exhibits a much lower topographic relief (Figures 2, 3, 5). We use the tectonic geomorphology of river systems to quantitatively illustrate these rapid along-strike variations.



River Network and Geomorphologic Indices Along OSFZ

The river network in the northeastern side of the OSR drainage divide is disrupted by the OSFZ as shown in Figure 6. Eighteen basins that cross the OSFZ are delineated and labeled from northwest to southeast (Figure 6). Some basins like c, f, and h are much wider in the upstream than in their downstream areas (i.e., these basins cross the OSFZ over larger distances). The mean ksn values of river segments are higher along the OSR that occupy the Australian Plate as compared to the areas of gentler slope northeastern of the OSFZ that occupy the Trobriand Plate (Figure 7).


[image: image]

FIGURE 6. Map of the river network derived from the SRTM DEM that crosses the OSFZ along the northeastern side of the Papuan Peninsula. Line widths in blue represent the catchment areas and are scaled by their relative line thicknesses to show the relative flow rates of the rivers. Boundaries of 18 basins are outlined in color and are keyed by letters which are also used to name rivers and basins in Figures 12 and 14. The black arrows show the counter-clockwise rotation of the Trobriand Plate relative to the Australian Plate (Benyshek and Taylor, 2021). The white dot indicates the rotation pole of the Trobriand Plate.
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FIGURE 7. Mean normalized steepness index (ksn) values of river segments crossing the OSFZ along the northeastern side of the Papuan Peninsula. Lower ksn values are shown with blue and cyan colors and higher ksn values are shown with red and yellow colors. Boundaries of 18 basins are outlined in color and are keyed by letters which are also used to name rivers and basins in Figures 12 and 14. The black arrows show the counter-clockwise rotation of the Trobriand Plate relative to the Australian Plate (Benyshek and Taylor, 2021). The white dot indicates the rotation pole of the Trobriand Plate. The highest ksn values are clustered near Mount Albert Edward and Mount Victoria in the transpressional area and in basin g in the strike-slip area. The second highest ksn values are clustered along both the transpressional and transtensional segments of the OSFZ that occupy the Australian Plate. These high ksn values indicate areas of active neotectonic uplift.


The highest ksn values are clustered along the northwestern transpressional segment of the OSFZ near Mount Albert Edward and Mount Victoria and in basin g in the central strike-slip area (Figure 7). The second highest ksn values are clustered along both the transpressional and transtensional segments of the OSFZ that occupy the Australian Plate. The central and southeastern, strike-slip to transtension transition areas on the Australian Plate, and adjacent areas on the Trobriand Plate all show low ksn values.

These ksn distribution trends are better illustrated from a Kriging interpolation surface based on the river ksn values (Figure 8). It should be noted that the areas of the highest elevations along the drainage divide of OSR (i.e., Mount Albert Edward and Mount Victoria) do not show high ksn values. This observation does not mean that these areas are not being actively uplifted as shown by the relatively lower ksn values. This index only applies to rivers (defined by a catchment area of at least 5 km2 in this study) and would not apply to smaller, alluvial streams. The areas of the highest elevations and small catchment do not have ksn values, and the apparent lower ksn values are interpolations in areas of data not applicable.
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FIGURE 8. Interpolation surface of the normalized steepness index (ksn) values along river segments crossing the OSFZ along the northeastern side of the Papuan Peninsula. Lower ksn values are shown with blue and cyan colors and higher ksn values are shown with red and yellow colors. Boundaries of 18 basins are outlined in color and are keyed by letters which are also used to name rivers and basins in Figures 12 and 14. The black arrows show the counter-clockwise rotation of the Trobriand Plate with reference to the Australian Plate (Benyshek and Taylor, 2021). The white dot indicates the rotation pole of the Trobriand Plate. The highest ksn values are clustered near Mount Albert Edward and Mount Victoria in the transpressional areas and in basin g in the strike-slip area. The second highest ksn values are clustered along both the transpressional and transtensional segments of the OSFZ that occupy the Australian Plate. These high ksn values indicate areas of active neotectonic uplift.




Knickpoints

In the eighteen watershed basins along the northeastern side of the Papuan Peninsula, prominent knickpoints were mapped within a 50 km-wide swath along the OSFZ and across large variations in topographic elevation (200–3167 m) (Figure 9). These observations indicate that neotectonic uplift is mainly confined to the area of the OSFZ rather than being more widely distributed across the width of the elevated areas of the OSR. Knickpoints are more clustered on the Australian Plate than on the Trobriand Plate (Figure 9). The highest kernel densities – kernel density indicates how well features are clustered – of knickpoints occupy the northwestern transpressional area, with the second highest kernel densities occupying the southeastern transtensional area. These knickpoints signify that the most active uplift is closely aligned with the OSFZ within both the transpressional and transtensional areas because: (1) the knickpoints mark a gentler slope in the upstream direction and a steeper slope in the downstream direction; and (2) the highest kernel densities occur within a 50 km-wide swath along the OSFZ.
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FIGURE 9. Knickpoints and their kernel densities across the OSFZ along the northeastern side of the Papuan Peninsula. Knickpoints at lower elevations are shown with blue and cyan colors and those at higher elevations are shown with red and yellow colors. Deeper blue colors show higher kernel densities of knickpoints. Boundaries of 18 basins are outlined in color and are keyed by letters which are also used to name rivers and basins in Figures 12 and 14. The black arrows show the counter-clockwise rotation of the Trobriand Plate with reference to the Australian Plate (Benyshek and Taylor, 2021). The white dot indicates the rotation pole of the Trobriand Plate. Knickpoints are more clustered within the northwestern transpressional area and within the southeastern transtensional area and indicate the areas of most active uplift.




DISCUSSION


Controls of Lithology and Climate on Geomorphology

In addition to tectonic controls on bedrock uplift, lithologic and climatic variations can also have a strong impact on the incisions of rivers into bedrock and therefore are important controls on the fluvial geomorphology (DiBiase and Whipple, 2011; Whittaker, 2012; Cyr et al., 2014; Kober et al., 2015). High resistivity to weathering may limit erosion rates and river incisions. For this reason, more resistant rocks tend to have higher ksn values than less resistant rocks (Tucker, 2004).

Most of the catchment areas along the central OSR are covered with Mesozoic to Tertiary metamorphic (greenschists and blueschists) or igneous (ultramafic and mafic) rocks (Bain, 1973; Bureau of Mineral Resources of Australia, 1972; Baldwin et al., 2012). These metamorphic and igneous areas are more resistant to erosion; only the topographically lower pull-apart basin is covered by more erodible sedimentary rocks (Figure 10). Within the similar metamorphic and igneous lithologies, ksn values are much lower in the strike-slip to transtensional areas between the Sibium Mountains and Suckling Dome than the transpressional areas to the northwest and transtensional areas to the southeast (Figure 10). In summary, lithological variations along OSFZ are not major controls on the along-strike variations in ksn values.
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FIGURE 10. Interpolation surface of the normalized steepness index (ksn) along river segments crossing the OSFZ along the northeastern side of the Papuan Peninsula compared with the surface geology (Bain, 1973; Bureau of Mineral Resources of Australia, 1972; Baldwin et al., 2012) and mean annual rainfall (Robbins, 2016) of the Papuan Peninsula. Most of the catchment areas along the OSFZ are underlain by metamorphic or igneous rocks that are more resistant to erosion, therefore lithology cannot explain the variations in ksn values. The relatively higher mean annual rainfall in the central OSFZ would not significantly lower the ksn values or explain the variations in ksn values.


The tropical climate on the Papuan Peninsula results in heavy rainfall (mostly > 2100 mm/yr), with the heaviest rainfall (>3,000 mm/yr) areas in the central OSR between Mount Victoria and the Sibium Mountains (Figure 10). The high tropical temperature, high rainfall amounts, and resulting high erosion rates do not produce appreciable lower ksn values for the areas of highest topography of the central OSR as compared with areas of the OSR to the northwest and southeast. We conclude that climate variations along OSFZ are not significant controls on ksn values, and that geomorphic variations along the OSFZ are mainly controlled by tectonics.



Tectonic Controls on the Along-Strike Transition From Transpression to Transtension

The geomorphological indices vary rapidly along the OSFZ because of the rapid along-strike transition from transpression in the northwestern segment, to strike-slip in the central segment, and to transtension in the southeastern segment (Figures 7–9). We relate these along-strike structural variations to the proximity of the pole of rotation to the plate boundary fault (Figure 1).

In order to visualize this rapid transition in geomorphology, we created thirty-nine swath topographic profiles at a spacing of 20 km across the OSFZ and used these swaths to extract and compare geomorphological indices (Figure 1). The swath areas are 40 km long and 10 km wide, and the mean elevations across the strikes of each swath are plotted along the swath strikes (Figure 1). To extend the swaths into marine areas to the northeast of the Papuan Peninsula we used the GEBCO 2020 topography and bathymetry data at a coarser resolution instead of the SRTM DEM that only covers the land area. As a result of the decrease in pixels across strike, these swath profiles have lower resolution (Figure 11).
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FIGURE 11. Thirty-nine swath topography profiles crossing the OSFZ. Panel (A) shows the profiles viewed from east, and panel (B) shows the profiles viewed from north. The OSFZ is shown by the generalized straight black line in the NW-SE direction that connects the points where profiles cross the trace of the OSFZ (shown by black circles). The lateral comparisons between swath profiles highlight the rapid along-strike transition of fault displacement from transpression in the northwestern segment, to strike-slip in the central segment, and to transtension in the southeastern segment.


Comparisons of the swath profiles in three dimensions (3D) show that the profiles are much steeper on the Australian Plate southwest of OSFZ than on the Trobriand Plate northeast of OSFZ (Figure 11). In general, the swath profiles from the transpressional area are steeper than the profiles in the transtensional areas, and most profiles of the strike-slip area are gentler in slope than those profiles crossing either the transpressional or transtensional areas. The bathymetric profiles are generally gentler in slope than the topographic profiles.

The topographic profiles are generally steeper on the Australian Plate within 5–10 km of the OSFZ and the bathymetric profiles are steeper on the Trobriand Plate within a distance of 5 km of OSFZ. Bathymetric profiles crossing the Solomon Sea appear shallower at greater distances from the OSFZ and likely reflect the expression of the older Paleogene rifted margin (Bulois et al., 2018; Ott and Mann, 2015).

Similar to the swath profiling, we selected forty representative rivers that flow across OSFZ within the eighteen basins shown in Figures 6–10 and plotted their longitudinal profiles along OSFZ (Figure 12). It should be noted that rivers meander in the basins, so the distances to OSFZ in these longitudinal profiles are not always “perpendicular distances” to OSFZ but are rather along-stream distances. For this same reason, individual rivers may cross the OSFZ multiple times and the upstream direction may not necessarily correspond to the Australian Plate and the downstream direction may not correspond to the Trobriand Plate.
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FIGURE 12. Forty longitudinal profiles of selected rivers crossing the OSFZ. Panel (A) shows the profiles viewed from east, and panel (B) shows the profiles viewed from north. The rivers are labelled and colored according to the labeled basins shown in Figures 6–9. The OSFZ is shown by a straight black line trending in the NW-SE direction. The lateral comparisons between longitudinal profiles highlight the rapid along-strike transition of fault displacement from transpression in the northwestern segment, to strike-slip in the central segment, and to transtension in the southeastern segment.


In general, the longitudinal profiles are convex upward with the upstream segments steeper and downstream segments gentler (Figure 12). Some profiles like b2, c4, c5, f4, f5, g1, g2, g3, h2, h6, and n2 show knickpoints with some upstream segments that are more gentle in slope than the downstream segments (Figure 12). It is not readily apparent whether the longitudinal profiles along the northwestern transpressional segment of the OSFZ are steeper than those along the southeastern transtensional segment – but the profiles in the transpressional segment reach higher elevations and exhibit higher topographic relief. Most longitudinal profiles in the strike-slip area are much gentler than nearby profiles in the transpressional and transtensional areas.



Transpressional and Transtensional Uplift Along the OSFZ

Boxplots show the 75% and 25% percentiles, the maximum, and the minimum of a series of features that graphically shows the general statistical distribution and variation and indicates the degree of dispersion and skewness in the data. By combining the boxplots into a single plot showing the pixel elevations for swaths on the Australian and Trobriand Plates (Figure 13), we can see that the overall elevations are higher on the Australian Plate with larger variations reflecting higher roughness compared to elevations from the Trobriand Plate. Bathymetry from the Goodenough Basin and the Solomon Sea reveals this same trend. Along the OSFZ, both the Australian and Trobriand Plates have similar trends with the highest topographic elevations and elevation variations within the transpressional areas, second highest elevations within the transtensional areas, and lowest elevations within the strike-slip areas (Figure 13).
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FIGURE 13. Boxplots of elevations within the thirty-nine swath topographic profiles that were created across the OSFZ. Panel (A) shows the elevations on the Australian Plate, panel (B) shows the elevations on the Trobriand Plate, and panel (C) shows the obliquity of fault segments calculated from the angle between fault strike and the predicted plate motion azimuth. Fault slip senses are classified based on the obliquity angles. Comparisons between the Australian and Trobriand Plates show compressional uplift in the transpressional areas and footwall uplift in the transtensional areas. The lateral comparisons between swath profiles highlight the rapid transition of fault displacement from transpressional to transtensional and the related variations in neotectonic uplift.


Using the most recent and best constrained pole of rotation for the Trobriand Plate at 147.6°E, 9.7°S with an angular speed of 2.560°/Myr relative to a fixed Australian Plate (Benyshek and Taylor, 2021), we calculate the obliquity of fault segments from the angle between the fault strike and azimuth of the predicted plate motion – assuming that the Trobriand Plate is undergoing a homogenous rigid plate rotation (Figure 13C). If the obliquity angle is near 0° the deformation is predicted as strike-slip; if the angle is near 90° with the plate motion directed toward the Australian Plate (90° in Figure 13C) the deformation is predicted as an orthogonal collision; if the angle is near 90° with the plate motion toward the Trobriand Plate (−90° in Figure 13C) the deformation is predicted as an orthogonal extension; and if the angle is intermediate between these angles deformation is predicted as obliquely collisiional or obliquely extensional.

In general, the swath elevations are higher in the transpressional and transtensional areas (Figure 13). There is a minor inconsistency between the swath elevations and the fault obliquities as some fault segments appear as strike-slip in central OSFZ – but the nearby topography (swaths 14-16, in basin g) appears transpressional with the higher elevations and rougher topography on the Australian Plate. This inconsistency can be explained by local variations in the nearby OSFZ fault azimuths whose fault strike changes from west-east in the northwest of the segment to northwest-southeast in the southeast of the segment; this local change in OSFZ strike creates a local transpressional area with a ∼50° angle between these segments that is convex toward the northeast (Figures 7–9). Between this area and Mount Victoria, the fault trace bends from northwest-southeast to west-east, forms a concave map pattern towards the northeast, and creates a localized area of transtension with relatively lower ksn values compared with the adjacent areas (Figures 7–9).

The OSFZ bends from north/northeast-south/southwest to northwest-southeast near Lake Trist (Figure 5C) and forms a concave pattern toward east where the fault appears to create a localized transtensional or pull-apart depression within the overall northwestern transpressional fault segment.

Using the same method as the swath elevations (Figure 13), we plotted the boxplots of ksn values (Figure 14) along the forty selected rivers shown in Figure 12. Almost all ksn values in the upstream direction are much higher with larger variations than those in the downstream direction. The upstream segments in transpressional areas have the highest ksn values, compared to the transtensional areas that have the second highest ksn values, and those in strike-slip areas that have the lowest ksn values. The downstream segment statistics in basins c, f, and h appear very homogeneous between rivers (c1-c6, f2-f4, and h1-h4, Figure 14) because these basins are much wider in their upstream areas. There is a minor inconsistency between the higher ksn values and the apparent strike-slip sense of the fault segments (Figure 14) that can be explained by the local transpression along the trace of the OSFZ.
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FIGURE 14. Boxplots of normalized steepness indices (ksn) along forty selected rivers across the OSFZ. The rivers are labeled according to the basins shown in Figures 6–10. Panel (A) shows the ksn values from the upstream side of the fault zone, panel (B) shows the ksn values from the downstream side of the fault zone, and panel (C) shows the obliquity of fault segments calculated from the angle between fault strike and the predicted plate motion azimuth. Fault slip senses are classified based on the obliquity angles. Comparisons between the upstream and downstream segments show compressional uplift in the transpressional areas and footwall uplift in the transtensional areas. The lateral comparisons between swath profiles highlight the rapid transition of fault displacement from transpressional to transtensional and the related variations in neotectonic uplift.


Unlike the D’Entrecateaux Islands (Goodenough and Fergusson Islands) where knickpoint elevations cluster around three elevation bands (Miller et al., 2012), the knickpoint elevations across OSFZ are more scattered with a general trend that decreases in the southwest-northeast direction (Figure 15A). This trend is explained by the much larger deformed area of the OSFZ (18,000 km2) in comparison to the smaller deformed areas of D’Entrecateaux Islands (1200 km2) and the variable styles of neotectonic uplift along the OSFZ.
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FIGURE 15. Knickpoint elevations (A) and their boxplots (B) extracted within basins along the OSFZ. The green to blue colors show distances across OSFZ from southwest to northeast. The OSFZ is shown by a straight black line in the NW-SE direction. The denser clusters of knickpoints indicate the most active areas of neotectonic uplift in transpressional and transtensional areas. The lateral comparisons between knickpoints highlight the rapid transition of fault displacement from transpressional to transtensional and the related variations in neotectonic uplift.


There are more knickpoints in the transpressional areas than the transtensional areas, and the strike-slip areas have the least of all three of the structural provinces (Figures 9, 15A). Integrating the knickpoints within basins as boxplots (Figure 15B), elevations are more scattered and reach higher elevations in the transpressional areas. Smaller basins i, k, and r have only one knickpoint and do not show population variations.

The transpressional area on the Australian Plate is being overthrust to the northeast above the Trobriand Plate at the northwestern segment of OSFZ, and this thrusting can explain the high topography in this region of the northwestern OSR (Ott and Mann, 2015). The transtensional area is also being actively uplifted as a footwall block on a northeast-dipping low-angle normal fault system (Fitz and Mann, 2013b; Little et al., 2019; Biemiller et al., 2020a,b) as supported by high uplift rates derived from Holocene coral reefs (Mann et al., 2004; Figure 1). This continental rifting with footwall uplift at the southeastern segment of OSFZ is linked to the Woodlark Rift along faults that pass through Normanby Island (Fitz and Mann, 2013b).



CONCLUDING REMARKS

The nearby pole of rotation of the Trobriand Plate relative to a stable Australian Plate causes a remarkably rapid transition of structural styles along the OSFZ from transpression to strike-slip and to transtension over a distance of 200 km. This along-strike transition is reflected in geomorphologic variability with the higher and steeper areas in the transpressional area in the northwest between Mount Chapman and the Sibium Mountains, with the lower and gentler sloped areas in the strike-slip areas in the central region adjacent to the Sibium Mountains and Suckling Dome, and with a higher and steeper transtensional area in the southeast between the Suckling Dome and Mount Simpson (Figures 7–9). These variations cannot be explained by variations in the underlying metamorphic or igneous lithologies nor in variations in tropical climates along the peninsula.

Both the steeper profiles and higher elevations/ksn values support our interpretation that the transpressional and transtensional areas undergo neotectonic uplift in comparison to the more stable, central strike-slip area (Figures 11–14). The larger knickpoint elevation variations and higher elevations in the transpressional and transtensional areas (Figure 15) also undergo neotectonic uplift with the constant creation of new knickpoints in this actively evolving area. These provinces of neotectonic uplift result from the transition from transpressional shortening to transtensional footwall uplift along the OSFZ that are related to the regional microplate rotation.
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The deformation pattern and strain partitioning in the Eastern Chinese Tian Shan are poorly known because of the lack of quantitative study of the kinematics and deformation rate of the major structure. Here we report a late Quaternary shortening rate for the most active reverse fault-and-fold in the Eastern Chinese Tian Shan. We quantified the kinematics and late Quaternary shortening rate of the Huoyanshan structure based on detailed high-resolution remote sensing image interpretations, field investigations and geological mapping. Six generations of folded terraces along the Tuyugou valley that showed the progressive folding process by the Huoyanshan structure were identified. A kinematic model of curved thrust fault propagation and folding allowed us to describe the terrace deformation pattern and subsurface fault geometry and calculate shortening across this structure. Combined with a regional age control of terrace T4 in the Tuyugou valley, a late Quaternary shortening rate of 2.0–3.2 mm/yr of the Huoyanshan structure was obtained. This is a relatively high shortening rate in the whole Eastern Chinese Tian Shan (roughly east of 88 E). This shortening rate of the Huoyanshan structure highlights that the ongoing India and Eurasia collision has affected the entire Tian Shan but shows two strain partitions: the main strain-absorption belt is located within the Eastern Chinese Tian Shan interior, but strain also occurs at the range-front foreland in the Western Tian Shan.
Keywords: Eastern Chinese Tian Shan, Huoyanshan structure, listric fault, shortening rate, strain partitioning
INTRODUCTION
To unravel the deformation across thrust-and-fold belts, various kinematic models that draw relationships between surface deformation, subsurface geometry and cumulative fault slip after the overlying strata were deposited have been proposed (Suppe, 1983; Erslev, 1991; Suppe et al., 1992; Medwedeff and Suppe, 1997; Suppe et al., 1997; Allmendinger and Shaw, 2000; Amos et al., 2007; Charreau et al., 2008; Le Béon et al., 2014; Saint-Carlier et al., 2016; Trexler et al., 2020; Wang et al., 2020b). Although strata, such as growth strata, are usually used as markers to depict fold kinematics and growth in previous studies Suppe et al. (1992), Storti and Poblet (1997), the difficulty of dating and lack of sediments limit the reconstruction of sequential kinematic development of thrust systems (Goode et al., 2011; Goode et al., 2014; Li et al., 2015; Stockmeyer et al., 2017; Wang et al., 2020b). Commonly, even when growth strata have been preserved in outcrops, they are always missing across the core of a fold. In contrast, well-preserved abandoned fluvial terraces may extend across the entire fold and record incremental fold deformation. When combined with deformed river terraces and suitable kinematic models of fault-related folding Lavé and Avouac (2000), Thompson et al. (2002), Scharer et al. (2006), Hubert-Ferrari et al. (2007), Hu et al. (2015), Stockmeyer et al. (2017), Charreau et al. (2018), Cardozo and Oakley (2019), the spatial and temporal patterns of deformation of thrust-and-fold belts can be characterized.
In the Tian Shan, N-S crustal shortening dominates in response to the ongoing India-Eurasia collision during the late Cenozoic Tapponnier and Molnar (1979), Zhang et al. (2004), Yang et al. (2008), Zubovich et al. (2010), which has been accommodated by a series of roughly E-W-trending thrust-and-fold belts in foreland and/or intermontane basins ((Figures 1A, B; Avouac and Peltzer, 1993; Burchfiel et al., 1999; Deng et al., 2000; Thompson et al., 2002; Wu et al., 2016; Lu et al., 2019). Therefore, quantifying the geometry, kinematics and deformation rate of the thrust-and-fold belt is the key to exploring tectonic deformation and strain distribution in the Tian Shan region. Many studies e.g., Deng et al. (2000), Thompson et al. (2002), Shen et al. (2003), Hubert-Ferrari et al. (2007), Yang et al. (2008), Lu et al. (2019) have been conducted in the Western Tian Shan region to reveal the kinematics and deformation rate of fault-related folding and have shown that shortening is relatively uniformly distributed across the major intermontane basin boundaries and basin interior structures along a N-S transect of the Western Tian Shan, rather than solely at its margins. The Eastern Chinese Tian Shan is also dominated by intense tectonic deformation, which is shown by the study results of widespread active faults Deng et al. (2000), Lin et al. (2002), Wu et al. (2016), Huang et al. (2018a), Huang et al. (2018b), Ren et al. (2019), Wang et al. (2020a), paleoearthquake ruptures Feng (1997) and global positioning system (GPS) measurements (Zhang et al., 2004; Yang et al., 2008; Wang and Shen, 2020). However, in contrast to the Western Tian Shan, the deformation pattern and slip partitioning in the Eastern Chinese Tian Shan remain unclear because of the lack of quantitative study on the deformation rate and kinematics of the major structural belt.
[image: Figure 1]FIGURE 1 | (A) Topography of the Tibetan Plateau in response to the India-Eurasia collision. (B) Topography and major active faults in the Tian Shan (see Figure 1A for the location). (C) Topography and major active faults in the Eastern Chinese Tian Shan (see Figure 1B for the location). Fault data are from Deng et al., 2000; Shen et al., 2003; and Wu et al., 2016; red dots indicate earthquakes (M > 5) from 1900-01 to 2020-11 (downloaded from the United States Geological Survey at https://earthquake.usgs.gov/); shortening rates in yellow font in Figure 1C are from Wu et al., 2016 and Wang et al., 2020a; and those in pink font are from this study; HSK, Hongshankou structure; YS, Yanshan structure; KDK, Kendeke structure; HYS, Huoyanshan structure; QKT, Qiketai structure.
The Huoyanshan (also known as Flame Mountain) structure, which is part of the Turpan foreland thrusting system (Figures 1C, 2A), is the most active structural belt in the Eastern Chinese Tian Shan Deng et al. (2000) and consists of the Huoyanshan Fold and the Huoyanshan Fault (Figure 2B). A previous study Deng et al. (2000) determined the fault slip rate and further reconstructed the paleoseismic sequence based on the interpretation of trenches and dating of sediments. Kinematic models and shortening rates across the entire Huoyanshan structural belt have rarely been reported. This work aims to i) reveal the geometry of the Huoyanshan structure and estimate the late Quaternary crustal shortening rate from deformed river terraces and ii) understand the kinematics of this structure as well as strain partitioning in the Eastern Chinese Tian Shan.
[image: Figure 2]FIGURE 2 | (A) Simplified geologic map of the Huoyanshan structure (modified from Peng, 1995, see Figure 1C for the location) (B) Geologic cross-section α-α’ (see Figure 1C for the location of α-α’) of the Huoyanshan structure, interpreted from Deng et al., 2000; Yao et al., 2013; and Chang, 2016.
GEOLOGICAL SETTING
The Tian Shan orogenic belt, which is approximately 1,200 km north of the frontal Himalayan thrusts, is bounded by the Junggar Basin to the north and the Tarim Basin to the south and displays a basin-and-range topography (Tapponnier and Molnar, 1979; Burbank et al., 1999). GPS measurements and geological studies all suggest that the N-S convergence rate across the Tian Shan gradually decreases from west to east, with the shortening rate decreasing from ∼12 mm/yr at 75 E Abdrakhmatov et al. (1996), Avouac and Peltzer (1993), Thompson et al. (2002), Zhang et al. (2004), Yang et al. (2008) to ∼9 mm/yr at 78 E Campbell et al. (2019), and ∼5 mm/yr of shortening occurs at 85 E (Wang and Shen, 2020). The Eastern Chinese Tian Shan is located to the east of 88 E longitude (Figure 1B,C). Although few large earthquakes have been recorded in its history, widespread active faults and present-day geodetic measurements attest to its active deformation. In the study region, the estimates of the N-S shortening rate across the whole range are based on present-day GPS measurements and range from 3 –5 mm/yr (Liang et al., 2013; Wang and Shen, 2020). The Eastern Chinese Tian Shan consists of the Bogda and Kuruktag ranges and several intermontane basins, such as the Turpan, Yanqi and Kumysh Basins (Figure 1B). Previous field investigations have recognized a series of active faults that bound the intermontane basins and accommodate N-S convergence (Deng et al., 2000; Lin et al., 2002; Fu et al., 2003; Wu et al., 2016; Wang et al., 2020a). The Eastern Chinese Tian Shan can be divided into two parts based on the Turpan basin (the largest intermontane basin). To the south of the Turpan Basin, the Bolokenu-Aqikekuduke Fault (BAF) and the Baoertu Fault (BETF) are strike-slip faults (Shen et al., 2003; Ren et al., 2019). Farther south, the Kuruktag range is thought to be dominated by right-lateral faulting since the late Cenozoic (Tapponnier and Molnar, 1979; Yin et al., 1998; Lin et al., 2002; Huang et al., 2018b). The right-lateral slip rate of the Kaiduhe Fault was estimated to be ∼1.0 mm/yr Huang et al. (2018b), and the angle between these strike-slip fault trends and N-S shortening is small; hence, the crustal shortening accommodated by these faults is negligible. Moreover, a recent geological study reveals only ∼0.3 mm/yr of shortening of the intermontane basin-bounding fault (Wang et al., 2020b), further indicating that crustal shortening is not prominent in the southern Turpan Basin. In contrast, the Bogda range to the north of the Turpan Basin has intense crustal shortening, as manifested by the strongly uplifted landscape. Based on surveying of the deformed late Quaternary alluvial fan and dating of the geomorphic surface, Wu et al. (2016) estimated ∼1 mm/yr of shortening in the northern piedmont of the Bogda range. Within the Turpan Basin, the foreland thrusting system is composed of the Hongshankou, Yanshan, Kendeke, Huoyanshan, and Qiketai sub-belts from west to east (Figure 1C). These folds are the surface expressions of ramp thrusts whose decollement surface appears near the base of the Lower Jurassic sequence in the seismic profile (Deng et al., 1996; Deng et al., 2000; Yao et al., 2013). A series of inland rivers that originate from glaciers transversely cut the Turpan foreland thrusting system and flow into the Turpan Basin (Figure 1C), and river terraces are well developed in the thrusting system (Deng et al., 2000).
Since the late Pleistocene, the Huoyanshan sub-belt is the largest active tectonic structure in the basin and is mainly composed of Jurassic to Cretaceous strata (Figure 2A). The structural pattern Peng (1995) suggests that it is an asymmetric fold that is dominated by a deep fault structure (Figure 2B). Jurassic, Cretaceous, Paleogene, Neogene strata, and the overlying late Quaternary alluvial terraces have been deformed by the fold (Figure 2B). A previous study indicated that the thrust located south of the Huoyanshan structure has a dip angle of ∼30 (Deng et al., 2000). From west to east, several valleys cut through the Huoyanshan structure: the Taoergou, Putaogou, Futougou, Shengjingou, Tuyugou, and Ertanggou Valleys (Figure 2A). Among these valleys, the Tuyugou Valley, which cuts through the middle of the Huoyanshan structure, contains the most continuous terrace sequences.
MATERIALS AND METHODS
Classification and Age Constraints of Fluvial Geomorphology
In this study, we focused on the middle part of the Huoyanshan structure where it is crossed by the Tuyugou Valley. Terrace classification and mapping were conducted based on Google Earth image interpretation and field investigations. Terraces of the Tuyugou Valley were interpreted again with a high-resolution digital elevation model (DEM). To obtain the high-resolution DEM of the Tuyugou Valley, 4,782 photos were captured by an unmanned aerial vehicle (UAV). To improve the accuracy and precision of the DEM, 85 ground control points (Figure 3A) that cover all surveying areas were placed and measured with a real-time kinematic global positioning system (RTK-GPS). The DEM was derived using PhotoScan (version 1.26.2834) based on the classical workflow (Agisoft L.L.C., 2018): 1) loading the 4,782 photos of the Tuyugou Valley acquired by the aerial platform into PhotoScan, then inspecting the loaded images and removing unnecessary images (after the removing procedure, 4,600 photos remain); 2) aligning these photos; 3) building a dense point cloud; 4) building a mesh (3D polygonal model); 5) generating a texture; 6) building a tiled model; 7) georeferencing 85 RTK-GPS surveyed ground control points that are distributed on the terrace surfaces; 8) repeating steps 1–6; and 9) building the DEM (Figures 3B, C).
[image: Figure 3]FIGURE 3 | (A) Orthography images of the Tuyugou Valley (see Figure 2A for the location). Red stars show the locations of GPS survey ground control points, and pink symbols indicate the locations and orientations of structural measurements. (B) Digital elevation model (DEM) surveyed by an unmanned aerial vehicle. (C) Geomorphic mapping of terraces in the Tuyugou Valley. Colours and numbers indicate the six generations of terraces (T4’ represents a secondary terrace of T4), black dots show the individual points on terraces and river channels that are projected onto line A-A’.
Due to coarse-grained material and the low quartz content in the sediments, it is difficult to collect appropriate samples for dating from river terraces in the Tuyugou Valley (Figures 4A, B, D, E, F). Although the exact number of terraces within each division may vary locally, several regional terraces could be correlated with regional climate change. In this study, terrace ages rely on previous studies of the neighbouring valley (Peng, 1995; Deng et al., 2000). Terraces that cross the anticline may be divided into tectonic and climatic terraces. The climatic terraces are more widely developed, are relatively continuous compared to tectonic terraces, and can be compared regionally. The Turpan Basin, which is located in the hinterland of Eurasia and lying in the northeastern part of the Tian Shan, has a semiarid climate. The Quaternary denudation and sedimentation process, in terms of erosion and deposition, was inevitably affected by the impact of glaciation (glacial and interglacial periods) and climate change. Quaternary sediments filling the basin and geomorphological units such as river terraces have been affected by climate change. The river terraces in the Turpan Basin are mainly distributed in the river valleys of the Turpan foreland thrusting system, which can be compared and correlated locally.
[image: Figure 4]FIGURE 4 | (A), (B) Views W and N of the river terraces preserved in the Tuyugou Valley. (C) The location of the main E‐W fault scarp is shown by red arrows. (D), (E) and (F) Close-up views S, E, and N of the river terraces preserved in the Tuyugou Valley (for all locations, see Figure 3A).
The Turpan foreland thrusting system (Figure 1C) contains a widely developed generation of terraces. These terraces are mainly composed of early late Pleistocene fluvial sediments with thicknesses of 5–10 m and form a relatively broad platform on the tops of the mountains in the Turpan foreland thrusting system, including the western Hongshankou mountaintop, western Kendeke mountaintop, and Huoyanshan mountaintop Deng et al. (2000), Peng (1995), which indicates that this generation of terraces is climatic. The heights above the river of the main portions of this generation of terraces are ∼90 m on the Hongshankou mountaintop, ∼100 m on the Kendeke mountaintop, ∼100 m in Putaogou Valley in the Huoyanshan structure, and ∼100 m in Shengjingou Valley in the Huoyanshan Mountains (Figures 1C, 2A; Peng, 1995). The optically stimulated luminescence (OSL) ages of this terrace have been dated in previous studies: on the Hongshankou mountaintop, 56.9 ± 4.4 ka (Deng et al., 2000); on the Kendeke mountaintop, 73.8 ± 5.8 ka Peng (1995); and on the southeast mountaintop of the Shengjingou Valley, 61.2 ± 11.6 ka (Deng et al., 2000). The abandonment age of this terrace seems to be related to the climatic event of early Last Glacial during 55–75 ka, corresponding to MIS 4 (Deng et al., 2000; Wu et al., 2004).
In the Tuyugou Valley, T4 is a major terrace that is developed on the mountaintop of the Huoyanshan structure and is relatively broad and continuous (Figure 4B). The maximum height above river of T4 is ∼160 m (considering that the Tuyugou Valley is in the middle of the Huoyanshan structure, the deformation is much more intense). The terrace is composed of ∼10 m of fluvial sediments. By comparing the geomorphic characteristics of T4 in the Tuyugou Valley and the terrace described above, T4 could be compared with the widely developed terrace in the Turpan foreland thrusting system. Therefore, the age of T4 in the Tuyugou Valley was constrained by the ages have been dated that is 56.9 ± 4.4–73.8 ± 5.8 ka. These ages were defined by OSL samples that had been taken from fine sand in the middle of fluvial deposits (Figure 1C; Peng, 1995; Deng et al., 2000).
Determination of Crustal Shortening by Morphometry
To determine the pattern and amount of deformation in the Huoyanshan structure, topographic lines were plotted at terrace surfaces and modern riverbeds (Figure 3C), and the coordinates and elevations of the topographic lines were extracted from the DEM, which was derived from UAV measurements (these procedures were conducted in ArcMap, version 10.8). Then, these raw survey measurements of the topographic lines were projected onto the N-S-trending line A-A’ (Figure 3C), parallel to the Tuyugou Valley and roughly perpendicular to the trend of the synclinal axial surface. To depict the spatial distribution geometry of terraces and riverbeds, topographic profiles along all terraces and the modern riverbed were plotted (Figure 5A). To eliminate the modern river gradient, a polynomial that fits the modern riverbed was subtracted from each fluvial terrace (Figure 5B). The undeformed and maximum terrace heights were calculated based on the data reflected in Figure 5B (all with errors of 1 σ). To eliminate the terrace height caused by river incision (base level changes in landscapes can cause river incision) and obtain vertical uplifts that have been caused by only fold growth, we used the maximum terrace height minus the undeformed terrace height. Crustal shortening was calculated through the trigonometric relationship in the kinematic model (Figures 6A, B, C), and the uncertainty was mainly derived from the terrace age and crustal shortening (Table 1). To reflect the degrees of terrace deformation, the tilted angles of the backlimbs and forelimbs were calculated through the trigonometric relationships between the horizontal lengths of the backlimbs and forelimbs and the vertical uplift of each terrace (Figure 7A).
[image: Figure 5]FIGURE 5 | (A) Terraces and river channel longitudinal profiles across the Huoyanshan structure showing the pattern and amounts of deformation of different terraces. (B) Relative heights of the terraces to the modern river channel; a polynomial that fits the modern riverbed is subtracted from each fluvial terrace to eliminate the modern river gradient. The vertical exaggeration is 10. The distance is projected along line A-A’, where A’ is the direction downstream, and a fault scarp exists at the southern margin of the Tuyugou valley (see Figure 3C for the location).
[image: Figure 6]FIGURE 6 | Kinematic models of different reverse fault-related folds. (A) Simple fault-bend folding (modified from Suppe, 1983; Suppe et al., 1992, Suppe et al., 1997; Erslev, 1991; Medwedeff and Suppe, 1997): the fault grows linearly, the surface deformation is uniform within each dip domain defined by a planar fault, and the backlimb is short and relatively steep. (B) Listric fault folding (modified from Amos et al., 2007; Charreau et al., 2008): the fault grows listrically by limb rotation, the surface deformation is sequential and nonuniform, and the backlimb is long and flatter with no axial top. (C) Combined fault folding (modified from wang et al., 2020b, Trexler et al., 2020): the fault grows listrically and then connects to a linear segment and dips at a constant angle to the surface. The surface deformation is similar to the listric fault but with an axial top. (In all three models, we assume there is no tilt in the substrata while the surface above the fault is undeformed, and the deep fault is initially developed from a subhorizontal detachment structure.)
TABLE 1 | Terrace deformation and kinematic model inputs and results.
[image: Table 1][image: Figure 7]FIGURE 7 | According to the terrace deformation pattern and bedding attitudes, we use the combined fault folding model (see Figure 6C for detailed information) to reconstruct the kinematic relationship between the deformed river terraces and the subsurface fault geometry. (A) Terrace deformation pattern of the Tuyugou Valley (see Figure 3C for the location of A-A’). (B) Subsurface fault geometry at the Tuyugou Valley, which is inferred from the terrace deformation pattern, bedding attitudes and the combined fault folding model.
Structural Analysis
To construct the kinematic model of the Huoyanshan structure, 22 bedding attitudes of bedrock at intervals of ∼300–400 m (the measurement interval increased as the bedrock outcrops improved) were measured across the Tuyugou Valley (Figures 3A, 7B). By integrating the vertical uplift longitudinal profile of terraces (Figure 5B), the measured bedding attitudes and the combined fault folding model (Figure 6C), the best-fit kinematic model between the Quaternary terrace surface deformation and the inferred subsurface geometry in the Huoyanshan structure was established. Because high-resolution seismic profiles were not available across the Tuyugou Valley, the depth of the decollement (Figure 7B) was constrained and inferred from previously published nearby seismic reflection data (Figure 2B; Deng et al., 2000; Yao et al., 2013; Chang, 2016).
RESULTS
Terrace Description and Deformation
Six terraces along the Tuyugou Valley, T1–T6, that increase in height above the modern riverbed, were defined. (Figure 3C). Most of these terraces are strath terraces that have been eroded into the base rock, capped and covered by several metres of fluvial gravels and subsequently buried by variable depths of eolian loess (Figures 4D, F). T4 is the most spatially extensive and best-preserved terrace, and it has a secondary terrace, namely, T4’ (Figure 3C). Among these terraces, only T3 is capped by 50–80 m of lacustrine deposits, which are dominated by grey mudstone, green mudstone and red siltstone and are horizontally bedded (Figure 4E). The presence of lacustrine deposits indicates that there was a relatively humid environment during the T3 formation period. The width of the Tuyugou Valley is relatively narrow (Figures 3A, 4E), which could cause sediments to be dammed in the river and create a lake.
Terraces preserved in the western Tuyugou Valley are more continuous (Figure 3C). T6–T5 are not very continuous compared with other terraces and have been found only at the southern margin of the valley (∼7–8 km in Figure 5A). Different degrees of deformation exist in all terraces. Compared with the younger terraces, such as T2 and T1, the older terraces have deformed much more significantly. T6-T4 have been significantly deformed by the Huoyanshan Fault (Figure 5A). These terraces reach their peak heights at the core of the anticline and gradually extend to the wings (∼4–6 km in Figure 5A). T3 appears to be nearly horizontal in the true elevation profile in Figure 5A. We assume that T3 was deposited by the sediment dammed in the river during the formation of the lake. Regardless of the origin of the terraces in the Tuyugou Valley, the terrace surfaces could be deformed by folding. However, due to its lacustrine deposit characteristics, there is no reason to believe that T3 was graded by the river compared with other fluvial terraces; therefore, T3 was not used to restore the kinematics of folding.
The Huoyanshan Fold has a relatively short forelimb that is approximately 1.4 km long. After ∼8 km, terraces and modern riverbeds meet on undeformed alluvial fans. The length of the axial top is ∼2.5 km at T4 (the discontinuous terrace makes it difficult to confirm). The backlimb is relatively long (∼3.0 km), and the anticline has a relatively broad wavelength (∼7 km) (Figure 5B). The vertical uplifts (relative to the undeformed terrace surface) are 14.8–16.6 m for T1, 36.7–40.5 m for T2, and 122.2–127.2 m for T4 (Table 1). The tilt angles of deformed terraces increase with terrace age; they are 0.2° for T1, 0.5° for T2, and 2.2° for T4. These characteristics demonstrate that fluvial terraces in the Tuyugou Valley are syntectonic sediments deposited during the growth of the fold that recorded the folding deformation process, and the older terraces accumulated more fold deformations than the younger terraces.
Kinematic Model and Late Quaternary Slip Along the Huoyanshan Reverse Fault-and-fold Belt
The most important aspect of calculating the deformation rate of the Huoyanshan structure is establishing the kinematic relationship between terrace deformation and subsurface geometry. We have summarized several kinematic models to reflect different thrust fault-related folding processes (Suppe, 1983; Erslev, 1991; Suppe et al., 1992; Medwedeff and Suppe, 1997; Suppe et al., 1997; Allmendinger, 1998; Amos et al., 2007; Charreau et al., 2008; Trexler et al., 2020; Wang et al., 2020b). In the simple fault-bend folding model, the fault grows linearly, the surface deformation is uniform within each dip domain defined by the planar fault, and the backlimb is short and relatively steep (Figure 6A). In listric fault folding model, the fault grows listrically by limb rotation, the surface deformation and dip angles of the bedrock are sequential and nonuniform, the backlimb is long and has a gentler dip, and no axial top exists (Figure 6B). In the combined fault folding model, the fault grows listrically and then connects to a linear segment and follows a constant dip angle to the surface. The surface deformation pattern is similar to the listric fault model but with an axial top (Figure 6C). In all three models, it is assumed that there was no tilt in the substrata when the surface above the fault was undeformed, and the deep fault was initially developed from a subhorizontal detachment structure.
Bedding attitude data along the Tuyugou Valley indicate forelimb dips reaching 70° and gentler backlimb dips from ∼50 to 12 with a northeast dip direction. Between the forelimb and the backlimb, the dip domain is ∼50 (Figure 7B). The dip angle of each fold segment and the characteristics of terrace deformation in Terrace Description and Deformation reveal that the terrace deformation pattern and subsurface structure are incompatible with other fault-related folding models except for the combined fault folding model (Figure 6C). Therefore, we interpret the Huoyanshan fault as a fault that dips 50, is a planar feature that extends from the surface to ∼2 km depth and connects to a listric segment that gradually merges into the detachment and changes its dip angle to 0 at ∼4.0–5.0 km depth (Figure 7B).
Total shortening was estimated from the trigonometric relationship between the vertical uplift of the terrace and the dip angle of the bedrock at the surface (Trexler et al., 2020). If folding results from total horizontal shortening S that detaches from the footwall with a vertical surface uplift of dz and a surface dip angle θ, the relationship between these parameters is:

Following this approach and using the dip angle of the fault plane as 50, the different vertical uplifts of the terraces yield shortening values of 19.3–21.7 m for T1, 47.9–52.9 m for T2, and 159.5–166.1 m for T4. The shortening rate of T4 is 2.0–3.2 mm/yr after T4 was abandoned. The uncertainty in the shortening rate is mainly derived from the uncertainties in the length of shortening and the age of the terrace (Table 1). As the surface of T4 is not continuous and given the orientation of the surface, T4 would reach even higher above the river channel (Figure 5B), which indicates that the shortening estimate is a minimum (Figure 6C). The terrace age of T4 is defined by OSL, samples for which were taken from fine sand in the middle of fluvial deposits Peng (1995), Deng et al. (2000); therefore, the OSL age is a maximum estimate of the terrace abandonment age considering erosion, which may cause the actual terrace abandonment age to be younger. Based on these two factors, the estimate of the shortening rate is the minimum value.
DISCUSSION
Fault Geometry
We used the combined fault folding model (Figure 6C) to reconstruct the geometric features of terrace deformation and subsurface fault geometry and believe that it is the best-fit kinematic model of the Huoyanshan structure. In this model of the Huoyanshan structure in the Tuyugou Valley, the subsurface fault starts with a subhorizontal detachment and is connected by a listric segment to a linearly dipping fault. As mentioned above in Terrace Description and Deformation, it is difficult to confirm the existence of an anticline axial top because the T4 surface is not continuous, which makes it difficult to identify. However, if there is no axial top, the fault follows the simple listric folding model (Figure 6B), and the dip angle of the bedrock should gradually change at the surface, which is not consistent with our measurement results of the bedding attitudes across the fold. According to these measurement results, a dip domain is present after the dip angle of bedrock reaches ∼50 (Figure 7B). The appearance of the dip domain indicates the existence of a linear fault segment that forms an axial top at the surface. Integration of available subsurface data lends validation to this interpretation. The subsurface fault geometry inferred in this study is consistent with the characteristics reflected in the interpreted cross-section (Figures 2B, 7B).
In addition, according to the interpretation, the fault crosses the main fault and forms a fault scarp. However, there is a good chance of the development of a secondary fault that outcrops at the surface, as intense deformation exists in front of the forelimb (Figure 7B). It is commonly a challenge to differentiate among kinematic models for specific thrust fault-related folds and match the geometry of subsurface faults with the patterns of deformed surfaces. This requires both surface deformation patterns and high-resolution seismic reflection data of the subsurface fault to determine which type of model most represents the nature of faulting and folding (Goode et al., 2011; Goode et al., 2014; Li et al., 2015; Stockmeyer et al., 2017; Wang et al., 2020b). To improve our work, a detailed study of the entire Huoyanshan structure should be carried out, such as investigating terrace deformation in other valleys of the Huoyashan area and constraining the subsurface fault geometry with a high-resolution seismic profile.
Slip-Partitioning in the Eastern Chinese Tian Shan
This study infers a crustal shortening rate of 2.0–3.2 mm/yr across the Huoyanshan structure since the late Quaternary, which is significantly larger than that across the other intermontane basin-bounding faults in this region. Within the Yanqi Basin in the Eastern Chinese Tian Shan, by using seismic data and the attitude of strata and faults to restore the geometry of the fold, Li et al. (2012) calculated the shortening rate in the Hejing thrust-fold belt, which has been ∼0.3 mm/yr since the late Pleistocene. By studying the typical offset landforms and lineaments of scarps on the eastern segment of the north-edge fault of the Yanqi Basin, Huang et al. (2018a) constrained the shortening rate to 0.4–0.5 mm/yr on the northern margin of the basin. Based on dating the alluvial fan surfaces, measuring the heights of the fault scarps, and investigating a paleoearthquake trench wall, Wang et al. (2020a) estimated that a ∼0.3 mm/yr shortening rate was accommodated by the Kumysh Fault during the late Quaternary. The shortening rate was estimated to be ∼1 mm/yr since the late Quaternary at the Bogda foreland thrust fault through geologic and geomorphologic field surveys, trench excavation and OSL dating (Wu et al., 2016). The relatively high shortening rate of the Huoyanshan structure indicates that it is the main strain-absorption belt in the Eastern Chinese Tian Shan region. In the Western Tian Shan (Figure 1B), the strain was proposed as mainly being partitioned into the foreland thrusting system Yang et al. (2008) or evenly distributed across the entire mountain (Thompson et al., 2002), rather than solely at its margins. What mechanism could explain the relatively large crustal shortening rate of the Huoyanshan structure in the Eastern Chinese Tian Shan?
The Turpan basin is underlain by a strong basement Allen et al. (1993) and extends approximately 100 km in the N-S direction. Petroleum seismic profiles and our field mapping indicate that the folds in the northern Turpan Basin mainly involved Mesozoic and Cenozoic sedimentary rocks (Deng et al., 2000). If the pre-Mesozoic basement of the Turfan Basin did not deform, the thin-skinned structure belt would have splayed from the basin-bounding fault at the margin of the basin. With the foreland-ward expansion of the range, the stress was concentrated on the thrust faults in the northern margin of the Turpan Basin. Active deformation propagated into the Huoyanshan structure belt. Therefore, high crustal shortening rate can be observed within the intermontane basin (Campbell et al., 2019). The Huoyanshan thrust fault-and-fold belt may have acted to concentrate stress onto the Turpan Basin margin fault in the north, which, in turn, may have built up the present-day high-elevation Bogda range observed today (Figure 1C). The rigid blocks in an orogenic belt are always the places where major crustal shortening and deformation occur and determine the deformation pattern.
CONCLUSION
Based on detailed high-resolution remote sensing image interpretations, field investigations and geological mapping of the Huoyanshan structure, we quantify the kinematics and late Quaternary shortening rate of the Huoyanshan structure, and we summarize the following conclusions.
By considering both the bedrock structure recorded by folded strata and the terrace deformation pattern, we propose a kinematic model of curved thrust fault propagation folding that describes the whole structural deformation of the Huoyanshan structure.
Based on the unique kinematic model, the survey of the deformed river terraces, and age correlation, we estimate a late Quaternary shortening rate of 2.0–3.2 mm/yr for the structure.
Comparisons of strain are partitioned along several structures within the Western Tian Shan, and our shortening rate of the Huoyanshan structure highlights that the main strain-absorption belt is located within the Eastern Chinese Tian Shan interior.
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The Bolivian Andes are an archetypal convergent margin orogen with a paired fold-thrust belt and foreland basin. Existing chronostratigraphic constraints highlight a discrepancy between unroofing of the Eastern Cordillera and Interandean Zone fold-thrust systems since 40 Ma and the onset of rapid sediment accumulation in the Subandean Chaco foreland after 11 Ma, previously attributed to Miocene climate shifts. New results from magnetostratigraphic, backstripping, erosional volumetric calculations, and flexural modeling efforts are integrated with existing structural and thermochronologic datasets to investigate the linkages between shortening, exhumation, and subsidence. Magnetostratigraphic and backstripping results determine tectonic subsidence in the Chaco foreland basin, which informs flexural models that evaluate topographic load and lithospheric parameters. These models show that Chaco foreland subsidence is consistent with a range of loading scenarios. Eroded volumes from the fold-thrust belt were sufficient to fill the Chaco foreland basin, further supporting the linkage between sediment source and sink. Erosional beveling of the Eastern Cordillera, local intermontane sediment accumulation after 30–25 Ma, and regional development of the high-elevation San Juan del Oro geomorphic surface from 25 to 10 Ma suggest that the western Eastern Cordillera did not store the large sediment volume expected from erosion of the fold-thrust belt, which arrived in the Subandean Zone after 11 Ma. Eocene to middle Miocene foreland basin accumulation was likely focused between the Eastern Cordillera and Interandean Zone, and has been almost completely recycled into the modern Subandean foreland basin. The delay between initial fold-thrust belt exhumation (early Cenozoic) and rapid Subandean subsidence (late Cenozoic) highlights the interplay between protracted shortening, underthrusting, and foreland basin recycling. Only with sufficient crustal shortening, accommodated by eastward advance of the fold-thrust belt and attendant underthrusting of Brazilian Shield lithosphere beneath the Subandes, did the Subandean zone enter proximal foreland basin deposystems after ca. 11 Ma. Prior to the late Miocene, the precursor flexural basin was situated westward and not wide enough to incorporate the distal Subandean Zone. These results highlight the interplay between a range of crustal and surface processes linked to tectonics and Miocene climate shifts on the evolution of the southern Bolivian Andes.
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INTRODUCTION

Paired fold-thrust belts and foreland basins in retroarc contractional systems archive the interactions between convergent plate boundary dynamics and surface processes spanning deep time to the present. The fold-thrust belt and foreland basin system in the central Andes have served as a conceptual model for thin-skinned retroarc systems with large magnitudes of shortening, crustal thickening, and protracted foreland basin system development. In Bolivia, the structural geometries, kinematics, and timing of fold-thrust belt development (Dunn et al., 1995; Kley, 1996; Baby et al., 1997; McQuarrie, 2002; Müller et al., 2002; Oncken et al., 2006; Ege et al., 2007; Barnes et al., 2008; Perez et al., 2016; Anderson et al., 2017, 2018) have been linked to geophysical estimates on crustal thickness and possible removal of lithosphere (Beck and Zandt, 2002). These crustal processes may reflect Cordilleran cyclicity (DeCelles et al., 2009; DeCelles and Graham, 2015) or interactions with fluctuating subducting slab geometries (e.g., Ramos and Folguera, 2009; Horton, 2018a,b), and have implications for surface uplift (Garzione et al., 2006, 2017; Saylor and Horton, 2014), foreland and hinterland basin development (Horton, 2005; Uba et al., 2006), and orogenic plateau genesis (e.g., Isacks, 1988; Allmendinger et al., 1997; Lamb and Hoke, 1997).

Despite the wealth of information on the tectonic development of the central Andes, a full integration of the varied structural, thermochronological, stratigraphic, and geomorphologic datasets remains challenging. Specifically, the lack of Cenozoic mass balance constraints highlights challenges in understanding the linkages among shortening, erosion, and deposition within this paired fold-thrust belt and foreland basin system (Barnes and Heins, 2009). Key discrepancies underscore this persistent problem. For example, although the Eastern Cordillera recorded protracted shortening spanning the Eocene to Miocene (McQuarrie, 2002; Barnes et al., 2006, 2008; Gillis et al., 2006; Ege et al., 2007; Anderson et al., 2018), Subandean basin fill recorded punctuated sediment accumulation since the middle to late Miocene, possibly attributable to climate shifts (Strecker et al., 2007). This contrast highlights a mismatch between active deformational phases in the Eastern Cordillera fold-thrust belt and the main phase of subsidence in the accompanying foreland basin (Echavarria et al., 2003; Uba et al., 2006, 2009; Calle et al., 2018).

The present study is motivated by key datasets and geologic relationships that facilitate investigation of shortening, erosional exhumation, and sediment accumulation. A series of accurate, incrementally balanced cross sections (McQuarrie, 2002; Anderson et al., 2017, 2018) are complemented by rich thermochronologic records (Barnes et al., 2006, 2008; Gillis et al., 2006; Ege et al., 2007; McQuarrie et al., 2008; Rak et al., 2017; Anderson et al., 2018) (Figure 1) that document the timing and location of contraction, and provide constraints on the magnitude of erosional unroofing. Relict foreland basin fill preserved within the orogenic interior (Kennan et al., 1995; Horton, 1998, 2005; Mosolf et al., 2011), hinterland plateau (Sempere et al., 1990; Baby et al., 1997; Horton et al., 2001, 2002; Murray et al., 2010), and Subandean Zone (Uba et al., 2006, 2009; Calle et al., 2018) determine the timing and magnitude of sediment accumulation. The San Juan del Oro surface (Figure 1) is an ancient geomorphic surface that remains relatively undeformed and is currently situated at ca. 3 km elevation (Gubbels et al., 1993; Hérail et al., 1996; Kennan et al., 1997; Müller et al., 2002). The surface marks the cessation of shortening across the Eastern Cordillera, and presents a datum against which to gauge erosion and incision since final surface construction at roughly 10 Ma. The colocation of these features provide a unique opportunity to investigate mass balance in the context of regional shortening and basin subsidence.
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FIGURE 1. (A) Overview map of the central Andes, showing the location of major tectonomorphic features, Western Cordillera, Altiplano, Eastern Cordillera (EC), Interandean Zone (IAZ), Subandean Zone (SAZ), and the Chaco Plain. (B) Geologic map showing the location of cross section A–A′ in Figures 3, 6, 8, and thermochronologic data. Villamontes succession shows the approximate site of magnetostratigraphic investigation. Modified from Anderson et al. (2018).


Here, multiple new datasets are combined: magnetostratigraphic results from a Miocene stratigraphic section in the Subandean Zone to facilitate a new backstripping analysis; estimates of the volume of material eroded from the Eastern Cordillera and Interandean Zone fold-thrust belt; and estimates of the eroded volume beneath the San Juan del Oro surface and the volume of sediment preserved in the Chaco foreland basin (as restricted to the southern Bolivian transect considered here). Coupled with existing results on the timing, magnitude, and kinematics of shortening in the Eastern Cordillera, Interandean Zone, and Subandean Zone, the following questions are addressed for southern Bolivia. (1) What are the timing and magnitude of tectonic subsidence in the Subandean foreland basin? (2) Is the magnitude of tectonic subsidence comparable to flexural modeling predictions? (3) Are eroded rock volumes from potential source regions consistent with the volume of preserved foreland basin fill? (4) Why did the Subandean foreland basin experience rapid subsidence 10s of Myrs after the onset of fold-thrust belt contraction?



GEOLOGIC BACKGROUND

The Central Andean fold-thrust belt can be divided into distinct structural zones defined by major changes in topographic elevation, stratigraphic exposure level, and structural style (Kley, 1996; McQuarrie, 2002; Anderson et al., 2017). From west to east, these include the Eastern Cordillera, the Interandean Zone, the Subandean Zone, and the Chaco Plain (Figure 1). The Eastern Cordillera is divided into a backthrust belt in the west and a forethrust belt in the east, centered about a north–south axis through the Tupiza region (Kley et al., 1997; McQuarrie, 2002; Müller et al., 2002; Sempere et al., 2002; Anderson et al., 2017). The western backthrust belt is characterized by closely spaced faults and short wavelength folds (<2 km), along with fault-bounded late Oligocene to Miocene intermontane basins (Horton, 1998; Müller et al., 2002; Anderson et al., 2017). The eastern forethrust belt is characterized by more widely spaced structures, and the presence of two significant regional features: the Camargo syncline, and the ca. 55 km wide Cuesta de Sama anticlinorium. The latter persists for hundreds of kilometers along strike from northern Argentina to central Bolivia (Kley, 1996; McQuarrie, 2002; Anderson et al., 2017). East of the Cuesta de Sama anticlinorium, shallower structural levels are exposed in the Interandean Zone as the basal decollement cuts up from Cambrian–Ordivician rocks to a regional decollement within Silurian shales (Baby et al., 1992; Dunn et al., 1995). Similar to the Eastern Cordillera, the Interandean Zone can be divided into a western backthrust zone and eastern forethrust zone (Anderson et al., 2017). However, the structural style in the Interandean Zone is characterized by more closely spaced thrust faults accompanied by tight fault bend folds (1–3 km), stratigraphic exposures of predominantly Silurian and Devonian rocks, and a distinct lack of any Cenozoic synorogenic sediments (Kley, 1996; Anderson et al., 2017). The Subandean Zone is defined by a valley-and-ridge topography, with broad wavelength folds (5–10 km) bound on their eastern limbs by east-vergent thrust faults that are continuous along strike for hundreds of kilometers (Baby et al., 1992; Dunn et al., 1995; Anderson et al., 2017). Stratigraphic exposure levels transition from Silurian–Devonian rocks in the Interandean Zone to mainly Carboniferous–Neogene rocks in the Subandean Zone, with Carboniferous strata exposed in cores of anticlinal ranges and Neogene synorogenic rocks in the intervening synclinal valleys (Anderson et al., 2017). In the western Chaco plain, the active frontal thrust (Mandeyapecua thrust) lies ca. 60 km east of the Subandean topographic front (Figure 1) (Costa et al., 2006; Brooks et al., 2011). The structure of the intervening region is characterized by gentle folds and low-offset thrust faults concealed beneath low-relief Quaternary sedimentary cover (Baby et al., 1992; Dunn et al., 1995; Horton and DeCelles, 1997; Anderson et al., 2017).

Shortening in the Eastern Cordillera began in the Eocene. The oldest zircon (U-Th)/He cooling ages suggest exhumation and cooling of the Cuesta de Sama anticlinorium potentially as early as ca. 40–39 Ma. However, these samples have relatively large errors (Anderson et al., 2018). Alternatively, thermal modeling of paired zircon (U-Th)/He, apatite fission track, and apatite (U-Th)/He samples indicate rapid exhumation of the Cuesta de Sama anticlinorium may have occurred as late as ca. 32 Ma (Ege et al., 2007; Anderson et al., 2018). Despite uncertainty regarding the precise timing and position of initial contraction, upper crustal shortening advanced westward across the Eastern Cordillera backthrust belt primarily in late Eocene and Oligocene time (McQuarrie and DeCelles, 2001; DeCelles and Horton, 2003; Ege et al., 2007; Anderson et al., 2018), and reached the San Vicente thrust along the Eastern Cordillera–Altiplano boundary by ca. 27 Ma (Müller et al., 2002; Ege et al., 2007; Anderson et al., 2018). The end of upper crustal shortening in the Eastern Cordillera is marked by diminished sedimentation rates and deposition of intermontane basin fill unconformably on deformed Paleozoic strata of the Eastern Cordillera (Horton, 2005). At this time, rapid cooling propagated eastward into the Interandean Zone from 25 to 18.5 Ma (Ege et al., 2007; Anderson et al., 2018). Depositional ages of Neogene strata determined from interbedded tuffs and apatite (U-Th)/He cooling ages show the thrust front migrated into the western Subandean Zone by ca. 8 Ma, propagated eastward to the Villamontes section by 1.5–2 Ma, and reached the active thrust front (Mandeyapecua thrust) after 2.1 Ma (Costa et al., 2006; Uba et al., 2009; Hulka and Heubeck, 2010; Lease et al., 2016; Anderson et al., 2018; Calle et al., 2018).

This study reports new magnetostratigraphic and backstripping results for the Angosto del Pilcomayo section (Uba et al., 2005) ca. 4 km west of Villamontes, Bolivia in the Chaco foreland basin (Figure 1). Along the banks of the Río Pilcomayo, ca. 1,370 m of exposed stratigraphic section spans the Petaca, Yecua, Tariquia, and Guandacay Formations. These Neogene sedimentary rocks represent retroarc foreland basin fill of the Chaco basin. The western third of the basin has been incorporated into fold-thrust structures of the Subandean Zone. The basin continues to the east where it onlaps distally onto the Brazilian shield. Sediment accumulation began in the late Oligocene synchronous with shortening in the Eastern Cordillera (Uba et al., 2005).

The synorogenic sedimentary wedge disconformably overlies Cretaceous eolian sandstones containing large-scale trough-cross bedding. The Angosto del Pilcomayo section is composed of the non-marine Petaca, Yecua, Tariquia, Guandacay, and Emborozú Formations (Figure 2) (Uba et al., 2005). A brief synthesis of these formations from Uba et al. (2006) follows. The Oligocene to middle Miocene Petaca Formation comprises fluvial sandstones, abundant pedogenic horizons, and reworked pedogenic conglomerates. The Miocene Yecua Formation has been interpreted as spanning marginal marine, lacustrine to fluvial conditions across the Subandean Zone. In the study area, the middle Miocene Yecua Formation overlies the Petaca Formation, possibly with a subtle low-angle unconformity, and hosts fluvial overbank and channel facies. The upper Miocene Tariquia Formation contains interbedded thin- and thick-bedded sandstone, mudstone, and fine-grained sandstone, as well as poorly developed pedogenic horizons and abundant mudcracks. This has been interpreted as a product of a distal fluvial megafan environment. The upper Miocene to Pliocene Guandacay Formation contains conglomerate, sandstone, and mudstone consistent with braided streams in a medial fluvial megafan environment. The upper Pliocene to Pleistocene Emborozú Formation contains upward-coarsening thick-bedded conglomeratic strata displaying laterally continuous sheetlike bedding geometries attributed to deposition in a proximal fluvial environment.
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FIGURE 2. Synthesis of magnetostratigraphic results. On the left, stratigraphic section geochronologic results from U-Pb geochronology at four positions (Uba et al., 2007) in the Angosto del Pilcomayo section near Villamontes, Bolivia. Site results from magnetostratigraphic investigation, showing the tilt-corrected declination of the primary magnetization vector determined for specimens at each site. N denotes normal polarity with a declination of 0°, and R denotes reversed polarity with a declination of 180°. Two possible interpreted polarity results are correlated with the Global Polarity Time Scale, pinned by the geochronologic ages shown. The ages and stratigraphic levels of the chrons in each correlation are plotted to define sediment accumulation curves. Correlation 1 is shown with white symbols, and average sediment accumulation rates are shown as linear interpolations (undecompacted). Correlation 2 is shown with light blue symbols. Two slightly different average sediment accumulation rates are shown, resulting in correlations 2.1 and 2.2.




MATERIALS AND METHODS


Magnetostratigraphy

Presented here is an overview of the magnetostratigraphic sampling and analytical methods. A detailed summary is provided in the Supplementary Materials. In the field, individual beds were selected as potential sample sites on the basis of lithology and stratigraphic level. The stratigraphic position of sampled beds are anchored to dated volcanic tuff horizons (Uba et al., 2005, 2006, 2007, 2009), providing foundational geochronologic constraints. Sampling focused on the Yecua, Tariquia, and lower ca. 100 m of the Guandacay Formation, which contain continuous exposures of siltstone to fine-grained sandstone lithologies best suited for magnetostratigraphic analysis. Samples were not collected from coarse-grained, discontinuous exposures intervals, including the underlying Petaca Formation and the overlying main body of the Guandacay or Emborozú Formations. Sample cores were obtained using a modified chainsaw with a circular 1-inch diameter, diamond tipped drill bit. At each sample site, a minimum of three separate cores (A, B, and C) were collected over a restricted stratigraphic range (generally less than 10–20 cm) and lateral distance (less than 1 m). The orientation of each core was measured before extraction using an orientation stage and compass. A total of 207 sites were collected from different stratigraphic horizons within the 1,370 m section, yielding an average stratigraphic spacing of ca. 6.5 m between successive sites. Using a customized trim saw with three circular, parallel, diamond tipped blades, each cylindrical core was cut into one or more half-inch thick disk-shaped specimens. To measure the remanent magnetization of the sample cores, each specimen was placed on the automated sample handling tray linked to a 2-G rock magnetometer in the Paleomagnetics Laboratory at The University of Texas at Austin. After measurement of the natural remanent magnetization (NRM), each specimen underwent a series of systematic thermal demagnetization steps using a shielded oven, measuring the thermal remanent magnetization (TRM) after each heating experiment. Due to instrument issues, only the A cores from all sites, and sites 1–136 of B cores could be analyzed. After progressive thermal demagnetization, the primary magnetization orientation for each specimen was analyzed using Paleomag X software. The resulting sequence of normal and reversed polarity intervals was then correlated to the Geomagnetic Polarity Time Scale (GPTS) (Gradstein et al., 2004), tied to stratigraphic horizons with known chronostratigraphic ages (Figure 2) (Uba et al., 2007). Two slightly different correlations (1 and 2) to the GPTS are presented. For correlation 2, average rates of deposition may be interpreted in two ways, leading to correlations 2.1 and 2.2.



Backstripping

The new magnetostratigraphic results were used to conduct 1D Airy backstripping with exponential reduction of porosity to determine the magnitude of tectonic subsidence at the Villamontes section. OSXBackstrip software by N. Cardozo was used to implement methods described in Watts (2001) and Allen and Allen (2013). The sections were modeled as non-marine basins. Two scenarios were conducted, one with pure sandstone lithology, and one with pure shale lithology. This was done to investigate the relative importance of lithology on final magnitudes of tectonic subsidence, which are minimal (see section “Results” below). For sandstone, a density of 2,600 kg/m3, porosity coefficient c of 0.270 km–1, and original porosity of 49% were used. For shale, density of 2,500 kg/m3, porosity coefficient c of 0.510 km–1, and original porosity of 63% were used. Published ages and maximum stratigraphic thicknesses were used to model the Emborozú section (Calle et al., 2018). Tectonic subsidence was also estimated at two other positions east of the Villamontes succession along the line of section. These two additional locations lack chronostratigraphic control, and were used strictly to assess lateral variations in the total magnitude of tectonic subsidence. At these locations, we applied the ratio of tectonic subsidence magnitude to total sediment accumulation determined from the Villamontes section to determine equivalent tectonic subsidence at points B and C (Figure 3). The magnitude of tectonic subsidence is used for all three localities (Villamontes and point B and C) to constrain flexural modeling results.
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FIGURE 3. Partially restored balanced cross section showing the positions of stratigraphic sections at Villamontes, and positions B and C, which were used in the flexural modeling. Modified from Anderson et al. (2018).




Eroded and Deposited Volume


In Eastern Cordillera, Interandean Zone, and Chaco Foreland

AreaErrorProp software (Judge and Allmendinger, 2011; Allmendinger and Judge, 2013) was used to calculate the cross-sectional area of material eroded from the Eastern Cordillera and Interandean Zone, and the cross-sectional area of basin fill in the Chaco foreland. Eroded area was determined from the portions of the balanced cross section of Anderson et al. (2017) projected above the present surface. Eroded areas that belong to the Eastern Cordillera or the Interandean Zone are distinguished from each other and calculated separately based on the kinematic designation of each morphotectonic zone, as defined by Anderson et al. (2017, 2018). In the Chaco foreland, the pre-Cenozoic basement slope was projected eastward to the approximate pinchout of Cenozoic basin fill in the distal Chaco foreland, constrained from the regional dip observed in seismic data and depicted in cross sections (e.g., Dunn et al., 1995; Tankard et al., 1995; Uba et al., 2009; Anderson et al., 2017). This projection agrees with maps of the foreland basin geometry (Horton and DeCelles, 1997). Once determined, cross-sectional areas were multiplied by 146 km, the strike-parallel (north–south) extent of the geologic map from Anderson et al. (2018), to determine the volume of material eroded from the Eastern Cordillera and Interandean Zone, as well as the volume of material preserved in the Chaco foreland basin. These calculations are restricted to the study area and do not apply to other latitudes of the orogenic belt. The 3D rugose nature of the basement-cover interface was not considered in the volumetric calculations of foreland basin fill. A north–south transect through the Subandean Zone based on subsurface datasets shows 1–2 km amplitude irregularities of this contact and an average depth of ca. 2.5 km depth below sea level (McGroder et al., 2015), although there is no systematic dip of the basement contact within the study area.



From Beneath the San Juan del Oro Surface

The geologic map of Anderson et al. (2018) was georeferenced in ArcMap to guide the interpolation of the high-elevation San Juan del Oro surface. The mapped distribution of the San Juan del Oro surface was extrapolated onto the MERIT DEM (multi-error-removed improved terrain digital elevation model; Yamazaki et al., 2017). A slope map calculated from the MERIT DEM was used to aid mapping, which shows low-relief portions of the surface. By defining multiple points delimiting the preserved boundaries of the San Juan del Oro surface, the elevation was extracted from the MERIT DEM and added as an attribute field to the point feature class that defined the surface. Using these points, kriging interpolation was used to define the original low-relief surface geometry. The parameters for the kriging tool include the point feature class that indicates the boundary of the San Juan del Oro surface, and the z-value field, which indicates the attribute field in the point feature class that contains the elevation data. Additionally, the search radius, which defines the points used to interpolate the value for each cell of the output raster, was set at 100 points. All other kriging parameters were left as default values. Finally, to calculate the volume of material eroded from beneath the San Juan del Oro surface since its formation, the Raster Calculator tool was used to determine the difference between the interpolated San Juan del Oro surface raster and the MERIT DEM. All locations where the MERIT DEM was at a higher elevation than the kriged surface were excluded from these calculations.



Flexural Modeling

Matlab-based software FlexMC (Saylor et al., 2018) was used to perform Monte Carlo simulations that investigate a range of possible flexural loading configurations (variable dimensions and densities) and lithospheric conditions that could explain the magnitude of tectonic subsidence at three positions in the Bolivian foreland basin: Villamontes succession, and points B and C. The selected model space was defined as 800 km wide by 20 km high (10 km above and below a horizontal reference surface). The loads were allowed to vary between 50 and 300 km in width, and between 1 and 8 km in height. Elastic thickness could vary between 10 and 100 km. Three possible lateral patterns in effective elastic thickness (EET) were explored: laterally constant, linearly laterally variable, and exponentially laterally variable. Two possible geometries of the topographic load were explored: a rectangular load and a foreland-sloping load. The front (right) edge of the load was pinned at the 300 km position, and the load was situated to the left of the pin. The horizontal position of the three basin localities (Villamontes, B, and C) were measured from the Andean deformation front in the sequentially restored cross section of Anderson et al. (2018) at 8 Ma (Figure 3), and are depicted in the model (Figure 4; yellow points). Subsidence uncertainties of 500 m were implemented for the three basin localities. For each of the 6 model runs, 1,000 trials were conducted.
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FIGURE 4. Results from flexural modeling. Parts (A,B) show results from linear effective elastic thickness, (C) shows linearly changing effective elastic thickness, and parts (D,E) show exponentially changing effective elastic thickness. Panels on the left have rectangular topographic loads prescribed, while panels on the right have loads that slope toward the foreland. The positions of the sections at Villamontes, B, and C are situated at the same distance measured from the thrust front at 8 Ma in Figure 3.




RESULTS


Magnetostratigraphy

Measured tilt-corrected declinations were used to determine magnetic polarity for 207 sites for all A specimens and sites 1–136 for all B specimens within the 1,370 m stratigraphic section (Figure 2). Using the magnetic polarity determined here and available geochronologic results from dated tuffs, two slightly different correlations 1 and 2 are presented. We define 30 polarity zones (15 normal, 15 reverse) in correlation 1, and 22 polarity zones (11 normal, 11 reverse) in correlation 2. These two correlations are consistent with independent U-Pb geochronologic results. Differences between correlations 1 and 2 come from the decision to include or exclude those polarity zones that are defined by a single site. In instances where a polarity zone is defined by a single site, this could be considered provisional until further tested. The two correlations are plotted to determine the sediment accumulation curve. Average sediment accumulation rates for intervals between inflection points in the curve are shown (Figure 2). For correlation 2, we explored the impact of selecting different inflection points (for example, between 800-1000 m) on average sediment accumulation rates. Despite this range of possible correlations and rates, there is general consistency among the different interpretations. The lowest interval (0–77 m) from both correlations shows an average accumulation rate of ca. 49 to ca. 77 m/Myr. The following interval, up to ca. 330 m, has an average accumulation rate of ca. 114 to ca. 140 m/Myr. The covered interval occupies the ca. 350–560 m level of stratigraphic section and prevents detailed magnetostratigraphic analysis of this part of the succession. Above the covered interval, the average accumulation rate ca. 314, ca. 677, and ca. 459 m/Myr for correlations 1, 2.1, and 2.2, respectively. This represents a 2 × (correlation 1) to 4.8 × (correlation 2.1) increase in sedimentation rate. Correlation 2.1 shows an average accumulation rate of ca. 677 m/Myr at ca. 8–7 Ma, consistent with the 628 m/Myr rate reported by Uba et al. (2007) for strata of the same age. The uppermost section, encompassing the 1,250–1,370 m interval, has an average accumulation rate of ca. 147 to ca. 233 m/Myr, which represents a slight reduction but is still higher than the rates for the lower interval. Overall, the sediment accumulation curve defined by new magnetostratigraphic data agrees with existing chronostratigraphic results from Uba et al. (2007), and provides higher resolution control on intervals between horizons with dated volcanic tuffs.



Backstripping

The magnetostratigraphic results define a series of magnetic chrons for the Villamontes section. The ages for the base and top of each chron, and associated stratigraphic level, were used for backstripping. The backstripping results show that the lithology chosen (sandstone or shale) predicts subtle differences in the decompacted sediment accumulation curves (Figure 5). However, the difference in total tectonic subsidence between the two is minimal: 1,741 m (sandstone), and 1,759 m (shale). For the purposes of flexural modeling, a value of 1,750 m was used for the tectonic subsidence at the Villamontes succession. At the Emborozú section, results show sediment accumulation between 10.5 and 8.3 Ma only in the Tariquia and Emborozú Formations. The accumulation rate is similar to that observed in Pliocene–Pleistocene strata at the Villamontes section.
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FIGURE 5. Backstripping results for the Villamontes and Emborozú sections. Villamontes succession combines magnetostratigraphic results for 1,370 m of section spanning ca. 12–5 Ma depositional age, dominantly the Yecua (Y. Fm.) and Tariquia Formations (T. Fm.), and adds the general age and maximum thickness estimates for the underlying Petaca Formation, and overlying Guandacay (G. Fm.) and Emborozú Formations (E.) (from Uba et al., 2007). The Emborozú site has limited chronostratigraphic constraints, and no attempt was made to include the under- or overlying strata. At the Villamontes site, the impact of pure sandstone and pure shale lithologies on backstripping results was assessed, with minor differences in total tectonic subsidence between the lithologies, and recognizing that the Villamontes section is not a single lithology. For the Emborozú site, only sandstone lithology was used. Note that rapid sediment accumulation was ongoing at ca. 11 Ma, and similar rates of sediment accumulation are not observed at the Villamontes succession until ca. 8 Ma and later.


These results confirm the overall convex-upward sediment accumulation curve at the Villamontes section (Uba et al., 2007), consistent with flexural foreland basin deposition. At the incomplete Emborzú section, only a record of rapid sediment accumulation is preserved. At the Villamontes section, there is an inflection in the sediment accumulation curve at ca. 11–8 Ma, marking the transition to more rapid sediment accumulation in the foredeep depozone.



Eroded Volume

Eroded volumes (Figure 6) were calculated for the study area using the geologic map of Anderson et al. (2018). No attempt was made to determine whether the calculated volumes are appropriate for other segments of the Andes along strike to the north or south. No attempt was made to account for changes in volume and density associated with breakdown of solid rock into detritus, or the impact of compaction on volumetric changes after deposition. A comparison of density differences between sedimentary basin fill (2,500–2,600 kg/m3) and potential Eastern Cordillera parent rocks such as slate (ca. 2,691 kg/m3) and granite (ca. 2,750 kg/m3) suggests that volume and density changes during weathering and erosion could have minor effects on volumetric comparisons between rock eroded from the fold-thrust belt and sediment deposited in the Subandean Zone.
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FIGURE 6. Gray polygons showing the areas that represent eroded material from different portions of the cross section. The areas were multiplied by the north–south extent of the map in Figure 1 to determine the eroded sediment volumes shown in this figure. Note that the Eastern Cordillera shows estimates for two distinct time intervals, and the Interandean Zone differentiates material eroded from the western and eastern segments. The basal dip of the foreland was continued eastward to determine the approximate position of the pinchout of the foredeep.



In Eastern Cordillera, Interandean Zone, and Chaco Foreland

Using the eroded area from the balanced cross-section of Anderson et al. (2017) and the distribution of ages from various thermochronologic datasets used to infer timing of erosional exhumation (Ege et al., 2007; Anderson et al., 2018), the volume of material eroded from the Eastern Cordillera can be calculated for two time intervals. Across the Eastern Cordillera, rapid cooling was well underway by ca. 25 Ma and all apatite (U-Th)/He results show cooling below closure temperature by 15–12 Ma (Ege et al., 2007; Anderson et al., 2018). However, final exhumation of these samples may not have occurred until ca. 10 Ma development of the San Juan del Oro surface. Based on reasonable estimates of the paleogeothermal gradient in the region (e.g., Ege et al., 2007; Anderson et al., 2018), samples could have been at depths of up to ca. 2.5 km at 12 Ma, and subsequently brought to the surface by 10 Ma. Thus, between ca. 25 and 15–12 Ma, 133,818 km3 was exhumed and removed from the Eastern Cordillera (Figure 6). By 10 Ma, an additional 61,307 km3 had been eroded, totaling 195,125 km3 of material removed from the Eastern Cordillera.

In the Interandean Zone, Triassic and younger rocks are no longer preserved (Kley et al., 1996; Anderson et al., 2017). However, reset apatite fission track (U-Th)/He ages for Permian and older rocks require burial heating by a >4 km thick section of Mesozoic–Cenozoic rocks by late Oligocene–early Miocene time (Ege et al., 2007; Anderson et al., 2018). The eroded volumes from the western and eastern portions were calculated separately because they have distinct cooling ages determined from thermochronological data. In the western Interandean Zone, 34,488 km3 material was removed between 25 and 18 Ma. In the eastern Interandean Zone, 31,446 km3 was removed between 11 and 8 Ma.

In the Subandean Zone, remnants of the Cenozoic basin are preserved in the synclinal valleys between eroded anticlinal ranges. Erosion of the frontal fold-thrust belt contributed 54,132 km3 material. To the east, the Chaco foreland has primarily been a region of sediment accumulation, with very little shortening and exhumation. Calculations show a minimum volume of ca. 75,542 km3 of preserved Cenozoic basin fill. This volume occupies the foreland basin between the Andean deformation front (near Villamontes) to the distal pinchout of the foreland basin projected ca. 190 km to the east (Figure 6).



From Beneath the San Juan del Oro Surface

After the preserved remnants of the San Juan del Oro surface were mapped (Figure 7A) and interpolated to approximate the original geometry of the surface (Figure 7B), differencing the interpolated surface and the MERIT DEM yielded a ca. 96.5 km3 volume of material eroded from beneath the San Juan del Oro surface (Figure 7C). The mapping of the San Juan del Oro surface is consistent with previous workers (Kennan et al., 1997; Anderson et al., 2018). These results show that the remnants of the surface today are not consistent with a horizontal or flat surface, but instead, an undulatory surface with a component of northward plunge. Whether this irregular surface represents the original geometry, or reflects subtle folding and deformation after the surface formed, remains unclear. Regardless, material removed from river valleys and gorges incised into the San Juan del Oro surface (Figure 7C, black polygons) provides a minimum estimate of material supplied to the foreland since final construction of the surface.
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FIGURE 7. (A) Digital elevation model of the study area showing the control points (black outlined dots) mapped to the boundaries of the high-elevation San Juan del Oro surface. (B) Results from kriging interpolation of the San Juan del Oro control points showing the approximate elevation of the surface prior to erosion. White polygons show regions of positive bedrock relief above the interpolated San Juan del Oro surface. (C) Black polygons show the outline of locations where the DEM is lower than the interpolated San Juan del Oro surface. The volume between the two surfaces (the DEM from A and the kriged surface from B) is ca. 96.5 km3.




Flexural Modeling

Five of six scenarios yielded viable flexural models (Figure 4). Only the scenario with linearly changing EET and foreland-sloping topography did not yield any model results. In scenarios with constant EET (Figures 4A,B), modeled EET varied between 55 and 95 km. In the linearly changing case (Figure 4C), the left (west) side of the model had EET between ca. 10–50 km, and these increase to ca. 50–95 km on the right (east) side of the model. In the cases of exponentially changing EET (Figures 4D,E), the left (west) side of the model predicts a range of 5–90 km, and ca. 50–90 km on the right (west) side of the model.



DISCUSSION


Foreland Basin Subsidence

Results from magnetostratigraphic and backstripping analyses confirm that the Chaco foreland basin experienced an increase in sediment accumulation rate between ca. 11 and 8 Ma, recording ca. 1,750 m of tectonic subsidence. The parameters tested with the flexural models were assigned a large range of potential values in order to minimize bias in possible solutions. The purpose of these models was not to predict the exact values of specific parameters governing the evolution of the Chaco foreland basin, but to explore the range of conditions that could have generated the observed sediment accumulation patterns. The models are simplified (Figure 4), as they simulate emplacement of a load instantaneously, whereas the Eastern Cordillera and Interandean Zone developed over 10s of Myr, and have been translated hundreds of kilometers eastward during protracted shortening and underthrusting of the Brazilian craton. These results show that a range of load configurations could generate basin profiles outlined by backstripping and tectonic subsidence analyses. Likewise, the results show that a broad range of lithospheric conditions could have produced the observed magnitudes of tectonic subsidence (Figures 2, 5). The broad range of viable solutions gives support to previous interpretations of the Chaco foreland as a flexural foreland basin (e.g., Horton and DeCelles, 1997).

Given the dimensions of the Eastern Cordillera, some flexural model solutions are geologically unreasonable. For example, Figure 4A shows that one modeled solution (the narrowest, highest rectangular loads that could generate viable flexural profile) is unrealistically high (>7 km) and narrow (<100 km), because it is inconsistent with dimensions of the Eastern Cordillera.

It remains challenging to reconstruct ancient lateral changes in effective elastic thickness. However, these results highlight that left to right (west to east) increases in EET provide viable model solutions, consistent with the west to east increase in EET predicted across the western margin of South America (Tassara et al., 2007), and predicted for other segments of the Andes (Fosdick et al., 2014), although the majority of EET values predicted here are greater than those predicted by Tassara et al. (2007). The results from linear and exponential changes EET could be further explored to refine the paired shortening and subsidence histories of the Bolivian Andes. Regardless of remaining challenges with modeling and reconstructions, these results demonstrate that the tectonic subsidence observed in the southern Bolivian Chaco foreland are consistent with flexural subsidence predicted from a range of plausible Eastern Cordillera and Interandean Zone topographic loads.

The calculations of eroded volumes (Figure 7) in the study area support a genetic link between topographic loading and flexural subsidence. The amount of material removed from the Eastern Cordillera is 195,125 km3, which occurred before development of the high-elevation San Juan del Oro geomorphic surface. The sum of material eroded from the Interandean Zone and Subandean Zone is 119,766 km3. The volume of material removed from beneath the San Juan del Oro surface is 96.5 km3. The Chaco foreland contains at least 75,542 km3. These results are consistent with sediment provenance analyses showing that the fold-thrust belt was the primary source of sediment (Calle et al., 2018), and was capable of supplying all of the sediment in the Chaco foreland basin, even if the precise balance of material supplied westward to the Altiplano remains unconstrained. Barnes and Heins (2009) investigated a broader region spanning the Plio-Quaternary to recent, and demonstrated that incision into the San Juan del Oro surface provided 40–60% of Chaco foreland basin fill since ca. 2.1 Ma. These results show that there was ample additional sediment available from erosion of the fold-thrust belt to fill the Chaco basin since the middle Miocene.



Reconciling Foreland Basin and Fold-Thrust Belt Timing

Despite agreement between observed magnitudes of tectonic subsidence in the Chaco foreland (Figures 2, 5) and basin subsidence profiles predicted from various flexural models (Figure 4), and new recognition of ample detritus supplied from the thrust belt to the foreland basin (Figures 6, 7), there is an apparent discrepancy between the timing of exhumation in the fold-thrust belt beginning in the Eocene and the onset of rapid subsidence in the Subandean foreland basin in the Miocene (Figure 8). The incomplete Emborozú section shows rapid sediment accumulation was ongoing at 11 Ma (Calle et al., 2018), whereas the Villamontes section, situated eastward of the Emborozú section, experienced the shift to rapid sediment accumulation by ca. 8 Ma (Uba et al., 2007; this study) (Figure 2). This is consistent with eastward migration of a flexural foreland basin in front of an advancing fold-thrust belt.


[image: image]

FIGURE 8. (A) Synthesis of thermochronologic data from Anderson et al. (2018) emphasizing westward- and eastward-advancing contraction in the backthrust and forethrust portions of the Eastern Cordillera and Interandean/Subandean Zones, respectively. Dashed box highlights anomalous apatite (U-Th)/He results with varied ages and uncertainties. These data correspond to the region where the San Juan del Oro surface is developed, shown by the gray bar. (B) Balanced cross-section from Anderson et al. (2018) showing the location of tectonomorphic regions and thermochronology samples.


We reassessed the thermochronologic results of Anderson et al. (2018) to compare exhumation in the fold-thrust belt with the known timing of rapid foreland basin sedimentation in the Chaco foreland. Broad trends in the thermochronologic data are consistent with the interpretations from Anderson et al. (2018) (Figure 8): after initial shortening along the axis of the Eastern Cordillera at ca. 40–35 Ma, which was focused just west of the Camargo syncline (Figures 1, 8), shortening propagated both westward and eastward. Westward (trenchward) verging contraction was accommodated by the Central Andean Backthrust Belt, which advanced to the Altiplano margin by ca. 27 Ma (San Vicente Thrust). Eastward (foreland) verging contraction advanced generally through the Cuesta de Sama anticlinorium, which may have been rapidly exhuming by 30–32 Ma, into the Interandean Zone by ca. 25–20 Ma, and into the Subandean Zone after 10 Ma. In this scenario, the limited chronostratigraphic results for foreland basin fill of the Camargo syncline region fall within the accepted range of possible depositional ages (between 55 and 25 Ma; DeCelles and Horton, 2003; Horton, 2005). Specifically, deposition near the Camargo syncline overlapped with early Eastern Cordillera shortening at ca. 40 Ma, and ceased by ca. 30 Ma when the Cuesta de Sama anticlinorium began to be uplifted east of the Camargo syncline depocenter. Deposition of the 2–3 km Camargo syncline succession over this time frame is consistent with the rapid accumulation rates observed in other proximal foreland basins.

In this reassessment of thermochronologic results, we highlight the assortment of apatite (U-Th)/He ages in the Eastern Cordillera. While higher temperature thermochronometers support westward advance of the backthrust belt, apatite (U-Th)/He ages from this same area have a range of reproducibility. Some samples show age uncertainties >15 Myr, while others show low uncertainties comparable to apatite (U-Th)/He results from the Interandean and Subandean Zones. This region of the Eastern Cordillera with higher age uncertainties is also where the San Juan del Oro surface developed. The contrast in style and magnitude of apatite (U-Th)/He thermochronologic cooling signals between the Eastern Cordillera and Interandean/Subandean Zones reflects a dichotomy of processes active during the Miocene across the fold-thrust belt. In the Eastern Cordillera, the varied reproducibility among apatite (U-Th)/He samples occurs irrespective of mapped structures or proposed basement structural geometries. We suggest that the character of the apatite (U-Th)/He results in the Eastern Cordillera is more consistent with sedimentary processes, such as the infilling of intermontane basins and formation of geomorphic surfaces. Final construction of the San Juan del Oro surface was complete by ca. 10 Ma, but it may have begun developing earlier, after ca. 25 Ma cessation of most upper-crustal shortening in the Eastern Cordillera. Although the precise formation mechanisms of such high-elevation low-relief hinterland surfaces remain unclear (e.g., Fox et al., 2020) we envision a combination of erosional beveling, surface leveling, local deposition, relief reduction, and overall topographic homogenization. The combination of such processes would result in irregular cooling patterns expressed by thermochronologic datasets, attributable to alternating periods of localized erosion and deposition as topography was smoothed. Additionally, the structural restoration predicts lateral translation of this region over a long basement flat (Anderson et al., 2017), arguing against a clear structural control on cooling ages. The combination of a range of possible mechanisms associated with formation of the San Juan del Oro surface, and structural restorations, are consistent with the apatite (U-Th)/He results from the region. Thermokinematic modeling in central and northern Bolivia illustrate rapid cooling is focused above basement ramps, whereas cooling ages above basement flats are more variable because material is passively transported and exhumation rates are much lower (e.g., Rak et al., 2017; Buford Parks and McQuarrie, 2019).

In contrast with the Eastern Cordillera and San Juan del Oro region, apatite (U-Th)/He (and other thermochronometric) results from the Interandean and Subandean Zones display lower uncertainty and a clear eastward younging age signatures. This is consistent with eastward advance of Neogene shortening while the Eastern Cordillera was experiencing minimal upper-crustal shortening, developing the San Juan del Oro surface, and being transported along basement flats. The apatite (U-Th)/He results from the Eastern Cordillera suggest partial resetting during shallow burial but preclude the deep burial that might be expected from the volume of material known to have been removed from the Eastern Cordillera since 25 Ma. We are left with a question – where was the sediment eroded from the Eastern Cordillera and Interandean Zone being stored, if it was not sequestered in the Eastern Cordillera or deposited in the Subandean Zone before 11 Ma?

Addressing this question also requires satisfying other observations: (1) bivergent (westward and eastward) shortening in the Eastern Cordillera/Interandean zone fold-thrust belt that spanned ca. 40 and 10 Ma; (2) a contrast in apatite (U-Th)/He results from the Eastern Cordillera and Interandean/Subandean Zones suggestive of different processes acting in these regions to yield contrasting cooling ages; (3) combined investigations of eroded volumes, flexural modeling, magnetostratigraphic results, and backstripping that confirm that the fold-thrust belt provided sufficient sediment and topographic loading to explain observed Subandean basin volumes, despite (4) a temporal lag between the main phase of Eastern Cordillera/Interandean Zone shortening and subsidence in the adjacent foreland.

The following scenario is proposed. During initial shortening in the Eastern Cordillera, and until contraction reached the Cuesta de Sama anticlinorium by 32–30 Ma, structural restorations predict a >291 km distance between the deformation front and the Villamontes section. The Eocene foreland basin that developed in the Eastern Cordillera and Interandean Zone (best preserved in the Camargo syncline; DeCelles and Horton, 2003) likely received a significant volume of the material eroded from the axial and western segments of the Eastern Cordillera. During this time, these segments of the Eastern Cordillera were eroded to Paleozoic levels, such that subsequent Cenozoic intermontane basin fill was deposited on Ordovician strata in angular unconformity (Horton, 1998, 2005), and flanked by development of the San Juan del Oro surface between ca. 25 and 10 Ma. While the initial foreland basin was accumulating sediment, the future Subandean zone was not. The Subandes may not have received sediment at this time even in the backbulge depozone if the flexural wave was damped out (DeCelles and Horton, 2003). Passage of the forebulge depozone, recorded as paleosols in the Oligocene to middle Miocene Petaca formation, suggest that the Subandes were not in the foredeep depozone in the Eocene. To constrain the basin width and lithospheric parameters, we assume that the distance to the Villamontes section, 291 km, represents the maximum foredeep width. Assuming Young’s modulus of 70 GPa, Poisson’s ratio of 0.25, mantle and crust density of 3,300 and 2,600 kg/m3, respectively, an effective elastic thickness >40 km would have been required to generate a foredeep depozone ca. 291 km wide. Tassara et al. (2007) report the effective elastic thickness of the modern lithosphere under the Andean orogen to be generally less than 15 km. This suggests that the effective elastic thickness of the lithosphere during initial shortening would have been between 40 and 15 km. Even as shortening advanced eastward, the Villamontes locality remained far to the east, beyond the flexural wavelength of the foredeep depozone basin, until the late Miocene. The Villamontes succession would have entered the rapidly subsiding foredeep depozone only after significant advance of the fold-thrust belt and underthrusting of the Brazilian Craton, which would have decreased the distance between the Eastern Cordillera topographic load and the Subandean zone, and increased the effective elastic strength of the lithosphere, making the depozone wider. Between 40 and 10 Ma, material eroded from the fold-thrust belt was continuously recycled in the advancing foreland basin, as demonstrated by sediment provenance results (Calle et al., 2018). Since 10 Ma, additional erosion of the Subandean Zone, and incision into the San Juan del Oro surface further supplemented sediment delivery to the basin. A migrating foreland basin system is consistent with past interpretations of an advancing flexural load and progradational depositional systems (e.g., Uba et al., 2006). This work is consistent with previous findings (DeCelles and Horton, 2003; Uba et al., 2006), and reconciles apparent temporal inconsistencies among the timing and position of shortening, eroded sediment volume and sediment accumulation timing, and geomorphic observations.

In addition to the clear tectonic mechanisms the controlled foreland basin evolution in the central Andes, Miocene climate shifts must also be considered. Various changes in depositional setting and style at ca. 8 Ma, including a switch from braided streams to a progradational fluvial megafan setting in the Villamontes section, led Uba et al. (2005) to postulate that climate change played a dominant role in modifying foreland sedimentation rates. Strecker et al. (2007) stated that the South American monsoon began between 12 and 8 Ma, and that the central Andean region changed from a semi-arid or arid system to a humid environment by middle to late Miocene time. The links among shortening, erosion, and foreland basin sedimentation discussed in this manuscript provide a mechanism to explain the shifts in sedimentation rate apart from climate. A foreland-younging pattern of rapid sediment accumulation is revealed by comparison of separate localities (the Camargo syncline, Emborozú, and Villamontes sections). This time-transgressive history is consistent with a continuous eastward advance of the fold-thrust belt, and inconsistent with a single shift in sediment accumulation rate by a climate-driven process. We envision that Miocene climate shifts modified sediment erosion, transport, and depositional processes that further amplified tectonic processes. These include protracted fold-thrust belt advance toward the foreland, exhumation and sediment recycling, and flexural subsidence, which acted on development of the Chaco foreland basin. The results presented here bolster the recognition that interactions between climate, tectonic, and surface processes on orogen development are key, despite persistent challenges disentangling their precise contributions.



CONCLUSION

This study investigated the linkages among shortening, erosion, sediment transport, and foreland basin subsidence in the southern Bolivian Andes. Numerous datasets were brought to bear on the problem: structural geometries and exhumation timing provided by thermochronologic datasets spanning the Altiplano to Subandean Zone; new magnetostratigraphic results from a Subandean section at the Villamontes succession to generate a detailed chronostratigraphic framework; backstripping of the Villamontes and Emborozú sections to determine the magnitude of tectonic subsidence and quantify rates of sediment accumulation; flexural modeling to investigate the load dimensions and lithospheric parameters that accommodated observed foreland basin geometries; and eroded volume calculations to determine the magnitude of material removed from different sections of the Andean fold-thrust belt, and the minimum volume of sediment stored in the modern Chaco foreland.

This work shows that the magnitude of foreland basin sediment accumulation is consistent with reasonable fold-thrust belt geometries and lithospheric conditions. Further, the fold-thrust belt would have been the dominant sediment source by volume and provided sufficient material to fill the foreland basin. Material excavated from beneath the San Juan del Oro surface contributed minor sediment volume to the foreland basin. Despite these consistencies, a key discrepancy remains. Specifically, how the modern foreland basin could display middle Miocene and younger onset of rapid sediment accumulation, despite evidence for fold-thrust belt shortening and erosion since ca. 40 Ma. We propose that the large magnitude of shortening and attendant lateral translation of the fold-thrust belt, coupled with flexural subsidence over a weak lithosphere, created an initial foreland basin that was too narrow to induce sediment accumulation in the distal Subandean Zone. The early flexural foreland basin has been largely erosionally recycled as the fold-thrust belt advanced eastward. Remnants of this early foreland basin have been identified in the eastern segment of the Eastern Cordillera (Camargo syncline and related sections). Only in the past ca. 11 Myr has a combination of crustal shortening, attendant underthrusting of the Brazilian Shield, and foreland advance of the fold-thrust belt been sufficient to bring the Subandean localities (Villamontes and other sections) into the proximal foredeep depozone. An interesting possibility emerges, such that once the early foreland basin is entirely eroded away, this segment of the Andes may have a foreland basin stratigraphic record that does not preserve the initial 10s of Myrs of early Andean orogenesis.
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The discrete element method (DEM) is becoming widely accepted as an effective method for addressing tectonic problems in granular materials. It is capable of reproducing structures observed in the analog model (AM). However, the previous experiments also pointed to variability among DEM models and AMs in the number of fault zones, their dip angle and spacing, and the evolution of the surface slope of a thrust wedge. The accuracy of the DEM depends on the input parameter values, so the calibration of the discrete element method is very important. Microscopic properties of particles and macroscopic properties of loose quartz sand were calibrated through a series of repose angle and biaxial tests. Furthermore, an AM was constructed to simulate the evolution of the thrust wedge to compare with DEM results. DEM and AM results indicate an encouraging overall agreement in model evolution. Based on a new automated wedge quantification method, DEM results were systematically compared with AM results on the number of fault zones, their dip angle and spacing, the evolution of the surface slope of a thrust wedge, and other parameters. Our study provides a necessary comparison between commonly applied modeling approaches, which is important for more confidently applying these methods to understand real fold and thrust belt systems.
Keywords: discrete element method, analog model, strain analysis, quartz sand, thrust wedge
INTRODUCTION
Fold and thrust belts are a series of mountainous foothills adjacent to an orogenic belt, which forms due to contractional tectonics. As the total shortening increases in a fold and thrust belt, the belt propagates into its foreland. The frontal parts of these fold and thrust belt systems have commonly been interpreted to be critically tapered Coulomb wedges (Chapple, 1978), which were quantified by Davis et al. (1983), Dahlen (1990), and others. The modeling experiments, such as an analog model (Suppe, 2007; Wu et al., 2010; Wu and McClay, 2011; Schreurs et al., 2016; Sun et al., 2016) and discrete element method (Buiter, 2012; Morgan, 2015; Buiter et al., 2016; Li, 2019), are widely used for quantitative comparison with natural examples of fold and thrust belt systems.
The discrete element method (DEM) is a non-continuum method and is capable of reproducing structures observed in the analog model (AM) and has been applied to the study of geological problems (Saltzer and Pollard, 1992; Hardy and Finch, 2006; Hardy, 2008; Hardy et al., 2009; Yin et al., 2009; Buiter, 2012; Dean et al., 2013; Morgan, 2015; Botter et al., 2016; Morgan and Bangs, 2017; Smart and Ferrill, 2018; Meng and Hodgetts, 2019). Buiter et al. (2016) presented the quantitative results from three brittle thrust wedge experiments of eleven numerical codes, which use finite element, finite difference, boundary element, and distinct element techniques. The continuum methods, e.g., finite element model, finite difference model, and boundary element model, can simulate discontinuities to an extent either replacing the discontinuities with the material of a different rheology or through special treatments of the discontinuity nodes. However, they are not suitable for studying emergent behavior and probe the evolution of fracture systems, which is a consequence of microscopic processes (Gray et al., 2014; Mora et al., 2015). Particularly, the results of Buiter et al. (2016) showed the SDEM, named the stress-based discrete element method, is capable of reproducing structures observed in the analog sandbox experiments without the need for the ad hoc calibration routines normally associated with the conventional DEM. In contrast to the conventional DEM, the friction properties of an SDEM particle system are in agreement with the Mohr–Coulomb constitutive model with friction angles specified on a particle level (Egholm et al., 2007). However, the experiments also pointed to variability among models in the number of shear zones, their dip angle and spacing, and the evolution of the surface slope of thrust wedges. And they lacked quantitative comparison between the SDEM and corresponding AM results. Hardy et al. (2009) presented that a series of numerical simulations at the km scale based on the DEM replicated the similar deformation seen in the AM at the cm scale. The accuracy of the DEM largely depends on the input parameter values, so the calibration of the discrete element method is very important (Coetzee, 2016; Coetzee, 2017). Generally, the particle properties and the emergent bulk material properties are typically assessed through the repose angle tests and biaxial tests (Botter et al., 2014; Morgan, 2015), so that particle aggregates can produce a realistic fault geometry and finite strain field.
In Discrete Element Method, the basic methodology of DEM is outlined. In Calibrating the Microscopic Parameters of Particles, the microscopic properties of particles and macroscopic properties of loose quartz sand are calibrated through a series of repose angle tests and biaxial tests. The experimental setup, the model construction technique, and the material properties are described in Shortening Experiment. Furthermore, an AM using loose quartz sand was constructed to simulate the evolution of the thrust wedge in order to compare with the results of the DEM at the same scales. In Comparisons With Analog Model and Discrete Element Method, an accurate method for measuring the surface slope, width, and height of the thrust wedge is proposed based on the mesh. The results of discrete element simulations were compared with scaled analog (sandbox) models through the determination of their qualitative (visual) and quantitative (e.g., measurements of the surface slope and dip angle of faults) similarities and differences, which is beneficial to the Earth Sciences community.
DISCRETE ELEMENT METHOD
The DEM has been applied to the study of geological problems in recent decades. In standard DEM simulations, the perfect discoid or spherical shape of the particles grossly exaggerates rolling when compared to, e.g., nonspherical and rough quartz sand grains. To compensate for this effect, it is important to incorporate rolling resistivity. This approach also leads to a higher efficient computation. Furthermore, the geometries that occur in the DEM will be characterized by forward thrust propagation and by back thrusting incorporating rolling resistivity. It is similar to what we observe in a typical analog model experiment. The DEM described here is a variant of the lattice solid model, which was developed to provide a basis to study the physics of rocks and the nonlinear dynamics of earthquakes at the beginning (Mora and Place, 1993; Mora and Place, 1994; Mora and Place, 1998; Mora and Place, 1999; Place et al., 2002). Generally, the lattice solid model does not include particle resistance to rolling, i.e., the particle spins are initially set to zero and fixed in the whole simulation, which can enhance interlocking force between particles. The particle shapes of the loose quartz sand are various, and the occlusion between them is strong. Although the discoid particles, i.e., two-dimensional disks, are used in our simulation, the particle spins are fixed in order to enhance interlocking force between particles. Furthermore, the fault-fold structures shown in the simulation based on the lattice solid model are similar to those observed in the AM (Hardy et al., 2009). The geologic body is simplified into an assemblage of discoid elements, which obey Newton’s equations of motion and can move under the action of forces that are generated by interacting with pairs of elastic springs. A full, detailed description of the theory behind this modeling approach and its application to geological problems are given by Place et al. (2002) and Hardy et al. (2009).
In the simulations presented here, inter-particle bonding is not used, i.e., all springs are not tensile. A full detailed description of the bond is given by Hardy et al. (2009). The behavior of the elements assumes that the particles interact through a repulsive force in which the magnitude of the normal force, Fn, is given by
[image: image]
where Kn is the normal stiffness of the contact and Un is the normal relative displacement.
In addition to treating the normal force between particles, we also calculate the shear force, Fs, as a result of displacement perpendicular to the vector connecting the particles’ centroids, Us. The magnitude of the shear force is limited to be less than or equal to the maximum shear force, μFn, allowed by Coulomb friction,
[image: image]
where Ks is the shear stiffness of the contact, Fn is the normal force at a contact, and μ is the inter-particle friction coefficient. If a contact is “lost” between two touching elements (i.e., they separate), then all the forces between the elements are set to zero. The value of normal stiffness of the contact is set to be equal to the shear stiffness of the contact, and they were not distinguished in the following discussion, i.e., k = Kn=Ks.
An artificial viscosity (Fv) is added to damp the reflected waves from the boundary of the particle and to avoid buildup of kinetic energy in the closed system (Place et al., 2002; Liu C. et al., 2013). The viscous force is proportional to the particle velocities and is given by Fv = ηvp, where η is the artificial viscosity and vp is the particle velocity. The time step ∆t is a constant value. It is chosen to ensure the stability and accuracy of the numerical simulation, particularly the integration. It is determined on the basis of the maximum stiffness of the contact, k, and the particle with the smallest particle mass, m. The relationship often used is of the form ∆t = [image: image], where f is the safety factor of the time step (Itasca Consulting, 2008).
CALIBRATING THE MICROSCOPIC PARAMETERS OF PARTICLES
The accuracy of the DEM depends largely on the microscopic properties of particles. The microscopic properties of particles and the macroscopic properties of loose quartz sand were calibrated through a series of repose angle tests and biaxial tests, in order to reproduce the specified mechanical properties of loose quartz. To do this, the static repose angle of the material was measured by the repose angle tests, where initially the assemblage is inside a rigid box, and then one side of the box is removed, as shown in Figure 1. The microscopic parameters of particles used in the DEM are given in Table 1. When the particles’ friction coefficient, μ, changes from 0.0 to 0.5, the static repose angle of the sample is proportional to the particles’ friction coefficient (Figure 2).
[image: Figure 1]FIGURE 1 | Static repose angle of the sample. (A) Laboratory test. (B) Discrete element simulation. The microscopic parameters of particles are shown in Table 1.
TABLE 1 | Microscopic parameters of particles.
[image: Table 1][image: Figure 2]FIGURE 2 | The static repose angle, θ, of the sample is proportional to the particles’ friction coefficient, μ.
From repose angle tests, Hardy et al. (2009) had determined that their inter-particle coefficients of friction, 0.2, 0.1, and 0.05, correspond to bulk coefficients of friction of ∼0.55, 0.36, and 0.18, respectively (angles of ∼30°, 20°, and 10°), values that allow for comparison with analog modeling studies and that can be compared to natural examples (McClay and Whitehouse, 2004). Additional ledge simulation was used to measure the angle of repose for our model (Oger et al., 1998; Botter et al., 2014). Finally, the friction coefficients of the particle in our model were 0.30 corresponding to the repose angle of ca. 40°, which is also consistent with that of the quartz sand used in our laboratory (Figure 1).
The dimensions of biaxial samples are 1 × 2 cm (Figure 3D). The Mohr–Coulomb failure envelope of the material is derived from biaxial tests under various confining pressures (50, 100, 200, and 300 Pa) (Figure 4). The initial biaxial sample is created by radius expansion (Itasca Consulting, 2008). First, as shown in Figure 3A, 1, 600 particles are created inside a rigid box with smaller diameters (0.1, 0.2, 0.25, and 0.3 mm). Then, their diameters are multiplied by 2 (Figure 3B). Finally, the assembly is cycled to equilibrium. The particles outside the dashed line are deleted (Figure 3C) to create new sidewalls, and the initial biaxial sample is obtained (Figure 3D).
[image: Figure 3]FIGURE 3 | Biaxial tests. (A) Particles with smaller diameters, i.e., 0.1, 0.2, 0.25, and 0.3 mm. (B) Radius expansion, with particle diameters of 0.2, 0.4, 0.5, and 0.6 mm. (C) Deleting the particles outside the dashed line. (D) Coloring. (E) The sample’s final state of deformation. (F) The sample’s deformational strain at the final state. The shear strain magnitude is shown by color intensity. Red denotes top to the right sense of shear, and blue denotes top to the left sense of shear. The calculation methods of deformational strain can be found in the study of Morgan (2015).
[image: Figure 4]FIGURE 4 | (A) Stress–strain curve of the biaxial samples at different confining pressures and (B) Mohr–Coulomb failure envelope of the biaxial samples at the particles’ friction coefficient, μ, of 0.3.
When the particles’ friction coefficient, μ, is 0.0, 0.1, 0.2, 0.3, 0.4, and 0.5, the samples’ friction angle, φ, and cohesion values, Co, are shown in Figure 5. They both increase with the increase in the particles’ friction coefficient, μ. Klinkmüller et al. (2016) reported the material properties of 26 granular analog materials used in 14 analog modeling laboratories. The peak friction angle and cohesion values measured from ring-shear tests are shown in Figure 6, and the five-pointed star is measured from biaxial tests by the DEM (Figure 4B). The bulk cohesion value of the DEM is ca. 67.4 Pa. by and large, consistent with the cohesion values of the quartz sand used in analog experiments (Figure 6).
[image: Figure 5]FIGURE 5 | (A) The samples’ friction angle, φ, and (B) cohesion values, Co, with different friction coefficients, μ, of particles.
[image: Figure 6]FIGURE 6 | Comparisons of the samples’ friction angle and cohesion between laboratory tests and the DEM. The dots are obtained from ring-shear tests by Klinkmüller et al. (2016), and the five-pointed star is obtained from biaxial tests by the DEM (Figure 4B).
The DEM for geological applications typically uses larger particle sizes and fewer particles (Saltzer and Pollard, 1992; Burbidge and Braun, 2002; Strayer and Suppe, 2002; Finch et al., 2003; Yamada, 2004; Naylor et al., 2005; Benesh et al., 2007; Hardy et al., 2009; Miyakawa et al., 2010; Hardy, 2011; Vidal-Royo et al., 2011; Hardy, 2015; Morgan, 2015), so that it can model structures at a larger spatial scale applicable to common geological problems. The particle sizes in our models were selected to directly compare against the quartz sand. The quartz sand, with a grain size of 0.2–0.4 mm and the spontaneous stacking density of about 1,500 kg/m3, was used in the AM experiment, and its deformation obeys the Mohr–Coulomb failure criterion (Lohrmann et al., 2003; Panien et al., 2006). The average bulk material density of particle assemblage is ca. 1,500 kg m−3. The assembly with four different particle diameters (0.2, 0.4, 0.5, and 0.6 mm) was used in the DEM. Furthermore, the sizes of the elements used in our DEM (0.2–0.6 mm) are very close to the real size of the quartz sand (0.2–0.4 mm) in our AM. Although the size of disks could be modeled more accurately by using smaller particles, the representation chosen was thought to be accurate enough and yet computationally efficient. The particle aggregate can basically represent the physical characteristics of analog materials used in analog modeling laboratories. A full discussion of parameter testing can be found in the following references: Place et al., 2002; Hardy and Finch, 2006; Hardy et al., 2009; Hardy, 2011; Vidal-Royo et al., 2011; Hardy, 2013; Botter et al., 2014.
SHORTENING EXPERIMENT
DEM Setup
Approximately 120,000 particles with four different particle diameters (0.2, 0.4, 0.5, and 0.6 mm, their quantity ratio is 2:2:1:1) were initialized by randomly generating particles within a 60.0 cm long and 10.0 cm high domain. Then, they were allowed to reach a static equilibrium state under the action of gravity. The particles whose height exceeded 2.5 cm would be deleted, and they were permitted to relax to a stable equilibrium state by settling under gravity again, i.e., all particles in the assembly have come to rest and their positions change only insignificantly, and the kinetic energy and the gravitational potential energy are approximately constant. The resulting particle assembly is 60.0 cm long and 2.5 cm high, and the number of particles is 101, 599. Microscopic parameters in Table 1 were chosen as the particle properties for the simulations. Deformation is illustrated in relation to 10 initially flat-lying layers that are pure for visualization purposes, which allows a much higher resolution of structures to be achieved and observed compared to previous studies of thrust wedges (Burbidge and Braun, 2002; Naylor et al., 2005; Hardy et al., 2009; Morgan, 2015). The computing restrictions limit the number of particles. The particle numbers (ca. 120,000) are carefully chosen to balance the resolution of the calculation domain and the computing restrictions. The left (mobile), right, and basal walls of the model have the same coefficient of friction as particles. Our simulation was run for 129,048 time steps with output of the assembly every 8,065 time steps equivalent to 1 cm (∆t × v × 8,065) of shortening along the base wall, which took ca. 3 h to complete by VBOX (Li et al., 2017; Li et al., 2018; Li, 2019), which was compiled with GCC (Richard M. Stallman and the GCC Developer Community, 2012) at O2 levels of optimization and using OpenMP (Chapman et al., 2008) parallelization on 16-core (Intel Xeon E5-2650) machines. The total displacement in the experiment is 16.0 cm giving a total of 26.7% shortening. The geometric evolution of the DEM simulation is shown in Figure 7.
[image: Figure 7]FIGURE 7 | Comparisons between AM and DEM results. Deformation and strain illustrated after (A) 2 cm, (B) 4 cm, (C) 8 cm, (D) 12 cm, and (E) 16 cm of shortening. In every panel, there are three figures. The first one is deformation for the AM. The second is deformation for the DEM. The third is the distortional strain field for the DEM. The shear strain magnitude is shown by color intensity. Red denotes top to the right sense of shear, and blue denotes top to the left sense of shear.
AM Setup
The AM experiments, which have a long history in tectonic modeling, form an excellent basis for testing how well the DEM reproduces structures that are relatively well understood. A typical shortening experiment based on the AM was carried out using an apparatus with two glass sidewalls, i.e., a fixed backstop and a mobile wall, all of which were installed on a horizontal Plexiglas base plate. Shortening was induced by the mobile wall, which was connected to a motor-driven piston. The internal dimension of the apparatus was 100 × 30 × 30 cm (length, height, width), while the size of our initial model was 60 × 2.5 × 30 cm. The modeling materials were sieved into the box from a height of 30 cm. Ten initially flat-lying sand layers were sieved on the apparatus (Figure 7). Before sieving, the inside of the apparatus was carefully cleaned using an alcoholic solution and dried thoroughly to minimize sidewall friction. The shortening velocity of the mobile wall was set as 0.004 mm/s. During the experiment, sequential deformation was monitored by digital cameras. Photographs were taken from the side at intervals of 2 min.
The structural evolution of the AM is shown in Figure 7 with plots of the geometry after 2 cm, 4 cm, 8 cm, 12 cm, and 16 cm of shortening, and fault zones can readily be identified on the geometry plots. Accretion of the material was in sequence and can be described in two stages: an initial stage of rapid thickening involving closely spaced thrusts (Figures 7A–C) followed by a stage of cyclical growth with alternations between wedge lengthening and wedge thickening involving widely spaced thrusts (Figures 7D,E). General evolution of fold and thrust belts has been the focus of previous studies (Mulugeta, 1988; Liu et al., 1992; Burbidge and Braun, 2002; Schreurs et al., 2006; Bonnet et al., 2007; Bose et al., 2009; Bigi et al., 2010; Wu and McClay, 2011; Schreurs et al., 2016; Sun et al., 2016); the comparison of our model results with previous studies demonstrates that the fold and thrust belts were characterized by forward thrust propagation and by back thrusting. In particular, a shortening experiment performed by Schreurs et al. (2016) had good agreement with our experiment, as shown in Figure 8.
[image: Figure 8]FIGURE 8 | Final deformation of two shortening experiments after 10 cm of shortening. (A) The model had an initial 35 cm long and 3 cm high domain (Schreurs et al., 2016). (B) The model had an initial 60 cm long and 2.5 cm high domain, but the image was cropped at 35 km for display in order to compare with the experiment of Schreurs et al. (2016).
COMPARISONS WITH ANALOG MODEL AND DISCRETE ELEMENT METHOD
Deformation Fields and Strain Analysis
Schreurs et al. (2006) and Schreurs et al. (2016) presented the results of an analog comparison study with many participating modeling laboratories, which shows that when one modeler repeats the same experiment, quantitative model results still show variability. In the AM, the deformation should be quantified using image analysis [e.g., particle image velocimetry (Adam et al., 2005; Leever et al., 2011; Boutelier and Cruden, 2017)], laser scanning (miniature laser altimetry) (Liu Z. et al., 2013), and volumetric scanning using computerized X-ray tomography (Suppe, 1983; Boyer et al., 1989; Suppe and Medwedeff, 1990; Colletta et al., 1991; Uehara and Takahashi, 2014; Zulauf et al., 2016). Laboratories that do not have access to tomographic techniques can only monitor the outside boundary of models, with the observation of internal structures limited to cutting the model at the end of the experiment.
The DEM is easy and exactly reproducible under the self-same initial and boundary conditions, allows great flexibility in the choice of geometries and material properties, and can quantify a large range of parameters directly, such as stress, strain, and velocity. The DEM gives detailed information on the displacement trajectories of all the particles in the system. Using this information, a representative, or average, strain for the overall system of particles or a subdomain of the system can be determined. The cumulative displacements of the particles were derived for each new particle configuration and resolved into horizontal and vertical components as shown by Morgan (2015). A triangulation-based nearest neighbor interpolation algorithm (MathWorks, 2015) was used to grid ca. 0.58 mm spacing, which is triple the average radius of all the particles, and a continuous surface was fit to each component. To analyze the simulation processes, involving strains are not small compared to unity, and the theory of finite strain must be used (Oertel, 1996; Means, 1976). The distortional strain, i.e., strain-induced distortion, was used to quantify the results for the DEM and was calculated according to Morgan (2015), and it can be quantified as the second invariant of the deviatoric finite strain tensor.
The structural evolutions of the models are shown in Figure 7 with plots of deformation and cumulative distortional strain after 2 cm, 4 cm, 8 cm, 12 cm, and 16 cm of shortening. We can discriminate more elaborate expressions of fault damage from deformation fields by strain analysis. As shortening went on, the deformation zones in the AM and DEM expanded bidirectionally, i.e., toward both the foreland and the hinterland near the backstop. The hinterland of the AM near the backstop was over a relatively flat terrain; on the other hand, there was not an obvious flat hinterland in the DEM. The inner parts of the proto wedges were progressively involved in deformation by sequential back thrusting identified from distortional strain fields in Figure 7. The deformation zones expanded bidirectionally, toward both the foreland and the hinterland near the backstop, and the “X” shear zones (blue and red zones in the map of distortional strain) come into being (Figure 7A). Synchronously, the deformation fronts migrated forward, and new thrusts developed in the foreland. Backward thrusts (blue zone of distortional strain in Figure 7) that occurred in the DEM showed relatively little displacement, and the slip was predominantly along forward thrusts.
Fault Interpretation
A back thrust fault and nine forward thrusts in the AM (Figure 9A) and a main back thrust fault and seven forward thrusts in the DEM (Figure 9B) were interpreted, involving closely spaced thrusts near the mobile wall (between F1–F6 and F7 for the AM in Figure 9A, between F1–F4 and F5 for the DEM in Figure 9B) and widely spaced thrusts near the foreland (between F7, F8, and F9 for the AM in Figure 9A, between F5, F6, and F7 for the DEM in Figure 9B). Forward thrusts accommodate most of the shortening in both the AM and the DEM, which was consistent with previous discrete element simulations (Morgan, 2015). F0, F3, F5, F7, F8, F9 of the AM and F0, F3, F4, F5, F6, F7 of the DEM were essentially in the same position, as shown in Figure 10A, respectively. Meanwhile, the spaces between F8 and F9 for the AM and F6 and F7 for the DEM were nearly the same (Figure 10A). Dip angles of the forward thrusts increased from the foreland (ca. 20°) to the mobile wall (ca. 85°), as shown in Figure 10B. This phenomenon is very common among Piedmont tectonic belts, such as the Longmen Shan fold–thrust belt in Central China (Jia et al., 2006; Hubbard and Shaw, 2009) and the South Tianshan Mountain range in the Kuqa region of Northwest China (Wen et al., 2017). Meanwhile, the fault geometry changed from a “line” (e.g., F6–F9 in Figure 9A) to “S” (e.g., F1–F4 in Figure 9A). From the distortional strain field of the DEM (Figure 9C), linear faults near the foreland and “S” faults near the mobile wall could be identified easily as the strain was very concentrated to help us identify the shape of the faults. Both the steepening of faults toward the hinterland and the change in shape from linear to more “S” shaped reflect the process of break-forward imbrication and fault-related folding of structures to the hinterland in a break-forward sequence of thrusts (Shaw et al., 2005).
[image: Figure 9]FIGURE 9 | Fault interpretation after 16 cm of shortening. The deformation zones in the AM and DEM both expanded bidirectionally. (A) There are 10 faults (F0–F9) to be identified using the black line. (B) There are eight faults (F0–F7) to be identified using the black line. (C) Distortional strain field for the DEM. The shear strain magnitude is shown by color intensity. Red denotes top to the right sense of shear, and blue denotes top to the left sense of shear. Faults (F0–F7) interpreted from (B) are marked in their corresponding positions. More backward thrusts are recognized near the backstop.
[image: Figure 10]FIGURE 10 | (A) Position of the faults obtained from the AM in Figure 9A and DEM in Figure 9B. The position of a fault was defined as the intersection of this fault and the stratigraphic line between the above two stratums, i.e., the position of F9 in Figure 9A is 29.2 cm and the position of F7 in Figure 9B is 28.0 cm. In particular, the position of the back thrusting, i.e., F0 in Figure 9A and F0 in Figure 9B, was defined as the intersection of this fault and the stratigraphic line between the below two stratums. (B) Dip angle of faults obtained from the AM in Figure 9A and DEM in Figure 9B. As the shape of some faults, e.g., F1 in Figure 9A, is “S.” The dip angle of a fault was defined as the dip angle of the segment across the intersections of this fault and the stratigraphic line between the above two stratums and the below two stratums. Therefore, the dip angle of F1 in Figure 9A is ca. 78°, i.e., the dip angle of the yellow line.
Wedge Sensitivities
In order to allow for a comparison of AM and DEM results in a more quantitative manner, the following properties: surface slope, wedge width, and wedge height, were measured. The surface slope, wedge width, and wedge height of the AM were obtained from the cross section shown in Figure 7. So far, there seems to be no general agreement on how to measure thrust wedge surface slopes (Buiter, 2012). The initial surface slope angles are difficult to determine because there is only one thrust (Buiter et al., 2006). For two or more thrusts, the surface slopes have been determined by drawing the enveloping surface as shown in Figure 11A. Oscillations in surface slope angles occur just before or after the formation of a new thrust, depending on the degree to which a new thrust is incorporated into the wedge. Figure 11A shows how they have been determined in our paper. The experimental evolution of the AM and DEM was quantitatively analyzed by those parameters in the following sections. Inevitably, the measurements of surface slopes may be influenced by the measurer and subject to small differences in interpretation (Buiter et al., 2006). Therefore, in a general way, the values of surface slopes of the AM were completely measured by three people, in the same manner, and subsequently averaged. Here, an automated wedge quantification method is proposed based on the mesh and illustrated by a given example.
[image: Figure 11]FIGURE 11 | (A) Schematic figure showing how the surface slope, wedge width, and wedge height have been determined. (B) Surface slope vs. the amount of displacement. (C) The width of the wedge deformation zone vs. the amount of displacement. The width of wedge deformation zones is taken as the distance between the moving backstop and the wedge toe. (D) The maximum height of wedge vs. the amount of displacement.
The contractional wedges consist of the top, toe, surface, surface slope, width, and height, as shown in Figure 11A. To find the top point, the coordinates of the point in the surface should be found. In the discrete element model, the object of the study is discrete particles. Here, the points of the surface are searched based on the mesh, and the toe of the slope is found by the farthest distance method. The surface slope, wedge width, and wedge height have been determined by the following steps.
1) Surface search method based on mesh.
First, parallel to the Y-axis, the mesh is divided (Figure 12A). The mesh width is generally two to three times the maximum particle radius. The highest particle of each mesh was found. Their IDs were stored in an array from left to right. The surfaces were formed by connecting the particles in the array in turn, i.e., the yellow and blue particles in Figure 12A.
2) The farthest distance method searches the toe of the slope.
[image: Figure 12]FIGURE 12 | (A) Search method of the surface and slope toe. (B) Calculation method of the surface slope.
Among the particles forming the surface, the position of the particle with the maximum y value, Tm, is the slope top. The particle with the maximum x value, Tn, is the termination point of the surface extension. Among the blue particles between Tm and Tn, the point Tj with the maximum distance from the line segment TmTn is defined as the slope toe (Figure 12A).
3) Surface slope calculation method.
After the slope toe Tj is obtained, the particles between the slope top Tm and the slope toe Tj can be determined (purple and green particles in Figure 12B). Yellow particles in the middle 80% region of the line segment TmTj are taken to fit a straight line, and the angle between the straight line and the horizontal plane is defined as the surface slope, as shown in Figure 12B.
Then, the width and height of the wedge can be easily calculated from the top and toe of the wedge. The sequential deformation was monitored by digital cameras in the AM. A high-quality binary image of the AM can be obtained based on the digital image processing methods, including binarization and noise removal (Li et al., 2016). The high-quality binary image consists of a rectangular array of pixels. Those pixels can be regarded as discrete square particles. Then, the above method can still be used to acquire the actual surface of the AM.
The same as the surface slopes of the DEM from 4 to 6 cm, the surface slopes of the AM have an obvious fluctuation from 3 to 5 cm, as shown in Figure 11B, based on the new wedge quantification method we presented. The surface slopes of the DEM change slightly after 6 cm, and the surface slopes of the AM change slightly after 5 cm. In the first stage, the thickness of the wedge increased slowly, and the surface slope gradually increased, i.e., when model shortening was from 3 to 4 cm in the AM and from 4 to 5 cm in the DEM (Figure 11B). In the second stage, i.e., when the model was pushed from 4 to 5 cm in the AM and from 5 to 6 cm in the DEM, a new fault began to grow and wedge lengthening played a dominant role in this stage, which made the surface slopes get reduced (Figure 11B).
With respect to the surface slope, the wedge width and height of the AM and DEM are more consistent, as shown in Figures 11C,D. The fluctuation of the maximum wedge width in the whole experiments of the AM and DEM indicates that the experiments entered a stage of cyclical growth with alternations between wedge lengthening and wedge thickening involving widely spaced thrusts (Figure 11C). In the maximum height curves, the maximum wedge height of the AM and DEM with a highly consistent degree increased linearly with shortening, basically (Figure 11D). The growth of the wedge height is relatively stable, in the whole experiments of the AM and DEM. The results indicate an encouraging overall agreement in model evolution.
CONCLUSION
An automated wedge quantification method is proposed based on the mesh. The results show the width, height, and surface slope of the thrust wedge can be precisely quantified using the proposed method. It is helpful for accurately measuring the width, height, and surface slope of the thrust wedge for studying the overall dynamic evolution of the numerical and analog models.
Although the manner in which the AM and DEM accommodate shortening leads to a similar style of deformation, it is also clear that variations exist among them. Similarities and differences between AM and DEM results are listed as follows.
Similarities: Shortening is accommodated by in-sequence forward propagation of thrusts (Figure 7). The shape of thrusts is consistent, “S” for the smaller thrusts near the mobile wall and “line” for the bigger thrusts near the foreland (Figure 7). The distance between a newly formed thrust and the previously formed thrust is highly variable for small thrusts near the mobile wall (F1∼F6 of the AM and F1∼F5 of the DEM in Figure 9). The positions and the dip angle of forward thrusts near the foreland (F7, F8, F9 of the AM and F5, F6, F7 of the DEM) show variations in Figure 10. The wedge height and width of the AM and DEM increase linearly with shortening, and they are fit very well.
Differences: The number of thrusts that have been formed at a specified amount of displacement is variable, e.g., the number of thrusts in the AM near the mobile wall is more than that in the DEM (Figure 9). The surface slopes remain in the stable field for critical taper theory. The wedge steepens until the critical taper is attained, i.e., the angle between the base and the surface of the wedge reaches a critical value. When the critical taper is attained, the wedge is considered to be stable. The surface slopes of the AM achieve a critical taper soon, but they moderately increase to a critical taper in the DEM (Figure 11B).
The microscopic properties of particles and macroscopic properties of loose quartz sand were calibrated through a series of repose angle and biaxial tests. Then, a two-dimensional DEM with high resolution and an AM experiment were constructed to simulate the evolution of the thrust wedge. Overall dynamic evolution of the DEM and AM is highly consistent, in spite of the difficulty of achieving an exact representation of the analog conditions with the DEM. In addition, the AM often takes time and considerable resources. Differences between DEM and AM results are found in predictions of the location, spacing, and dip angle of fault zones and the number of faults. Dip angles of the forward thrusts increased from the foreland to the mobile wall at the end of the experiment. Furthermore, the strain for the DEM was calculated to investigate more elaborate tectonic characteristics. These comparisons between the AM and the DEM are beneficial to the Earth Sciences community. Our results show that the DEM can successfully reproduce structures observed in the AM and also indicate the utility of the DEM in modeling large-displacement, complex deformation of analog and geological materials. A complete structural numerical simulation laboratory with different microscopic parameters of the other materials (i.e., sand, clay, microbeads, wax, and silicone putty) can be constructed by the similar approach we presented. Our study provides a necessary comparison between commonly applied modeling approaches, e.g., discrete element simulations and scaled analog (sandbox) models, which is important for more confidently applying these methods to understand real fold and thrust belt systems.
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The South Dabashan arcuate tectonic belt located at the northern margin of the Yangtze Block in South China, which primarily comprises a series of northwestern (NW)-trending foreland fold-and-thrust belts (FTBs), is useful for determining the intracontinental orogeny processes of the Yangtze Block. In this study, we integrated the latest pre-stack depth migration of three- and two-dimensional seismic profiles, drill hole, and outcrop data to explore the structural geometric and kinematic features of the west segment of the South Dabashan FTB. This belt is characterized by multi-level detachment structures due to the presence of three predominant sets of weak layers: the Lower Triassic Jialingjiang Formation gypsum interval, Silurian mudstone beds, and Cambrian shale beds. The belt is accordingly subdivided vertically into three structural deformation systems. The upper system appears above the Jialingjiang Formation gypsum layer and exhibits Jura-type folds, which were formed by alternating anticlines and synclines that are parallel to each other. The middle system comprises Silurian shale as the base and Jialingjiang Formation gypsum interval as the passive roof and exhibits NW-striking imbricate thrusts. The lower system is bounded by Cambrian and Silurian detachment layers, forming a duplex structure. The Sinian and Proterozoic basements below the Cambrian were not involved in deformation. The west segment of the South Dabashan FTB underwent four periods of tectonic evolution: Late Jurassic to Early Cretaceous, Late Cretaceous, Paleogene, and Neogene to Quaternary. The deformation was propagated southward in imbricate style, resulting in the passive uplifting of the overlying strata. Based on the magnetotelluric and deep seismic profile, the tectonic processes of the west segment of the South Dabashan FTB are inferred to be primarily controlled by the Yangtze Block northward subduction under the Qinling Orogenic Belt and the pro-wedge multi-level thrusting during the Late Jurassic to Cretaceous.

Keywords: Yangtze Block, Dabashan belt, seismic interpretation, detachment layer, intracontinental orogeny


INTRODUCTION

The Dabashan arcuate orogenic belt is located in the transitional zone between the Yangtze Block (YZB) and the Qinling Belt, China (Figure 1C), and was thought to be related to the convergence of North and South China Block, after the closure of the Paleo-Tethys since the Triassic (Dong et al., 2013). The Dabashan belt comprises the North and South Dabashan Belts, which are separated by the Chengkou Fault (CKF) (Figure 1C). In the North Dabashan Belt, the passive continental margin sedimentary cover along the northern YZB (Liu and Zhang, 1999; Lai et al., 2000, 2004; Dong et al., 2008, 2012) is arranged to form a series of thrust nappes during the convergence of the South China Block (SCB) and North China Block (NCB) since the middle Triassic (Xu et al., 1986; Meng and Zhang, 1999; Xiao et al., 2011; Shi et al., 2012). The South Dabashan Belt is far from the plate margin and was considered as a fold-and-thrust belt formed as a product of intracontinental deformation since the Late Jurassic (Liu et al., 2005; Wang et al., 2006; Li and Ding, 2007). Recent studies combined low-temperature thermochronology and provenance analysis of the Sichuan Basin to demonstrate that the South Dabashan Belt experienced multi-stage superimposed deformation and finally formed in Cenozoic (Shen et al., 2007, 2008; Cheng and Yang, 2009; Li J. et al., 2010, 2018; Xu et al., 2010; Yang et al., 2017).


[image: Figure 1]
FIGURE 1. (A) Simplified structural map showing the location of the Yangtze Block and adjacent blocks. (B) Simplified geologic map of the northern Yangtze Block and adjacent areas and the location of seismic profiles and wells. (C) Simplified geologic map of the west segment of South Dabashan Belt. ZBF, Zhenba Fault; CKF, Chenkou Fault; PBF, Pingba Fault; GQF, Gaoqiao Fault.


Mesozoic to Cenozoic strata are widely exposed in the western section of the South Dabashan Belt, and the attractive Jura-style fold and thrust belt is preserved. Thus, the west segment of the South Dabashan FTB is an ideal location to study the intraplate deformation feature and its deformation mechanism. In addition, the South Dabashan FTB has gradually become an important oil and gas exploration field, which has increased the research interest of oil and gas explorers. The structural style (Meng and Zhang, 2000; Li et al., 2006; Deng et al., 2010; Zhang et al., 2010; Dong et al., 2011), formation mechanism (He et al., 1997; Wang et al., 2005; Shi et al., 2012; Liu et al., 2015), and thermochronological analysis (Ratschbacher et al., 2003; Li J. et al., 2010; Li P. Y. et al., 2010; Xu et al., 2010; Yang et al., 2017) of the South Dabashan FTB have been studied previously, and the studies concluded that the South Dabashan FTB is a product of the intracontinental thrusting propagation orogeny since the Mesozoic. However, most structural models were based on inferences from field profiles and lacked accurate descriptions of complex underground structures, which limits the accuracy of the current discussion on the evolutionary processes and deformation mechanisms of the South Dabashan FTB. Recently, the Sinopec Exploration Southern Company has collected three-dimensional (3D) and two-dimensional (2D) seismic data in the west segment of the South Dabashan FTB, combining drilling and logging data to form synthetic records that can combine seismic profiles with geological stratification, and image the subsurface structure. This process improves the accuracy of the depiction and elucidation of the structural geometry of this area. Moreover, substantial magnetotelluric data in this area provide deeper structural information for discussing the deformation mechanism.

The present study presents high-quality seismic data with a detailed structural interpretation. We also analyzed the balanced geological cross section and performed kinematic reconstruction of the west segment of the South Dabashan FTB, based on 2D and 3D seismic interpretations and previous related studies. Finally, we use our results to discuss the intraplate tectonic deformation mechanism of the South Dabashan Belt and attempted to reveal the tectonic processes of NCB colliding with YZB based on a combination of magnetotelluric and deep seismic data.



GEOLOGIC SETTING

The South Dabashan FTB is separated from the North Dabashan Belt by the arcuate CKF to the north (Figure 1C) and is adjacent to the Sichuan Basin to the south, the Micangshan–Hannan Uplift to the Northwest and the Shennongjia Uplift to the Southeast, with a general trend NW–SE. The belt presents an arcuate geometry bulging southwestward (Figure 1B). Based on the deformation intensity, deformation pattern, and structural trend, the South Dabashan Belt can be divided into three segments: the west, middle, and east segments. The west segment of the South Dabashan FTB is N–S to NNW–SSE trending, and the basement detachment zone is composed of overthrust nappe; the middle segment is NW–SE trending, and is parallel to the North Dabashan Belt; and the east segment is nearly W–E trending, showing evident differences in structural deformation patterns, with a wide exposure of a basement detachment zone, and a tightly folded Paleozoic strata. The study area is located in the west segment of the South Dabashan Belt and exhibits the typical characteristics of Jura-type folds with narrow anticline and broad syncline. In the study area, the South Dabashan Jura-type fold belts mainly comprise Yuduzhen, Chuanxindian, Dahekou, Liba, and Zhuyuzhen anticlines with the Middle–Lower Triassic and Jurassic strata exposed, while the Wangjiaba low amplitude fold belt in the northern Sichuan Basin primarily has exposed Cretaceous strata (Figure 1C).

The Sichuan Basin, located in the Upper YZB, essentially completed its current structural framework in the Cenozoic (Huang et al., 2020), and is composed of marine and terrestrial sedimentary rocks on a Precambrian crystalline basement (Huang et al., 2018; Li Y. et al., 2018). The stratigraphic units in the South Dabashan FTB are similar to those in the Sichuan Basin, primarily comprising a succession of marine sedimentary sequences from Sinian to Middle Triassic formed in the margin of the intracratonic basin, and terrestrial sedimentary sequences developed from the Late Triassic to Neogene in the foreland basin, mainly composed of Sinian (100–700 m, shale and carbonate rocks), Cambrian (1,500–2,500 m, mainly shale and carbonate rocks), Ordovician (100–500 m, sandstone, shale, and carbonate rocks), Silurian (0–1,800 m, shale and mudstone), Permian (110–890 m, mainly carbonate rocks), Triassic (1,200–3,300 m, sandstone, evaporates, and carbonate rocks), Jurassic (0–4,900 m, mainly sandstone and mudstone), and Cretaceous (0–1,130 m, mainly sandstone and mudstone). Due to the collision of the YZB and NCB during the late Indosinian period (T3-J1), the first phase of thrust nappe occurred in the North Dabashan Belt. In the Middle Yanshanian period (J3-K1), the second phase of intense thrust nappe took place, and the North Dabashan Belt was further folded and deformed, and the regional extrusion stress was transferred to the southwest, leading to the thrust fault-related fold deformation of the initial South Dabashan Belt. In the late Cretaceous, the Dabashan area comprehensively moved into the uplift and denudation stage, and tectonic activity was relatively calm. During the Eocene and Oligocene, the Dabashan Belt became active again due to the far-field efficiency of plate collision of the India and Qinghai–Tibet blocks. After the Miocene, rapid uplift denudation occurred in the South Dabashan Belt; the strata were denuded and finally formed the present geomorphological condition.



DATA AND METHODS

Comprehensive seismic data on the west segment of the South Dabashan FTB forms the foundation for the study of its structural geometric features. We predominantly used 2D and 3D seismic profiles, and drill core and outcrop data from the west segment of the South Dabashan FTB. Some 2D seismic reflection profiles and drill data in the northern Sichuan Basin were also used to compare seismic horizons, and finally, magnetotelluric data across the Dabashan area was used to describe the deeper structure. This study uses a 320 km2, high-quality prestack time-migrated 3D seismic reflection survey, which has a line spacing of 20 m and a vertical resolution of ~25–50 m (based on an interval velocity of 6,000 m/s, and peak frequency of 30 Hz) at the interval of interest. Seismic reflection data were then depth-converted using an average velocity of 6,000 m/s.

The synthetic seismograms of wells ZY-1 and HB-1 were used to calibrate the seismic horizons of the study area. Additionally, the long 2D seismic profiles across the South Dabashan Belt and Sichuan Basin were used to trace the seismic horizons of the South Dabashan Belt as the seismic event is continuous in the Sichuan Basin. In addition, due to the complexity of the surface of South Dabashan (which is characterized by rugged topography, changeable lithology of outcrop, and steep strata), the reflection horizon at the shallow part and the edge of the seismic profile would be distortion. Therefore, in the process of interpreting seismic reflection profiles, we used 1:200,000 regional geological mapping results and projected them onto seismic profiles to constrain the underground structural model.

The well ZY-1, located on the northeast wing of the Zhuyuzhen anticline, was eventually drilled into the Upper Permian strata and was primarily used to calibrate the seismic horizon above the Upper Permian (Supplementary Figure 1). The Late Permian and substrata were defined by synthetic seismographs from deep wells (i.e., HB-1 and GS-1) in the adjacent Sichuan Basin, which were extended to the Southern Dabashan area by continuous tracing of the horizon (Supplementary Figure 2). The synthetic seismogram of well ZY-1 was obtained based on the well log and drill core data, and the following marker beds were identified: the black shale at the bottom of the Xujiahe Formation (T3x) makes unconformable contact with the lower Leikoupo Formation (T2l), characterized by strong amplitude, and is one of the main marker beds in the study area. The Jialingjiang Formation Member IV (T1j4) and Member II (T1j2) are 262.5 and 191 m thick, respectively, and primarily comprise of gypsum, intercalated by dolomite and limestone. Both the T1j4 and the T1j2 are moderate amplitudes in the synthetic seismogram and are important detachment layers of the area. The gypsum interval is characterized by chaotic reflection in the seismic profile whose thickness varies significantly. The bottom of the Jialingjiang Formation (T1j) comes into contact with the lower Feixianguan Formation characterized by relatively weak amplitude in the synthetic seismogram (Supplementary Figure 1).

The synthetic seismograms of wells HB-1 and GS-1 in the Sichuan Basin showed strong amplitude between the Upper and Middle Permian, which may serve as an important regional marker bed. Seismic waves are characterized by moderate amplitude as it spans from the low-velocity layer of the Lower Cambrian's Qiongzhusi Formation mudstone to a high-velocity layer of the Upper Sinian's dolomite, and can be traced and correlated to the west segment of the South Dabashan FTB (Supplementary Figure 1).

The detachment layer is usually characterized by low compressive strength and density, low viscosity, and ample water (Dean et al., 2015; Morley et al., 2018). For a deformation system containing only a single set of detachment layer, the strata above the detachment layer deforms strongly, and thrust faults are often developed, and the strata below the detachment layer are often weakly deformed. For a deformation system with multiple sets of detachment layers, faults are often truncated vertically by detachment layers and by bedding detachment beds, and the patterns of faults developed above and below the detachment layer are often different. Additionally, the low-seismic velocity, low resistivity, and high-conductivity features of detachment layers make their identification clear.

As the thickness of most strata in the study area remains relatively stable, we selected the undeformed strata in the foreland area as the nail point and used the line length conservation principle to restore the 2D geological profile. In addition, for the gypsum and mudstone detachment layers with strong deformation, we restored them based on the area conservation principle (Dahlstrom, 1969; Geiser, 1988).



STRUCTURAL GEOMETRY OF THE WEST SEGMENT OF THE SOUTH DABASHAN FTB


Detachment Layers

We identified three of the most important sets of detachment layers in the South Dabashan Belt: (1) Middle Triassic Jialingjiang Formation gypsum interval, (2) Lower Silurian mudstone zone, and (3) Lower Cambrian shale bed, using a field geological survey, drill core observations, and seismic profile analysis.

In the study area, the thick-bedded gray-white gypsum interval occurs in the Lower Triassic Jialingjiang Formation T1j4 and T1j2 members, while dark greenish-gray shale and dark carbonaceous shale occurs in the Lower Silurian and Lower Cambrian areas (Figure 2). The gypsum rock, mud, and shale demonstrate the characteristics of plastic flow upon subjection to compression deformation, which is easily transformed into a detachment layer, while the rock strata dominated by limestone and dolomite are mainly characterized by brittle fracture (Figures 3, 4).


[image: Figure 2]
FIGURE 2. Lithologic features of detachment layers in the west segment of South Daba Shan. (A) Jialingjiang Formation schematic stratigraphy of well ZY-1. (B) Silurian schematic stratigraphy of the South Dabashan Belt. (C) Cambrian schematic stratigraphy of the South Dabashan Belt.



[image: Figure 3]
FIGURE 3. Seismic reflection characteristics of detachment layer. (A) Lower Triassic Jialingjiang Formation detachment layer. (B) Lower Silurian detachment layer. (C) Lower Cambrian detachment layer. (D) Seismic profile L1570.



[image: Figure 4]
FIGURE 4. Outcrops photographs of the detachment layers. (A) An inclined fold with a vertical-to-overturned forelimb, Lower Triassic Jialingjiang Formation (N 32°16′24.1″, E 107°56′58.8″). (B) An inverted limb of a recumbent fold, Lower Triassic Jialingjiang Formation (N 32°16′24.2″, E 107°56′58.8″). (C) Thin-bedded mudstone, a part of fold limb with high dip angle, Lower Silurian (N 32°16′34.1″, E 108°7′15.5″). (D) Mudstone sliding surface, Lower Silurian (N 32°9′50.7″, E 108°11′42.3″). (E) Steeply inclined folds characterized by a chevron geometry, Lower Cambrian (N 32°17′28.4″, E 108°3′38.8″).


On the seismic profile, the detachment layer exhibits chaotic or weak seismic event features, and the faults commonly terminate at this layer, resulting in inconsistent deformation of the upper and lower strata (Figure 3). In the west segment of the South Dabashan FTB, the Jialingjiang Formation gypsum detachment layer exhibits disordered reflection, and the thickness of deformed strata varies from 100 to 1,500 m (Figures 5–8). This can be determined by tracking the top and bottom of the chaotic seismic reflection configuration (Figure 3A). The Silurian mudstone and shale detachment layer can be clearly observed in the seismic profiles due to the relatively low amplitude of the seismic event of the overlying and underlying strata, and faults are often developed along the detachment layer (Figure 3B). The Cambrian detachment layer exhibits strong reflection in the study area. Unlike the strong fold deformation of the overlying strata, the Cambrian detachment layer is weakly deformed (Figure 3C).


[image: Figure 5]
FIGURE 5. (A) Seismic profile and (B) interpretation result for L707. The location is shown in Figure 1, red lines are faults.


On the outcrop scale, the detachment layer is characterized by cataclasites, small folds, and well-developed small faults (Figure 4). In addition, folds are typically recumbent or overturned (Figures 4A,E). In the Dabashan area, inclined fold and interlayer-gliding structures of the Jialingjiang Formation are often observed (Figures 4A,B). The mudstone and shale of the Lower Silurian are characterized by a rich sliding surface (Figures 4C,D). A large number of polyharmonic folds are developed in the Lower Cambrian mudstone and shale (Figure 4E).

According to the above-mentioned analysis, the gypsum strata of the Lower Triassic Jialingjiang Formation, Silurian mudstone, and Cambrian shale exhibited the characteristics of detachment. The South Dabashan Belt exhibits structural characteristics of multi-level deformation features due to the effect of these sets of detachment layers. Considering the detachment layer as the boundary, the study area can be divided into the upper structural deformation system, the middle structural deformation system, and the lower structural deformation system.



Structural Geometric Feature of the West Segment of South Dabashan
 
Structural Geometric Feature of the South Dabashan Belt

Three 3D seismic profiles were selected to conduct structural interpretation. The seismic profile Zhenba L707 goes through the well ZY-1. Based on the synthetic seismogram of this well, in the Xujiahe Formation, the strong reflection seismic horizons of the upper structural deformation system were identifiable. From the original seismic profile (Figure 5A), the maximum buried depth of the Xujiahe Formation can reach below 2,000 m above sea level, while the shallowest depth is exposed at the surface, with a height difference that exceeds 3,000 m. The two limbs of the Zhuyuzhen and Liba anticlines are almost upright and partially split by thrust faults, indicating that the upper structural deformation system in this area has strong tectonic deformation. A series of synclines and anticlines demonstrate that a typical Jura-fold belt style was developed. The development of a structural wedge and back-fault complicates the structural deformation of the upper structural deformation system. There are three anticline structures, namely, Zhuyuzhen, Liba, and Dahekou anticlines from the southwest to the northeast. The core of the anticline is narrow and mainly exposed to Lower-to-Middle Triassic strata. Two wide (5–10 km) synclines are sandwiched between the three anticlines, while the syncline between the Zhuyuzhen anticline and the Liba anticline is split by faults, forming secondary anticlines and synclines. This indicates that the NE–SW-trending tectonic compression occurred again after the formation of the main fold, which resulted in the stratigraphic offset of the upper structural deformation system. Generally, these synclines and anticlines are gradually uplifted from the southwest to the northeast under the control of a series of thrust faults that developed in the detachment layer with different depths (Figure 5B).

The middle structural deformation system is generally characterized by weak reflection on seismic profiles, whereas the bottom of the Upper Permian is characterized by strong reflection. The seismic horizons are discontinuous, truncated, and overlapped. Several up-steep and down-gentle thrust faults that exit upward in the gypsum bed of the Jialingjiang Formation and converge downward at the Silurian bottom surface are developed in the middle structural deformation system. These faults are superimposed longitudinally to form the imbricate structure style. Under the Zhuyuzhen and Liba anticlines, several fault-related anticlines developed in the middle structural deformation system, causing the upper structural deformation system to sharply rise.

In the lower structural deformation system, the Silurian bottom is characterized by strong reflection, along with the truncation and overlapping of discontinuous seismic horizons. Unlike the middle structural deformation system, the stratigraphic overlap of the lower structural deformation system mainly occurs near the northeast side, and the seismic horizon of the Cambrian bottom is continuous and parallel. A series of low-dipping to subhorizontal thrust faults is developed in the deep structural deformation system, which has an overlying Silurian shale detachment layer as the roof fault and the underlying Cambrian shale detachment layer as the floor fault, forming a duplex structure. The thrust faults in the deep and middle deformation systems reveal different geometries and orientations, and the faults in the lower structural deformation system often turn forward, providing the dip angle of the faults their up-gentle and down-steep features. The shortening of strata is concentrated in the northeast and gradually decreases toward the Sichuan Basin. The Sinian and Proterozoic strata under the Cambrian detachment are generally distributed horizontally, and do not participate in deformation (Figure 5B).

Despite the similarity of the interpreted structural models of L980 and L1440 seismic profiles to L707, some differences were observed (Figures 6, 7). In the upper structural deformation system, the Zhuyuzhen anticline in the L980 seismic profile is reversed, and the anticline in the L1440 seismic profile is further divided into two small anticlines. The Liba anticline is also transformed into two small anticlines in the L980 and L1440 profiles. In the middle structural deformation system, profile L1440 slightly varies from the two other profiles; the dip angle of the fault is smaller, but the fault displacement is larger under the Liba anticline, which further enlarges the structural amplitude of the Liba anticline. The structural styles of the deep structural layers of the three seismic profiles underwent little change, and are all characterized by imbricate faults tending toward the northeast.


[image: Figure 6]
FIGURE 6. (A) Seismic profile and (B) interpretation result for L980. The location is shown in Figure 1, red lines are faults.
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FIGURE 7. (A) Seismic profile (B) and interpretation result for L1440. The location is shown in Figure 1, red lines are faults.




Structural Geometric Feature of the South Dabashan Belt and the Sichuan Basin

The tectonic deformation characteristics across the South Dabashan Belt and the northern Sichuan Basin were obtained by stitching the 2D and 3D seismic profiles together (Figure 8). The upper structural deformation system in the northern Sichuan Basin is characterized by the Wangjiaba low-amplitude fold belt and the tectonic deformation intensity is weak, while several fault-related folds developed with strong tectonic deformation in the South Dabashan Belt. A large number of imbricated structures are developed in the middle structural deformation system of the South Dabashan Belt, but the number of thrust faults decreases rapidly toward the Sichuan Basin, and the deformation intensity weakens. The deep structural deformation system in the Southern Dabashan Belt has the Cambrian detachment layer as the floor fault and the Silurian detachment layer as the roof fault, forming a duplex structure, but it only extends below the Zhuyuzhen anticline, and the structural deformation system in the Sichuan Basin exhibits no significant deformation.


[image: Figure 8]
FIGURE 8. (A) Seismic profile. (B,C) Interpretation result for DBS06_L1023. The location is shown in Figure 1, red lines are faults.


Tectonic restoration was conducted in the afore-mentioned section (Figure 9). Considering the three detachment layers as the boundary, the shortening rates of the three structural layers were different, indicating the characteristics of multi-level detachment deformation in this area. The shortening distance of the upper, middle, and lower structural deformation systems were obtained as 7.98, 6.00, and 4.25 km, respectively (Figure 9).


[image: Figure 9]
FIGURE 9. Tectonic restoration of seismic profile DBS06_L1023. The location is shown in Figure 1.





Features of the Magnetotelluric Profile in the Dabashan Belt

The magnetotelluric profile across the North and South Dabashan Belt and the detachment layer exhibited low resistivity and high conductivity. The magnetotelluric profile shows that the resistivity in the Dabashan area has evident layered characteristics (Figure 10). High-resistivity zones with obvious characteristics are distributed within depths ranging from 0 to 5 km, low resistivity zones within depths ranging from 7 to 28 km, and middle resistivity zones below 28 km. In the North Dabashan Belt, the distribution depth of the high-resistivity zone ranges between 0 and 3 km, which represents the sedimentary cover above the basement. However, the depth of the high-resistivity zone in the South Dabashan Belt ranges from 0 to 5 km, which may represent the stratigraphic unit above the gypsum rock detachment layer of the Jialingjiang Formation, i.e., the Jura-type fold belt in the upper structural deformation system. The vertical depth range of these high-resistivity zones is characterized by gradually increasing the thickness from northeast to southwest, which is the result of differential uplift and denudation of strata caused by tectonic movement. A low-resistivity zone is evident at 5–7 km under the South Dabashan Belt, which is consistent with the development depth of the Silurian detachment layer identified from the seismic profile. However, the Lower Cambrian detachment layer is relatively thin and no clear response was observed in the magnetotelluric profile. The resistivity distributed in the depth ranging from 7 to 28 km varies greatly but is generally characterized by low resistivity, especially in the North Dabashan Belt in the northeast of the profile, where a wedge-shaped low-resistivity zone can be observed. The lower section of the South Dabashan Belt exhibits a wide range of medium resistivity and has a downward subduction and reduction trend, which may indicate that the South Qinling Belt is pressed and lifted to the southwest, forming a large thrust nappe belt, while the South Dabashan Belt, which belongs to the northern margin of the YZB, subducts downward with the YZB, forming a series of fold-and-thrust belts in the shallow section. There are several resistivity anomaly zones in the middle of the profile, which may be caused by the upward intrusion of deep magma, while the low-resistivity zone at a depth of 10–22 km in the southwest of the profile may correspond to the pre-Sinian ductile shear layer, although the detachment layer has little influence on the tectonic deformation of the west segment of the South Dabashan FTB.


[image: Figure 10]
FIGURE 10. Interpretation of the magnetotelluric profile across the Dabashan Belt.





DISCUSSION


Structural Kinematic of the West Segment of the South Dabashan FTB

The formation of the North Dabashan Belt was closely related to the collision orogeny between the NCB and SCB in the late Indosinian period, whereas the formation of the South Dabashan arcuate belt was mainly related to the intracontinental orogeny after the collision (Shi et al., 2012, 2013). The uplift and denudation process of the South Dabashan Belt and its adjacent areas have been extensively researched (Yue, 1998; Wang et al., 2004; Li et al., 2012; Deng et al., 2013). The low-temperature thermochronological data demonstrate that the uplift age of the strata from the North Dabashan Belt to the Sichuan Basin decreases gradually (Ratschbacher et al., 2003; Shen et al., 2007, 2008; Cheng and Yang, 2009; Li J. et al., 2010; Li P. Y. et al., 2010; Xu et al., 2010; Yang et al., 2017), showing the characteristics of forward expansion deformation. In combination with previous research results (Shen et al., 2007; Cheng and Yang, 2009; Shi et al., 2012; Wang et al., 2012; Zhang et al., 2014; Li et al., 2017; Yang et al., 2017), we divided the tectonic evolutionary history of the study area into four stages (Figure 11): Late Jurassic to Early Cretaceous, Late Cretaceous, Paleogene, Neogene to Quaternary. Combined with the previous analysis of geological structure, deformation style, and deformation time in the southern Dabashan area, we established a possible tectonic evolution model.


[image: Figure 11]
FIGURE 11. Comparison of thermochronological age data distribution in the North Dabashan Belt, the South Dabashan Belt, and the north Sichuan Basin. Data from: Shen et al. (2007), Cheng and Yang (2009), Shi et al. (2012), Wang et al. (2012), Zhang et al. (2014), Li et al. (2017), and Yang et al. (2017).



Late Jurassic to Early Cretaceous

Under the influence of the Yanshanian movement, the North Dabashan nappe tectonic belt was strongly squeezed and advanced to the northern margin of the YZB, resulting in the earliest deformation on the northeastern margin of the South Dabashan Belt. Among them, thrust faults were developed in the middle and lower structural deformation system, leading to the passive uplift of the overlying strata. The upper structural deformation system mainly developed the low-amplitude fold related to the faults with small fault displacement (Figure 12).


[image: Figure 12]
FIGURE 12. Tectonic evolution of the South Dabashan Belt based on interpretation results of the profile line 980.




Late Cretaceous

The tectonic deformation of the South Dabashan Belt was further intensified. The imbricated tectonic wedge was formed in the deep structural deformation system, leading to the uplift of the overlying strata. Due to the effect of the detachment layer, the stacking anticlines were formed in the middle and upper structural deformation systems (Figure 12).



Paleogene

The structural deformation of the South Dabashan Belt was further transmitted to the southwest, the main faults in the study area were essentially formed, the embryonic folding of the Zhuyuzhen anticline at the front was formed, and the deformation of the middle structural deformation system was complicated under the control of fault deformation (Figure 12).



Neogene to Quaternary

Influenced by the Himalayan movement, the South Dabashan Belt rose and suffered denudation. Little change was observed in the deep structural layers, but the fault displacement and structural amplitude of the middle and upper structural deformation systems significantly increased. The fault plane was deformed, and some back-faults were formed in the upper structural deformation system, and the strata on both wings of the folds became steeper (Figure 12).




Implication for the Multi-Level Detachment Deformation

The new deep seismic profile data provide evidence for the intracontinental subduction orogenic model in the Dabashan area (Dong et al., 2013). The mafic lower crust subducted below 30 km changed from granulite to eclogite, and the increments in its density and gravity have been used to explain the main driving force of the continuous downward subduction of the YZB. Based on the above seismic interpretation results and magnetotelluric data, we present the tectonic deformation model of the Qinling Orogenic Belt and the northern margin of the YZB, focusing on the relationship between the tectonic deformation pattern in the Southern Dabashan area and the intracontinental subduction orogenic processes of the YZB and the Qinling Orogenic Belt (Figure 13).


[image: Figure 13]
FIGURE 13. Intracontinental subduction model with multi-level detachment deformation (the interpretation of deep crustal structure modified from Dong et al., 2013). ZBF, Zhenba Fault; CKF, Chenkou Fault; AKF, Ankang Fault; SDF, Shangdan Fault; LCF, Luanchuan Fault; LSF, Lushan Fault.


Previous analyses of the tectonic stress field in the South Dabashan fold-and-thrust belt revealed that the main tectonic stress stems from the Qinling Orogenic Belt (Li et al., 2005, 2006; Liu et al., 2005), and its stress field bears the characteristics of multiple superpositions (Shi et al., 2012, 2013). The bidirectional Qinling Orogenic Belt was formed by the collision and combination of the NCB and SCB during the late Indosinian period (Xu et al., 1986; Meng and Zhang, 1999; Xiao et al., 2011). From the Early Triassic to the Middle Jurassic, the North Dabashan thrust nappe structural belt began to form gradually in the passive continental margin near the YZB (Zhang et al., 2010; Shi et al., 2012). Since the Late Jurassic, the North Dabashan Belt has been continuously compressed to the southwest, leading to further intracontinental structural deformation in the South Dabashan Belt, forming an arcuate fold-and-thrust belt. However, the North Dabashan Belt and the South Dabashan Belt belong to different blocks, and the CKF was a regional normal fault in a passive continental margin setting for a long time during the Paleozoic, which controlled the basin boundary and sedimentary environment (Li J. et al., 2018). Therefore, in the later stage of intracontinental orogeny, the CKF reversed and became a high-angle reverse fault, forming the boundary between the North Dabashan Belt and the South Dabashan Belt. The South Dabashan Belt was not involved in the thrust nappe tectonic system of the North Dabashan Belt during the intracontinental orogeny because of the separation of the South Dabashan Belt and the North Dabashan Belt by the CKF, and the multi-layered stratigraphic units of the South Dabashan Belt.

Multiple sets of detachment layers developed in the northern margin of the YZB formed three main structural deformation systems with different depths during the intracontinental orogeny processes in the South Dabashan FTB. Due to the partition effect of the detachment layers, each structural deformation system is not coupled, and their shortening of formations gradually increases from top to bottom. These detachment layers absorb the displacement of the upward propagation of faults, which inhibits the possibility of the integral deformation of the sedimentary cover above the basement, making it impossible to form large faults that cut through the entire sedimentary cover, and the related large thrust nappe structures are difficult to form. Therefore, in the process of regional compressive stress spreading to the southwest, the South Dabashan FTB was influenced by longitudinal heterogeneity stratigraphic combination and formed a multi-level intracontinental detachment deformation style (Figure 13).




CONCLUSIONS

Three main detachment layers developed in the west segment of the South Dabashan FTB: the Jialingjiang Formation gypsum interval, Silurian mudstone beds, and Cambrian shale beds. Controlled by the three detachment layers, the west segment of the South Dabashan FTB forms three structural deformation systems with relatively independent structural styles at different depths. The upper structural deformation system is characterized by Jura-style folds, the imbricate thrusts developed in the middle structural deformation system; and the lower structural deformation system is controlled by the duplex structure.

At different depths, the detachment layer absorbs most of the fault displacement, which results in each structural deformation system having a relatively independent structural style. The shortening of the deep structural deformation system has the smallest, followed by the middle which is larger, and finally, the upper structural deformation system has the largest structural shortening. This may be caused by differences in strain partitioning between varying structural deformation systems under the control of different slip layers.

The Southern Dabashan arcuate FTB was formed during the subduction of the YZB under the NCB, and the regional compressive stress from the Qinling Orogenic Belt controlled the propagation deformation process in the Dabashan area. The regional boundary fault and the longitudinal heterogeneous stratigraphic combination both control the tectonic deformation process of the South Dabashan Belt, giving it the intracontinental orogeny style of multi-level slip deformation.

This study combines surface data and seismic data to establish a more accurate structural model in the study area. However, due to the limitations of geophysical technology and complicated geological structure conditions in South Dabashan, the imaging effect of the current seismic profile may be affected, thus the real underground structure cannot be described in detail. Thus, the optimization of seismic acquisition and processing technology, in conjunction with more detailed fieldwork is required in the future to improve our understanding.
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It is commonly assumed a thrust has a constant slip and uplifting rate along strike, however, this simplified model cannot always be consistent with field observations. The along strike slip patterns with variable offsets and rates contain plenty of information about the characteristics of the faulting behavior and its relationship with adjacent faults. The east Qilian Shan, located at the northeastern margin of the Tibetan Plateau, provides us an excellent opportunity to study the faulting behavior in a thrust-bounded range area. Besides the previously reported slip rates of the N-W trending tectonics across the region, we augmented the data by surveying the Fengle fault (FF), one of the north bounding thrusts of the Yongchangnan Shan. Another north bounding fault is the Kangningqiao Fault (KNF), east of the FF. Based on the vertical offsets and rates along the fault, we constructed the slip pattern along strike. The results show the vertical slip rate of the FF ranges from 0.7 ± 0.1 mm/a to 2.8 ± 1.3 mm/a across three surveyed sites. The slip rate decreases from the east to the west. The FF and KNF might be inferred as two segments of a single segmented thrust controlling the uplift of the Yongchangnan Shan. By comparing the uplift onsets in the study region, we discuss the northeastward propagated deformation along the northeastern margin of the Tibet plateau.
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INTRODUCTION
It is a common way to use deformed geomorphic features to constrain the slip rate of an active fault. However, in most cases, to simplify the model, it is often assumed that a single fault has a constant slip rate along the whole strike. Shortening rate is usually constrained at a single site. However, it is suggested that the slip rate could be nonuniform for a thrust (e.g., Walsh and Watterson, 1987). The vertical slip rates distribution along a thrust fault contains important information about the evolution of the fault (Nicol et al., 2005; Mueller, 2017) and the relationships between fault segments (e.g., Lei et al., 2020). A triangular-shaped displacement-along-strike-distance distribution pattern is often interpreted as a result of lateral propagation (Nicol et al., 2005) or the linkage of the originally isolated segments (Walsh and Watterson, 1987; Dawers et al., 1993; Schlische et al., 1996). If the two segments both have their own triangular-shaped slip rate distributions, just as the case of the Mingle-Damaying fault north of the Qilian Shan, the segments are inferred to be isolated from each other (Lei et al., 2020). The over simplified model of uniformly distributed vertical rate may overlook such above information.
To address this problem, we need to construct the vertical slip rate distribution along the fault strike. The eastern Qilian Shan, in the northeastern margin of the Tibetan Plateau, provides us an excellent opportunity to conduct such study. On undertaking that task, we need to get the slip rate at multiple sites along the strike of the fault. For the Fengle Fault (FF) (Figure 1), deformation markers were dated at a single site by Champagnac et al. (2010), who reports a vertical slip rate of 2.8 ± 1.3 mm/a near the Kangningqiao. We augmented the data by surveying two more sites along the fault. Scarps are found at multiple sites along the FF and we measured the vertical offsets. Variable approaches helped to constrain the ages of the deformation markers. The slip rates at three surveyed sites helped to reveal the vertical slip rate pattern along the FF. Based on the resulting slip pattern, we took an insight into the relationship between the FF and the adjacent Kangningqiao Fault (KNF) (Figure 1). They both bound the northern front of the Yongchangnan Shan. The two bounding faults might be two segments of a single fault or isolated from each other. Slip rate pattern along the fault strike might reveal the relation between the two bounding faults. We took the vertical slip rate of the FF as an approximate for the uplift rate of the Yongchangnan Shan, and estimated its uplift onset based on the topographic relief. The formerly reported onsets of active tectonics along the Hexi corridor are also compiled to discuss the northeastward propagation of the Tibet Plateau.
[image: Figure 1]FIGURE 1 | (A) Satellite image shows the study area locates at the northeastern margin of the Tibet plateau. (B) The tectonics in the region: F1, Fengle Fault; F2, Kangningqiao Fault; F3, Longshoushan Fault; F4, Yumushan Fault; F5, Helishan Fault; F6, Jintananshan Fault; F7, Haiyuan fault; F8, Fodongmiao-Hongyazi Fault; F9, Yumen Fault; F10, Minle-Damaying fault. Blue circles show locations of previous vertical slip rate studies. Yellow circles show locations of uplift onset studies. Red circle shows the location of crustal shortening study. (C) Fengle Fault. The white circles show the locations of surveyed sites.
GEOLOGICAL SETTING
The Qilian Shan is the one of the youngest parts of the Tibet Plateau (Metivier et al., 1998; Meyer et al., 1998; Tapponnier et al., 2001; Pan et al., 2013). Crustal shortening along the north-eastern margin of the Plateau in response to the India-Eurasia collision initiated 50 Ma ago (Geoge et al., 2001; Fang et al., 2005; Bovet et al., 2009; Zheng et al., 2010; Liu et al., 2011; Molnar and Tapponnier, 1975; Tapponnier and Molnar, 1977; Cavalié et al., 2008). This shortening is absorbed by the range uplift (Chen et al., 2002; Hu et al., 2010) via thrusting of the North Qilian Fault (NQF) (Tapponnier et al., 2001; Meyer et al., 1998; Zheng et al., 2010; Zuza et al., 2016), a 700 km long fault bounding the North Qilian Shan and the Hexi Corridor (Li and Yang, 1998; Xiong et al., 2017; Zhang et al., 2017; Su et al., 2019; Zhong et al., 2020). And across the eastern portion of the North Qilian Shan, the crustal shortening rate is reported to be 5.5–7.0 mm/a (Hetzel et al., 2004b; Yuan et al., 2004; Zhang et al., 2004; Palumbo et al., 2009). The shortening absorbing tectonics include the North Qilian shan, the Yongchangnan Shan and their bounding thrusts including the Fengle Fault.
Holocene slip rates of the NQF have been reported by former studies. At the western section of the NQF, Chen et al. (1999) reported a vertical slip rate of 0.41–0.48 mm/a for the Yumen fault (Figure 1B). At the middle section of the NQF, Yang et al. (2018) suggest the vertical slip rate ranges from 0.9 mm/a to 1.3 mm/a for the Fodongmiao-Hongyazi fault. The Yumu Shan fault, located at the eastern section of the NQF, Palumbo et al. (2009) reported a 0.5–0.8 mm/a vertical slip rate. The Minle-Damaying fault, bounding the North Qilian Shan, has a reported vertical slip rate of ∼1.0 mm/a (Lei et al., 2020).
The Fengle fault (Figure 1), located at the eastern section of the NQF, extends from the mouth of the Dongda river in the west to the Xiying River in the east, about 90 km in length. The Yongchangnan Shan, an anticline in front of the North Qilian Shan, is collectively bounded by the FF and a further east KNF (Figure 1C) in the north piedmont. In the south piedmont, the anticline is bounded by the Huangcheng-Shuangta fault (Figure 1C). Further south lays the North Qilian Shan (Figure 1C).
Though no seismic events have been recorded on the FF in recent years, earthquakes are abundant in the region (Figure 1B): The 180 AD Gaotai M7.5 earthquake on the Yumu Shan Fault (Xu et al., 2010), the 1,609 Hongyazi M7.25 earthquake on the Fodongmiao-Hongyazi fault (Xu et al., 2010; Huang, 2021), and the 1954 Shandan Ms7.25 earthquake (Zheng W. J. et al., 2013) on the North Longshou Shan fault. The most recent seismic activities in this region includes the 2003 Minle-Shandan Ms6.1 and Ms5.8 earthquakes near Minle County (Zhang et al., 2004), and the 2016 Menyuan Ms6.4 earthquake (Wang et al., 2017; Liu et al., 2018) on the Haiyuan fault (Figure 1B).
METHOD
We mapped the fault traces on the remote sensing images from Google earth before field work. Then we detected distinct deformation markers along the fault trace. In the field, we carried out detailed survey of three sites including UAV (Unmanned Aerial Vehicle) survey and collecting dating samples. The three surveyed sites are Kangningqiao, Luban temple and Dujiatuan village sites, from the east to the west (Figure 1C).
Vertical Displacements
In order to acquire a detailed topography at the surveyed sites, we used UAV survey to scan the selected target area with a mounted 4K camera. Digital elevation models (DEM) were generated by Agisoft Photoscan. At least 11 control points positioned by real-time kinematic (RTK) GPS were set evenly across the target area before the UAV survey. These control points have a horizontal precision of 0.02 m and a vertical precision of 0.04 m. Therefore, the DEMs can be rectified for distortion from the UAV-mounted camera, which could be used to measure deformation.
Measurements of vertical displacements are based on the UAV-surveyed DEMs. Each topographic swath profile (Figure 2A) is extracted by three measuring lines normal to the strike of the scarp. On calculation of the vertical displacement, we conduct linear regression on the hangingwall at each surveyed site. A trench excavated on the hangingwall at the Dujiatuan village reveals a loess thickness of ∼0.3 m. At the Luban temple site, the loess cover is less than 0.2 m in thickness. At the Kangningqiao site, no loess cover is observed on the hangingwall (designated as S1 by Champagnac et al., 2010). If the loess cover on the footwall has the same thickness with loess on the hangingwall at each surveyed site, the loess thickness would not seriously affect our measuring result of vertical displacement. Additionally, Comparing with tens of meters of vertical displacements, the loess cover less than 0.5 m thick on the hangingwall will not significantly affect our result. Duo to the burial of the footwall, the topographic profiles of the hangingwall and the footwall are not strictly paralleled with each other. The measured profile north of the fault is interpreted as the sum of the footwall and the covering sediments (e.g., Champagnac et al., 2010). We assume the thickness of sediments burying the footwall decreases exponentially from the fault as a exponential term (Figure 2A) (e.g., Champagnac et al., 2010) and the thickness of the sediments is negligible at the end of the measuring line, where exposed bedload conglomerates can be observed. The height-intercept difference (Figure 2A , In1-In2) of the hangingwall and the footwall is inferred as the vertical displacement (d) (Figure 2A). As the two linear terms have different slopes, the measured d will vary when it goes from the foot to the shoulder of the scarp. The range of the measured d bounds the uncertainty of the vertical throw. Monte Carlo simulations were implemented to calculate the vertical slip rate, hence we need to define the probability distribution function (PDF) of each measured throw. Here, each vertical throw is assumed in a normal distribution and its uncertainty bounds the 95% confidence interval.
[image: Figure 2]FIGURE 2 | Illustration of determining the vertical throw, maximum slope of scarp and vertical slip rate. (A) We assume the hangingwall and footwall (linear term) have the same nature slope. The footwall is buried with sediments whose thickness decrease exponentially from the fault (exponential term) (e.g., Champagnac et al., 2010). (B) Faulting event follows a gravity-driven collapse after which the scarp undergoes a slower degradation phase dominated by raindrop impact and soil creep. (C) Gaussian fitting reveals the maximum slope on the scarp. (D) 1,000 times of Monte Carlo simulation displacement-time (d–t) vectors are projected on a d-t plane, then the slope of the linear regression reveals the vertical slip rate.
Optically Stimulated Luminescence Dating
At the Dujiatuan village site (Figure 1), the conglomerates are covered with fine-grained sediments suitable for optically stimulated luminescence (OSL) dating, therefore, a trench (38°6′35.68″N, 102°2′6.58″E) was excavated for sampling. Samples were collected from both the eolian loess and the fluvial sediments to constrain the upper and lower bound of the abandonment age of the displaced fan surface.
The OSL samples were processed at the Key Laboratory of Crustal Dynamics, Institute of Crustal Dynamics, China Earthquake Administration. The preparation and measurements of the OSL samples followed the standard procedures (Aitken, 1998). The details of OSL dating can be found in the Supplementary Material. Only sample near the center of the steel pipe was used to insure maximal shielding. A small portion of the sample, 20 g, was used to measure the water content. 106 g of each sample was used to measure the environmental dose rate (D). As the materials of the samples are finer than silt, quartz grains 4–11 µm in size were used to measure the equivalent dose (De). To remove the organic materials, samples were treated with 30% hydrogen peroxide (H2O2). 30% hydrochloric acid (HCI) was used to remove carbonates. We obtained grains <90 µm by dry sieving, then grains 4–11 µm in size were extracted by hydrostatic sedimentation. Samples were dried again under temperature of 40°C, then etched with 40% hexafluorosilic acid (H2SiF6) to remove feldspar. The residual fluorides are further dissolved by 10% HCI. To test the purity of the samples, we measured the infrared stimulated luminescence (IRSL) and 110°C thermoluminescence (TL) peak which is an indicator of feldspar.
We determined the equivalent dose (De) of the quartz by the simplified multiple aliquot regenerative-dose (SMAR) procedure (Wang et al., 2006; Lu et al., 2007). Quartz grains 4–11 µm in size were mounted on stainless steel. For each sample, 8–10 aliquots are used to measure the natural OSL signal and another 6–8 aliquots are zeroed under the sunlight for 6 h. Luminescence measurements were performed on Risoe DA-20-CD TL/OSL reader made in Denmark. The 90Sr/90Y beta source with a dose rate of 0.086 Gy/s was used for dosing and blue light emitting diodes (λ = 470 ± 20 nm) and infrared (λ = 830 nm) LED units for stimulation. The background stimulation was subtracted from the initial 0.8 s stimulation then the growth curve (see the growth curves in the Supplementary Material) was constructed and the equivalent dose (De) was obtianed.
Environmental dose rate (D) is a measure of the radiation dose per unit of time absorbed by the mineral, quartz in this study, of interest. The dose rate is calculated from an analysis of radioactive elements. The contents of radioactive isotopes of U, Th and K are measured by the Canberra GC4018 (HPGe) gamma spectrometer. Water content can affect the radiation dose absorbing rate by quartz. However, as our samples are relatively dry, the measured water content cannot represent the actual water content during the burial period. The water content of all the samples are assumed to be 5%. Based on the relation between the dose rate of quartz, water content and contents of U, Th, K (Aiken, 1998), we can determine the environmental dose rate (D). The cosmic ray dose rate was calculated according to Prescott and Hutton (1994).
The dose distributions (see Figure 3 in the Supplementary Material) show that our measured grains were well bleached before burial and the central age model (e.g., Galbraith et al., 1999) yields the ages of the OSL samples (Table 1).
[image: Figure 3]FIGURE 3 | (A) Aerial photography of the Kangningqing site. The red line shows the fault track. (B) 3D topography of the surveyed site. The measuring lines are normal to the fault strike. (C) Using the high resolution DEMs generated by drone scanning stereopair, we extract the slope profile of the fault scarp and obtain the maximum slope.
TABLE 1 | Calculated values of equivalent doses, annual doses and OSL ages.
[image: Table 1]Scarp Diffusion Age
Damaging of the grass cover or digging is restricted at some private ranch or farmlands, therefore dating sample is not accessible. In such case, age estimation is based on scarp diffusion model (e.g., Wallace, 1977; Hanks et al., 1984): After a faulting event, the scarp starts as a free surface, and then follows the gravity-driven collapse (Avouac, 1993) (Figure 2B). The duration of collapse is a relatively small fraction of the degradation period (Colman and Watson, 1983; Andrews and Bucknam, 1987), after which the slope of the scarp reaches an angle of repose of the unconsolidated sediments. From this point of time, the scarp undergoes a slower degradation phase dominated by raindrop impact and soil creep. Colman and Watson (1983) applied the diffusion equation for hill slopes to scarp erosion in unconsolidated materials:
[image: image]
g is the maximum slope on the current profile of scarp. We sampled the slope data by random points along the measuring line, scattering them on the slope-distance plane (Figure 2C). Gaussian function is used to make a fitting (Figure 2C). The program Matlab will yield the maximum, with 95% confidence interval, of the fitted Gaussian function, representing the maximum slope-g, with uncertainty. g1 is the surface slope. As the hangingwall and footwall have different slopes, we take the mean as the surface slope. g0 is the slope at the repose of sediments which is supposed to be tan(30°). L = d/2g0 and d is the vertical displacement in m. c is a diffusion constant in m2/ka. t is the scarp age, in ka. We already have dated scarp profiles at the Dujiatuan village and the Luban temple site. By Eq. 1 if we know the value of g, g0, d and t, then the rate constant, c, can be calibrated. Then by the calibrated c, we can estimate the age, t, at the undated site. Here, the age deduced by Eq. 1 is actually the age of sediments repose and it is an approximate of the scarp age duo to the relatively short-period phase of free surface collapse.
Vertical Slip Rate
Slip rate uncertainties arise from both measurement and dating uncertainties. We implemented Monte Carlo simulations to estimate the uncertainties for the vertical slip rate (Figure 2D). In the rectangle envelop bounding the uncertainties of displacement and time (d-t), random points are generated to simulate the d-t vectors. As more simulations will not significantly improve the precision, 1,000 times of simulations were conducted for deformed marker (Figure 2D). As we do not know the position of the present day in a seismic circle, the linear regression of the d-t vectors is forced through the origin (Figure 2D). The slope of the linear regression yields the vertical slip rate, with uncertainty.
RESULTS
Here, we report the vertical displacements and maximum slopes on scarps. We also compiled the dating results of previous study (Champagnac et al., 2010) and report the trench analysis at the Dujiatuan village. We firstly reported the two directly dated sites, hence calculated the regional diffusion constant. Afterward, we estimated the marker’s age at the Luban temple site based on the scarp diffusion model. Due to the absence of lateral offset features, we only obtained the vertical slip rates.
Kangningqiao
Previous researchers have reported vetrtical throws and rates on two deformed surfaces at the Kangningqiao site (Figures 3A,B). The displaced sediments are composed of bedload conglomerates of the Xiying river. By elevation data collected by a total station in the eastern portion of the FF near the Kangningqiao, Champagnac et al. (2010) reported vertical displacements of 96.4 ± 4.4 m and 40.1 ± 2.8 m for the upper and lower surface (designated as S1 and S2, respectively). As high-resolution DEMs are available, we measured the maximum slope of the fault scarp. The Gaussian fittings of the slope profiles (D-D′ and E-E’) yield maximum slopes of 0.58 ± 0.16 for the scarp on S1 and 0.56 ± 0.11 for the scarp on S2 (Figure 3C).
By 10Be exposure dating, Champagnac et al. (2010) reported the upper surface, S1, has an age of 29.9 ± 7.8 ka BP and the lower surface S2 has an age of 16.3 ± 4.4 ka BP, which yields a vertical slip rate of 2.8 ± 1.3 mm/a.
Dujiatuan Village
The FF bifurcates at the Dujiatuan village with two parallel scarps cutting a fluvial fan designated as D1 (Figures 4A,B). Part of the fan has been eroded by a younger gully, whose deposits have either not been offset, or the scarp was erased by later flow. From the outcrop, we can observe that the sediments of the fan comprise of conglomerates and the capping fine-grain deposits. A topographic profile perpendicular to the fault strike shows that the major scarp in the north have a cumulative a height of 14.0 ± 2.0 m (Figure 4C). A smaller scarp, located 300 m to the south, shows a vertical displacement of 1.6 ± 0.1 m. The sum of these two scarps, 15.6 ± 2.0 m, is inferred as the total vertical offset of D1. The greater portion of the vertical displacement is shared by the major scarp in the north, having a maximum slope of 0.29 ± 0.09 (Figure 4C).
[image: Figure 4]FIGURE 4 | (A) Aerial photography of the Dujiatuan village site. The red line shows the fault track. (B) 3D topography of the surveyed site. The measuring lines are normal to the fault strike. (C) The topographic profile reveals the vertical throw and the Gaussian fitting indicates the maximum slope on the scarp.
The OSL samples are collected from the trench (E102°02′6.88”, N38°06′35.83″) (Figure 5) excavated across the 1.6 ± 0.1 m scarp south of the main strand, on D1. The trench is 10 m in length, 1.5 m in width and 2.5 m in depth. The dating results show younger ages for the upper sediments and older ages for the underlying bedloads. We suppose these samples are essential for the estimation of the abandonment age of the offset fan. From the trench exposure, we classified totally six stratigraphic units according to the composition, color, granularity, roundness of sediments (Figure 5). Stratigraphic unites are labeled from the bottom to top as U1- U6 (Figure 5), respectively: U1 is a coarse sand layer, grayish in color, embedded with sub-angular pebbles and cobbles 0.2–0.5 m in diameter. Horizontal bedding is visible in sand. This unit is about 1.2 m in thickness. U2 consists of pure sand, with a brighter color than U1. This unit appears both on the hangingwall and the footwall, and is about 0.35 m in thickness. Two OSL samples, FL-1 in the foot wall and FL-2 in the hanging wall, are collected from this unit, with dating results of 27.8 ± 5.0 ka BP (Table 1) and 24.6 ± 2.0 ka BP (Table 1), respectively. The overlapping ages show a strong consistency of the two results. U3 is a mixture of sand and tiny granules, reddish-brown in color and 0.12 m in thickness. This layer is continuous on the footwall and scattered on the hangingwall. U4 is a fine grain layer, inferred to be loess deposits. The thickness is about 0.3 m on the footwall, decreasing to 0.15 m on the block bounded by faults and absent on the hangingwall. The OSL sample, FL-3, collected in this unit yields an age of 21.8 ± 2.5 ka BP (Table 1). U5 is a channel, capped by the top soil, cutting into U3 and U2, comprising fine grains. One OSL sample is available of this unit, with a dating result of 19.3 ± 2.5 ka BP (Table 1). U6 is the top soil layer, dark in color and about 0.65 m in thickness.
[image: Figure 5]FIGURE 5 | The Dujiatuan village trench. This trench is excavated for dating the fluvial fan D1 and two fault splays are discovered, designated as F1 and F2, respectively. The fault F1 terminated upward at the bottom of U6. The fault F2 is capped by U3. Stratigraphic units: U1, coarse sand. U2, pure sand. U3, mixture of sand and tiny granules. U4, loess deposits. U5, channel deposits. U6, top soil. We identified two faulting events in the Late Pleistocene, designated as E1 and E2.
There are two fault planes observed on the trench walls, which are labeled as F1 and F2 (Figure 5). Fault F1 offsets U1, U2, U3 and U4. From Figure 5, the older U2 over thrusts on the younger U4. The absence of U4 might be the result of stronger erosion on the hangingwall and only weathered remains of U3 can be observed. The upper termination of F1 is capped by U6, indicating a seismic event E1 took place prior to the deposition of U6. Another seismic event is identified by the slip of fault F2. E2 is an older event as it is capped by U3 and only offsets U1 and U2. The occurrence time of E2 is between the deposition of U2 and U3.
The samples collected from the latest sediments before the abandonment provides a maximum date for the fan (e.g., Dortz et al., 2009; Walker and Fattahi, 2011), while, the one from the oldest eolian sediments provides a minimum date. The horizontal bedding in the pure sandy unit (Figure 5), U2, indicates sediments deposited prior to the abandonment. As U2 is the youngest dated unit before the abandonment, the younger sample FL-2 (24.6 ± 2.0 ka BP) collected from it, therefore, provides the maximum age of the fan. The loess deposits of U4 (21.8 ± 2.5 ka BP) (Figure 5) provides a minimum age for the fan as deposited on the original fluvial fan surface after the abandonment. As a result, the abandonment time of D1 is estimated to be between 21.8 ± 2.5 ka BP to 24.6 ± 2.0 ka BP. Combining the vertical offset, the vertical slip rate is revealed to be 0.7 ± 0.1 mm/a. We take the mean dip of faults exposed by the Dujiatuan trench as an approximate, 35 ± 2°, for the main strand, the shortening rate across the FF at the Dujiatuan village site is estimated as 1.0 ± 0.1 mm/a. Hu et al. (2015) reported a similar shortening rate of 0.9 ± 0.3 mm/a across the Yongchangnan Shan based on the deformation and OSL dating of terraces in the Jinta river (Figure 1B), near the eastern tip of the adjacent KNF.
Luban Temple
We did not get permission to dig on the private ranch during our field investigation, as a result, no dating sample is available at the Luban temple site. The two deformed surfaces at this site are designated as L1 and L2, respectively (Figures 6A,B). These surfaces are inferred as abandoned fluvial fans with well-preserved planar surfaces. As both surfaces are covered with grass with no natural outcrop, we cannot describe their sedimentary units, here.
[image: Figure 6]FIGURE 6 | (A) Aerial photography of the Luban temple site. The red line shows the fault track. (B) 3D topography of the surveyed site. The derived topographic profiles B-B′ and C-C′ are normal to the fault strike. (C) The topographic profiles show the vertical throws of L1 and L2. The Gaussian functions yield the maximum slopes.
The higher surface L1 has a vertical displacement of 31.0 ± 1.0 m and the scarp height of the lower fan L2 is 16.1 ± 2.0 m (Figure 6C). The Gaussian functions fitted to the slopes along the measuring line yield maximum slopes of 0.49 ± 0.20 for the scarp on L1 and 0.41 ± 0.15 for the scarp on L2 (Figure 6C).
Now we have the vertical displacement and maximum slope of the deformation markers at the Luban temple site. However, by Eq. 1, we need to figure out the value and the PDF of the diffusion constant c before the age calculation. Based on the natural slope g1, maximum slope g, age t and the vertical displacement d of the directly dated markers, we estimated a c value of 8.9 ± 1.0 m2/ka for S1, 7.2 ± 1.0 m2/ka for S2 in the Kangningqiao site and 8.1 ± 2.5 m2/ka for the D1 of the Dujiatuan village. These c values are in consistency with each other, indicating the c value stays constant across the relatively small study area. The average c value is revealed to be 7.9 ± 2.5 m2/ka. Here, we use the averaged c value to calculate the marker ages in the Luban temple site. The ages of L1 and L2 are yielded to be 27.1 ± 5.0 ka and 13.7 ± 5.0 ka, respectively. As a result the vertical slip rate is estimated as 1.1 ± 0.4 mm/a.
DISCUSSION
It seems that the activity level of the fault decreases away the Kangningqiao site. By constructing the slip rate pattern along the strike, we can explore the relation between the FF and the KNF. The estimation of the uplift onset of the Yongchangnan Shan and the compiled previously reported uplift onsets help to understand the northward deformation propagation at the northeastern margin of the Tibet Plateau.
Slip Pattern
As no obvious lateral slip was observed, we constructed the slip rate pattern in terms of vertical slip rate. The linear regression on the vertical slip measured from the three surveyed points reveals a monotonic slip pattern (Figure 7B, blue linear regression), which does not match the model in which the maximum slip locates near the center of the fault and decrease toward the tips (Walsh and Watterson, 1987; Dawers et al., 1993; Schlische et al., 1996). This inconsistency made us wonder whether it has been linked with the KNF further east (Figure 7A), so that they are two segments of a single fault. Another explanation for the inconsistency is that the maximum vertical slip rate of the FF locates at some point between the Kangningqiao and the Luban temple , and in that case, the two faults are independent from each other.
[image: Figure 7]FIGURE 7 | (A) In order to obtain the relief profile, we extract both the along crest profile of the Yongchangnan Shan and a paralleled profile along the Hexi Corridor. The indication for swath profiles F-F′ and G-G′ is marked in Figure 1C. For F-F′, maximum elevation is taken for each increment along the swath profile. For the terrain profile of the Hexi Corridor basin G-G′, minimum elevation in each increment is taken. (B) The relief profile is obtained by differencing the crest profile (F-F′) and the terrain profile of the Hexi Corridor (G-G′). We also project the vertical slip rates (blue in color) at each surveyed site on the coordinate system.
To find out the relation between the two north bounding faults, we extract the along-crest relief of the Yongchangnan Shan as is inferred by Hetzel et al. (2004) to be a reflection of thrust fault’s slip distribution. By a 90 m resolution DEM from the Shuttle Radar Topographic Mission data (STRM), we extracted a topographic profile along the crest (Figures 7A,B, swath profile F- F′). We interpreted this profile as the sum of the uplift of Yongchangnan Shan and the natural slope on which the uplift is based. The natural slope is approximated by extracting the topographic profile (Figure 7B, swath profile G- G′) along the Hexi Corridor paralleled to the Yongchangnan Shan (Figure 7A). Subtracting the natural slope G-G′ from the topographic profile F-F′, we get the profile of the tectonic uplift (Figure 7B).
As Figure 7B shows the relief of the Yongchangnan Shan increases from the west tip of the FF and stops the increase at the Xiying river due to river incision. As the thrusting of the fault controls the topographic relief of the range (Hetzel et al., 2004a), we suppose the peak of the Yongchangnan Shan corresponds to the maximum slip point of the fault or a series of faults. As the maximum is in vicinity of the Kangningqiao site, we suppose the monotonic slip pattern fitted by a line is valid for the FF.
On the eastern half of the Yongchangnan Shan, Chen (2003) reported a thermoluminescence (TL) dated scarp on the fan located at the Baishitou gully (Figures 1B, 7) has a height of 2.5 m and an age of 4.4 ± 0.4 ka BP, which yields a vertical slip rate of 0.6 ± 0.1 mm/a on this site of the KNF. The monotonic slip pattern of the FF can be interpreted as the western wing of a triangular-shaped vertical rate distribution along the northern front of the Yongchangnan Shan. We suppose the FF and KNF are two segments of a single segmented thrust controlling the uplift of the Yongchangnan Shan. But that requires the vertical rate distribution of the KNF also has a monotonic pattern, decreasing from the west to the east (Figure 7B, blue dashed line). The sum of the two slip patterns resemble a single thrust with its maximum near the center and decreases toward the tips, a model suggested by Walsh and Watterson (1987), Dawers et al. (1993), Schlische et al. (1996) and Cowie (1998).
Yongchangnan Shan Uplift and Deformation Propagation
As the deep structure of the FF is unknown, we assume it is a deeply rooted fault. In that case, the vertical slip rate of the thrust is inferred to be the uplift rate of the Yongchangnan Shan. The vertical slip rates measured from all three surveyed sites range from 0.7 ± 0.1 mm/a to 2.8 ± 1.3 mm/a at which the FF is uplifting the rock. Pan et al. (2013) reported a river incision rate of 0.53 ± 0.05 mm/a since 76 ka where the Xiying river cutting through the Yongchangnan Shan (Figure 1B), and further east at the Jinta river, Pan et al. (2007) reported a 0.41 ± 0.04 mm/a of rock uplift rate since 73 ka indicated by the river incision rate. And it is also reported (Chen, 2003) a 0.6 ± 0.1 mm/a vertical rate of the adjacent KNF in the east (Figure 1B). These reported rock uplift rates are close to our result. The resulting rock uplift rate of the Yongchangnan Shan is also of the same magnitude with the Yumu Shan, 0.5–0.8 mm/a (Palumbo et al., 2009) and 1.2 ± 0.1 mm/a (Hu et al., 2019b), in the near west (Figure 1B).
Besides the rock uplift rate which increase the relief, we also take into consideration weathering and deposition, which reduce the relief (Burbank et al., 1996; Reiners and Brandon, 2006; Molnar et al., 2007; Champagnac et al., 2012; Wang et al., 2014). Montgomery and Brandon (2002) gave a nonlinear function relating denudation rate and mean slope:
[image: image]
[image: image] is the denudation rate in mm/ka, [image: image] is a rate constant in mm/ka, [image: image] is the mean hillslope angle and [image: image] is an angle of repose. Palumbo et al. (2009) suggest that at the margin of Northeastern Tibet, [image: image] is 3 mm/ka in value and [image: image] is 30°. Using a 90 m DEM (Shuttle Radar Topographic Mission data), we determine the mean slope (e.g., Farr et al., 2007; Wang et al., 2014) of catchments in the Yongchangnan Shan as 21.6 ± 5°. By equation 2, the denudation rate at the range is estimated to be 0.135 ± 0.07 mm/a. By magnetostratigraphy study, Hu et al. (2019a) revealed that the average sedimentary accumulation rate (SAR) since ∼3.3 Ma is 0.1 mm/a at the nearby Jiudong basin (Figure 1B), about 200 km west of the Yongchangnan Shan. We take this rate as an approximate for the SAR in the Wuwei basin. By subtracting the denudation rate and SAR from the rock uplift rate, we can estimate the net topography rasing rate (NTR) as 1.1 ± 0.4 mm/a. The Yongchangnan Shan does not reach a steady state (e.g., Burbank, 2002; Willett and Brandon, 2002) and is still under uplifting.
Taking into consideration of the current maximum topography relief (Figure 7B), 1,450 ± 90 m, and assuming the NTR remains constant as the ranges grow, the uplift onset of the Yongchangnan Shan can be estimated to be 1.3 ± 0.5 Ma ago, at late-Pliocene to early Pleistocene. For the Yumu Shan in the near west (Figure 1B), based on vertical slip rate of the Yumu Shan Fault and relief, Palumbo et al. (2009) suggest the range started uplifting by 3.7 ± 0.9 Ma ago. By magnetostratigraphy study, Hu et al. (2019a) suggest an uplift onset of 2.5 ± 0.5 Ma for the Yumu Shan. The reported onsets show that the Yumu Shan is older than the Yongchangnan Shan. By magnetostraitigraphic results of Late Cenozoic sediments from the Yumu Shan, Liu et al. (2011) suggest tectonic episodes at ∼5.89, ∼3.58, ∼2.88–2.58 and ∼0.9–0.8 Ma. In addition, By palaeomagnetic dating and tectonosedimentological measurement of Cenozoic sediments in the Jiudong Basin (Figure 1B), Fang et al. (2013) suggest eight tectonic episodes, 27.8, 24.6, 13.7–13, 9.8–9.6, 5.1–3.6, 2.8–2.6, 0.8 and 0.1 Ma, in the Jiudong basin-Yumu Shan basin-range structure. Both workers reported a ∼1.0 Ma tectonic period in this region. The uplift onset of the Yongchangnan Shan might be correlated with the ∼1.0 Ma period. Of course, the correlation requires the Yongchangnan Shan has a constant uplift rate since the onset. The crustal shortening along the northeastern margin of the Tibet Plateau is absorbed by the uplift of the north Qilian Shan and series thrusting and range uplift across the eastern Heixi Corridor (Xiong et al., 2017). Further north, deformations such as the Jintanan Shan and the Heli Shan (Figure 1B) concentrate on the boundary between two rigid blocks, the Hexi Corridor (Li and Yang, 1998) and the Alashan Block (Tapponnier and Molnar, 1977). Based on vertical slip rate of the bounding thrusts, the onsets of the uplift of the Jintanan Shan and the Heli Shan are estimated to be ∼1.5 to 1.6 Ma and ∼1 to <3 Ma, respectively (Zheng W.-J. et al., 2013; Xiong et al., 2017) (Figure 1B) and their onset are in the same period with the Yongchangnan Shan. The younger uplift onsets north of the Hexi Corridor and the Yongchangnan Shan indicate the deformation not only propagates northward but also eastward. It may be the reflection of the northeastward extension of the Tibet Plateau in response to the ongoing India-Eurasia collision.
CONCLUSION
Detailed field survey and age estimation of deformation markers yield vertical slip rates of 2.8 ± 1.3 mm/a, 1.1 ± 0.4 mm/a and 0.7 ± 0.1 mm/a at the Kangningqiao, Luban temple and the Dujiatuan village sites. These rates indicate a slip rate pattern of westward decreasing. We suppose the FF and the KNF are two segments of a single thrust, and they jointly control the uplift of the Yongchangnan Shan. The uplift onset of the Yongchannanshan is estimated in the same period with the Yumu Shan, and they are older than the Jintanan Shan and the Heli Shan located north of the Hexi Corridor, indicating the deformation in the northeastern margin of the Tibetan Pleteau propagated from the south to the north. We interpret the deformation propagation as the result of the northeastward expansion of the Tibet Plateau duo to the ongoing India-Eurasia collision.
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The 2020 Jiashi M6.4 earthquake occurred in the Kaping fold-and-thrust belt, a major south-verging active thin-skin system in the southwestern Chinese Tien Shan Mountain, north of the Tarim Basin. Within 50 km from the epicentral area, seismic hazard is high, as suggested by the occurrence of the 1902 Mw 7.7 Artux (Kashgar) earthquake and 1997 Jiashi strong earthquake swarm. The seismogenic structure responsible for the 2020 event is not well constrained and is a subject of debate. We relocated the 2020 Jiashi earthquake sequence and assessed the relocation uncertainties, using eight seismic velocity models and based on detailed local and regional subcrustal structures from seismic profiles. Then we compared the temporal variation in the Gutenberg–Richter b-values of the 2020 sequence with those of the 1997, 1998, and 2003 earthquake sequences. Our results show that most events cluster at depths greater than 10 km, suggesting that the events most likely occurred beneath the décollement and inside the Tarim Craton. The spatiotemporal evolution of the sequence suggests that two groups of structures at depth were involved in the 2020 sequences: NW–SE-trending lateral strike-slip faults and E–W-trending reverse faults. The b-values of the 2020 sequence exhibits relatively stable temporal evolution, unlike those of the multi-shock sequence that occurred inside the Tarim Craton. It indicates that the 2020 sequence perhaps was influenced by the stress interaction with the 10 km thick overlying strata. Our study provides a new perspective on the seismogenic structure of the earthquakes that occurred because of reactivation of ancient structures developed in a stable craton.
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INTRODUCTION
Seismic hazard is high in some major active intracontinental fold-thrust systems, such as those along the Pamir, Tien Shan, and Longmenshan, Andes, New Guinea, etc., Although the seismogenic structures appear to belong to the same type of active fold-and-thrust belts, the deforming structural systems are complex and involve various elements capable of rupturing during earthquakes. These can include major thrusts, décollements, and some other structures either older than can be reactivated or new one that can nucleate. Regarding the spatial relationship between earthquakes and décollement, some earthquakes occur on the thrust fault above the décollement, such as the 1999 Chi-chi M7.6 earthquake (Dominguez et al., 2003), whereas others originated on the décollement, such as the 2015 Gorkha M7.8 earthquake (Elliott et al., 2016; Hubbard et al., 2016). And some other events initiate under imbricated thrust sheets, such as the moderate-sized earthquakes that affect the Tajik fold-thrust belt of the western foreland of the Pamir (Kufner et al., 2018; Gągała et al., 2020).
On January 19, 2020, the M6.4 Jiashi earthquake occurred along the Kaping fold-and-thrust belt (also called the “Kepingtage” or “Keping”), a well-known thrust fault zone in the southwestern Tien Shan Mountains, China (Yin et al., 1998; Allen et al., 1999; Turner et al., 2011). This south-verging (north-dipping) fold-thrust belt propagates toward the northwestern margin of the Tarim Basin (or Tarim Craton), where the Paleozoic sedimentary cover is being actively deformed by some emergent thin-skinned thrusts (Jia et al., 1998; Lu et al., 1998; Allen et al., 1999; Zhang et al., 2019). For understanding the seismotectonics, more attention was paid to the actively deforming thrust faults and folds. Little is known about the role of old/ancient structures beneath the décollement of the fold-thrust zone. However, this fold-thrust zone belongs to the so-called thin-skinned fold-and-thrust belt. Because the décollement is merely ∼10 km blow the Earth’s surface. Under such a tectonic environment, the ancient structures cannot be ignored when studying the seismotectonics. Therefore, the 2020 Jiashi earthquake presents a unique case for investigating the possible seismogenic structure for a tectonically fold-and-thrust belt with both old and new structures. It is highly important both for regional seismic hazard assessment and interaction between the old and new tectonic structures.
In addition to the structural analysis from seismic profiles, analyzing the precise seismic relocation results is also an important approach. However, the relocation results are sensitive to the material heterogeneity and structural complexities. Here, we explored the uncertainties of the relocation results by considering eight seismic velocity models. We also examined the temporal evolution of b value of the regional earthquake sequences, including the 2020 Jiashi earthquake and some instrumental earthquakes within 50 km of the 2020 event. We found that the 2020 Jiashi earthquake occurred on a deep reactivated structure beneath the Kaping fold-and-thrust structure. Our results support a new type of seismogenic structure in a region with active fold-thrust system developed above a nominally stable craton: besides the shallower active faults and folds above and along the décollement of the Kaping fold-and-thrust structure, the deeper ancient structures beneath the décollement, which was developed in the craton, can be reactivated and hence are also seismogenic. Therefore, both active and stable regions are of concern in seismic hazard assessment for thin-skinned tectonic zone.
GEOLOGICAL SETTING
Tectonic rejuvenation across the Tien Shan orogeny has occurred during the Cenozoic because of the far-field effect of the ongoing Cenozoic Indo-Eurasian collision, and the associated deformations have progressed from south to north across the Tien Shan range (Tapponnier and Molnar, 1979; Charreau et al., 2009; Glorie et al., 2011). Multiple thrust systems, mixed with a large number of strike-slip structures, have developed from early tectonic structures through intense compressional transformation that is actively deforming the thick Phanerozoic sedimentary succession within the Tarim Basin (Turner et al., 2011).
The Kaping fold-and-thrust belt, located between the northwestern margin of the Tarim Basin and the southern Tien Shan Mountain, grew and propagated southward from the central segment of the Kashi–Aksu fold-thrust system in the Chinese southwestern Tien Shan Orogenic belt. The Kashi–Aksu fold-thrust system is thought to be a thick-skinned thrust on the whole (Li et al., 2012; Li et al., 2016; Borderie et al., 2018). In contrast, the Kaping fold-and-thrust belt, which is convex toward the south and overlaps the Tarim craton (Zhang et al., 2019; Li et al., 2020), is regarded as a fold-and-thrust belt. It can propagate deformation along a décollement made of a nearly 200–400 m-thick gypsiferous mudstone (Allen et al., 1999; Turner et al., 2011). Also, synthetic seismic sections of the Jiashi region (Figure 1 Section A–A′, and B–B′) reveal significant vertical differences between the thrust wedge and the crystalline basement in terms of the structural features and material parameters (stacks of ∼2 KM-thick strata vs. a single and relatively intact thick strata). Within the basement in Tarim craton, old complex structures are observed at the southern edge of the Kaping fold-and-thrust belt, such as negative flower faults of Bashen–Tuopu fault (Figure 1 Section C–C′ and D–D′), which is consistent with the FMS of 1997 Jiashi earthquake swarm (Figure 2). The relative negative flower structure faults of the Bashen–Tuopu fault are perhaps responsible for the occurrence of the 1997 Jiashi earthquake swarm (Figure 2). There are also some NW–SE-trending structures developed inside Tarim craton, but partly covered by the thrust sheet, such as Yijianfang fault (Figure 2 Section F–F′). Below the thrust sheet, some blind structures trending NW–SE, such as the Yijianfang fault (Figure 1, Section F–F′), extends south of the Kaping fold-and-thrust belt.
[image: Figure 1]FIGURE 1 | Regional geological settings of the 2020 Jiashi earthquake. The red circles represent the epicenters of the 2020 Jiashi earthquake determined by different institutions. The blue circles, the purple circles, and the pink circles represent the relocated epicenters of the 1998 M6.1 and M6.4 Jiashi earthquakes (Guo et al., 2002), the 2003 M6.8 earthquake (Huang et al., 2006), and the 1997 Jiashi earthquake swarm respectively (data from the GCMT catalog, https://www.globalcmt.org/) (MS6.0). The thin blue circles indicate the locations of historical earthquakes (MS6.0) (data from the CENC). The small black dots indicate geographical locations. The thick yellow lines indicate the locations of the sections in Figure 2. The acronyms used for the faults and organizations are explained as follows: KPF: Kepingtage fault; PQF Piqiang fault; BTF Bashen‐Tuopu fault; SMF Selibuya‐Mazartagh fault; MSF Maidan‐Shayilamu fault; SGF: Saergantage fault; TKF: Tuokesan fault; AZF: Aozitage fault; CENC: China Earthquake Networks Center; NEIC: National Earthquake Information Center; GCMT: Global Centroid‐Moment‐Tensor; ISC: International Seismological Center; XJCEA: Xinjiang Earthquake Agency, China Earthquake Administration.
[image: Figure 2]FIGURE 2 | Interpretation of the synthetic seismic sections of the Jiashi region (Xiao et al., 2002; Li et al., 2019; Zhang et al., 2019; Yao et al., 2019). The locations of the sections and the acronyms for the names of the faults are shown in Figure 1. Structural sections across and in front of the Kaping fold‐and‐thrust zone show the deformation architectures and décollement.
In map view, the Kaping fold-and-thrust is 300 and 75 km long in the east-west (EW) and south-north (SN) directions respectively, and transversely consists of multiple nearly parallel east-northeast (ENE)-trending fold belts (Figure 2). The ENE–WSW fold ridges are separated by about 10–20 km (Figure 1 Section A–A′, and B–B′) (Allen et al., 1999; Tian et al., 2016). The Kaping fold-and-thrust belt is segmented into eastern and western sections by the Piqiang fault that is a NNE–SSW- and NNW–SSE-striking oblique-slip deep-cutting fault (Yang et al., 2008a; Turner et al., 2011; Yao et al., 2019). In the western section, five major thrust-folds root into a décollement at ∼9 km depth (section A–A′ in Figure 2A) (Xiao et al., 2002; 2005). In the eastern section, six thrust-folds root into a décollement at ∼5 km depth (Figure 1 Section B–B′) (Yang et al., 2006; Yang et al., 2008b). Furthermore, the late Pleistocene shortening rate differs significantly for the two sections: ∼0.3 mm/year for the eastern section and ∼2.5–2.7 mm/year for the western section (Li et al., 2020). Therefore, interactions between the structures are quite clear: the NW–SE-trending inherited basement structures, such as the Piqiang fault, modulate the Cenozoic deformation along and across the Kaping fold-and-thrust belt. These interspersed NW–SE-trending basement-cutting faults connects with the obvious ancient structures inside the Tarim Basin, such as the famous Selibuya–Mazartagh fault which is known as an important boundary between the Markit slope and Bachu uplift (Figure 2).
The 1902 Atushi (Artux) M 7.7 earthquake (some records show that this earthquake reached M8.25) struck the southwest Tien Shan Mountain (Figure 2), in the western Kaping fold-and-thrust belt (Kulikova and Krüger, 2017). Little is known about this disastrous earthquake. The damages were described as cracking, fissuring, and slumping of the ground, but no evidence of obvious surface rupture has been found (Gu, 1994; Molnar and Ghose, 2000). Instrumental earthquake records show that the Kaping fold-and-thrust experienced a seismic quiet period from 1977 to 1995, with only a M6.2 event in 1977 and a M6.5 event in 1991. However, after the M.6.9 earthquake in 1996, the Kaping region became seismically active. In the southern Kaping fold-and-thrust belt, an earthquake swarm in 1997 (including 4 earthquakes of M ≧ 6), a double earthquake in 1998 (including 2 earthquakes of M ≧ 6), and an earthquake in 2003 (which obviously involved double branching faults) (Figure 2) had happened before the Jiashi M6.4 earthquake in 2020 (Figure 2).
However, the hypocentral depths of these moderate earthquakes in and around the Kaping fold-and-thrust belts have not been well determined in previous studies. Most of the focal depths from the International Seismologist Center (ISC) and Global Centroid Moment Tensor (GCMT) are >10 km, but surface deformation from geodetic data (Yao et al., 2020), field surveys on the folded Neogene and Quaternary strata in the footwall of the Kepingtage Fault (Li et al., 2020), and some individual studies (Romanowicz, 1981; Ekström and Englanb, 1989; Fan et al., 1994) indicated that these instrumental earthquakes occurred at shallower depths on the thin-skinned thrust. Consequently, the basement has been hypothesized to deform aseismically and separately from the thin-skinned thrusts which reach the surface (Allen et al., 1999). The focus of these disputes is whether this flat, long-range (thrusting ∼75 km from the southern Tien Shan Mountains), large-scale, thin-skinned (depth ≦ 10 km) thrust structure can host a disastrous event as the 1902 MW 7.7 earthquake (Allen et al., 1999; Turner et al., 2011; Xu et al., 2019; Li et al., 2020; Yao et al., 2020), or merely moderate-sized shallow earthquakes.
Likewise, the geometry of the seismogenic structure hosting the 2020 Jiashi M6.4 earthquake is still a subject of debate. Most FMS results published online (such as CENC,NEIC,GCMT) show that the 2020 Jiashi earthquake was a thrust event (Figure 2). The nodal planes show strike of NE-SW or E-W, dip angles of 20–38°, and rake angles of 31–72°. However, the fault dip angle inverted from geodetic data was ∼15° (Yao et al., 2020). In addition, the 2020 Jiashi earthquake constituted a mainshock-aftershock sequence, which is quite different from the other instrumental earthquakes that occurred in the adjacent region within 50 km.
EARTHQUAKE SEQUENCE
Determination of the Earthquake Sequence Using the Double-Difference Location Algorithm
Considering the difficulty in determining the absolute location of earthquakes in an inhomogeneous crust, we estimated the relative hypocenters of the 2020 Jiashi aftershock sequence. The double-difference (DD) location method (Waldhauser and Ellsworth, 2000) was employed. This method is proven to be efficient in determining high-resolution hypocenter locations, and the determined positions can illuminate the seismogenic structure (such as the fault geometry), as has been used in relocating aftershock sequences in Xinjiang and unraveling the seismogeneic structure (Huang et al., 2006; Zhao et al., 2008; Fang et al., 2015).
The DD location method is based on the assumption that two earthquakes produce similar waveforms at a common station, if their source mechanisms are virtually identical and their sources are co-located (such that signal scattering due to velocity heterogeneities along the ray paths is small). In this method, [image: image], which is the residual between the observed and calculated differential travel times between two events i and j is defined as
[image: image]
where k, r, tobs and tcal represent a seismic station, the travel-time residuals, observed and calculated travel times, respectively. The assumption of a constant slowness vector is valid for events that are sufficiently close together, but breaks down in the case where the events are further apart. The partial derivatives of the travel times t for events i and j with respect to their locations (x, y, z) and origin times(τ) are calculated for the current hypocenters and the location of the station where the kth phase was recorded.
[image: image]
in which [image: image] represents the changes in the hypocentral parameters of the ith event. Here perturbations Δm, for a event i, linearly related to the travel-time residuals r. Equation 2 is combined from all hypocentral pairs for a station, and for all stations to form a system of linear equations of the form
[image: image]
where G defines a matrix of size M×4N (where M, denotes the number of DD observations and N is the number of events) for the partial derivatives, d is the data vector for the DD observations, m is a vector of length 4N, describing the changes in the hypocentral parameters, and W is a diagonal matrix to weight each equation. The mean shift of all earthquakes during the relocation may be constrained to zero by extending Eq. 3 by four equations so that
[image: image]
for each coordinate direction and origin time.
In this study, the M6.4 Jiashi earthquake was relocated based on seismic-phase observations provided by the China Earthquake Networks Center (CENC) from January 18 to February 29, 2020. The Pg- and Sg-wave seismic-phase data were recorded at 26 seismic stations (Figure 3A within 300 km of the mainshock. The arrival times for seismic events with local magnitudes (ML) were set as ≧1. Overall, 6,909 and 6,134 data points for Pg and Sg waves were selected, respectively. In general, the P-wave is the head wave, the record of which provides a more accurate arrival time than the S-wave. Thus, P- and S-wave arrivals were assigned weights of 1.0 and 0.5, respectively, in the inversion. One broadband seismic station is located 12 km from the initial epicenter of the 2020 Jiashi earthquake, but the other seismic stations are further away and are sparsely distributed.
[image: Figure 3]FIGURE 3 | (A) The blue triangles show the distribution of the seismic stations whose data were used for the relocations. The large squares of different colors show the numbers and spatial locations of the different velocity models extracted from the CRUST2.0 model. The cross signs represent the datapoints for the tomographic velocity models. (B) Comparison of the P-wave velocity models used for relocations. Vp (Song), Vp (Huang), Vp (Lü), and Vp (R2)-Vp (P7) were obtained from Song et al. (2019), Huang et al. (2006), Lü et al. (2019), and the CRUST2.0 model (http://igppweb.ucsd.edu/∼gabi/rem.html), respectively.
In this study, eight velocity models for the region in and around the Kaping fold-and-thrust belt were used as initial velocity models (Figure 3B). (1) The seismic tomography result of Lü et al. (2019) was selected as the local velocity model. With a resolution of 50 km and the nearest distance of 12 km between the data and the epicenter of the mainshock, the velocity model of Lü et al. (2019) has relatively typical characteristics of a dual structure (Figure 4B). In addition, in this model, the P-wave velocity (Vp) is relatively high at a depth of 10 km, gradually decreases at depths of 10–20 km, and gradually increases at depths greater than 22 km. (2) The velocity models used in the literature to determine the 2018 M5.5 Jiashi earthquake sequence, which occurred 45 km north of the 2020 Jiashi event (Song et al., 2019), was used. This velocity model is relatively refined and was obtained by inverting the data of earthquakes that occurred around from approximately 2009–2018. (3) The velocity model, which has been used to determine the 2003 Bachu-Jiashi (Xinjiang) earthquake sequence (33 km away from the 2020 event), was considered (Huang et al., 2006). This velocity model has relatively low resolution in depth-dependent variation (only showing ∼15 km-scale variations). (4)–(8): The CRUST2.0 velocity-structure model (http://igppweb.ucsd.edu/∼gabi/rem.html) for the southwestern Tien Shan Mountains and Tarim Basin was also considered in this study; the low resolution of those velocity structures provided by this model mutes the effects of local structures in hypocenter relocation. While there are multiple velocity models from CRUST-2.0 available for the region where the seismic stations are distributed, five velocity models beneath the seismic stations were selected based on the locations of the seismic stations (Figures 3A,B).
[image: Figure 4]FIGURE 4 | (A) Comparison of the relocated sequences of the 1997, 1998, 2003 and 2020 earthquake that occurred in and around the Kaping fold-and-thrust belt. The pink circles, the purple circles, and the blue circles respectively show the relocated aftershocks and main events of the 1997 earthquake swarm (M ≧5) (Zhou and Xu, 2000), the 2003 Bachu-Jiashi earthquake (Huang et al., 2006), and the 1998 earthquake (Guo et al., 2002), respectively. (B)–(I) Distribution patterns of the depths determined with eight different velocity models of the 2020 Jiashi earthquake and a comparison with the relocated depths of the 1997, 1998, and 2003 events (J), (K) Cross sections of the relocated aftershocks of the 2020 Jiashi sequence. The profile positions are presented as thick black lines in (A).
As the nearest seismic station is only 12 km from the mainshock, the maximum distance between the two shocks of each pair in the inversion was set to ≤10 km. Shock pairs with DD positioning values ≥8 were selected to form a system of equations. The equations were solved via the conjugate gradient method. A damped least-squares solution was obtained by two sets of iterations (a total of 10 iterations). The selected damping value, which affects the condition number (CND), should allow a CND between 40 and 80. The DD location algorithm was used to determine the locations of 524 shocks. The relocations of 449 shocks were determined using the different velocity models. A comprehensive analysis of all locations determined by the velocity models showed that the standard deviations (SDs) for the relocations in the longitudinal, latitudinal, and vertical directions were 0.176–0.567 (the SD of Vp_R2 was the minimum, and the SD of Vp_Song was the maximum), 0.200–0.627 (the SD of Vp_R2 was the minimum, and the SD of Vp_Song was the maximum), and 0.174–0.776 km (the SD of Vp_P7 was the minimum, and the SD of Vp_Song was the maximum), respectively.
The location estimation results show that the eight velocity models can be used to obtain satisfactory determination of the horizontal distribution of the aftershock sequence (Figure 4). However, the estimated depths vary significantly, depending on which velocity model is used. The depths of the aftershock sequence are poorly constrained by the detailed local velocity model from Lü et al. (2019). Many M ≤ 3 shocks are located shallower than 10 km. In contrast, under the control of the relatively low resolution velocity models from CRUST2.0, the depths of the aftershock sequence are found to cluster at 15 ± 3 km depth (Figure 4E–I). Using the especially low resolution velocity model (Huang et al., 2006), the depths of the aftershocks are found to be relatively concentrated at 10–20 km. These results are consistent with the relocated depths determined by previous researchers (Huang et al. (2006), Zhou and Xu, 2000) for the 1997 Jiashi strong-earthquake sequence and the 2003 Bachu-Jiashi earthquake sequence (Figure 4B). In the following Discussion, how the relocation results depend on the velocity models will be discussed in detail.
Spatiotemporal Evolution of the Earthquake Sequence
The relocation results of the horizontal locations for the aftershock sequence do not exhibit a significant dependence on the choice of velocity models, because the average variations are only 1.4 km (0.08–10.65 km) (Figure 4). The horizontal spatial distributions of the relocated aftershocks are also similar. For simplicity, well-positioned events (obtained using the velocity model of Huang et al., 2006) are used to investigate the spatiotemporal evolutionary of the 2020 Jiashi M6.4 earthquake sequence.
An M5.4 shock occurred approximately 2.5 km south of the Kaping fold-and-thrust belt 45 h before the mainshock of the 2020 Jiashi earthquake. This shock was thought to be a foreshock. Hypocenters of this foreshock and other small earthquakes delineate a lineament trending NNW–SSE and cutting through the southernmost surface fault trace of the Kaping fold-and-thrust belt (Figure 5A). On January 19, the thrust-type main-shock event, with a nearly ENE–WSW-trending nodal plane, occurred close to the foreshock (Figure 5B). The small aftershocks nearly concentrate along the surface trace of an E–W-trending fault. In addition, a cluster of small shocks occurred at the junction of this E–W-trending fault and the NW–SE-trending fault on the north side. The main-shock struck approximately 7 km from this cluster of small shocks. Over the next 2–6 days, the aftershocks converged along E–W-trending and NNW–SSE-trending distribution patterns at the same time (Figure 5C). In the 7–30 days after the mainshock, the aftershock sequence continued to propagate along the E–W and NNW–SSE directions (Figure 5D). After 30 days, the aftershocks became sparse. Thirty-two days after the main-shock, M5.1 event occurred at the east end of the EW branch of the aftershock sequence, 24 km from the main-shock epicenter (Figure 5E).
[image: Figure 5]FIGURE 5 | Spatiotemporal evolution of the 2020 Jiashi earthquake sequence. The size and color of circles represent the magnitude and hypocentral depth, respectively. The thick red lines indicate the surface traces of faults. The FMSs were obtained from the CENC.
The spatiotemporal distribution of the aftershock sequence distinctly demonstrates that at least two structures participated in the occurrence and aftermath of the 2020 Jiashi earthquake: one along the E–W direction and the other along the NNW–SSE direction.
B-Value of the Earthquake Sequence
Following the Gutenberg–Richter law (Gutenberg and Richter, 1944), logN = a–bM (where a and b are both constant values), the regional seismicity (a-value) and the relative ratio of large and small earthquakes (b-value) can be characterized by cumulative frequency (N) of earthquakes above a certain magnitude (M). Temporal variations in b-value can reflect the changes in the overall crustal stress state (Schorlemmer et al., 2005; Narteau et al., 2009; Nanjo et al., 2012; Mousavi et al., 2017). For example, a recent study on 58 earthquake sequences found that the evolution of the b-value can be used to effectively differentiate between aftershocks and foreshocks (Gulia and Wiemer, 2019).
In this study, the b-value, calculated using the maximum likelihood method (Aki, 1965), is used to characterize how the sequence and stress level differ between the 2020 Jiashi earthquake and other M6 earthquakes that have occurred since 1996. The earthquakes above the magnitude of completeness (MC) were selected to calculate the b-values. The MC were found to be ML2.4, ML2.4, and ML1.3, respectively, for the 1997 Jiashi strong-earthquake swarm sequence, the 1998 Jiashi double-earthquake sequence, and the 2020 M6.4 Jiashi earthquake sequence. Because the catalog of the 2003 M6.8 Jiashi earthquake sequence had a low MC of 2.9, these data were not included in the b-value calculations. The temporal variation in the b-value (Figure 6) was determined using a sliding window of 200 events and a step size of 10 events (considering the temporal shock density, a sliding window of 100 shocks and a step size of 10 shocks were used for the 1998 sequence).
[image: Figure 6]FIGURE 6 | Magnitude–time (M–T), frequency, and b-value evolution diagrams of the sequences of the 1997 Jiashi strong-earthquake swarm, the 1998 Jiashi double earthquake, the 2003 Bachu-Jiashi earthquake, and the 2020 M6.4 Jiashi earthquake. The blue dots represent shocks. The red histogram shows the daily frequency of MC. The red solid line shows the b-value of the sequence.
From January 21st to april 16th in 1997, the Jiashi swarm with seven successive earthquakes (M ≧6) occurred south of the Kaping fold-and-thrust belt. As the seismic occurrence frequency changed through time, the b-value fluctuated three times (Figure 6). During each fluctuation, the b-value first increased rapidly within a short period (∼10 days), then decreased slightly (∼10% in ∼10 days), and subsequently continued to rise. The b-value ranged from 0.74 (preshock) to 0.93 (post-shock) (Figure 6A). For the 1998 Jiashi double-earthquake sequence, the b-value increased relatively rapidly after the first M6.0 main-shock and reached a high value (0.89) in the next 3 days, then the b-value showed a decreasing trend and a M6.6 shock occurred 25 days after the first shock (the preshock b-value was 0.76) (Figure 6B). Due to the lack of small events, the time-series variation in the b-value of the 2003 earthquake sequence could not be calculated. However, the b-values of the 2020 M6.4 Jiashi earthquake were different from those estimated for the earthquakes that occurred at the front end of the Kaping fold-and-thrust. After the 2020 M6.4 Jiashi earthquake, the b-value rose rapidly within 3 days (45%), subsequently fluctuated in a relatively stable manner, and remained at approximately 0.85. The b-value began to show a decreasing trend only after a relatively long time after the whole sequence ended (on day 76) (Figure 6D). These temporal evolutions of b-value demonstrate that the stress perturbation induced by the 2020 Jiashi earthquake may be attenuated after the main shock.
DISCUSSION
Currently, how precise the seismic relocation results are for the earthquakes that occurred in the transition zone between orogenic belt and sedimentary basin is a subject of debate, mainly because the relocation algorithms cannot fully incorporate the effects of the subcrustal material heterogeneities and structural complexities. For example, even 12 years after the 2008 MW 7.9 Wenchuan earthquake, we still do not know the exact position of the hypocenter: the inferred depths vary considerably (8.4–19 km) (Gong et al., 2019). More specifically, initial rupture was found at ≧15 km depth based on a high-angle listric-reverse fault model of the Longmenshan fault system (Zhang et al., 2009, Zhang et al., 2012), whereas a much shallower depth of ≦10 km was also proposed based on a steep reverse fault model (Xu et al., 2009; Hubbard and Shaw, 2009; Gong et al., 2019). Usually, strong motion data (Zhang et al., 2012) and geodetic measurements (Shen et al., 2009; Feng et al., 2010) are used to get a precise estimate of the earthquake locations and to infer seismogenic structure, but the results are still biased because the models still miss enough details of the material and structural complexities. In this study, we explored the uncertainties of the inferred seismogenic structures by using almost all the seismic velocity models available for the seismic relocation and by comparing the results with the nearby instrumental moderate-large earthquakes. Our method is not perfect, but relies on almost all the data constraints accessible to us.
The relocation results of the aftershock sequence of the 2020 M6.4 Jiashi earthquake depend on quality of eight seismic velocity models. Most relocation results showed shocks distributed at a depth of ∼15 km (Figures 4B–I). In particular, similar depth distributions were obtained with the low resolution velocity models from the CRUST2.0 model. A small number of shocks were found at greater depths (Figures 4E–I) based on the R0 and PE velocity models (Figure 3). Based on the velocity model of Huang et al. (2006), most aftershocks were distributed at depths of 10–20 km, consistent with the depths determined by previous studies on the 1997 M6 Jiashi earthquake swarm (Zhou and Xu, 2000) and the 2003 Bachu-Jiashi earthquake (Huang et al., 2006). While the velocity model of Lü et al. (2019) consists of multiple layers, the relocated depths of small earthquakes (ML1–3) obtained using this velocity model also show notable delamination, but most shocks are at depths greater than 10 km (Figure 4C). The Magnitude-depth distribution reveals a ∼2 km-thick region, centered at ∼12 km depth, scarce of events, which might delineate the décollement of the thrust. Below this region, approximately half of the shocks are at depths greater than 10 km; while above this region, the ML1–3 shocks are at depths of 11–30 km. The hypocentral depths obtained using the DD relocation algorithm with the velocity model of Song et al. (2019) are relatively shallow overall (basically less than 20 km) (Figure 4D), perhaps because this velocity model reflects influences from some localized structures. Specifically, the majority of the ML1–3 shocks are relocated at depths shallower than 17 km. The ML2–3 shocks are found to be distributed at depths of 8–12 km. However, almost all the ML≥3 shocks are relocated at depths greater than 14 km (Figure 4D). The resolution of the velocity models from CRUST 2.0 database are too low to illustrate the details of the sequence, and the event depths of the whole sequence approach 15 km. Overall, regardless of the velocity model used, the depths determined by the DD location algorithm exceed 10 km for all relatively large shocks (ML≥3.0) that can be detected by many seismic stations recording more shock-pairs. Note that the data of the nearest seismic station, ∼12 km away from the epicenter, provide the most important constraint on all the relocations.
A statistics on magnitude vs. horizontal and vertical dispersions of the relocated results reveals that the relocated depths are more sensitive to the choice of seismic velocity model than the horizontal positions (Figure 7A). This pattern is particularly pronounced for small (M < 3) shocks, whose depths can vary by up to 23.28 km, whereas that of the horizontal positions vary a few kilometers. Similar patterns apply to the relocated results for the M > 4 events (Figure 7A). Hence, for each event, we average the relocated hypocentral depths determined on the basis of those eight velocity models. The averaged hypocentral depths of most shocks range from 8 to 20 km. The averaged hypocentral depths of the M > 4 shocks are greater than 12 km. Figure 7B also shows the upper and lower averaged depth limits for each shock. Except for the mainshock, the relocated hypocentral depths for the M > 4 shocks are at least greater than 10 km. Depending on the choice of seismic velocity model, the hypocentral depth of the M6.4 mainshock varies by 16 km (from 4.914 to 21.2 km), and the average is 15.62 km.
[image: Figure 7]FIGURE 7 | Comparison of the DD locations determined using the eight velocity models. (A) Variation in the horizontal and vertical relocations caused by the different velocity models. The red circles show the variation ranges of the epicentral depths. The blue triangles show the variation in the horizontal epicentral locations. (B) Averages and ranges of the aftershock depths determined using different velocity models. (C) Comparison of the variation ranges of the depth and horizontal errors produced by the 8 velocity models. (D) Quantile–quantile plot of the location errors generated by the different velocity models in the horizontal longitudinal (X) and latitudinal (Y) directions relative to the vertical location errors.
Whether a velocity model is suitable for seismic relocations was examined based on the location errors. The horizontal errors are relatively similar regardless of whether low resolution or high resolution velocity model were used. The vertical relocation errors of the small shocks (M ≦4) varied more considerably with the velocity model than those for the larger shocks. Furthermore, compared with the horizontal relocation errors, the vertical relocation errors varied more considerably with the velocity model. For the M > 4 shocks, most of the vertical relocation errors were in magnitude similar to the horizontal relocation errors (Figure 7C). In addition, a quantile-quantile plot of the horizontal relocation errors relative to the vertical relocation errors was generated for comparative analysis (Figure 7D). Notably, all the horizontal errors in the longitude- and latitude-directions were smaller than the vertical relocation errors, except for the relocation errors in the latitude-direction generated by the PJ velocity model. In particular, the horizontal relocation errors in the longitude-direction generated by the R2 velocity model were far smaller than the vertical relocation errors. The relocation errors generated by the velocity models from Lü et al. (2019), Song et al. (2019), Huang et al. (2006), and PE in CRUST2.0 were similar.
Shown in Figure 8 is summary of the spatial distributions of aftershocks (the epicenters are the averages from the eight relocation results), with the relocation results color-coded by maximum and minimum depths (Figures 8A,B) and horizontal and vertical ranges (Figures 8C,D). To the east, the shocks are relatively shallow, while at the junction of the foreshocks and the aftershocks (longitude 77°10′), the shocks appear to be at greater depth. Interestingly, the shocks which are found to have relatively large uncertainties in the horizontal relocation results are localized on the east side of the sequence (Figure 8C), while the vertical relocation results do not exhibit any spatial correlation (Figure 8D).
[image: Figure 8]FIGURE 8 | Distribution of the relocated aftershock epicenters using the eight velocity models. The sizes of the circles represent the magnitude, and the color shows the variations in the depth and ranges. (A) Maximum depths. (B) Minimum depths. (C) Horizontal ranges. (D) Vertical ranges.
The distribution of relocated depths of the 2020 Jiashi earthquake sequence has similar patterns as others earthquakes that occurred inside the Tarim Craton, such as the 1997 Jiashi earthquake swarm, the 1998 Jiashi double earthquake, and the 2003 Bachu-Jiashi earthquake (Figure 4B). All these earthquakes occurred beneath the décollement of the Kaping fold-and-thrust fault. Synthetic seismic sections show the presence of the deep Bashen–Tuopu fault near the epicenters of these earthquakes that occurred in the piedmont zone. The Bashen–Tuopu fault is a nearly vertical strike-slip fault with shallow branches, including not only positive flower structures but also small scale compressional structures (sections D–D′ and E–E′ in Figure 1), which agrees with the various nodal planes of earthquake focal mechanism solutions (Figure 2A).
The temporal variation in the b-value of the 2020 Jiashi earthquake sequence was relatively gentle (Figure 6). However, the b-values of the 1997 Jiashi earthquake swarm and the 1998 Jiashi double earthquake varied notably with time. The spatiotemporal evolution of the 2020 Jiashi earthquake sequences shows that two structures, one in the E–W direction and one in the NNW–SSE direction, participated in the initiation and development of this event (Figure 5). However, there were relatively few moderate-sized strong shocks in the sequence, and the seismicity frequency of the sequence underwent rapid attenuation. This finding shows that the 2020 Jiashi earthquake is different from some typical thrust earthquakes, such as the 2008 M8 Wenchuan earthquake (Xu et al., 2009) and the 2013 M7 Lushan earthquake (Lu et al., 2017), as well as earthquake sequences involving multiple structures, such as the 2014 M6.5 Ludian earthquake (Zhang et al., 2015).
By interpreting the synthetic seismic sections, Xiao et al. (2002) noted that the present deep structures inside the basement under the Kaping fold-and-thrust structure are a part of the Tarim Basin. In the Tarim craton, some NW-NNW-trending blind structures were formed at the same time as the structures with the same strikes in the Kaping region. There is a spatial correlation between the faults, such as the Piqiang and Selibuya-Mazartagh Faults (section C–C′ in Figure 1) (Turner et al., 2011), the Bashen-Tuopu Fault (Figure 2A) and the secondary structures within the nappe (Figure 6) (Li et al., 2019), the deep NW–NNW-trending structures covered by the Kaping fold-and-thrust structure, and the Yijianfang fault (Section 2F–F′ in Figure 1) (Xiao et al., 2002). This finding indicates the existence of complex fault system with multiple possible fault structures in the basement, which is partly covered by the Kaping fold-and-thrust sheet.
Thus, based on the tectonic settings and historical earthquakes in the Jiashi region, the relocations determined in this study suggest that the 2020 M6.4 Jiashi earthquake was a moderate-sized strong earthquake that occurred beneath the Kaping fold-and-thrust structure and was spatially delimited by several secondary deep NW–NNW-trending faults. Moreover, the 2020 Jiashi earthquake occurred at a relatively deep region. During this earthquake, stress propagation and deformation were modulated and suppressed by the overlying 10 km-thick nappe, which not only caused the surface deformation exhibiting the typical surface-deformation characteristics of a thrust event (Yao et al., 2020) but also produced a temporally stable b-value time-series.
The Kaping fold-and-thrust belt is considered to be an active structure (Yin et al., 1998; Allen et al., 1999; Li et al., 2020). However, the 1997 earthquake swarm, the 1998 double earthquake, and the 2003 Bachu-Jiashi earthquake all occurred in the piedmont zone, suggesting that the piedmont zone is also prone to seismic hazard induced by strong events.
Typically, the thin-skinned structure of the Kaping fold-and-thrust is thought to have the potential of hosting moderate-size events, rather than large events, because stress accumulation and release on the long and shallow thrust sheets have difficulty in generating large earthquakes. The 2020 Jiashi earthquake was once considered to be a moderate-sized strong earthquake occurred in the thin-skinned structure (Yao et al., 2020). However, by carefully relocating the 2020 Jiashi earthquake and calculating of its b-value, this study found that this earthquake likely occurred 10–18 km beneath the Kaping fold-and-thrust structure, which suggests that some of the structure in the basement beneath the décollements is also capable of generating moderate-sized strong earthquakes. Thus, special attention should be paid on the seismic hazard of the Kaping fold-and-thrust structure, rather than merely the seismic hazard along the active faults in the piedmont zone.
Overall, the 2020 Jiashi earthquake occurred on the deep, ancient structures inside the basement. These structures are actually not fully decoupled from the above thrusts. Specifically, the 2020 Jiashi M6.4 earthquake occurred inside the Tarim Craton, similar to the earthquake swarm in 1997 and the double earthquake in 1998. The stress release, rupture process, and aftershock triggering were all influenced by both the thick cover overlying the décollement and the structures beneath the décollement. Similar earthquakes have occurred in the Tajik fold-thrust belt in the Pamir (Kufner et al., 2018; Gągała et al., 2020). Accordingly, the earthquakes that occurred along the peripheral regions of thin-skinned thrusts must be analyzed with greater care.
CONCLUSION
We relocated the 2020 Jiashi M6.4 earthquake by the double-difference location algorithm and considered the influences of eight velocity models on the relocation results. Our results showed that most of the moderately strong shocks occurred at depths below the décollement of the fold-thrust belt (at ∼10 km depth). This finding is consistent with the depths of nearby swarm-type earthquakes, such as the 1997 Jiashi M6 swarm inside the Tarim Craton (distance ≦50 km).
We compare the temporal evolution of b-value for the 1997 M6 earthquake swarm, 1998 double-earthquake sequence, 2003 M6.8 earthquake sequence, and 2020 M6.4 Jiashi earthquake. The temporal evolution of b-value was relatively stable, implying that the sequence of the 2020 event underwent rapid stress attenuation.
Based on our analysis, we proposed that the 2020 M6.4 Jiashi earthquake occurred beneath the thrust sheet inside the Tarim Craton, rather than within the fold-thrust belt. This finding suggests that the deep structures (≧10 km) beneath the thin-skinned belt can be seismogenic and can affect the surface trace of the nappe structure in the border region of Orogenic belts and Cratons. This insight presents new challenges to seismic hazard assessment for the peripheral regions of the thin-skinned tectonic zone.
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The southern marginal fault of the Qaidam Basin (SMQBF) is a block-bounding border fault that has played a key role in the structural evolution of the Kunlun Fault. However, its geometric and dynamic deformation patterns since the Late Pleistocene have not been clearly observed. Field investigations, combined with high-resolution imagery and shallow seismic profiles, show that the SMQBF is a thrust fault with a sinistral strike-slip component composed of several secondary faults. Its Late Quaternary deformation pattern is characterized by piggyback thrust propagation, and the frontal fault may not be exposed to the surface. Due to the flexural slip of the hanging strata of the secondary fault, sub-parallel faults with widths of thousands of meters have formed on high terraces; these are important when assessing the seismic hazard of this area. Based on high-resolution topographic data obtained using an unmanned erial vehicle and optically stimulated luminescence chronology, the slip rates of several secondary faults were obtained. The vertical and strike-slip rates of the SMQBF were determined to be 0.96 ± 0.33 mm/a and 2.66 ± 0.50 mm/a, respectively, which may be the minimum rates for the fault. Considering that the SMQBF is composed of several secondary faults, these rates possibly correspond to minimum deformation only. The evident sinistral strike-slip of the SMQBF indicates that although the sinistral slip of the Kunlun Fault system is concentrated in main fault of this system, the branch faults have a significant influence on the lateral extrusion of the Qinghai-Tibet Plateau.
Keywords: flexural slip fault, slip rate, distributed deformation, southern marginal fault of the Qaidam Basin, Kunlun fault
INTRODUCTION
The Indian Plate collided with the Eurasian Plate at 55 ± 5 Ma and has since been continuously moving northward (Dupont-Nivet et al., 2010; Hu et al., 2015). This movement has driven the uplift of the Qinghai-Tibet Plateau and resulted in six large strike-slip faults that border or crosscut the plateau (Tapponnier et al., 2001). Southwest–northeast compression formed the topographic relief of the Kunlun Mountains 30 Ma ago (Mock et al., 1999; Jolivet et al., 2001; Clark et al., 2010; Duvall, et al., 2013; Cheng et al., 2014). An extensional basin began forming in the western segment of the Kunlun Fault before 15 Ma, possibly coincident with volcanic activity (Jolivet et al., 2001), indicating the initiation of a large-scale, sinistral strike-slip displacement of the fault. Duvall et al. (2013) indicated that the strike-slip motion of the Kunlun fault was initiated 20–15 Ma ago. The semi-positive flower structure of the Kunlun Fault is formed by the oblique extrusion of the Qinghai–Tibet Plateau along the Altyn Tagh Fault (Tapponnier et al., 2001;Luo et al., 2013). The southern marginal fault of the Qaidam Basin (SMQBF), which is a northern secondary fault of the Kunlun flower structure, marks the border of the plateau and the Qaidam Basin (Tang et al., 2002). Seismic-reflection profiles of this area show that the reverse fault, which dips southwestward at an angle of ∼45°, is one of the main structures controlling the northeastward growth of the Kunlun Mountains (Burchfiel et al., 1989; Wang et al., 2011; Cheng et al., 2014; Wu et al., 2014).
Over the last 30 years, considerable effort has been dedicated studying faults with high slip rates (Xu et al., 2005; Cowgill, 2007; Zhang et al., 2007; Cowgill et al, 2009; Elliott et al., 2011; Luo et al., 2019; Cheng et al., 2015a). Several studies have been focused on the Kunlun Fault system. Historical earthquakes and geomorphic features reveal that the Kunlun and Kunlun Mountain Pass Faults have been heavily deformed by multiple earthquakes. Many researchers have focused on the slip rates of the Kunlun Fault which maintains uniform slip-rate (Van der Woerd et al., 2000; Van der Woerd et al., 2002). The 2001 Mw 7.8 earthquake in the Kunlun Mountain Pass Fault further increased the interest in this area (Xu et al., 2005; Klinger et al., 2006; Xu et al., 2006). However, faults with low slip rates have been overlooked. For example, the Longmenshan Thrust Zone was assigned a moderate to low seismic hazard rating before the 2008 Wenchuan Mw 7.9 earthquake, due to the low seismic activity and slow deformation in this area (Xu et al., 2009; Zhang, 2013). The Chelungpu Fault was also not considered seismically active prior to the 1999 Chichi earthquake (Chen et al., 2002), and the fault trace was simply represented by a dashed line on geologic maps (Chang, 1971; Chinese Petroleum Corporation, 1982a,Chinese Petroleum Corporation, 1982b). Nevertheless, faults with long recurrence intervals and minor interseismic deformation could be as destructive as fault with high deformation rates (Zhang, 2013).
The southern marginal fault of the Qaidam Basin (SMQBF) has also experienced earthquakes with very slow deformation rates and had been assigned a low seismic hazard rating (China earthquake administration, 2015). Over the past decades, a few studies have been conducted on the SMQBF, which have reported that it is a large blind fault where the last seismic activity occurred in the Late Pleistocene (Zhou et al., 2009). Because the traces of the SMQBF are indistinguishable due to intense erosion, the activity and faulting behavior of the SMQBF is still not entirely clear. However, this fault is crucial for assessing the regional seismic hazard.
In this study, we present a detailed deformation record of the Late Quaternary fluvial terraces at three sites in the Golmud segment of the SMQBF. Optically stimulated luminescence (OSL) dating was used to constrain the timing of terrace formation and unmanned erial vehicle (UAV) photogrammetry was utilized to generate a digital elevation model (DEM) for accurate determination of fault offsets. The slip rate and deformation model of the fault since the Late Pleistocene were determined to facilitate seismic hazard assessment of the southern Qaidam Basin and Golmud City, which constitute an important transportation junction of the Qinghai–Tibet Railway in western Qinghai Province.
GEOLOGICAL BACKGROUND
The Qaidam Basin is bordered by the SMQBF, the northern marginal fault of the Qaidam Basin (NMQBF), and the Altyn Tagh fault to the south, northeast and northwest, respectively (Figure 1). The NMQBF separates the Qaidam Basin and Qilian Mountain, extending ∼700 km in the E-W direction, and is divided into four sections. The Xitie Mountain and Amoniki Mountain sections offset the youngest alluvial fans, with abandonment ages of 8.9 ± 0.7 ka (Ye et al., 1996), thus, these represent active Holocene faults. Seismic profile interpretations have revealed that the shortening rate of the fault has been approximately 0.73 mm/a since 3.58 Ma (Yuan, 2003).
[image: Figure 1]FIGURE 1 | Active tectonics of the Qaidam Basin and surrounding area. (A) Inset map shows the regional plate tectonic setting. Abbreviations of faults are as follows: AFT, Altyn Tagh fault; HF, Haiyuan fault; KLF, Kunlun fault; KF, Karakoram fault; LMSF, Longmenshan fault; XSHF, Xianshuihe fault; RRF, Red River fault; SF, Sagaing fault; MFTF, Main Frontal thrust. Modified from Tapponnier et al. (2001). (B) More detailed map of faults in the Qaidam Basin. Modified from China earthquake administration, 2015. The black rectangle represents the approximate area of Figure 2. F1-Altyn Tagh fault, F2-Kunlun fault, F3-Kunzhong fault, F4-Nanshankou fault, F5-Wulukesu fault, F6-Southern marginal fault of the Qaidam Basin, F7-Mangya-Huatugou fault, F8-South-central fault of Qaidam Basin, F9-North-central fault of Qaidam Basin, F10-Northern marginal fault of the Qaidam Basin F11- Zongwulongshan fault F12-Halahunanshan fault F13-Elashan fault.
The middle segment of the Altyn Tagh Fault, located west of the Qaidam Basin, experienced a large-scale sinistral displacement 15 Ma ago (Wu et al., 2012a, Wu et al., 2012b, Wu et al., 2013; Cheng et al., 2015b, Cheng et al., 2016). Its slip rate since the Late Pleistocene, as reported in previous studies, is ∼10 mm/a (Chen et al., 2013; Cowgill, 2007, Cowgill et al., 2009; Zhang et al., 2007; Gold et al., 2009, 2011), which is consistent with the value of 10 ± 2 mm/a obtained from the Global Positioning System (Bendick et al., 2000; Wallace et al., 2004; He et al., 2013).
The SMQBF represents the southern boundary of the Qaidam Basin, with an estimated onset age in the Early Paleogene (Zhou et al., 2009). There is no evident continuous linear trace of this fault on the surface (Zhou et al., 2009; Chen et al., 2012). However, the elevation differences between the Kunlun Mountain and Qaidam Basin can reach 2,000–2,500 m. This fault thrusted Proterozoic metamorphic rocks and Late Paleozoic and Mesozonic granites over Cenozoic strata in the basin. The affected strata lie 7–8 km below the surface on the north side of the fault and form the basement of the basin.
The SMQBF underwent intense movement in the Early and Middle Quaternary (Engineering Seismology Research Center, China, 2001). It developed a curved anticline with an axial direction that is consistent with the fault strike in Nuomuhong. North of Xiangride, the fault displaced Early and Middle Pleistocene strata, and the thickness of the Quaternary strata on two sides differ by approximately 600–800 m (Engineering Seismology Research Center, China, 2001). In the Late Quaternary, particularly in the Holocene, the activity of the fault became very weak, and the latest fault activity affected only the Holocene strata within the Utumeiren segment, with five to six magnitude earthquakes (Institute of Crustal Dynamics, China Earthquake, 1992). Secondary faults cutting moraine deposits in the Late–Middle Pleistocene can be observed in some sections near the Golmud segment (Qinghai Petroleum Administration, 1986). Based on seismic profiles, the fault not only displaced the bedrock but also strata from the Paleocene to the Middle Pleistocene, with a dip angle of 45° (Qinghai Petroleum Administration, 1986).
MATERIALS AND METHODS
Surveying the Golmud Segment of the Southern Marginal Fault of the Qaidam Basin
Detailed fault traces of the Golmud segment of SMQBF were mapped using Google Earth imagery to identify topographic lineaments, fault scarps and offset terraces. We constructed three high-resolution digital elevation models (DEM) using Agisoft Photoscan, based on the structure-from-motion method. At each site, the photographs were captured using a DJI Phantom 4 Pro drone, which is an unmanned erial vehicle (UAV). The resultant DEMs had a resolution of 3–5 cm/pixel.
Optically Stimulated Luminescence Dating
To constrain the timing of past fault activity, we collected OSL samples on the deformed terraces using stainless steel tube. Each OSL sample was processed under subdued red light, as per the methods of Aitken and Smith (1988) and Lu et al. (2007). Sediments were processed with H2O2 and HCl to eliminate organic materials and carbonates. Quartz-rich fractions with diameters of 4–11 μm were etched with 40% HF acid to remove feldspar minerals and alpha-irradiated surfaces of quartz grains. The quartz purity was checked by measuring the infrared stimulated luminescence signal. The etched samples were mounted on stainless steel discs for equivalent dose measurements in accordance with the single-aliquot regenerative dose (SAR) protocols (Murray and Wintle, 2000; Lu et al., 2007). The OSL dating results are listed in Table 1.
TABLE 1 | OSL samples and dating results.
[image: Table 1]Slip Rate Calculations
Numerous studies have discussed methods for combining the age and measurements of offset terraces and alluvial l fans to determine fault slip rates (Van Der Woerd et al., 2002; Cowgill, 2007; Zhang et al., 2007; Hetzel et al., 2019). We used the riser crest to determine horizontal displacement and upper terrace approach to obtain the age of offset riser (Cowgill, 2007). When projecting the offset riser, the curved riser segment adjacent to the southern scarp would lower the total offset and thus decrease the slip rate. More northerly trending riser projections led to an increased total offset.
To quantify the vertical fault displacements, we extracted topographic profiles across the fault scarp. Separate straight lines were then fitted to the heights above the scarp and those below the scarp via linear regression. The two separate lines were finally projected onto the fault trace to estimate the vertical displacement. We calculated the uncertainties by propagating them in the displacement and terrace abandonment ages.
Shallow Seismic Reflection
To constrain the subsurface structure of the SMQBF, we conducted shallow seismic exploration. For our shallow seismic reflection, we used a multiple time coverage reflection wave method that not only suppresses interference and improves the signal-to-noize ratio of seismic data but also helps determine the existence and form of the fault via a visual image of the subsurface structure. This shallow seismic data acquisition was performed using the ARIES digital seismograph manufactured by CEO-X Corporation. We used a 60 Hz vertical component geophone per receiver station and a 5 m receiver spacing throughout the acquisition of both profiles. Profiles 1 and 2 were acquired with an asymmetric split spread, and were ∼5.8 and ∼4.08 km in total length, respectively.
RESULT
The Golmud segment of the SMQBF does not extend to the surface of the northern alluvial fan in the Kunlun Mountains, although a few gentle deformations and residual scarps can be observed on the terraces. Due to long-term erosion, scarps are incompletely preserved. Here, we describe the deformations of the alluvial fans at three sites (Figure 2). We mapped the deformed Late Pleistocene and Holocene alluvial fan and quantified vertical offsets of several major secondary faults using topographic profiles at the Xinlechun and Hongliugou sites, where the ages of the terraces were determined via OSL dating. We also obtained two shallow seismic profiles at the Golmud and Hongliugou sites.
[image: Figure 2]FIGURE 2 | Interpretation of Alluvial fans in front of the Kunlun range. The black boxes indicate the locations of the following figures. Blue line indicate the locations of the Shallow Seismic Profile.
Terrace Deformation at the Golmud Segment of Southern Marginal Fault of the Qaidam Basin
Terrace Deformation at the Xinlecun Site
The Xinlecun site is located 16 km west of the Golmud River, which forms three different alluvial terraces (Figure 3). The third terrace (T3) is considerably developed, as shown in Figure 3B, while the second terrace (T2) is developed on the western side of T3. There are small seasonal rivers on T2, and new alluvial fans have formed due to faulting along the SMQBF. The first terrace (T1) is developed on the eastern side of T3 and is the most recent terrace; it was been formed by seasonal rivers.
[image: Figure 3]FIGURE 3 | (A) Image from Google Earth image at the Xinlechun site. Red arrows indicate the active fault traces. The black boxes indicate the location of Figure 4. (B) Interpretation of the Terraces, alluvial fan and faults. Red bold lines represent the active fault traces.
Based on the interpretations of satellite imagery and field investigations, T1–T3 are faulted by the SMQBF. A deformation zone with a width of ∼300 m is visible on T3. Rows of Middle Pleistocene (Q2) gravel layers are generally observed on T3, and they thrust onto the surface with a 0.5–1 m scarp. Two near-parallel scarps have developed on T2, and both have formed new alluvial fans on the northern side of the fault (Figure 3B). On T1, several rows of approximately parallel surface deformation features were developed in the same deformation zone as that of the northern deformation on T2; these features may reflect the youngest deformation zone in this region.
The deformation zone is characterized by gradual pinching outward to the southeast, indicating that deformation has gradually extended toward the southeast. On T2, a secondary fault scarp ∼500 m in length controls the front of multiple secondary terraces, including T1 and T2. The secondary terraces on the upper wall of the fault have been eroded by seasonal streams, forming new small alluvial fans on the foot wall (Figure 4A). DEM data on the height of the scarps were used to quantify the vertical displacements of the north-facing fault scarps. A profile across the scarp on T1 yielded a vertical displacement of 0.75 ± 0.5 m (Figure 4E), whereas another profile across the scarp on T2 yielded a displacement of 1.5 m (Figure 4D). From this, we inferred that a displacement of 0.75 ± 0.5 m was caused by one paleo-earthquake; thus, the displacement of T2 may be the product of the accumulation of two paleo-earthquake events.
[image: Figure 4]FIGURE 4 | (A) Google Earth image showing active trace of the SMQBF at the Xinlecun Site. Red arrows indicate conspicuous fault scarps. A-A’, B-B’ and C-C’ represent the location of topographic profiles in Figures 4D–F. The small black boxes indicate the location of samples. (B) and (C) Field photos of the scarps. (D,E) Topographic profiles extracted from DEM data used to measure the scarp height. (F) Topographic profiles across terrace risers. (G,H) OSL sampling photo. Sample site is shown in Figure 4A.
Terrace Deformation at the Golmud River Site
The Golmud River originates from the Kunlun Mountains and flows northward to the Qaidam Basin, forming a large-scale alluvial fan. Three terraces have developed asymmetrically and are preserved with a length of ∼10 km from north to south and an approximate width of 4 km from east to west (Figure 5). An OSL dating sample collected from T3 exhibited an age of 18.89 ± 1.45 ka. Image interpretation and field investigation further revealed that a series of sub-parallel scarps are preserved on T3 (Figures 5A,B). The scarps may have formed at the same time as the abandonment of T3 and were subsequently subjected to erosion by braided rivers. The vertical displacements of these scarps are 1.5–2 m (Figures 5C,D).
[image: Figure 5]FIGURE 5 | (A) Image from Google Earth image at the Golmud river site. Red arrows indicate the active fault trace. Pink arrow indicates wind direction. (B) Interpretation of the Terraces, alluvial fan and faults. Red thick solid lines represent continuous fault traces, and the height of the scarps is more than 1 m. Red thin solid lines represent interrupted sub-parallel fault traces. (C,D) Field photos of the scarps.
Numerous small crescent-shaped dunes are deposited on T2, along the NE320° midcourse direction; this indicates the prevailing wind direction in the study area, which intercepted the scarps at a high angle. Landforms substantially eroded by wind can be seen on T3. Meanwhile, wind-eroded micro-valleys intersect the parallel scarps and destroy their linear extensions. These features indicate that the parallel scarps were likely formed by tectonic deformation.
Terrace Deformation at the Hongliugou Site
At least three levels of fluvial terraces are developed at the Hongliugou site, east of Golmud, where the terraces were offset by the fault (Figure 6). The deformation width of T3 is at least 5 km. Due to urban construction, parts of the deformed area have been removed. Braided rivers developed on T3 and fluvial erosion caused by tectonic deformation led to the fragmentation of the deformed area. During this process, T3 was severely damaged, although E-W scarps remain identifiable. According to satellite imagery and our field investigations, T2, which is located to the east of the seasonal river, has a deformation similar to that of T3. Due to the weak deformation of T1, few fault scarps have been found, and we believe that a long interval of seismicity and erosion may have caused the degradation and irregularity of the scarps.
[image: Figure 6]FIGURE 6 | (A) Image from Google Earth image at the Hongliugou site. Red arrows indicate the active fault trace. The black boxes indicate the locations of the following figures. (B) Interpretation of the Terraces. Red bold lines represent the active fault traces.
Similar to the Golmud River site, many sub-parallel scarps with E–W orientations formed on T2. These scarps were likely created by tectonic activities. The southernmost scarps located on T2 had a deformation width of ∼350 m (Figures 7A,B). The scarps were severely eroded, and the deformation zone was composed of several rows of secondary scarps. Some of the residual scarps showed a typical left-lateral strike, with a left-lateral gully displacement of ∼3 m (Figure 7C). Image interpretation revealed that the fault caused slight deformation to T1 and T0, representing the most recent activity of the sub-fault.
[image: Figure 7]FIGURE 7 | (A) DEM data at the Hongliugou Site. A-A’ represent the location of topographic profiles in Figure 7D. (B,C) Field photos of scarp and left-laterally offset gully. Red arrows and bold line represent the active fault traces. (D) Topographic profiles extracted from DEM data used to measure the scarp height. (E) OSL sampling photo. Sample site is shown in Figure 4A.
Slip Rate of the Golmud Segment of the Southern Marginal Fault of the Qaidam Basin
Three sites were investigated to estimate the slip rate of the Golmud segment of the SMQBF. The vertical slip rate was investigated at the Xinlecun Site, south Hongliugou Site and north Hongliugou Site, whereas the horizontal slip rate was investigated at the north Hongliugou Site.
Xinlecun Site
We excavated two pits at the tops of two terraces and collected OSL chronology samples. A fine-grained sand lens with a thickness of ∼10 cm has developed in T2’ and surrounded by coarse sand 60 cm below the surface (Figure 4G). The sample collected from the lens exhibited an age of 20.51 ± 2.28 ka and was composed of fine sand, which is ideal for OSL dating. We regarded this sample as representative of the age of T2. The shallow sediments of T1 were primarily composed of coarse sand-bearing gravels and fine-grained sands (Figure 4H). A sample was collected from a fine-grained sand layer with a thickness of 15 cm, 60 cm below the surface; it exhibited an age of 12.46 ± 1.30 ka.
Considering the OSL derived age of 12.46 ± 1.30 ka from T2’ and a displacement of 0.75 ± 0.05 m, we obtained a vertical slip rate of 0.06 ± 0.01 mm/a. Assuming the age of T2’ to be 20.51 ± 2.28 ka and considering a displacement of 1.5 m, we obtained a vertical slip rate of 0.07 ± 0.01 mm/a. Accordingly, the mean vertical slip rate of the fault was determined to be ∼0.07 mm/a. Considering that several secondary faults have developed at this site, this rate may be the minimum value for the SMQBF.
South Hongliugou Site
The vertical offsets at the south sub-fault are constrained by topographic profiles perpendicular to the scarp, as shown in the high-resolution DEM. The cumulative vertical offset since the formation of T2 was estimated to be 9.70 ± 2.60 m (Figure 7D). The pit at the top of T2 showed that the top of the sedimentary profile, which has a thickness of 30 cm, consists of coarse sands mixed with angular pebbles. The underlying layer has a thickness of 20 cm and comprises fine-grained sand (Figure 7E). The OSL sample collected from the bottom of the fine-grained sand showed an age of 11.97 ± 1.28 ka. Based on this age and the 9.70 ± 2.60 m displacement, we obtained a vertical slip rate of 0.85 ± 0.30 mm/a.
North Hongliugou Site
In the front section of the middle deformation region of T2, fresh vertical fault scarps suggest that negligible degradation has occurred since the most recent earthquake when compared with the southern scarp (Figures 8D,E). Two terraces have developed in this area, and they show a left-lateral strike offset, however, DEM data show that T1 and T2 have been left-laterally displaced by 11.00 ± 10 m and 30.50 ± 1.50 m, respectively (Figure 8A). To constrain the abandonment age of the two terraces, we hand-dug two pits. The pit from T1 revealed coarse sands mixed with angular pebbles with a thickness of 20 cm and an underlying layer of fine-grained sand with a thickness of 35 cm, followed by a grayish-green coarse sand layer at the bottom (Figure 8B). The OSL sample was collected from the bottom of the fine-grained sand layer 50 cm below the surface and exhibited an age of 5.11 ± 0.66 ka. The T1 pit revealed a 10 cm thick coarse sand layer mixed with angular pebbles; it was underlain by a thickness of 40 cm fine-grained sand layer interbedded with coarse sand, with grayish-green coarse sands at the bottom (Figure 8C). The OSL sample was collected from the bottom of the interbedded sand layer 50 cm below the surface, showing an age of 9.94 ± 1.17 ka. Based on the sample age and the displacement of the terraces, we calculated the sinistral strike-slip rates to be 2.20 ± 0.53 mm/a and 3.13 ± 0.48 mm/a for T1 and T2, respectively. The mean sinistral strike-slip rate was found to be 2.66 ± 0.50 mm/a.
[image: Figure 8]FIGURE 8 | (A) DEM data showing displaced landform at the Hongliugou Site. Red bold line represents the active fault trace, and red dotted line indicates conjectural fault trace. A-A’ represent the location of topographic profiles in Figure 8F. The small black boxes indicate the location of samples. (B,C) OSL sampling photo. Sample site is shown in Figure 8A. (D,E) Field photos of scarp and left-laterally offset terraces. Red arrows indicate conspicuous fault scarps.
The vertical offset of T2 was estimated to be 1.13 ± 0.03 m (Figure 8G). Combining the aforementioned value with the age of T2, we obtained a vertical slip rate of 0.12 ± 0.02 mm/a. Therefore, the total vertical slip rate is 0.96 ± 0.33 mm/a at the Hongliugou site, which represents the minimum vertical slip rate of the SMQBF.
Interpretation of the Shallow Seismic Profile
The subsurface structure shown in Profile A-A’ reveals two primary faults (Figure 9A). The southern secondary fault dips to the south, with an average apparent dip of ∼45°. The northern secondary fault dips to the south, with an average apparent dip of ∼50°. We identified three primary faults in the reflection image of Profile B-B’ (Figure 9B). The Southern and northern secondary faults are similar to the faults in Profile A-A’, and the middle secondary fault forms a back-thrust.
[image: Figure 9]FIGURE 9 | (A) Seismic reflection profiles across SMQBF at Golmud river site is shown in Figure 2 (Profile A-A’). (B) Seismic reflection profiles across SMQBF at Hongliugou site is shown in Figure 2 (Profile B-B’). T0 represents conjectural bottom of the quaternary strata. T1 represents conjectural bottom of the Cenozoic strata.
DISCUSSION
Dynamic Rate and Stress Adjustment
The SMQBF has not only absorbed the NE compression of the Qinghai–Tibet Plateau but also shows evident sinistral slip. The Kunlun and Kunlun Mountain Pass faults are dominantly characterized by sinistral strike-slip, and the slip rate of the middle segment is as high as ∼12 mm/year (Van Der Woerd et al., 1998; Van Der Woerd et al., 2000; Van Der Woerd et al., 2002). The Kunzhong Fault, which is located between the SMQBF and the Kunlun Fault exhibits evident sinistral strike-slip; a series of gullies are sinistrally displaced by 7–18 m (Wu et al., 1994). Combining age constraints on the offset landforms with the measured sinistral displacement, we determined the left strike-slip rate of the SMQBF to be 2.66 ± 0.50 mm/a. This illustrates that the NE extrusion of the Kunlun Fault is concentrated on the main fault, while the secondary faults also have clear left-lateral strike-slip components.
The variations in slip rates along the Altyn Tagh Fault were quantitatively constrained by the lateral extrusion of the Kunlun Fault system (Luo et al., 2020). The SMQBF is obliquely connected with the Altyn Tagh Fault in the northwest of Mangya city. Tectonic geomorphological studies and Quaternary dating of the offset markers suggest that the slip rate of ∼10 mm/a along the Altyn Tagh fault is largely consistent on both sides of the inclined zone (Cowgill, 2007; Zhang et al., 2007; Gold et al., 2009; Gold et al., 2011; Gold et al., 2017). This also agrees with the lower shortening and sinistral strike-slip rate of the SMQBF. Due to initiation of sinistral slip along the Kunlun fault 10 Ma ago (Jolivet et al., 2003), the NW-trending mountains within Kunlun mountain system accommodated less sinistral displacement along the Altyn Tagh Fault.
Northward Growth Model of the SMQBF
The kinematics and geometry of the SMQBF were constrained through image interpretation, detailed field studies, and topographic measurements. Offset geomorphological markers suggested that the SMQBF is mainly characterized by a thrust at the Xinlecun site. Two deformation zones were identified, with the northern zone showing more recent activity than the southern zone and forming a piggyback thrust propagation sequence from south to north. The offset geomorphology between the two fault deformation zones on T3 was characterized by several intermittent rows of scarps, which we speculate to have been caused by flexural sliding of the underlying Neogene strata (Figure 10A).
[image: Figure 10]FIGURE 10 | The sketch map of Geometric and dynamic deformation of the SMQBF at three study sites (FSF represents flexural slip fault).
A series of sub-parallel scarps was well-preserved at the Golmud River site. The geological profile adjacent to Golmud shows that the SMQBF thrusted into the Paleogene strata up to the Quaternary (Tang et al., 2002). The strata located on the hanging wall of the fault were dominated by Paleogene and Neogene interbedded sandstones and mudstones (Wang et al., 2017), which provided an ideal environment for the formation of flexural faults (Li et al., 2017). The mudstone also played a major role in constraining the structural geometry and surface deformation. Therefore, we infer that the sub-parallel scarps distributed at the Golmud River site were caused by the flexural slip of the hanging wall (Figure 10B). While the shallow seismic profile clearly revealed the location of the fault, there are still evident scarps distributed on T3 on the north of the fault (Figure 9A); thus, this fault is likely not the most recent active fault within the SMQBF.
Although the terraces reported herein have been heavily eroded at the Hongliugou site, many sub-parallel scarps are discernible on the southern side of the south scarp. We consider these scarps to have been formed due to the flexural slip of the overlying strata. The shallow seismic profile revealed several sub-faults, one of which forms a back-thrust (Figure 9B). We found left-lateral displacements in two deformation zones, indicating the left-lateral strike-slip of the main fault branch. The deformation of T0 in the southern deformation zone indicates that the surface deformation caused by major earthquakes has not been concentrated in the main fault, as it also occurs on the fault branches and folds of the hanging wall (Figure 10C).
Several study sites showed that the SMQBF is characterized by a large deformation width. In this study, the newest deformation zone was not found. Thus, we speculate that the latest activity of the fault may not be exposed at the surface and that a deformation zone >10 km absorbed the north-oriented growth of the Kunlun Fault system.
Significance of Earthquake Disasters
The lower deformation rate of the SMQBF when compared with that of the Kunlun Fault has resulted in under-recognition of the seismic hazard in Golmud. The middle-western segment of the fault, which is 300 km long, has fractured the surface and cut Quaternary sediments, as evident form satellite imagery. Sub-parallel scarps have formed a ∼3 km wide deformation zone in a part of the segment. Due to a lack of field investigations, the slip rate and paleoseismological history have not yet been determined. The earthquake disasters that have previously occurred along the SMQBF are relatively complex and require further study.
Seismic hazards caused by the slow deformation of continental interior regions, where tectonic loading may be shared by an array of faults, are difficult to quantify. Intraplate earthquakes in China are characterized by high magnitudes and millennium-scale recurrence (Ran et al., 2010; Luo et al., 2019), sometimes on the order of 2,000–3,000 years. Therefore, we believe that the seismic recurrence period of the SMQBF, the northern branch of the flower structure of the Kunlun Fault, is relatively long. Because of the high slip rates and occurrence of several major earthquakes along the main Kunlun Fault, we identified a potential seismic hazard for Golmud that has previously been overlooked. The latest branch fault of the SMQBF may extend in front of the alluvial fan and reach Golmud. However, further analyses are needed before a comprehensive earthquake forecast model can be established.
The secondary faults and flexural slip of the SMQBF have formed a wide deformation zone. Although the coseismic displacement of a flexural slip may be small, it can affect the surface and cause damage to or even the collapse of buildings. Golmud City is the starting point of the Qinghai–Tibet engineering corridor, and many pipeline projects pass through the SMQBF. Therefore, a deformation model of the fault established here is critical for city planning in Golmud.
CONCLUSION
The main conclusions from this study are as follows:
1) Offset landforms and fault exposures indicate that the SMQBF is a thrust fault with a sinistral strike-slip component characterized by piggyback thrust propagation. A series of sub-parallel scarps formed by flexural slip on the hanging walls of secondary faults has accommodated the shortening of the SMQBF.
2) The vertical and strike-slip rates of the SMQBF were determined to be 0.96 ± 0.33 mm/a and 2.66 ± 0.50 mm/a, respectively, which may be the minimum slip rates for the fault.
3) The low deformation rate of the fault may present an under-recognized earthquake hazard. Further investigations should be conducted to assess future seismic hazards in the cities surrounding this fault system.
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Four groups of discrete element models (DEMs) were set-up to simulate and analyze the influence of regional erosion and sedimentary loading on the formation and spatial-temporal evolution of faults in the southern and central Longmen Shan (LMS) active fold-thrust belt. The interior characteristics of faults in the southern and central LMS fold-thrust belt were also evaluated during the interaction of tectonic processes and surface processes according to the stress-strain analysis from DEM results. The results showed that synkinematic erosion promoted the reactivation of pre-existing faults in thrust wedges and also retarded the formation and development of new incipient faults in the pre-wedge regions. Meanwhile, synkinematic sedimentation also delayed the development of new incipient faults in the pre-wedge regions by promoting the development of thrust faults in the front of thrust wedges, causing these thrust wedges in supercritical stages with relatively narrow wedge lengths. According to these DEM results, we infer that: 1) The characteristics of erosion and sedimentation in the central and southern LMS have important influences on the activities of large faults which are extended into the deep detachment layer; 2) Besides differential erosion, the differential sedimentary loading may also be one of the important factors for the along-strike differential evolution of the LMS fold-thrust belt. This kind of differential deposition may lead to differential fault activity and uplift in the interior thrust wedge and pre-wedge region in the central and southern LMS; 3) Compared to the northern LMS, the central LMS and southern LMS is more conducive to the occurrence of earthquakes, because of synkinematic sedimentation (such as the growth of Chengdu plain) has a greater blocking effect on the stress propagation and strain convergence on the fault planes of front faults of an active thrust wedge.
Keywords: erosion, sedimentary loading, longmenshan, discrete element modeling, physical simulation, fault activity
INTRODUCTION
The Longmen Shan (LMS) Mountains, located in the eastern margin of the Qinghai-Tibetan Plateau with an NE trend, was a suture zone between the Yangtze block and the Songpan-Ganzi block and was reactivated due to the far-field compression of the India-Asia collision (Burchfiel et al., 1995; Roger et al., 2003, ; Zhou et al., 2006; Roger et., 2010; Yan et al., 2011) (Figure 1A). It has experienced a long history of deformation since the Mesozoic, which resulted in the development of a series of fold-thrust belts along the western boundary of the Sichuan Basin (Burchfiel et al., 1995; Yan et al., 2008), and the deposition of a suite of late Triassic to Cretaceous-Quaternary sediments in the Sichuan Basin (Chen et al., 1994; Li Z. et al., 2018; Luo et al., 2021) (Figures 1B,C). The 2008 MW 7.9 Wenchuan earthquake occurred deep in the interior of the LMS fold-thrust belt, 200 km northwest of the toe of the fold-thrust belt in the Sichuan basin (Hubbard et al., 2010), accompanied by the formation of coseismic reverse- and oblique-slip surface faulting by two large thrust faults (Lin et al., 2009; Liu-Zeng et al., 2009; Xu et al., 2009; Li et al., 2010). The occurrence of this earthquake showed that the LMS fold-thrust belt is still active nowadays and is characterized by strong tectonic uplift, rapid erosion, and devastating seismic hazards (Hubbard and Shaw, 2009; Xu et al., 2009; Yin, 2010; Gao et al., 2016; Tan et al., 2017; Wang et al., 2021).
[image: Figure 1]FIGURE 1 | Regional map of the LMS fold-thrust belt (A) and its geological structure map (B) (modified from Sun et al., 2016, Co-seismic rupture zones from Xu et al., 2009). (C) shows the thickness contour lines (100 m interval) of the Upper Pliocene and Quaternary (syntectonic sedimentary strata) beneath the Chengdu plain (cited from Li Z. et al., 2018). JTF, Jintang Fault; WLF, Wulong Fault; WMF, Wenxian-Maoxian Fault; SDF, Shuangshi-Dachuan Fault; PGF, Pengxian-Guanxian Fault; YBF, Yingxiu-Beichuan Fault; YAF, Yaan Fault; LQF, Longquanshan Fault; QCF, Qingchuan Fault; MJF, Minjiang Fault; HYF, Huya Fault; RFBT, Range Front Blind Thrust.
For many years, many scholars have been engaged in the research on the tectonic geomorphology, tectonic activities and surface processes of LMS with various methods. The LMS fold-thrust belt has already been a natural laboratory for studying the correlation between surface processes (such as erosion system, sedimentary system and climate system) and tectonic processes (such as fault activity and tectonic uplift). Especially in recent years, the interaction between surface and tectonic processes in the LMS fold-thrust belt has become a research hotspot. For example, Gao et al. (2016) applied two geomorphic indices to evaluate the differential uplift of the central and southern LMS fold-thrust belt, which suggested the relationship between the regional erosion and the rates of tectonic uplift. Tan et al. (2018) indicated that external forces play a dominant role for the along-strike variation of fault activity and in thrust belt evolution, such as the fluvial incision (erosion), which may further produce the different rupture behavior of the coseismic slip partitioning onto two sub-parallel faults along the LMS fold-thrust belt during the 2008 MW 7.9 earthquake. Liu et al. (2020) highlighted the role of erosion in creating thrust recesses in a critical-taper wedge based on mechanical models. Wang et al. (2021) emphasized the role of tectonic structures in regulating the pattern of denudation and topography across the LMS fold-thrust belt. All these studies mentioned above indicated that denudation played an important role on the structural evolution of the LMS fold-thrust belt. However, the effects of sedimentary loading were less discussed. More and more studies have shown that sedimentary loading also played important roles on the evolution of orogenic fold-thrust belts, e.g., DeCelles and Carrapa (2021) have studied the deformation-erosion-sedimentation interactions in a salient-recess pair in the Himalayan thrust belt, and Liu et al. (2021) have shown effects of deposition on fault activity (e.g., the effects on constraining vertical slip rates of thrust faults) in the north Qilian Shan, NE Tibetan Plateau. Moreover, in the LMS fold-thrust belt, Li et al. (2016), Li C. et al. (2018) identified growth strata and revealed early to late Pleistocene activity on the Range Front blind thrust. Recently, by using sandbox analog experiments, Luo et al. (2021) investigated the influences of differential rates of synkinematic erosion and sedimentation on wedge geometries and fault activities during the development of thrust wedges, and further discussed the influences from the change of erosion–sedimentation along the strike on the structural evolution of the LMS fold-thrust belt; Mao et al. (2021) have shown that surface erosion and sedimentation affected the position, morphology, lateral propagation, and connection of new structures in fold-thrust belts. Overall, sufficient studies have shown the important relationship between surface processes (denudation and/or deposition) and tectonic processes (fault activity) in fold-thrust belts, although there are still some different viewpoints on the main controlling factors. Therefore, how do surface processes, such as synkinematic erosion and sedimentary loading, influence the development of a fold-thrust wedge, in particular the characteristics of stress and strain in the interior wedge of the LMS fold-thrust belt? It is worthy of further research from the perspective of quantitative simulation experiments.
In this paper, based on previous studies, we simulate, discuss, and analyze the influences of synkinematic erosion and sedimentary loading on the formation and spatial-temporal evolution of faults in the southern and central LMS active fold-thrust belt from the perspective of numerical modeling (discrete element model, DEM) experiments. The interior characteristics of faults in the southern and central LMS fold-thrust belt are evaluated during the interaction of tectonic processes and surface processes according to the stress-strain analysis from DEM results. In addition, our modeling results have the experimental reference significance on the study of the dynamic background of tectonic uplift in the LMS fold-thrust belt.
GEOLOGICAL SETTING
The LMS is an active fold-thrust belt, composed of a series of NE trending thrust faults between the Tibetan Plateau and the Sichuan basin (Figure 1B) (Avouac and Tapponnier, 1993; Xu and Kamp, 2000; Wang et al., 2012; Li et al., 2016). The lithology and fault characteristics of the LMS fold-thrust belt were determined by means of field geological investigation and remote sensing interpretation (e.g., Deng et al., 1994; Shen et al., 2009; Zhang et al., 2011; Gao et al., 2013; Ren et al., 2014 and many others), geophysical data (such as industrial seismic profiles) and drilling data (e.g., Chen et al., 2005; Jia et al., 2006; Hubbard and Shaw, 2009; Hubbard et al., 2010; Li et al., 2010; Li Z. et al., 2013; Lu et al., 2014; Wang et al., 2014; Li et al., 2016; Li C. et al., 2018). Especially after the 2008 Wenchuan earthquake, a lot of field investigation works have been carried out for surface ruptures (e.g., Wang et al., 2008; Hubbard and Shaw, 2009; Lin et al., 2009; Liu-Zeng et al., 2009; Shen et al., 2009; Xu et al., 2009; An et al., 2010; Feng et al., 2010; Hashimoto et al., 2010; Jia et al., 2010; Li et al., 2010; Lin et al., 2010; Yin, 2010). Four major imbricate thrust systems were interpreted consistently (Li et al., 2010): The Back range fault system, Central range fault system, Front range fault system, and Front blind range fault system. Correspondingly, several thrust faults can be interpreted from NW to SE in these imbricate thrust systems. There are the Wenchuan-Maoxian fault (WMF) in the Back range fault system, the Yingxiu-Beichuan fault (YBF) and Wulong Fault (WLF) in the Central range fault system, the Pengxian-Guanxian fault (PGF) and Shuangshi-Dachuan Fault (SDF) in the Front range fault system, and the range front blind thrust (RFBT) in the Front blind range fault system (Figures 2, 3).
[image: Figure 2]FIGURE 2 | (A) the geologic cross-section of the southern LMS fold-thrust belt (modified from Hubbard and Shaw, 2009, see the location in Figure 1; data of average erosion rate (AER) reference from Ye, 2021; epicenter data from Li et al., 2010); (B) a geological profile shows the synkinematic sedimentation deposited in the southern LMS active fold-thrust belt (Li Z. et al., 2018). The profiles show that there are typical characteristics of synkinematic erosion and sedimentary loading in the southern LMS fold-thrust belt.
[image: Figure 3]FIGURE 3 | (A) the structural interpretation of the central LMS fold-thrust belt (modified from Jia et al., 2010, Li et al., 2010 and Li et al., 2018b, see the location in Figure 1; data of average erosion rate (AER) reference from Tan et al., 2017). The measured coseismic slip of the surface rupture (Xu et al., 2009) indicates that the displacement in the central segment is dominated by thrust slip. (B) Interpretation of the shallow seismic profile that exhibits the presence of the synkinematic strata. These profiles also show that there are typical characteristics of regional erosion and sedimentary loading in the central LMS fold-thrust belt.
For the tectonic analysis of the southern and central LMS, due to the lack of subsurface controls on the fault geometry, there are some differences in the interpretation of deep structures. Hubbard and Shaw (2009) inferred that the main detachment is close to the depth of 20 km according to the structural analysis of the balanced geologic cross-section (Figure 2), whereas another research group (Jia et al., 2010; Li et al., 2010; Li et al., 2016) suggested that the YBF and PGF sole into the main detachment at a depth of 15–17 km based on seismic-reflection profiles, drill-hole data, and relocated aftershocks of the 2008 Wenchuan earthquake (Figure 3). In addition, according to the results of structural analysis and modeling, since the late Cenozoic, the total shortening displacement of the southern and central LMS fold-thrust belt can reach 20–40 km, with a shortening ratio of 19.3–39.2% (Chen et al., 2005; Hubbard and Shaw, 2009; Hubbard et al., 2010; Li Z. et al., 2013). Moreover, according to Hubbard et al. (2010), further information about the LMS fold-thrust belt was obtained: 1) Upper-crustal shortening plays an important role in developing the topography of the LMS fold-thrust belt; 2) Two taper wedges (two differential topographic slopes in the front of the LMS and the Sichuan basin, respectively) could be defined from the hinterland to foreland: A steep surface slope caused by a slightly strong basal detachment in the front of the LMS, and a shallow surface slope caused by a middle level, weak detachment in the Sichuan basin; 3) A minimum of 95% shortening was absorbed in the frontal LMS fold-thrust belt according to the retrodeformed cross sections.
In recent years, many important achievements have also been published in this study of erosion rates along-strike or cross-strike in major faults (Xu and Kamp, 2000; Tan et al., 2015; Gao et al., 2016; Tan et al., 2017; Tan et al., 2019; Luo et al., 2021; Wang et al., 2021), as well as the syntectonic sedimentation deposited in the LMS active fold-thrust belt (Yan et al., 2013; Li et al., 2014; Li et al., 2016; Li C. et al., 2018; Luo et al., 2021). According to previous research on the regional erosion system, at least 4–5 km of strata have been eroded in the southern and central LMS at an erosion rate of 0 mm/yr to 1.0 mm/yr from the range front to the hinterland of the LMS fold-thrust belt since the late Miocene (Tan et al., 2017; Shen et al., 2019; Ye, 2021; Wang et al., 2021). In addition, the differential erosion characteristics and syntectonic sedimentary loading along-strike of the LMS fold-thrust belt were further confirmed. According to the analysis of erosion rates by thermochronology data (e.g., Richardson et al., 2008; Li et al., 2012; Cook et al., 2013; Richardson et ., 2013; Tan et al., 2015, Tan et al., 2017; Jia et al., 2020; Ye, 2021) and the thickness of syntectonic sedimentary strata by field exploration data (such as drilling data) (Li et al., 2016; Li Z. et al., 2018; Chen et al., 2019), it is presented that the erosion rates and the thickness of syntectonic sedimentary strata in the central and southern LMS fold-thrust belt are heterogeneous. Taking the fault of PGF or SDF as the dividing line in the piedmont fault zone, the erosion rates of the footwall and hanging wall strata are respectively about 0.3–0.4 mm/yr and 0.5–0.6 mm/yr since ∼6–8 Ma in the southern LMS (Figure 2); while in the central LMS, the erosion rates of the footwall and hanging wall strata are respectively about less than 0.1 mm/yr and 0.2–0.5 mm/yr since ∼7.5 Ma (Figure 3).
During the Late Triassic to Early Jurassic, the Songpan Ganzi fold belt was thrust upon the western margin of the Yangtze Plate (Yan et al., 2011). The LMS fold-thrust belt uplifted rapidly and was accompanied by approximately 1–2 km of wedge-shaped molasse deposited in the Chengdu plain, an alluvial plain in the western Sichuan basin (Figure 1B) (Luo et al., 2021). Moreover, the Cenozoic sedimentary strata, including the Eocene-Oligocene Minshan and Lushan formations, the upper Pliocene Dayi Formation, the middle Pleistocene Ya’an Formation, the upper Pleistocene Chengdu Clay Formation, and uppermost Holocene deposits, crop out mainly on the Chengdu plain and can also be found locally in the foothills of the LMS (Li et al., 2016). The thickness of Cenozoic syntectonic sedimentary strata in the piedmont of the southern and central LMS (southern Chengdu plain and northern Chengdu plain, respectively) is about 0–550 m (Figure 1C). The depocenter is located in front of the central LMS, which caused the maximum sedimentary thickness in the central LMS to be almost 200 m thicker than that in the southern LMS (Figure 1C). These strata have recorded the interactions between tectonic deformation and sedimentation along the LMS range front (Figure 2B and Figure 3B).
MODEL SET-UP
The Discrete Element Modeling (DEM), derived from the molecular dynamics method where the interaction forces between particles are set (Figure 4), allows large displacement inside the models (Wu et al., 2019). In this model, strata are characterized as independent elastic particles of different sizes. It is suitable to simulate dynamic fault formation and evolution by analyzing tectonic activities with complex internal stress and strain (Hardy et al., 2009; Yin et al., 2009; Zhang et al., 2013; Morgan, 2015; Li 2019).
[image: Figure 4]FIGURE 4 | Schematic diagram of particle interactions in DEM. (A) the interaction between the boundary wall and particles of strata, which cause particles to move, rotating by overlapping with each other under the role of self-gravity and external stress transmitted from the moving boundary wall; (B) two forces (normal force and shear force) during the interaction between two particles.
In this paper, four two-dimensional DEM models (Table 1) are designed with an initial set up of 60 units’ length and 6 units’ height. 24,309 particles with two different diameters are generated randomly (Figure 5). The parameters of particles are shown in Table 2. Two different types of rock particles are defined by setting interparticle bond properties among particles (shown in Table 3), where pre-shortening strata (brittle strata), syn-shortening sedimentation (brittle strata), and detachment stratum (ductile strata) are shown as black and yellow layers, middle gray layer, and red layer, respectively. The cohesion and the friction angle of brittle strata are ∼10.5 MPa and ∼18.6, respectively, which were obtained through two-dimensional biaxial compression (Morgan, 2015). In addition, plate walls are shown in purple (Figure 5). The particles’ friction coefficient of brittle strata and the plate walls is 0.3. According to the previous research on the friction coefficient of basal detachment in the LMS thrust wedge (Hubbard et al., 2010), the slightly strong value (= 0.1) of the friction coefficient of basal detachment is selected in our models. Moreover, there is no cohesion between the particles of the detachment and the plate walls in our models (Morgan, 2015).
TABLE 1 | Boundary conditions of the four DEM models in this study.
[image: Table 1][image: Figure 5]FIGURE 5 | Initial set-up of the DEM models. Brittle strata are shown as black and yellow layers, detachment stratum is shown in red, and plate walls are shown in purple.
TABLE 2 | Parameters of particles in the discrete element models.
[image: Table 2]TABLE 3 | Interparticle bond properties of rock particles in the discrete element models.
[image: Table 3]These four DEM experiments were run to analyze the influences of erosion and sedimentary loading on the activity of the range front faults in the southern and central LMS fold-thrust belt. In our models, 1 unit represented 2 km. The total shortening displacement was 10 units, which represented the regional shortening displacement of 20 km in nature, or a shortening of 16.67%. During the experiments, the left plate wall was pushed to the right with a constant compressional rate of 1 × 10–8 units/s. In the process of Model 1, no erosion and syntectonic sedimentary loading occurred; in Model 2, after reaching 5 units shortening displacement, an erosion occurred by removing the particles above 6.5 units; in Model 3, only a synkinematic sedimentary loading strata with 0.5unit thickness was deposited at the front of the thrust wedge; in Model 4, both erosion and syntectonic sedimentary loading were included.
The discrete element program VBOX (Virtual Sandbox) (Li et al., 2017; Li C. et al., 2018; Li, 2019; Li et al., 2021) was used in our experiments. To analyze the distribution characteristics of stress and strain in the fault zone in our three DEM experiments, stress and strain were calculated based on the method proposed by Morgan (2015).
MODEL RESULTS
In this study, four representative experiments (Table 1) were analyzed. The baseline model (Model 1) had no synkinematic erosion or sedimentation. Models two and three only had synkinematic erosion and sedimentation, respectively. Model four had both synkinematic erosion and sedimentation. The structural evolution of these four DEM models is described in detail and shown in Figures 6–8. The analysis of strain and stress of final vertical cross sections in these four DEM models are displayed in Figures 9, 10.
[image: Figure 6]FIGURE 6 | The structural evolution of four models with total shortening of 10 units. (A) Model 1 with no synkinematic erosion or sedimentation, (B) Model 2 with synkinematic erosion and no sedimentation, (C) Model 3 with synkinematic sedimentation and no erosion, and (D) Model 4 with synkinematic erosion and sedimentation (d).
[image: Figure 7]FIGURE 7 | Statistical Graphs of fault slip displacement in Model 1 (A), Model 2 (B), Model 3 (C), and Model 4 (D).
[image: Figure 8]FIGURE 8 | Graphs showing a comparison of (A) the front wedge taper angle vs. shortening displacement, (B) the distance to the deformation front measured from the initial backstop, and (C) the wedge height for models 1, 2, 3, and 4.
[image: Figure 9]FIGURE 9 | Strain analysis of DEM simulations in Model 1 (A), Model 2 (B), Model 3 (C), and Model 4 (D). Volumetric strain (upper figure) and distortional strain (lower figure) are presented after every 2 units shortening. In volumetric strain and distortional strain, blue denote volumetric contraction and top to the left sense of shear, respectively, whereas red denote volumetric dilation and top to the right sense of shear, respectively.
[image: Figure 10]FIGURE 10 | Stress analysis of DEM simulations in Model 1 (A), Model 2 (B), Model 3 (C), and Model 4 (D). Mean stress (upper figure) and maximum shear stress (lower figure) are presented after every 2 units shortening. The main fault shapes (shades of black) are assigned to the stress maps.
Structural Evolution
The experiment results show that a back thrusting fault occurred near the backstop according to the boundary effect of models in all models. Moreover, differential evolution characteristics of their thrusting faults are presented (shown in Figures 6, 7) among these four DEM models by altering experimental conditions, such as the erosion in the thrust wedge and the sedimentary loading in the front of the thrust wedge (Figure 6).
Model 1 With no Synkinematic Erosion or Sedimentation
Figure 6A shows the progressive evolution of the baseline Model one in six stages up to a maximum of 10 units of shortening. In this model, the initial 2 units of shortening (Panel a2 in Figure 6A) formed a forward-breaking thrust fault F1 together with an incipient back thrust and its associated flat-topped hanging-wall anticline. A low-relief detachment fold formed a gentle bulge and caused local thickening of the shallow stratain front of the thrust fault F1, marking the position of the incipient thrust fault F2 (Panel a2 in Figure 6A). By 4 units of contraction thrust, F2 had propagated to the surface forming a frontal ramp fold (Panel a3 in Figure 6A).
Subsequent shortening shown in Panels a4-a6 in Figure 6A produced an imbricate thrust system including a total of four forward-vergent thrust faults F1-F4, developed in turn with differential fault slip displacements (Figure 7A). During this shortening stage, when the next thrust fault starts to develop, the previous one basically stops developing. The model shortening is mainly absorbed by the thrust faults F2 and F4 (Figure 7A). After a total of 10 units of shortening, the final model consisted of a thrust wedge with a forward-sloping surface topography formed by four foreland-vergent thrust faults each with their associated hanging-wall ramp folds (Panel a6 in Figure 6A). These thrust faults had nucleated in a forward-breaking sequence. The location of the front surface slope toe of this thrust wedge in model one was at 30 units from the backstop (Figure 6A) with a taper angle of 7.2° (Figure 8A).
Model 2 With Synkinematic Erosion and no Sedimentation
In model 2 (Figure 6B), the initial geometries and properties of the model evolution (Panels b1–b3 in Figure 6B) were identical to those in Model one described above (Panels a1–a3 in Figure 6A). Then different from Model 1, subsequent shortening increments, beyond the initial 5 units of contraction, were accompanied by the introduction of synkinematic erosion by removing the strata above 6.5 units from the top surface of the thrust wedge composed by two forward-breaking thrust faults F1 and F2 (Panel b4 in Figure 6B).
With continued shortening after this erosion, the thrust fault F2 continued its activity (Figure 7B), while in Model one it was almost stopped to develop at this stage because of the formation of new thrust fault F3 (Figure 7A). Until 6 units of shortening, the thrust fault F3 began to develop strongly in this model (Panel b4 in Figure 6B and Figure 7B). Subsequent shortening shown in Panels b5 and b6 in Figure 6B indicated that thrust fault F3 still remained strongly active until the occurrence of thrust fault F4 (Figure 7B). By a shortening of 10 units, the slip displacements of faults F2 and F3 are significantly larger than those in Model 1, while the slip displacement of fault F4 in Model two is significantly smaller than that in Model 1 (Figures 7A,B). The development of pre-existing faults (F2 and F3) in Model two was promoted after erosion, and the development of new thrust fault F4 was inhibited. Therefore, the location of the surface slope toe of this thrust wedge in Model two was at 28 units from the backstop (Figure 8B) with a taper angle of 8.8° (Figure 8A), which is shorter than that in Model 1.
Model 3 With Synkinematic Sedimentation and no Erosion
In Model 3 (Figure 6C), the initial geometries and properties of the model evolution (Figures 6C1–C3) were also identical with those in Model one described above (Panels a1-a3 in Figure 6A). After 5 units of shortening, a syn-kinematic sedimentary layer was considered based on Model one in the front of the thrust wedge composed of two forward-breaking thrust faults F1 and F2 (Panel c3 in Figure 6C). After 6 units of shortening, a new forward-breaking thrust fault F3 formed with a larger fault slip displacement than that in Model 1 (Panel a4 in Figure 6A, Panel c4 in Figure 6C, and Figures 7A,C). However, during this stage, compared to the incipient development of the thrust fault F4 in Model 1 (Panel a4 in Figure 6A), no features indicated that a new thrust fault was about to develop in Model 3 (Panel c4 in Figure 6C). Up to 10 units of shortening, the forward-breaking thrust fault F4 began to develop in Model 3. The development of this new thrust fault was inhibited obviously by sedimentary loading compared with Model 1 (Panel a6 in Figure 6A and Panel c6 in Figure 6C). The development of new thrust faults in Model three was delayed comparing with the previous two models, which caused the location of the surface slope toe of thrust wedge in Model three to be only at 24 units from the backstop (Figure 8B) with a taper angle of 13.9° (Figure 8A). The model shortening was mainly absorbed by the thrust faults F2 and F3 (Figure 7C).
Model 4 With Synkinematic Erosion and Sedimentation
In Model 4 (Figure 6D), the initial geometries and properties of the model evolution (Panels d1-d3 in Figure 6D) were also identical with those in Model one described above (Panels a1-a3 in Figure 6A). After an initial shortening of 5 units, the hinterland of the wedge was eroded by removing the strata above 6.5 units all at once from the top surface of the thrust wedge composed by two forward-breaking thrust faults F1 and F2 (Panel d4 in Figure 6D). A synkinematic layer was also deposited onto the front slope of the growing thrust wedge after erosion (Panel d4 in Figure 6D). After 6 units of shortening, the thrust fault F2 still kept on activity (Figure 7D), and the thrust fault F3 began to develop in this model (Panel d4 in Figure 6D). Until 7 units of shortening, the thrust fault F3 began to propagate strongly (Figure 7D). After 10 units of shortening, the thrust fault F3 was still keeping active and cutting through the sedimentation layer (Panel d6 in Figure 6D). There was no new thrust fault occurring in front of the thrust fault F3 (Panel d6 in Figure 6D and Figure 7D). The development of thrust faults F1-F3 in this model caused the location of the surface slope toe of the thrust wedge in Model four to be at 23 units from the backstop (Figure 8B) with a taper angle of 10.9° (Figure 8A). The model shortening was mainly absorbed by the thrust faults F2 and F3 (Figure 7D).
Critical Wedge Geometries
Figure 8A shows the incremental wedge geometries as indicated by their taper angle, α + β, plotted against horizontal shortening. In these four models, the taper angle was measured as the frontal topographic slope α, because the dip of the basal detachment (β) was set to 0°. According to the previous research on the taper angle in a fold-thrust belt from Davis et al. (1983), Wu and McClay (2011), and Yang et al. (2017) by theoretical calculation, analogue modeling experiments, or numerical modeling experiments, the critical taper should be 9°–10°, which is almost consistent with our DEM models in this paper (Figure 8A).
In our models, the wedge geometries had high slopes (greater than 20°) for the first 5 units of shortening as the backstop geometries were formed (Figure 8A). Beyond the first 5 units of shortening, Model 1 with no synkinematic erosion or sedimentation presented a subcritical stage along with the development of thrust faults F3 and F4 after 7 units of shortening (Figure 8A). Model 2 with synkinematic erosion displayed a cyclic behavior with taper angles oscillating above and below the critical taper angle (Figure 8A). In Model 3 with synkinematic sedimentation and no erosion and Model 4 with synkinematic erosion and sedimentation, the thrust fault F3 in the thrust wedge, remaining always active after 5 units of shortening (Figures 7C,D), meant the thrust wedge was kept in the supercritical stage, respectively (Figure 8A).
The cyclic nature of the thrust wedge geometries and the distribution of the internal deformation within the overall thrust wedge is also reflected in the plot of wedge length as indicated by the distance between the deformation front in the foreland and the initial location of the backstop (Figure 8B). Significant increases in the lengths of the imbricate thrust wedges occurred each time a new forward-breaking thrust fault developed. Propagation of the deformation front into the foreland was inhibited by synkinematic sedimentation and is reflected by an increased slope in the curves for Model three and 4 (Figure 8B). Compared with Model one and Model 2, the interval time of the episodic motion on particular high-displacement thrusts was extended in Model three and Model 4.
We also plotted the wedge height against the horizontal shortening (Figure 8C). Comparing Model three to Model 1, we found that the wedge height of Model 3 with synkinematic sedimentation is higher than that of model one without synkinematic sedimentation. Moreover, compared Model four to Model 2, the wedge height of Model four is also higher than that of Model 2 after synkinematic sedimentation. Under the effect of synkinematic sedimentation, the development of these faults in the front of thrust wedges was promoted instead of new forward-vergent faults generated in the pre-wedge region (Figure 6). The graphs of Figures 8A–C highlight the effect of synkinematic sedimentation in building a high angle and even supercritical wedge taper as well as in delaying the propagation of the deformation front into the foreland.
Analysis of Strain and Stress
In these four DEM models, the strain (volumetric strain and distortional strain) (Figure 9) and stress (mean stress and maximum shear stress) (Figure 10) characteristics of strata and faults in thrust wedge, pre-wedge, and undeformed regions are calculated after every 2 units of shortening.
The evolution of volumetric and distortional strain shows that: 1) At the beginning of new fault development, the volumetric and distortional strain are mainly concentrated in the shallow strata (Panels a3, b3, and d3 in Figures 9A,B,D). With the increase of model shortening, it gradually extends to the deep strata until it reaches the bottom detachment strata (Panels a4, b4, and d4 in Figures 9A,B,D). 2) In the thrust wedge, with fault F2 as the boundary, the volumetric strain between fault blocks in the hanging wall of fault F2 is mainly dominated by volumetric dilation (white to bright yellow), while between fault blocks in the footwall of fault F2, it is mainly dominated by volumetric contraction (light blue to white). 3) In the distortional strain field, along the shortening direction, the fault deformation is dominated by the top to the right sense of shear, showing the forward spreading fault, while the top to the left sense of shear is less, which causes the development of the backward spreading fault to be not obvious (Panels a3, b3, c3 and d3 in Figure 9). 4) synkinematic sedimentary loading has an obvious inhibitory effect on the evolution of new buried thrust faults in the pre-wedge region (Figure 6 and Figure 7), causing almost no distortional strain to occur in this region (Figures 9C,D c, d), relative to the other two models (Figures 9A,B). However, sedimentary loading might have a promoting effect on these pre-existing faults in the front of the thrust wedge (such as the fault F3 in both Model three and Model 4, Figure 6 and Figure 7), with the increasing of these strain values along the fault plane, relative to other pre-existing faults F3 in Model 1 (Figure 9A). It is also proved by the fault slip displacement of thrust fault F3 in Model three and Model 4 (Figure 7 c, d). 5) Compared with the distribution characteristics of distortional strain in these four models (Figure 9), the effect of erosion on the reactivation of pre-existing faults (old faults F2 and F3 in the thrust wedge belts) could be presented by the widening of this distortional strain concentration zone along the fault plane. Moreover, the effect of erosion is more obvious for this old pre-existing fault near the moving plate wall (such as the fault F2 in Model two and Model 4) (Figures 6B,D, 7B,D).
The mean stress and maximum shear stress reflect the overall characteristics of stress distribution and the instantaneous shear strength of the strata, respectively. In our models, stress analysis results show that: 1) The distribution of the high value of mean stress in each model is mainly concentrated at the bottom of these faults (Figure 9). Compared with Model 1, the high value of mean stress increased in different degrees in the other three models, especially in Model 3 with synkinematic sedimentation (Figure 9C). This is consistent with the activity characteristics of thrust fault F3 in Model 3 (Figure 7C). 2) Through the comparison results of model one and model 2, as well as model three and model 4, it can be seen that the high value of mean stress in the deep strata are shifted and concentrated on pre-existing faults after the event of erosion. 3) The distribution characteristics of the maximum shear stress indicate the development of new faults. The increase and concentration of the maximum shear stress are beneficial to the development of new faults. In Model 2 with synkinematic erosion and Model 3 with synkinematic sedimentation, the maximum shear stress increased obviously in the pre-wedge region (Figures 9B,C), indicating that a new thrust fault will develop in this region after subsequent shortening. Here, it is on the point of generation of thrust fault F4 (Figures 7B,C).
DISCUSSION
Influence of Erosion and Sedimentary Loading on Activity of Thrust Faults in LMS
In active fold-thrust belts around the world, such as the Aconcagua fold-thrust belt in Argentina (Hilley et al., 2004), the central Andes fold-thrust belt in Bolivia (Horton, 1999; McQuarrie et al., 2008), the central Apennines fold-thrust belt in Italy (Scisciani and Montefalcone, 2006; Wu and McClay, 2011), and the Taiwan fold-thrust belt in China (Dahlen and Suppe 1988; Dadson et al., 2003; Wu and McClay, 2011), the roles of different synkinematic erosion and/or sedimentary loading, probably caused by long-term along-strike climatic variations (McQuarrie et al., 2008), on the generation and evolution of thrust faults in these fold-thrust belts (thrust wedges) have been interpreted and discussed by the Coulomb wedge model theory (e.g., Davis et al., 1983; Dahlen et al., 1984; Dahlen and Suppe 1988) and experimental simulations (e.g., Storti and Mcclay, 1995; Persson and Sokoutis, 2002; Simpson, 2006; Graveleau and Dominguez, 2008; Cruz et al., 2010; Cruz et al., 2011; Wu and McClay, 2011; Malavieille, 2011; Steer et al., 2014; Sun et al., 2016; Sun et al., 2021; Luo et al., 2021; Mao et al., 2021). Theoretical analysis and modeling results have all shown that syntectonic erosion reduced the number of major forward-vergent thrusts, and increased exhumation and thrust activities at the rear of the thrust wedge, resulted in out-of-sequence thrusting and fault reactivation in the wedge hinterland, and inhibited the forward propagation of the deformation front into the foreland. Meanwhile, the building of wedge taper by synkinematic sedimentation lowered thrust activities in the foreland relative to the hinterland.
Similar results were obtained in our DEM experiments, such as promoting activity of thrust faults F2 and F3 in Model two and Model 4 (Figures 6B,D, 7B,D, 9B,D), as well as inhibiting the forward propagation of thrust fault F4 in Model two and Model 4 (Figures 6B,D, 7B,D, 9B,D), relative to Model one in this paper (Figures 6A, 9A). These DEM results indicated that synkinematic erosion promoted the reactivation of the pre-existing faults in thrust wedges, and also have a negative influence on the formation and development of new incipient faults in the pre-wedges (Figures 6B,D, 7B,D, 9B,D). Meanwhile, synkinematic sedimentary loading also has an effect on delaying the development of new incipient faults (such as thrust fault F4 in Model three and Model 4) in the pre-wedge region by promoting the development of pre-existing thrust fault(s) in the front of thrust wedge (such as the thrust fault F3 in Model three and Model 4) (Figures 7C,D), causing the thrust wedge in a supercritical stage (Figure 8A) with a narrow wedge length, relative to other models without synkinematic sedimentation (Figure 8B).
The LMS fold-thrust belt is also an active fold-thrust belt with differential regional erosion in the interior (Gao et al., 2016; Tan et al., 2017) and sedimentation in the Sichuan Basin (Li Z. et al, 2018; Luo et al., 2021). The occurrence of the 2008 MW 7.9 Wenchuan earthquake has inspired a lot of thinking to the research of the LMS fold-thrust belt (Yin, 2010). One of these important questions is that the correlation between surface processes (such as erosion and sedimentary loading) and fault activity in these imbricate thrust systems of the LMS active fold-thrust belt.
In this paper, according to modeling results of the activity of thrust faults F1, F2, F3, and F4 from DEM experiments, we built a comprehensive diagram to present the influences of erosion and sedimentary loading on fault activities in the LMS thrust wedge under the role of the compression stress (Figure 11). We mainly discuss and analyze the characteristics of active faults in the front of the LMS fold-thrust belt, such as the WMF, YBF, PGF, and RFBT in the central LMS, and the JTF, WLF, SDF, and YAF (RFBT) in the southern LMS (Figures 1B, 12). Here, we use the structural evolution of Model two and Model four to reflect the activity of faults in the southern and central LMS, respectively. Thrust fault F1 represents small faults that developed in shallow strata (Figure 11) in the thrust wedge of the central and southern LMS. Thrust fault F2 and F3, which are large faults extending to the deep detachment layer (Figure 11), represent these pre-existing thrust faults developing within and in the front of the thrust wedge, such as these interior faults WMF, JTF, WLF, YBF and frontal faults SDF, PGF in the central and southern LMS, respectively. Thrust fault F4 represents new incipient faults that developed as range front blind faults developed in the pre-wedge region, such as the buried faults RFBT and YAF in the front of the central and southern LMS.
[image: Figure 11]FIGURE 11 | The sketch drawing of the influences of erosion and sedimentary loading on fault activities in the LMS thrust wedge under the role of the compression stress. AER-Average Erosion Rate. The orange shaded area shows the stress distribution in the thrust wedge and pre-wedge.
[image: Figure 12]FIGURE 12 | Map of the active faults in the central and southern LMS (modified from Gao et al., 2016). AER data (AERC1, AERC2, and AERC3 are decreasing successively in the central LMS; AERS1 is bigger than AERS2 in the southern LMS) from Figure 2 and Figure 3 in this paper. WMF, Wenchuan-Miaoxian Fault; YBF, Yingxiu-Beichuan Fault, PGF, Pengxian-Guanxian Fault; JTF, Jiatang Fault; WLF, Wulong Fault; SDF, Shuangshi-Dachuan Fault; YAF, Ya’an Fault.
According to the influence of erosion and sedimentation on the fault activity we described above, we can infer that the characteristics of erosion and sedimentation in the central and southern LMS have important influences on the activities of the WMF, YBF, PGF, and RFBT faults, and the WLF, SDF, and YAF faults, respectively. The activities of these faults are improved to some extent, which is consistent with the distribution characteristics of average erosion rates in the central and southern LMS (Figure 12). Perpendicular to the strike of LMS, different average erosion rates (AERC1, AERC2, and AERC3 in the central LMS and AERS1 and AERS2 in the southern LMS, Figure 12) promoted the reactivation of these faults to different extents under the effect of regional compression stress. In our models, the activity of thrust fault F1 was ended early and kept inactive in the process of the development of thrust wedge, whether it was under the effect of synkinematic erosion or not. It infers that these faults developed in the shallow strata of fault blocks might be inactive in the process of the development of the LMS fold-thrust belt. However, different structural evolution occurred on thrust faults F2 and F3, which has a large amount of slip displacement during the evolution of thrust wedge. It indicates that the YBF and PGF faults in the central LMS, and the WLF and SDF faults in the southern LMS are major active faults, especially under the effect of synkinematic erosion (Figures 6, 9, 10). It was also confirmed by Tan et al. (2017) based on apatite fission track (AFT) ages in the Xuelongbao Massif and the Pengguan Massif, which indicate Quaternary thrust activity of the WMF. Moreover, according to the activity of the thrust fault F3 (Figure 11), we can infer that PGF in the central LMS and SDF in the southern LMS has the characteristics of a large amount of slip displacement with persistent activity at present, especially under the role of synkinematic sedimentation deposited in the range front (Figures 7C,D). Gao et al. (2016) indicated that the YBF in the Central LMS and the SDF in the Southern LMS act as major tectonic boundaries separating areas experiencing rapid uplift from slow uplift based on the results of the geomorphic analysis. It is consistent with experimental results in this paper.
In addition, the experimental results show that the sedimentary loading in the range front (such as the Chengdu plain) also has an important influence on the structural evolution and fault activity of the LMS fold-thrust belt (Figure 11). In the range front of the southern and central LMS fold-thrust belt, synkinematic sedimentary strata were deposited with different thickness (Figures 1C, 2B, 3B). Our experimental results show that the synkinematic sedimentary strata can prevent the development of new leading faults thrusting forward in the pre-wedge region, such as the thrust fault F4 (Figures 6B,C, 7B,C). Hence, the differential sedimentary distribution may result in the differential evolution of thrust wedge in the central and southern LMS. We will focus on this part in Differential Evolution of Thrust Wedge in the Southern and Central LMS. At the same time, synkinematic sedimentation also has a good blocking effect on the stress propagation and strain convergence on the fault planes, so that the highest stress on the fault planes basically converge at the root of the main active faults inside the thrust wedge (Figures 10C, 11), forming a good seismogenic environment in this area. Hence, relative to northern LMS, the central LMS and southern LMS is more conducive to the occurrence of earthquakes, because of the growth of the Chengdu plain, a structural basin filled with synkinematic sedimentation. Actually, the central LMS and southern LMS is a concentrated area of epicenter distribution (Figures 2, 3) (Liu-Zeng et al., 2009; Xu et al., 2009, 2013; Li et al., 2010; Wang et al., 2014).
Differential Evolution of Thrust Wedge in the Southern and Central LMS
As we discussed in Influence of Erosion and Sedimentary Loading on Activity of Thrust Faults in LMS, the synkinematic sedimentary loading can prevent the development of new leading faults thrusting forward in the pre-wedge region by promoting the development of pre-existing faults in the front of thrust wedge (Figures 6B,D, 7). If a certain thickness of synkinematic sedimentation was deposited in front of the thrust wedge, the width of the wedge decreases, while the height of the wedge increases after the same shortening displacement (Figures 8B,C). For example, under the same erosion rate, different syntectonic sedimentary thickness has an important influence on the overall development of the thrust wedge, which causes the occurrence of the geomorphic characteristics of recess and salient in the front of thrust wedge during the compression process (Figure 13).
[image: Figure 13]FIGURE 13 | The DEM results in this paper (A) and the conceptual model modified from Liu et al., 2020(B) present the occurrence of recess and salient in the front of thrust wedges.
These differences are in good correspondence with the current tectonic and geomorphic characteristics of the central and southern LMS (Figures 12, 14). From the central LMS to the southern LMS, the Cenozoic depocenter is located in the central LMS, which is at least 200 m thicker than that in the southern LMS (Figure 1C). This kind of differential deposition may lead to different characteristics of fault activity and uplift in the interior thrust wedge and pre-wedge region in the central and southern LMS, such as the differential fault activity of the PGF and SDF faults, and the RFBT fault. While at the same time, the differential evolution of these faults was likely to result in differential geomorphic evolution (Tan et al., 2018), such as the occurrence of Dujiangyun recess (Liu Y. et al., 2020). Liu Y. et al. (2020) has already highlighted these geomorphic characteristics, such as the formation of salients and recesses in the front of the LMS fold-thrust belt. Moreover, the results of analog experiments from Luo et al. (2021) have also shown that the deposition and distribution of the wedge-shaped quartz sand (e.g., alluvial fan in nature), caused by regional erosion (e.g., fluvial incision in nature), played an important role in controlling along-strike variations in thrust-belt deformation, causing local variations of thrust-belt geometry. Therefore, except for the erosion, the differential sedimentary loading may also be one of the important factors for the differential evolution along the strike of LMS fold-thrust belt, such as the differential sedimentary loading modified by differential fluvial incision intensity (Tan et al., 2018).
[image: Figure 14]FIGURE 14 | Swath profiles of the southern LMS (A) and central LMS (B) in the eastern Tibetan Plateau (from Sun et al., 2016). The LMS fold-thrust belt is highlighted by yellow background color.
Limitations of DEM Experiments
Our DEM experimental set-ups include some simplifications that ensure the feasibility of the study and allow the investigated parameters to be highlighted. But we need to keep the limitations in mind when applying the results to natural examples. 1) The structural evolution of the LMS fold-thrust belt is more complex than a single wedge, e.g., Sun et al. (2018) highlighted the role of pre-existing structures in shaping the Cenozoic tectonics of the LMS and Sun et al. (2016) suggested that across-strike pre-existing topographic relief controls the deformation partitioning within the LMS fold-thrust belt. In this paper, pre-existing structures in the western LMS fold-thrust belt were not implemented in the current discrete element models. In addition, only several main faults in the LMS fold-thrust belt were simulated and analyzed in extremely simplified models and parameters of particles. 2) As found out by Hubbard et al. (2010), two taper wedges (topographic slopes) could be defined from the hinterland to foreland of the LMS fold-thrust belt: A steep surface slope caused by a slightly strong basal detachment in the front of the LMS fold-thrust belt (e.g., Chen and Wilson, 1996; Li et al., 2014), and a shallow surface slope caused by a shallow or middle level, weak detachment (e.g. the Triassic and Cambrian salts, and the Silurian shale) in the Sichuan basin (e.g., Cai and Liu, 1997; Jia et al., 2006; Tang et al., 2008; Li Z.-G. et al., 2013; Sun et al., 2021). Moreover, Sun et al. (2021) have presented the role of the middle level detachment in shaping the current western LMS fold-thrust belt by analogue models. In our models, we only focused on the formation of the thrust wedge (the front of the LMS fold-thrust belt) by considering the deep slightly strong basal detachment (contrasting with the salt detachment). The structural evolution in the Sichuan basin with a shallow or middle level, relatively weak detachment (evaporite or -shale) was not modeled during the shortening. 3) To better understand the role of the single parameter in the development of the thrust wedge, the erosion and the sedimentary loading processes were modeled separately in model two and model 3. Although in model 4, the erosion and the sedimentary loading processes were modeled together, thees were still not very natural. For example, they are not continuous in the models, which is more or less different from nature. Also, erosion was achieved by removing everything above a certain height, and no erosion occurred on the wedge below this cap. Sediments in the foredeep of a foreland basin usually had a wedge shape in nature, but in our models a constant thickness was used across the basin.
CONCLUSION
Four groups of DEM models were set up to simulate and analyze the influence of regional erosion and sedimentary loading on the formation and spatial-temporal evolution of faults in the southern and central LMS active fold-thrust belt. The interior characteristics of faults in the southern and central LMS fold-thrust belt were evaluated during the interaction of tectonic processes and surface processes according to the stress-strain analysis from DEM results. Model results demonstrated that:
(1) Synkinematic erosion promoted the reactivation of the pre-existing faults in thrust wedges and had a negative influence on the formation and development of new incipient faults in the pre-wedges. Synkinematic sedimentary loading also delayed the development of new incipient faults in the pre-wedge regions by promoting the development of thrust faults in the front of thrust wedges, causing these thrust wedges in supercritical stages with narrow wedge lengths, relative to other wedges without synkinematic sedimentation.
(2) The characteristics of erosion and sedimentation have important influences on the activities of large faults which are extended into the deep detachment layer, such as the WMF, YBF, and PGF faults, and the WLF, SDF faults in the central and southern LMS, respectively. Perpendicular to the strike of LMS, different average erosion rates promoted the uplift of these faults to different extents. Moreover, due to the sedimentary strata in the range front or foreland basin, the sedimentary loading plays a role in preventing or delaying the reactivation of the underlying pre-existing faults or the generation of new incipient faults, inferring that the evolution of the RFBT or YAF in the central or southern LMS is inhibited and delayed because of the growth of the Chengdu plain at present.
(3) Besides differential erosion, the differential sedimentary loading may also be one of the important factors for the differential evolution along the strike of the LMS fold-thrust belt. This kind of differential deposition may lead to different characteristics of fault activity and uplift in the interior thrust wedge and pre-wedge region in the central and southern LMS.
(4) Synkinematic sedimentation has a good blocking effect on the stress propagation and strain convergence on the fault planes, so that the highest stress on the fault planes converges at the root of the main active fault inside the thrust wedge, forming a good seismogenic environment in this area. Therefore, relative to the northern LMS, the central LMS and southern LMS is more conducive to the occurrence of earthquakes.
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Because of the influence of the far field effect of the collision between Euro-Asian and India plates during the Late Cenozoic, the Tian Shan orogenic belt underwent intense reactivation, forming the Southern Junggar fold-and-thrust belt (SJ-FTB) to the north and the Kuqa fold-and-thrust belt to the south. Most previous research focuses on the deformation features and mechanisms during the Late Cenozoic. However, little research has been done on deformation features and mechanisms during the Late Jurassic. In this paper, we conducted geometric and kinematic analyses of seismic profiles and outcrop data to reveal the Late Jurassic deformation characteristics in SJ-FTB. Furthermore, we carried out sandbox modeling experiments to reproduce the regional structural evolution since the Early Jurassic. Angular unconformity between the Cretaceous and Jurassic is well preserved in the Qigu anticline belt. This unconformity also exists in the Huoerguosi–Manasi–Tugulu (HMT) anticline belt, which is the second fold belt of the SJ-FTB, indicating that the HMT anticline belt started to become active during the Late Jurassic. The Qigu anticline belt reactivated intensively during the Late Cenozoic, and the displacement was transferred to the HMT anticline belt along the Paleogene Anjihaihe Formation mudstone detachment. Therefore, the present-day SJ-FTB forms because of the two-stage compressional deformation from both the Late Jurassic and Late Cenozoic (ca. 24 Ma).
Keywords: Tian Shan, southern Junggar, fold-and-thrust belt, sandbox modeling, structural evolution
INTRODUCTION
The Southern Junggar fold-and-thrust belt (SJ-FTB) experienced strong deformation during the Late Cenozoic as a result of the far field effect of the collision between the Euro-Asian and India plates. Much research has been conducted in the SJ-FTB focusing on the study of the geometry, kinematics, and kinetics during the Late Cenozoic (e.g., Avouac et al., 1993; Deng et al., 1999; Wang et al., 2004; Wang et al., 2007; Daëron et al., 2007; Charreau et al., 2008; Lu et al., 2010; Li et al., 2011; Lu et al., 2018; Li et al., 2020). Studies of the clastic lithology (Hendrix et al., 1992; Fang et al., 2007; Li and Peng., 2013) and low-temperature thermal chronology (Guo et al., 2006) demonstrate that the Southern Junggar Basin margin experienced reginal uplift during the Late Jurassic, and the neighboring Tian Shan orogenic belt also uplifted at that time (Dumitru et al., 2001; Jolivet et al., 2010). However, very few researchers have analyzed the Mesozoic structural deformation recorded in the Southern Junggar Basin. Furthermore, there is a lack of study on the superposition of the Late Cenozoic deformation and the Late Jurassic uplift. By using field outcrops and subsurface seismic profiles, this paper analyzes the characteristics of the two-stage structural deformation. We also carried out sandbox modeling experiments to reveal the structural evolution history. Our study results could help to understand the deformation process in other fold-and-thrust belt regions, such as Alps thrust belts (Ziegler, 1987, 1989) while also providing a reference on how to define their deeper hydrocarbon prospects.
GEOLOGIC SETTING
Regional Tectonic Evolution
The Tian Shan is an approximately 2500-km-long, east-west-trending mountain belt in northwest China (Figure 1). The belt originally formed in the Paleozoic as the result of multiple collisional events involving continental blocks and island arcs during the closure of the Paleo-Asian Ocean (e.g., Windley et al., 1990; Allen et al., 1993; Gao et al., 1998; Charvet et al., 2011; Xiao et al., 2013).
[image: Figure 1]FIGURE 1 | Satellite image and geologic map of the study area. (A): Digital elevation map of the Tibetan Plateau and surrounding area where the white box shows the location of the study area. (B): Enhanced thematic mapper image shows that the Tian Shan and Junggar Basin are separated by the Southern Junggar fold-and-thrust belt. (C): Geological map of the Southern Junggar fold-and-thrust belts (Bureau of Geological and Mineral Resources of the Xinjiang Uygur Autonomous Region, 1985).
Substantial work has been done on the sedimentology, structural history, and geodynamics of the Southern Junggar Basin, which flanks the Tian Shan to the north (e.g.,Tapponnier and Molnar, 1979; Nelson et al., 1987; Hendrix et al., 1992, 1994; Avouac et al., 1993; Burchfiel et al., 1999; Sun et al., 2004; Charreau et al., 2012). The present topography and structural style of the Southern Junggar Basin is a result of the late Cenozoic reactivation of the Paleozoic mountain range (Tapponnier and Molnar, 1979; Windley et al., 1990).
The study area experienced multiple extensional-compressional tectonic cycles before the Late Cenozoic (e.g., Hendrix et al., 1992; Allen et al., 1995; De Grave et al., 2007; Jolivet et al., 2010; Guan et al., 2016). However, the Mesozoic tectonic setting of the Southern Junggar Basin is still controversial. Some researchers think it is an extensional basin (Li and Chen, 1998; Liu et al., 2000; Guan et al., 2016), and some other researchers think it is a continental depression basin (Xu et al., 1997; Jolivet et al., 2010), and still others think it is a foreland basin associated with the collision of the Qiangtang terrane to the south (Hendrix et al., 1992; Zhang et al., 1999; Chen et al., 2002).
Sedimentary Sequence
The Southern Junggar Basin developed adjacent to the Tian Shan and hosts nearly continuous sediments from carboniferous to quaternary (Figure 2). The carboniferous volcanic rock serves as the basement of the basin. Permian mudstones are mainly distributed along the eastern part of the southern margins, and Permian tuff is more limited in the central part. Triassic rock is rare in the central part although it is widespread in the eastern part with the rocks, mainly clastics. Jurassic occurs in the whole basin, and it unconformably sits on top of the carboniferous in the central part. The Lower and Middle Jurassic are mainly mudstone with coal and siltstone, and the Upper Jurassic is sandstone. Cretaceous is mainly mudstone with interlayers of sandstone in some local part. The Lower Paleogene consists of interlayered mudstone and sandstone, and the Middle and Upper Paleogene is mainly thick-layered mudstone. Neogene is interlayered mudstone and sandstone. Quartey is composed of thick conglomerates.
[image: Figure 2]FIGURE 2 | Stratigraphic column showing the main stratigraphic units in the study region (Bureau of Geological and Mineral Resources of the Xinjiang Uygur Autonomous Region, 1985), and the tectonic setting that the region experienced (Yang et al., 2013).
STRUCTURAL AND GEOPHYSICAL CHARACTERISTICS
Regional transient electromagnetic data (Figure 3A) shows that the carboniferous basement rocks have large resistivity of more than 2 Ω m, and the sediments above generally have resistivity lower than 1.8 Ω m. The transient electromagnetic profile shows that the carboniferous basement fluctuates a lot, and it is at least 8 km shallower in the Qigu fold belt region compared with the interior basin, which could be caused by a series of thrust faults. The Middle and Lower Jurassic has a resistivity of about 1.5–1.8 Ω m with local lows being 1.4 Ω m, exhibiting an oval shape, potentially indicating the depocenters controlled by blind normal faults. The Cretaceous shows a very low value of smaller than 1.3 Ω m in the HMT anticline belt and 1.6–1.7 Ω m in the Qigu anticline belt. Meanwhile, the resistivity of the Cenozoic sequence is higher in the hanging wall of the HMT thrust compared with the footwall region.
[image: Figure 3]FIGURE 3 | Sections cutting across the Qigu and Tugulu anticlines (for location see Figure 1C), showing the shallow folds and thrusts detached above the wedge-shaped Lower Jurassic strata. Note the wedge-shaped nature of the Lower Jurassic strata indicating the syn-kinematic deposition. (A): Regional transient electromagnetic section. (B): Seismic reflection section.
Recently acquired and processed reflection seismic data by PetroChina with a trace interval of 25 m greatly improves the imaging quality of the study area. Due to the complexities of the regional deformation, we were not able to build a 3-D velocity model for depth conversion. Nevertheless, well data suggests a uniform seismic velocity of 2.5 km/s serves as a good approximation for depth conversion.
Based on these depth-converted seismic data, we can identify south-dipping normal faults along the HMT anticline belt. These normal faults bound the Lower Jurassic wedge-shaped seismic reflectors, which we interpret as a sequence of half-graben fills with no or weak tectonic inversion. At the Tugulu anticline (Figure 3B), the half-graben fills have north dipping reflectors with less continuity, and the Middle-Upper Jurassic units dip to south (Figure 3B). The Lower Jurassic units appear to thin abruptly across the normal fault from the hanging wall to the footwall. The base of the Lower Jurassic units is located much deeper to the south of the HMT anticline belt than to the north. A Lower Jurassic wedge-shaped half-graben is also present in the core of the Qigu anticline belt. In the study area, two main detachments in the Lower Jurassic and Paleogene control the structural style. The Middle-Upper Jurassic and Cretaceous structural wedges are developed at depths of 4–8 km, and the HMT thrust exposed on the surface merges into the Paleogene detachment at a depth of about 4 km below sea level (Figure 3B).
Structural Deformation of the Qigu Anticline
We can observe the clear angular unconformity between the Cretaceous and Jurassic on the seismic profile across the Qigu anticline (Figure 4A) as well as in the filed outcrops (Figure 4B). On the seismic profiles, there exists the upper erosion cutoff at the top of the Late Jurassic (yellow arrows, Figure 4A) in the southern limb of the Qigu anticline, where the southern limb is shallower and thicker than the northern limb. The Cretaceous reflectors above the unconformity surface are continuous, in contrast with the discontinuous reflectors below. The dip of reflectors also changes across the unconformity, which itself has also been folded. Meanwhile, there is no obvious onlap feature within the Cretaceous above the unconformity.
[image: Figure 4]FIGURE 4 | Seismic reflection (A) and outcrop (B) features of K/J unconformity in the Qigu anticline.
All of this evidence suggests that, after the formation of the unconformity at the end of the Jurassic, this region became stable in the Cretaceous. Because the hanging wall above the north dipping Qigu back thrust exhibits consistent deformation from deep to shallow events (Figure 4A), we believe that the Qigu anticline formed as a result of two stages of compressional deformation: Late Jurassic and Late Cenozoic.
Structural Deformation of the Tugulu Anticline
Three-dimensional seismic data acquired in the Tugulu anticline region (Figure 5) provide high-quality images, which we can use to characterize the deep structures in detail. A fault starting from the Lower Jurassic detachment layer breaks to the shallower part as a back-thrust in the Cretaceous, forming a wedge structure. Secondary faults exist within the wedge, further compartmentalizing the core of the anticline. Furthermore, there are also secondary branch faults related to the back-thrust, further complicating the deep structures. The back-thrust soles upward into the shallower detachment in the Anjihaihe formation (E2-3a). Similar to the Qigu anticline, we can also identify the unconformity feature in the core of the Tugulu anticline (yellow arrows, Figure 6), where the Cretaceous above the unconformity does not have onlap. This demonstrates that, after the regional uplift forming the unconformity, it changes into a stable depositional environment. As the unconformity surface has been further folded along with the shallower sediments, the wedge part has at least gone through two stages of folding deformation.
[image: Figure 5]FIGURE 5 | Structural interpretation of seismic reflection across the Tugulu anticline showing the structural wedge in depth (for location see Figure 1C).
[image: Figure 6]FIGURE 6 | Close view of the structural wedge in the Tugulu anticline, which clearly shows unconformity between the Jurassic and Cretaceous.
SANDBOX MODELING
Model Setup
Here, we conduct sandbox analogue experiments to test the influence of two stages of compressional deformation to compare model results with the working hypothesis derived from field and geophysical data in the SJ-FTB.
Modeling materials were well-sorted dry quartz and corundum sand with well-rounded grain size of 200–400 μm to simulate the brittle sedimentary rocks and viscous silicone putty to simulate detachments. To a first approximation, dry sand fails according to a linear Mohr envelope (Krantz, 1991). The mechanical properties were measured with a modified Hubbert-type shear apparatus (Koyi and Cotton, 2004; Koyi and Sans, 2006; Maillot and Koyi, 2006), which enables determination of the ratio of normal-to-shear stress at failure. The test results indicate that the quartz and corundum sand have a friction angle of ∼36° and 37°, respectively, close to the values of 40° determined experimentally for competent upper crustal rocks (Byerlee, 1978). The silicone putty (effective viscosity is 5 × 104 Pas at room temperature and density is 987 kg/m3) has a Newtonian behavior at a low strain rate (10−5–10−3 s−1) (Koyi et al., 2008) and acts as a natural detachment similar to salt or shale.
Analogue experiments must be scaled to achieve geometric, kinematic, and dynamic similarities with the natural cases they aim to represent (Hubbert, 1937; Ramberg, 1981). The models described in this paper are scaled such that 1 cm in the model simulates approximately 2 km in nature (geometric scale factor λ = 5 × 10−6); the density ratio (ρ) between the granular materials and their prototype is ρ ≈ 0.5, and both the prototype and the model are subject to the same value of gravitational acceleration, imposing a scale factor g = 1. The stress scale factor σ is given by
[image: image]
Running the experiment twice to ensure reproducibility, we test the two stages of the shortening process and see how they affect the final structure (Figure 7). The models contain alternating layers of sieved quartz and corundum sand with densities of 1,297 kg/m3 and 1700 kg/m3, respectively, to obtain a clear CT image (Panien et al., 2005). In addition, 6 mm-thick rigid plastic sheets were placed at the bottom of the models (Figure 8) to represent the Pre-Jurassic basement footwall and hanging wall of the HMT anticline belt (Ma et al., 2018, 2019). A 6 mm-thick layer of silicone was placed on the bottom where there is no rigid plastic sheet, simulating the Lower Jurassic detachment. The boundary of the rigid plastic sheet simulated the normal fault-bounding graben (Ma et al., 2018, 2019). A 1.0 cm-thick layer of quartz and corundum were placed on the whole model. A constant deformation velocity of 1.0 cm/h was used to reach a shortening of 3 cm for the first stage. Then, the folds, both near the pushing wall and above the boundary of the rigid plastic sheet, were eroded. Another 0.5 cm-thick layer of quartz and corundum were placed on the whole model. A 0.3 cm-thick layer of silicone simulating the Paleogene detachment (E2-3a Formation) was placed in the model with 1.0 cm-thick layers of quartz and corundum above. During the second stage shortening, a constant deformation velocity of 2.0 cm/h was used, and quartz and corundum sand were sprinkled alternatively manually onto the models, 0.2 cm thick every half hour, to mimic syn-kinematic sedimentation or growth strata. The total thickness of the syn-kinematic sediments was 1.4 cm.
[image: Figure 7]FIGURE 7 | X-ray images of structural evolution in the model after every 1 cm shortening (A). Line drawings of the scanned images highlighting the main structural features (B).
[image: Figure 8]FIGURE 8 | Diagram of the model setup with two stages of shortening. (A): In the first stage, the shortening amount was 3 cm at the rate of 1.0 cm/h. (B): In the second stage, folds generated in the first stage were eroded, and then sand and silicone were added before shortening at the rate of 2.0 cm/h.
Model Results
During our experiments, for every 1 cm of shortening, we run an industrial CT scan of the model perpendicular to the moving wall (Figure 7). For the first stage of shortening when the compressional rate is 1 cm/h by 1 cm of shortening, the first fold belt formed near the moving wall, which further increased its amplitude by 2 cm of shortening. At this stage, the second fold belt was not formed yet. By 3 cm of shortening, the first fold belt was still growing, and the second fold belt started to show near the stable wall. Afterward, we eroded the two fold belts before adding the shallower particles as detailed in the previous section.
For the second stage of shortening, the compressional rate is 2 cm/h. By 4 cm of shortening, the first fold belt started to react first, and the second fold belt did not reactivate until 5 cm of shortening. At this time, there formed nearly symmetrical fore-thrust and back-thrust in the second fold belt. Afterward, for every 1 cm of shortening, we added 0.2 cm of particles, simulating growth strata. By 6 cm of shortening, both the first and second folds were active, and the first fold belt gradually stopped growing by 7 cm of shortening. By 8 cm of shortening, back-thrust started to form in the folded sequences above the upper silicone putty layer, leading to the different structures above and below the detachment. Finally, by 11 cm of shortening, the folding above the upper silicone putty layer as well as the fore-thrust and back-thrust within the fold continued to be active.
By analyzing the timing of the major faults in our models as well as the uplift-shortening curve during these two stages of shortening experiment (Figure 9), we can identify the different structural zone deformation timing of the structures above and below the detachment layer. Based on the uplift-shortening curve (Figure 9) as well as the amplitude of uplift for marker layers, we believe that the first fold belt has an obvious increase in its uplift rate by 7 cm of shortening, and the second fold belt increases its uplift at this time.
[image: Figure 9]FIGURE 9 | Uplift-shortening time curves during the two stages of the shortening experiment show the uplift rate (UR) of different folds and different layers (Markers one and two located below and above silicone, see Figure 8). As in the first stage, the uplift rate of the first fold is 0.27 cm/h. In the second stage, the first fold uplift rate is 4.1 cm/h at the first 2.5 h and falls to 0.09 cm/h.
DISCUSSION
The local lows in terms of its resistivity in the Lower Jurassic within the Tugulu anticline as well as the seismic reflector characteristics represent the Early Jurassic extensional features (Figure 3). These extensional features in previous data (Li et al., 2011) were not as clear as recently collected and processed data. A thrust ramp in the deeper level was initiated at the edge of the fixed rigid plastic sheets, representing the half-graben boundary (Ma et al., 2019).
The Late Jurassic shortening could be caused by the formation of the Qiangtang block when smaller blocks collided (Hendrix et al., 1992; Zhang et al., 1999; Chen et al., 2002), or it could be caused by the Mesozoic sinistral rotation of the Junggar Basin (Yu et al., 2016). The extent of this Late Jurassic shortening in the Junggar basin still needs to be studied as we do not know if there is any further shortening toward the north outside the Tugulu anticline.
These sandbox modeling experiments helps us better understand the evolution history of the SJ-FTB since the Early Jurassic. Though we did not simulate formation of the half-grabens before the superimposed shortening, the boundary of the rigid plastic sheet can act as velocity discontinuity simulating the half-graben that generated in the Early Jurassic. Some limitations of our experiments include not considering the effect of pore fluid pressure and the absence of thermal gradients with depth. Pore fluid pressure, in particular, may exert an important control on brittle fault reactivation (Sibson, 1985; Etheridge, 1986).
Mode and intensity of inversion are related to a number of factors, including the strike and dip of the preexisting normal faults, angle of shortening relative to the trend of the preexisting faults, stratigraphic properties, spacing of the normal faults, time lapse since extension, and the amount of contraction relative to extension (Bonini et al., 2012). Thrust ramp localization over preexisting normal faults is formerly recognized in other inversion tectonics (Butler, 1989; Hayward and Graham, 1989; Tavarnelli, 1996; Pace and Calamita., 2014, 2015; Calamita et al., 2018; Shi et al., 2019). And model results in this study show that the Lower Jurassic extensional structures in the Junggar Basin act as nucleation for the thrusts formed during the Late Jurassic and Cenozoic compression.
During our experiment, the first 3 cm of shortening represents the Late Jurassic deformation of the Southern Junggar Basin. The deformed model then got eroded and covered by the shallower sediments, representing the formation of the unconformity surface between Jurassic and Cretaceous. The shortening phase of 3–11 cm corresponds to the Late Cenozoic deformation in our study area in which we also included the syn-depositional sediments in our sandbox experiment. Our final model result resembles what we observe from the seismic profile, validating our proposal of two stages of deformation in the region.
Based on the interpretations of the seismic profiles and field outcrops as well as our sandbox modeling result, we establish the structural evolution of the Southern Junggar Basin since the Early Jurassic (Figure 10). During the Early Jurassic, multiple extensional grabens existed in the region, leading to the wedge shape of the Lower Jurassic sediments. By the Late Jurassic, regional compression led to the uplift of the Qigu anticline belt, and those Lower Jurassic syn-tectonic sediments serve as a detachment layer, transferring the deformation into the interior of the basin. The HMT region, which has some weak zones due to the presence of the older normal fault, deformed into the HMT anticline belt. During the Cretaceous and Paleogene, this region was mostly stable and received sediments of similar thickness. By the Neogene, the Southern Junggar Basin reactivated, further uplifting the Qigu anticline belt, and displacement got transferred to the HMT anticline belt along the Lower Jurassic detachment, forming the wedge structures. The intense shortening during the Quaternary uplifted again the Qigu anticline, and extra displacement fed into the HMT anticline belt along the shallower Anjihaihe Formation (E2-3a) detachment, forming the shallower thrust faults, which superimposed over the initial HMT anticlines.
[image: Figure 10]FIGURE 10 | Structural evolution of the Southern Junggar fold-and-thrust belt. The first compressional stage occurred in the Late Jurassic (B), and the second compressional stage occurred in the Late Cenozoic (D–F).
CONCLUSION
We draw the following conclusions from our study:
1) We identified the deep buried extensional grabens in the Southern Junggar fold-and-thrust belt and the well-preserved angular unconformity between the Jurassic and Cretaceous in the Qigu and Tugulu anticlines.
2) Our sandbox modeling using two stages of shortening reveals a similar result to the current Southern Junggar Basin, which further demonstrates that the SJ-FTB formed as a result of the two stages of compressional deformation.
3) During the Late Jurassic, the Southern Junggar Basin margin started to experience compressional deformation, leading to the formation of the Qigu and Tugulu anticlines. During the Cenozoic, the SJ-FTB reactivated intensively, further uplifting the Qigu antinline and forming the deeper wedge structures as well as the shallower thrust in the Tugulu anticline.
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NWN- to NW-striking Fin
Fis
F2s
F5w, Fow®
F7
Approximately E-W-striking F2n
F3
F4
F5e, F6e
F8
Fo
F10

"Detailed description of growth strata related o a specific fault is presented in the main text.

Growth strata and
associated sections®

SY-QGQ (B-8)
SY-QGQ (A-A)
SY-QGQ (A-A)
Between SG and QGQ (C-C', E-E))
SY-QGQ EE, FF)
XY-SZG (C-C')

UXG (0-D)

XY-SZG (D-D))
LXG-52G (D-D))

UXG, SY - SZG (C-C))
UXG (0-D)

LXG, SY-S2G (F-F)

“Activity time is determined by the age of growth strata according to the time framework in Table 1.
“Growth strata of these two faults are not indirectly observedin seismic sections, but could be loosely constrained by underlying pre-growth strata (LLH-SG Fms) and overlying horizontal

QGO Fm.

Activity time (Ma)®

<16.3-0
16.3-0
15.3-0
<16.3-2.5
<15.3-0
23-25
41.5-355
23-25
43.8-25
41.6-36.5, <16.3-2.5
41.5-415
43.8-41.5, <15.3-2.5
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Note: The particle packing consists of four particle sizes, with diameters and quantity ratio of 0.2 mm, 0.4 mm, 0.5 mm, and 0.6 mm and 2:2:1:1, respectively. d, largest particle diameter.
o, particle density. g, gravitational acceleration. f, safety factor of the time step. k, stifiness of the contact. , friction coefficient. n, dynamic viscosity. v, velocity of the mobile wall.
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Sampled terrace level Sample number Sample location Sampling depth (m) Material OSL age (ka)

Tio D528 100°48'41.96" E, 2.55 Fine sand 40.3+£4.3
38°22'40.72" N

The data refer to Zhu (2016).
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Sampled terrace level Sample number Sample location Terrace Sampling Height above the top Source of the Conventional Calibrated Terrace
elevation of depth (m)°® of gravel and cobble sample 14C age (a BP) 14C cal age abandonment
the sampling layer (m)d (cal a BP)® age (cal a BP)
site (m)°
T4 [F528 100°52'2.54" E, 2686 0.20 0.05 Fluvial sand 250 + 30 324-270 300 + 40
38°16'8.12" N
To LFO62 100°51" 51477 E, 2636 0.49 0:15 Fluvial sand 1650 + 30 1620-1517 1310 + 40
38°16'54.74" N
LF482 100°52'0.60" E, 2686 0.48 0.26 Fluvial sand 1380 + 30 1344-1270
LF512 38°16'7.82" N 0.64 0.10 Fluvial sand 1770 + 30 1744-1605
T3 MLF1432 100°52'1.36" E, 2697 0.47 0.03 Fluvial sand 1920 + 30 1947-1812 1880 + 95
38°15'59.45" N
Ty LF572 100°52'1.68" E, 2699 0.75 0.05 Fluvial sand 7680 + 30 8540-8412 6960 + 70
38°15'56.49” N
MLF1522 100°52'1.68" E, 2699 1.34 0.06 Fluvial sand 6100 + 30 7030-6883
38°15'56.49" N
Te MLF442 100°51'54.91” E, 2661 2.30 0.20 Fluvial sand 8390 + 30 9487-9396 9420 + 50
MLF452 38°16'39.27" N 2.30 0.20 Fluvial sand 8370 + 30 9471-9370
T7 MLF662 100°52'6.20" E, 2710 4.35 0.15 Fluvial sand 13, 420 + 40 16,310-15,970 16,140 + 240
38°16'2.56"” N
MLF79?2 100°48'47.00" E, 2359 1.30 0.35 Fluvial sand 13,970 + 40 17,156-16,719
38°23/30./18" N
MLF1132 100°49'57.26" E, 2509 0.90 0.1 Fluvial sand 16, 920 + 50 20,587-20,205
38°19'13.10" N
MLF622 100°52'6.25" E, 2709 0.47 0.03 Fluvial sand 4730 + 30 5584-5500
38°16'0.98” N
MLF1402 100°52'6.81" E, 2713 0.90 0.01 Slope deposit 150 + 30 233-166
38°15'59.65" N
YDO4P 100°52/7.21* E, 2716 Loess 9185 + 35 10,463-10,245
38°15'59.75" N (Lei et al., 2020)
YDO5P Loess 10,905 + 35 12,822-12,706
T10 MLFO32 100°51'55.91” E, 2679 1.80 0.15 Fluvial sand >43,500 >46,600 42,260 + 470
38°16'44.81" N
MLF432 100°49'51.27" E, 2490 2.50 0.05 Loess 30,170 +£ 150 34,544-33,890
38°21'2.98" N
MLF382 100°48'54.47" E, 2374 2.20 0.2 Fluvial sand 38,040 £+ 330 42,720-41,790
38°23'48.67" N
MLF392 3.90 1.7 Fluvial sand 43,200 + 630 47,838-45,233

The material for sampling is charred material and they are analyzed in Beta Analytic Inc., United States?, and AMS 14C dating laboratory of Peking University®. See the sampling locations and the sampled sections
in Figures 2, 3B, 5. °The longitude and latitude of the samples and the terrace elevation were obtained by a Garmin handheld GPS. 9The sampling depth was measured by a tape with a scale of 1 cm. ©IntCal13
atmospheric curve (Reimer et al., 2013) was applied in the laboratory for the calibration of the 4C age, with an uncertainty of 2. The half-life of 5568 years was used for calculation and dates were reported as years

before present (present = AD 1950).
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Parameters Denudation (three-phase) Denudation (four-phase) Denudation (five-phase) Relief scenario

Range Best-fit parameter Range Best-fit parameter Range Best-fit parameter Range Best-fit parameter

Basal temperature (°C)  500-1,000 665 500-1,000 646 500-1,000 617 646 -
R 0-2 0.61 0-2 0.38 0-2 0.9 0-1.5 0.49
T1 (Ma) 30-10 16 30-20 24.6 40-30 31.5 24.6 -
E1 (km/Ma) 0-1.5 0.29 0-1.5 0.07 0-1.5 0.09 0-1.5 0.09
R1 - - - - - - 0-2 0.85
T2 (Ma) 20-10 121 25-15 15.5 30-20 23.8 16:5 -
E2 (km/Ma) 0-2 1.75 0-2 0.39 0-1.5 0.02 0-2 0.42
R2 - - - - - - 0-2 0.82
T3 (Ma) 0 0 15-10 128 25-15 17.2 123 -
E3 (km/Ma) 0-2 0.18 0-2 1.22 0-2 0.41 0-2 0.72
R3 — - - - - - 0-2 1.58
T4 (Ma) - - 0 0 15-10 13.3 0 -
E4 (km/Ma) - - 0-2 0.08 0-2 0.71 0-2 0.16
T5 (Ma) - - - - 0 — =
E5 (km/Ma) - - - - 0-2 0.22 - -
Number of models 7,100 - 7,100 - 10,800 - 10,800 -
Free parameters 7 - 9 - 1 - 8 -
Resample rate 71% - 71% - 90% - 90% -
Misfit - 0.74 - 0.35 - 0.40 - 0.35

Notes: T1, T2, T3, and T4 represent the first, second, third, and fourth transition time, respectively; E1, E2, E3, E4, and E5 represent the denudation rate of the first,
second, third, fourth, and fifth phase, respectively; R, R1, R2, and R3 represent the topographic relief of the initial, first, second, and third transition time, respectively.
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10Beb (10 10Be® (106 Uncorrected Loess Loess Agef
atoms g~')  atoms Age? (ka) thickness age® (ka)
g7 cm)  (ka)

Sample Sample Latitude Longitude Elevation Thickness Shielding Quartz
number location (N°) (E°) (m) (cm) factor? (9)

BLH081201 T4 39.1354  99.4230 2169 5 1 30.8414
BLHO081301 T5 39.1321  99.4368 2278 5 1 30.0338

217 +0.017 1.92+0.15 101.2 £8.2 140 12.42 109 +£8
4.154+0.023 3.90+0.15 183.9+156.2 170 12.64 204 £7

aThe shielding factor includes corrections for horizon shielding and the dip of the surface.
P This value is the measured 1°Be concentration of the given samples.

©The 1°Be concentration is corrected for inheritance of 2.5 + 1.5*10° atoms g~", which followed the estimation by 2 and 2.
dExposure ages were calculated without corrections for loess cover by CRONUS-Earth online calculators http.//hess.ess.washington.edu/math/v3/v3_age_in.html.

€Contact ages were computed from the loess thickness and respective loess accumulation rate, as shown in Table 1.

fExposure ages were calculated with the correction for loess cover followed 2.
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Sample number Terrace Latitude Longitude Altitude Burial Aliquots Grain size IR5qoDe (Gy) OD (%) pIRIRyg, De  OD (%)

level (°N) (°E) (m) depth (m) (n) (wm) (Gy)
OSLBLH081201 T4 39.1334  99.4230 2169 1.1 6/6 63-90  24.94 +£0.38 3+2 39.71 £ 0.84 5+2
OSLBLH081301 5 39.1231  99.4368 2278 1.4 6/6 63-90  25.06 + 0.69 6+3 39.24 £0.5 2+1
U (ppm) Th (ppm) K (%) Rb (ppm) Water Cosmic Dose Rate IR 5 pAge plIRIRyoAge Loess Contact age
content? dose (Gy/ka) (year) (year) accumulation (ka)®
(%) (Gy/ka) rate (cm/ka)?
3.09+04 11.37 £0.7 1.94+£0.04 884+4 2+5 0.27 £0.03 4.07 £0.18 6135+290 9765 + 485 11.26 12.4 £ 0.6
298 +£0.4 10.65+0.7 1.85+0.04 86.34 +4 6+5 0.294+0.03 3.77+£0.17 66504345 10410 + 480 13.45 12.6 £ 0.6

Samples were measured in the Optically Stimulated Luminescence (OSL) Chronology Laboratory in the Key Laboratory of Western China’s Environmental Systems
(Ministry of Education), Lanzhou University, Lanzhou 730000.

aWater content is the actual measurement of water content.

The loess accumulation rate was calculated by sample depth divided by the OSL age.

®The contact age Is identified as the age when loess began to deposit on terrace surfaces, and it is calculated by the accumulation rate and the thickness from the OSL
sample to the loess base (30 cm for both samples).
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Ages of different samples

D528 MLF39 MLF43
Vertical offsets of different profiles (m) 40.3 + 4.3 (ka) 47,838-45,233 (cal a BP)  34,544-33,890 (cal a BP)

Wi 3.64-5.15 0.09-0.12 0.08-0.15 0.08-0.11 0.11-0.15
w2 2.67-3.39 0.06-0.08 0.07-0.08 0.06-0.07 0.08-0.10
w3 1.73-3.19 0.04-0.08 0.04-0.08 0.04-0.07 0.05-0.09
Top of Tio gravel layer on the west bank ~ 10.63-11.67 0.25-0.28 0.23-0.35 0.22-0.26 0.31-0.34
E1-50 1.97-2.39 0.05-0.06 0.05-0.06 0.04-0.05 0.06-0.07
E2-50 0.75-1.67 0.02-0.04 0.02-0.04 0.02-0.04 0.02-0.05
E3-50 2.72-3.00 0.06-0.07 0.07-0.08 0.06-0.07 0.08-0.09
E1-100 2.87-3.33 0.07-0.08 0.06-0.10 0.06-0.07 0.08-0.10
E2-100 4.75-5.83 0.11-0.14 0.10-0.17 0.10-0.13 0.14-0.17
E3-100 3.50-3.78 0.08-0.09 0.07-0.11 0.07-0.08 0.10-0.11
E1-200 4.50-5.24 0.11-0.12 0.10-0.15 0.10-0.11 0.13-0.15
E2-200 8.29-9.29 0.20-0.22 0.18-0.28 0.17-0.20 0.24-0.27
E3-200 4.30-5.41 0.10-0.13 0.10-0.16 0.09-0.12 0.13-0.16
E1-400 8.42-0.05 0.20-0.22 0.18-0.27 0.18-0.20 0.25-0.27
E2-400 6.33-7.36 0.15-0.17 0.14-0.22 0.13-0.16 0.18-0.22
E3-400 6.49-8.22 0.15-0.19 0.14-0.24 0.14-0.18 0.19-0.24
E1600 8371174 0.20-0.28 0.19-0.33 0.18-0.25 0.24-0.34
E2-600 5.47-6.57 0.13-0.16 0.12-0.19 0.12-0.14 0.16-0.19

0.21-0.26 0.19-0.32 0.19-0.24 0.26-0.32
_ 0.23-0.28 0.22-0.34 0.21-0.26 0.29-0.34
E2-800 2.42-6.60 0.06-0.16 0.06-0.18 0.05-0.14 0.07-0.19
E380  630-1280 0.15-0.30 0.15-0.34 0.14-0.28 0.18-0.37
E1-1000 6.60-8.28 0.16-0.20 0.15-0.24 0.14-0.18 0.19-0.24
E2-1000 4.16-5.50 0.10-0.13 0.09-0.16 0.09-0.12 0.12-0.16
E3-1000 2.78-0.82 0.07-0.23 0.07-0.26 0.06-0.21 0.08-0.29

The texts on the green background represent reasonable ages and vertical offsets according to the sections “Determination of the Abandonment Ages of Terraces” and
“The Height of the Fault Scarp.” The age of D528 refers to Zhu (20176).
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Ages of different samples (cal a BP)

MLF79 MLF113 MLF62 MLF140 YDO04 YDO05
Vertical offsets of different profiles (m) 17,156-16,719  20,587-20,205 5584-5500 233-166 10,463-10,245 12,822-12,706

0.01-0.27 0.01-0.22

Top of T7 loess layer 0.07-2.83 0.01-0.18 0.01-0.17 0.01-0.14 0.01-0.51 0.33-16.75

fepieitoravelieyell  2.28-3.90 0.14-0.24 0.13-0.23 0.11-0.19 041-0.71  9.84-22.64 0.22-0.38 0.18-0.31

The texts on the green background represent reasonable ages and vertical offsets according to the sections “Determination of the Abandonment Ages of Terraces” and
“The Height of the Fault Scarp.”
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