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Abstract

:

Assessing fault activity in regions lacking Quaternary sedimentary constraints remains a global challenge. In this study, we used channel slope distribution to examine variations in rock uplift along faults. By comparing channel steepness with published low-temperature thermochronology and paleo-seismic data, we identified deformation changes both perpendicular to and along the Longmen Shan at various time scales. Our data revealed distinct fault segments displaying distinct thrust activities along the Longmen Shan’s strike. In the southern segment, the Dachuan fault exhibited the highest activity, and its movement had persisted for millions of years. In the central segment, the Wenchuan fault was active during theearly Quaternary but has become dormant since the late Pleistocene. Within the past millions of years, the Yingxiu and Pengguan faults displayed significant vertical displacement. Fault activity in the northern Longmen Shan was relatively weak, with the Qingchuan fault transitioning from thrust movement during the Neogene to pure strike-slip activity since the Pleistocene. Overall, the Dachuan and Huya faults exhibited deformation patterns similar to the Yingxiu fault during the Quaternary. Similar to the Yingxiu fault, which triggered the Wenchuan earthquake, the Dachuan and Huya faults possess the capacity to produce significant earthquakes in the future. The variations in deformation perpendicular to and along the Longmen Shan fault system underscore the importance of upper crustal shortening in shaping the rock uplift patterns and topography of the eastern Tibetan Plateau margin.
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1. Introduction


In active mountain belts, the evolution of the landscape is influenced by both external denudation processes and internal tectonic processes [1,2]. This idea emphasizes that the topography of the landscape contains valuable information about spatial and temporal patterns of tectonic deformations [3,4]. The increasing availability of open-source Digital Elevation Models (DEMs), such as ASTER, SRTM, and GTOPO, has made it convenient to extract meaningful tectonic signatures directly from the landscape morphology at local, regional, and global scales [5,6,7,8,9,10].



In mountainous regions with ongoing tectonic activity, bedrock channels play a significant role in shaping the topography and provide direct evidence of changes in rock uplift [3,11]. Previous studies have suggested that the longitudinal profiles and slope distribution of channels have the ability to preserve the magnitude and form of variations in rock uplift [12,13,14]. Normalized channel steepness is widely used as a metric for analyzing changes in channel profiles, offering an effective approach to studying the spatial and temporal patterns of tectonic deformations [4,15,16,17]. Unlike low-temperature thermochronology dating, which represents rock uplift on a million-year scale, channel steepness reflects deformation on a timescale of 104–106 years [4,17,18,19,20].



The Longmen Shan range, situated on the eastern margin of the Tibetan Plateau, stands out as one of the most prominent and imposing topographic escarpments worldwide (Figure 1a). It features steep terrain, with the average elevation rising from approximately 600 m in the Sichuan Basin to about 4000 m within the Tibetan Plateau, all within a relatively short horizontal distance of about 70 km [21] (Figure 1b). This range is characterized by deeply dissected landscapes shaped by the tributaries of the Yangtze River. The correlation between high peak elevations and substantial relief along the Longmen Shan has led to several interpretations, including the possibility of lower crustal flow at depth [15], an isostatic response to the erosion of the plateau margin [22], or variations in rock uplift linked to active faults [21,23].



The Longmen Shan range is divided into southern, central, and northern segments based on topography and structural deformation [26,27,28] (Figure 1). The 2008 Mw 7.9 Wenchuan earthquake demonstrated notable variations in both the magnitude and direction of co-seismic slip along the central and northern segments [29,30]. Within the southern segment of the Yingxiu-Beichuan fault, thrusting deformation was the predominant mechanism, while the northern segment was characterized by strike-slip faulting. In the aftermath of the Wenchuan earthquake, numerous studies have examined along-strike variations in the longitudinal activities of the Longmen Shan thrust belt [21,27,31,32,33]. However, aside from the Yingxiu-Beichuan and Pengguan faults, which experienced rupture during the Wenchuan earthquake, evaluating the activity of other faults presents a challenge due to the absence of Quaternary sediment along the Longmen Shan [31,34]. The differences in fault activities, potential seismic hazards, and uplift rates along the strike of each fault also remain unclear.



This study aims to investigate the spatial deformation patterns across the Longmen Shan mountain range using digital topography alongside published low-temperature thermochronology dating and paleo-seismic records. Our analysis involves computing normalized river steepness and exhumation rates for the entire Longmen Shan region. We then present the outcomes through along-strike swath and orogen-perpendicular profiles to discern discrepancies in deformation throughout the mountain range. The primary objective of this study is to establish the lateral scope of structural segments and explore the variations in rock uplift and thrust-related activities along the longitudinal stretch of the Longmen Shan. In pursuing this approach, our aspiration is to garner a deeper understanding of the seismic hazard propensity in East Tibet.




2. Tectonic Setting


2.1. Geology


The basement of the Longmen Shan primarily comprises late Proterozoic metavolcanic and metasediments originating from the Yangtze Craton. This stratum is overlaid by the metamorphosed sedimentary sequence of the Paleozoic passive margin. On its western side, it abuts a substantial Triassic flysch sequence referred to as the Songpan Garze flysch, accompanied by scattered Triassic–Jurassic granitic rocks [35] (Figure 2).



The Longmen Shan has a lengthy history of tectonic deformation. During the late Triassic–Jurassic period, the convergence of South China, North China, and Qiangtang blocks caused intense deformation in the Songpan Garze flysch, leading to the formation of an array of fold-and-thrust belts along the western boundary of the Sichuan basin. Since the Cenozoic era, the geological structures within the Longmen Shan have been reactivated due to the collision between the Indian and Eurasian plates, superimposing their effects onto the pre-existing Mesozoic fold-and-thrust belt [35,36,37].



The intricate tectonic history and limited Cenozoic sedimentation make it a formidable task to ascertain the extent of Cenozoic compression across the Longmen Shan. Earlier investigations have indicated that the deformation of the upper crust within the Longmen Shan was predominantly concentrated during the Mesozoic era, with only minor compression of approximately 10 km occurring during the Cenozoic period [35,37,38]. On the contrary, Hubbard and co-workers [31] assessed Cenozoic compression in the foothills to be around 45 km via the balanced geological cross-section analysis. Studies involving low-temperature thermochronology have documented a significant episode of exhumation within the Longmen Shan since 8–15 million years ago [38,39,40,41], or the occurrence of multiple rapid uplift events commencing around 25–30 million years ago and 10–15 million years ago, respectively [42,43].




2.2. Seismotectonic Activity along the Longmen Shan


Longitudinally, the Longmen Shan can be roughly partitioned into three distinct segments (Figure 1 and Figure 2), each characterized by variations in their structural composition, topographical features, and seismic behavior [26,27,44]. The southern and central Longmen Shan exhibit pronounced steep topography and have been characterized by significant thrust activity during the Quaternary. In contrast, the northern segment displays relatively smoother topography and is predominantly influenced by strike-slip faulting.



The southern segment extends from Tianquan Country to Yingxiu Town and encompasses three parallel thrust faults within the Quaternary structural arrangement, including the Genda, Wulong, and Dachuan faults [45] (Figure 1 and Figure 2). Up to now, there exists no conclusive geological or geomorphological evidence indicating the presence of Holocene activity along the Genda and Wulong faults [46]. In contrast, the Dachuan fault emerged as the most active fault in the southern Longmen Shan during the Holocene, with an average thrust slip rate ranging between 0.2 and 0.6 mm/yr [47,48].



In the central portion of the Longmen Shan, extending from Yingxiu Town to Beichuan Town, the geological formations of the Quaternary era are well documented, which include the parallel Wenchuan, Yingxiu, and Pengguan faults [35,36] (Figure 1 and Figure 2). The Wenchuan fault exhibits a dextral strike-slip behavior, accompanied by a dip-slip component during the early Quaternary period, with subsequent inactivity since the late Pleistocene epoch [49]. Along the Yingxiu fault, distinct geomorphic offsets indicate a throw rate of 0.1–1.1 mm/yr and a dextral slip rate of 0.2–1.0 mm/yr [50,51,52,53]. The seismic event of the 2008 Mw 7.9 Wenchuan earthquake resulted in surface rupture along the Yingxiu fault, causing a peak vertical displacement of ~6.5 m and a dextral displacement of ~4.9 m [29,30]. Regarding the Pengguan fault, it has undergone dextral strike-slip activity ranging from 0.6 to 1.5 mm/yr, with a minor dip-slip component of 0.1–0.6 mm/yr during the Holocene epoch [50,51,52]. This fault was also ruptured during the Wenchuan earthquake, giving rise to a peak vertical displacement of ~3.5 m [29,30].



The northern section of the Longmen Shan, spanning from Beichuan Town to Qingchuan Town, is demarcated from the central segment by the north-trending Minshan Range (bounded by the Minjiang and Huya faults) [36,54]. Within this region, the Cenozoic structures encompass the Qingchuan, Beichuan, and Jiangyou faults [45] (Figure 1 and Figure 2). The Qingchuan fault exhibits distinct topographic offsets that signify its right-lateral strike-slip movement during the Quaternary period. However, there is still ongoing debate regarding its activity during the Holocene era. Sun et al. [55] proposed that the Qingchuan fault may have exhibited activity during the Holocene based on findings from paleoseismological trench excavations. On the other hand, Liang et al. [56] posited that the surface extensional fractures observed within the trench were attributed to gravity collapse rather than fault motion. In contrast, the Beichuan fault experienced rupture during the Wenchuan earthquake and was predominantly characterized by right-lateral slip movement [29,30]. Currently, there remains no conclusive evidence supporting the occurrence of activity along the Jiangyou fault during the late Quaternary period [57].



In the context of the Longmen Shan, previous studies have generally categorized the Genda, Wenchuan, and Qingchuan faults as part of the back mountain fault belt, the Wulong, Yingxiu, and Beichuan faults as components of the central fault belt, and the Dachuan, Pengguan, and Jiangyou faults as constituting the range-front fault belt [36,58]. Nevertheless, the findings from low-temperature thermochronology and topography indices suggest that the Wulong fault might represent the southern continuation of the Wenchuan fault, and at present, the Dachuan fault and Yingxiu fault appear to be interconnected [33,41].





3. Data and Methods


3.1. Data Sources


In this study, we selected the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) Global Digital Elevation Model Version 2 (GDEM V2) (https://search.earthdata.nasa.gov/search, accessed on 1 February 2023) for analyzing topography. This dataset is a collaboration between Japan’s Ministry of Economy, Trade, and Industry (METI) and NASA. It provides a spatial resolution of 30 m. We have not used SRTM30 and AW3D30 DEMs because they often contain voids in mountainous regions [20]. Considering the size of our study area and the specific geomorphic indices we analyzed, the vertical and horizontal accuracy of ASTER GDEM V2 is sufficient for capturing regional trends in relative tectonic activity. Furthermore, Boulton and Stokes [59] demonstrated that the choice of DEM has minimal impact on the river profile and derivative geomorphic indices.



The precipitation data were obtained from WorldClim 2, which offers global climate data for land areas at a spatial resolution of approximately 1 km2 [60]. WorldClim 2 integrates data from numerous weather stations and satellite observations, all subjected to meticulous quality control procedures. It provides a valuable resource for accessing detailed climate information and is freely accessible for download from the WorldClim website (www.worldclim.org, accessed on 10 September 2023). For our analysis, we specifically extracted monthly precipitation data from 1970 to 2000 in order to calculate the average annual precipitation along the Longmen Shan.




3.2. Normalized Channel Steepness (ksn)


The stream power incision model established a power-law correlation among upstream area (A), channel slope (S), concavity index (θref), and normalized channel steepness (ksn) [61,62]:


  S =  k  s n    A  −  θ  r e f     ,  



(1)







Numerous observational investigations have consistently affirmed a clear and positive functional association between channel steepness and erosion rate [4,16]. Assuming consistent bedrock resistance and runoff conditions, the spatial arrangement of channel steepness can function as a relative indicator for detecting ongoing deformation and uplift across mountainous regions [15,16,17].



To minimize scatter in pixel–pixel slope estimates, we utilized an integrated approach when calculating the channel steepness [63,64]:


  z ( x ) = z (  x b  ) +   (  U K  )   1 / n      ∫   x b   x     d x   A   ( x )   m / n        ,  



(2)




where U represents rock uplift, K is the erodibility constant, z denotes elevation, x represents the horizontal upstream distance, and xb represents the distance to the base level of the river network, which commonly reflects the downstream end of the analyzed profile. To construct altered river profiles with length units assigned to both axes, it is common practice to introduce an arbitrary reference drainage area A0:


  z ( x ) = z (  x b  ) +   (  U  K  A 0    m    )   1 / n   χ ,  



(3)




with


  χ =    ∫   x b   x      (     A 0    A ( x )    )    m / n   d x     



(4)







In this scenario, the elevation z(x) follows a linear equation involving the transformed coordinate χ, which possesses a length dimension. The value of χ is contingent upon the ratio of m to n, while the slope of the χ profile is determined by a function that incorporates the power of 1/n for the uplift-to-erodibility ratio (U/K). In addition, in order to mitigate the influence of climate, we have made a modification to the variable χ. Instead of scaling it with drainage area, we have chosen to scale it with discharge Q that the product of drainage area and mean upstream precipitation [65,66].


   χ   =    ∫   x b   x      (     Q 0    Q ( x )    )    m / n   d x     



(5)







We established a reference drainage area of A0 = 1 m2 to maintain alignment between the gradient of χ and the ksn obtained from the log slope-area analysis [67]. A reference concavity value of θref = 0.4 was adopted, grounded in the area-slope relationship applicable to Eastern Tibet drainages [21]. These computations were executed using the MATLAB-based software package Topo Toolbox version 2.0 [68].



We examined three perpendicular swath profiles, each encompassing a width of 50 km, extending across the northern, central, and southern segments of the Longmen Shan (Figure 1). Additionally, parallel to the fault strike, we acquired swath profiles measuring 10 km in width, spanning both the hanging and footwall sides of each fault. The difference in ksn (△ksn) between catchments located in the foot and hanging walls of each active fault was calculated to gauge the variation in uplift. To mitigate local influences, the strike-parallel values were averaged within 5-km-wide intervals.





4. Results


The spatial distribution of annual precipitation shows a northwestward decrease toward the interior of the Tibetan Plateau (Figure 3). Along the western margin of the Sichuan Basin, the average annual precipitation is approximately 1000 mm/yr, gradually decreasing to 600 mm/yr on the high plateau. A distinctive bullseye-shaped region with relatively high precipitation is observed at the southwest corner of the Sichuan Basin, where the annual precipitation rate reaches a maximum of approximately 1600 mm/yr (Figure 3). This phenomenon is attributed to a unique orographic rain effect resulting from the steeply rising topography in the north and west, which effectively traps and lifts moist air masses.



The gradient of the channel exhibits minimal values within the confines of the Sichuan Basin but experiences a swift escalation upon traversing the Longmen Shan thrust fault belt. Furthermore, the magnitude of ksn values undergoes changes along the longitudinal extent of the Longmen Shan (Figure 4).



The southern segment of the Longmen Shan displays a more gradual frontal elevation (Figure 5a). The channel steepness ksn (calculated by averaging the values of 2- and 3-order drainage catchments) undergoes a swift surge as it crosses the Dachuan fault, reaching its maximum value of ~75 m0.8. In the region encompassing the Wulong and Genda faults, this metric remains relatively constant (Figure 5d). Conversely, the central segment exhibits the steepest topographical configuration along the Longmen Shan (Figure 5b). Within this expanse, there is an abrupt escalation in channel steepness ksn within the hanging wall regions of the Pengguan and Yingxiu faults, reaching a maximum of ~100 m0.8 (Figure 5e). The northern segment of the range demonstrates a gentler topographical demeanor along the Longmen Shan (Figure 5c). The channel steepness ksn is low in the vicinity of the Jiangyou fault and gradually increases towards the northwest. However, there is a sharp increase in the hanging wall of the Huya fault, reaching an extent of ~90 m0.8 (Figure 5f).



The difference in ksn, denoted by (△ksn), between the catchments located in the foot and hanging walls of each active fault displays significant variations along the strike (Figure 6). Along the back mountain fault belt, the △ksn remains minimal along the Genda and Wenchuan faults and is gradually increased towards the northeast to ~30 m0.8 along the Qingchuan fault. Within the central fault belt, the channel steepness ksn shows little difference across the Wulong and Beichuan faults but exhibits a considerable difference across the Yingxiu fault, with a maximum value of ~60 m0.8. Along the range-front fault belt, the △ksn demonstrates an increasing trend towards the northeast along the Dachuan and Pengguan faults, peaking at approximately 40 m0.8. Across the Jiangyou fault, the △ksn remains minimal, nearly approaching zero.




5. Discussion


5.1. Deformation across Faults at Various Timescales


In East Tibet, the surface erosion and channel profile are minimally affected by lithological variation [21] (Figure 5d–i). Therefore, the channel steepness ksn based on discharge, which eliminates the influence of climate, offers a valuable approach for characterizing rock uplift [66]. Low-temperature thermochronology has been widely used to track the average exhumation rates over extended periods, spanning millions of years, across the Longmen Shan [38,40,74,75,76,77,78,79,82]. Paleoseismology provides documentation of fault activity within a timescale ranging from decades to thousands of years [47,51,52,53]. Comparatively, the geomorphic indices ksn in our study serve to indirectly calibrate uplift rates within a timescale of 104–106 years [4,17,18,19]. Through the integration of channel topography, low-temperature thermochronology, and paleo-seismic assessments, a more intricate deformation pattern along the faults becomes discernible.



In the southern segment of the Longmen Shan, the exhumation rates derived from AHe and AFT methodologies display a sharp increase from ~0.05 mm/yr to ~0.7 mm/yr across the Dachuan and Wulong faults, followed by a decrease in the hanging wall of the Genda fault (Figure 5a). This trend aligns harmoniously with the outcomes from channel ksn values (Figure 5d and Figure 6) and detrital 10Be-derived erosion rates [21], both of which demonstrate a sudden elevation in values upon intersecting the Dachuan fault. Collectively, these observations suggest that the Dachuan and Wulong faults have experienced significant thrust movement, while the Genda fault may have had little to no thrusting activity over the past million years. Furthermore, paleoseismic investigations indicate that the Dachuan fault exhibited robust thrust activity during the Quaternary era, with a vertical slip rate ranging from 0.2 to 0.6 mm/yr [47,48,88]. Therefore, we speculate that the Dachuan fault stands as the most dynamically active fault in the southern section of the Longmen Shan, maintaining its activity for several million years at the very least.



Moving towards the northeastern direction to the central segment, the data from low-temperature thermochronology unveil elevated average exhumation rates, reaching approximately 0.8 mm/yr within the hanging wall zones of the Yingxiu and Wenchuan faults (Figure 5b). This observation points toward substantial uplift taking place over timescales spanning millions of years [76,78,82]. In contrast, the channel profile exhibits noticeable variations across the Pengguan and Yingxiu faults while demonstrating negligible changes across the Wenchuan fault (Figure 5e and Figure 6). This disparity suggests that thrusting activity along the Wenchuan fault may have ceased. On a more immediate scale, results from paleoseismic investigations corroborate the notion that the Wenchuan fault has demonstrated minimal thrust slip since the late Pleistocene [49], while the Yingxiu and Pengguan faults have evidenced substantial vertical displacement [29,30,50,51,52].



In the northern segment of the Longmen Shan, the exhumation rates derived from AHe and AFT methods are significantly lower compared to those observed in the southern and central segments. These rates hover around 0.04 mm/yr in the vicinity of the Jiangyou and Beichuan faults and increase to approximately 0.2 mm/yr near the Qingchuan fault (Figure 5c). Comparatively, the channel ksn displays a gradual increase in the hanging wall of the Jiangyou fault (Figure 5f). Paleoseismic investigations further indicate that the Qingchuan fault may have experienced inactivity or predominantly engaged in strike-slip motion since the late Pleistocene [55,56,89]. As such, a hypothesis emerges suggesting that the Qingchuan fault underwent thrust motion during the Neogene era, transitioning to primarily strike-slip activity since at least the Pleistocene. Conversely, the Beichuan and Jiangyou faults seem to have experienced minimal thrust slip over the past few million years.



In summary, the thrusting dynamics inferred from channel steepness within the Longmen Shan fault system harmonize effectively with the conclusions drawn from low-temperature thermochronology and paleoseismic analyses. Furthermore, a comparative analysis of these outcomes across different time scales underscores the deceleration of thrust activities along specific faults, namely, the Wulong, Wenchuan, and Qingchuan faults, over periods ranging from thousands to millions of years.




5.2. Signal for Seismic Risk along the Longmen Shan


Preceding 2008, both Global Positioning System (GPS) measurements and paleoseismic studies revealed a minimal slip rate along the Longmen Shan [90,91] (Figure 1). This further supports the notion that the Longmen Shan thrust belt possessed a moderate buildup of strain and a gradual accumulation of seismic risk. Nevertheless, the events of the 2008 Wenchuan earthquake, with a magnitude of 7.9, and the 2013 Lushan earthquake, with a magnitude of 6.6, underscored that even with a relatively sluggish slip rate, the potential for catastrophic earthquakes remains.



Zhang [92] highlighted that our false sense of security concerning seismic hazard in the Longmen Shan before the Wenchuan Earthquake stemmed from the lengthy intervals between major earthquakes and the steep configuration of the local thrust faults. In such circumstances, the limited records of geodetic data and seismograms fell short of providing a comprehensive understanding of the seismic features within the Longmen Shan area. Additionally, the seismotectonic activity along the faults in the Longmen Shan was devoid of well-constrained information due to the accelerated rate of erosion, steep relief, and lack of Quaternary sediment. Given the consistent dip-slip of faults observed in the upper crust along the Longmen Shan [85,86,87] (Figure 5j–l), channel topography has the potential to serve as a valuable indicator of tectonic activity over long time scales, ranging from thousands to millions of years [4,17,18,19] (Figure 4, Figure 5 and Figure 6). The effectiveness of this approach is corroborated by the spatial agreement between notable disparities in channel steepness along the Yingxiu and Pengguan faults and the coseismic surface rupture of the Wenchuan Earthquake (Figure 5 and Figure 6).



In southern segments of the Longmen Shan, there exists a seismic gap spanning approximately 50 km between the active segments of the fault associated with the Wenchuan and Lushan earthquakes (Figure 2 and Figure 6). Geoscientists are engaged in a debate regarding whether this gap holds the potential for generating a substantial earthquake in the future [47,93]. Paleoseismic studies have indicated that the Dachuan fault, which constitutes the seismogenic fault within this seismic gap, demonstrates traits of segmented rupturing, thereby indicating relatively weak fault activity [47,94]. However, the historical record of earthquakes with a magnitude equal to or exceeding 3.0 prior to 2022 in this region is sparse, implying an environment where stress accumulates (Figure 2 and Figure 5j). Furthermore, our study also reveals significant thrust movement across the Dachuan fault (Figure 5a,d and Figure 6), indicating that this fault holds the potential for generating substantial earthquakes. Certain seismological investigations have suggested that the observed low shear velocity and elevated Poisson’s ratio within the seismic gap might stem from fluid-bearing ductile flow, potentially inhibiting the accumulation of significant crustal stress [95]. However, Lei et al. [96] argue that the high Poisson ratio could also be indicative of an environment prone to stress accumulation, thereby increasing the potential for seismic risk. Notwithstanding these debates, it is prudent to exercise caution when evaluating the seismic risk along the Dachuan fault, given the marked deformation spanning millions to thousands of years (Figure 5a,d and Figure 6). Furthermore, the estimated changes in Coulomb failure stress resulting from the 2008 Wenchuan and 2013 Lushan earthquakes imply that the seismic gap may be susceptible to an imminent earthquake owing to the heightened stress levels [93].



Despite the joint rupture of the Beichuan and Yingxiu faults during the Wenchuan earthquake [29,30], it is possible that they belong to separate fault systems. Low-temperature thermochronology and channel steepness analyses reveal that the Beichuan fault lacks thrust movement (Figure 5c,f and Figure 6). This observation aligns with the transition from predominantly vertical slip along the Yingxiu fault to a greater lateral component of displacement along the Beichuan fault during the Wenchuan earthquake [29,30]. The low uplift rate and steep dip of the Beichuan fault [86] (Figure 5l) indicate that it undergoes a relatively low rate of shortening and poses a low seismic risk. In contrast, the historical seismicity catalog documents a series of significant earthquakes along the Huya fault in recent decades (Figure 2), including the 1976 Songpan earthquake sequence (comprising of three mainshocks with magnitudes of 7.2, 6.7, and 7.2) [97] and the Jiuzhaigou earthquake with a magnitude of 7.0 [98]. This observation implies that the Huya fault might currently serve as the active boundary of the Bayan Har Block [54]. Furthermore, low-temperature thermochronology and channel steepness analyses also indicate similar slip rates between the Huya fault and the Yingxiu fault, implying a comparable potential for significant earthquake hazards (Figure 5c,f). Therefore, the faults in the northern Longmen Shan are less inclined to generate substantial earthquakes due to the impedance stemming from the uplift of the Minshan Range [56,89].




5.3. Implications for Tectonics and Topographic Evolution in East Tibet


The observed variations in fault activity prompt us to reconsider the relationship between these structures in different segments of the Longmen Shan. In contrast to the conventional classification of the back mountain, central, and range-front fault belts [36,58], we posit an alternative perspective wherein the Wulong fault may connect to the Wenchuan fault, and the Dachuan fault represents the southern extension of the Yingxiu fault [33,41]. Several lines of evidence support this hypothesis. Firstly, it is evident that the Genda fault has remained inactive for millions of years, indicating a distinct tectonic environment compared to the Wenchuan fault. Secondly, the Wulong fault displays a deformation history akin to that of the Wenchuan fault. Both faults have undergone substantial uplifts over millions of years and become quiescent since the late Pleistocene (Figure 5). Thirdly, the sustained vertical motion seen across the Dachuan and Yingxiu faults over extensive periods hints at a closer interconnection between these two faults. Petrological investigations further unveil that the Yingxiu and Dachuan faults demarcate low-grade metamorphic metasedimentary units to the west from non-metamorphic units to the east, thereby lending additional weight to the notion that these two faults might possess structural equivalency [99].



The meticulous analysis of temporal deformation across these faults provides deeper insights into the variation in tectonics and topographic evolution along the Longmen Shan. The faults within the central and southern Longmen Shan have exhibited significant thrust activity over geological timescales, potentially contributing to the persistence of the steep topographical features observable in these regions (Figure 1 and Figure 5). In contrast, the smoother topography and lower channel steepness observed in the northern Longmen Shan can be attributed to the relatively lesser cumulative displacement within its fault system (Figure 1 and Figure 5). Previous research has indicated that the northern Longmen Shan is primarily influenced by the uplift of the Minshan Range [36]. Our study also identifies a zone of high exhumation and channel steepness in the hanging wall of the Huya fault (Figure 4 and Figure 5c,f), which supports the notion that upper crust deformation associated with the plateau margin is concentrated along the Minshan Range.



One of the most notable features of the Longmen Shan range is the existence of a high and steep topographic gradient that has no correlation with a significant crustal shortening rate, characterized by a modest rate of <3 mm/yr [25,90,91]. The hypothesis of lower crustal “channel flow” posits that the flow of weaker crustal material from the interior of the Tibetan Plateau has encountered resistance from the robust and craton-like crust/lithosphere of the Sichuan Basin. This interaction results in the upward swelling of the lower crust and the elevation of the Longmen Shan range, all without necessitating extensive shortening of the upper crust [100,101,102,103]. Nevertheless, our investigation uncovers robust thrusting activities within the upper crust of the Longmen Shan, spanning millions of years, especially in the central and southern segments (Figure 5 and Figure 6). These findings align with outcomes obtained from balanced geologic cross-sections [31,34], which suggests that the deformation of the upper crust plays a vital role in the topographic building of the eastern Tibetan Plateau margin [21,23,31,78].



Our findings demonstrate that the high uplift zone in the southern Longmen Shan is situated in the hanging wall of the Dachuan fault (Figure 5a,d and Figure 6), although it is worth noting that some deformation has extended into the Sichuan Basin [28,35]. In comparison, the central Longmen Shan exhibits two distinct high uplift zones [21] (Figure 5b), with recent uplift primarily concentrated within the hanging walls of the Pengguan and Yingxiu faults (Figure 5e). This variance in uplift patterns along the Longmen Shan, extending from the southern to central portions, contradicts the lower crustal “channel flow” model, which anticipates an extensively spread, uninterrupted deformation across the surface [100,101] or a narrow uplift zone bounded by frontal thrusting and hinterland extension architecture [37,104].





6. Conclusions


Our study provides compelling evidence that channel steepness serves as a valuable indicator for assessing thrust deformation of faults within thousands to millions of years. This becomes particularly valuable when evaluating the vertical motion and activity of faults that lack constraints from Quaternary strata. By combining the channel steepness analysis with low-temperature thermochronology and paleoseismic studies, we have achieved a more intricate deformation pattern across different segments of the Longmen Shan thrust fault belt.



In the southern Longmen Shan, the fault system in the frontal range has undergone a transformation from joint activity involving the Wulong and Dachuan faults spanning millions of years to the current dominance of the Dachuan fault. In the central segment, the activity over millions of years has primarily centered around the Wenchuan and Yingxiu faults, while the activity since the Pleistocene has been dominated by the Yingxiu and Pengguan faults. Comparatively, the thrust activity in the northern segment is relatively weak. The Qingchuan fault experienced a modest uplift a few million years ago, and both the Qingchuan and Beichuan faults have primarily exhibited strike-slip motion since the Pleistocene. Our results indicate that the Dachuan and Huya faults have comparable robust deformation to the Yingxiu fault during the Quaternary, implying their potential to generate significant earthquakes. Consequently, delving into the paleoseismic history of the Dachuan and Huya faults should be prioritized in future research endeavors.
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Figure 1. (a) Google Earth image of the Tibetan Plateau and its surrounding area, in which the white polygon indicates the location of Figure 1b. (b) Digital elevation map of the eastern Tibetan Plateau, superimposed with the distribution of active faults and GPS velocity. Active faults are adapted from Xu et al. [24], and GPS velocity filed with respect to the Eurasian plate is from Wang et al. [25]. GDF: Genda fault; WLF: Wulong fault; DCF: Dachuan fault; DXF: Dayi fault; WMF: Wenchuan fault; YXF: Yingxiu fault; PGR: Pengguan fault; QCF: Qingchuan fault; BCF: Beichuan fault; JYF: Jiangyou fault; XPF: Xiongpo fault; LQF: Longquan fault; HYF: Huya fault; MJF: Minjiang fault; MRGF: Maoergai fault; LRBF: Longriba fault; FBHF: Fubianhe fault; XSHF: Xianshuihe fault; YNXF: Yunongxi fault. 
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Figure 2. Map of the eastern Tibetan Plateau illustrating the distribution of rock types, active faults, and earthquakes. Black lines represent the active faults, as adapted from Xu et al. [24]. Red lines depict the surface rupture location of the 2008 Wenchuan earthquake, as adapted from Liu-Zeng et al. [30]. Yellow circles mark the locations of historical/instrumental earthquakes with M ≥ 3.0, primarily recorded from 624 CE to 2022 (http://data.earthquake.cn, accessed on 1 April 2023). The abbreviation of faults is similar to Figure 1. 
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Figure 3. Average annual precipitation pattern in the Longmen Shan, which shows a northwestward decrease with a notable concentration of high precipitation observed at the southwest corner of the Sichuan Basin. The precipitation data are sourced from WorldClim 2 (www.worldclim.org, accessed on 10 September 2023). 
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Figure 4. Channel steepness metrics for the eastern Tibetan Plateau. Channel steepness, represented by ksn, was calculated at 5 km intervals along prominent channels, and an interpolated map illustrating the mean steepness indices was generated using a moving circular window (radius = 15 km). The dashed lines indicate the location of swath profiles perpendicular to the Longmen Shan. 
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Figure 5. The wide swath profile (with a width of 50 km), illustrating how topographic parameters and exhumation rates are distributed across the northern, central, and southern sections of the Longmen Shan (refer to Figure 4 for exact locations). (a–c) Mean topographic data retrieved from 30-m ASTER Global Elevation Maps (gray line: minimum and maximum elevation; black line: mean elevation) and exhumation rates acquired from AFT and AHe dating results [38,39,40,41,42,69,70,71,72,73,74,75,76,77,78,79,80,81,82]. Recently published ‘age2exhume’ thermal model [83] was utilized to transform thermochronometric ages into exhumation rates. Average surface elevations for AFT and AHe were calculated using the method proposed by Willet and Brandon [84]. A geothermal gradient of 25 °C/km is assumed for these calculations [76]. (d–f) The dispersion of catchment-averaged channel steepness (ksn) is depicted for 3- and 4-order basins along the swath profile. (g–i) Rock erodibility calculated based on rock types shown in Figure 2 [21]. A high erodibility indicates both high sensitivity to weathering and low compressive strength. (j–l) A simple sketch illustrating the fault geometry across each segment of the Longmen Shan, in which dashed lines indicate the detachment layers [85,86,87]. The distribution of historical seismic activity is denoted by gray circles, accessible through http://data.earthquake.cn (accessed on 1 April 2023). Note that the vertical and horizontal scales in our sketch are not represented in the same scale. 
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Figure 6. Differences in ksn values (△ksn) between the catchments located in the foot and hanging walls along the Longmen Shan strike. The crosses on the graph indicate the variation in channel steepness averaged within 10 km intervals. A positive disparity in steepness measurements signifies segments along faults that have displayed Quaternary thrust activity. Notably, the dashed area in the lower diagram highlights the seismic gap positioned between the Lushan and Wenchuan earthquakes. 
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