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Tectonic and climatic process controlling gravel accumulation in tectonically active regions is the subject of active debate. In this study, the formation mechanism of a gravel layer in the Diexi lacustrine section, eastern Tibetan Plateau, was investigated using mutually validated dating methods and detailed analysis of sedimentary processes. Optically stimulated luminescence (OSL) and accelerator mass spectrometry (AMS) 14C dating show that the gravel layer in the Diexi section accumulated at approximately 16.79 ka BP. The sedimentary characteristics of the gravel layer and the contact between upper and lower strata indicate that the formation of the Diexi gravel layer was triggered by an earthquake rather than by a debris flow caused by torrential rain. And the result based on the intensity attenuation model are consistent with the characteristics of frequent large earthquakes in Diexi area. Detailed analysis of satellite images and sedimentary characteristics of the gravel layer provide evidence for an ancient landslide, which may be related to the gravel layer at Muer village (to the north of the Diexi section). Overall, this study reconstructs a gravel event at approximately 16.79 ka BP and has important theoretical and practical significance for understanding the formation mechanism of gravel deposits and analysing seismic events through gravel accumulation.
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INTRODUCTION
Tectonic activity across the Tibetan Plateau (TP) has shaped the geology and landscape of western China and generated an abundance of thick gravel sediments (Li, 1991; Liu et al., 1996). In this context, the gravel deposits in western China should reflect the tectonic activities and denudation of the mountains (e.g., Wang et al., 2004; Sun, 2005; Guan et al., 2011; Li et al., 2014a; Wang et al., 2015; Li et al., 2017). On the other hand, glaciers also transport large amounts of gravel sediment including boulders, and gravel deposits have been used to reconstruct glacial history (e.g., Finkel et al., 2003; Kong et al., 2009, 2011; Heyman et al., 2011; Xu and Zhou, 2014). Thus, gravel sediments in and around the TP attract a growing number of studies.
In the past decade, five strong earthquakes (Wenchuan in 2008, Yushu in 2010; Lushan in 2013, Jiuzhaigou in 2017, Maduo in 2021) have occurred on the eastern margin of the TP. Earthquakes often destroy the bedrock structure in mountainous areas, resulting in wide occurrence of dense joints and leaving potential dangers for landslides (Su et al., 2017; Chen and Wu, 2018). Specifically, earthquakes are observed to have directly caused extensive landslides in the upper reach of Min River (Xu et al., 2013; Ma et al., 2018; Ren et al., 2018; Zhao et al., 2019). The landslides generally blocked the Min River and its tributaries, resulting in extensive deposition of dammed lakes (Wang et al., 2011; Wang et al., 2012). Recent studies with high-resolution grain size, magnetic susceptibility, XRF and pollen records of lacustrine deposits show that, seismic activity exerted a major control on lacustrine deposition (Jiang et al., 2014; Jiang et al., 2017; Liang and Jiang, 2017; Xu et al., 2020; Wei et al., 2021). This is well consistent with frequent occurrence of the seismic activities revealed by various soft sediment deformations (SSDs) widely observed in the field (Wang et al., 2011; Xu et al., 2015; Jiang et al., 2016; Zhong, 2018).
What’s more, the dam-break of barrier lake deposits often produces outburst deposits (Ma et al., 2018), which are well displayed on the surface structure of quartz particles (Chen et al., 2019). Previous studies suggested that the gravel accumulation in the eastern TP is of fluvial or flood origin (Wang et al., 2007; Chen et al., 2019; Xu et al., 2020). In this study, the gravel layer of the Diexi lacustrine section in the eastern TP is investigated to determine its genesis, sedimentological process, and connection with landslides and earthquakes. This study is of great significance for the reconstruction of gravel events in the tectonically active regions.
GEOLOGICAL AND GEOGRAPHICAL SETTINGS
Several active faults along the Longmenshan fault zone separate the TP from the Sichuan Basin (Zhang et al., 2003; Zhang, 2008). The eastward growth of the TP was restricted by the Sichuan Basin, leading to the rise of the Longmen Mountains (Xu et al., 2008). This area is a tectonically active zone on the eastern margin of the TP with frequent earthquakes. Mao county is located at the northern end of the Longmenshan fault. Active tectonism in this area is mainly controlled by the Minjiang (strike N-S), Songpinggou (strike NW-SE) and Maoxian-Wenchuan (strike NE-SW) faults (Tang et al., 1983; Chen et al., 1994; Si and Liu, 2008).
The Diexi area in Mao country has been affected by several earthquakes larger than Ms 4.7 in recent decades. Among them, the 1713 Ms 7.0 and 1933 Ms 7.5 earthquakes in Diexi were the most famous in this area. The Songpinggou fault is considered the seismogenic fault of the Diexi Ms 7.5 earthquake in 1933 (e.g., Ren et al., 2018). The landscape near Diexi town in Mao County is composed of typical alpines and valleys. The Min River flows from north to south, and Diexi Lake formed here. The valley cutting depth is more than 800 m, and the maximum cutting depth can reach 3,000 m (Jiang et al., 2014). The epicentre of the 1933 Diexi earthquake, where the Songpinggou fault and Minjiang fault converge (Wang et al., 2014a; Ma et al., 2018), is approximately 5.5 km southwest of the Diexi section. Landslides triggered by the Diexi earthquake are mainly distributed in Songpinggou; in addition, some landslides occurred near Diexi town (Ren et al., 2018). Previous studies revealed that large amounts of clastic boulders are widely distributed across this area and have a maximum diameter of 5–8 m (Ma et al., 2018).
The Diexi section is located on the east bank of Diexi Lake in Mao country, Sichuan Province, where a continuous lacustrine sequence is exposed (Figure 1, 32°4.5′N 103°43′E, 2,275 m a.s.l). Field observations show that some environmental event should have ended lacustrine sediments in the Diexi section. The section exposes more clearly with incision of the Min River and drop of water level. Muer village located on the west bank of the Diexi Lake with a horizontal distance of about 1 km from the Diexi section. The village is located on a platform (∼2,520 m a.s.l) with an area of about 1.5 km2 and surrounded by mountains on three sides. The bedrock around the section is the Middle Triassic Zagunao Formation. The lithology of the upper member of the Zagunao Formation is grey to dark grey medium-to thick-bedded fine-grained calcareous quartz sandstone with massive structures intercalated with minor silty slates and slates. The lithology of the lower member is grey calcareous quartz fine sandstone (or green-grey tuffaceous sandstone) interbedded with a small amount of dark grey silty slate and grey black lenticular thin-bedded crystalline limestone of unequal thickness. In this study, we analyse a poorly sorted and subangular gravel layer present at a depth of approximately 14.80 m in the Diexi lacustrine section.
[image: Figure 1]FIGURE 1 | (A) Diexi lacustrine section close to Diexi town, where the Songpinggou fault and Minjiang fault converge; (B) Northern part of the section, and the red dotted line represents the position of Figure 4B; (C) Central part of the section, and the red dotted line represents the position of Figure 4A; (D) Southern part of the section.
MATERIALS AND METHODS
Chronology
Radiocarbon (14C) and optically stimulated luminescence (OSL) dating are commonly used methods for quantifying the depositional age of late Pleistocene lacustrine sediments. To determine the age of the gravel layer in the Diexi section, we collected three carbon samples, 17DX-C-08 at 9.98 m, 18DX-C -08 at 14.15 m and 17DX-C-10 at 17.50 m (Table 2). Moreover, we also collected two OSL samples, 17DX-OSL-07 at 13.50 m and 17DX-OSL-08 at 16.37 m (Table 3). The carbon samples are all large charcoals with a particle size of approximately 0.2–0.5 cm. Some samples (18DX-C-08) are treated with acid and alkali to decompose into slender charcoal chips. The charcoal with a large particle size indicates that it is transported within a regional scope or near the ground, excluding the possibility of long-distance transportation. Radiocarbon (14C) dating measurements were performed in the Beta Laboratory, University of California, Irvine, USA. The radiocarbon ages are calibrated by Reimer et al. (2020).
The OSL samples equivalent dose were measured at Linyi University. 63–90 μm middle grain quartz (MQ) fractions (sieving, 10% HCl, 10% H2O2, etching with 40% HF, followed by immersion in 10% HCl). The purity of the quartz extracts was confirmed by the absence of an IRSL signal. The sample De values were measured on a Risø TL/OSL Reader model DA-20 equipped with a calibrated 90Sr/90Y beta radiation source (dose rate 0.1070 Gy/s for MQ in the standard configuration), blue (470 ± 30 nm; ∼ 102 mW/cm2) and infrared (880 ± 40 nm, ∼173 mW/cm2) light sources, and detection through a 7-mm thick U-340 glass filter. Single-aliquot regenerative (SAR) protocol (Murray and Wintle, 2000, 2003) was used for quartz measurement. De values were calculated using the sum of photons detected in the first 0.9 s of the stimulation minus firstly background of the OSL decay curve. The aliquots were rejected that recycling ratio were not consistent within 10% of unity and recuperation were larger than 5%. The aliquots De over-dispersion was less than 20%, so the center age model (CAM) was used in equivalent dose calculation (Arnold and Roberts, 2009). OSL decay curves and dose response curves of two samples as shown in Figure 2.
[image: Figure 2]FIGURE 2 | (A) OSL decay curves for natural dose and regenerative dose of 48.6 Gy of 17DX-OSL-07; (B) Dose response curve of 17DX-OSL-07; (C) OSL decay curves for natural dose and regenerative dose of 48.6 Gy of 17DX-OSL-08; (D) Dose response curve of 17DX-OSL-08.
Dose Rate were measured at the State Key Laboratory of Earthquake Dynamics, Institute of Geology, China Earthquake Administration. The U, Th, and K activity concentrations were measured by high resolution gamma spectrometry (ORTEC GEM70P4-95 P). The dose rate is calculated directly by using the observed radionuclide activity concentration and attenuation values from (Aitken, 1998). Besides, the water content of the sample and cosmic ray contribution was considered for accurate calculation of the environmental dose (Prescott and Hutton, 1994).
The Intensity Attenuation Model
Intensity attenuation model is an important method to study seismic activity (e.g., Bakun and Wentworth, 1997; Chandler and Lam, 2002; Sorensen et al., 2009; Allen et al., 2012). The seismic attenuation model is useful for earthquake prevention and mitigation, especially in western Sichuan, which is a tectonically active area in China. In recent years, the intensity attenuation model has been studied in detail in China (e.g., Wang et al., 2000; Lei et al., 2007; Sun, 2011; Xiao and Yu, 2011).
The general form of the intensity attenuation model formula is:
Long axis: [image: image]
Short axis: [image: image]
where I is the intensity of the modified Mercalli intensity (MMI), M is the magnitude (Ms), and R is the epicentral distance. Ra0 and Rb0 are near-field saturation factors along the long and short axes, respectively. da1, da2, and da3 and db1, db2, and db3 are regression constants, and εa and εb are residuals with means of zero, representing uncertainties.
In previous studies of the paleoseismic records, the constraints of the magnitudes are poor (e.g., Marco et al., 1996; Begin et al., 2005; Ferry et al., 2011). In recent years, some researchers have applied the intensity attenuation model to the study of the paleoseismic records about the sediments, and reconstructed the continuous paleoseismic record (e.g., Kremer et al., 2017; Lu et al., 2020). Although the accurate estimation of the magnitude based on a single station is difficult, but it is possible to use the intensity attenuation model to give a relatively credible lower magnitude limit of the paleoseismic event (Lu et al., 2020). This allows signals of large earthquakes to be captured in sediment record. Therefore, the application of intensity attenuation model plays an important role in the reconstruction of paleoseismic events.
Different seismic faults have different abilities to disrupt the surface, and the attenuation relationship of seismic intensity is quite variable. Compared with the previous attenuation models, the model by Lei et al. (2007) for western Sichuan is consistent with the characteristics of mountainous regions with steep valleys and long, narrow faults (Table 1). Accordingly, this study used the intensity attenuation model developed by Lei et al. (2007) to constrain the lower magnitude limit of the paleoseismic event.
TABLE 1 | The attenuation model (Lei et al., 2007).
[image: Table 1]RESULTS
Chronology of the Gravel Layer
The charcoal samples in the section produce three radiocarbon ages, which are 16.36 ± 0.14 cal. ka BP at 9.98 m (17DX-C-08), 16.52 ± 0.17 cal. ka BP at 14.15 m (18DX-C -08) and 17.21 ± 0.15 cal. ka BP at 17.50 m (17DX-C-10). Based on three radiocarbon ages, we get the age of the gravel layer is ∼16.80 ka BP. On the other hand, the OSL samples in the section produce two ages of 16.5 ± 1.3 ka BP at 13.50 m (17DX-OSL-07) and 17.0 ± 0.7 ka BP at 16.37 m (17DX-OSL-08). Based on two OSL ages, we get the age of the gravel layer is ∼16.5 ka BP. The chronological results show that they have a good linear relationship (Tables 2 and 3; Figure 3).
TABLE 2 | Results of AMS 14C dating for the Diexi lacustrine sediments (Reimer et al., 2020).
[image: Table 2]TABLE 3 | Results of OSL dating for the Diexi lacustrine sediments.
[image: Table 3][image: Figure 3]FIGURE 3 | Age vs. stratigraphic depth of the Diexi lacustrine section.
Previous studies show that the deposition rate of the lacustrine deposits in the study area was relatively slow (Jiang et al., 2014, Jiang et al., 2017; Liang and Jiang, 2017; Wei et al., 2021; Shi et al., 2020). Compared with fine particle deposition, the gravel layer was deposited instantaneously. Therefore, when we use the ages for linear fitting, we regard the age represented by the gravel event as a point, and we deduct the thickness of the gravel layer. Based on the five ages obtained, the ages of fine-grained deposition were calculated to obtain the age of the gravel layer, which was approximately 16.79 ka BP (R2 = 0.85). We consider this result to be credible.
Sedimentary Characteristics of the Gravel Layer
The gravel layer in the Diexi section was studied in detail (Figure 4). The gravel in the layer is mainly grey to dark grey fine-grained quartz sandstone with a small amount of silty slate, which is similar in composition to the local bedrock. The gravel layer is predominately composed of gravel fragments with a range of different sizes, including plate gravel and block gravel. The diameter of exposed gravel ranges from approximately 2 cm to 1.5 m and appears to be barely sorted. The gravel is poorly rounded. The clasts are distributed with almost no order. The gravel layer contains little mud or silt as a matrix, and the sediments are clast-supported (Figures 4A,C).
[image: Figure 4]FIGURE 4 | (A) V-shaped bending of the underlying lacustrine layer due to boulder impact in the northern part of the section; (B) Sketch of the V-shaped bending in the northern part of the section; (C) V-shaped bending of the underlying lacustrine layer due to boulder impact in the middle part of the section; (D) Sketch of the V-shaped bending in the middle part of the section.
The gravels in the northern part and middle of the section are mostly boulders. The boulders exposed on this side are poorly sorted. The boulders exposed at the northern end mostly have diameters of 0.5–0.75 m, and the maximum diameter is 0.8 m (Figure 4A). The boulders in the middle mostly have diameters of approximately 0.5 m, and the maximum diameter reaches 1 m (Figure 4C). At the southern end of the section, the gravels mostly have diameters of approximately 0.02 m, and no large boulder is present. As a whole, the gravel layer extends for approximately 20 m and becomes gradually thinner from north (∼4 m) to south (∼0.2 m) (Figures 1B–D). At the southern end of the Diexi section, the lacustrine layer is collapsed, and part of the gravel layer is not visible. Further to the south, the lacustrine layer and the gravel layer are exposed again with stratigraphic correlation along the strike, confirming that the outcrops are part of the same formation. The large gravels are concentrated in the north and decrease towards the south. At the southern end of the section, the gravel is still clast-supported and poorly rounded.
Contact Between the Gravel Layer and the Lacustrine Layer and Soft Sediment Deformation
The gravel layer is directly overlain by a lacustrine layer composed of clay-silt material. There is no fining-upward gradation of particles or sedimentation bedding between the lacustrine and gravel layers (Figures 5B,C). The lacustrine layer under the gravel layer is severely disturbed, especially in the middle and northern sections (Figure 4), but it can be continuously traced across the outcrop and shows no signs of erosion by collapsed debris. The lacustrine layer underlying the gravel layer has obvious V-shaped bending deformation in the northern part and middle of the section, and the sedimentary bedding is parallel to the bending interface containing V-shaped bending and is accompanied by obvious interlayer sliding. The scale of the lacustrine bending structures is approximately 2–3 m (Figures 4B,D). Compared with the lacustrine layer without deformation, the lacustrine layer at the bent part is obviously thinned, and no lacustrine layer loss is caused by boulder erosion.
[image: Figure 5]FIGURE 5 | (A) The central part of Diexi section; (B) and (C) Lacustrine layer in direct contact with the gravel layer; (D) and (E) SSD layer approximately 40 cm below the gravel layer, showing a typical flame structure.
In the lacustrine sediments of the Diexi section, we identify a layer of flame structures with heights of 3–6 cm, approximately 40 cm beneath the gravel layer in the middle of the section, and can be traced laterally across the entire section (Figures 5D,E). Flame structures are directed upward at a very high angle. The mudstone laminae forming the flame shapes are typically 1.5 cm thick, but in the flamed portions, the thickness is approximately 3 cm. This deformation can be caused by earthquakes.
Assessment of the Gravel Event by Intensity Attenuation Models
Given that the Diexi area has had several large earthquakes in the recorded history, leaving extensive landslide residue in the area (Ren et al., 2018), we believe that there is a considerable possibility that the gravel event was triggered by an earthquake. Therefore, we use the intensity attenuation model to evaluate the level of this event.
Earthquake-induced landslides are closely related to earthquake magnitude and epicentre distance (Keefer, 1984). The intensity attenuation model is based on the magnitude, epicentral distance and local intensity. Therefore, to study the magnitude of the earthquake that triggered the landslide based on the intensity attenuation model, we consider the local intensity that the landslide response and the approximate distance of the earthquake epicentre.
A Mw 6.6 earthquake in Japan in 2018 produced thousands of coseismic landslides, most of which occurred in regions with an intensity of MMI VII to VIII (Zhang et al., 2019). Zhou and Zhang (1994) counted the landslides generated by 11 earthquakes in Southwest China since 1970, and the results indicate that new landslides generally did not occur at the MMI ≤ VI, and the minimum intensity triggering a new landslide was MMI VII. On the other hand, the SSD can be divided into linear waves, asymmetric billows, coherent vortices and broken breccia (Wetzler et al., 2010). The flame structures in the Diexi section are considered asymmetric billow deformation. The seismic intensity range corresponding to this deformation is between MMI VII and VIII (Lu et al., 2020), providing support for such a seismic intensity triggering the gravel layer above the flame structures in the Diexi section, although the lithology (and/or sediment compaction) of the Diexi sediments are significantly different from those in Lu et al. (2020). Accordingly, we use MMI > VII as the lower limit of the seismic intensity that triggered the landslide.
In the intersection zone of the Songpinggou fault and the Minjiang fault, the Jiaochang-Songpinggou area, approximately 5.5 km from Muer village, has witnessed many large earthquakes in the past (Chen et al., 1994; Ren et al., 2018). The most famous of these earthquakes are the 1713 Ms 7.0 earthquake and the 1933 Ms 7.5 earthquake, and the epicentres of both are close to Jiaochang village (China Earthquake Administration, 1999; Fan et al., 2020). Landslide deposits are widely distributed in this area, including landslides triggered by the 1933 Diexi earthquake (Ren et al., 2018). Based on this, we use the distance from the epicentre of the 1933 Diexi earthquake to Muer Village (5.5 km) as the R to calculate the lower limit of the earthquake magnitude. According to the attenuation model of intensity, the magnitude corresponding to MMI > VII is Ms > 5.7 by taking R = 5.5 km (Figure 6).
[image: Figure 6]FIGURE 6 | (A) Attenuation model by Lei et al. (2007); (B) Relationship between MS and R based on different MMI values. The position of the dotted line represents the distance from the section to the epicentre of the 1933 Diexi earthquake.
In fact, the scale of the landslide in Muer village is relatively large, with a landslide area of more than 1 km2, which is close to the scale of the 1933 Diexi landslide. Landslides of this scale are more likely to occur in areas with seismic intensities of IX and greater than IX (Sun and Cai, 1997). Combined with the case of the Wenchuan earthquake, we further define the magnitude of the earthquake that triggered the landslide in Muer village. The LAP (Landslide Area Percentage in certain calculation windows) value about the Wenchuan earthquake increases gradually from the VII to XI intensity zone. The LAP value of the zone with the intensity ≥ VII is 0.91%. Among them, the LAP value in the VIII intensity zone is 0.16%, and for the IX intensity zone, it is 1.45% (Xu et al., 2013). The value of LAP increases significantly from the VIII intensity zone to the IX intensity zone. Meanwhile, the landslide concentration is 1.2 per km2 in the area with intensities X and XI. In the IX intensity zone it is 0.4 per km2, and this concentration decreases dramatically to 0.1 per km2 in the VIII intensity zone (Huang and Li, 2009). In fact, the seismic intensity in the study area reached VIII during the 2008 Wenchuan earthquake but no particularly large landslides were triggered locally (Huang and Li, 2009; Li et al., 2014b). Therefore, we believe that the probability of landslides in the region increases greatly after the seismic intensity reaches IX.
Considering the factors above, we believe that when the Muer village landslide occurred, the seismic intensity should have reached level IX or above in this area. The magnitude corresponding to MMI > IX is approximately Ms > 7.3 by taking R = 5.5 km (Figure 6). This result is close to the Ms of the 1933 Diexi earthquake, which caused a large number of landslides in the study area.
DISCUSSION
Gravel layers are often linked with floods, rainstorms or earthquakes. The grain size of flood deposition has a process of upward coarsening and then forms a normal grain sequence with a decrease in flow intensity (Rubin et al., 1998; Wang et al., 2010). However, there is no such change between the gravel layer and the lacustrine layer in the Diexi section and the lacustrine layer is directly contact to large boulder. At the same time, the lithologic composition of the boulder in the Diexi section is similar to that of the local bedrock, and the degree of rounding and sorting are poor. These results indicate that most of the gravel was deposited without a long-distance transport.
The strong V-shaped bending indicates that the lacustrine layers were impacted strongly by boulders as large as 2–3 m in diameter. From the V-shaped bending at the northern end of the section, the boulder disturbance severely affected the lacustrine sediments from north to south, and the impact dissipated within a distance of ∼20 m. This bending of the underlying layer can occur during a landslide event, when large boulders run down hillsides and collide with unconsolidated lake floor sediments, causing liquefaction and generating large-scale folds that may be accompanied by small interlayer gliding (Wang et al., 2011). These observations indicate that the force moving these large boulders was instantaneous and explosive, and this force was mainly manifested by slip in the interlayer rather than laterally in the lacustrine layer. In studying the characteristics of gravel accumulation, we found that the gravel layer is clast-supported with almost no mud or silt. The underlying lacustrine layer shows a typical V-shaped curve but is not eroded.
The vast majority of rain-induced landslides usually occur in loose deposits, most of which contain large amounts of sand or clay (e.g., Tang et al., 2011; Wang et al., 2014b; Zhou et al., 2016). Moreover, heavy rains always input large amounts of clay and sand into the sedimentary system in mountainous areas (Chen et al., 2011; Oldrich et al., 2012). If heavy rain was involved in the formation of the gravel layers, it would have brought large amounts of silt and led to scour erosion of the underlying sediment layers. Most of the rain-induced landslides in western Sichuan were related to bedrock damage from earlier earthquakes (e.g. Su et al., 2017; Chen et al., 2020), and previous studies showed that the majority of landslides in the upper reach of Min River since the late Pleistocene were triggered by earthquakes instead of rainfall (e.g., Li et al., 2015; Ren et al., 2018). Therefore, relative to rainfall inducing, we believe that the gravel layer in the Diexi section is more likely to represent a seismic landslide event.
SSD structures can provide field evidence of earthquake activity. When the surface acceleration reaches 0.1 g, it can lead to the liquefaction of loose underwater sediments and cause sedimentary disturbance and deformation. Near the epicentre of an Ms = 5 earthquake, the surface acceleration can reach 0.1 g (Rodríguez-Pascua et al., 2000; Qiao and Li, 2009; Wetzler et al., 2010). As a typical SSD, flame structures can be produced by many factors, such as earthquakes, channel erosion, gravity slides, and permafrost (Zhong et al., 2019), but they have different features. Considering the local geological background with frequent earthquakes, the lacustrine sediments of the Diexi section are most vulnerable to earthquake due to lack of glaciation and storms. On the other hand, the wings of flame structures related to cryoturbation are usually symmetrical (Vandenberghe, 1992; Harris et al., 2000; Zhong et al., 2020a). But the flame structures in the Diexi section were formed when fine clays were squeezed into thicker sand layers, showed the characteristics of asymmetric billows deformation. Thirdly, the conduction of seismic waves leaves SSDs with transverse continuity in the Diexi lacustrine sediments (Jiang et al., 2016; Zhong et al., 2020b). However, the SSDs caused by the rain-induced landslides do not have this property. So the deformation in the Diexi section is most likely caused by earthquakes, which has also been discussed in some other areas in the TP (e.g., Jiang et al., 2014, 2016).
Previous studies have shown that in some other areas, rockfalls are widespread when Ms ≥ 5.4 and rock block slides occur when Ms ≥ 5.9 (Rodrı́guez et al., 1999). Moreover, the SSD approximately 40 cm below the gravel layer was likely caused by the same earthquake as the gravel layer, and the minimum earthquake magnitude that caused the SSD was Ms 5.7 (Monecke et al., 2006). These evidences suggest that the lower limit of the earthquake magnitude calculated based on the intensity attenuation model appears to be reliable. Furthermore, Diexi area had two major earthquakes in the historical record, 1713 Ms 7.0 earthquake and the 1933 Ms 7.5 earthquake (China Earthquake Administration, 1999; Fan et al., 2020), both of which caused a large number of landslides in this area. Our study about the magnitudes based on the intensity attenuation model also seem to support the idea of a seismic trigger for landslides. If the landslide event was triggered by an earthquake, its magnitude would most likely be Ms > 7.3 as evaluated above, and this is consistent with the frequent occurrence of large earthquakes in the Diexi area. Therefore, the gravel layer in the Diexi section could be formed by an earthquake-induced landslide.
To study the source of the landslide, we analysed the sedimentary characteristics of gravels at different positions in the section. The gravel layer gradually thins from the northern end to the southern end, while the average gravel size also gradually decreases, and the large boulder is mainly concentrated in the northern end of the section. The gravels are almost angular throughout the section and are better sorted in the southern end than in the northern end. These features indicate that the coarse-grained materials were transported from north to south, and the northern end of the section is closer to the paleo-landslide. In addition, the V-shaped bending of the lacustrine layer has different characteristics on each side (Figures 4B,D). Specifically, the lacustrine layer bends downward gently on the left but steeply on the right limb of the fold. Generally, the SSD structures caused by gravitational collapse are mainly concentrated along the front edge of the landslide, and deformation commonly has a dominant orientation, which is inclined to the position of the landslide mass (Wang et al., 2009). Therefore, the landslide impact probably came from the direction of the shallower side of the fold, causing compression and steepening of lacustrine sediments on the opposite flank. Combining all the sedimentological features, the landslide may have occurred in the mountains to the northwest of the section.
In summary, we believe that the gravel accumulation in the Diexi section may be related to an ancient landslide in the north-west of the section at ∼16.79 ka BP. Based on these lines of evidence and detailed analysis of satellite images and field observations, we identified the remains of an ancient landslide at Muer village to the north of the Diexi section (Figure 7A). Here, poorly sorted angular gravels are widely distributed on the bedrock platform (Figures 7C,D). The gravel layer is directly overlain by lacustrine sediments (Figure 7C), and the contact between the gravel layer and lacustrine sediments is similar to that observed in the Diexi section. Except for one side facing the Min River, the other three sides of the platform are high mountains, which is a typical negative relief due to the partial collapse of slopes. These findings indicate that this region possibly experienced a large-scale landslide like the Jiaochao area (Ma et al., 2018; Zhao et al., 2019). Satellite images show that the surrounding mountains are currently covered by vegetation, suggesting that this area has since undergone a long period of recovery. The platform at Muer village is composed of a low-angle bedding plane and a steep joint surface, showing the characteristics of a typical terraced-shaped landslide (Figure 8C). Many such landslides were found in the upper reach of the Min River after the 2008 Wenchuan Earthquake (Yin et al., 2009; Zhang et al., 2011). Yin et al. (2009) proposed that during seismic shaking, the landslide (rock) mass detaches from underlying rock along the discontinuities by an external force, and the terraced shaped sliding surface is left in the site of the landslide.
[image: Figure 7]FIGURE 7 | (A) Muer landslide. The yellow dotted line represents the surface of the ancient landslide, the red dotted line represents the residual debris, and the light green dotted line represents the likely size of the landslide. (B) Jiaochang landslide (Ma et al., 2018). (C) and (D) Gravel layer and lacustrine layer located on the platform of Muer village. The base map was taken from Google Earth.
[image: Figure 8]FIGURE 8 | (A) When an earthquake occurs, the surrounding mountains are affected by seismic waves, and rocks break and fall into the lake. (B) After the landslide occurs, the majority of the sliding rock mass accumulates in the lake, and a small amount of the debris remains on the platform. (C) After a long period of evolution, the landslide sediments are buried by lacustrine sediments.
Ma et al. (2018) found a barrier dam composed of boulder fragments with maximum sizes of 5–8 m near Diexi town (Figure 7B). The main body of the Diexi landslide dam is located near Jiaochang village and is approximately 3 km long and 1 km wide. The remaining dam sediments are mainly located on the eastern bank of the Min River, with a small amount of material on the western bank. The altitude of the main body of the barrier dam on the east bank is approximately 2,316 m, and the residual landslide on the west bank is approximately 2,162 m. The height difference between the two bodies is approximately 154 m, and the horizontal distance between the residual body on the east bank and that on the west bank is approximately 1,000 m. Similar to the landslide that likely triggered the Diexi gravel layer, the gravel sediments near Muer village are mainly located on the western bank of the river near the Minjiang fault, while a small amount of residue occurs in the lacustrine layer on the eastern bank. The altitude of the gravel layer in the Diexi section is approximately 2,308 m, and the altitude of the boundary between the exposed gravel layer and lacustrine layer in Muer village is approximately 2,525 m, with a height difference of approximately 217 m. The distance between the exposed gravel layer in Muer village and the far end of the gravel layer is approximately 1,000 m. Compared with the barrier dam at Diexi town, the height difference between the main and residual bodies is similar.
Using the geomorphic features on the east bank of the river and the remaining landslide bodies in the Diexi section on the west bank, we reconstruct this ancient landslide event (Figure 8). When the earthquake occurred, the landslide (rock) detached from the bedrock along the rupture. Due to the subsequent movement, most of the rock mass was displaced from the shallowly dipping bedding plane and over the edge of the steeply dipping joint surface before free-falling into the lake. When the landslide impacted the lacustrine sediments, the V-shaped lacustrine layer formed. As the boulder probably fell directly into the lake, there was no lateral erosion of the lacustrine layer. This movement is shown in the Diexi section, as the lacustrine layer is curved because of the impact but can be continuously traced across the outcrop. The remaining landslide gravel sediments were subsequently covered by lacustrine deposits within the barrier lake (Figure 8C).
CONCLUSION
The tectonic and climatic significance of the gravel layer is investigated in the Diexi lacustrine section on the eastern TP in this study. Based on the ages of three charcoal samples and two OSL samples, the gravel layer in the Diexi section is dated to approximately 16.79 ka BP. Some evidences may indicate the origin of gravel layer: 1) The gravel layer is clast-supported with poorly rounded and unsorted clasts; 2) The underlying lacustrine sediments show a typical V-shaped curve but are not eroded; 3) An abrupt lithologic change is observed from the gravel layer to the overlying lacustrine sediments, with no gradual change in grain size or depositional bedding; 4) The SSDs underlying the gravel layer extends horizontally and can be traced along the entire section; 5) Based on the intensity attenuation model and the historical seismic records, if the gravel event was triggered by an earthquake, it could have had a magnitude of Ms > 7.3, and this result is consistent with the frequent occurrence of large earthquakes in Diexi area 6) The platform as the source of the gravel layer at Muer village shows the characteristics of a typical terraced-shaped landslide. These features indicate that the gravel layer was most likely formed by a landslide triggered by an earthquake rather than heavy rain or flooding. The triggers and characteristics of the landslide are preliminarily reconstructed based on the geomorphic features near the Diexi section. The new findings in this study provide new insights into the reconstruction of paleoseismic sequence using gravel layers in the tectonically active regions.
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