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In bedrock mountainous areas where active faults and deep river valleys interact, earthquake-induced landslides can be used to explore local seismic hazards. The intersection of the highly active Xiaojiang Fault and the Jinsha River and its main tributaries in southwest China is a site of abundant earthquake-induced landslides. We found some boulders inappropriately scattered on the east bank of the Qiaojia reach of the Jinsha River, where the Qiaojia Segment of the Xiaojiang Fault passes through. We investigated the lithology and topography nearby and confirmed its source area, as well as the existence of a landslide damming event in the field. A high-resolution Digital Surface Model (DSM) generated from Unmanned Aerial Vehicle (UAV) images was used to analyze its characteristics and calculate its parameters. Optically Stimulated Luminescence (OSL) and 14C dating methods on the related dammed lake sand shows the age of the landslide, which is not later than 878 AD. The characteristics of large size with limited depositional extent, spatial relevance between the landslide and Xiaojiang Fault, and temporal-coincidence of the landslide with 624 AD earthquake support the seismic origin of this landslide. Moreover, the 624 AD earthquake was reanalyzed for its magnitude and macro-epicenter based on the coseismic displacement of the Heishui River floodplain. It was calculated to be Mw7.7 or Ms7.9 and relocated to the Qiaojia area. No M ≥ 7 earthquakes have occurred on the Qiaojia Segment for nearly 1,400 years since 624 AD. The elapsed time is close to the average recurrence interval of large earthquakes on the Qiaojia Segment. Therefore, the seismic hazard of the Qiaojia area should be considered in the future.
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INTRODUCTION
Landslides are a widely distributed geological process, commonly found in mountainous areas (Evans and Clague, 1994). Moreover, large landslides usually develop along rivers, giving rise to dammed lakes, which may eventually cause a subsequent catastrophic breach-flood. Based on morphology, displaced material type, mechanism of initiation, and other factors, landslides have been classified into many types (Bolt et al., 1977; Varnes, 1978; Highland and Bobrowsky, 2008), among which earthquakes can trigger every type. Landslides here are called earthquake-induced landslides. These landslides account for a large number of deaths and high economic losses, damaging engineering structures including settlements, dams, bridges, and communication systems (Keefer, 1984).
Earthquake-induced landslides can be used as indirect evidence to reconstruct the seismic history of a region without surface ruptures or environmental effects of earthquakes and should be implemented in hazard and risk studies (Jibson, 1996), which primarily focus on the likelihood, potential magnitude, and recurrence interval of large earthquakes in a region. Adams (1981) proposed that the magnitudes of prehistoric earthquakes could be estimated by comparing the extents of landslide dams of recent earthquakes with those of landslide dams in historical ones. Similarly, he has assessed the magnitude of the historical or prehistorical earthquake by comparing coseismal landslide distributions of prehistorical events with well-documented recent earthquakes in New Zealand and Central Asia (Adams, 1981). Practically, Zeng et al. (2020) used the empirical equations of the total volume of all paleolandslides triggered in an earthquake and the moment magnitude (Keefer, 1984) to evaluate the earthquake magnitude that triggered the Nixu rock avalanche event (∼Mw7.0–7.2). Taking Soviet Central Asia as an example, Nikonov (1988) had an understanding: large seismo-gravitational dislocations, such as landslides, occur due to earthquakes of magnitude 6–6.5 or more and are always located within the highest isoseismal (about 10–25 km), tending to be along its major axis. Moreover, the number, size, and areal extent of the landslides are proportional to the size of an earthquake (Solonenko, 1977). Tibaldi et al. (1995) reconstructed the geometry of seismogenic faults by correlating the elongation of the landslide distribution with the location and dimensions of the faults. According to a statistical analysis of 40 historical worldwide earthquakes, the relationship between landslide distribution and seismic parameters was analyzed (Keefer, 1984). Later, the upper bound of the maximum distance to landslides from the epicenter and fault rupture zone for earthquakes of different magnitudes was determined (Jibson, 1996; Jibson, 2009; McCalpin, 2009). Meunier et al. (2007) derived an expression for the spatial variation of landslide density analogous with regional seismic attenuation laws, based on the observation on landsliding associated with large earthquakes on three thrust faults: the Northridge earthquake in California, Chi-Chi earthquake in Taiwan, and two earthquakes on the Ramu-Markham fault. Massey et al. (2018) investigated the landslides accompanying with the 2014 November 2016 Mw7.8 Kaikōura earthquake, and found: 1) seven of the largest eight landslides (from 5 to 20 Mm3) occurred on faults that ruptured to the surface during the earthquake; 2) the average landslide density within 200 m of a mapped surface fault rupture is three times than that at a distance of 2,500 m or more from a mapped surface fault rupture.
The SE Tibetan Plateau, located between the Eastern Himalayan Syntaxis and the Sichuan Basin, contains numerous active faults, large relief, and a well-developed river network. Three major rivers, the Jinsha, the Lancang, and the Nu, flow from NW to SSE in parallel (Liu et al., 2009). A series of landslide blocking events were found along the rivers previously. Using the Interferometric synthetic aperture radar (InSAR) method, 22 active landslides were identified and mapped over more than 2,500 km2 in the reservoir of the Wudongde hydropower station, Jinsha River (Zhao et al., 2018). The ancient Zhaizicun landslide blocked the Jinsha River, and the lacustrine sediments developed upstream of the landslide dam (Xu et al., 2011; Zhang et al., 2012). The Chongjianghe landslide, a giant landslide discovered by Zhang et al. (2013) in the Chongjianghe Screw Bay Power Station, a branch of the Jinsha River in northwestern Yunnan, is located in the step over of a regional active fault.
We found some boulders inappropriately scattered on the east bank of the Qiaojia reach of the Jinsha River in the field, where the Qiaojia Segment of the Xiaojiang Fault passes through. Lithology and surrounding topography indicate its source location, implying a landslide damming event occurred before. A high-resolution DSM generated from UAV images was used to analyze the characteristics and calculate the parameters of this landslide. Simultaneously, OSL and 14C dating methods were used to determine its age. Moreover, we attempted to demonstrate its seismic origin mechanism. Combined with the analysis of a coseismic displacement on the Qiaojia Segment near this landslide, we discussed the seismic hazard of the Qiaojia Segment.
REGIONAL SETTINGS
Geography
At the Qiaojia reach of the Jinsha River, the curve traces of three major active faults (the northern segment of the Xiaojiang Fault (Qiaojia Segment), Zemuhe Fault, and Daliangshan Fault) intersect, forming the Qiaojia Pull-Apart Basin (Figure 1). The Yaoshan Mountains and the Jinsha River, to the east and the west respectively, bound the Qiaojia Basin, while Hulukou and Xiaotianba restrict it in the north and south (Figure 2). The overall shape of the basin is a 15 km long and 4 km wide narrow wedge, having an N-S orientation and an average slope of about 7°. Significantly, the north-flowing Jinsha River conferred a ladder terrain, including three terraces and a flood platform. These terraces lie between 640 and 750 m elevation and the flood platform exists between 750 and 1,000 m elevation from the back-end of the terrace to the foot of the Yaoshan Mountains (Figure 3). In addition, some incised valleys and terraces developed across the platform. The west side of the Jinsha River is divided by the Zhilu Gully, having the Wushenggong Ridge (up to an elevation of 1,060 m) to its north and the Low Mountain, hilly landform with medium fluctuation to its south. Close to the boulders, the topography of both sides of the Jinsha River is significantly different (Figure 4). On the east side, a Q3 proluvial-alluvial fan originates from a mountain pass, with a low slope angle (4.6°), spreading at least 2 km from the east bank to the mountain foot. On the west side, the valley shoulder (elevation 870 m, and 240 m above the river surface) of the Wushenggong Ridge separates the gently sloping terrain above it from the alternate terrain of the abrupt wall and the narrow gentle slope below it. The comprehensive terrain slope under the valley shoulder is about 42°. Separated from the Wushenggong Ridge by a gully, the accumulational hill is 760 m high at most, occupying an area of 0.13 km2. Moreover, the limestone bedrock hill between Hulukou Town and the Heishui River locates at the site where the width of the Jinsha River abruptly narrows from 200 to 120 m. Its top elevation is 866 m. The Qiaojia Segment traces on its south side, forming a fault scarp.
[image: Figure 1]FIGURE 1 | Principal active faults, historical earthquakes with magnitude ≥ 6.0, basins, rivers, and main towns in the study area mapped on a Digital Elevation Model (ASTER GDEM res-30 m). KF = Karakoram Fault; ALF = Altyn Tagh Fault; EKF = East Kunlun Fault; XSHF = Xianshuihe Fault; ANHF = Anninghe Fault; ZMHF = Zemuhe Fault; DLSF = Daliangshan Fault; XJF = Xiaojiang Fault; LMST = Longmenshan Thrust; QJS = Qiaojia Segmeny; DCS = Dongchuan Segment; SMS = Songming Segment. For the active faults, AA, A, and B indicate their activity of extremely strong, strong, and medium. Dashed rectangle in the inset marks the location of the study area. All vector data from Wu and Zhou (2018).
[image: Figure 2]FIGURE 2 | Stratigraphic units of the Qiaojia Basin; the insert photos show two sets of lacustrine sediments with ages of Q2 and Q1.
[image: Figure 3]FIGURE 3 | Cross-section of Qiaojia Basin, showing the three terraces of the Jinsha River and a flood platform behind them; from the drill data of Li et al. (2016); see the location of the drills in Figure 1.
[image: Figure 4]FIGURE 4 | DSM (res-0.6 m) of the topography around the landslide; red solid line and thick red dashed line indicate the current Qiaojia Segment trace, thin red dashed line indicates the previous Qiaojia Segment trace; jagged white lines show the crown of the early landslides; yellow solid lines circle the source of the failed slope collapse to be discussed in this paper, yellow dashed lines to the west of the Jinsha River indicate the near-source deposit, and the yellow dashed line to the east of the Jinsha River circles the spatial distribution of boulders from this failed slope collapse. All terraces are outlined with black lines. Solid orange rectangle shows the sample locations, as well as the locations in Figure 9.
The climate in the dry-hot valley of the Jinsha River is arid, and the water and heat are extremely unbalanced. Located in the river valley, Qiaojia Basin has an annual average temperature of more than 20°C. The average temperature of the hottest month, July, is 27.4°C, and the average temperature of the coldest month, January, is 12.2°C. According to the data of major climate stations in the Qiaojia area, the annual precipitation varies from 600 to 1,600 mm from Jinsha River Valley to the mountains above 3,000 m.
Geology
The Qiaojia Basin is mainly controlled by the Qiaojia Segment (Figure 2). About 80 km long, the Qiaojia Segment extends nearly N-S with an almost upright dip angle from Daduo in the south and north of Qiaojia in the north. The trace and location of this segment in the Qiaojia Basin can only be identified from the offset of several stream channels and the geoelectric soundings at overlying thick Quaternary sediment sites. It changes trend from nearly N-S to a NW direction, crossing the basin and connecting to the Zemuhe Fault near Ningnan. The strike-slip rate of the Qiaojia Segment was estimated at 7.0–10 mm/yr on a multiple-temporal scale from Late Quaternary to the modern time (Wen et al., 2011; Wei et al., 2012; Zhao et al., 2015). Its previous trace was located to the west of the modern trace, proven to have ceased its activity by the latest dislocation strata dated to Q2.
Under the dual role of the north-flowing Jinsha River and the gullies from the eastern mountain, the Qiaojia Basin is characterized by a large amount of Quaternary fluvial sediments accumulated in the interior, including fluvial terraces, proluvial-alluvial fans, and lacustrine sediments. Among them, a large proportion of the lacustrine sediments are remarkable, with a wide exhibition range (Figure 2). Generally, we recognized two sets of lacustrine sediments linking to two large landslide damming events, referring to Q1l and Q2l according to the criterion of stratigraphic sedimentary sequence, which is constrained by strata of known age. These unconsolidated deposits are mainly sand and gravel and are more than 300 m thick. The Qiaojia Segment at Qiaojia Basin significantly fractured the bedrock on the west of the Jinsha River, which would facilitate the occurrence of landslides. Accordingly, it has been observed that some landslides take place in some places downstream, damming the Jinsha River or its main tributaries (Figure 4).
Earthquakes
Seven historical earthquakes with magnitude ≥ 6.0 from Xichang to Dongchuan, mainly concentrated at the two end sites, with the maximum one occurred at Dongchuan in 1733 (M 73/4) (Department of Earthquake Damage Prevention, State Seismological Bureau, 1995) (Figure 1). The earthquakes recorded in the Qiaojia area were not as numerous as expected due to its special tectonic location. The historical earthquake catalog of the area indicates a seismic gap relative to the whole Xiaojiang Fault (Wen et al., 2011; Xu et al., 2017). Since 1500 AD, this area has been characterized by only one strong earthquake event (Qiaojia M6 earthquake). Coseismic surface ruptures correspond to this earthquake distribution, which preserves a non-rupture section around the Qiaojia area (Wen et al., 2011). Paradoxically, a series of effects of earthquake-induced landslides are well preserved in the strata pre-Holocene, including small faults, disturbance layers, and sandblasting tubes (Figure 5), indicating the long-term earthquake silence in this area is abnormal.
[image: Figure 5]FIGURE 5 | Earthquake-induced effects in different sedimentary units (see the locations in Figure 1). (A) Small faults in Q1al; (B) the interpretation of (A), U1: gray gravel layer; U2: light grayish-green gravel layer; U3: inter-bedding of gray gravel layer and brown gray fine silty sand bearing gravel; U4: yellow-brown sand layer bearing gravel; U5: off-white calcareous consolidated gravel layer; U6: eolian brownish-red gravel layer (lower) and sand layer bearing gravel (upper);(C) Small faults and disturbance layer in Q2al brownish-yellow fluvial sand layer, the marker layer of a fault dislocation is an iron fine sand layer; the lime-green sand layer was disturbed; (D) sandblasting tube in Q2l medium-coarse lacustrine sand, the walls of the tube are calcareous cemented.
DATA AND METHODS
Mapping the Landslide
In order to determine the characteristics and origin of this landslide, a combination of field investigation, satellite images from Google Earth, and a high-resolution DSM (res-0.6 m) generated with Structure from Motion (SfM) processing of UP30 Autopilot System photography were used. The SfM is an emerging and widely used photogrammetric method for reconstructing a 3-D structure using large sets of high-resolution images with a high degree of overlap derived from a moving sensor (Snavely et al., 2008; Westoby et al., 2012; Lucieer et al., 2014). A detailed explanation of the SfM process is described in Snavely et al. (2008). Our collected images were processed using Agisoft Photoscan Pro software1 with processing workflow procedures similar to that of Johnson et al. (2014). Hillshade was created in Global Mapper2 from the high-resolution DSM and further processed in Coreldraw X7 for geomorphic mapping. To view and calculate the distribution and parameters of the landslide, we used the “Acute3D viewer” software3 to visualize the 3D demos generated from ContextCapture4.
Dating
In this study, two OSL samples and two 14C samples were dated. They are summarized in Tables 1 and 2, respectively.
TABLE 1 | Results of OSL dating on the lacustrine sand.
[image: Table 1]TABLE 2 | Results of 14C dating.
[image: Table 2]The OSL samples were collected using stainless steel tubes (20 cm long and 5 cm diameter). The tubes were hammered into the sediment, and after completely filling, both ends were immediately sealed with aluminum foil and taped to prevent light leakage and loss of water during transport and storage. The sand can be easily sorted, and sizes of quartz particles in the range of 90–125 μm were chosen to date the sand. The whole dating process was carried out at the OSL/TL Geochronology Laboratory, Institute of Geology, China Seismological Bureau. Detailed processing and analytical procedures are reported in a previous study (Chen et al., 2013). The 14C dating method used on the fossil snail shells buried in the sand precisely constrained the age of the sand. The sample was carried out at Beta Analytic Testing Laboratory, and the age was calibrated based on the INTCAL13 database on BetaCal3.21 software with 2σ (95% confidence limits). All the ages referred to hereafter in this paper are calendar years obtained from conventional radiocarbon ages.
RESULTS OF THE INVESTIGATION
Existence of a Landslide
At the north of Lanyingpan, the fan underlying the boulders was dated to 44,782 ± 1,340 years BP using AMS-14C (Sample: SQ1, Table 2). It is characterized by the inter-bedding of the coarse and fine gravel layers, with the gravel-bearing coarse sand lens occurring locally (Figure 6A). The gravel is mainly limestone, accounting for 85%–90%, with the remaining 10–15% being sandstone and basalt. The general flat-surface of the gravels inclines to the SEE, indicating it origined from the east mountain pass. The diameter of the gravels is predominantly several centimeters with few over 1 m. At the south of Lanyingpan, the gravels of the fan change in diameter to a smaller level, and the composition is also different from the above site, in which basalt is predominant, followed by limestone and sandstone (Figure 6B).
[image: Figure 6]FIGURE 6 | Gravel statistical locations (see the location in Figure 3). (A) and (B) Photos note the sidewalls and gravels of the Q3 fan north and south of Lanyingpan, respectively; the white rectangle in (A) indicates the gravel statistical location, the rose diagram shows the paleo-flow direction, and the two histograms show the composition and size of gravels; (C) Photo of the gravel of the Jinsha River floodplain, with the gravel statistical location in the yellow rectangle.
The gravels in the floodplain of the Jinsha River are mainly sub-angular and sub-circular in shape (Figure 6C). Their diameter is mainly 2–20 cm, followed by 20–30 cm, and a few 20–50 cm. In composition, limestone accounts for 70%, followed by basalt with 20–25%, and sandstone with 5–10%.
The Wushenggong Ridge mainly consists of limestone bedrock, with sandstone and basalt developed locally, and a thick gravel layer overlain (Figure 2). The presence of the Qiaojia Segment has resulted in the limestone (340°∠53°) being intensely fragmented, having a set of steep joints (63°–71°∠77°–79°), which is consistent with the Qiaojia Segment on the strike (Figure 7A). The existing structures cause a reduction in the strength of the bedrock. Specifically, they may initiate small amounts of movement in a sliding mass and provide a path for potential water flow, which can cause substantial engineering or construction difficulties, especially in the valley or canyon area (Bolt et al., 1977). The gravel layer is about 18–20 m thick and is characterized by alternating layers of coarse and fine gravel layers, where the gravel is dominantly extremely circular, with a maximum diameter above 50 cm and a primary composition of sandstone, spreading from an elevation of 770–1,060 m. It is cemented with calcareous material and forms a set of terrace gravel from the Heishui River (Figure 7B). The gravels are mainly sandstone with a diameter of 10–40 cm, which is consistent with the one on the Wushenggong Ridge. Moreover, the hill between Hulukou Town and the Heishui River is a limestone bedrock hill with the limestone extremely deformed (Figure 7C). The accumulational hill south of the Wushenggong Ridge is characterized by a mixed body of limestone boulders and sub-round but poorly sorted gravels, without underlying limestone bedrock (Figure 7D).
[image: Figure 7]FIGURE 7 | Materials of the Wushenggong Ridge and its adjacent hills. (A) limestone bedrock of the Wushenggong Ridge; (B) terrace gravel layer overlying the limestone bedrock, in the Wushenggong Ridge. The Qiaojia secondary segment can also be seen in this profile; (C) limestone bedrock of the hill north of Wushenggong Ridge; (D) Mixed body of limestone boulders and gravels of the hill south of Wushenggong Ridge. All locations are illustrated in Figure 3. (E), (F) Field views of boulders at north and south of Lanyingpan, respectively, and person/pencil-outlined for scale. Locations in Figure 7.
The boulders on the east bank of the river extend about 1.5 km long from north to south, centrally scattering at two sites. At the north of Lanyingpan, the boulders are even larger than a person (≤3.5 m) (Figure 7E). Limestone is their main composition, with a roundness of sub-angular to sub-circular. The farthest boulder is 13 m above the river surface and is 100 and 287 m away from the east and west edges, respectively. At the south of Lanyingpan, the diameter of the boulders ranges from 0.8 to 1.4 m, with the same roundness and different compositions, mainly including limestone, followed by basalt breccia (Figure 7F).
Considering the coincidence of the composition and size between the boulders and materials of the Wushenggong Ridge and its adjacent hills, the source status of the ridge and its adjacent hills appear to be linked with the boulders. In addition, the steep topography on the west of Jinsha River, the spatial-correspondence between the boulders distribution and the range of the west slope, as well as the similar deposit on the foot of the west slope, all support the uniqueness of this origin. The Yaoshan Mountains east of Qiaojia Basin are exactly to land sliding, with several reports and research attesting to this (Wang, 1996; Feng et al., 2019). However, the ancient huge landslide occurred one hundred thousand years ago, and its stability has been proved. Over 10 m thick younger sediments overlay the frontal margin material of the landslide, as we introduced the stratum of Qiaojia Basin according to the field investigation and drill data. Thus, it is confirmed that a landslide originated from the Wushenggong Ridge and its adjacent hills.
Landslide Characteristics
The over 2 km long eastern flank of the Wushenggong Ridge, the accumulational hill south of it, and the bedrock hill north of it were observed as an entire failed slope (Figure 8A). It consists of several individual simultaneous landslides of different scales, crown elevations, materials, and slope angle (Table 3), complying with the criteria of a rock fall cluster (Keefer, 1984). The volumes of the total source area and the total deposit on the west bank are about 7 × 106 and 2.5 × 106 m3 respectively (extracted from the “Acute 3D Viewer” software). According to the classification of landslides on the basis of their magnitude (Parkash, 2012), this failed slope collapse was placed in an enormous category.
[image: Figure 8]FIGURE 8 | Landslide morphology (A) Field panoramic photo of the failed slope collapse (location in Figure 3). Source area, deposit area, and boulders are indicated with white solid lines, and white dashed line, respectively. Yellow jagged line shows the crown of the early landslides, as well as the gully and villages with a blue dashed line and white/black solid circles. The Qiaojia Segment and the previous Qiaojia Segment are indicated with larger red arrows and smaller red arrows. (B)–(D) Air photos show the details of the failed slope collapse at different sections. The elevations of the crown and the foot of the source area are marked. (E) Google Earth Image of the rock fall located at the north side of Qiaojia Segment; the crown elevation of the source area and the maximum travel path of the deposit are indicated; the dam, which is inside the range of the Jinsha River, is also circled with a white solid line. (F) Longitudinal profile of the failed slope collapse, and the location is in Figure 3.
TABLE 3 | Characteristics of the failed slope collapse at different sections.
[image: Table 3]For the Wushenggong Ridge, two individual rock falls were focused (Figures 8B,C). At section C, fragment limestone blocks originated from an elevation of about 748 m, which is 118 m higher than the river surface (Figure 8B). The cut volume is far more than the fill volume, indicating a large amount of the materials transported into the river. The deposit on the west bank of the river is mainly composed of limestone boulders, with diameters ranging from 0.5 to 5 m (Figures 9A,B). The rock fall at section D shows similar features as the above one, with the crown elevation somewhat lower (730 m) (Figure 8C).
[image: Figure 9]FIGURE 9 | (A) and (B) limestone boulders from the rock falls at sections (B) and (C); (C) Field view of the dam at the north side of Qiaojia Segment; (D) limestone boulders scatter on the west bank of the Jinsha River from the rock fall at section (D). All locations in Figure 7.
The materials of the accumulational hill failed with a wide range of collapse that occurred at a maximum elevation of 736 m (Figure 8D). The scattered limestone boulders (1–8 m diameter) on the west bank of the Jinsha River (Figure 9D) are products of the rock fall at this site.
At the south side of the limestone bedrock hill, Qiaojia Segment passes through, forming a fault scarp, which is prone to collapse. The limestone bedrock hill started to collapse at an elevation of 810 m. From crown to foot, the longest travel path of the rock masses is 290 m (Figure 8E). The accumulation of the limestone boulders (0.5–8 m diameter) stacked on the west bank of the Jinsha River is fresh without fillings, indicating the young age of the rock fall here. It even occupied half of the modern Jinsha River (Figure 9C) and was considered as a dam resulting in the dammed lake. With the boulders transported to the east bank of the Jinsha River, a dammed lake formed, and gray medium-fine sand spread around those boulders. This provides us an appropriate window to learn about the age limit of the landslide, which is almost equal to the age of the dammed lake sand.
Landslide Age
The 10–35 cm thick gray gravel-bearing medium-fine dammed lake sand layer begins to appear around the boulders 55 m away from the east edge of the river, spreading eastward to the end of the boulders. We sampled with the profile perpendicular to the Jinsha River direction, where the boulders were exposed (Figure 10). The two dates from OSL samples (Samples: SQ3, SQ4) aged from 1770 to 1780 years BP (∼240 AD) are older than the age of the 14C sample (Sample: SQ2, 878–1013 AD). According to the Timing principle of the OSL dating method, it determines the age of the last sunlight exposure event of the sample, thus more reliable result needs high degree of sunlight exposure and low residual OSL signals for the sample. However, as researched before (Zhang et al., 2015), when this method is applied with fluvial-lacustrine facies sand, the result could be used as a reference rather than accurate result, in the presence of other more reliable dating methods. In addition, the sand layer we sampled has experienced a rapid and transient sedimentary process, meaning an incomplete sunlight exposure. Thus, it is believed that the dammed lake formed before 878 AD.
[image: Figure 10]FIGURE 10 | Samples site. (A) Schematic profile of the sampling locations; (B) close-up photos of the sampling locations where one can see boulder sizes, sand, and vegetation cover.
DISCUSSION
Seismic Origin of the Landslide
A landslide occurs when the downslope component of the forces acting on the earth or rock mass exceeds the strength or shearing resistance of the material. The transition from a stable hillside to an active slide implies that either the acting force or the soil or rock resistance has changed for some reasons (Bolt et al., 1977). Several contributory causes were proposed, mostly including rainfall, earthquake, human activity, and so on (Cornforth, 2005). The annual precipitation of Qiaojia Basin is placed in the regionally low level and is the less rainy area. Considering the cluster characteristics of the landslide in a range of 2 km long, which cannot be realized with rainfall as a triggering factor, it is suggested that rainfall should be ruled out as a possible trigger of such a wide range of slope collapse. As a remote mountainous area, Qiaojia County is not a densely populated area historically, so human activity should also be excluded.
Uniqueness of the cause of landslide will be correlated with earthquake when some characteristics of the landslide possess. Spatial-relevance between landslides and active fault indicates that the landslides are seismically triggered (Burrows, 1975). Crozier (1992) proposes six criteria to support a seismic origin generally: 1) ongoing seismicity in the region, which has triggered landslides, 2) coincidence of landslide distribution with an active fault or seismic zone, 3) geotechnical slope-stability analyses showing that earthquake shaking would have been required to induce slope failure, 4) large size of landslides, 5) presence of liquefaction features associated with landslides, and 6) landslide distribution that cannot be explained solely on the basis of geological or geomorphic conditions. Obviously, the more of these criteria that are satisfied, the stronger the case for seismic origin (Jibson, 1996). Keefer (1994) also mentions that in active seismic regions landslides with huge energy releases, large volumes and long runout distances have much higher probability of seismic origin than non-seismic origin. In addition, spatio-temporally correlating landslides with known or assumed earthquakes can increase the certainty of landslide seismic origin (Pánek, 2015). The landslide here meets several criteria of them.
Large Size With Limited Depositional Extent
A characteristic of the earthquake-induced landslide is its rapid occurrence, within a few minutes after the termination of the earthquake. The corresponding result of the rapid process of the landslide is its more limited depositional extent, which is different from that of the landslides that occur in intense rainfall conditions, characterized by more fluidity and a tendency to spread out farther across a depositional area (Perrin and Hancox, 1992). As mentioned above, this failed slope collapse is enormous in magnitude, with a characteristic of cluster. The boulders on the east bank distributed 1.5 km long in an N-S direction. We concluded that the general extent of the deposit did not exceed the range of the source area (2 km long) transversely. The long horizontal distance against the small drop supports the effect of an earthquake. Further considering the blocky appearance of the deposits, we roughly confirm the seismic origin of this landslide.
Spatial Relevance Between the Landslide and Xiaojiang Active Fault
Zhang et al. (2018) recognized 94 landslides in the Qiaojia to Dongchuan area along the middle and northern segments of the Xiaojiang Fault based on GIS. The banded distribution of these landslides shows an obvious control by the fault, which corresponds with the surface rupture zone of strong earthquakes. Thus, it is believed that the Xiaojiang Fault controls the occurrence of landslides. Song et al. (2012) researched the deformation of the left bank of the Jinsha River around Baihetan Hydropower, about 40 km downstream of the Qiaojia Basin. He pointed out that the gently dipping faulted bedding belt and the NW trending fault are the main controlling factors of the deformation. For the left bank in the Qiaojia Basin, i.e., Wushenggong Ridge, a set of steep joints (63°–71°∠77°–79°) is consistent with the previous Qiaojia Segment on the strike. The small faults in the strata before the Holocene (Figure 5A) indicate the existence of the non-active previous Qiaojia Segment, which is suggested to be the early location of the current Qiaojia Segment. The joints in the limestone of the Wushenggong Ridge are located within the fault of the previous segment and present the rock fragmentation effect of its activity. Under such unstable slope conditions, the Wushenggong Ridge is prone to collapse. After migrating to the Basin-Mountain margin east of Qiaojia County, the Qiaojia Segment has been acting in the extreme, having the potential to initiate earthquakes. As Jibson (2015) mentioned: landslides triggered in the immediate vicinity of active faults commonly are seismically triggered. The landslide in this paper straddles the Qiaojia Segment, indicating the possibility of being triggered by an earthquake event relevant to the activity of the fault.
Temporal-Coincidence of the Landslide With 624 AD Earthquake
Two earthquakes that occurred earlier than 878 AD in the study area are the 624 AD earthquake and the 814 AD earthquake (Lou, 1996). The former triggered landslides, resulting in river damming, whereas the latter was mainly characterized by ground compression (Table 4). Seismically induced permanent ground deformation is defined as any earthquake-generated process that leads to deformations within a soil medium, which, in turn, results in permanent horizontal or vertical displacements of the ground surface (Stewart and Wren, 2005). It includes the following modes: Surface fault rupture, liquefaction, seismically induced land sliding, and seismic compression. The requisite conditions for land sliding are the presence of sloping ground and the presence of combined static and dynamic shear stresses that exceed material strengths, whereas seismic compression needs relatively strong shaking and unsaturated soil of a flat site. These two modes correspond to the effects of the 624 AD earthquake and the 814 AD earthquake respectively, according to their descriptions. This means that the 814 AD earthquake probably occurred in a flat area such as Xichang Basin, while the 624 AD earthquake was more likely to have occurred in valley areas between Xichang and Qiaojia. And as mentioned before (Nikonov, 1988), large landslides, which are triggered by earthquakes of magnitude 6–6.5 or more, are always located within the highest isoseismal (about 10–25 km), tending to be along its major axis. Thereby, we confirmed the macro-epicenter of the 624 AD earthquake at somewhere of the Heishui valley, not far 25 km away from this landslide. Considering the remoteness of the ancient Xichang–Qiaojia area and the larger population in Xichang than in Qiaojia, it is understandable to arrange the Xichang as the macro-epicenter of the 624 AD earthquake in the historical catalog. The description of the 624 AD earthquake and its spatial proximity to the studied landslide support its greater plausibility as the trigger of this landslide than the 814 AD earthquake.
TABLE 4 | Historical earthquakes before 878 AD in Xichang-Dongchuan area.
[image: Table 4]Accordingly, the seismic origin of this landslide is basically determined, termed as a coseismic event of the 624 AD earthquake.
Process of the Landslide
Long-term activities of the Qiaojia Segment have led to the fragmentation of rock masses on both sides of the fault. Weakened erosion resistance and reduced stability of the rock mass laid a foundation for the large-scale instability of the marginal slope. Under this condition, the eastern flank of the Wushenggong Ridge is prone to have slope failures, and it is ascertained by a deposit body of limestone boulders and gravels overlying the limestone bedrock (Figure 11A).
[image: Figure 11]FIGURE 11 | The sketch process of the 624 AD failed slope collapse.
In 624 AD, a strong earthquake caused the entire eastern slope of the Wushenggong Ridge to collapse, including the above deposit body and a hill north of the ridge. This earthquake caused an over 2 km long slope collapse with a total volume exceeding 7 × 106 m3 failing. The boulders spread from the frontal edge of the source area to the east bank of the Jinsha River, with a maximum horizontal distance of 550 m. Most of the boulders fell into the Jinsha River, and a small amount of them lie on both banks of the river in a limited range. At the point where the Jinsha River narrowed, a large number of boulders blocked the river, forming a dam and a temporary lake. In a relatively still water environment, a set of lacustrine sand was preserved in a limited area (Figure 11B).
The dammed lake had not existed long from the evidence of the thin lacustrine sand layer (10–35 cm thick). As researched previously, landslide dammed lakes may last from several minutes to several thousand years, depending on factors such as volume, size, geometry, sorting of blockage materials, rates of seepage through the blockage, and rates of sediments and water that flow into the newly formed lake (Costa and Schuster, 1988; Peng and Zhang, 2011). Combined with cases in southwest China (Peng and Zhang, 2011), where the longevity of landslide dams is a few hours or more than 10 h, here we suppose several that several hours later, the dam broke and the river reopened its flow (Figure 11C). The boulders in the water were either swept away by the current or settled on the bottom of the riverbed. The remaining boulders even affected the terrain of the riverbed (Figure 4). The boulders on the east bank have experienced a free movement without friction among boulders, which resulted in the boulders having better roundness. With the later influence of artificial reconstruction, the boulders became fewer in number.
Seismic Hazard Assessment of Qiaojia Segment
About 1.3 km NW of the landslide, the floodplain of Heishui River shows a left-lateral displacement of 13 m, which was measured in the field with the laser rangefinder and was considered surface coseismic displacement of one or several earthquakes (Figure 12). Chen and Zhao (1988) found that the Jinsha River and its main tributaries all have more than six terraces. The depositional age of the terraces of the Jinsha River and its first tributaries, such as Nu, Nanpan, Niulan, and Xiao Rivers were obtained (Ji et al., 2000). It is indicated that the T1 terrace of the first tributaries was deposited in 4,500–11,000 years BP, which is later than that of the Jinsha River (9,000–17,000 years BP). The stream trenching rate of the Jinsha River near Qiaojia was also taken into account to constrain the forming age of the Heishui River floodplain. Huang et al. (2010) calculated the stream trenching rate on the Baihetan reach of the Jinsha River for the construction needs of the Baihetan Hydropower station. The results show the average trenching rate is about 1.2 mm/yr since 25 ka, showing an increasing trend since 100 ka. Ding et al. (2017) later took the climate factor into account and gave a 1.17 mm/yr trenching rate since 23.5 ka at Qiaojia. In combination with our field measurement of the 2 m height of the floodplain, we believe that the lower limit of the age of the floodplain is no earlier than 1700 years BP. As recorded, the earliest earthquake recorded in the Xichang area is the Xichang 111 BC earthquake (Xichang City Chronicle Compilation Committee of Sichuan Province, 1996). In the absence of omissions, there is only one earthquake with a magnitude of M ≥ 6 since then, that is, the 624 AD earthquake. Apparently, the 624 AD earthquake alone bore the 13 m displacement of the Heishui River floodplain. In addition, it is further confirmed that the macro-epicenter of this earthquake is at this coseismic displacement location. Furthermore, according to the functional relationship between the maximum coseismic displacement and the moment magnitude of Wells and Coppersmith (1994),
[image: image]
Where the MD refers to maximum displacement (m); the moment magnitude of the 624 AD earthquake is calculated to be about 7.7.
[image: Figure 12]FIGURE 12 | (A) Air photo of the displacement of the Heishui River floodplain (see the location in Figure 3); (B) field view of the displacement of the Heishui River floodplain.
Similarly, the functional relationship between the maximum coseismic displacement and the surface wave magnitude of Bonilla et al. (1984),
[image: image]
Where the MD also refers to maximum displacement (m), giving a result of Ms7.9. As we discussed above, the 624 AD earthquake should have occurred in valley areas south of Xichang, and near Qiaojia. This transforms the Qiaojia area from a historical seismic gap to a potential seismic area.
For the eastern margin of the Tibetan Plateau, M6.5 may represent the magnitude threshold of the surface rupture along the active faults in the region (Xu et al., 2017). Earthquakes with a magnitude less than this threshold generally do not have surface ruptures, and occasionally have secondary surface fractures (Wells and Coppersmith, 1994). Earthquakes with a magnitude greater than or equal to this threshold can form several kilometers to one hundred kilometers of coseismic surface rupture and several meters of coseismic displacement, which directly controls the spatial distribution of the serious earthquake disaster zone in the Meizoseismal area. Therefore, the distribution of seismic gaps on a fault can be seen directly by statistical analysis of the historical earthquakes with magnitudes ≥ 6.5 and delineation of their rupture areas with intensity ≥ IX. Based on this, the authors reorganized the historical earthquakes with intensity ≥ IX from Xichang to Dongchuan that involves the Anninghe Fault, the Zemuhe Fault, and the Xiaojiang Fault, from north to south (Table 5). Apart from the 624 AD and 814 AD earthquakes, the rupture areas of other historical earthquakes are all referred to in historical data or previous studies. It should be noted that the rupture area of the 1489 AD earthquake is the same as the focal area of the 63/4-magnitude earthquake (Wen, 2000), and the Ⅷ area was adopted as the rupture area of the 1952 earthquake. Furthermore, according to the regression of surface rupture length and displacement (Wells and Coppersmith, 1994),
[image: image]
The long axis of the rupture area of the 624 AD earthquake was calculated to be158 km based on the 13 m displacement of the Heishui River floodplain (Figure 13).
TABLE 5 | Parameters of earthquakes with intensity ≥ Ⅸ from Xichang to Dongchuan.
[image: Table 5][image: Figure 13]FIGURE 13 | Rupture areas with intensity ≥ Ⅸ for the historical earthquakes from Xichang to Dongchuan. The dashed circle indicates the area not verified in the field. For the active faults, AA, A, and B indicate their activity of extremely strong, strong, and medium.
No M ≥ 7 earthquakes have occurred on Qiaojia Segment for the nearly 1,400 years since 624 AD. Such a long elapsed time is close to the average recurrence interval of large earthquakes on the segment around Dongchuan (1,447 ± 822 years) as estimated by Shen et al. (1998). In addition, the late Quaternary strike-slip rate of the Qiaojia Segment is 8.5 ± 1.5 mm/yr, therefore, the strain accumulated since about 1,400 yrs could occur an earthquake with a comparable magnitude. Apparently, the seismic hazard of the Qiaojia area should be considered in the future.
CONCLUSION
Based on the field investigation, the use of high-resolution topographic data, and the OSL and 14C methods, we can conclude:
In 624 AD, a nearly 2 km long failed slope collapse occurred on the west bank of the Qiaojia reach of the Jinsha River, resulting in a temporary dammed lake. This failed slope collapse is suspected to be seismic origin, with several evidences support, including: The landslide is located in the seismic region, its large size with cluster form, the instability of the source area, the limited distribution of landslide mass, and the temporal-coincidence with 624 AD earthquake.
The macro epicenter of the 624 AD earthquake was relocated to Qiaojia, and its magnitude was recalculated to be Mw7.7 or Ms7.9 according to the coseismic displacement of the Heishui River floodplain. Further combining with the rupture regions of other historical earthquakes in the Xichang-Dongchuan area, it is considered that the 624 AD earthquake filled the seismic gap in the Qiaojia area. However, the nearly 1,400 a long-time elapsed time is close to the average recurrence interval of large earthquakes on the Qiaojia Segment. Therefore, the seismic hazard of the Qiaojia area should be considered in the future.
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sQ3 Medium-fine sand 0.1 6+3 2.82 +0.08 502 +0.16 1.78 + 0.07
SQ4 Medium-fine sand 035 8+4 3.20 +0.10 565 + 0.26 1.77 £ 0.10
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