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Abstract: The upper reaches of the Minjiang River are located in the eastern margin of the Tibetan 

Plateau, where active faults are well developed and earthquakes frequently occur. Anomalous climate 

change and the extremely complex geomechanical properties of rock and soil have resulted in 

considerable geohazards. Based on the analysis of remote sensing interpretations, geological field surveys, 

geophysical prospecting and geological dating results, this paper discusses the developmental 

characteristics of the Gamisi ancient landslide in Songpan County, Sichuan Province, and investigates its 

geological age and formation mechanism. This study finds that the Gamisi ancient landslide is located in 

the periglacial region of the Minshan Mountain and formed approximately 25 ka BP. The landslide 

initiation zone has a collapse and slide zone of approximately 22.65×10
6
–31.7×10

6
 m

3
 and shows a 

maximum sliding distance of approximately 1.42 km, with an elevation difference of approximately 310 

m between the back wall of the landslide and the leading edge of the accumulation area. The landslide 

movement was characterized by a high speed and long runout. During the sliding process, the landslide 

body eroded and dammed the ancient Minjiang River valley. The ancient river channel was buried 30-60 

m below the surface of the landslide accumulation area. Geophysical prospecting and drilling 

observations revealed that the ancient riverbed was approximately 80-100 m thick. After the dam broke, 

the Minjiang River was diverted to the current channel at the leading edge of the landslide. The Gamisi 

ancient landslide was greatly affected by the regional crustal uplift, topography, geomorphology and 

paleoclimatic change. The combined action of periglacial karstification and climate change caused the 

limestone at the rear edge of the landslide to fracture, thus providing a lithological foundation for 

landslide occurrence. Intense tectonic activity along the Minjiang Fault, which runs through the middle 

and trailing parts of the Gamisi ancient landslide, may have been the main factor inducing landsliding. 

Studying the Gamisi ancient landslide is of great significance for investigating the regional response to 

paleoclimatic change and geomorphologic evolution of the Minjiang Fault since the late Pleistocene and 

for disaster prevention and mitigation. 
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1. Introduction 

The upper reaches of the Minjiang River are located in the eastern margin of the Tibetan Plateau, China, with 

complicated topographic, geomorphologic and tectonic conditions. Since the late Cenozoic, sharp uplift of the 

Tibetan Plateau has resulted in intense tectonic activity, deeply incised valleys, large regional active faults, i.e., the 

Minjiang Fault and Xueshan Fault, and strong historical earthquakes (Shen et al., 2009; Kirby et al., 2000). The 

Minjiang Fault consists of several fault segments with north-south trends (Qian Hong et al., 1995; Zhou Rongjun et 

al., 2000; Si Jiantao and Liu Shun, 2008), restricting the evolution of the Minjiang River and the Minshan Block 

(Zhao Xiaolin et al., 1994; Burchfiel et al., 1995, 2008; Tang Wenqing et al., 2004; Zhang et al., 2010; Li Feng et al., 

2018). Under the coupled effects of tectonic activity, earthquakes, heavy rainfall and human engineering activities, 

the upper reaches of the Minjiang River have developed numerous geological hazards, such as collapses, landslides 

and debris flows (Chen et al., 1994; Yan et al., 1998; Wang Lansheng et al., 2000, 2007; Guo Jian et al., 2013; Guo 

Changbao et al., 2017; Wu et al., 2018), which give rise to river blocking, dam breaking and other extreme 

geological events (Chai Hejun and Liu Hanchao, 2002), i.e., the Koushan landslide and Honghuayuan landslide (Yan 

Echuan et al., 1998; Jiang Liangwen et al., 2002; Wang Yunsheng et al., 2007). The occurrences of large ancient 

landslides have significantly influenced the topography, geomorphology, Quaternary geology, and local climate and 

have drawn attention from geologists worldwide. 

During our surveys of the engineering geology and geological hazards, we discovered a very large ancient 

landslide on the west bank of the Minjiang River near the Gamisi Temple (Fig. 1, Fig. 2); we named this landslide 

the Gamisi ancient landslide. Developed in the limestone stratum of the middle and upper Carboniferous Xigou 

Formation (C2-3xg), the Gamisi ancient landslide has a maximum horizontal sliding distance of 1.42 km, a span in 

elevation of 310 m, a landslide area of approximately 1.29×10
6
 m

2
 and a volume of approximately 30×10

6
 m

3
, 

constituting a considerably large landslide that moved a long distance a long time ago. In terms of geological history, 

the Gamisi ancient landslide dammed and diverted the Minjiang River. The development process of such landslides 

was subject to fault activity, ancient earthquakes, paleoclimate and many other factors. This paper analyzes the 

developmental characteristics and formation mechanism of the Gamisi ancient landslide based on remote sensing 

interpretation, field surveys, geophysical prospecting, drilling data, and geological dating results. Studying such 

ancient landslides is of great significance for investigating similar formation mechanisms of large to giant geological 

hazards in this area and exploring the tectonic evolution, fault activity, topography, geomorphology, and climate 

change of the Tibetan Plateau. 

 

2. Geological Background 

 

The Gamisi ancient landslide is located in the slope zone between Anbei village and Gamisi Temple in Shuijing 

town, Songpan County, Sichuan Province (Fig. 1, Fig. 2). The Gamisi ancient landslide lies in the transition zone 

between the Tibetan Plateau and the Sichuan Basin, characterized by high topographic relief and complicated 

geological structures. The Minjiang River passes through the front of the eastern accumulation area of the Gamisi 

landslide, and the landslide has a long tongue-like shape in plane view (Fig. 2, Fig. 3). 
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Fig. 1 Regional tectonic map of the Gamisi ancient landslide 
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Fig. 2 Remote sensing image of the Gamisi ancient landslide 

 

 

Fig. 3 Characteristics of the Gamisi ancient landslide development: a panoramic photograph (lens to the southwest), b 

characteristics of the main scarp (lens to the northwest), and c characteristics of the leading edge and accumulation area (lens to 

the east) 

 

2.1 Geological structures 

The Minjiang Fault runs across the middle of the Gamisi ancient landslide (Fig. 2, Fig. 4). The Minjiang Fault is a 

large regional active fault that forms the western boundary of the Minshan Block. The fault trends approximately 

north-south and stretches from north of Gonggaling (northern extent) to north of Maoxian County (southern extent), 

with a total length of approximately 170 km. The Minjiang Fault is roughly divided by Chuanzhusi and Jiaochang 

into three sections, i.e., the northern section, middle section, and southern section (Chen et al., 1994; Burchfiel et al., 

1995; Zhou Rongjun et al., 2000). The northern section of the Minjiang Fault, where the Gamisi ancient landslide is 

located, extends with a trend of NE 15–20° and inclination of 60°–70°. The Minjiang Fault Zone is controlled by the 

regional west-northwest principal compressive stress field and has manifested itself as an obvious nappe over thrust 

with sinisterly slip components since Quaternary (Li Feng et al., 2018) due to the intense uplift of the Minshan Block 

(Tang Wenqing et al., 2004; Kirby et al., 2000). To determine the accurate position of the Minjiang Fault, we carried 

out a geophysical prospecting profile parallel to the sliding direction of the Gamisi ancient landslide using a 

high-density electrical method (Fig. 4). The geophysical prospecting results indicate that several secondary faults 

have been developed in the middle of the landslide area (Fig. 5). Specifically, the principal segment is located at the 

intersection between the landslide accumulation area and the sliding area. The bedrock in the segment with lower 
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marker numbers generally has high resistivity, while the segment with higher numbers has low resistivity. The 

resistivity changes abruptly, and the contour lines are discontinuous around marker 1225, so it is inferred that marker 

1225 is close to the position where the fault runs through the profile. On the basis of the inversion results, it is 

inferred that the section trends northwest with an inclination of approximately 70–75° and that the fault zone has a 

width of approximately 120–150 m. According to geophysical prospecting data, there is also a 2.5–43-m thick 

unstable electric layer with alternating high and low resistivity; this layer is inferred to be a landslide deposit layer. 

Low resistivities correspond to sections with diverse soil types, while high resistivities on the landslide surface 

correspond to sections containing large fragmented rock blocks. 

 

Fig. 4 Planar map of the Gamisi ancient landslide 

 

According to the inversion results obtained with the high-density electrical method, the profile section from 

markers 1335 to 1675 has an anomalously low resistivity compared to ambient mediums. The resistivity in this 

section is generally 210–570 Ω·m, while ambient mediums usually have a resistivity of 800–1,900 Ω·m. This low 

resistivity is quite similar to that of the ancient river channel, so it is inferred that this segment is the position of the 

ancient channel of the Minjiang River and that it partially consists of a paleokarsted limestone rock mass. This 

ancient channel of the Minjiang River is buried deep under the landslide deposits, while the current channel passes 

through the junction between the leading edge of the landslide deposits and the slope, indicating that the river has 

been strongly influenced by the ancient landslide (Fig. 5a). 

 

 
This article is protected by copyright. All rights reserved. 



6 

 

Fig. 5 Longitudinal profile of the Gamisi ancient landslide: a engineering-geological profile, and b geophysical prospecting 

interpretation 

 

2.2 Strata and lithology 

The exposed strata in the landslide area are mainly middle and upper Carboniferous light gray and purplish-red 

moderately to thickly bedded limestones of the Xigou Formation (C2-3xg) and Quaternary alluvium, outwash, 

residual sediments, mud-containing silty slate and metamorphic quartz sandstone of the lower and middle Triassic 

Heisi Group (T1-2hs) exposed locally at the top of the mountain. 

 

3. Developmental Characteristics of the Gamisi Ancient Landslide 

 

According to the geological survey, the main scarp of the Gamisi ancient landslide has a vertex elevation (Hmax) 

of approximately 3,520 m, and the leading edge of the accumulation area has an elevation (Hmin) of approximately 

3,210 m, with an elevation difference (H) of 310 m. The gravity center of the sliding mass is roughly located at an 

elevation of 3,450 m and lies approximately 240 m (△H) above the bottom of the landslide deposits. National 

highway G213 passes through the leading edge of the landslide accumulation body (Fig. 2, Fig. 3), and the initiation 

zone is mainly located in the limestone stratum of the Xigou Formation. The main sliding direction is 130°. The 

horizontal distance (L) between the main scarp and the leading point of landslide deposits is 1,420 m, that is, 
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△H/L=0.17. According to international study results, the equivalent coefficient of friction (△H/L) is adopted as the 

criterion to determine whether a landslide has the characteristics of high speed and long runout. That is, when a 

landslide’s △H/L is less than 0.6, it is classified as a long-runout landslide (Hsu, 1975; Nicoletti, 1991); generally, 

the △H/L of a high-speed and long-runout landslide is less than 0.33 (Zhang Ming et al., 2010; Zhang et al., 2013; 

Guo et al., 2016; Wu Ruian et al., 2018; Wang et al., 2018). Therefore, the Gamisi ancient landslide has the 

geomorphological characteristics of high-speed and long-runout landslides. According to geological field surveys 

and engineering-geological mapping, the Gamisi ancient landslide can be divided into three zones: rear initiation 

zone (I) main sliding area (II) and front accumulation area (III) (Fig. 4, Fig. 5). The developmental characteristics of 

these different sections are discussed below. 

 

3.1 Characteristics of the landslide initiation zone 

The initiation zone (I) is located on the northwest side of the Gamisi ancient landslide and currently has the shape 

of a round-backed armchair (Fig. 3a, Fig. 4); it is arc-shaped in plane view and has an axial length of approximately 

720 m, a transverse width of approximately 580–860 m and an elevation of 3,310–3,510 m. The rear edge of the 

landslide forms a steep wall with a gradient greater than 70°. Below the steep wall, there is a slope zone with a 

gradient of 25–40°. The rear edge of the steep wall mainly shows the Xigou Formation (C2-3xg) limestone 

outcropping with bedding of 255°∠32°. Joints are extremely well developed here, and the joint density is 50–70 

joints/m. The limestone in the back wall of the landslide has experienced karstification, exhibiting numerous 

dissolution pores and dissolution cracks. Combined with heavy weathering relaxation, these defects resulted in 

fragmented rock mass (Fig. 6). A 0.5–1.0-m thick layer of noncemented or weakly cemented colluvium accumulated 

in the slope zone below the steep wall. This colluvium has a particle size of 2–5 cm, and there are several fallen 

boulders 2–5 m in diameter within the colluvial clay. 
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Fig. 6 Geomorphology and lithological characteristics at the rear edge of the Gamisi ancient landslide: a geomorphology and karst 

characteristics (lens to the west), b karstic cave characteristics (lens to the west), c geomorphology and characteristics of rock 

mass development (lens to the north), and d limestone joints and karst in the Nigu Temple area 

 

As indicated by the geophysical prospecting results, the landslide surface can be characterized as an unstable 

electric layer with alternating high and low resistivities (Fig. 5b). The low-resistivity section has a resistance of 230–

420 Ω·m, while the high-resistivity section has a resistance of 1,000–7,500 Ω·m. The topography is steep near 

marker 975 in the geophysical prospecting profile, and the thickness of the Quaternary gravelly soil tends to decrease 

rapidly toward the segments with lower marker numbers, so it is inferred that marker 975 is close to the rear edge of 

the landslide. 

At the northwest of the landslide initiation zone, there is a relatively flat and broad platform at an elevation of 

approximately 3,455 m. This is currently the site of Nun Temple and has exposures of mainly metamorphic quartz 

sandstone and mud-containing silty slate. The metamorphic quartz sandstone has an occurrence of 335°∠30°, a 

thickness of 3–15 cm and a relatively compact structure. The metamorphic quartz sandstone also has two dominant 

sets of joints and other widely distributed structures typical of fragmented rock masses. The mud-containing silty 

slate is 1–3 cm thick and has a high hardness. However, the existence of mud intercalation has resulted in the low 

strength of the mud-containing silty slate. Overall, the rock masses in the landslide source region are fragmented and 

have low mechanical strengths. 

The geomorphology of the ancient landslide, as inferred from the topography on both sides of the landslide 

initiation zone, indicates that landslide initiation caused the slope and ancient ridges on both sides of this area to slide 

as a single body (Fig. 5a). Thus, it is inferred that the highest point of the sliding rock mass was initially located 

within the range of 3,570–3,575 m and that its distribution area is approximately 45.3×10
4 
m

2
. This study restores the 

topography and geomorphology before sliding on the basis of the developmental characteristics of the slope ridges 

on both sides of the landslide and infers that the collapsed limestone has an average thickness of 50–70 m. Therefore, 

the volume of the fragmented rock mass is calculated to be 22.65×10
6
–31.7×10

6
 m

3
. 

 

3.2 Characteristics of the main sliding zone 

Since the Gamisi ancient landslide event, the sliding body has undergone weathering, slope denudation, rainfall, 

and aggradation from the accumulation zone in the rear part of the landslide. Thus, the strata in the main sliding zone 

(II) did not retain their integrity. There is abundant brecciation and calcite cementation in this zone, which has a 

lithology dominated by limestone gravel. According to inferences regarding the sliding process, the sliding zone of 

the Gamisi ancient landslide partially overlaps the initiation zone and the accumulation zone in plane view (Fig. 5a). 

The sliding zone of the landslide can be divided into sliding zone 1 (II-1) and sliding zone 2 (II-2) on the basis of the 

differences in elevation and their spatial relationships with other categorized zones. 

Sliding zone 1 (II-1) is distributed between elevations of 3,310 m and 3,250 m. This segment overlaps with the 

landslide formation zone, is relatively flat on the foothill side, and forms a gentle slope platform with a gradient of 

5–10° in the sliding direction. Sliding zone 1 (II-1) can be further divided into three accumulation platforms, which 

formed after the colluvium was transported from the landslide source zone, accumulated and then eroded by surface 

water flows. Sliding zone 2 (II-2) mainly intersects the landslide accumulation zone. This zone has significant terrain 

relief and contains rock masses comprised of limestone breccia with fragments 2–10 cm in size cemented by calcite 

on all sides. The associative strength of these rock masses is low, and their surfaces are brownish red. Remote 

sensing interpretation and geophysical prospecting indicate that there is a secondary fault of the Minjiang Fault Zone 

passing through this zone, forming a northeast-trending fault groove (Fig. 7). Approximately 100–300 m
3
 limestone 

blocks have not completely fragmented or collapsed on the surface of the sliding zone; these are rock masses that 
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collapsed and slid after the landslide. Sliding zone 2 (II-2) has an area of 6×10
4 

m
2
, and the thicknesses of the 

deposits are generally 5–8 m. The volume of the landslide deposits in sliding zone 2 is approximately 0.30×10
6
–

0.48×10
6
 m

3
. 

 

Fig. 7 Characteristics of the sliding zone at the middle part of the Gamisi ancient landslide: a fault characteristics (lens to the 

north-northeast) and b fault characteristics (lens to the south-southeast) 
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Fig. 8 Geomorphological characteristics in the accumulation zone of the Gamisi ancient landslide: a hollow (lens to the 

northwest), b residual crushed rock deposit, c fragmented boulders and accumulation, and d the current river channel of the 

Minjiang River at the landslide front 

 

3.3 Characteristics of the landslide accumulation zone 

For the whole Gamisi ancient landslide, the accumulation zone (III) partially intersects with some parts of the 

sliding zone. During the high-speed and long-runout process, the leading edge of the accumulation zone reached the 

hillside on the southeast side, and part of the sliding mass rushed up the opposite bank slope under the action of 

high-speed kinetic energy. The current accumulation zone is approximately 1,038 m wide and 1100 m long, and the 

area is approximately 70×10
4 
m

2
. According to the outcrop at the front of the accumulation zone, due to cutting along 

national road G213, the calcite cementation can be observed around the limestone breccia with a particle size of 2–10 

cm. The breccia exhibits high degrees of separation and accounts for approximately 80% of the rock mass. The calcic 

layer accumulated on the surface has a high strength. The breccia has a relatively low associative strength and 

experienced local disintegration failure. At the leading edge, on the right boundary of the landslide, a loess layer 2–3 

m thick covers the gravelly soil. The main channel of the Minjiang River turns at this location due to squeezing by 

the leading edge of the landslide, forming a narrow valley. 

The field survey and remote sensing interpretation indicate that the accumulation zone of the landslide can be 

divided into three parts: accumulation zone 1 (III-1), accumulation zone 2 (III-2), and accumulation zone 3 (III-3). 

Among them, accumulation zone 2 (III-2) constitutes the primary accumulation zone of the Gamisi ancient landslide. 

Accumulation zone 1 (III-1) and accumulation zone 3 (III-3) were seriously eroded after forming, and the current 

volumes of these parts of the accumulation body are considerably less than the original volumes. 

Two engineering-geological boreholes, ZK1 and ZK2 were drilled on the basis of geophysical prospecting and to 

verify the thickness of the landslide deposits (Fig. 4, Fig. 5). The stratum conditions revealed by the boreholes (Fig. 9) 

indicate that the landslide deposits have a thickness of 57.6 m in borehole ZK1, and the elevation of the terrace top is 

3,179.57 m; the landslide deposit has a thickness of 34.2 m in borehole ZK2, and the elevation of the terraces is 

3,193.8 m. Comparative analysis indicates that the accumulation body covers a river terrace, proving that the 

overlying accumulation layer was formed by the landslide event. This result also reflects the geometrical 

characteristics of the sliding mass in the accumulation zone, that is, a thin leading part and thick middle and rear 

parts, which are most consistent with the near-surface scaling characteristics of the sliding mass that moved over a 

long distance. As accumulation zone 2 (III-2) has an average thickness of 40–50 m and an area of 28.4×10
4 
m

2
, its 

volume is calculated to be approximately 11.36×10
6
–14.2×10

6
 m

3
. 
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Fig. 9 Bore histogram and core photos of the Gamisi ancient landslide 

 

Accumulation zone 1 (III-1) is located in the northern accumulation area, forms a slope (low in the north and high 

in the south) and occupies an area of 20.9×10
4 
m

2
. Based on geophysical prospecting, drilling data and the ground 

elevation in this zone, it is inferred that accumulation zone 1 (III-1) has an average sliding mass thickness of 25–30 

m and a volume of approximately 5.22×10
6
–6.20×10

6
 m

3
. Accumulation zone 3 (III-3) is located in the southern 

accumulation area, also forms a slope (high in the north and low in the south) and occupies an area of 20.5×10
4 
m

2
. It 

is inferred that accumulation zone 3 (III-3) has an average sliding mass thickness of 28–32 m and a volume of 

approximately 5.7×10
6
–6.6×10

6
 m

3
. 

As the abovementioned analysis shows, the landslide volume currently retained in the accumulation zone is 
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approximately 22.58×10
6
–27.48×10

6
 m

3
. The volume of the accumulation is essentially equal to or slightly lower 

than the volume of the fragmented rock mass calculated from the collapse zone (22.65×10
6
–31.7×10

6
 m

3
). During 

formation and sliding, a high-speed and long-runout landslide has scaling and erosive effects on the rock and soil of 

the original slope (Hungr, 2001), so the accumulated volume of a high-speed and long-runout landslide is usually at 

least twice the volume of the corresponding collapse zone. The Gamisi ancient landslide studied in this paper is 

subject to erosion and is blocked by the mountain body at the leading edge of the accumulation zone, and its scaled 

and eroded volume is slightly lower than that of similar landslides probably because when the Gamisi landslide was 

formed, the sliding mass in the dammed part of the Minjiang River was eroded and washed away. The original 

volume of the landslide is therefore inferred to be approximately 30×10
6
 m

3
. 

 

4. Analysis of the Geological Age of the Gamisi Ancient Landslide 

 

On the basis of field surveys, geophysical prospecting interpretation, drilling data, and regional topography and 

geomorphology analyses, we believe that the ancient Minjiang River channel of the Minjiang River lies 30–50 m 

below the current surface between geophysical prospecting markers 1300 and 1600, and the two abovementioned 

boreholes reveal the pebble layer and gravel layer (approximately 40 m thick) of the ancient channel of the Minjiang 

River. By combining these findings with the geophysical prospecting results, we infer that the ancient Minjiang 

River channel currently extends to a maximum thickness of 80–100 m. To determine the geological age of the 

Gamisi ancient landslide, we test the sand layer at critical depths within the boreholes for geological analysis, 

obtaining an OSL (optically stimulated luminescence) age of 25.32±2.67–30.67±4.36 ka for the mixed sand and 

pebble layer at a depth of 62.9–71.9 m (Table 1). 

Table 1 Results of OSL geodating of samples from the Gamisi landslide trench and boreholes 

Laboratory no. Field no. Sample position Sample characteristics 
Environmental dose 

(Gy/ka) 

Equivalent dose 

(Gy) 

Age (ka) 

16-OSL-406* TC-4 Gamisi trench (burial depth 1.10 m) Silt 3.56 41.01±2.90 11.51±1.41 

16-OSL-407* TC-10 Gamisi trench (burial depth 2.70 m) Silt 3.42 83.06±7.74 24.28±3.32 

2016-02-24** ZK1-1 Gamisi borehole (burial depth 62.9-63.1 m) Sand mixed with pebbles 1.139 34.88±4.79 30.67±4.36 

2016-02-26** ZK1-4 Gamisi borehole (burial depth 71.9-72.1 m) Sand mixed with pebbles 1.108 28.06±2.75 25.32±2.67 

Note: * OSL tests conducted by the Institute of Crustal Dynamics, China Earthquake Administration; ** OSL tests conducted by the Key Laboratory of 

Neotectonic Movement and Geohazard, Ministry of Natural Resources. 

 

 

By excavating exploratory trenches in the middle of the landslide accumulation zone (see the corresponding 

positions in Fig. 5a), we find that a medium- to fine-grained sand layer (Fig. 10) developed above the landslide 

accumulation body. OSL dating of samples from this layer gives a geological age of sample TC-S10 of 24.28±3.32 

ka (Table 1). From the geological ages of the upper and lower sand layer (OSL sample TC-S10) and pebble layer 

(OSL sample ZK1-S4) within the landslide accumulation body (Table 1), we believe that the landslide formed 

between 24.28±3.32 ka and 25.32±2.67 ka, that is, approximately 25 ka BP. 
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Fig. 10 Trench profile of the Gamisi ancient landslide: 1 cultivated soil, 2 silty fine sand, 3 clay and clay-containing mucky soil, 4 

silty clay with fine sand, 5 crushed rock from collapsed deposits, and 6 accumulation body of the ancient landslide 

 

5. Discussion on the Formation Mechanism of the Gamisi Ancient Landslide 

 

5.1 Weakening of the mechanical properties of the rock mass by karstification in a periglacial region, 

providing a lithological foundation for landslide formation 

Karstification is responsible for the widening of joints in rock (Tsui and Cruden, 1984; Guerrero and Gutiérrez, 

2017). From the mid-Pleistocene to the Holocene, four episodes of glacial activity occurred in the Minshan Mountain 

region: the Dagu, Lushan, Dali and late Quaternary. These episodes of glacial activity display a clear successive 

recession in the Minshan Mountain region, but they imparted the glacial–periglacial karstic geomorphology seen 

today in the carbonate rocks above 3,700 m (Zhou Xuguan, 2013). The periglacial karst of the Minshan Mountain 

region is restricted by the uplift and subsidence of the crust and temperature changes in the glacial and interglacial 

periods, and karstification is clearly observed in the periglacial region. The main exogenic geological process is 

strong freeze-thaw action, from which repeated daily, monthly and annual changes in temperature have resulted in 

intense freeze expansion and dissolution shrinkage due to surface water and groundwater in the rock mass. 

Consequently, fine fissures, bedding plane fissures, tectonic fissures, fault fracture zones and even cave-wall 

ruptures form rock shelter-type caves and other karstic structures in the steep walls in the rock mass mainly because 

the physical weathering and glacial erosion of this rock is considerably stronger than its dissolution under very cold 

climate conditions. The physical weathering caused the limestone rock mass to weather to a considerable depth and 

resulted in local massive spalling and collapse. 

The periglacial karst in the Minshan Mountain region is one type of karstic geology formed in carbonate rocks 

through dissolution, freeze-thawing, and the combination of these processes in the periglacial environment below the 

snow line. This rock has a dual structure consisting of a carbonate karst matrix and periglacial cuttings and debris 

from glacial and interglacial periods. Karstification is probably the most significant factor contributing to the reduced 

mechanical strength of this rock mass (Viero et al., 2013; Guerrero and Gutiérrez, 2017). The limestone of the 

Carboniferous Xigou Formation (C2-3xg), which is exposed at the rear edge of the Gamisi ancient landslide, exhibits 

clear dissolution textures, relatively strong vertical joints and transverse fissures. Exposed limestone caves can also 

be observed in some sections (Fig. 6a, 6b). The landslide deposits also show the phenomena of dissolution and 

calcification (Fig. 11). Due to the karst water dissolution, the rock mass formed highly developed joints and other 

planar structures, and became significantly weakened mechanically. According to field surveys, these dissolution 

phenomena essentially weakened the mechanical strength of the rock mass, providing a lithological foundation for 
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slope instability, causing slope instability under the combined action of earthquakes, fault activity, avalanches and 

other external forces, thus resulting in the large-scale landslide. 

 

Fig. 11 Calcification characteristics in the main sliding area of the Gamisi ancient landslide 

 

5.2 Activity of the Gamisi segment of the Minjiang Fault and analysis of its relation to the formation of the 

ancient landslide 

Fault movement patterns and seismic activity greatly influence slope stability in tectonically active mountains 

(Chen Shefa et al., 1994; Guo et al., 2015; Du Guoliang et al., 2017; Chen Xiaoli and Liu Chunguo, 2017). 

Strike-slip faults have a significant influence on slope stability, and both stress heterogeneities and stress 

concentrations are key factors in slope stability (Martel, 2004; Guo et al., 2015). 

The Minjiang Fault Zone was active in the Holocene and developed at the leading edge of the thrust-nappe 

tectonic belt of the Minjiang River (Wang Eechie and Meng Qingren, 2009; Kirby et al., 2000; Wang et al., 2011). 

This fault is characterized by segmented activity and feathery faulting. As described above, the Gamisi area is 

located in the northern section of the Minjiang Fault. The Minjiang Fault trends NE 10–15° in the 

Gonggaling-Gamisi segment, extending along the western boundary of the Gonggaling Basin (approximately 20 km 

long) and controls accumulation in the Gonggaling Basin. The Gamisi-Chuanpan segment trends NE 30–40°. As a 

newly active 7 km-long tectonic uplift area, this segment separates the Gonggaling Basin and the Zhangla Basin. The 

10 km-long Chuanpan-Chuanzhusi segment trends NE 10–15° along the western boundary of the Zhangla Basin and 

controls the accumulation (Densmore et al., 2005). Currently, the predominant direction of the principal compressive 

stress of the Minshan Block is west-northwest. The P-axis is approximately horizontal, while the T-axis is nearly 

vertical (Cheng Erlin, 1981). Zhou et al. (2000) deemed that, near the town of Shanba, a secondary fault of the 

Minjiang Fault Zone offsets the sandy gravel layer of the level-IV terrace of the Minjiang River (TL 

(thermoluminescence) age: 134.8±10.2 ka BP), showing obvious compressive characteristics; additionally, the 

average rate of vertical displacement of the Minjiang Fault Zone has been 0.37–0.53 mm/a during the late Quaternary, 

and the sinistral displacement has been roughly the same as the vertical displacement. 

According to historical data, since the Ms 5.7 Songpan earthquake in 638 AD, a total of seven strong earthquakes 

occurred along the northern section of the Minjiang Fault, and a magnitude ~7–8 earthquake occurred along the 

Minjiang Fault Zone in 1879 (Burchfiel, 2008). A northeast-trending tensional earthquake fissure zone 400–500 m 

long has emerged on the eastern side of the fault, indicating that the fault was active in the Holocene and that the 

strongest activity occurred along the middle segment. The H2 landslide on the northern side of the Gamisi ancient 

landslide is also characterized by a high position (Fig. 2) and has dammed a tributary of the Minjiang River. 

According to the ZK3 drilling data, this tributary has accumulated a lacustrine facies stratum nearly 100 m thick 

(Zhang Yueqiao et al., 2012). In the Qiming zone, the Minjiang Fault Zone passes through the level-II river terrace 
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surface of the Minjiang River and forms 2–3 nearly parallel fault scarps of different heights. The upper part of the 

level-II river terrace surface has a TL age of 27±2.1 ka BP (Zhou Rongjun et al., 2000). Therefore, the Minjiang 

Fault has a history of strong seismic activity and experienced significant seismic activity at approximately 27 ka BP. 

That is, the geological age of fault activity is similar to that of the Gamisi ancient landslide (ca. 25 ka BP) 

investigated in this paper, and the strong earthquakes induced by the activity of the northern section of the Minjiang 

Fault constitute one of the main factors controlling the formation of the Gamisi ancient landslide. 

 

5.3 Avalanches and high-speed landslides induced by climate change 

In addition to the four mountain glaciers, the Minshan Mountain also underwent four interglacial periods: the 

Poyang-Dagu period, Dagu-Lushan period, Lushan-Dali period and Dali-late Quaternary period. In interglacial 

periods, the Minshan Mountain region experienced an increase in the air temperature and the snow line, the recession 

of glaciers, the enhancement of glaciofluvial activity, and the migration of the periglacial region to higher altitudes. 

The periglacial region featuring carbonate rocks in the Minshan Mountain region was formed after the glacial 

recession in the late Quaternary. The ca. 25 ka BP age for the formation of the Gamisi ancient landslide at the eastern 

edge of the Qinghai-Tibet Plateau coincides with the timing of the conclusion of the interglacial epoch (60–30 ka BP) 

in the last glacial period. Wang et al. (2006) claimed that western China experienced rapid crustal uplift, glacial 

ablation, river incision and erosion during approximately 40–25 ka BP, causing a strong late Pleistocene erosion 

event in the western valley. Zhu et al. (2014) argued that the climate was cold during the process of terrace formation 

at approximately 35–20 ka BP on the basis of a sporopollen analysis and carbon and oxygen isotope analysis of 

terrace deposits in the Zhangla basin. Thus, during the formation of the Gamisi ancient landslide at approximately 25 

ka BP, the landslide area was in the concluding stage of the last interglacial period, and there was a relatively high 

possibility that climatic change would induce glacial activity and, further, initiate avalanches and high-speed 

landslides. 

In addition, the principal material of the sliding mass is sharp angular limestone conglomerate that lacks rounding 

or local secondary rounding (Fig. 12). The maximum length of the landslide accumulation body from the rear edge of 

the landslide is approximately 1.5 km, so the transportation distance was very short, explaining the absence of 

significant rounding. This condition is significantly different from that of the glacial till or fluvioglacial deposits that 

formed in geological history. 

 

Fig. 12 Characteristics of the limestone accumulation body in the middle zone of the Gamisi ancient landslide 

 

6. Conclusions 

Taking the Gamisi landslide discovered in the upper reaches of the Minjiang River, western Sichuan, as an 
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example, this paper uses the interpretation of remote sensing data, field geological surveys and geological dating to 

investigate the development, distribution characteristics, and formation mechanism of a high-speed, long-runout 

landslide. The following conclusions are obtained: 

(1) The Gamisi ancient landslide is located in the slope zone between Anbei village and Gamisi Temple on the 

west bank of the Minjiang River in western Sichuan. This landslide body exhibits a maximum sliding distance of 

1.42 km, spans an elevation of 310 m, covers an area of approximately 1.29×10
6
 m

2
 and has a volume of 

approximately 30×10
6
 m

3
; these dimensions characterize a low-angle, high-speed, long-runout landslide. 

(2) The landslide source region at its rear edge consists mainly of Carboniferous Xigou Formation limestone, is 

located in the periglacial karstic zone of the Minshan Mountains, and has been influenced on a long-term basis by 

dissolution, freeze-thawing, and other factors. Joints, rock shelter-type caves and other typical karst forms are 

extensively developed in the limestone, providing the landslide source region with a lithological foundation for 

landslide occurrence. 

(3) The leading edge of the Gamisi ancient landslide blocked the Minjiang River and forced the ancient river 

channel to move eastward after late-stage dam breaking. According to the results of the geophysical prospecting and 

drilling, the lower part of the landslide accumulation zone overlies the ancient channel of the Minjiang River. Based 

on the OSL dating data of sand bodies sampled from boreholes and the sand layer in a geological trench in the 

landslide accumulation zone, it is believed that the Gamisi ancient landslide formed at approximately 25 ka BP. 

(4) The geological structures in the initiation zone of the Gamisi ancient landslide are complicated. The Minjiang 

Fault runs across the middle and western parts of the landslide and is nearly vertical to the sliding direction. The 

Minjiang Fault has been very active since the late Pleistocene. The strong earthquakes induced by fault activity may 

be one of the main potential triggering factors for high-speed, long-runout movement. 

(5) Since 25 ka BP, glacial and interglacial activity has been significant in the upper reaches of the Minjiang River 

in western Sichuan, and there have also been many river-damming events. A better understanding of the formation of 

the Gamisi ancient landslide and its relationship with the uplift of Minshan Mountain, climate change in the region, 

and periglacial karstification in the eastern margin of the Tibetan Plateau is required. The findings in this paper are 

also of great significance for not only investigating the formation mechanism of large to giant ancient high-speed, 

long-runout landslides in this area and but also providing a scientific basis for geological hazard prevention and 

mitigation. 
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