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This paper investigates the controlling factors of the evolution of debris flows along the Jinjiang River, which is located in an active orogen. The debris flows along the Jinjiang River are threatening nomads and pastures, as well as the power station on the river and its workers. Remote sensing images, geological maps, and field investigations were conducted to determine the distribution of the lithologies, faults, and debris flows. A total of 82.2 km of riverbank and 108 debris flows, including 22 huge flows, were investigated. The results indicate that the distribution of the huge debris flows is primarily controlled by either faults or boundaries between the sedimentary rocks and basalt. Both the faults and the stratigraphic boundaries play crucial roles in the evolution of the huge debris flows along the river. The fractured zone of faults and stratigraphic boundaries provides loose resource materials for the debris flows and is a weak strip prone to incision to become a debris flow valley. However, the lithology has relatively less impact on the evolution of the huge debris flows.
Keywords: faults, sedimentary rock, basalt, huge debris flow, active orogen
1 INTRODUCTION
A debris flow is a mixture of water and particles driven down a slope by gravity. Factors influencing the evolution and distribution of debris flow are of great importance for its forecasting, early warning, prevention, and hazard assessment. Previous studies have indicated that abundant water and an adequate debris supply, land use, disturbed landscape, wildfire, geology, topography, bedrock strength, meteorology, and human economic activities have great effects on the evolution of debris flow (e.g., Lorente et al., 2002; Wieczorek et al., 2004; Larsen et al., 2006; Picarelli et al., 2008; Wei et al., 2008; Klubertanz et al., 2009; Riley et al., 2013; Wei et al., 2017; Li et al., 2021; Xiong, 2023).
The Pamir and Tibetan Plateaus are in the active Himalayan–Tibetan orogen in central Asia (Yuan et al., 2013). They were formed due to the collision between the Indian Plate and Eurasia since the early Cenozoic (Ding et al., 2016; Hu et al., 2017). Debris flow is one of the main geohazards in this area (Alford et al., 2000; Shroder et al., 2011; Khan, 2013; Zhang et al., 2014; Deng et al., 2017; Huang et al., 2017; Li et al., 2018; Mohanty et al., 2018; Wei et al., 2018; Yuan et al., 2018; Lin et al., 2023; Zhang T.T et al., 2023), where there are Alpine landscape, active faults, and strongly metamorphosed rocks, glaciers, and extreme weather (Brookfield, 2008; Fuchs and Gloaguen, 2013; Schoenbohm et al., 2014; Owczarek et al., 2017). Debris flow is threatening local people’s lives and properties. However, due to the tough natural and, sometimes, social and economic environments, research on the debris flows in the Pamir and Tibetan Plateaus is limited compared to those in other mountainous areas such as the Alps (Hurlimann et al., 2003; Pirulli and Marco, 2010; Toreti et al., 2013; Nikolopoulos et al., 2015; Dietrich and Krautblatter, 2017; Lei et al., 2022; Du et al., 2023; Zhang M.Z et al., 2023).
In this study, we select the Jinjiang River in Wuqia, Xinjiang Uygur Autonomous Region, China (Figure 1), as a pilot case study to investigate the factors that control the evolution of debris flows along the river, which is very important for remote areas where debris flow research is limited. The conclusions can guide debris flow monitoring and early warning and local pasture planning and construction. The Jinjiang River is located in northern Pamir Plateau, and it is dominated by active faults, tectonic movements, and high-density debris flows and contains multiple lithologies such as volcanic, sedimentary, and metamorphic rocks. It provides an excellent benchmark for studying the factors controlling the distribution of debris flow in an active orogen.
[image: Figure 1]FIGURE 1 | Location map of the study area.
2 GEOLOGICAL SETTING
The Jinjiang River is located near the boundary between Kyrgyzstan and China and is the merger of the Suyueke River and Tulugart River, which originate from the west Tienshan range and merge together at Tuoyun town (Figure 1; Figure 2). The river is situated in the Tienshan Orogen, which extends roughly in the EW direction and has been uplifting since the collision between the Indian Plate and Eurasia Plate.
[image: Figure 2]FIGURE 2 | Tectonic background of the study area. The figure was drawn based on a 1: 5,000,000 geological map (Chen et al., 2003) and DEM downloaded from Google Earth.
A series of roughly EW-direction faults and folds were formed in the Tienshan Orogen due to the SN compression from the Indian Plate. The Jinjiang River is cut across by the large Maidan fault (Figure 2). Many small subsidiary faults developed, parallel or perpendicular to the Jinjiang River. Earthquakes occur frequently in the study area. There have been 17 earthquakes in Wuqia County since 1898, among which 4 earthquakes were between 7 and 8 in magnitude. Especially between 1983 and 1987, there were 3 earthquakes between 6 and 7 in magnitude. The latest earthquake larger than 6.0 in magnitude occurred on 5 October 2008. The magnitude was 6.8 and triggered numerous small-scale landslides and rockfalls in the study area.
The lithology along the investigated segment of the river includes: (1) Sedimentary conglomerate, mudstone, and sandstone, which were formed in the Jurassic, Carboniferous, Cretaceous, Devonian, and Tertiary periods. In particular, the red mudstone and sandstone that formed in the Tertiary period have gone through weak diagenesis and their strength is not developed very well. (2) Metamorphic rocks, including phyllite and slate metamorphosized from mudstone and sandstone. (3) Basalt, which is distributed at the junction of the three rivers and appears in the Tertiary mudstone and sandstone.
The average precipitation in the study area is 230 mm per year, with a maximum value of 326.4 mm and a minimum value of 139 mm. Rainfall and water from snow melt mainly occur from May to August and can reach as much as 60% of the annual precipitation. Short-term heavy rainfall is the main cause of debris flow in this area (Wang et al., 2020). However, there are no detailed data on the precipitation and corresponding rainfall-induced debris flow in the study area due to the adverse natural environment, sparse population, and consequent absence of monitoring stations.
The local people depend mainly on animal husbandry. The Jinjiang River Basin is an important pasture for the local people. In addition, a waterpower station is under construction on the river. Therefore, the debris flows along the Jinjiang River are threatening nomads and pastures, as well as the power station and its workers.
3 METHODS
A 1:200,000-scale geological map is available in the study area, but the scale is not large enough and far from satisfactory for our study. The map demonstrates large-scale faults and lithologic distribution, which were used to supplement and calibrate the results from our field investigation and remote sensing image interpretation.
Two remote sensing images with a resolution of 0.8 m taken by the China Aero Geophysical Survey and Remote Sensing Center for Land and Resources in August, 2017, were used to interpret the distributions of debris flows, lithologies, and faults. Since our study area goes beyond the range of the above two remote sensing images, we therefore downloaded another two Google Earth images as supplements. Although they were not as clear as the remote sensing images, we could also roughly distinguish the debris flows and, in some areas, the lithologies. The interpretation of the above remote sensing images was conducted by the Sichuan Geological Survey.
We conducted field investigations to examine the debris flows, faults, and lithologies in the study area. All the debris flows are distributed along the river valleys. We did not reach every part of every debris flow because it is very hard to access some of them due to the tough natural conditions. However, we made sure that we reached every debris flow deposit to determine their average thickness. For the faults the lithologies that are not distributed along the river, we mainly determined them through the geological map, Google Earth map, and interpretation of the remote sensing images.
All the information obtained was highlighted on the two remote sensing images and two images from Google Earth. Debris flows were marked as solid circles with four different areas based on their volumes. Debris flow with volumes larger than 50×104 m3, 20–50×104 m3, 20–2×104 m3 and smaller than 2×104 m3 were classified as huge, large, medium, and small debris flows, respectively, according to the Specification for Investigation of Landslides, Rockfall, and Debris Flow 1: 5000 (DD 2008-02) by the China Geological Survey (2008). Their volume is the volume of deposit, which could be measured using the area obtained from the remote sensing images or the Google Earth map, multiplying the average thickness of the deposit estimated in the field. The structure and composition of a debris flow deposit and alluvial deposit are obviously different. A debris flow deposit is not sorted by particle size, and the rocks are angular, while an alluvial deposit is well sorted in particle size, and its gravels are well rounded. Furthermore, the lithology of rocks in the above two deposits is always different because they are from different sources. Based on the above differences, we distinguished two deposits and estimated the average thickness of the debris flow deposits.
The distributions of the debris flow and fault along the studied segment of the Jinjiang River are presented in Figure 3, with faults marked as red solid lines and the boundaries between the lithologies marked as black solid lines. To make Figure 3 more readable, the distribution of the lithologies in the studied area is presented in Figure 3; Figure 5; Figure 6; Figure 9, which are its enlarged figures.
[image: Figure 3]FIGURE 3 | Distributions of debris flow, fault, and lithology in the study area. The rectangles represent different segments divided according to the distribution characteristics of the debris flows. The remote sensing image was downloaded from Google Earth.
4 DISTRIBUTION OF DEBRIS FLOW
The Jinjiang River can be divided into five segments based on the distribution characteristics of the debris flows (Figure 4).
[image: Figure 4]FIGURE 4 | Distributions of the debris flows and faults in Segments Ⅰ and Ⅱ. The map was downloaded from Google Earth. Because no remote sensing image and large-scale geological map of this segment are available, all the information related to fault, lithology, and debris flow in this map was obtained through field investigation. Lithologies that are not right near the riverbed could not be obtained only through the map and were therefore not marked in this map.
Segment Ⅰ: This segment is 8.8 km in length (Figure 4). The lithology along the river in this segment includes mainly lightly metamorphosed sandstone and mudstone. Because of the active tectonic movements, the surface of the rocks is very fractured. There are a total of 16 debris flows in this segment, of which 13 are less than 50×104 m3, distributed in the fractured rocks without fault, including 5 large and 8 medium ones. Three huge flows are distributed along the two faults in this segment.
Figure 5 displays the fractured fault zone of about 200 m wide (at the south end of the investigated route) on the west bank of the river and the debris flows in the fault zone on the opposite side of the river.
(a) Cross-section of a fractured fault zone of about 200 m wide on the west bank exposed by slope excavation for road building. The lower part is lightly metamorphosed sandstone and mudstone, where the fractured fault zone exists. The upper part is conglomerate. This indicates that the fault occurred before the conglomerate was formed.
(b) Debris flows in the 200-m-wide fault zone on the east bank of the river.
[image: Figure 5]FIGURE 5 | Two-hundred-wide fractured fault zone (A) and the huge debris flows originated along it at the opposite bank (B).
Segment Ⅱ: This segment is about 8.4 km long (Figure 4). The lithology includes lightly metamorphosed limestone and mudstone with two faults perpendicular to the river. The rocks are extremely fractured due to the active tectonic movements and strong weathering.
In this segment, only sporadic debris flows, including a huge flow and five medium ones, were developed. The huge debris flow evolved along one of the two faults. The other fault is a smaller one, and two medium debris flows on both sides of the river are distributed along it.
Segment Ⅲ: This segment is 25 km long (Figure 6). The lithology includes mudstone, sandstone, and lightly metamorphosed mudstone and sandstone. The rocks are more complete than those in Segments Ⅰ and Ⅱ. Faults are well developed in this segment. Several large and small faults are distributed roughly parallel or perpendicular to the river.
[image: Figure 6]FIGURE 6 | Distribution of the debris flows, lithologies, and faults in Segment Ⅲ. The remote sensing image was taken by the China Aero Geophysical Survey and Remote Sensing Center for Land and Resources in August, 2017. The information related to the debris flows, lithologies and faults in this map was obtained through the geological map, the interpretation of the remote sensing image and the field investigation.
In this segment, debris flow is particularly intense, with a total of 39 incidents, 13 of which were classified as huge. The huge debris flows were either found along river-parallel faults or originated from river-perpendicular faults. To facilitate the analysis of the relationship between the huge debris flows and the faults, they were numbered from No. 1 to No. 13.
Debris flows No. 1, 2, 3, 7, 8, 10, 11, 12, and 13 incised the river-perpendicular fault zones, and the debris flow deposits reached the riverbed. Debris flows No. 4, 5, 6, and 9 originated from the river-perpendicular fault zones. The representative photo of this kind of debris flow that originated from and perpendicular to the fault zone can be found in Figure 7.
[image: Figure 7]FIGURE 7 | A group of debris flows originated from the strongly fractured fault zone. (A) The strongly fractured black sandstone and conglomerate in the hanging wall could be seen from the opposite bank. The mountains in the following (B, C) are the lateral banks of one of the debris flow valleys. (B) The fault plane in the left mountain of one of the debris flow valleys. The hanging wall is black sandstone and conglomerate. The footwall is red mudstone and sandstone. (C) The opposite bank of the mountain in (B). The black sandstone and conglomerate in the hanging wall near the fault plane is strongly fractured (The fractured mountain seen in (A)). The deposits of rockfalls and landslides occurred in the hanging wall accumulated at the slope toe, becoming the material resource of debris flow.
Segment Ⅳ: This segment is 19 km long and is part of the Suyueke River (Figure 8). The lithology along the river mainly includes red mudstone and sandstone, as well as black basalt, which appears at the junction of the three rivers. Although the red mudstone and sandstone are weak in strength because they were formed in the Tertiary and their diagenesis was not very good, they are quite intact. The surface of the basalt is strongly weathered and very fractured, hence comprising cubes with several cubic centimeters in volume. There are three faults in this area. Two faults are perpendicular to the river, and one of them presents an about 2000-m-wide fractured fault zone along the river (Figure 8). The third one is parallel to the river and about 8.5 km long.
(a) A group of debris flows originated from the fractured fault zone. The strongly fractured black sandstone and conglomerate in the hanging wall could be seen from the opposite bank. The mountains in the following (b) and (c) are the lateral banks of one of the debris flow valleys.
(b) The fault plane on the left mountain of one of the debris flow valleys. The hanging wall is black sandstone and conglomerate. The footwall is red mudstone and sandstone.
(c) The opposite bank of the mountain in (b). The black sandstone and conglomerate on the hanging wall near the fault plane is strongly fractured (the fractured mountain seen in (a)). The deposits of rockfalls and landslides that occurred on the hanging wall accumulated at the foot of the slope, becoming the material resource of the debris flow.
[image: Figure 8]FIGURE 8 | Distributions of the debris flows, lithologies, and faults in Segment Ⅳ. This map was downloaded from Google Earth. The information related to lithology, fault, and debris flow was obtained through the geological map, field investigation, and interpretation of the map.
In this segment, there are three groups of debris flows (Figure 8). Group 1 is at the northwest end of our investigated route and contains 12 large, medium, and small debris flows. All the debris flows are controlled by the two faults and their fractured zones, and one of the fractured zones reaches about 2000 m in width. We investigated the fault zone on the east bank of the river, and therefore, we only drew the fault on this side and inferred that it extends in the same strike to the other side, where most of the debris flows are distributed.
With the exception of four medium and small flows on the east bank, all the debris flows on the west bank in Group 2 are perpendicular to the 8.5-km-long fault, which is roughly parallel to the river (Figure 8). The resource areas of these debris flows are in the fractured zone of the fault, which is between the hanging wall of the black mudstone and sandstone and footwall of red mudstone and sandstone. It is more than 100 m in width. Small-scale landslides and rockfalls frequently occur in fractured rocks of the fault zone. Their debris was deposited at the slope toe in the valley and became the material resources of the debris flow.
There are six debris flows in Group 3, including one huge, two large, and three medium ones. All the three huge and large debris flows evolved along or near the interfaces among the red sedimentary mudstone and sandstone and the black basalt (Figures 9, 10). The rocks in the interface between the sedimentary rocks and basalt are pretty fractured and underwent incision to become debris flow valleys.
[image: Figure 9]FIGURE 9 | Debris flows developed along the interface between the red sedimentary rocks and basalt. The scene is deformed (e.g., the road is almost straight rather than curved) due to the photo-syntheses.
[image: Figure 10]FIGURE 10 | Distributions of the debris flows, lithologies, and faults in Segment V. The remote sensing image was taken by the China Aero Geophysical Survey and Remote Sensing Center for Land and Resources in August, 2017. The information related to the debris flows, lithologies, and faults in this map was obtained through the geological map, the interpretation of the remote sensing image, and the field investigation.
Segment Ⅴ: This segment is about 25 km long (Figure 10). The lithology includes red mudstone and sandstone, as well as black basalt near the junction of the three rivers. The red mudstone and sandstone that formed in the Tertiary is weak in strength but comparatively complete. There is no fault found in this area.
There are a total of 19 debris flows in this segment. Most of them are medium and small and distributed in the red mudstone and sandstone due to their weak strength. Two huge and two large debris flows are distributed near the interface between the sedimentary rocks and the basalt, such as those in Segment Ⅳ.
5 DISCUSSION AND CONCLUSIONS
A total of 82.2 km of riverbank and 108 debris flows, including 22 huge flows, were investigated. Almost all the huge debris flows evolved along or originated from the faults or along the interfaces between the sedimentary rocks and basalt. Fault and stratigraphy, therefore, control the distribution of debris flow along the Jinjiang River. In Segment Ⅲ, the rocks are not strongly weathered and, therefore, are more complete than those in Segments Ⅰ and Ⅱ, but the debris flows are well developed and most intense due to widespread faults. While in Segment Ⅱ even the rocks are strongly weathered and fractured, only sporadic medium debris flows are distributed without faults and an interface between the sedimentary rock and basalt. Furthermore, in Segments Ⅳ and Ⅴ, five huge debris flows either originate from faults or along the boundaries of the sedimentary rocks and basalt. Only medium and small debris flows evolved in the weak sedimentary mudstone and sandstone without faults and strata boundaries. We hence conclude that lithology has little impact on evolution of large-scale debris flows.
Faults have two aspects of effects on the evolution of debris flow (Figure 11). Firstly, a fractured fault zone is prone to incision to become a debris flow valley (He et al., 2003; You et al., 2023). Secondly, landslide and rockfall occur in the fractured rocks of the fault zone and, therefore, provide the loose deposits for the material resources of debris flows (Huang et al., 2022; Jin et al., 2023). For the debris flows that develop along fault, both of the above two effects play important roles during their evolution. For the debris flows that originate from the perpendicular fault zones, only the former effect takes part in their evolution.
[image: Figure 11]FIGURE 11 | The pattern of a debris flow evolves in a fractured fault zone.
Huge debris flows develop along or near the interface between red sedimentary rocks and basalt. This is because the red mudstone and sandstone were compressed and sheared to be strongly fractured by the magma during its eruption. Furthermore, the basalt underwent strong incision to become small cubes, from a few cubic centimeters to more than ten cubic centimeters in volume, by joints produced during the condensation of the magma. Therefore, the fractured zone of about several tens of meters in width, or even more than hundreds of meters in width, along the interface between the two kinds of lithologies could supply loose material and is prone to gradually incision into a valley by rainfalls and debris flows, which are actually the same as the effects of faults.
Debris flow is an important form of erosion and sedimentation of orogens. It is, therefore, very common that debris flows develop well in an orogen (Wang, 2013; Chen et al., 2015). However, there have been few studies on the controlling factors and mechanisms of debris flows in orogens. Many studies related to orogenic erosion and sedimentation have indicated that debris flows occur due to tectonic uplift and rainfall (Savi et al., 2016; Wang et al., 2022) but did not reveal exactly what factors control the evolution of debris flows and how they occur. Our study indicates that the faults and boundaries between sedimentary rocks and basalt control the distribution of debris flows along Jinjiang River in the Himalayan–Tibetan orogen, and it explains their roles in the evolution of debris flows. The conclusions can provide a theoretical basis for the monitoring, early warning, and forecasting of debris flows and construction planning in orogenic belts.
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