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Rock–ice avalanches have increased in recent years due to global warming. On 12 March 2004, a massive failure of rock mass ([image: image]) originated on the south slope of Yulong Mountain in Yunnan Province and eventually formed the Ganheba rock–ice avalanche, with an H/L ratio of 0.4. In this study, the geomorphological characteristics, sedimentary characteristics, and emplacement process of the Ganheba rock–ice avalanche were analyzed based on remote sensing interpretation, field investigation, and 2D discrete element modeling. This study suggests that long-term effects, including historical seismic effects and freeze–thaw action, were the key factors in the occurrence of this landslide. Interesting landforms and sedimentary structures found in this case, such as lateral ridges, superelevation, and boat rocks, were used to explain the characteristics of the velocity and the thinning spreading process of the avalanche mass. The numerical simulation further revealed that the entire movement of this rock–ice avalanche lasted about 105 s, with a maximum front velocity of 82 m/s. The underlying substrate rather than the ice is considered to have contributed to the hypermobility of the Ganheba rock–ice avalanche. The developed fissures, complex topography, and basal friction were determined to control the progressive fragmentation in this case. Meanwhile, the kinematic process of the Ganheba rock–ice avalanche was divided into four stages: failure and acceleration, collision deceleration, deceleration spreading, and deformation. The findings of this study contribute to an understanding of the evolution of glacier-related hazards in the high-mountain region.
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INTRODUCTION
As a result of global warming, glacier-related hazards are attracting more and more attention. Rock–ice avalanche, a critical glacier-related hazard, has recently been widely studied (Coe et al., 2018; Leinss et al., 2021; Pudasaini and Krautblatter, 2021; Zhang et al., 2023). Rock–ice avalanches are rapid mass movement events in which ice is believed to influence the runout dynamics either as the underlying surface or as part of the moving mass (Schneider et al., 2011; Dufresne, 2014; Aaron et al., 2017; Yang et al., 2019). Although rock–ice avalanches always occur in cold, high-mountain areas, their hypermobility can cause major damage in piedmont regions and can even cause chains of geohazardous events. The Kolka rock–ice avalanche in 2002 caused the deaths of approximately 140 people (Huggel et al., 2005). The Langtang rock–ice avalanche in 2015 buried a village and killed more than 350 people (Gnyawali et al., 2020). The recent Chamoli rock–ice avalanche (2021) caused more than 200 casualties and a catastrophic flood (Shugar et al., 2021; Fan et al., 2022).
Previous studies have observed that rock avalanches in glacial environments usually exhibit greater travel distances and lower apparent friction coefficients than those in non-glacial environments (Evans, 1989; De Blasio, 2014). For example, Sosio (2015) has demonstrated that ice and snow could enhance mobility with respect to rock avalanches of comparable magnitude evolving in non-glacial settings by up to 25–30%. The mobility of rock–ice avalanches is believed to be controlled by multiple factors, including the volume, topography, ice and water content, and frictional characteristics of the path surface (Schneider et al., 2011). Recently, much research has examined the influence of ice content, subducting layer glaciers, and ice melt water on mobility using physical models and numerical simulations. To date, several hypotheses on the hypermobility of the rock–ice avalanche have been proposed, including 1) that propagation onto glaciers offers a smooth surface with a low friction coefficient, which contributes to the long runout of rock avalanches on glaciers (Bottino et al., 2002; Sosio et al., 2012; Delaney and Evans, 2014); 2) that mixing with ice and snow could hamper clast collisions and favors the formation of dense flow behavior, which could significantly reduce the friction coefficients of both dry and partially saturated debris (Schneider et al., 2011; Yang et al., 2019); and 3) that ice melting reduces granular friction via saturation of the basal material and fluidization effects (McSaveney, 1978, 2002; De Blasio, 2014).
Compared with rock avalanches in non-glacial environments (Hewitt, 1998; Dufresne et al., 2016, 2019; Dufresne, 2017; Wang et al., 2018; Wang et al., 2019; Zeng et al., 2019; Wang S. et al., 2020; Zeng et al., 2021; Chen et al., 2022), the sedimentary characteristics of rock–ice avalanches show some differences. For instance, researchers have observed a 0.5–4.5-m deep pit formed by melting ice at the front of the Yigong rock–ice avalanche (Yang et al., 2015), chaotic topography with irregular hills and depressions formed by differential ablation in the Miage Glacier rock–ice avalanche (Deline, 2009), and larger clasts concentrated distally in the Sherman Glacier rock–ice avalanche (Sosio et al., 2008, 2012). These sedimentary structures are considered to be related to the transformation of the solid phase (ice) to the fluid phase, which could fundamentally alter the mechanical processes (Evans and Delaney, 2015). In addition, interesting numerical simulation studies of rock–ice avalanches have been conducted in recent years and have greatly deepened our understanding of rock–ice avalanche kinematics and dynamic processes. For example, Schneider et al. (2010) present a new approach for rock–ice avalanche dynamic analysis based on a combination of computational model results and seismic data. Pudasaini and Krautblatter (2014) proposed a two-phase mass flow model for simulating the emplacement process of rock–ice avalanches. Finally, Sansone et al. (2021) derived a framework of simplified mathematical models for rock–ice avalanches from a complete three-phase approach.
Although rock–ice avalanches have been extensively studied globally, they are relatively rare in China. On 12 March 2004, a violent rockfall occurred on the south slope of Yulong Mountain and transformed into a rock–ice avalanche with a travel distance of 4860 m and an H/L ratio of 0.4. Cui (2013) named this event the Ganheba rock–ice avalanche. On 3 May 2019, a new rockfall occurred in this area, covering the proximal deposits of the 2004 rock–ice avalanche. Yulong Mountain, where the giant landslide occurred, is the southernmost snow mountain in China and is important for disaster assessment at other snow mountains and in permafrost areas in China. However, the geomorphological and sedimentary characteristics of the Ganheba rock–ice avalanche are more like those of rock avalanches than other rock–ice avalanches. This observation led us to realize that perhaps the amount of ice involved in the movement in this event was not significant. In addition, a previous report suggests that this failure of rock mass was the result of freeze–thaw action (Zhang et al., 2007), but there has been no systematic study of its formation and evolution process. Therefore, the Ganheba rock–ice avalanche may provide an opportunity to study landslides that are between rock avalanches and rock–ice avalanches, which could help us understand the influence of ice and the glacial environment.
This study was designed to investigate the geomorphology, sedimentary characteristics, formation mechanism, and emplacement process of the Ganheba rock–ice avalanche based on two field survey records (April 2007 and April 2021), historical remote sensing images, and a discrete element model. We analyzed in detail the formation of some interesting sedimentary structures and the velocity characteristics during the movement. The numerical simulation shows the model of single-phase dry granular flows and, with suitable parameters, can reproduce the emplacement process of the Ganheba rock–ice avalanche. This study not only provides insight into the emplacement mechanism of a rock–ice avalanche but also helps deepen the understanding of the formation and evolution of glacier-related hazards in the eastern Tibetan Plateau.
GEOLOGICAL SETTING
The Ganheba rock–ice avalanche occurred on the southern slope of the main peak of Yulong Mountain, which is located in Yunnan Province at the southeast margin of the Tibetan Plateau (Figure 1A). This mountain is oriented roughly NNW–SSE, with a length of 35 km from north to south. It is the southernmost snow mountain in China and the southernmost marine glacier area in Eurasia. Recent studies have shown that the glaciers in Yulong Mountain are experiencing rapid retreat and that current atmospheric conditions are unlikely to suppress this loss trend (Wang Y.-F. et al., 2020; Yan et al., 2021a).
[image: Figure 1]FIGURE 1 | Location map of the study area (A). Geological map of the study area (B) (after Wu et al., 2008).
In the area in which the study was conducted, the Yulong Mountain East Fault (Lijiang–Daju fault) passes through the eastern piedmont; this is a normal fault that caused an earthquake of magnitude 7.0, with a source depth of 10 km, on 3 February 1996 (Figure 1B) (Yan et al., 2021b). This was the most violent earthquake in the Lijiang area to date (Han et al., 2004). An inventory from this event indicates that more than 200 landslides were triggered by this earthquake (Tang and Grunert, 1999). More than 400 earthquakes have occurred in Yunnan Province in the 20th century, including 13 of magnitude 7 or greater (Huang et al., 2000; Lai et al., 2021). This large number of seismic events indicates that the tectonic activity in the area is very intense and could cause serious rock damage.
The Ganheba rock–ice avalanche occurred in a glacial valley in the southern part of Yulong Mountain. Two huge lateral moraines and a terminal moraine are developed at the exit of the glacial valley, which formed during the last glacial period (the Dali ice age). The slopes on both sides of the glacial valley are very steep (50–80°) and have developed fissures. This area is composed of thick gray limestone and tuff. Previous studies have demonstrated that the study area is located in the compound anticline of the Indo-Sinian geosyncline, where the shear joints developed (Zhang et al., 2007). In our field investigation, two sets of structural surfaces in the study area were measured (dip direction and dip angle: 111°∠75°; 300°∠89°) with a spacing of 30–100 cm. Although there is no perennial river, the glacial meltwater always forms a stream in summer.
DATA AND METHODS
Remote sensing and field investigation
To identify the characteristics of the Ganheba rock–ice avalanche and distinguish its subsequent deformation, remote sensing was used in this study. Table 1 presents the remote sensing data used in this study. All the images had been geometrically corrected before they were downloaded, so we performed only radiometric and atmospheric correction on some images after downloading them. Unfortunately, there is no high-resolution data available that predates the rock–ice avalanche. The geomorphological characteristics, including glacier distribution, topography, source characteristics, and deposit characteristics, were identified based on the remote sensing data. To further clarify the geomorphological and sedimentary characteristics of the Ganheba rock–ice avalanche, field investigations were also conducted using the high-accuracy (10 cm) handheld Global Navigation Satellite System (Trimble 7x), a laser rangefinder (Newcon LRM2000pro and Nikon Coolshot40), a compass, and a camera. It is worth noting that due to the 2019 rockfall covering the proximal deposits of the 2004 rock–ice avalanche, the field investigation was conducted mainly at the middle deposits and distal deposits, while the proximal deposit analysis relied on the interpretation of historical remote sensing images.
TABLE 1 | Remote-sensing images used in the present study.
[image: Table 1]Discrete element modeling
Although the Ganheba rock–ice avalanche consisted of ice and rock, its geomorphological and sedimentary characteristics are more like those of a rock avalanche. Therefore, a single-phase dry granular flow model was used in the present study rather than a multi-phase flow model. PFC2D 5.0 was employed in this study to simulate the emplacement process of the Ganheba rock–ice avalanche. This discrete element modeling method has been widely used for rock avalanches in recent years (Deng et al., 2017; Zhang et al., 2019; Gao et al., 2020; Zhang S. et al., 2022; Zhang Y. et al., 2022). The sliding surface in this study was modeled using wall elements, and the rock mass was simulated as an assembly of particles cemented together using the parallel-bond model. A total of 10,858 ball elements with different radii were used for the rock mass modeling (1 m: 40%, 1–2 m: 30%, 2–4 m: 20%, 4–8 m: 10%).
The microparameters (Table 2) and corresponding mechanical characteristics were derived from previous studies and from uniaxial compression in PFC2D software (rock test in PFC2D examples with a sample of [image: image]). Different basal friction coefficients (ball–wall) were set for different areas. The basal frictions of the source area and the transition zone were both determined to be 0.6, while that of the accumulation zone was 0.23. The reasons for this setup are explained in the Discussion section.
TABLE 2 | Microparameters and mechanical characteristics used for the discrete element model.
[image: Table 2]Damping was also considered in this study. Although damping between particles is small during dynamic simulations of rock avalanches, the damping effect between the particles and the ground should be noted, especially when the particles impact the ground. The viscous normal and shear damping constants of granular particles within the rock mass (ball–ball contacts) and the normal and shear damping coefficients of the particles along the slide surface (ball–wall contacts) were determined to be 0.02, 0.02, 0.21, and 0.02, respectively (Gao et al., 2020).
RESULTS
Geometric and geomorphological characteristics
Figures 2A, B present the Landsat 5 remote sensing images of the Ganheba rock–ice avalanche before and after the landslide. It is clear that the Ganheba rock–ice avalanche changed the local landscape, with a large amount of material filling the glacial valley. The change in the source area could be preliminarily identified by the Landsat 5 satellite. Before the landslide, a sizable dangerous rock body (yellow circle in Figure 2A) was exposed, while the size of this dangerous rock body became smaller after the landslide (Figure 2B). However, there is a confusing issue in that the accumulation boundary shown in Figure 2B appears to differ from the current morphology. To exclude the effect of a secondary landslide, the spot data were employed here. Although the deposited area in Figures 2C, D appears to be different, we found that the locations of the toes (the distal part of the deposits) were similar in both of these remote sensing images. Therefore, the difference between these images can mainly be attributed to the low accuracy and different satellite elevation angles. In addition, creep under freeze–thaw action may have played a role in changing the plan shape of the deposits. Figures 2E, F present the landform change in the proximal deposits caused by the 2019 rockfall, but it is evident that the middle and distal deposits were not covered in this event.
[image: Figure 2]FIGURE 2 | Remote sensing images of the Ganheba rock–ice avalanche at different times. The red lines represent the range of the source area [panel (A)], the 2004 rock-ice avalanche panel [panel (B–D)], and the 2019 rockfall deposits [in panel (F)], respectively. The yellow lines in panel (A) and (B) show the change of the rock body in the source area. Panel (E) shows the geomorphological characteristics of deposits in 2009 before the 2019 rockfall.
Based on this series of remote sensing images, the range of the Ganheba rock–ice avalanche could be determined. Figures 3A, B present a high-resolution plan view and longitudinal profile of the Ganheba rock–ice avalanche. According to the width, slope, and deposit distribution, the Ganheba rock–ice avalanche could be divided into the following areas: the source area, the transition zone, and accumulation zones 1 and 2 (Figure 3).
[image: Figure 3]FIGURE 3 | Zoning (A) and the longitude profile (B) of the Ganheba rock–ice avalanche. In panel (B), the stereographic projection represents the two sets of the structural surfaces of bedrock.
According to the digital elevation model (ALOS 12.5 m), the source area of the Ganheba rock–ice avalanche was a steep slope (about 45°), with a maximum elevation of approximately 5,350 m. Table 3 presents other geometric parameters, including the length, width, and area of the source area. The most striking observation concerning the source area is the yellow weathering surface in the gray rock body (Figure 4), which may have controlled the development of the failure mass. A series of fissures was also observed in the remote sensing and field images; these could be roughly divided into two groups (east-facing and west-facing) (Figures 4A, B). Based on the remaining protruding rock body in the source area, the thickness of the failure mass was estimated at 30 m. Thus, the failure volume was estimated to be approximately [image: image]. Although there is no direct evidence, it is very possible that there were ice bodies, either large or small, in the upper part of the source area before the landslide due to the extremely high altitude.
TABLE 3 | Geometric parameters of each zone of the Ganheba rock–ice avalanche.
[image: Table 3][image: Figure 4]FIGURE 4 | Source area of the Ganheba rock–ice avalanche (A, B).
The transition zone of the Ganheba rock–ice avalanche is approximately 694 m in length and 300 m in width. A gently sloping platform of 40 m in length divides the transition zone into three parts: an upward slope, the platform, and a downward slope (Figure 3B). The platform’s upward slope is approximately 40° and 260 m in length. The platform’s downward slope is approximately 26° and 410 m in length. Figure 2A shows that there had been a significant amount of snow on the platform before the landslide, which was scraped off by the rock–ice avalanche during the movement. Previous studies have reported some residual deposits on the gently sloping platform just after the landslide (Zhang et al., 2007; Cui, 2013), but this is no longer evident. On the platform’s downward slope, some polished surfaces were observed, which may have been formed by the glacier and could have reduced the basal friction of the rock–ice avalanche (Figure 3A).
The accumulation zone of the Ganheba rock–ice avalanche consists of a wide proximal part and narrow distal part (Figure 3A), which is controlled by the local terrain of the glacial valley. The length of the entire accumulation zone is about 2,860 m, and its elevation ranges from 3,379 to 3,712 m asl. Figures 5A, B present the dramatic changes in the proximal landform between 2005 (panel A) and 2013 (panel B). In Figure 5A, the proximal part shows a fan shape, with a length and width of about 350 m. Numerous longitudinal fissures had developed on the surface of the proximal fan, indicating it to be more like an ice accumulation than a rock avalanche deposit. In Figure 5B, the proximal fan is missing but several arc-shaped transverse ridges have developed, which may represent the deformation of the deposits. This phenomenon is similar to that of the Sherman ice–rock debris flow landslide (Shugar and Clague, 2011).
[image: Figure 5]FIGURE 5 | Remote sensing images of the accumulation zone in 2005 (A), 2013 (B), and 2018 (C). Superelevation in the path curves is also present (D).
According to the changes in the deposited width and extending direction (moving direction), the accumulation zone can be divided into two parts, accumulation zone 1 and accumulation zone 2 (Figure 3A). Accumulation zone 1 is about 0.414 km2, with an average slope of 22°. The maximum thickness of its deposits is over 60 m near the transition zone. Given the limited resolution of the satellite data from 2005 (Figure 5A), no surface landforms were identified in accumulation zone 1, except the 60 m superelevation and the trimline (Figure 5C). Although the superelevation and trimlines appear similar, “superelevation” indicates the run-up and always occurs at bends in the travel path, while “trimline” represents the thinning of the moving materials, which can be found along mostly straight sections (Strom and Abdrakhmatov, 2018). In addition, the 2008 field investigation indicates that after the landslide occurred, many trees on the south side of accumulation zone 1 were destroyed by the powerful blasts of air (Figure 5A, Figure 6A).
[image: Figure 6]FIGURE 6 | Destroyed trees in accumulation zone 1 (A); front deposits (B), lateral ridge (C), and destroyed trees (D) in accumulation zone 2.
Accumulation zone 2 is about 0.429 km2, with an average slope of 10°. The front of the distal deposits shows digitate emplacement (Figure 5A) with a thickness of about 5 m (Figure 6B). Based on the relatively flat surface of the deposits, the average thickness of accumulation zone 2 was determined to be approximately 8 m. Other detailed parameters are presented in Table 3. During the 2021 field investigation, no hummock or transverse ridges were observed. However, the lateral ridge (levee) is obvious on the north side of the deposits (Figure 6C), at 6 m higher than the middle deposits. On the outside of the lateral ridge, destroyed trees were observed frequently, while some trees further from the deposits were well-preserved (Figure 6D).
In this study, the volume of the deposits was estimated by the deposited area and the average thickness; the results are presented in Table 3. The volume of the failure mass was approximately [image: image], and the volume of deposits in the accumulation zone was estimated to be approximately [image: image]. The deposited volume is about 20% more than the detached volume, which is close to the generic empirical value (25%) of the volume expansion rate of rock avalanches (Hungr and Evans, 2004).
Based on its topographical and geomorphological characteristics, the velocity characteristics of the Ganheba rock–ice avalanche were estimated in the present study. Scheidegger (1973) proposed a method to estimate the velocity of a large landslide (>[image: image]), presented in Eq. 1:
[image: image]
where v is the estimated velocity, H is the height difference (m) from the top point of the source area to the estimated point, L is the corresponding horizontal length, and f is the apparent friction coefficient (f =0.4 in this study). The result was calculated based on the P–P′ profile (Figure 3B) and is represented by the red line in Figure 7.
[image: Figure 7]FIGURE 7 | Velocity estimation for the Ganheba rock–ice avalanche based on the longitudinal profile and superelevation characteristics.
However, using the apparent friction coefficient as the global basal friction coefficient would underestimate the basal friction coefficient from the source area to the transition zone, because there is a strong spreading effect in rock–ice avalanches during their late moving stages (Davies et al., 1999). In this study, the failure mass was not considered to have been transformed into the avalanche mass during the early moving stage. Meanwhile, the basal friction coefficients for the source area and the transition zone were determined to be 0.6. Based on the aforementioned two assumptions, a velocity distribution from the source area to the transition zone was recalculated; this is illustrated in Figure 7 with a blue line. The recalculated result indicates that the velocity could have reached a maximum of 55 m/s at the platform thanks to the steep slope (48°), which is significantly smaller than the result using the apparent friction coefficient.
Considering that the movement of the avalanche mass in the accumulation zone is spreading rather than sliding as a rigid body, the superelevation at accumulation zone 2 was used to evaluate the velocity. Based on the Eq. 2 (Zeng et al., 2021), the velocity of the avalanche mass at the Q-Q’ (Figures 5C, D) was estimated to be 29.9 m/s:
[image: image]
where the radius of curvature [image: image] is 368 m, the value of superelevation h is 88 m, the correction constant k is 1, and the channel width B is 355 m.
Although we were not able to quantify the movement velocity of the avalanche mass in the distal part, the presence of destroyed and intact trees near the distal deposits suggests that the avalanche was not moving extremely quickly (Figure 6D).
Sedimentary characteristics
Previous studies have identified a large amount of ice mass distributed on the surface of the proximal deposits in accumulation zone 1 (Figure 8A). The size of the largest ice mass was more than a hundred meters (Zhang et al., 2007; Cui, 2013), which means the fragmentation of the ice was not violent. The preservation of the huge intact ice mass indicates a differential fragmentation between ice and rock during the emplacement process of the Ganheba rock–ice avalanche. Meanwhile, this phenomenon suggests that the ice may not have been violently mixed into the avalanche mass. It is worth noting that the location of the ice mass could explain the geomorphic change in the proximal fan between 2005 and 2013 (Figures 5A, B). Based on the proximal fan, the volume of the ice mass can be estimated at [image: image], which is much smaller than the volume of the rock.
[image: Figure 8]FIGURE 8 | Sedimentary characteristics of the Ganheba rock–ice avalanche. (A) Ice mass on the surface of the proximal deposits. (B) Proximal deposits. (C) Middle deposits. (D) Distal deposits. (E) Body facies in distal deposits. (F) Boat rock with thin clast lying in middle deposits. (G) Boat rock with thick clast lay. (H) Riverbed sediments and fine-grained sediments on the surface of the distal deposits.
Dufresne et al. (2016) have proposed a facies model of rock avalanches, consisting of carapace, body, and basal facies. In the Ganheba rock–ice avalanche, the carapace and body facies were composed of gray limestone. Figures 8B–D show the characteristics of carapace facies on the proximal, middle, and distal deposits in accumulation zone 2. Most blocks in the carapace facies are about 50–100 cm in diameter, while some are over 1 m. We found that the block sizes and the number of the carapace facies roughly increase with travel distance, especially for metablocks (>1 m). Although glacial meltwater has modified the deposits, especially the carapace facies, we believe the local meltwater is insufficient to transport these tons, or even tens of tons, of metablocks.
Compared with carapace facies that may have undergone late modification, the solidified body facies are more representative of the original sedimentary characteristics. The body facies are matrix-supported with decimeter-sized clasts in both the proximal and distal deposits in accumulation zone 2. The directional alignment is widespread in body facies (Figure 8E), while jigsaw fractures are not observed. Most survivor clasts in the body facies are 50–100 cm, indicating that the spacing of the structure surfaces may play a controlling role. However, we did not find any evidence for the presence of ice in the middle or distal deposits in either the 2007 or the 2021 field investigation.
Interestingly, a special sedimentary structure of the clast layer accumulated on the metablock was found in the Ganheba rock–ice avalanche. The clast layer exhibits a similar matrix-supported structure as the body facies (Figures 8F, G). The metablock is usually more than 5 m in diameter. Cui has called this structure “boat rock” (Cui, 2013). This structure is similar to that observed in the Blanc and Lamplugh rock–ice avalanche deposits, where small clasts are piled on larger ones (Deline, 2009; Dufresne et al., 2019). We found that the thickness of some clasts laid in boat rocks is only about 10 cm (Figure 8F), while some can reach 1.8 m (Figure 8G).
Another interesting finding is that some rock avalanche deposits have been re-transported and rounded by glacial meltwater and have formed riverbed sediments on the surface of the rock avalanche deposits. In addition, white ultrafine-grained deposits were also found to be widely distributed on the surface of the distal deposits (Figure 8H); these are similar to glacial meal and are thought to be caused by the sorting action of the glacial meltwater.
Simulation results
Figure 9 and Figure 10 show the emplacement process and velocity characteristics, respectively, of the Ganheba rock–ice avalanche discrete element model. The entire process lasted 105 s with a travel distance of 4680 m, which is close to the actual horizontal distance of 4860 m.
[image: Figure 9]FIGURE 9 | Emplacement process of the Ganheba rock–ice avalanche at different times in the discrete element model. In panel (A), M1∼M6 represent monitoring particles in the rock mass model. In panel (B–G) and (I), the different color blocks represent the fragments, and the blue ball couldn’t continue to break. In panel (H), different colors represent different particle sizes, and the results show that there is no obvious inverse grain-size effect.
[image: Figure 10]FIGURE 10 | Maximum velocity (v95% in velocity distribution curve at a certain time), minimum velocity (v5% in velocity distribution curve at a certain time), average velocity (A), monitoring particle velocity (B, C), and change of avalanche mass length (D, E) during the emplacement process. When the front of the avalanche mass reached x=1,250 m (at 20 s), the front impacted the platform and the length of avalanche mass reached 1,150 m. When the front of the avalanche mass reached x=3,750 m (at 67 s), the rear reached x=1750 m, and increases in length became slower.
Figure 9 also illustrates the simulated fragmentation process. It is clear that the lower layer of the sliding body fragmented violently after initiation, with the upper layer exhibiting limited fragmentation. After the sliding body impacted the platform of the transition zone, fragmentation was enhanced and the sliding body transformed into the avalanche mass. When the avalanche mass entered the accumulation zone, its emplacement began to be controlled by a thinning and spreading process, with fragmentation becoming weak.
The velocity distribution of the monitoring particles M1 to M6 (Figure 9A, Figure10B) shows two peaks during the movement process. The first peak of all monitoring particles occurred around 23 s, while the second peak occurred at different times. Figure 10B also indicates that the particles in the upper layer moved more quickly than those in the lower layer and that the particles at the front moved faster than those at the rear. Although there are two velocity peaks for single particles, the average velocity distribution of the avalanche mass exhibits only one peak at ca. 23 s (Figure 10A). Based on the average velocity distribution, the movement of the avalanche mass between 0 and 23 s was an acceleration process. At this stage, the six monitoring particles did not show significant velocity differentiation, especially between 0 and 16 s. After 23 s, the avalanche mass exhibited a decelerating motion until it halted. It is worth noting that when the center of mass reached the platform at 23 s, the average velocity of the avalanche mass also reached its maximum. Figure 10 also indicates that the maximum velocity of the front (M4) could have reached 82 m/s, which is much larger than the estimate based on the sliding friction of 0.6 (Figure 7).
Consistent with the details presented in Figure 9, the length of the avalanche mass (Figures 10D, E) also shows that the avalanche mass was controlled by a longitudinal compression process (23–32 s) after the front collided with the platform in the transition zone. At 32 s, the length of the avalanche reached a minimum, which was only 86% of the length at 20 s. After 32 s, the avalanche mass resumed a stretching state because the front entered the accumulation zone. We also found that the length increased more quickly after 32 s than it did between 0 and 20 s. This finding indicates that the velocity differentiation between the front and rear became larger after 32 s, which coincides with the velocity distribution characteristics of the monitoring particles (Figures 10B, C). The other interesting phenomenon of Figures 10D, E is that between 60 and 75 s, the length increases became slower, which we considered to be caused by the lagging tail of avalanche mass (Figure 9E).
Although the avalanche mass stopped moving completely at 105 s, the front of the avalanche mass had halted earlier, at 95 s. Based on the velocity distribution (Figure 10), this inconsistency in stopping time could be attributed to the continued movement of the rear particles, which also caused a length reduction (Figures 10D, E). The numerical simulation result indicates that when the front reached x=3,900 m (the position of superelevation), the velocity of the front was reduced to ca. 40 m/s, which is close to the velocity estimated from the superelevation. Based on the velocity distribution and length change of the avalanche mass, the emplacement process of the discrete element model can be divided into four stages: acceleration (0–23 s), collision compression (23–32 s), spreading deceleration (32–95 s), and deformation (95–105 s).
The discrete elements model also reproduced various sedimentary characteristics of the Ganheba rock–ice avalanche, including its stratified structures, carapace facies, and boat rocks (Figure 9I). Although the upper and lower layers did not move with the same velocity, there was no violent mixing between them. Figure 9H also shows that large-size particles remained uniformly distributed in the avalanche mass rather than migrating to the upper layer, which suggests that particle migration in the vertical direction was very weak. During the spreading stage, the large fragments on the surface of the avalanche mass, which make up the carapace facies, were preserved. This process also illustrates the fact that the movement of the carapace facies is a passive process (Dufresne et al., 2016; Dufresne et al., 2019; Zhang et al., 2019; Chen et al., 2022).
DISCUSSION
Trigger factors
Seismic activity near the study area is frequent, and at least 10 earthquakes have occurred within 20 km of Yulong Mountain since the 20th century. In 1996, the Lijiang earthquake (M7) induced more than 200 landslides, including some rockfalls triggered in the study area, where the seismic intensity was Ⅸ (Tang and Grunert, 1999). However, seismic data indicate that the occurrence of the Ganheba rock–ice avalanche was not directly related to earthquakes in 2004. Nevertheless, these frequent historical earthquakes may have caused accumulated damage to the bedrock in the study area (Gischig et al., 2016).
Recently, the influence of permafrost degradation and increased freeze–thaw action in the evolution of rock avalanches has been widely studied (Fischer et al., 2006; Coe et al., 2018; Bessette-Kirton and Coe, 2020). In summer, ice-melt water penetrates the structural surfaces and fissures of the rock body, and in winter, it freezes back into ice, causing expansion of fissures and reducing the strength of the rock (Gruber and Haeberli, 2007; Hasler et al., 2012). The source area of the Ganheba rock–ice avalanche is between 4,337 and 5400 m above sea level and near the Yanggongjiang-5 glacier. Previous studies have found that the glacier area of Yanggongjiang-5 plummeted from 0.72 km2 to 0.052 km2 between 1957 and 2001 (Du et al., 2013). Local meteorological data show that the Lijiang region experienced historically high summer temperatures and less precipitation than usual in 2003 (Figure 11), which would lead to extensive melting of the ice and strong freeze–thaw action from 2003 to 2004. Since this rock–ice avalanche occurred in April, we considered the rising temperature in spring to be the direct cause of this rock mass destabilization, which would enhance the ice melt, reduce the friction within the fractures (Faillettaz et al., 2015), and generate hydrostatic pressure in the bedrock (Gruber and Haeberli, 2007).
[image: Figure 11]FIGURE 11 | Average annual temperature (A) and precipitation (B) in Lijiang during 1995–2005.
Remote sensing images and field investigation have indicated that the protruding rock body, developed fissures, and structure surface contributed to the formation of the failure mass in the source area. Therefore, geological structures, historical earthquake effects, and freeze–thaw action can be identified as the mechanisms behind the failure of the Ganheba rock–ice avalanche. In addition, karstification may influence the formation of the failure mass, based on the regional lithology and the karst hole in accumulation zone 1 in field observations (Cui, 2013). In general, the failure of the Ganheba rock–ice avalanche arose from complex long-term actions rather than an episode of heavy rainfall or an earthquake.
Emplacement process
Although the Ganheba rock–ice avalanche is a modern landslide, its geomorphic and sedimentary characteristics have been modified by glacial meltwater and late deformation. Two sets of field survey records historical remote sensing images, and 2D discrete element modeling (PFC2D) provide important insight into the emplacement process of the Ganheba rock–ice avalanche.
Its morphological characteristics suggest that the Ganheba rock–ice avalanche slid down the south slope of Yulong Mountain (5,350 above sea level), initially moving in a 120° direction and then turning to 85°. The entire emplacement process was controlled by the valley topography. The distal deposits are located at an altitude of approximately 3,379 m, with a run-out of 4,860 m from the source area. The H/L ratio was determined to be 0.4. The 2007 field investigation and remote sensing images indicate that the failure mass is a double-layered structure, with ice on the top and rock on the bottom. However, most of the ice was accumulated on the surface of the proximal deposits. Thus, it was considered not to have been mixed into the avalanche mass during its movement. In contrast, the snow on the platform in the transition zone may have been entrained by the avalanche mass (Figure 2A), although we did not find the relevant sedimentary features in the deposits. Aaron and McDougall (2019) have pointed out that snow entrainment could increase the saturation level of the materials and enhance mobility.
Unfortunately, because the basal layer is not exposed, the underlying substrate was not observed during the field investigation. However, the widespread distributed riverbed sediments and ultrafine-grained sediments on the surface of the deposits lead us to believe that the valley prior to the Ganheba rock–ice avalanche was also covered by fluvial deposits, due to the glacial meltwater and large amounts of fine clasts from the frequent rockfall. There is no doubt that those fluvial deposits could act as a low-strength lubrication layer (Hungr and Evans, 2004; Aaron and McDougall, 2019).
To compare the mobility of the Ganheba rock–ice avalanche with other rock and rock–ice avalanches, the regression equations ([image: image], [image: image], and [image: image]) established by Strom et al. (2019) and Sosio et al. (2012) were employed in this study. The results indicate that the Ganheba rock–ice avalanche exhibits less spreading than do other laterally confined rock and rock–ice avalanches at similar scales. A possible explanation is that the dramatic slope change of the transition zone inhibited the mobility of this rock–ice avalanche. Undoubtedly, the platform in the transition zone is a buffer zone, which would consume significant energy. Another possible explanation is that the small amount of entrained snow and ice was not enough to significantly enhance the mobility of the Ganheba rock–ice avalanche, unlike in other rock–ice avalanches. In addition, the meandering travel path may also have played a vital role in energy consumption.
Based on the assumptions of the low-strength lubrication layer and small ice and snow entrainment, the internal friction coefficient (ball–ball) in the discrete element model was set to 0.5, and the basal friction coefficient (ball–wall) was set to different values in different zones (0.6 for the source area and the transition zone, and 0.23 for the accumulation zone). The value of 0.23 is the result of repeated tests in which the simulated Ganheba rock–ice avalanche could realize the expected travel distance. These simulation results, while preliminary, suggest that it is inappropriate to use apparent friction coefficients or excessively small global friction coefficients for simulation of rock and rock–ice avalanches because improper friction coefficient settings will affect the velocity estimation.
Although Figure 7 gives the velocity estimation based on the apparent friction coefficient, this result is considered physically meaningless (Legros, 2002). The velocity distribution based on the apparent friction coefficient represents the movement of a particle from the top point of the source area to the toe of the accumulation, which clearly does not correspond to the real situation. In contrast, the rigid body assumption and the 0.6 friction coefficient assumption from the source area to the platform in the transition should be accepted because the sliding body had not undergone violent fragmentation and stretching before the collision. The velocity estimation based on the aforementioned two assumptions is consistent with the average velocity calculated from the numerical simulation (v=55 m/s). It should be noted that after the collision, the front of the sliding body immediately transformed into the avalanche mass and continued to accelerate, so the maximum velocity of the front could have reached 82 m/s. Therefore, the rigid body assumption should be discarded after the collision has occurred. Meanwhile, 82 m/s should be considered as the maximum front velocity of this rock–ice avalanche.
The inverse calculation of the velocity of the highly fragmented avalanche mass is more difficult in the late moving stage than in the early moving stage because it is more like a flow than a rigid body. In this study, a superelevation 900 m from the front of the deposits was employed to estimate the velocity (Figure 5C). The result indicates that when the avalanche mass reached this path curve, the velocity had decreased to 29.9 m/s. This result is considered credible because the trees on both sides of the avalanche mass were not destroyed by the air wave (Figure 6D), which means that the velocity of the avalanche mass was not very high at this position. Although the velocity for the corresponding position from the numerical simulation is slightly larger than the estimation based on superelevation, this degree of error could be acceptable. Considering that the numerical simulation meets our expectations for both travel distance and velocity characteristics, we considered that the simulated result could reflect the emplacement process of the Ganheba rock–ice avalanche to some extent. Therefore, we believe that the entire emplacement of this rock–ice avalanche lasted approximately 105 s, which is similar to the duration of other rock and rock–ice avalanches (Crosta et al., 2007; Sosio et al., 2008; Cox et al., 2015; Zhu et al., 2019; Gao et al., 2020).
The materials of the Ganheba rock–ice avalanche are highly fragmented, but the grain size distribution is very complex, especially for the carapace facies. Previous studies have observed that carapace facies are dependent on the fracturing of the bedrock in the source area (Charrière et al., 2016; Strom and Abdrakhmatov, 2018). In the Ganheba rock–ice avalanche, the spacing of the structural surface is variable, so its complex carapace facies could be interpreted. When we noticed the intact ice mass on the surface of the proximal deposits, we realized that the violent collision with the terrain could not have left the failure mass completely fragmented and that the initial structural surface had played a crucial role (Dufresne et al., 2016; Chen et al., 2022). Meanwhile, the well-preserved ice on the proximal surface also suggests that ice may not have played a role in enhancing mobility, except for the application of overlying loads. Unfortunately, the ice–rock double-layered structure was not detected in the numerical simulation, perhaps limited by the small number of particles. The discrete elements model reproduced the progressive fragmentation process from bottom to top in the sliding body, which negates the migration of the particles in the vertical direction and supports carapace facies as the result of differential fragmentation. In addition, the formation of the boat rocks, which is caused by the thinning of the avalanche mass and the exposure of the survivor clasts, was also reproduced in the numerical simulation (Figure 12).
[image: Figure 12]FIGURE 12 | Formation of boat rock in the Ganheba rock–ice avalanche.
Based on the geomorphic and sedimentary characteristics of the Ganheba rock–ice avalanche and on a numerical simulation of the avalanche, the kinematic process of this rock–ice avalanche is proposed to have occurred as follows:
(1) Failure and acceleration stage: The failure mass ([image: image]), with an ice–rock double-layered structure, slid rapidly down the steep slope. Under the control of strong basal friction and initial structures, the sliding body completed the initial disintegration, but there was no significant longitudinal velocity differentiation.
(2) Collision compression stage: When the sliding body reached the platform in the transition zone, it violently collided with the terrain. Therefore, the sliding body underwent further violent fragmentation and completely transformed into avalanche mass. During this process, the snow on the platform was scraped off and mixed into the avalanche mass. Meanwhile, the rear part of the avalanche mass pushed the front part, resulting in longitudinal compression and momentum transfer. The front velocity reached a maximum of 82 m/s.
(3) Spreading deceleration stage: When the avalanche mass reached the accumulation zone, under the influence of the topography, it turned eastward into the narrow glacier valley. The multiple terrain collisions resulted in energy dissipation. Controlled by the low-strength lubrication layer (fluvial sediments) and laterally confined terrain, the avalanche mass spread forward as a laminar flow. During this process, the avalanche mass underwent constant longitudinal stretching and thinning. At 95 s, based on the numerical simulation, the front of the avalanche mass eventually stopped near the exit of the glacier valley.
(4) Deformation stage: Although the front of the Ganheba rock–ice avalanche stopped moving at 95 s, the numerical simulation showed that the rear of the avalanche mass continued to move until 105 s, resulting in a deformation of the avalanche mass. Although relevant geomorphic evidence of the deformation stage was not found in the Ganheba rock–ice avalanche, we observed digitate emplacement in the transition zone of the Walai rock avalanche (Chen et al., 2022), which proves the continued moving of the rear materials and the existence of the deformation stage. It is worth noting that during the entire emplacement process, ice and snow did not play an important role in enhancing mobility because most of it had accumulated in the proximal fan and no relevant evidence was found in the middle and distal deposits.
CONCLUSION
Recently, rock–ice avalanches have been occurring more frequently at high altitudes around the world (Coe et al., 2018; Leinss et al., 2021; Fan et al., 2022). Since Yulong Mountain is the southernmost snow mountain in China, the failure of the giant rock mass here could offer important insights into the evolution of the rock–ice avalanche in high-altitude regions of China. In this study, we conducted an analysis of historical remote sensing images, a field investigation, and 2D discrete element modeling. The formation and emplacement process of the Ganheba rock–ice avalanche have been discussed in detail. The significant findings and results of this study can be summarized as follows:
(1) The failure of the Ganheba rock–ice avalanche was caused by the long-term effects of historical seismic effects and freeze–thaw action. The failure mass was an ice–rock double-layered structure, with a rock volume of [image: image]. The developed structural surfaces and fissures played a significant role in the formation of the failure mass and its transformation into a rock avalanche. Field investigation and numerical simulation suggest that the ice may not have significantly influenced the hypermobility of the avalanche mass; the kinematic processes of this case are more like a rock avalanche than a rock–ice avalanche.
(2) Under the control of the local topography and low-strength lubrication materials, the Ganheba rock–ice avalanche traveled a horizontal distance of 4860 m, with an H/L ratio of 0.4 and a moving time of 105 s. The platform in the transition zone facilitated the fragmentation of the failure mass. Based on the velocity estimation from its geomorphological characteristics and the numerical simulation, the emplacement process of the Ganheba rock–ice avalanche can be divided into four stages: failure and acceleration, collision compression, spreading deceleration, and deformation. The maximum velocity of the front of the avalanche mass was determined to be 82 m/s.
(3) The progressive fragmentation of the Ganheba rock–ice avalanche was reproduced in the numerical simulation. The sedimentary characteristics—including the nearly intact ice mass on the proximal deposits and the variable block size in carapace facies—further confirm the differential fragmentation and the notion that the initial structures were important in fragmentation. Spreading of the avalanche mass can also be described by the numerical simulation, and the widely observed directional alignments and boat rocks confirm that the gradual thinning and spreading process controlled the emplacement process of the avalanche mass in the accumulation zone.
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