[image: image1]Research on characteristics and geological genesis of large-scale deep-seated landslide in tuff formation

		ORIGINAL RESEARCH
published: 29 February 2024
doi: 10.3389/feart.2024.1372537


[image: image2]
Research on characteristics and geological genesis of large-scale deep-seated landslide in tuff formation
Mengqi Xue1, Guangli Xu1,2*, Feixiang Yao3 and Zhuo Ma4
1Institute of Geological Survey, China University of Geosciences, Wuhan, China
2Faculty of Engineering, China University of Geosciences, Wuhan, China
3China United Engineering Corporation Limited, Hangzhou, China
4China Energy Engineering Group Yunnan Electric Power Design Institute, Kunming, China
Edited by:
Pengjiao Jia, Soochow University, China
Reviewed by:
Jidong Teng, Central South University, China
Zhen Wang, Yangzhou University, China
Changshuo Wang, Ningbo University, China
Ren Weizhong, Chinese Academy of Sciences (CAS), China
* Correspondence: Guangli Xu, xu1963@cug.edu.cn
Received: 18 January 2024
Accepted: 15 February 2024
Published: 29 February 2024
Citation: Xue M, Xu G, Yao F and Ma Z (2024) Research on characteristics and geological genesis of large-scale deep-seated landslide in tuff formation. Front. Earth Sci. 12:1372537. doi: 10.3389/feart.2024.1372537

In engineering practice, engineers generally treated tuff as a lumpy material with a poorly defined laminated structure and a rock group that was not susceptible to slide failure. Most studies of tuff landslides had focused on small clastic landslides in shallow strata with weathering boundaries and lithologic interfaces as slip surfaces. This paper takes a large-scale, deep-seated tuff landslide on the southeast coast of China as the research project. We used borehole TV imaging and exploration tunnels to confirm the material composition and structural characteristics of the tuff stratum and used exploration tunnels to expose the slip soil directly. Microscopic identification, mineralogical composition analysis, zircon U-Pb isotope dating, and Hf isotope analysis of slip soils collected from the exploration tunnels elucidated the geologic background and genesis of the large-scale deep-seated landslides in the tuff stratum. It was found that the formation of a tuff stratum in the landslide area was caused by multi-volcanic orogeny and multi-phase tectonics. The timing of the melting of the original magma from these volcanic events also differs. During these intervals between eruptions, deposition occurred, and this sedimentary material formed the slip soil.
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1 INTRODUCTION
Volcanic activity is a potential geological force leading to global climate change and the extinction of biological populations (Rampino and Stothers, 1988; Olsen, 1999; Wignall, 2001). Tuff, one of the direct products of volcanic activity, is also a research hotspot at present (Benito et al., 1998; Xu et al., 2004; Hints R. et al., 2006; He et al., 2007). Tuff, which belongs to pyroclastic rock, is a transitional type between igneous rock and ordinary sedimentary rock and is thought to be formed after the fall of volcanic ash (Haaland et al., 2000; Grevenitz et al., 2003). The tuff stratum, in which landslides are generally developed, is widely distributed in the southeast coastal area of China. In Zhejiang Province, on the southeast coast of China, the Lidong landslide, Shanzao village landslide, and Xiabanling landslide caused more than 70 deaths, and the Xiageliao landslide caused potential economic losses of $62,640,000. The series of heavy and massive landslides and geological disasters have brought enormous damage and threats to people’s lives, health, and property safety. Tuff normally, the igneous rock widely used as a natural building material, is considered hard rock without apparent stratum rationality. Therefore, tuff does not have the primary conditions for many landslides. However, multiple tuff landslides above have occurred or are developing evidence that the tuff stratum is very suitable to breed large and even super large-scale deep-seated landslides.
There are few research studies on large-scale, deep-seated tuff landslides, which are still in the preliminary exploration stage. Used the X-ray diffraction method to determine the clay minerals composition of tuff from the Kunimi landslide and concluded that the content of clay minerals was higher in the groundwater enrichment zone of the landslide (Shuzui and Shimoda, 1987; Shuzui, 2001). When a landslide occurred in the tuff formation accompanied by continuous deformation, the content of clay minerals in the slip-surface continued to increase under the action of groundwater. In contrast, the content of detrital minerals decreased. It was the most critical factor in the decline of anti-sliding ability in slip-surface. Lu compared three landslides in the Cayley volcanic area in the United Kingdom and analyzed the similarities and differences between the tuff and dacite tuff landslides, including the slip-surface geotechnical properties and landslide motion forms (Lu, 1993). Trandafir et al. analyzed the formation mechanism of the Norwood Tuff landslide. They concluded that the landslide was a gradual destruction process due to the rise of groundwater level and human activities (Trandafir and Amini, 2009). Beisner et al. analyzed and studied the dynamic displacement characteristics of the Norwood Tuff landslide underwater level and seismic acceleration (Beisner, 2011). Hiroyuki et al. researched the Oshinkoshin landslide in Shiretoko Peninsula, eastern Hokkaido, Japan. They proposed that landslides were mainly controlled by the thick-hard shale with multiple thin strata of soft tuff (Maeda et al., 2014). Masahiro conducted a systematic study on the characteristics of deep-seated tuff landslides, considering the two influencing factors of rainfall and earthquakes (Masahiro, 2016).
We researched the Xiageliao landslide in Zhejiang Province, China. We used drilling, borehole photography, and tunnel exploration as the primary survey methods to study the large-scale, deep-seated tuff landslide characteristics. Some experiments were done to explain the relationship between landslides and tuff formation. Finally, a development model of the large-scale deep-seated tuff landslide was summarized.
2 INVESTIGATION AND RESEARCH ON XIAGELIAO LANDSLIDE
As shown in Figure 1, Xiageliao landslide is located on the right bank of the Daxi River in Qingtian County, Zhejiang Province, on the southeast coast of China, with the foot of the slope submerging into the 38 m deep river water and a freight railway in the foot of the slope about 15 m above the river. The landslide was first discovered in 2012 when the retaining wall of the railway was cracked due to the deformation of the landslide, and the trains could only run at a speed of 26 km/h to ensure safety. In April 2016, a crack with a length of about 500 m and a width of about 0.5 m was discovered on the rear edge of the landslide, which caused the railway’s suspension and residents’ relocation.
[image: Figure 1]FIGURE 1 | The basic situation of the Xiageliao landslide by aerial photograph.
Figure 2 and Figure 3 show that the main sliding direction of the landslide is about 299°, the length of the landslide is about 510 m, the width is about 580 m, the elevation is between 20 and 275 m above sea level, and the total area is about 200,000 m2. The thickness of the landslide is 20–105 m, and the total volume of the landslide body is about 1100×104 m3, so the landslide was defined as a large-scale, deep-seated landslide. To better study the Xiageliao landslide, we drilled 42 boreholes within the landslide area; these boreholes totaled 2976.17 m in length; the boreholes exposed the structural characteristics of the tuff and also provided good sampling conditions, see Figure 4A. Similarly, an exploration tunnel was constructed from the gully at the right boundary of the landslide, see Figure 4B. This tunnel consists of a 270 m-long main tunnel and three branch tunnels that cross the slip surface. The dimensions of the main tunnel were 3 m × 3 m, and the branch tunnels were 2.25 m × 2 m. The main tunnel provided more intuitive information about the structural changes of the slip body, and all three branch tunnels accurately revealed the location of the slip surface and provided good observation conditions and sampling conditions for the undisturbed slip soil.
[image: Figure 2]FIGURE 2 | The plan for Xiageliao landslide.
[image: Figure 3]FIGURE 3 | The profile of Xiageliao landslide (Section 3-3′).
[image: Figure 4]FIGURE 4 | Photographs of the core and exploration tunnel for the Xiageliao landslide. (A) Photographs of the core from the borehole. (B) Photographs of the exploration tunnel.
Figure 5A presents the slip-surface observation window in 3# branch tunnel located about 100 m below the ground surface, and the slip-soil is a stratum of clay with a thickness of about 5–12 cm between the strongly weathered slip-body and the slightly weathered slip-bed. Figure 5B shows a close-up of slip-soil with occurrence 295°∠21°which, which is yellow-brown clay with a thickness of 3–15 cm. The slip-soil is relatively dense with a slippery feel, hard plastic-soft plastic, and easy to soften in contact with water, leading to the local seepage area. Figure 5C shows a close-up of slip-soil scratches. The width of the groove is about 2 mm, and the scratch direction is 300°, which is consistent with the sliding direction of the landslide, so this clay stratum is the slip-soil.
The Xiageliao landslide is developed in the Cretaceous (K1x) tuff stratum. In this paper, the exploration results of borehole zk3-5, located in the middle of the landslide, were selected to be presented and studied. Figure 5 presents the basic situation of the landslide tuff formation. Figure 6A is a schematic diagram for the stratum structure of borehole ZK3-5 and shows that the tuff formation above the slip-bed has alternated between broken and intact many times. This situation was also found in other boreholes, and according to data collection, this phenomenon also occurred in areas outside the landslide range. Figure 6B shows the partial results by borehole TV imaging in borehole ZK3-5, and in the 64–76 m section of ZK3-5, the complete fragmentation (strong-medium weathered) of the tuff changes many times. While macroscopic observations of the stratigraphic structure of the tuff stratum were made through boreholes, core samples were also sampled and numbered according to s1 to s8. The specific sampling location can be seen in the dotted line position in Figure 6A.
[image: Figure 5]FIGURE 5 | Slip soil revealed by exploration tunnels. (A) Distant view of slip soil. (B) Close-up of slip soil. (C) Scratch marks.
To explore the performance of the landslide tuff on the micro level, eight sets of core samples from the borehole ZK3-5 were selected for microscopic identification. The sampling locations are shown in Figure 6A. The microscopic identification instrument was a microscope (OLYMPUS BX51, China University of Geosciences (Wuhan)); the results are shown in Figure 7. S-1 sampling depth of 8.5 m was identified as light metamorphic dacite lithic-crystal tuff, mainly composed of crystal fragments, detritus, and volcanic ash. The crystal fragment was locally altered by weathering and is mainly composed of quartz and feldspar. S-2 sampling depth of 24.4 m was identified as light metamorphic dacite lithic-crystal tuff, similar to s-1. The plagioclase in the sample was weathered and altered under the action of late stress. The late extensional fissure interspersed the fractional crystal fragment, and along both sides of the fissure, the weathering and erosion became intense. Part of the feldspars were eroded into sericite and clay minerals. The detritus are mainly quartzite debris in mid-late rock. S-3 sampling depth 43 m was identified as lithic crystal tuff, mainly composed of crystal fragments, detritus, and volcanic ash; the rock crystal fragment was strongly weathered and altered. Quartz veins were squeezed to relax, wave-like are developed in the rock, and partial quartz veins were compressed to form a stone sausage structure. It shown a soft-hard inter-stratum structure in this area. S-4, with a sampling depth of 43.8 m, was identified as lithic crystal tuff, similar to s-3, and the crystal fragment was mainly feldspar and quartz. Quartz veins with compression and torsion characteristic are developed. Figure S-5, sampling depth 54.5 m, identified as rhyolitic lithic-crystal tuff with malleable rhyolite structure mainly composed of crystal fragments, detritus, and volcanic ash. Quartz sericite had an obvious intermittent orientation. S-6 sampling depth of 73.8 m was identified as silicified crystal lithic tuff. The robust, weathered rock presented a silicified state with small, interspersed, compressed quartz veins. Figure S-7 sampling depth 88.5 m was strong weathered tuff in slip-surface, and the basic was lithic crystal tuff. The crystal fragment is mainly quartz (15%), followed by feldspar (7%), and sericite is well-developed. S-8 sampling depth 99.5 m was medium weathered tuff in slip-bed identified as lithic crystal tuff with mainly larger particle size plagioclase crystal fragment with a reasonable degree of self-shape with glassy tuff vein partially interspersed.
[image: Figure 6]FIGURE 6 | Stratum structure characteristics of Xiageliao landslide. (A) Schematic diagram of the core structure of the borehole. (B) Borehole TV images.
[image: Figure 7]FIGURE 7 | Micrographs of tuff at different depths of the Xiageliao landslide.
The tuff in the landslide area is mainly composed of lithic crystal tuff, of which the shallow part is composed chiefly of dacite tuff, and the deep stratum is mostly basic rhyolitic tuff. The degree of weathering is quite different at different depths, and the crystal fragments and veins also show that some stratum from different depths are subject to more significant compression stress. It indicates that the later geological forces suffered by tuff strata are of different periods. Similarly, the different types of tuff in each stratum also reveal that the volcanic structures that formed these tuff stratum were different.
With the identification of the Xiageliao landslide’s characteristics, the research’s core issue is: Why did the volcanic tuff formation without apparent stratification give birth to large-scale deep-seated landslides like the Xiageliao landslide? This problem can be divided into two aspects. The first is to determine how such a complex tuff formation is formed, and the second is to determine the formation of a continuous clay slip surface about 100 m below the surface. For this purpose, three experiments were designed in this study: age dating, isotope analysis, and compositional determination of tuff.
3 MATERIALS AND METHODS
3.1 In-situ U-pb dating of zircon by LA-ICP-MS
Zircon is a relatively common by-mineral, commonly found in magmatic rocks, with a stable crystal structure and high stability of closure, which has the property of persistently maintaining the physical and chemical characteristics of the mineral at the time of its formation and its structure and composition reflect the geological processes experienced by the rock. The high U and Th content of zircon makes it the most frequently studied object in U-Pb isotope geochronology, and zircon dating utilizes the decay of U and Th isotopes into Pb isotopes. To analyze the evolutionary history and characteristics of the geotechnical bodies in the landslide area, more than 20 sets of rock samples were taken from 6 boreholes at different depths in the 3–3′ section of the landslide and from the rock layers above and below the landslide zone and analyzed for zircon U-Pb dating. The zircon U-Pb isotope dating and trace element content were analyzed using the LA-ICP-MS method, which is commonly used nowadays.
Zircon U-Pb isotopic dating, Hf isotope determination, and X-ray diffraction analysis were designed to explain the complex stratification of the tuff in the landslide area and to validate the hypothesis about the formation of the tuff. The samples were taken from the cores in boreholes of different depths, and the undisturbed slip-soil samples were taken directly from the exploration tunnel.
Figure 8 shows the photos of zircon U-Pb dating samples and selected points of zircon CL images of zircon tuffs in the landslide area; the red circles in the picture show laser test chosen points. Zircons were selected from core samples from different locations in different boreholes. Then, the tuff samples were crushed, and single-grained zircons were randomly chosen by gravity and magnetic sorting to avoid artificial selectivity as much as possible. These zircons were then spaced so that they were independent of each other, arranged in an orderly manner, and finally made into targets. Transmitted light, reflected light, and cathodoluminescence (CL) images were taken of the zircon targets, and zircons with good crystal shape and transparency were selected as the basis for the zircon dating analysis. Finally, the pointing and data processing were carried out.
[image: Figure 8]FIGURE 8 | Zircon target and CL camera view.
U-Pb dating of zircon was conducted by LA-ICP-MS. Laser sampling was performed using a GeolasPro laser ablation system that consists of a COMPexPro 102 ArF excimer laser (wavelength of 193 nm and maximum energy of 200 MJ) and a MicroLas optical system. An Agilent 7700e ICP-MS instrument was used to acquire ion-signal intensities. The spot size and frequency of the laser were set to 32 µm and 5 Hz, respectively, in this study. Detailed operating conditions for the laser ablation system and the ICP-MS instrument and data reduction are the same as description by (Liu et al., 2008; Liu et al., 2010; Hu et al., 2015; Zong et al., 2017). Zircon 91,500 and glass NIST610 were used as external standards for U-Pb dating and trace element calibration, respectively. Each analysis incorporated a background acquisition of approximately 20–30 s, followed by 50 s data acquisition from the sample. An Excel-based software, ICPMSDataCal, was used to perform off-line selection and integration of background and analyzed signals, time-drift correction, and quantitative calibration for trace element analysis and U-Pb dating (Liu et al., 2008; Liu et al., 2010)17,18. Concordia diagrams and weighted mean calculations were made using Isoplot/Ex_ver3 (Ludwig, 2003).
3.2 Hf isotope ratio analyses by LA-ICP-MS
The zircon samples used in this experiment were also derived from the age-determined zircon in the previous section. These zircons were pre-treated and analyzed for Hf isotopes. All chemical preparations were performed on class 100 work benches within a class 1000 over-pressured clean laboratory. Sample digestion: (1) Sample powder (200 mesh) was placed in an oven at 105°C for drying of 12 h; (2) 50–200 mg sample powder was accurately weighed and placed in a Teflon bomb; (3) 1–3 mL HNO3 and 1–3 mL HF were added into the Teflon bomb; (4) Teflon bomb was put in a stainless steel pressure jacket and heated to 190°C in an oven for >24 h; (5) After cooling, the Teflon bomb was opened and placed on a hotplate at 140°C and evaporated to incipient dryness, and then 1 mL HNO3 was added and evaporated to dryness again; (6) The sample was dissolved in 3.0 M HF. Column chemistry: After centrifugation, the supernatant solution was loaded into an ion exchange column packed with LN-Spec resin. After complete draining of the sample solution, columns were rinsed with 3 M HCl, 6 M HCl, and 4 M HCl+H2O2 (0.5%) to remove undesirable matrix elements. Finally, the Hf fraction was eluted using 2.0 M HF and gently evaporated to dryness before mass-spectrometric measurement.
Experiments of in situ Hf isotope ratio analysis were conducted using a Neptune Plus MC-ICP-MS (Thermo et al.) in combination with a Geolas HD excimer ArF laser ablation system (Coherent, Göttingen, Germany). The laser energy is 8 mJ/cm2, the frequency is 8 Hz, and the laser beam spot diameter is 44 µm. Detailed instrument operating conditions and analysis methods can be referred to (Hu et al., 2012). This laser ablation system includes a “wire” signal smoothing device, producing smooth signals even at meager laser repetition rates down to 1 Hz. Helium was used as the carrier gas within the ablation cell and was merged with argon (makeup gas) after the ablation cell. Small amounts of nitrogen were added to the argon makeup gas flow to improve the sensitivity of Hf isotopes (Hu et al., 2012). Off-line selection, analysis of analyte signals, and mass bias calibrations were performed using ICPMSDataCal (Liu et al., 2010).
3.3 X-ray diffraction test
The XRD test was commissioned by the State Key Laboratory of Geological Processes and Mineral Resources (China University of Geosciences), and the instrument model is X’Pert PRO DY2198. The test samples were slip soils and tuffs above and below them, taken from the exploration tunnels.
Samples for XRD analysis were crushed coarsely and moderately; after grinding, the samples were ground to 200 mesh with a mortar and pestle. After grinding, the samples were dried at 105 °C, and 5 g were weighed accurately. After drying at 105°C, 5 g of the sample was weighed accurately and placed in a crucible. After the sample was dried at 105°C, 5 g was weighed accurately and placed in a crucible. A mixture of lithium tetraborate-lithium metaborate-lithium nitrate was added to the crucible. After confirming that the sample and the melt were thoroughly mixed, the sample was melted in a high-precision melting furnace at 1050°C. The molten slurry was poured into a platinum model, cooled to form a fused sheet, and then analyzed by X-ray diffraction.
Then X-ray diffraction analysis was performed. The experimental conditions were as follows: voltage 40kV, current 40 mA, 2θ angle from 5° to 60°, step size of 0.04°/step, and scanning speed of 5 s/step. The scanning speed was 5 s/step. The accuracy of the goniometer was less than 0.01° (2θ angle), and the detection limit of mineral content was about 1%. The accuracy of the goniometer is less than 0.01° (2θ angle), and the detection limit of the mineral content is about 1%. Mineral species were analyzed using JADE6.5 software with standard curves of various minerals. The mineral species were determined by comparing them with the standard curves of various minerals using JADE6.5 software. In the XRD test, high-purity silica powder was chosen as the calibration standard, and the 2θ angle of the sample to be tested was calibrated by the external standard method. In the XRD test, high-purity silica powder was chosen as the calibration standard, and the 2θ angle of the sample to be tested was corrected by the external standard method. The standard sample and the sample to be tested were analyzed with the same instrument and under the same experimental conditions. The standard sample and the sample to be tested were diffracted with the same instrument and under the same experimental conditions, and the data of the standard sample were compared with the standard values. The data of the standard sample was compared with the standard value to find out the correction value of each 2θ angle. Then the 2θ angle of the measured sample was corrected by the external traditional method. Then, the 2θ angle of the measured sample is fixed.
4 RESULTS
According to Table 2, the Th/U values of zircons in the Xiageliao landslide range from 0.58 to 2.19, with an average value of 1.28, which is significantly greater than 0.1, indicating an apparent magmatic origin (Koschek, 1993). Tables 1 and 2 show the U-Pb zircon date results of the tuff at different depths. The Xiageliao landslide’s tuff belongs to the lower Cretaceous stratum, and the test results show that the adjacent tuff stratum (15–20 m interval) has an age difference of about 1–2 Ma. This proves the multi-period eruption theory of the landslide formation mentioned above. The volcanic activity that formed the landslide tuff stratum was frequent with short intervals. According to the top and bottom stratum of the slip surface (e.g., samples 3-7-3 and 3-7–5), the age difference between the two strata is about 1 Ma, more significant than that of the tuff stratum under the same conditions in the slip-body. It is evidenced that the intervals of volcanic activity after the tuff formation as slip-bed was more prolonged than other periods. Because of the long quiet period (3.5 Ma), this tuff area received sedimentation and weathering to form the original slip-soil material.
TABLE 2 | U-Pb isotopic data of zircons from the Xiageliao landslide.
[image: Table 2]TABLE 1 | Laboratory test results on samples from the Xiageliao landslide.
[image: Table 1]Table 1 and Table 3 show that the 176Lu/177Hf value of zircon from the landslide tuff is 0.000669–0.003317, which is smaller than the 176Lu/177Hf (0.0093) value of the upper crust (Vervoort et al., 1996). The 176Hf/177Hf value is 0.282210–0.282417. The average value is 0.282333, and fLu/Hf = −0.98∼-0.90, which is less than the value of mafic crust value (−0.34) and silica-aluminum crust value (−0.72) (Vervoort et al., 1996; Amelin et al., 2000). The εHf(t) ranges from −17.13 to −9.71, indicating that the zircon originated from the re-melting of the ancient crust. The samples’ two-stage model age (Tdm2) can better reflect when tuff was extracted from the depleted mantle or the mean age of source rock in the crust. The two-stage model age is between 1798.98 Ma and 2193.58 Ma, which belongs to the Paleoproterozoic and extends from the early Paleoproterozoic to the middle and late Paleoproterozoic. Although the εHf(t) of each sample is negative, the variation interval of the εHf(t) is eight ε units, which exceeds the error caused by the analysis method (Wu et al., 2006). The magma heterogeneity should cause it (Bolhar et al., 2008; Mo et al., 2009). Combined with the calculation results of the two-stage model age, it can be concluded that the magma formed tuff is from the continental crust material, but the specific material source, melting time, and volcanic edifice are different.
TABLE 3 | Hf isotopic data of zircons from the Xiageliao landslide.
[image: Table 3]For the analysis of the mineralogical composition of the landslide material, we took two samples of tuff from the slip body above the slip soil, one sample of yellowish-brown slip soil, one sample of greenish-gray tuff that had been clayed under the slip soil, and two samples of tuff from the slip bed from the exploration tunnels. The test results of these samples can be seen in Figure 9, numbered A to F in that order.
[image: Figure 9]FIGURE 9 | Mineral composition analysis of landslide material. (A) Tuff of the slip- body. (B) Tuff above slip soil. (C) Yellow-brown slip soil. (D) Greenish gray clay below slip soil. (E) Slip-bed tuff. (F) Slip-bed tuff.
Figures 9A,B presents slip-body tuff, and Figures 9E,F shows slip-bed tuff. The tuff has low clay mineral content (14.2%–30.8%) and very high clastic mineral content, especially quartz (50.8%–58.6%), typical volcanic clastic rock. Figures 9C,D shows the result as clay, among which Figure 9C is slip-soil with the highest clay mineral content (41.2%) and the lowest quartz content (16.01%). Although Figure 9D shows the result as clay-like, the overall mineral composition, especially the quartz content, differs significantly from the surrounding tuff and has prominent inheritance characteristics. It can be judged as the weathering disintegration production of tuff. After field identification and laboratory observation, no significant diagenetic signs and no rock skeleton were found in the slip-soil (Figure 9C). The content of quartz (Figure 9C) is much lower than that of tuff or its hydrolyzed clay (Figure 9 (d)). As a very stable mineral, quartz is unlikely to disappear due to weathering and hydrolysis. Similarly, quartz cannot be migrated out in such an occurrence environment. In other words, this yellow-brown clay did not develop from tuff, and these two are not homologous. It is not possible that the tuff formation was followed by the formation of a continuous clay stratum 90 m deep from the external material. It can only be formed in the early Cretaceous with tuff, and it is inferred that it is the production of sedimentary material during the eruption interval.
5 CONCLUSION
After the investigation and test results of the Xiageliao landslide, the following conclusions are drawn:
(1) The Xiageliao landslide was developed in a complex set of tuff strata. The tuff in the landslide area consisted of many different types with different levels of weathering. Through microscopic identification, it is found that these tuffs at different depths have different tectonic traces. This indicates that the formation of the tuff strata in the landslide area results from multiple volcanic activities and phases of tectonic action.
(2) The slip surface of the Xiageliao landslide is a continuous layer of yellowish-brown clay with a maximum depth of 90 m. By comparing the mineral composition of the slip soil and the tuff above and below it, it can be seen that it is not a product of tuff disintegration and weathering but was formed by the deposition of external materials. Combined with the location of the slip soils and the zircon dating results, the slip soils should be the products of sediments deposited during the intervals of volcanic activities.
(3) According to zircon dating, the tuffs at different depths are close in age of formation, but there is still a particular age gap. Combined with the microscopic identification and other auxiliary results, it can be concluded that several volcanic activities with short intervals formed this group of stratum. These volcanic activities were partially subjected to sedimentation during quiet periods. Similarly, during the quiet periods, the tuff strata that had been formed at that time were subjected to weathering and tectonic activities, resulting in the recurrence of strongly weathered and weakly weathered tuffs.
(4) According to Hf isotope analysis, more than one volcanic activity formed the tuff, and the melting time of the original magmatic material from these volcanic activities varied at different times. This explains the complex variations in tuff types and compositions in the landslide area.
Based on the above conclusions about the Xiageliao landslide, we can summarize the mechanism by which the tuff formed a large-scale deep-seated landslide, as shown in Figure 10. The multiple volcanic activities that formed the tuff stratum occurred discontinuously, with partially longer quiet periods long enough to receive enough sedimentary material. The repeated occurrence of this continuous eruption-interrupted process creates a complex stratum assemblage. When external conditions such as tectonic movements, river incision, and artificial slope cutting are appropriate, landslides can occur along the weak interlayers of sedimentary or weathered strata formed during the eruption-pause process as rainfall or groundwater changes.
[image: Figure 10]FIGURE 10 | Model diagrams of tuff and slip soil formation.
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