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Landslides often occur in land slopes, estuaries, fjords, and intertidal zones in the marine environment, while landslides in tidal channels have not been systematically reported. The Zhoushan sea area is dotted with islands and crisscross tidal channels, which is a typical tidal channel development area. The data from the coastal zone and island survey, offshore engineering site selection, and environmental survey show that landslides are very common in tidal channel areas. The detailed study of this kind of landslide will enrich the research theory of submarine landslide and have important guiding significance for marine planning, development and site selection, and construction of coastal engineering in coastal areas. First, the submarine landslide in southwest of Zhujiajian Island in Zhoushan is investigated in this study. It is found that the sliding zone is parallel to the island coastline, with a length of about 250 m and an extension of 2 km, and the buried depth of the sliding surface is generally 8–10 m; then, through the self-developed seabed deformation observation system, combined with the hydrodynamic observation system, the landslide was observed in situ for 75 days. The observation results showed that the landslide slides at a constant speed along the sliding surface under the action of weight; the slides accelerate under the action of waves, and multiple sliding surfaces are generated in the landslide body at the same time. Finally, the genetic mechanism of submarine landslides in tidal channel areas is put forward.
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INTRODUCTION
Marine resources are an important part of natural resources. The rational development of marine resources is related to the sustainable development of human society in the future. There are many kinds of marine geological disasters, and the laws of disaster occurrence and development are complex and difficult to predict (Liu et al., 2020). With the rapid development of science and technology in recent years, especially the continuous emergence of modern remote sensing technology, wireless communication technology, and various sensing technologies, the early identification, monitoring, and early warning of hidden dangers of geological disasters have become an important means of active prevention and control of geological disasters (Xu, 2020).
Seabed instability will lead to submarine landslide, collapse depression, and other geological disasters. Some scholars have proposed various seabed deformation and sliding modes such as translational, rotational, and slump based on the geophysical survey, indoor test, and other research methods (Xu, 2006; Yang and Chen, 1994; Chang, 2009), which pose a serious threat to the safety of submarine pipelines, platforms, and other engineering structures. The real mechanism of instability triggering of the in situ submarine slope is not caused by a single factor but more by very complex mutual coupling in different periods (Prior, 1986a; Yang and Chen, 1994; Wang, 2015). During the cyclic action of ocean dynamics (waves, tides, etc.) on the seabed, it will exert vertical pressure, tension, and horizontal shear force on sediments. Under the action of this cyclic load, pore water pressure accumulates in the sediment, and the strength of the sediment decreases. When the strength is not enough to resist the force of ocean power, the sediment will deform and slide at different scales, which may further lead to large-scale submarine landslides and harm to marine engineering (Sultan et al., 2007; Liu et al., 2015; Liu et al., 2016; Nian et al., 2016).
At present, the investigation and research of submarine landslides mainly rely on marine geophysical detection technologies such as side scan sonar and shallow formation profile technology. The occurrence process and triggering factors of landslides can only be known by speculation (Vanneste et al., 2014; Jia et al., 2017). In contrast, seabed in situ observation technology can obtain dynamic observation data with timeliness, which is more conducive to the study of the occurrence mechanism and evolution process of submarine landslides (Zhang et al., 2016). Prior and others used sediment dynamic observation devices to record acceleration and inclination changes and found the revival of submarine landslide induced by storm surge in the underwater delta of the Yellow River (Prior et al., 1989); Chadwick et al. (2012) and Wallace et al. (2016) used high-precision water pressure gauges to monitor seabed subsidence and uplift in the deep sea so as to predict the time of volcanic eruption and capture the process of tectonic movement; Blum et al. (2010) used the seabed acoustic measurement system to monitor the unstable slope of the seabed for the first time; Urlaub et al. (2018) used the acoustic measurement system and pressure gauge to capture the sliding deformation process of the flank of Etna volcano; and Wang successfully captured the seabed deformation process induced by storm surge in the underwater delta of the Yellow River using the submarine landslide monitoring system (SLM) and put forward the mechanism of wave induced seabed instability in the underwater delta of the Yellow River (Wang et al., 2018; Wang et al., 2020).
The Zhoushan archipelago is located in the northeast of Zhejiang Province. It is composed of more than 1,300 islands of different sizes. It is the largest archipelago in China and rich in fishery resources, with many deep-water ports and developed shipping channels. It is a key logistic transit base in the Yangtze River Delta and its surrounding areas and has an important strategic position. Submarine landslides of different sizes are widely developed in the Zhoushan sea area. Among them, there are many gorge tidal channels in the south of Zhoushan Islands. A large number of submarine landslides are developed in these channels. The vast majority of landslides are an overall failure, mainly slicing and sliding along the slope. Ye et al. (1996), Lai et al. (2000), and Lai and Ye (2011) concluded that the uneven distribution of erosion and deposition in the tidal channel leads to the continuous increase of the seabed slope, and finally, the overall sliding failure occurs under the action of gravity as the main driving force. Marine geological disasters represented by submarine landslides pose a great threat to the safety of offshore engineering facilities in the Zhoushan sea area. It is particularly important to explore the excitation mechanism and cause mechanism of submarine deformation disasters such as submarine landslides.
Based on the self-developed in situ observation system, this study carried out in situ observation for 75 days on the typically inclined seabed slope in the southwest of Zhujiajian Island, Zhoushan, and obtained the observation data of lateral deformation and deformation direction of sliding surface (Xue et al., 2020; Liang et al., 2021).
The Zhoushan archipelago is located in the south of the Yangtze River Estuary. As the largest estuary in China, a large amount of sediment carried by the Yangtze River is deposited near the Zhoushan archipelago during its southward migration. Therefore, this area is a typical distribution area of muddy coast. After preliminary field exploration, the sea area in the southwest of Zhujiajian Island is selected as the in situ long-term observation area. Zhujiajian Island is located in the southeast of the Zhoushan archipelago in Zhejiang Province, with a maximum length of 13 km in the North-South direction and 7 km in the East-West direction. It is the fifth largest island in the Zhoushan archipelago (Feng, 2012). The observation area is the submarine landslide area in the southwest of Zhujiajian Island in the Zhoushan archipelago (Figure 1A), which is located on the northeast slope of the tidal scouring trough and close to the Fulimen reclamation project of Zhujiajian Island. This area belongs to a typical tidal channel development area, with tidal channels crisscrossing and many landslides occurring (Liu et al., 2007). The tidal category of the observed sea area is the regular semidiurnal tide. The velocity of a rising tide is significantly faster than that of a falling tide, with an average tidal range of 2.5–2.8 m and a maximum tidal range of 4.79 m. Waves are mainly wind waves, and big waves are mostly caused by windy weather. The annual average wave height is 0.1 m, and the regular wave is southward (Chen et al., 1982; Zhang, 2013).
[image: Figure 1]FIGURE 1 | Geographical location map, water depth topographic map, and shallow stratum profile of the study area. (A) Shows the map of the Zhoushan archipelago, China, with the Zhujiajian study area marked with a red rectangle. (B) Shows the multibeam topographic map of study area with the observation site highlighted within the blue triangle. (C) Shows subbottom profiling of a scarp near the observation site denoted by a blue triangle.
The water depth of the observation points selected in this study is about 10–12 m. The local terrain is flat, and the slope is small. There are steep slopes in the southwest, with an average slope of 8–9°, as shown in Figure 1B. Clear landslide mass, sliding surface, sliding bed, sliding wall, and sliding step can be seen from the records of the shallow stratum section. Irregular “feathery” bedding can be seen in the sliding body with the structural characteristics of a traction landslide (Figure 1C).
The boundary and shape of landslide mass in combination with multi-beam and shallow section data were drawn (Figure 2). The whole sliding zone is parallel to the island coastline, extending about 2 km and about 250 m in length. The water depth extends from about 5 m near the shore to about 70 m. The buried depth of the sliding surface is generally 5–6 m, up to about 15 m.
[image: Figure 2]FIGURE 2 | Schematic diagram of the Zhujiajian landslide.
A 15-m core sample extracted from the observation site showed mainly gray muddy clay and silty clay, with mud–sand interbedding, whose silt content >70% (Figure 3).
[image: Figure 3]FIGURE 3 | Physical and mechanical properties of seabed soils at a depth of 15 m.
MATERIALS AND METHODS
Monitoring equipment
Seabed deformation and sliding are the most intuitive indices to reflect seabed stability. On the one hand, the observation data can help us analyze the deformation characteristics of preseabed geological disasters and provide strong evidence for the study of disaster mechanisms. On the other hand, they can provide early warning for marine engineering and ensure the safety of engineering and personnel. At home and abroad, most of the investigation and research on the deformation process of seabed sediments are geophysical investigation, sediment sampling, model test, numerical calculation, and other methods; therefore, it is difficult to obtain the field dynamic data of the deformation process of seabed sediments. Due to the complex engineering and dynamic geological process of the seabed, the implementation of in situ observation is difficult and the technical requirements for observation equipment are high. Therefore, the research on the deformation and sliding process of the seabed, especially the in situ observation method of the large-scale long-distance sliding migration process, is in the exploratory stage at home and abroad.
The in situ observation system of shallow water sediment deformation process applied in this paper consists of a deformation observation system and a supporting observation system. The deformation observation system is built with the array displacement meter as the core, which can realize the in situ real-time observation of the vertical deformation of seabed sediments and the lateral deformation process at different depths. The data acquisition and storage system can collect and store the lateral and vertical deformation data of seabed sediments obtained by the deformation observation system. The power supply system is composed of a high-capacity lithium battery pack and an underwater sealed cabin, which can provide long-term power supply for the deformation observation system and data transmission system. The supporting observation system is composed of a hydrodynamic condition observation system, which can carry out in situ long-term observation of marine dynamic conditions and seabed sediment deformation process at observation points at the same time so as to provide more comprehensive and timely data support for the analysis and discussion of the sediment deformation process.
The in situ seabed deformation observation system is composed of an array displacement meter, data acquisition, a storage system, and a power supply system (Figure 4A). The core component of deformation observation is the array displacement meter, which is composed of multiple rigid measurement units of equal lengths. The measurement units are connected in parallel, which can bend in any direction but resist torsional movement (Figure 4B). A high-precision MEMS accelerometer is integrated into the measurement unit to obtain the bending angle and direction of each observation node by sensing the change of acceleration field and then calculate the deformation of each observation unit by relying on the built-in microprocessor (Figure 4C). The rigid rods of array displacement sensors are connected together through nodes so that the X, Y, and Z coordinate systems of adjacent rods are associated so as to accumulate the spatial coordinate positions of each node point (Danisch et al., 2007). This method is based on the principle that the three-dimensional shape sensing system is constrained by degrees of freedom along the path and was originally applied to the optical fiber curvature sensor (Danisch et al., 1999). The calculation of the deformation of the array displacement sensor is divided into two steps. First, the original data is converted into triaxial acceleration (a triaxial component of gravity acceleration), and then a 3D displacement calculation is carried out.
[image: Figure 4]FIGURE 4 | Seabed deformation observation system and working principle. (A) Shows the physical map of the seabed deformation observation system, (B) shows the physical map of sensor array, and (C) shows the sketch map of the single shape accel array segment.
The first step of the calculation is to analyze how the triaxial acceleration of each rod section is distributed in the gravity field to determine the initial space attitude of each segment in the static state. The relationship between angle and spatial attitude is calibrated by the array displacement sensor manufacturer before leaving the factory. The length of each segment is known (L = 50 cm); therefore, we can determine the coordinate value of the tail node of each rod segment ([image: image]). For the array displacement sensor of the whole multi-rod section, the coordinate value of the tail end of each rod section is calculated by accumulating the coordinate value of the previous rod section one by one ([image: image]; [image: image]; [image: image]). When the array displacement sensor deforms, the spatial attitude of each rod section will change. The displacement change of each node of the array displacement sensor can be obtained by calculating the difference between the corresponding coordinate value at this time and the initial coordinate value.
Taking the displacement change of each axis in section [image: image] as an example, the calculation formula is as follows:
[image: image]
where [image: image] and [image: image] represent the measurement cutoff time and the initial time, respectively, and the calculation results represent the displacement change of each axis between the two times.
In order to ensure the accuracy of the measurement, the first-rod segment (i.e., reference point) must be stationary. When the array displacement sensor is placed vertically in the seabed, the calculation is simplified by ignoring the coordinate value of the Z-axis, which is almost unchanged during horizontal deformation.
Since the calculation is gradually accumulated through the first-rod section, the corresponding error will also accumulate with the increase of the length of the array displacement sensor. The measurement accuracy of the sensor is 0.5 mm/32 m. The shorter the length, the higher the accuracy. The calculation formula is as follows:
[image: image]
where [image: image] is the measurement error of the sensor and X is the distance from the node to the origin (fixed point).
Array displacement meter has the advantages of high precision, large range, high stability, and reusability and has achieved good results in the application of monitoring and early warning of landslides on land (Chen et al., 2015; Wei, 2015; Uhlemann et al., 2016).
Equipment emplacement
In this study, the array displacement sensor is vertically placed in the in situ seabed sediment, and the deformation of the sediment is quantified by the deformation of the sensor. The French Institute for Marine Development (INFREMER) made the first attempt at its deployment method (Stegmann et al., 2012). The inclinometer probe developed by INFREMER is also composed of an array displacement sensor, and the layout method is a free-fall gravity penetration. The equipment is used for long-term in situ observation on the underwater slope of Nice, France. The landslide surface of the Zhujiajian sea area in the study area of in situ observation in this study is relatively deep and cannot penetrate to the specified depth; therefore, its layout method is not suitable. Therefore, in this study, the offshore drilling technology is used to implement the 13-m deep drilling, and the array displacement sensor is vertically buried on the seabed to make the sensor pass through the landslide surface with a fixed counterweight at the bottom making it relatively stationary during observation (Figure 5A). During the placement of the array displacement sensor, the casing pipe is placed while drilling to prevent the hole from collapsing. After the sensor is vertically placed in the hole, the fine sand is backfilled to maintain the vertical attitude of the sensor. At the same time, the rapid settlement of the fine sand will leave the sensor in the hole, and the casing will not be brought out during the recovery process. The placement point of the array displacement sensor is about 5 m away from the quadruped (Figure 5B). The observation system was emplaced in the seabed on 28 August 2019 and recovered on 9 December 2019.
[image: Figure 5]FIGURE 5 | (A) Offshore drilling used to emplace the shape accel array. (B) Emplacement setup of the submarine landslide observation system, including the position of the shape accel array and hydrodynamic observation quadruped.
Observation results
The whole observation is in autumn and winter, during which storms occur frequently. The effective data are selected for analysis and statistics, and the results of in situ observation of environmental elements including significant wave height, average current velocity, and seabed deformation are obtained. We conduct statistical analysis on wave data, screen out the abnormal data in the later stage, and conduct statistical analysis with 36 days of low noise and high-quality data. The results show that during the observation period, the maximum deformation of the seabed is 1 mm (Figure 6A), which is greater than the measurement error of the sensor, which can reflect the deformation and sliding of the seabed. During the observation period, the average wave height of the observed sea area was about 0.1 m, during which three obvious storm events were experienced, and the significant wave height increased significantly (6 September with 0.65 m significant wave height; 20 September with 0.3 m significant wave height; 2 October with 0.35 m significant wave height) (Figure 6B). During most of the observation period, the measured velocity of the seabed current is less than 80 cm/s, and the bottom velocity does not change significantly during storm events (Figure 6C).
[image: Figure 6]FIGURE 6 | (A) Time series of cumulative horizontal deformation of the shape accel array, attached with the significant wave height (B) and the flow rate (C).
It can be seen from the aforementioned that the buried depth of the sliding surface of the Zhujiajian landslide is about 12.5 m, and the displacement sensor data at the depth of 12.5 m of the seabed is selected for analysis (Figure 7).
[image: Figure 7]FIGURE 7 | (A) Node location during observation at the depth of 12.5 m, (B) seabed displacement at 12.5 m depth and significant wave height during observation, and (C) deformation direction during storm event at the depth of 12.5 m.
Figure 7A shows the process of the deformation direction at the depth of 12.5 m. The X-axis and Y-axis represent the two coordinate systems of the array displacement sensor on the horizontal plane, which can be understood as the top view of the sliding surface. The results show that the deformation direction is mainly distributed in the Y-axis direction. According to the layout of field equipment, the Y-axis direction corresponds to the inclination of the slope, indicating that the deformation direction of the sliding surface is mainly concentrated in the inclination direction.
The external forces causing the deformation and sliding of the seabed slope include the cyclic shear stress generated by the wave load in the sediment, the shear stress formed by the wave current on the seabed surface, and the sliding force caused by the component of gravity along the slope (Jia et al., 2011). Wave current coupling generates bottom flow in the seabed boundary layer, and the bottom shear stress caused is very small, which is only a few pascals even in storm events (Dufois et al., 2008; Wang et al., 2018), and has little effect on the deformation and sliding of sediments in a short time. In addition, no earthquake event occurred near the observation area during the observation period (China Seismic Network Center). The influence of seismic load is not considered in this study. Therefore, the external forces causing the deformation and sliding of seabed slope are mainly gravity and the cyclic shear stress generated by wave load in the sediment.
Comparing the deformation data at the sliding surface with the wave data (Figure 7B), it is found that the deformation at the sliding surface gradually increases. Under the calm sea condition, the deformation of the seabed soil at the sliding surface increases slowly, indicating that the landslide is in the limit equilibrium state and slowcreep slide occurs under the action of gravity. During the storm event, significant wave height reached 0.65 m on 6 September, the seabed deformation speed increased, and the same phenomenon occurred in the storm event on 20 September. Due to the hysteretic effect, the deformation slip caused by the storm event on 2 October is not shown. This indicates that the seabed creep slide speed increases under the cyclic shear stress generated by wave load in the seabed and with an obvious hysteretic effect.
The seabed generates horizontal cyclic shear stress under the alternating action of peak compressive stress and trough tensile stress (Liam Finn et al., 1983; de Groot et al., 2006), and cyclic oscillation movement will occur after the seabed sediments become unstable (Liu et al., 2013; Zhang et al., 2018a). According to the in situ observation results, the seabed deformation direction is along the negative direction of the Y axis, indicating that the seabed deformation is in a gradually progressive process as a whole; during this period, it is accompanied by reciprocating motion, corresponding to the cyclic oscillation deformation of seabed induced by the storm (Figure 7C).
It can be seen from Figure 6A that during the observation process, some nodes at the depth of 7–13 m were found to have larger deformation than adjacent nodes, and there may be some other sliding interfaces. The relative deformation of the sensor at each depth (the absolute opposite value of the deformation difference between the node and the previous node) was processed and analyzed, and the results as shown in Figure 8 were obtained. It was found that except for 12.5 landslide sliding surfaces, there are also obvious sliding interfaces at 8.5 m and 10 m depths. Combined with the borehole data, the corresponding mud–sand interbedding sediment at the depths of 8.5 m and 10 m are found. During the observation, the seabed deformation at 8.5 m and 10 m depths is noted, as shown in Figure 9.
[image: Figure 8]FIGURE 8 | Absolute value of relative deformation during observation.
[image: Figure 9]FIGURE 9 | Seabed displacement at 8.5 m and 10 m depths and significant wave height during observation.
The deformation at 8.5 m and 10 m depths does not change significantly during the observation. During the storm events on 6 September and 22 September, the deformation increased significantly and also had an obvious hysteretic effect; after the storm event, the seabed soil returned to a stable state. This shows that during the storm event, other sliding surfaces will be generated in the landslide mass, and multistage sliding will occur on the slope.
DISCUSSION: ANALYSIS OF THE SUBMARINE LANDSLIDE DEFORMATION PATTERN
The initiation mechanism of wave-induced sediment instability and further seabed deformation sliding mainly includes liquefaction failure and shear failure (Rahman 1991; Rahman, 1997; Zhang et al., 2016). Simple shear failure is more likely to occur on the seabed of sediments with high clay content, while simple liquefaction failure analysis is mainly aimed at the seabed of cohesionless sediments (Rahman and Jabery 1986; Rahman 1991; Jeng 2001). The soil in the study area is fine, basically belonging to clayey silt or silty clay; therefore, mainly shear failure is seen.
The Zhujiajian landslide has obvious multistage sliding characteristics. In general, the multistage of landslide can be divided into two categories: one is caused by the difference in sliding speed of each part of landslide mass in the first sliding of soil mass and the other is that a new landslide is generated on the basis of the previous landslide. According to the advancing direction of a landslide, it can be divided into traceability landslide and advancing landslide. The so-called traceable landslide means that the landslide mass has multiple landslides in turn toward the source, and the forward landslide means that the landslide mass follows the direction of the landslide. No matter which type, they all show multilevel step landforms on the section. It can be clearly seen from Figure 1A that two sliding steps can be seen in the main section. The sliding surface along the direction of the landslide is clearer and clearer each time, indicating that the damage develops along the direction of the landslide.
According to the monitoring data, the deformation pattern of the Zhujiajian landslide can be expressed as follows: on the inclined seabed, the slope will creep slide along the landslide tendency under the action of gravity to form an integral circular arc sliding (Figure 10A); under the action of waves, the wave crest and trough form shear stress on the seabed. With the alternating action of wave crest and trough, the seabed soil moves cyclically and the creep slide speed is accelerated. At the same time, there will also be a sliding surface at the position of sediment interbedding in the landslide body, and the soil at the sliding surface also moves cyclically (Figures 10B,C). When the wave action is strong enough, the landslide will have a multistage sliding phenomenon.
[image: Figure 10]FIGURE 10 | Schematic diagram of seabed deformation and sliding in the study area. (A) Shows that the seabed slides along the slope of the sliding surface under the action of gravity, (B) shows that the direction of shear stress formed by wave crest and wave trough is opposite to the wave direction, and the soil will oscillate clockwise, and (C) shows that the direction of shear stress formed by wave crest and wave trough is the same as that of the wave, and the soil will oscillate anticlockwise.
CONCLUSION
Based on the observation system independently developed and designed, this study carried out long-term in situ observation on the typically inclined seabed slope in the southwest of Zhujiajian Island, Zhoushan, and obtained hydrodynamic data such as lateral deformation size and direction at different depths of the seabed slope, wave height, and velocity. The following conclusion is obtained.
1. Under the action of weight, Zhujiajian landslide slides slowly and slides along the slope tendency, and the sliding rate is basically unchanged. In storm events, the slope slides accelerate, the sliding rate increases, and the seabed soil moves cyclically with the action of waves; after the storm event, the landslide returned to the original sliding rate.
2. Under calm sea conditions, the landslide is in an overall sliding state. During the storm event, a sliding surface is generated at the mud–sand interbedding sediment in the landslide body. After the storm event, the landslide still slides as a whole.
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