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Editorial on the Research Topic 


Methods and advances in marine geology and hydrodynamics environment


Over the years, there has been a growing focus from both the academic and industrial communities on the development of subsea mineral resources (such as oil, gas, hydrates, polymetallic nodules, and rare earth elements), the exploitation of renewable marine energy sources (including wind power, tidal energy, and wave energy), coping with extreme weather conditions (such as storm surges, high temperatures, and extreme drought), and the protection of the marine environment (covering aspects like geology and ecology). These developments present substantial opportunities and challenges to the field of marine geology and the hydrodynamics environment. In light of these considerations, we have proposed the Research Topic, Methods and Advances in Marine Geology and Hydrodynamics Environment, to compile the latest advancements in the aforementioned critical areas.

This Research Topic comprises 18 original research papers contributed by 93 authors. The research within encompasses a spectrum of methodologies, including in-situ observations, geological surveys, laboratory experiments, numerical simulations, big data analysis, artificial intelligence, and theoretical analyses. These approaches collectively offer valuable insights into the realms of marine geology and the hydrodynamics environment. In this summary, we highlight key findings derived from the 18 research papers featured in this Research Topic.




Marine geological survey

Chen et al. investigated the paradox of submerged carbonate platforms on passive margins with growth potential exceeding typical subsidence rates. Manned submersible observations, sampling, and high-resolution acoustic data were employed in the northern South China Sea to categorize Early Miocene platform strata into three units formed on fault-created topography. Rapid subsidence and eustatic rises during the Early Miocene drove platform deposition. A transition from aggrading to prograding margins occurred in the Middle Miocene with the cessation of faulting. Subsequently, during the late Middle Miocene, the platform submerged due to asymmetric backstepping influenced by summer monsoon-induced upwelling. High subsidence rates in the Late Miocene halted platform growth. This study provides insights into the past drowning mechanism of a Miocene carbonate platform, serving as a seismic analog for ancient, isolated platforms globally.

Fan et al. investigated the seismic response of seabed sites in the Qiongzhou Strait, with a particular focus on the influences of seawater, soft sediments, and bedrock earthquake motion. Employing a fluid-solid weak coupling model incorporating a non-Masing constitutive model for dynamic seabed soil behavior, the study disclosed that seawater acts as a suppressor of seismic motion, especially in shallow seabed layers, impacting both vertical and horizontal responses. The research identified bidirectional coupled seismic effects, challenging conventional one-dimensional site analysis methods. Seawater exhibited a depth-dependent influence, with more pronounced effects in shallow sediment layers. The study underscores the significance of accounting for seawater effects in marine engineering seismic analyses, highlighting their detrimental impact on seismic resistance.

Gao et al. investigated the resistivity structure beneath an extinct mid-ocean ridge in the South China Sea using marine magnetotelluric (MT) instruments. Through the imaging of the electrical properties of the mantle, the study revealed a positive correlation between the thickness of the lithospheric lid (>100Ωm) and its age, ranging from 20 to 90 km. The presence of a closed melt ascent channel beneath the stalled ridge resulted in a small melt trap. Low-resistivity anomalies (<1Ωm) persisted at depths of 80-160 km, indicating the sustained presence of partial melt after the cessation of spreading. The research further highlighted the magmatic transformation of the lithosphere-asthenosphere boundary during cooling, estimating a melt content of 1-12%. Gao et al.’s study provides valuable insights into the electrical structure beneath ceased mid-ocean ridges, contributing to our understanding of their post-spreading evolution.

Li et al. employed seismic tomography to analyze the velocity structure of the upper mantle in the Southernmost Mariana subduction zone, with a focus on data obtained during a six-month experiment utilizing 11 ocean bottom seismometers. The subducting slab exhibited elevated P- and S-wave velocities, approximately 2-6% higher than those of the normal mantle, along with a lower Vp/Vs ratio and an average dip of 45° at depths ranging from 50 to 100 km. The velocity images provided novel insights into anomalies within the mantle wedge above the subducting slab, revealing areas with slower velocities and suggesting the potential presence of mantle serpentinization and water in the outer forearc. Notably, a melt production region beneath the central forearc block at depths of 40–60 km indicated possible melting processes occurring in this specific area. Li et al.‘s study contributes valuable information to our understanding of the complex dynamics in the Southernmost Mariana subduction zone.

Liu et al. investigated a large-scale Quaternary submarine fan in the northern South China Sea, employing recently acquired comprehensive 3D seismic and well data. The study revealed that this sand-rich fan displays a distinctive tongue-shaped configuration with a SW-NE flow direction. Notably, the fan’s maximum dimensions were observed to be 140 km in length and 35 km in width. The research findings suggest that the formation and development of the submarine fan are predominantly influenced by sea-level fluctuations, constrained geomorphology, and sediment supply dynamics. This study contributes valuable insights into the processes governing deep-water sedimentation and carries implications for the exploration of shallow gas reservoirs in the South China Sea. The unique characteristics of the fan, as identified by Liu et al., provide a deeper understanding of the complex interplay between geological factors shaping submarine landscapes in this region.

Liu et al. examined the influence of the early Miocene transgression on the evolutionary dynamics of sedimentary systems in the South China Sea. Their investigation revealed that the regional sea level experienced a sustained rise of at least 100 m during the early Miocene. As a consequence of this marine transgression, there was a noteworthy transformation in the nature of depositional systems, transitioning sequentially from tidal flats to meandering river deltas and eventually to shallow marine shelf systems. The study delineates the intricate transitional processes inherent in depositional systems during prolonged marine transgression events. The insights gained from this research hold significance not only for understanding the local sedimentary evolution in the South China Sea but also for contributing to the broader knowledge of how marginal sea basins globally undergo complex transformations during extended transgressive phases.

Ren et al. investigated the influence of gas migration pathways on gas hydrate accumulation in the Shenhu Area, a crucial region in global gas hydrate research. Employing contemporary core-log-seismic data and gas geochemical analyses, the study identified diverse gas migration mechanisms and their roles in hydrate formation. This involved the integration of geological models incorporating faults and gas chimneys. The research underscored the prevalence of thermogenic gas and identified deep faults as the primary conduits for this particular gas type. Based on these findings, Ren et al. proposed a three-gas combined production model, targeting both deep and shallow gas reservoirs alongside gas hydrates. The study contributes valuable insights into the understanding of gas hydrate accumulation dynamics in a key global research area.

Wang et al. conducted a study on the geoacoustic properties of seafloor sediments in the East China Sea using an in-situ acoustic measurement technique. The research revealed a robust curvilinear correlation between in situ sound speed and attenuation with physical properties, including wet bulk density, porosity, and mean grain size. Leveraging these correlations, the authors derived empirical regression relationships that link in situ acoustic properties to the physical properties of the sediments. This study not only supplements in situ measurement data but also extends the predictive methods for understanding the acoustic properties of seafloor sediments. These findings contribute to advancing our knowledge of the intricate relationships between physical and acoustic properties in seafloor sediments, offering a valuable resource for future research in this field.





Laboratory test

Guo et al. explored inversion methods using data collected from three-dimensional sediment traps. Through the integration of corrected capture efficiency, sample inversion, and transport flux analysis, they developed analytical techniques capable of accurately inverting sediment transport processes. Validation of this method was achieved through an annular flume test, measuring turbidity, pressure, and particle size of the water stream. Additionally, the successful application of the analytical method was demonstrated in a slice experiment, establishing a relationship between particle size and the concentration of captured samples. This study offers a valuable approach to streamline the high-resolution 3D time series of sediment transport processes. Such refined methods hold promise for investigating the evolution of the sea, ecological cycles, and marine engineering applications.

Wu et al. focused on the offshore wind farm industry’s growth, using the Shaba wind farm in southern China as a case study. The investigation employed in-situ cone penetrometer (CPTu) tests and borehole sampling to analyze the cyclic resistance of marine clay for offshore foundation design. Despite complex soil conditions with multiple layers, the study compared classification and mechanical properties through CPTu interpretation and laboratory tests, revealing that a single physical indicator is insufficient for determining cyclic resistance in marine clay. The conventional method in existing literature was found unsuitable, leading to the development of a new evaluation method based on a linear relationship between cyclic resistance and depth-corrected CPTu index. The research could potentially provide reliable guidance for the rapid expansion of offshore wind farms.

Xiao et al. investigated the cyclic threshold shear strain properties (γtp and γtd) of saturated marine clay in the Yangtze estuary through strain-controlled multistage undrained cyclic triaxial tests, varying the plasticity index (Ip). They found that both γtp and γtd increase with higher Ip, where γtp consistently exceeds γtd. Notably, they drew conclusions that stiffness degradation in marine clay may not necessarily coincide with pore water pressure generation, but the two phenomena can mutually influence each other. Moreover, they compared terrestrial soils and marine clays from other regions and suggested that the unique sedimentary conditions in the Yangtze estuary result in smaller γtp and γtd values, attributed to the combined effects of the marine sedimentary environment and the flow-tidal wave system.

You et al. focused on the variation in sediment sources in the South China Sea, examining it through the analysis of Rare Earth Elements (REEs), Sr isotopes (87Sr/86Sr), and Nd isotopes (ℇNd) in detritus fractions of MD05-2901 sediments in the northwestern South China Sea. The primary contribution of the study lies in the conclusion that MD05-2901 sediments sensitively record changes in weathering intensity on land and transport pathways in the coastal regions during the Holocene. The authors clarified the effects of different rivers on the northwestern South China Sea based on the values of 87Sr/86Sr and ℇNd in the Fe-Mn oxy-hydroxides, which is crucial for a better understanding of the primary sources of terrigenous material and their temporal variations in the region.





Numerical simulation

Fan et al. discussed the feasibility of the submerged floating tunnel with polygonal cross-sections from a point of submarine slide hazards, using the computational fluid dynamics method. It was found that the impact load of submarine slide mass was affected by the thickness and velocity of slide mass movement. Compared with the submerged floating tunnels with circle cross-sections, the polygonal form with fewer edges shows a greater impact load. On this basis, a simplified evaluation approach for the tunnel with polygonal cross-sections was proposed to determine the impact load, which provides a useful reference for the future design of submerged floating tunnels.

Lu et al. proposed a fully coupled Computational Fluid Dynamics (CFD) and Discrete Element Method (DEM) model, which enabled them to quantitatively investigate the particle-scale dynamics of turbidity current propagation over different bedforms. They found that the obstacle placed on the flatbed is capable of clearly diminishing the inter-particle collisions and the particle kinetic energy, weakening the particle-fluid interactions, and further making more sediment particles settle in front of the obstacle. The increase in obstacle height caused diverse flow morphologies, and intensified the impacts of obstacle on the particle dynamics of turbidity currents. Their study has the potential to provide valuable insights into understanding turbidite-related geological phenomena from the point of view of particulate flow.





In-situ observation

Wu et al. conducted in-situ tripod observations of the sediment ridge within a contourite drift in the northern South China Sea, aiming to comprehend the primary dynamic processes influencing sedimentation on such drifts. The researchers documented two recurring events of heightened suspended sediment concentration (SSC): one involving near-bottom high SSC events occurring solely within 15 meters above the seafloor, and the other encompassing full-depth high SSC events that span the entire water column. The mechanisms driving these identical SSC events were examined through tidal current measurements. The study revealed that full-depth high SSC events occur when local shear variance is low, supporting the conclusion that sediment transport via northwestward diurnal tidal currents predominates in locally resuspending sediment at the ridge. Additionally, by comparing SSC, instantaneous velocities, bed shear stresses, and turbulent kinetic energy, the researchers identified tidal currents and internal waves as critical factors influencing sediment resuspension. This in-situ measurement provides high-resolution, deep-ocean, reliable velocity, and sediment datasets, which can aid in investigating sedimentation processes in contourite drifts. Furthermore, it underscores the significance of diurnal tidal currents as the primary dynamic force regulating the sedimentary processes of contourite drifts.





Artificial intelligence

Du et al. advanced the field of geohazard prediction by applying recurrent neural network (RNN) models to forecast wave-induced pore pressure in submarine sediments, a key factor in assessing seabed stability. Their study compares three RNN models—standard RNN, LSTM, and GRU—and demonstrates that each model accurately predicts pore pressure under varying oceanic conditions. The GRU model, in particular, shows exceptional accuracy with an absolute error of less than 2 kPa. This research not only enhances our understanding of seabed dynamics but also lays the groundwork for developing more effective early warning systems against wave-induced liquefaction. Their integration of RNN models with in-situ monitoring data marks a significant step forward in geological time series analysis, offering a new tool for disaster prevention in marine environments.





Integrated approach

Wang et al. presented a detailed assessment of risk zones related to submarine geological hazards in the Chengdao area of the Yellow River subaqueous delta based on the analytical hierarchy process (AHP). The system of assessment index for risk zonation was established with four aspects of the hydrodynamic condition, engineering geological environment, disaster geological conditions and human engineering activities. Eight geological hazard evaluation factors were selected and the distribution characteristics of each evaluation factor were discussed in detail by combining qualitative analysis and quantitative calculation. The results show that the areas with a high geological hazard risk in this region are mainly distributed in the areas with water depths of 9–12 m, where the hydrodynamic effect is strong, with many human engineering activities, and seriously suffered from geologic hazards. The study results can provide a scientific basis for engineering construction and hazard prevention in the Chengdao area.

Zhou et al. investigated sediment transport trends and influencing factors in typical coastal bedrock island sea areas, utilizing high-precision bathymetric surveys, high-density sediment sampling, grain-size trend analysis, and hydrodynamic numerical modeling. The study identified near-bottom flow velocity as the primary factor controlling the general patterns of sediment transport trends. Additionally, submarine topography was observed to transport sediments down its slope and influence sediment transport direction by constraining near-bottom flow. The presence of aquaculture-related organic matter, scallop fragments, and artificial facilities was found to increase sedimentation rates, induce sediment coarsening, and impede sediment transport. These findings provide valuable insights into the modern sediment dynamics in small-scale coastal bedrock island sea areas, shedding light on the intricate interplay between hydrodynamics, topography, and anthropogenic influences on sediment transport in these environments.
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Recently, submerged floating tunnels have generated a lot of interest due to their unique cross-water traffic benefits. However, the destructive threat of submarine slide hazards was not fully considered in the design scheme of submerged floating tunnels, in particular to the feasibility of applying various cross-section forms on land to submerged floating tunnels under that hazard influence. This study mainly investigates the load effect of submerged floating tunnels with polygonal cross-sections (comprising three types: square, hexagon, and octagon) under the impact of submarine slides, via a computational fluid dynamics (CFD) approach. Results show that the impact forces produced by submarine slides on submerged floating tunnels are significant (e.g., submarine slides with a velocity of 4 m/s may produce a force level near 1×105 N/m), where the horizontal impact force components should be given priority consideration based on the general working environment of submerged floating tunnels. Compared with typical circle tunnels, polygonal tunnels suffer higher impact forces, and the polygonal types with fewer edges show a greater impact force. Finally, a simplified force evaluation approach for the submerged floating tunnel with polygonal cross-sections is proposed for guiding the relevant engineering design.
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1 Introduction

The submerged floating tunnel design scheme was first proposed in the late 1960s to be used for solving the traffic link between the Sicily and Italian mainland (Straits of Messina) (Anon, 1971). Relevant patent techniques can even be traced back to the 19th century (Jakobsen, 2010). Submerged floating tunnels are special cross-water traffic structures that maintain balance by the structure buoyancy and anchor cable tension. Compared with other structures (e.g., bridges and immersed tube tunnels) of cross-water transportation, the main benefits of the submerged floating tunnel include (Jiang et al., 2018; Kim and Kwak, 2022; Kwon et al., 2022): (i) it is suspended at a certain depth underwater so that it does not affect the water surface navigation and is basically unaffected by the adverse weather (e.g., strong breeze) on the water surface (compared with bridges); (ii) its engineering layout position is relatively shallow so that the construction angle and length of the structures are smaller and the effect of complex seabed topography (e.g., submarine canyon) can be ignored (compared with immersed tube tunnels); (iii) its structural features of prefabricated segmental connection are not limited by the water depth and structure span so that the construction stability is easier to guarantee. The above benefits of submerged floating tunnels show potential and competitiveness in the technical solutions of cross-water transportation, which currently has become a research hotspot in industry and academia (e.g., Ingerslev, 2010; Martinelli et al., 2011; Kristoffersen et al., 2019; Jin and Kim, 2020; Yang et al., 2021).

Structural stability and safety of submerged floating tunnels under the effect of a changeable and dangerous underwater environment (Borja, 2014; Duarte, 2014; Liu et al., 2022) are the first issues to be considered. Wave loads and current loads are usually considered the main external environmental loads for the submerged floating tunnel design (Jakobsen, 2010; Seo et al., 2015). For example, the current-induced vibrations of submerged floating tunnels were investigated by circulating water channel experiments (Yoshihara et al., 1996). It found that the tunnel structure shows patterns of severe random vibration under the effect of irregular shedding vortices, with larger current velocity conditions. The dynamic response of submerged floating tunnels due to waves was analyzed, and the wave forces were evaluated by applying both the Morrison’s equation and the boundary element method (Kunisu, 2010). Recently, the wave-induced hydroelastic response and flow-induced vibrations of submerged floating tunnels under the first and second-order wave loads were discussed via the SIMO-RIFLEX numerical software, which served for the design of crossing Sognefjorden of Norway (Deng et al., 2022). In addition, some external threat factors on submerged floating tunnel structures have also been considered, such as the impact from sea ices (e.g., Jakobsen, 2010; Eik, 2011; Haeberli and Whiteman, 2015), sinking ships (e.g., Vries, 1988; Lee et al., 2013), and hooking of trawling gears or anchor lines (e.g., Fitriyah et al., 2017; Xiang et al., 2020). However, frequent and widely distributed submarine slide, as an important environmental load factor (Jia et al., 2016; Dong et al., 2017; Wang et al., 2018; Nian et al., 2019; Fan et al., 2022a; Tian et al., 2023), has not been considered. Until recent years, the study of Fan et al. (2022b) first analyzed the impact action of submarine slides with different thicknesses on circular submerged floating tunnels, and an evaluation approach for the impact forces of submarine slides was proposed.

At present, a variety of design types of submerged floating tunnels for different underwater engineering conditions have been suggested, which mainly refer to the construction experience of land tunnels, as shown in Figure 1. Among them, the design schemes of the polygonal cross-section are common (Anon, 1971; Kanie, 2010; Jiang et al., 2018). However, from a viewpoint of submarine slide hazards, the study on the safety of those design types of submerged floating tunnels is insufficient. The catastrophic events of underwater structures caused by submarine slides in history (e.g., Hampton et al., 1996; Chaytor et al., 2009; Nugraha et al., 2022) should give enough warning for the design of submerged floating tunnels.




Figure 1 | Typical cross-section types of land tunnels (A) and undersea tunnels (B).



This study focuses on the load effect of submerged floating tunnels with polygonal cross-sections near potential submarine slide areas. The main objective is to clarify the force levels under the impact of submarine slides and evaluate the impact forces, in order to provide multi-angle references for the safety design of submerged floating tunnels. For this reason, a series of numerical analysis have been carried out, and a simplified evaluation approach for the impact forces of submarine slides on the submerged floating tunnel with polygonal cross-sections is proposed. In the end, an application case for the evaluation approach is provided.



2 Design of polygonal cross-section tunnels

Considering the polygonal cross-sections account for a considerable proportion of the design of submerged floating tunnels, this study selects three regular polygons (with the same size of edges and included angles) as representatives for discussion, including the square, hexagon and octagon, as shown in Figure 2. Generally, the outer diameter of submerged floating tunnels with circle cross-section tunnels is in a range of 4-23 m (Jakobsen, 2010; Kim and Kwak, 2022). Here, the vertical contour sizes (recorded as D) of those polygons all adopt 14 m, and the upper and lower sides of the tunnel adopt straight edges (see Figure 2A) to ensure the same impact section size in the movement direction of submarine slides. The rest edges were set according to the regular polygon rules. Taking the submerged floating tunnel with an octagon cross-section as an example, Figure 2B shows a 3-dimensional view of the tunnel with the polygonal cross-section design. The in-place stability of suspended floating tunnels usually relies on the anchor and foundation system (as shown in Figure 2B) or suspended structures on the sea surface. In this study, the influence of those stability structures is not considered, and the tunnel body is treated as fixed and undeformed.




Figure 2 | Cross-section types of polygonal cross-sections (square, hexagon, and octagon) (A) and 3-dimensional views (an example of the submerged floating tunnel with an octagon cross-section) tunnels discussed in this study (B).





3 CFD simulation approach and setup

In recent years, the computational fluid dynamics (CFD) simulation approach has been widely used in the studies of submarine slide motion (e.g., Gauer et al., 2005; Acosta et al., 2017; Fan et al., 2022a; Fan et al., 2022b) and its interaction with structures (e.g., Zakeri et al., 2009; Zakeri and Hawlader, 2013; Liu et al., 2015; Fan et al., 2018; Fan et al., 2019; Qian and Das, 2019; Sahdi et al., 2019; Fan et al., 2020a; Guo et al., 2021; Guo et al., 2022), due to the numerical solution stability and speed advantages on the multi-phase coupled flow field. To reproduce the influence of submarine slides on submerged floating tunnels in the underwater environment, the ANSYS-CFX numerical software based on the CFD simulation approach is employed in this study.



3.1 Computational domain and boundaries

In the ANSYS-CFX, a 3-dimensional computational domain, 16D (X-axis, where D is 14 m) × 12D (Y-axis) × 2D (Z-axis), was built as shown in Figure 3. The computational domain simulated a segment of submerged floating tunnels along the tunnel axis (in the Z-axis), and its bottom boundary was treated as the seabed surface. The position of the polygonal tunnels was set against a distance of 5.5D from the left boundary of the computational domain to the tunnel center (here, the tunnel structure was set as fixed to reflect its normal working state). The gap between the tunnel bottom and seabed surface (Hps) was adopted 2D to reduce the influence of velocity boundary layers on the seabed surface (Fan et al., 2021a). Then, the computational domain was meshed via the ICEM-CFD module in the ANSYS Workbench, based on the rules of using tetrahedral elements. The maximum element size was 10 m, and the grids near the tunnel and seabed were refined surface to ensure simulation accuracy. The grid refinement was constructed by adding five layers of very fine mesh around the tunnel and seabed surface, and the area around the tunnel surface was further refined at a distance of 1.5D. As a consequence, more than 240,000 tetrahedral elements were generated in the computational domain.




Figure 3 | CFD numerical modelling on the interaction between the submarine slides and tunnels (an example of the octagon section).



At the initial state, the computational domain was full of water. Submarine slides with different thickness and velocity conditions will enter the computational domain from the left boundary (i.e., inlet boundary) and move along the X-axis after the simulation starts. Correspondingly, the right boundary (i.e., outlet boundary) of the computational domain was set as an opening boundary so that the fluid can flow out. The bottom boundary was a no-slip wall with equivalent roughness of 0.5 mm to reflect a sand seabed surface (DNVGL-RP-F109, 2021). The surface of the tunnel structure was also modeled by the no-slip wall with equivalent roughness of 0.0015 mm to reflect a concrete surface covered with a thin layer of asphalt coating (DNVGL-RP-F105, 2017). In addition, the top boundary was a free-slip wall. Based on the above settings, the interaction between submarine slides and tunnels in the computational domain was achieved, and the example of submarine slide mass motion in a vector form was shown in Figure 3.



3.2 Material properties

The physical state of submarine slide mass may evolve with the development of the motion process under certain environment conditions, from the solid state (glide block) to the fluid state (debris flow or turbidity current) (Dong et al., 2017; Fan et al., 2018; Guo et al., 2021). In this study, the submarine slide mass was set as the fluid state which shows a greater influence on the surrounding environment. For the fluid-state slide mass, it was generally considered a non-Newtonian fluid and followed the shear thinning rules (e.g., Zakeri et al., 2008; Zakeri et al., 2009; Boukpeti et al., 2012; Randolph and White, 2012; Fan et al., 2020b; Guo et al., 2023). That means that the relationship between shear stress and shear strain rate is nonlinear, and the apparent viscosity decreases gradually with increasing shear strain rates. In this study, a rheological material model by Fan et al. (2020b) was adopted to reflect a general seabed sediment situation as follows:







where su,0 is the initial undrained shear strength, Pa;   is the yield strength in the initial state, Pa;   is the shear strain rate corresponding to yield point, s-1; ηy,0 is the apparent viscosity at yield point in the initial state, Pa·s; n0 is the liquidity index in the initial state; su,rem is the undrained shear strength of the slide mass at remolded state, Pa;   is the yield strength, Pa; ηy,rem is the yield viscosity, Pa·s;   is the shear strain rate, s-1; nrem is a fluid parameter; and v is the velocity of the submarine slide mass, m/s. The submarine slide mass was assumed fully disturbed and reshaped in this study, so Eq. 2 was adopted in this study. Other parameters were set as follows:  =160.41 Pa, ηy,rem=801.25 Pa·s, and nrem=0.38. Those parameters were estimated based on typical seabed soils with a soil fluid limit of 50%, a water content of 100%, and a density of 1480 kg/m³ (Fan et al., 2020b). In addition, the effect of temperature on submarine slide mass materials was not considered in this study (Nian et al., 2018).



3.3 Other details

The main numerical discrete methods in the ANSYS-CFX for solving the flow control equation are the finite volume method (FVM) (CFX 2017). The computational domain will be divided into a finite number of control volume elements. The characteristic variables maintain good conservation laws in the control volume elements, and the physical meaning of each item in discrete equations is clear. In this study, the specific spatial discrete scheme was selected the second-order upwind scheme. The standard k-ϵ model was adopted for turbulence enclosure. The reliability of the above numerical modelling process on submarine slide-structure interaction has been well verified by the data from flume experiments and geo-centrifuge experiments in previous studies (e.g., Zakeri et al., 2009; Zakeri and Hawlader, 2013; Fan et al., 2018; Fan et al., 2021a).

In summary, a total of 252 numerical cases have been carried out in this study, and the detailed case parameters can be found in Table 1. The variable parameters related to submarine slides are run-out velocities (7 variables from 0.2 to 5.0 m/s) and the ratios of slide mass thickness to the diameter of the submerged floating tunnel (12 variables from 0.5 to 11.0) of the slide mass; while the variable parameters related to submerged floating tunnels are cross-section types (three variables as shown in Figure 2A).


Table 1 | Parameter settings of numerical cases.






4 Results analysis


4.1 Load effect caused by submarine slides

Load effect caused by submarine slides refers to the external impact forces on the submerged floating tunnel structure produced by the submarine slides in this study. Here, the impact forces can be further divided into horizontal and vertical force components (FH and FV, respectively), according to the co-planar relationships (the plane perpendicular to the tunnel axis line) of submarine slide-tunnel interaction. Load direction of horizontal impact forces is consistent with the run-out direction of submarine slides, while the vertical impact forces are vertical to the run-out direction. Results of the horizontal and vertical impact forces (normalized by su·A) during submarine slide-tunnel interaction with different run-out velocity conditions can be found in Figures 4 and Figure 5, where an example of the tunnel with octagon section and the Ht/D display six types (0.5, 1.0, 2.0, 3.0, 6.0, and 8.0) are presented.




Figure 4 | Horizontal impact force curves during submarine slide-tunnel interaction at different thicknesses of slide mass (an example of the octagon section). Ratios of slide mass thickness/diameter = 0.5 (A), 1.0 (B), 2.0 (C), 3.0 (D), 6.0 (E), and 8.0 (F).






Figure 5 | Vertical impact force curves during submarine slide-tunnel interaction at different thicknesses of slide mass (an example of the octagon section): ratios of slide mass thickness/diameter = 0.5 (A), 1.0 (B), 2.0 (C), 3.0 (D), 6.0 (E), and 8.0 (F).



According to previous studies (e.g., Fan et al., 2018; Guo et al., 2021; Fan et al., 2022a) on the interaction between submarine slides and cylindrical structures (e.g., pipelines), typical variation curve of interaction forces can be distinguished into two stages: instantaneous and stable stages. The former is characterized by the peak forces (maximum value) of the instantaneous moment that the submarine slides first impact structures, and the latter is characterized by the stable forces (average value) after submarine slides continuously impact structures for a period of time. In Figure 4, the development of horizontal impact force curves of different velocities is toward a similar trend. The peak forces of the horizontal impact curve are low, and stable forces tend to be 0, when the slide mass thicknesses (Ht/D) are lower than the tunnel-seabed gap (Hps/D=2.0), as shown in Figures 4A, B. That means that the submarine slide with a thinner body and a main flow path downside tunnel will not seriously affect the tunnel stability. However, the impact forces produced by submarine slides need to be seriously considered once the sliding body is thicker and higher than the tunnel-seabed gap. From Figures 4C-F, the value of horizontal impact forces (concludes the peak and stable forces) significantly grows with Ht/D increasing, but the growing degree gradually reduces after the submarine slide mass floods the tunnel (slide mass thickness is high and beyond the top of tunnel, e.g., Ht/D=6.0 and 8.0). The actual loading area of tunnel structure will be added with increasing Ht/D. Until the tunnel structure is flooded in the sliding body, the force growing degree will weaken.

For the vertical impact force curves shown in Figure 5, some variation trends are similar to that of horizontal impact forces. When Ht/D is lower than 2.0 (see Figures 5A, B), peak vertical impact forces are also relatively lower and the stable vertical impact forces are near 0. However, the peak and stable impact forces are not shown a continuously growing trend with increasing thicknesses of slide mass after Ht/D is larger than 2.0 (see Figures 5C-F). That is mainly related to the formation mechanism of vertical force components during submarine slide mass-tunnel interaction. Based on the study of Fan et al. (2021b), the vertical force components are mainly formed by the flow field difference between the upper and lower sides of a structure. Thus, the vertical impact forces are mainly caused by the slide mass flow at the lower side of the tunnel and a symmetric flow field cannot be formed at the upper and lower side of tunnel for partial impact actions of submarine slides on tunnel structure (e.g., Figure 5C). After the thickness of slide mass is high and floods the tunnel, the flow field around the upper and lower side of tunnel will be symmetric. The variation form of vertical impact force curves becomes similar (see Figures 5E, F), where the periodic vibration at high velocity conditions is derived from couples vortex periodically shedding on the rear side of the tunnel (Patnana et al., 2009).

Further, the peak horizontal and vertical impact force data at different velocity and thickness conditions are collected and shown in Figure 6 (an example of the tunnel with an octagon section). In this study, the influence of run-out velocity of submarine slide mass on impact forces is reflected by a dimensionless parameter, the Reynolds number. The Reynolds number refers to the ratio of inertial force and friction force from the physical meaning, which is commonly used to describe the characteristics of fluid flow and to determine the resistance of an object in a flow (Schlichting and Gersten, 2017). Since submarine slides are typical non-Newtonian fluids as described in Section 3, the mathematical expression of the Reynolds number of submarine slides is usually adopted as Eq. 4 (derived by Zakeri et al., 2008).




Figure 6 | Peak impact forces during submarine slide-tunnel interaction at different Reynolds numbers (an example of the octagon section): horizontal impact forces (A) and vertical impact forces (B).





where Renon-Newtonian is the Reynolds number of submarine slides; ρ is the density of submarine slide mass (kg/m3); μapp is the apparent viscosity of submarine slide mass (Pa·s); thus, (ρ·v2) reflects the inertial force of submarine slides and (μapp· =τ) reflects the friction force.

Figure 6 shows that the peak horizontal and vertical impact forces increase with increasing Reynolds numbers. In addition, the load level of peak horizontal impact forces is higher than that of peak vertical impact forces, which is mainly related to the tunnel-seabed gap size (two times of tunnel diameter) in this study. Meanwhile, the influence of the thickness conditions of submarine slides on peak impact forces can also be found, and similar results of previous studies (forces during the submarine slide-pipeline interaction, with a thicker thickness compared with pipelines and gap ratio of 2.0, from Fan et al., 2021a; Fan et al., 2021b) are also presented and compared. It can be seen that the impact forces vary greatly with different slide mass thicknesses; In addition, some results of this study (Ht/D=10.0 and 11.0, with a larger thickness) are close to those of previous studies.



4.2 Comparison with circle cross-section tunnel

The impact forces of submerged floating tunnels with circle cross-sections encountered the submarine slide hazards have been discussed by Fan et al. (2022b). The influence range of the slide mass thickness on the peak impact forces was found limited to Ht/D of approximately -1.5 ~ 8.0 based on the bottom edge of the tunnel (where the negative value indicates a downward direction). If the slide mass thickness is in this range, the impact forces can be regarded as a partial impact state, and the impact forces are in a flooded state when the thickness is greater than the upper limit of this range. An evaluation approach for the impact forces caused by submarine slides on circle submerged floating tunnels was provided (Fan et al., 2022b) and expressed as:



where FH(or V)-p is the peak horizontal (or vertical) impact forces, N; NH (or V) and CH (or V) are the model coefficients of the horizontal (or vertical) impact forces, respectively; A is the cross-sectional area under the impact of submarine slides along the tunnel axis, m2; and ΔH(or V)-p is the deviation coefficient that reflects the deviation of FH(or V)-p between the partial and flooded impact states. It should be noted that the expression in the flooded impact state is a hybrid geotechnical-fluid dynamics framework for evaluating the impact forces during the submarine slide-cylindrical structure interaction with a large enough slide mass thickness. The determination method of those coefficient values can refer to previous studies (Fan et al., 2021a; Fan et al., 2021b).

To compare the differences between the impact forces of the tunnel with polygonal cross-sections and with the circle cross-section, deviation coefficients of the peak horizontal and vertical impact forces at different thickness conditions are shown in Figures 7, 8, respectively. The gray area in the figures represents a reference position of the tunnel against the seabed.




Figure 7 | Deviation coefficients of the horizontal peak impact forces versus normalized thicknesses of the slide mass.






Figure 8 | Deviation coefficients of the vertical peak impact forces versus normalized thicknesses of the slide mass.



Results in Figure 7 show that deviation coefficients of the tunnel with polygonal cross-sections have a similar increasing trend as the tunnel with the circle cross-section, with increasing thicknesses. However, the deviation coefficients of the polygonal tunnel are higher than that of the circular tunnel, and the degree of difference between polygonal and circular tunnels decreases with the increase of the number of edges (the difference degree of the square-sectional tunnel is the largest; while the data of the octagon-sectional tunnel approach to that of the circular tunnel). That is mainly related to the higher resistance of the tunnels with a polygonal cross-section in the flow field of submarine slide mass. Figure 9 shows the flow velocity field status of polygonal and circular cross-section tunnels under the impact of submarine slides at the same time (where the color in the figure means volume fraction; thus red and blue color represents slide mass and water respectively, and the colors in that range represent the transition between them; black lines represent the flow streamlines). The flow resistance of the square-sectional tunnel is obviously greater than that of other section forms. Hence, the largest horizontal impact force is generated. In addition, the shape of the octagon is closer to a circle than others, and its horizontal impact force is similar to the circular tunnel.




Figure 9 | Flow velocity field comparison between the circular and polygonal cross-section tunnels under the impact of submarine slides: circle (A), octagon (B), hexagon (C), and square (D).



For the deviation coefficients of the peak vertical impact forces as shown in Figure 8, the data variation trend of polygonal tunnels is also similar to the circular tunnel. With increasing Ht/D, the deviation coefficients first increase to a maximum value (at Ht/D ~ 2.3) and then gradually decrease to a relatively stable value. The maximum vertical impact forces occurred at that thickness value are mainly caused by the upward flow field at a partial impact state. In addition, the degree of difference of vertical impact forces between polygonal and circular tunnels is also similar to the horizontal impact forces. The fewer the edges of the polygonal cross-section, the greater the vertical forces.




5 Evaluation approach and application case

Through the above results analysis, existing evaluation approaches show limitations in predicting the impact forces of submerged floating tunnels with polygonal cross-section under the impact of submarine slides. On the one hand, the approach for evaluating the impact forces during the submarine slides-cylindrical structures (e.g., pipelines, from Fan et al., 2021a; Fan et al., 2021b) interaction cannot cover the results at a partial impact state. On the other hand, the impact forces during submarine slides-tunnels interaction of the polygonal tunnel have differences from circular tunnels. To make a load prediction for the design of polygonal tunnels near potential submarine slide hazards zone, a simplified evaluation approach based on the load prediction of circular tunnels (Eq. 6) is proposed as:



where GH(or V)-p is the peak horizontal (or vertical) impact forces of polygonal tunnels during submarine slides-tunnels interaction, and N; δH(or V) is the correction factor of the peak horizontal (or vertical) impact forces, which can be adopted from Figure 10. In Figure 10, the data of impact forces of polygonal tunnels divided by that of circular tunnels are displayed under different thickness conditions. Results show that the correction factors of the peak horizontal and vertical impact forces are approximately constant, except for individual results at lower thickness conditions. Here, the results in a Ht/D range of 3.0-11.0 are averaged as the correction factors; thus, δH of the square-sectional tunnel is 1.31, the hexagon-sectional tunnel is 1.16, and the octagon-sectional tunnel is 1.02; similarly, δV of the square-sectional tunnel is 1.95, the hexagon-sectional tunnel is 1.60, and the octagon-sectional tunnel is 1.05. It should be noted that the polygonal cross-section with fewer than four edges (e.g., triangle) will not be used for tunnel design generally, and the result tends to be the circular tunnel when the edge number of polygonal cross-sections exceeds eight. Therefore, the correction factors given in this study are representative and can essentially meet the application requirements.




Figure 10 | Correction factors of the submarine slide impact force: peak horizontal (A) and vertical impact forces (B).



From the perspective of submerged floating tunnel design, tunnels using a polygonal cross-section will increase the load effect from submarine slides to different degrees, and the increasing degree is generally not more than two times. If a tunnel scheme with polygonal cross-sections is adopted, the potential load effect caused by submarine slides can be determined by the simplified evaluation approach (Eq. 6) in this study.

Next, the application of this simplified evaluation approach is introduced through a computational case. Considering this scenario: (i) there is a submerged floating tunnel with a hexagon cross-section and vertical contour size (diameter) of 15 m, which is located at a suspended distance against the seabed of 45 m (so δH=1.16, δV=1.60, D=15 m, and Hps/D=3.0); (ii) submarine sediments near the tunnel are triggered and generate the slide movement. When the slide mass reaches the location of the tunnel, the predicted velocities of slide mass (v) are 0.2-4 m/s, thickness is 60 m (Ht/D=4.0), and density (ρ) is 1500 kg/m3; (iii) the rheological strength model of slide mass is same with this study ( ) [these parameters are obtained by measuring the shear strength of remolded soil in the South China Sea (Fan et al., 2020b)]. In addition, the load is considered as the force per unit length along the tunnel axis (units of N/m).

The calculation process is as follows:

	(i) based on Eq. 3,  = 0.013 - 0.267 (s-1), then su = 160.41 + 25.64 ×  0.38= 165.38 - 175.93 (Pa);

	(ii) based on Eq. 4, Renon-Newtonian = 0.36 - 136.42;

	(iii) based on Eq. 5 (flooded impact state), FH-p = 2.02×104 - 2.64×105 (N/m) and FV-p = 0.52×103 - 3.65×104 (N/m), where NH (or V) and CH (or V) can be determined from previous studies (Fan et al., 2021a; Fan et al., 2021b); in this case, NH = 7.88, CH = 1.35, NV = 0.17, and CV = 0.2;

	(iv) based on the previous study (Fan et al., 2022b), the deviation coefficients ΔH-p = 0.57 and ΔV-p = 1.60;

	(v) based on Eq. 5 (partial impact state), FH-p = 1.15×104 - 1.50×105 (N/m) and FV-p = 0.83×103 - 0.58×105 (N/m);

	(vi) finally, based on Eq. 6, the horizontal and vertical impact forces caused by submarine slides are: GH-p = 1.16×FH-p = 1.33×104 - 1.74×105 (N/m) and GV-p = 1.60×FV-p = 1.33×103 - 0.93×105 (N/m).





6 Conclusions

This study has investigated the load effect (contains horizontal and vertical impact forces) of submerged floating tunnels with polygonal cross-sections under the impact of submarine slides, via a series of computational fluid dynamics (CFD) numerical simulations. Three representative polygonal cross-sections (square, hexagon, and octagon) are considered. CFD numerical simulations were carried out at different thicknesses (Ht/D of 0.5-11.0) and velocities (0.2-6 m/s; thus Reynolds numbers of 0.36-298) of submarine slides. The main conclusions drawn from this study are shown as follows:

	(1) The load effect produced by submarine slides is very significant for submerged floating tunnels and is affected by the thickness and velocity characteristics of submarine slide mass movement. In particular, the load level will be high, and periodic vibration may occur after the tunnel structure is flooded in the slide mass. In addition, the horizontal impact forces caused by submarine slides (a higher load level) should be mainly considered due to the suspended status of submerged floating tunnels (i.e., a larger tunnel-seabed gap).

	(2) Compared with the submerged floating tunnels with circle cross-sections, the impact forces during the interaction between the submarine slide and tunnel with polygonal cross-sections are increased to different degrees. The polygonal form with fewer edges shows a greater impact force (which means the square-sectional tunnel has the largest impact forces, while the octagon-sectional tunnel has the lowest impact forces approaching the circle-sectional tunnel).

	(3) To fully consider the load effect of submarine slide hazards in the submerged floating tunnel design, a simplified evaluation approach for the tunnel with polygonal cross-sections is proposed to determine the load effect. An application case of the proposed approach is also presented. The case shows that the impact forces caused by submarine slides can be determined in a simple and reliable manner.



The current study on the effect of submarine slides on submerged floating tunnels is still insufficient. More relevant factors (e.g., the impact action of submarine slides with different angles; the rheological behavior of submarine slides) need to be further discussed, and more relevant physical model experiments need to be carried out in the future.
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Cyclic threshold shear strain is a fundamental property of saturated soils under cyclic loading. To investigate the cyclic threshold shear strain for pore water pressure generation (γtp) and stiffness degradation (γtd), a series of strain-controlled multistage undrained cyclic triaxial tests were carried out on in-situ saturated marine clay in the Yangtze estuary with different plasticity index Ip. The test results show that both γtp and γtd increase with increasing Ip, and γtp is larger than γtd for the same marine clay tested under the same conditions, with γtp = 0.017 ~ 0.019%, γtd = 0.008 ~ 0.012% for Ip of 17, γtp = 0.033 ~ 0.039%, γtd = 0.020 ~ 0.025% for Ip of 32, and γtp = 0.040 ~ 0.048%, γtd = 0.031 ~ 0.036% for Ip of 40. Moreover, the development of stiffness degradation may not necessarily require the generation of pore water pressure but can be aggravated by it. Furthermore, the γtp and γtd of marine clay are compared with terrestrial soils and marine clays cited from the published literature, the results indicate that the special marine sedimentary environment and the combined action of flow and tidal wave system cause the γtp and γtd of marine clay in the Yangtze estuary to be smaller than that of the terrestrial clays and marine clays in other sea areas.
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1 Introduction

With the global intensive exploitations of marine resources and strategic spaces, offshore and coastal engineering, such as wind power platforms, oil drilling platforms, subsea pipelines and tunnels, and anchors, thrives in marine environments where soft clays form the bulk of the seabed (Li et al., 2012; Shi et al., 2018). However, when the soft clays are subjected to periodic marine geology disasters (e.g. typhoons, storms, tsunamis, and earthquakes), they may suffer cyclic degradation, which will trigger stability problems of marine structures and reduce their service life. Hence the dynamic properties of marine clays under marine geology disasters have received extensive attention from the scientific and engineering communities (Fattah and Mustafa, 2016; Fattah et al., 2017; Yang et al., 2018; Zhu et al., 2020; Fattah et al., 2021; Pan et al., 2021; Jin et al., 2022; Lei et al., 2022; Tsai, 2022; Wu et al., 2023). The cyclic threshold shear strain for pore water pressure generation (γtp) [when the cyclic shear strain amplitude (γc) is below γtp, negligible pore water pressure generated, and while γc > γtp, pore water pressure accumulates significantly.] and stiffness degradation (γtd) [when γc< γtd, negligible stiffness degradation occurred, and while γc > γtd, apparent stiffness degradation occurred.] are the foundation parameters of the dynamic disaster properties of saturated soils (Dobry et al., 1982; Tabata and Vucetic, 2010). The γtp and γtd can divide the cyclic behavior of the soil into two distinct parts, leading to adopting different methods to investigate the cyclic soil behavior. Therefore, the γtp and γtd are two crucial parameters for analyzing and solving the problems of pore water pressure generation and stiffness degradation caused by marine geology disasters.

Many experimental studies have been performed on γtp or γtd of saturated sands (Dobry et al., 1982; Chen et al., 2019; Vucetic et al., 2021; Saathoff and Achmus, 2022) and terrestrial clays (Ohara and Matsuda, 1988; Hsu and Vucetic, 2004; Hsu and Vucetic, 2006; Mortezaie and Vucetic, 2016; Soralump and Prasomsri, 2016; Ichii and Mikami, 2018; Parsa et al., 2022) by conducting cyclic triaxial tests (CTX), cyclic hollow cylinder torsional shear tests (CHCTS), and cyclic direct simple shear tests (CDSS), and the values of γtp and γtd are listed in Table 1. The results of these studies reveal that the values of γtp and γtd of a given saturated sand are almost the same, while γtp is larger than γtd in a given saturated terrestrial clay. The variation of γtp and γtd of saturated terrestrial clay has a relation with several factors and can be categorized into two types: (1) soil properties, such as plasticity index (Ip), over-consolidation ratio (OCR), and soil structure; and (2) loading conditions, such as initial effective consolidation pressure ( ) and loading frequency. Previous investigations revealed that Ip and OCR are the primary factors affecting γtp and γtd of saturated terrestrial clays. The γtp and γtd both increase substantially with Ip and OCR. However, the effect of loading conditions is not sufficiently clear and needs further study.


Table 1 | Summary of the threshold shear strain for pore water pressure generation (γtp) and stiffness degradation (γtd) for sands, terrestrial clays, and marine clays reported in the literature and this paper.



Due to the particularity of the marine sedimentary environments, the basic dynamic characteristics between marine clays and terrestrial clays were significantly different. Hence the results of terrestrial clays cannot be indiscriminately adapted to marine clays. Unfortunately, limited studies were performed on γtp and γtd of undisturbed marine clays. Matasović and Vucetic (1995) summarized the published data and found that the γtp of Cariaco undisturbed marine clays was 0.1%. Abdellaziz et al. (2020) investigated the γtp of three types of Eastern Canada clays and concluded that the γtp for the clays with Ip =36 and 38 ~ 40 was 0.2%, while it was 0.3% for the clays with Ip =28. It was noted that the variation pattern of γtp in Abdellaziz et al. (2020) is contrary to previous studies but was not explained in detail. Likitlersuang et al. (2014) observed that the γtd of Bangkok clays ranged from 0.03% to 0.07%, which was defined as the shear strain at G/Gmax = 0.7 within the normalized shear modulus versus shear strain curves. Banerjee and Balaji (2018) reported that the γtd of Chennai clays was 0.06% under isotropic consolidation conditions, and γtd decreased with the consolidation stress ratio (ratio of minor principal stress to major principal stress). The values of γtp and γtd in the above four literature are also listed in Table 1. As can be seen in Table 1, the γtp of undisturbed marine clays is approximately one order of magnitude larger than that of terrestrial clays, and the γtp is also slightly larger. It should be mentioned that the above studies were carried out in specific regions and under particular conditions, which are not completely appropriate for different types of marine clays in different regions, and the results of previous studies are not entirely consistent. Therefore, further research on γtp and γtd of undisturbed marine clays is still crucial.

In this study, a series of multistage strain-controlled undrained cyclic triaxial tests were performed on marine clays in the Yangtze estuary to investigate the variation characteristics of the cyclic threshold shear strain for pore water pressure generation (γtp) and stiffness degradation (γtd). Consequently, a linkage of γtp and γtd with three different values of plasticity index (Ip ≈ 17, 32, and 40) was found, and the differences between γtp and γtd were analyzed. In addition, the differences between the values of γtp and γtd for marine clays in the Yangtze estuary and those of sands, terrestrial clays, and marine clays in other regions in the published literature were compared. The work in this paper can contribute to further understanding and analysis of dynamic properties problems of marine clays during marine geology disasters.



2 Materials and experimental methods



2.1 Description of sites and soil samples

The marine clays were obtained from two boreholes (J12 and J7) of an offshore wind power project at the Yangtze estuary in Qidong city, Nantong (Figure 1). The site is located at the intersection of the Jiangsu coast and the Yangtze River coastline, with strong interaction between the sea and the river. It is about 200 m from the shore, and the lowest elevation of the seabed with the slight undulation of topography is about -13 m, with an elevation difference amplitude of 6.55 m. According to the meteorological and hydrological survey, this site is permanently subjected to the cyclic action of two tidal systems: the tidal progressive system in the East China Sea and the tidal amphidromic system in the Yellow Sea, in which the tidal progressive system in the East China Sea plays a dominant role. The tidal pattern of this site is irregular semidiurnal tidal waves, with a tidal amplitude ranging from 0.06 m to 5.84 m. The maximum surficial tidal-current velocity is 2.20 m/s (ebb) and 3.30 m/s (flood). Tidal asymmetry is obvious with a ratio of 1.4:1 between ebb and flood duration, causing a strong impact on soil sedimentation. Moreover, it will occasionally encounter earthquakes, as well as storms caused by typhoons.




Figure 1 | Geographical locations of the sampling (Base map data © 2023 Google).



The marine clays were retrieved using a thin-wall sampler with a maximum drilling depth below the seabed of approximately 29 m. The distance between the J12 borehole (with a water depth of 12.6 m) and the J7 borehole (with a water depth of 10.3 m) is about 150 m. The upper 8 m of the J12 borehole and the upper 7 m of the J7 borehole were flow plastic sludge, which makes it difficult to form samples and is not contained in this study. All retrieved marine clays were trimmed to solid cylindrical samples with a diameter of 100 mm and a height of 200 mm. Subsequently, the samples were packed into metal cylinders of the same size as the samples and consequently sealed with wax. The sealed samples were wrapped in foam board to minimize disturbance during transportation to the laboratory.

Table 2 lists the basic physical properties of the used marine clays. The tests of the particle-size analysis, special gravity (Gs), natural water content (w0), natural wet density ( ), and Atterberg limits were determined according to ASTM D422 (ASTM, 2007), D2216 (ASTM, 2019), D854 (ASTM, 2014), D1556/D1556M (ASTM, 2015), and (D4318 ASTM, 2017), respectively. The natural void ratio ( ) and the degree of saturation (Sr0) were calculated based on the basic physical properties. It was found that the used marine clays in the Yangtze estuary have approximately three values of   (17, 32, 40), and high   and Sr0 with values ranging from 0.95 to 1.33 and 95.2% to 99.7%, respectively. Figure 2 illustrates the classification of the used marine soils in the Unified Soil Classification System (USCS) chart according to ASTM (D2487 ASTM, 2017). It reveals that the used marine soils can be categorized as CL (clay of low plasticity) and CH (clay of high plasticity).


Table 2 | Basic physical properties of marine clays in the Yangtze estuary.






Figure 2 | Positions of the tested marine soils in the plasticity chart.





2.2 Test apparatus

The multistage strain-controlled undrained cyclic triaxial tests were carried out using a dynamic triaxial apparatus manufactured by GDS Instruments Ltd., UK. This apparatus can measure the cyclic axial stress (σd) and the cyclic axial strain (ϵa) of soil samples subjected to cyclic loading with an accuracy of 0.1 kPa and 0.004%. More information about this apparatus was described exhaustively in Chen et al. (2020) and Ma et al. (2023). The cyclic shear stress (τ) and cyclic shear strain (γ) can be determined by the following equation (Rollins et al., 1998; Chen et al., 2022):

 

where the ν is the dynamic Poisson’s ratio. The saturated specimens will not generate volumetric strain, which typically occurs in soils in undrained conditions during cyclic loading, hence the ν can be assumed to be 0.5 (Fahoum et al., 1996; Chen et al., 2022). During the multistage strain-controlled undrained cyclic triaxial tests, the dynamic shear modulus at the ith stage and the Nth cycle (Gsi,N) can be calculated as follow (Idriss et al., 1978):

 

where the τci,N is the cyclic shear stress amplitude at the ith stage and the Nth cycle, and the γci is the cyclic shear strain amplitude at the ith stage.



2.3 Test procedures

The cylindrical specimens for running triaxial tests with a diameter of 50 mm and a height of 100 mm were cut from the center of the large marine samples. After weighing, the specimen was covered by eight vertical filter paper strips (with a width of 8 mm and a length of 75mm) on the lateral side to facilitate drainage. Consequently, the specimen was wrapped by a rubber membrane with a thickness of 0.3 mm and was then installed in the triaxial pressure chamber. It was noted that under the condition of artificially undisturbing the specimen, the time of sticking the filter papers and installing should be as short as possible to reduce water loss. The specimen was saturated by the backpressure method with degassed water until Skempton’s B-value (Skempton, 1954) was larger than 0.97, the financial back pressure was 400 kPa and the duration of this process was about 10 h. After saturation, each specimen was isotropically consolidated to the initial effective confining pressure ( ), which was determined based on the sampling depth below the seabed, and the consolidation took about 2 ~ 3 days until the drainage volume was less than 60 mm3/h.

After sufficient consolidation, the multistage strain-controlled undrained cyclic triaxial tests were performed on each specimen in seven multistage with each stage having 10 cycles according to ASTM D3999 (ASTM, 2011). The loading frequency (f) was 0.1 Hz. The γci varied from 0.015 to 3%. The test schemes were listed in Table 3. Lunne et al. (1997); Lunne et al. (2006) proposed a quantification of specimen disturbance based on the ratio of the difference of the void ratio before and after consolidation (Δe) with e0, as shown in Table 4. The sample quality of the tested marine specimens in this paper was shown in Table 3. It illustrates that the quality of thirteen specimens was good to poor and six specimens were poor.


Table 3 | Test program for multistage strain-controlled undrained cyclic triaxial testsa.




Table 4 | Criteria for evaluation of sample disturbance based on Δe/e0 proposed by Lunne et al. (1997); Lunne et al. (2006).






3 Typical results of multistage strain-controlled undrained cyclic triaxial tests

Three specimens with different Ip [J7-3 (Ip = 17.4), J7-4 (Ip = 34.5), and J12-1 (Ip = 40.2)] are taken as examples. Figure 3 presents the typical results for the variations of cyclic shear strain (γ), cyclic shear stress (τ), dynamic shear modulus (Gsi,N), and pore water pressure (Δu) with cycles (N) for the three specimens. The Δu of the three specimens did not develop with the increasing N during the 1st stage, and whether there is an increase could not be observed intuitively during the 2nd stage, but a significant increase appeared during the 3rd ~ 7th stages. Therefore, there is a cyclic threshold shear strain for pore water pressure generation (γtp) of marine clays in the Yangtze estuary, that is, there exists a γtp so that when the cyclic shear strain amplitude (γc) is below γtp, negligible Δu generated, and while γc > γtp, Δu accumulates significantly. It can be estimated that the γtp for the tested specimens ranged from 0.015% to 0.075%. Likewise, The   of specimen J7-3 decreased with N from the 1st stage, while that of specimens J7-4 and J12-1 decreased from the 2nd and 3rd stages, respectively. The decrease of Gsi,N with N can reflect the stiffness degradation of soils (Pan et al., 2021; Jin et al., 2022). Hence there is a cyclic threshold shear strain for stiffness degradation (γtd) of marine clays in the Yangtze estuary, that is, there exists a γtd so that when γc< γtd, there is no noticeable stiffness degradation and the microstructure of the soils hardly changes at this stage, and while γc > γtd, the microstructure is destroyed causing the apparent stiffness degradation. It can be tentatively determined that the γtd for the tested specimens should be less than 0.075%. How to accurately identify the values of γtp and γtd will be discussed in detail in the following section.




Figure 3 | Variation of shear strain, shear stress, dynamic shear modulus, and pore pressure with cycles for different Ip: (A) J7-3 (Ip = 17.4); (B) J7-4 (Ip = 34.5); (C) J12-1 (Ip = 40.2).





4 Results and discussions



4.1 Cyclic threshold shear strain for pore water pressure generation, γtp

For accurately identifying the values of γtp, each cyclic stage was regarded as an individual stage, so the effective confining pressure at the ith stage ( ) and the modified pore water pressure at the ith stage and the Nth cycle ( ) can be estimated by Eqs. (3) and (4), respectively:

 

 

where   is the pore water pressure at the (i-1)th stage and  ;   is the pore water pressure at the ith stage and the Nth cycle. Consequently, the normalized pore water pressure ratio at the Nth cycle during each stage (  ) can be determined by Eq. (5):

 

The relationships between   and γc for six representative specimens at different stages and Ns are shown in Figure 4. The points in the same column represent the   at different cycles of the same stage. To obtain a more accurate value of γtp, only the cyclic stages below and the 3 ~ 4 cyclic stages above γtp are taken into account. Combining Figures 3 and 4, after the generation of Δu, the development pattern of Δu showed remarkable differences among specimens J7-3 and J7-9 with lower Ip ≈ 17, specimens J7-6 and J12-9 with higher Ip ≈ 32, and specimens J12-1 and J12-6 with Ip ≈ 40 within the range of γc applied in this paper. For specimens with Ip ≈ 17 (Figures 4A–C), the Δu increased linearly with γc. While for specimens with Ip ≈ 32 and 40 (Figures 4E–I), when γc< 0.15%, the Δu increased slowly with γc, when γc > 0.15%, the Δu increased significantly with γc, but the rate of increment decreased and the value of Δu tend to be stable. For given γc and N, the larger values of Ip of the specimens, the smaller Δu was, that is, the development rate of Δu for marine clays with smaller Ip was greater than that with larger Ip. This change law of Δu with Ip is in accordance with the observation in Nhan et al. (2022) and Kantesaria and Sachan (2021).




Figure 4 | The relationship curves between   and γc for marine clay at different N. (A) J7-3 (Ip = 17.4); (B) J7-8 (Ip = 18.6); (C) J7-9 (Ip = 17.2); (D) J7-6 (Ip = 32.8); (E) J12-4 (Ip = 32.6); (F) J12-9(Ip = 31.0); (G) J12-1 (Ip = 40.2); (H) J12-6 (Ip = 40.5); (I) J12-8 (Ip=41.9).



In this paper, the values of γtp were determined as that of γc when Δu reaches 1% of   for the first time, i.e., the   reaches 0.01 for the first time. The blue dotted lines represent the   = 0.01. For specimens with Ip ≈ 17 (Figures 4A–C), the values of   kept zero during the whole 1st stage (γc = 0.015%). While during the 2nd stage,   increased obviously with N. According to the development trend of  , the γtp is about 0.018%, 0.017%, and 0.019% for specimens J7-3, J7-8, and J7-9, respectively. While specimens with Ip ≈ 32 and 40 (Figures 4E–I),   maintained zero during the first two stages and increased from the 3rd stage. Similarly, the γtp of specimens J7-6, J12-4, J12-9, J12-1, J12-6, and J12-8 is about 0.039%, 0.038%, 0.037%, 0.044%, 0.046%, and 0.048%, respectively. The γtp for each tested specimen is summarized in Table 5. It presents that γtp of marine clay in the Yangtze estuary increased with Ip, and this trend was also obtained in Hsu and Vucetic (2006). This may be due to that the larger the Ip, the stronger the ability of the soils to combine with water, and the weaker the ability of water to transmit pore water pressure, leading to the less susceptible generation of pore water pressure. Hence the γtp of specimens with larger Ip was larger.


Table 5 | Summary table of γtp and γtd of tested marine clay.





4.2 Cyclic threshold shear strain for stiffness degradation, γtd

The stiffness degradation characteristics of the soil under cyclic loading can be quantitatively characterized by the degradation index δ and the degradation parameter t, which reflect the degree and rate of soil stiffness degradation, respectively. In strain-controlled tests, the δ and t can be expressed as follow:

 

 

where   is the dynamic shear modulus at the ith stage and the 1st cycle,   is the shear stress amplitude at the ith stage and the 1st cycle.

Taking 9 specimens with different Ip as an example, Figure 5 demonstrates the relationship between δ and N under different γc. As can be seen from Figure 5, with increasing γc, both the δ and t increased significantly for the same N, indicating that the degree and the rate of stiffness degradation will intensify with increasing deformation of soils. For a given γc, the δ decreased linearly with N in the log-log scale coordinates system, i.e., the t kept constant, reflecting that once the stiffness degradation is presented, the stiffness degradation degree will continue to accumulate even if the γc no longer developed. Moreover, the t decreased with the increasing Ip. This variation law of t with Ip is in accordance with the observation in Kantesaria and Sachan (2021). Figure 5 also reveals that specimens with Ip ≈ 17 (Figures 5A–C) experienced stiffness degradation from the 1st stage, hence their γtd was less than 0.015%, specimens with Ip ≈ 32 (Figures 5D–F) experienced that from the 2nd stage with γtd varies between 0.015% and 0.030%, and specimens with Ip ≈ 40 (Figures 5G–I) showed that from the 3rd stage with γtd ranged from 0.030% and 0.075%. The relationship between δ and t can be fitted by the following equation:




Figure 5 | The relationship curves between δ and N for marine clay at different γc. (A) J7-3 (Ip = 17.4); (B) J7-8 (Ip = 18.6); (C) J7-9 (Ip = 17.2); (D) J7-4 (Ip = 34.5); (E) J7-7 (Ip = 32.9); (F) J7-10(Ip = 32.9); (G) J12-3 (Ip = 39.7); (H) J12-5 (Ip = 42.7); (I) J12-8 (Ip=41.9).



	(8)

where a and b are the fitting parameters. The fitting results are shown in Figure 6. It can be found that the values of γtd for three specimens with Ip ≈ 17 ranged from 0.010% to 0.012% (Figure 6A), those for three specimens with Ip ≈ 32 ranged from 0.022% to 0.026% (Figure 6B), and for three specimens with Ip ≈ 17 ranged from 0.030% to 0.034% (Figure 6C). The γtd for each tested specimen is summarized in Table 5. This table indicates that γtd of marine clay in the Yangtze estuary increased with Ip, and this trend was also obtained in Hsu and Vucetic (2004); Hsu and Vucetic (2006) and Tabata and Vucetic (2010). This may be due to that the larger the Ip, the stronger the ability of the soils to combine with water, and under the adsorption of bound water, the soil particles are resistant to sliding subjected to external loading and the structure is less likely to be damaged. Hence the γtd of specimens with larger Ip was larger.




Figure 6 | The relationship curves between t and γc for marine clay. (A) Ip ≈ 17; (B) Ip ≈ 32; (C) Ip ≈ 40.





4.3 Analysis of the differences between γtp and γtd

Figure 7 illustrates the differences between γtp and γtd. It can be seen that both γtp and γtd were distributed within a narrow range. For a given marine clay, the value of γtp was always larger than that of γtd, with the minimum γtp/γtd ratio of 1.26 obtained from specimen J12-1 and the maximum γtp/γtd ratio of 2.13 obtained from specimen J7-9 (listed in Table 5). The dispersion degree of γtp and γtd increased with increasing IP. Figures 8A–F presents the variation of   and t with γc for six specimens with good to poor and poor qualities. Specimen J7-3 was taken as an example (Figure 8A), its γtp was 0.017% and γtd was 0.009%. Combining with Figure 5A, when γc< γtd, neither pore water pressure nor stiffness degradation was generated; when γc varied from γtd to γtp, the pore water pressure was small to negligible, which will not lead to effective stress reduction, but a slight degree of stiffness degradation occurred, as shown in the orange zone of Figure 8A; however, when γc > γtp, the pore pressure began to accumulate and the degree and rate of stiffness degradation increased significantly with increasing N under the same γc. Similar phenomena are also observed in Tabata and Vucetic (2010) and Mortezaie and Vucetic (2016). Therefore, it can be preliminarily considered that the kinetic energy input by the cyclic loading will lead to the gradual destruction of the inherent microstructure of the marine clay, and the consequent stiffness degradation. When the kinetic energy exceeds the range that the inherent structure can bear, part of the kinetic energy will be converted into pore water potential energy, contributing to the generation of pore water pressure, which will aggravate stiffness degradation. In summary, the development of stiffness degradation of marine clay does not necessarily require the increase of pore water pressure, but the increase of pore water pressure will further damage the soil structure and make the stiffness more seriously decay.




Figure 7 | Comparison of γtp and γtd.






Figure 8 | Variation of   and t with γc for six specimens. (A) J7-3; (B) J7-8; (C) J12-10; (D) J12-4; (E) J12-8; (F) J12-6.





4.4 Comparison to published data in the previous literature

The comparison of γtp and γtd between marine clays in the Yangtze estuary and published data in the previous literature is shown in Figure 9. The gray area is the distribution range of γtp and γtd proposed by Vucetic (1994) and Tabata and Vucetic (2010), respectively, based on CTX, CHCTS, CDSS, resonant column tests, and cyclic torsional shear tests. It can be seen that the γtp and γtd generally increase with the increasing Ip. Moreover, the γtp and γtd of undisturbed terrestrial clays distribute uniformly in the gray area, while the γtp and γtd of reconstituted terrestrial clays are apparently smaller than those of undisturbed terrestrial clays. This occurs because the remolding process destroys the microstructure of undisturbed clays, forming weak structures and cement, which will further lead to reconstituted clays being more likely damaged than undisturbed clays subjected to cyclic loading.




Figure 9 | Relationship between the γtp and γtd and IP obtained in this paper and the previous literature.



A more interesting phenomenon is that the γtp and γtd of marine clays in the Yangtze estuary are basically distributed along the left boundary of the gray area, and the marine clay with Ip ≈ 17 was more obvious, furthermore, the γtp and γtd were much smaller than those of marine clays in the cited literature. The reason may be that the sedimentary environments of marine clays were significantly different from those of terrestrial clays. Under the influence of high salt content, low-temperature seawater environment, and special cementitious materials, marine clays exhibit many flocculated structures and form a loose and porous interior (Sun et al., 2020; Wang et al., 2021). Hence marine clays have high porosity and high water content. However, internal closed pores without hydraulic conductivity occupy the majority of the total pores, leading to the low permeability of marine clays. In addition, due to the enlarged section of the Yangtze estuary at the sampling site, the Yangtze River water flow speed is abruptly reduced and the transported debris and sediments are rapidly deposited here, resulting in the soil particles being unable to adjust to the best position in time to form the fragile structure and cementation. Additionally, the marine clays at this sampling site are permanently subjected to the combined action of the water flow of the Yangtze River and the tidal wave system in the East China Sea and the Yellow Sea, which further affects their sediment dynamics (Su et al., 2022; Zhang et al., 2020) and destroys its structure and cementation. These reasons collectively result in the differences between the γtp and γtd of marine clays in the Yangtze estuary and those of terrestrial clays and marine clays in other sea areas.




5 Conclusions

In this paper, a series of multistage strain-controlled undrained cyclic triaxial tests were performed on the marine clays at the Yangtze estuary in Qidong city, Nantong. The cyclic threshold shear strain for pore water pressure generation (γtp) and stiffness degradation (γtd) of marine clays having plasticity index Ip ≈ 17, 32, and 40 were investigated, and the conclusions are as follows:

	(1) The larger the Ip, the stronger the ability of the soils to combine with water, the weaker the ability of water to transmit pore water pressure. Furthermore, under the adsorption of bound water, the soil particles are resistant to sliding subjected to external loading. Therefore, the pore water pressure is less susceptible to generate and the structure is less likely to be damaged, leading to γtp and γtd for marine clays at the Yangtze estuary increase with the increasing Ip. For marine clays having Ip ≈ 17, γtp = 0.017 ~ 0.019% and γtd = 0.008 ~ 0.012%. For marine clays having Ip ≈ 32, γtp = 0.033 ~ 0.039% and γtd = 0.020 ~ 0.025%. For marine clays having Ip ≈ 40, γtp = 0.040 ~ 0.048% and γtd = 0.031~ 0.036%.

	(2) Under the same test conditions, γtp is larger than γtd for the same specimen, and γtp/γtd ranges between 1.2 and 1.8. This confirmed that under cyclic loading, the stiffness degradation and pore water pressure generation of marine clays have a sequence with the development of stiffness degradation preceding pore water pressure generation. The development of soil stiffness degradation does not necessarily require the increase of pore water pressure, but the increase of pore water pressure will aggravate the stiffness degradation.

	(3) Due to the fragile structure, the γtp and γtd of reconstituted clays are relatively low. Both γtp and γtd of marine clays in the Yangtze River estuary are less than those of terrestrial clays and marine clays in other sea areas, which is because the marine clays in the Yangtze estuary have a lower inter-particle cementation strength affected by the special marine sedimentary environment and the combined action of flow and tidal wave system, which makes it more vulnerable to damage subjected to cyclic loading.





Notation

The following symbols are used in this paper:
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Seafloor sediment acoustics is a burgeoning field of marine scientific research. In situ measurement technique is a key technique for investigating sediment acoustic properties. Establishing a correlation between in situ acoustic parameters and physical parameters is of great scientific significance for advancing the theory of seafloor acoustics. This study employed an in situ sediment acoustic measurement system to measure the sound speed and attenuation of various types of sediment, such as sand, silty sand, silty clay, and clayey silt. The results showed that in situ sound speed and attenuation were strongly curvilinear correlated with physical properties, such as wet bulk density, porosity, and mean grain size. Empirical regression relationships between in situ acoustic properties and physical properties were derived. These findings supplement the in situ measurement data of acoustic properties of seafloor sediments, compensate for the lack of an empirical relationship of in situ attenuation in previous studies, and broaden the predicting theory and method of the acoustic properties of seafloor sediments.
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Introduction

Seafloor sediment acoustics is a frontier and hotspot of marine acoustics and marine geology research. In situ measurement of the acoustic properties of seafloor sediment (including sound speed and attenuation) is a key technical approach for investigating marine sediment acoustics. Correlating the acoustic properties and the physical properties of seafloor sediment is of great scientific significance for refining the theory of seafloor acoustics. Since the 1970s, the correlation between the acoustic and physical properties of seafloor sediment has been a focus of seafloor acoustic studies (Chaytor et al., 2022). The empirical equation describing the correlation between acoustic properties and physical properties is akin to constructing a bridge between acoustic parameters and physical properties (Dumke and Berndt, 2019), which can be used to predict acoustic parameters based on physical property parameters and to invert physical parameters from acoustic parameters to classify sediments. Therefore, the correlation between the acoustic and physical properties of seafloor sediment has an important application value in the fields of marine acoustics and marine geophysics.

Generally, the correlation between the acoustic and physical properties of seafloor sediment is mainly constructed through statistical analysis and regression of numerous data. Since the main measurement methods of seafloor acoustic properties include laboratory measurement and in situ measurement, seafloor research on the correlation between acoustic properties and physical properties also includes two main methods that are based on laboratory measurement data and in situ measurement data. In terms of laboratory measurement research, Hamilton (1980) obtained numerous sediment acoustic parameters through laboratory measurement and combined them with the depositional environment. According to the sedimentary environment, empirical equations for the correlation between the sound speed, attenuation, and physical parameters, such as the porosity, density, and grain size of sediments in different types of marine areas, including continental terraces, abyssal plains, and abyssal hills, were established. Orsi and Dunn (1991); Lu et al. (2010); Arthur et al. (2013); Hou et al. (2015); Kim et al. (2018), and Li et al. (2021a) also analyzed laboratory measurement data. The empirical equations for predicting acoustic properties based on physical properties have been established in many marine areas around the world. Among the above series of empirical equations, the empirical equation constructed by Hamilton and Bachman (1982) has usually been used as the main equation for comparison in subsequent studies. Hereafter referred to as the H&B equation, studies have found varying degrees of difference between the Hamilton and Bachman (H&B) equation and other empirical equations. Hamilton (1971) proposed using the sound speed ratio instead of the sound speed under the same conditions to account for the sound speed in seafloor sediment being affected by temperature and pressure. Bachman (1989) further improved the H&B equation by using the sound speed ratio. Hamilton (1972) proposed an empirical correlative curve between acoustic attenuation and physical properties, but due to the difficulty in obtaining an accurate sediment attenuation by the laboratory measurement method, research on the empirical relationship between attenuation and physical properties is still scarce.

With the development of the in situ sediment acoustic measurement system, more in situ data are being used to determine the correlation between the seafloor’s acoustic properties and physical properties. Jackson and Richardson (2007) constructed correlations between the in situ sound speed and in situ attenuation factor with physical properties, which will be referred to as the R&B equation hereinafter. Liu et al. (2013) and Li et al. (2021b) determined the correlation of the in situ sound speed and the in situ sound speed ratio with the physical properties of the seafloor sediment in the South Yellow Sea, respectively. Zhang et al. (2017) also used the in situ measurement method to construct the correlation equation between the in situ sound speed and the physical properties of the Qingdao offshore seafloor sediment. Megan et al. (2019) summarized the literature data and measured the in situ data using the acoustic coring system to construct a fitting formula for the sound speed ratio, porosity, and mean grain size. This analysis indicates that in situ measurement technology has higher accuracy in acquiring the sound speed and attenuation factor, however, research on the correlation between attenuation and physical properties is still scarce. For example, Liu et al. (2013) found that the attenuation and physical properties are relatively disconnected, and no good correlation holds between the two properties. In addition, compared with the laboratory measurement study, the data reported by the in situ measurement study are still relatively scarce, and more in situ measurement data must be supplied to construct a reliable correlation equation.

This study utilized the newly developed Ballast In Situ Sediment Acoustic Measurement System (BISSAMS) to obtain in situ sound speed and attenuation data from 48 seafloor sediment stations in the East China Sea shelf area. Physical properties were measured by collecting sediment samples. An empirical fitting formula was constructed based on the correlation between the in situ attenuation and physical properties, which was then compared with existing empirical relational equations to expand and improve the seafloor sediment acoustic property prediction method system.





Data and methods

The research data was collected during spring and autumn voyages in 2021, funded by the National Natural Science Foundation of China Open Research Cruise (Cruise No. NORC2021-02+NORC2021-301). The data included the in situ sound speed, in situ sound speed ratio, and in situ attenuation, as well as the wet density, porosity, mean grain size, median grain size, sand content, and clay content obtained from sediment samples. Three typical measurement areas (A, B and C in Figure 1) were selected in the East China Sea shelf area, representing silty sand, fine sand, and clay silt, respectively. The water depths of the survey areas ranged from 26-103 m, with area A located in the northern part of the East China Sea shelf (61-74 m), area B in the middle of the East China Sea shelf (76-103 m), and area C close to the coast of Fujian and Zhejiang in mainland China (26-76 m). Each survey area contained sixteen survey stations, for a total of 48 stations, arranged in a 4×4 grid with equal spacing.




Figure 1 | Distribution of the three study areas.



The measurement of seafloor sediment acoustic properties is conducted using BISSAMS, which was previously described in detail in Wang et al. (2018); Li et al. (2019), and Wang et al. (2020). This technology is capable of measuring in situ sound speed and attenuation at a depth of 80 cm below the seafloor, using a 30 kHz central frequency and a 10 MHz sampling frequency. The sound wave signal, which is excited by the transmitting transducer, passes through the sediment and is received by three receiving transducers. To reduce measurement error, the average value of the three channels is used. Figure 2 shows the acoustic signals collected by in situ measurement in three types of sediments. These waveforms demonstrate that, with increasing receiving distance, the acoustic travel time increases approximately linearly, and the acoustic amplitude gradually weakens. Using the same transmitting and receiving parameters, the acoustic signal of coarse-grained sediments is considerably weaker than that of fine-grained sediments. The acoustic signal of the channel indicates that the acoustic wave passing through the coarse-grained sediment has a more substantial energy attenuation phenomenon.




Figure 2 | Acoustic signals collected from different types of sediments (A) silty sand in area A; (B) sandy sediment in area B; (C) silty clay and clayey silt in area C.



The sound speed and attenuation can be calculated by using the travel time difference and amplitude difference of the three-channel received signal. The calculation formula for the seafloor sediment sound speed is as follows:



In this formula, Vp (m/s) is the sound speed of the sediment; Vw (m/s) is the sound speed of the bottom seawater, which is determined by measuring the sound speed profile; d is the distance between the transmitting transducer and different receiving transducers; and tp and tw (s) are the time required for the acoustic waves to reach the three receiving transducers in the sediment and the seawater, respectively. tp and tw were calculated using the cross-correlation method.

The attenuation calculation formula for seafloor sediment is as follows:



where αp (dB/m) is the sediment attenuation; l (m) is the distance from the transmitting transducer to the three receiving transducers; and Ap and Aw are the peak amplitudes of the signals in the sediment and seawater collected by the same channel, respectively.

The ratio of sediment sound speed to the seawater sound speed under the same temperature and pressure conditions is defined as the sound speed ratio R, which is usually considered to remain constant (Hamilton, 1971; Zou et al., 2015). Thus, the measured value of the sediment sound speed can be corrected according to the seawater sound speed under different temperature and pressure conditions. During the measurement, the seawater sound speed profile was measured synchronously at each station, allowing for the accurate determination of the sound speed of seawater near-seafloor in consistency with the sediment temperature and pressure environment. The ratio of sediment sound speed to the seawater sound speed near-seafloor is the sound speed ratio R:



where Vpi is the sound speed of sediments under in situ temperature and pressure conditions on the seafloor and Vwi is the sound speed of seawater measured under in situ temperature and pressure conditions near the seafloor.

After conducting an acoustic test, the physical properties of the sample were measured, including particle composition, mean grain size, bulk density, and water content. The porosity of the sample was then calculated based on the particle density, bulk density, and water content. The ring knife method (inner diameter 6 cm, height 2 cm) was used to measure the sample density, while the drying method was used to measure the water content, which was determined by the ratio of the mass loss of the sample caused by drying to the mass of the sample after drying. The sieving method and the graphical method were employed to classify and name the samples. The three particle size values corresponding to d16, d50, and d84 were averaged as the mean grain size, and the particle size value corresponding to d50 was used as the median grain size. The Shepard taxonomy was used to name and classify the sediments.





Analysis of results

The study area is located in the widely distributed continental shelf region of the East China Sea. The sedimentary type is generally considered to be terrigenous, with the sediments mainly originating from the terrigenous debris of the mainland and surrounding island arcs, such as the Yangtze River. Based on the sampling site and particle size measurement results (Figure 3), the sediment samples in this area include sandy sediments, silty sand, silty clay, and clayey silt; they have no irritating odor, are mainly brownish yellow, and have plasticity, high water content, and a uniform structure. The test results of physical property parameters (Table 1) show that in area A, the wet density of the sediments is 1.84-2.01 g/cm3, with an average value of 1.95 g/cm3, and the porosity is 0.40-0.51, averaging 0.43. Sand content is 22.9-80.5%, averaging 62.83%; silt content is 5.2-56.9%, averaging 21.07%; clay content is 8.1-21.6%, averaging 15.82%; the mean grain size is 3.39-5.80ϕ, averaging 4.39ϕ; and the median grain size is 1.95-5.27ϕ, averaging 3.14ϕ. In area B, the sediment wet density is 1.86-2.02 g/cm3, averaging 1.97 g/cm3; the porosity is 0.38-0.48, averaging 0.41; the sand content is 68.3-89.8%, averaging 78.08%; the silt content is 4.1-19.9%, averaging 12.71%; the clay content is 3.8-15.1%, averaging 9.27%; the mean grain size is 2.18-4.20ϕ, averaging 3.29ϕ; and the median grain size is 1.93-2.97ϕ, averaging 2.60ϕ. In area C, the sediment wet density is 1.53-1.77 g/cm3, averaging 1.66 g/cm3; the porosity is 0.55-0.69, averaging 0.62; the sand content is 0.3-5.3%, averaging 2.03%; the silt content is 40.2-77.0%, averaging 58.96%; the clay content is 19.1-57.0%, averaging 38.96%; the mean grain size is 6.24-8.42ϕ, averaging 7.15ϕ; and the median grain size is 5.43-8.26ϕ, averaging 7.06ϕ. The physical properties of the sediments in the three study areas are quite different. Sediments in area B are mainly sandy sediments, with relatively coarse grain size, high density, and low porosity characteristics; sediments in area C are dominated by clayey silt and silty clay sediments, with relatively fine grain size, low density, and high porosity characteristics; sediments in area A are dominated by silty sand, and their properties are between those of areas B and C.




Figure 3 | Sediment types in the study area (according to the Shepard classification).




Table 1 | Measured results of seafloor sediment acoustic and physical properties.



The seafloor sediment acoustic characteristic test results (Table 1) indicate that the in situ sound speed of sediments in area A ranges from 1544.70 to 1698.92 m/s, averaging 1585.67 m/s; the in situ sound speed ratio, 1.020 to 1.122, averaging 1.047; and the in situ attenuation, 3.80 to 13.68 dB/m, averaging 7.04 dB/m. The in situ sound speed of the sediment in area B ranges from 1566.67 to 1671.97 m/s, averaging 1618.95 m/s; the in situ sound speed ratio, 1.034 to 1.104, averaging 1.069; and the in situ attenuation, 7.04 to 17.65 dB/m, averaging 12.58 dB/m. The in situ sound speed of sediments in area C ranges from 1469.11 to 1523.23 m/s, averaging 1488.88 m/s; the in situ sound speed ratio, 0.969 to 1.005, averaging 0.984; and the in situ attenuation, 0.26 to 1.17 dB/m, averaging 0.79 dB/m. The acoustic properties of the sediments in the three study areas were found to be distinct. The sediments in Area B exhibited high sound speed and high attenuation; those in Area C had low sound speed and low attenuation, while those in Area A had properties that were intermediate between those of Areas B and C. The sound speed ratio of the sediments in Area C was less than 1, indicating low sound speed. This analysis suggests that the compressibility and stiffness of the pore fluid, mineral particles, and mineral skeleton are determinants of sound speed propagation, as sediments with high water content and high porosity have lower stiffness and higher compressibility (Dall'Osto and Tang, 2022). The bulk modulus of the sediment is close to that of seawater, but its higher density results in a lower sound speed than that of seawater, leading to the phenomenon of low sound speed sediments. A good correlation between sound speed and physical properties was observed, providing data support for constructing prediction equations of sound speed and attenuation based on physical properties.





Discussion




Curvilinear correlation between sound speed and the physical properties of sediments

The curvilinear correlation between sound speed and physical properties of seafloor sediment has long been a major component of seafloor sediment acoustics research. Regression analysis of sound speed and physical properties parameters was conducted using the least squares method to establish an empirical model, which can provide an effective means for sound speed prediction and seafloor parameter inversion. In the 1980s, Hamilton and Bachman (1982) sampled numerous sediments and conducted acoustic measurements on them, while also performing statistical analysis with data obtained in the past. Based on the depositional environment of the sediments, they established an empirical relationship between the sound speed and physical properties of sediments from a continental terrace, abyssal plains, and abyssal hills (H&B equation). The empirical relationship between the sound speed ratio and the physical properties of sediments from the continental terrace (for the convenience of subsequent comparison with the measured data in this study) was obtained as follows (Bachman, 1989):







Where ρ is density, n is porosity, and Mz is the mean grain size (ϕ value). Although the H&B equation has been widely used, recent comparative studies on measured data and models in many marine areas have found that this empirical model has limitations in its application (Kim et al., 2011; Li et al., 2021a; Li et al., 2021b).

Richardson and Briggs (2004) established in situ regression equations based on in situ measured data at 38 kHz or 58 kHz using ISSAMS (R&B equation)(Jackson and Richardson, 2007). The equations of the sound speed ratio R versus the wet bulk density ρ, porosity n, and mean grain size Mz are listed as follows:







In this study, the measured data are compared with the H&B equation and the R&B equation to explore the curvilinear correlation between the sound speed ratio and the physical properties of sediments and to construct an empirical fitting formula. Figure 4 shows the sediment sound speed and the correlation between the sound speed ratio and density, porosity, mean grain size, median grain size, sand content, and clay content. Table 2 lists the fitting formulae for sound speed ratio, density, and other physical properties of sediments. Except for the clay content, the sound speed ratio is related to the physical properties. All coefficients are higher than 0.80, indicating high correlations.




Figure 4 | Correlation between the sound speed ratio and the physical properties of sediments. (A. Correlation between the sound speed ratio and the wet bulk density; B. Correlation between the sound speed ratio and the porosity; C. Correlation between the sound speed ratio and the mean grain size; D. Correlation between the sound speed ratio and the median grain size; E. Correlation between the sound speed ratio and the sand content; F. Correlation between the sound speed ratio and the clay content.)




Table 2 | Fitting formula for the curvilinear correlation between the sediments’ sound speed ratio and physical properties.



Saturated seafloor sediment is composed of particles and pore water and exhibits the characteristics of a two-phase medium (Jackson and Richardson, 2007). Wet bulk density and porosity indicate the ratio of particle specific gravity and pore water and the degree of compaction. When a sound wave passes through the sediment, both the particles and pore water transmit the sound wave. Therefore, the sound speed of sediment is closely related to density and porosity. Figures 4A, B demonstrate that the sound speed ratio of sediment increases with increasing density and decreasing porosity. Comparing the measured data and the empirical model reveals that the sound speed ratio of the sediments in the study area is in good agreement with the R&B equation, but is higher than the H&B equation result. This study also found that the sound speed ratio predicted by the H&B equation is usually higher than the measured value. This discrepancy is likely due to the difference between the acoustic measurement technology and the physical property measurement technology (Jackson and Richardson, 2007). Imperfections in the measurement technology and data processing standards of Hamilton and other early works may lead to large errors in the measurement results. With the advancement of technology in the past decade, the empirical formula has been gradually improved based on new measurement data, while Hamilton’s concept of constructing an empirical equation remains essential. This comparison also shows that the measured data in the East China Sea are slightly lower than the predicted result of the R&B equation, with an overall difference of approximately 0.02-0.05 (the contrast between the solid color line and the black dotted line of Figure 5A, B blue). The difference increases with increasing density and decreases with increasing porosity. This comparison result is comparable to that of Li et al. (2021b) in the South Yellow Sea. Similarly, the predicted results in the high density and low porosity intervals have a large difference with the measured data. This difference may be attributed to two causes. One is that the sediment density and porosity are collected in the laboratory after sample collection. During the measurement, disturbances in the sample collection and measurement process can lead to measurement errors in physical properties. Another cause may be related to the R&B equation. The research object includes siliceous deposits and carbonate calcareous deposits. Generally, the porosity of siliceous sediments is believed to be larger than that of calcareous sediments, which may also lead to larger discrepancies between the empirical equations.




Figure 5 | Correlation between the attenuation and the physical properties of sediments. (A. Correlation between the attenuation and the wet bulk density; B. Correlation between the attenuation and the porosity; C. Correlation between the attenuation and the mean grain size; D. Correlation between the attenuation and the median grain size; E. Correlation between the attenuation and the sand content; F. Correlation between the attenuation and the clay content.)



The particle size of seafloor sediment remains unchanged throughout the sampling and testing processes, making it an effective indicator for predicting sound speed and classifying sediments. The sound speed ratio of sediments decreases with increasing mean grain size ϕ value, and a good curvilinear correlation between the sound speed ratio and the mean grain size is observed. The measured sound speed ratio of the sediment is lower than the prediction of the H&B equation (Figure 4C, but closer to the predictions of the R&B equation. This difference is attributed to the simplified properties of the mean grain size itself. In the natural state, seafloor sediment composition is heterogeneous, ranging from gravel to clay, and thus the medium is usually considered homogeneous for simplification, with the average value of a certain particle size component (e.g. mean grain size) used as a parameter for the composition of all sediment particles. Comparisons between medium sand with good sorting, silty clay and clayey silt with poor sorting, and the sandy mud mixture with extremely poor sorting, revealed that sediments with the same mean grain size but different sorting degrees have different sound velocities (Richardson and Briggs, 2004). Therefore, using the mean grain size to predict the sound speed of sediments has certain limitations. The fitting equation between the empirical equation and the measured data essentially maintains a systematic difference of 0.02 throughout the mean grain size range (the contrast between the blue solid line and black dashed line in Figure 5C, which was also confirmed in Li et al. (2021b). The median grain size is also an important indicator of particle size, and a strong correlation between the sound speed ratio and median grain size is observed (Figure 5D). Furthermore, Figures 5E, F show that the sound speed ratio of sediments increases with the sand content and decreases with increasing clay content, with the correlation between the sound speed ratio and the sand content being better than that of the clay content.

Measurements from different periods in the same marine area are more meaningful for comparison. Li et al. (2019) reported in situ sound speed and attenuation measurements in sandy sediments in the East China Sea in 2017, using the same method as this paper. As the in situ measurement equipment was located in the East China Sea shelf area, these published measurements were compared with the measured data and empirical equations in this paper, including in situ sound speed, original in situ attenuation, density, porosity, mean grain size, and other physical property data. The comparison results showed that the measured data for these two periods were in good agreement. The data published in the literature were consistent with the empirical equation constructed in the present study, compared to the H&B equation and R&B equation. Although the measured data collected in these two periods had a slight error, this may have been due to the sample collection process. According to Li et al. (2019), the sample collection process was simultaneous to the in situ measurement process. The in situ measurement system was used to collect sediment samples for laboratory measurement. This study collected the sediment samples using a sediment sampler after in situ acoustic measurement was performed. The sediments studied through in situ acoustic measurement and the sediments in the sample collection may have had a slight error, which may have caused the error in the results of the two measurement experiments.

To further confirm the application of these correlations in other sea areas, sediment acoustic data or correlation results have been collected. Figure 4A shown the correlation result established in Li et al. (2021b) in South Yellow Sea (Orange solid line) and the measured data published by Bae et al. (2014) (Red ∗points). Both the correlation line of Li et al. (2021b) and the data of Bae et al. (2014) match well to the empirical equation in this study. Therefore, the general application of the correlations established in this study to analyze seafloor sediments in other sea areas was further confirmed.





Curvilinear correlation between sediment attenuation characteristics and physical properties

Relative to the sound speed of sediments, research results on the correlation between the attenuation characteristics of sediments and physical properties are scarce. Since the attenuation characteristics are closely related to the measurement frequency, to compare the data and research results obtained by different frequency measurement techniques, Hamilton (1972) consistently maintained that attenuation in sediments obeys a frequency dependence of f1 with an attenuation factor k. In addition to the relationship between attenuation characteristics and physical properties reported by Hamilton (1972); Richardson and Briggs (2004) gave the exact regression fitting equations of the in situ acoustic attenuation characteristics and physical properties. The equations for the attenuation factor k (dB·m−1·kHz−1) versus the wet bulk density ρ, porosity n, and mean grain size Mz are listed as follows:







Equations (10) to (12) show that although the empirical regression formulas of the attenuation factor and density, porosity, and mean grain size are reported in the literature, their correlation coefficients are lower than 0.5, indicating a low correlation.

Figure 5 illustrates the curvilinear correlation between the sediment attenuation factor and porosity, mean grain size, median grain size, sand content, and clay content. Table 3 presents the fitting formulas between the sediment attenuation characteristics and physical properties such as density, excluding clay content. The correlation coefficients between the attenuation factor and the physical properties were higher than 0.80, indicating strong correlations. The correlation between the attenuation characteristics and the physical properties of sediments was significantly improved compared to the R&B equation. Previous research reports have found that the correlation between the acoustic attenuation characteristics of sediments and the physical properties is poor or relatively discrete, with no obvious correlation trend (Liu et al., 2013). This is likely due to the inconsistency of the measurement frequencies used by different studies, as the measured attenuation includes intrinsic attenuation and volume scattering from large particles or larger inhomogeneous bodies. For example, Jackson and Richardson (2007) summarized numerous studies and constructed the correlation of the attenuation factor with porosity and mean grain size using mainly laboratory measurement data at 400 kHz. The results indicated that the correlation coefficients of the regression fitting formula were only 0.10 and 0.19, respectively. Hamilton (1980) compiled different measurement data, including high-frequency laboratory measurement data and low-frequency in situ measurement data. The inconsistency of the attenuation measurement frequency may have caused the low correlation between the attenuation factor and the physical properties. Especially for high-frequency measurements at several hundred kHz, the mechanism of attenuation depends not only on physical properties such as pores and particles but also on the microstructure and inhomogeneity of the sediment medium. Therefore, the fitting formula constructed from high frequency attenuation characteristics and physical properties is generally considered to have no predictive value.


Table 3 | Fitting formula for the curvilinear correlation between the attenuation characteristics and physical properties.



The in situ measurement data used in this study, collected at a frequency of 30 kHz, covered various sediment types with high accuracy. This data was generally considered to be the inherent attenuation of sediments, making the empirical fitting formula of attenuation–physical properties of research importance. The R&B equation, which also uses the in situ measurement data, is consistent with the results of this study, showing an increase in density and particle size, a decrease in porosity, and a gradual increase in sediment acoustic attenuation (Richardson and Briggs, 2004). This trend contradicts the conclusion of Hamilton (1972), who argued that acoustic attenuation is smaller in coarse sand and clay sediments and higher in fine sand and silt sediments. It also suggests that these studies’ conclusions are different depending on the attenuation measurement method. As analyzed above, the main reason for these differences is that the attenuation characteristics are highly dependent on the measurement frequency (Yang and Tang, 2017). Therefore, the fitting formula of attenuation and physical properties can only provide approximate empirical values, which should be used in conjunction with actual measurements.

In contrast to the R&B equation, the two fitting formulas demonstrate higher consistency in the prediction results for high density, low porosity, and coarse particle intervals. Li et al. (2019) provide an example of this. In the case of low wet bulk density, high porosity, and fine particle intervals, the attenuation characteristics measured in this study are lower than those predicted by the R&B equation. This can be attributed to the different sediment types used in the two studies. Richardson and Briggs (2004) studied two types of siliceous sediments and two types of calcareous sediments, which are generally believed to have relatively low density and high porosity, resulting in relatively high attenuation values when particle sizes are similar. This attribute may explain the deviation of the prediction results of the fitting formula from the measured results of siliceous sediments.

Additionally, the types of sediment covered in this study area are more varied, particularly in the low and high bulk density ranges, as described in this section. The porosity and fine particle intervals have more measurement samples than Richardson and Briggs (2004) in this physical property range, which may account for the difference between the two fitting formulas. Furthermore, this study also constructed a correlation between the sediment attenuation factor and physical properties such as median grain size, sand content, and clay content, which has a high correlation coefficient; this result also explains why the attenuation fitting formula constructed in this study has higher reliability than previous study.





The prediction accuracy of empirical equations

In order to verify the accuracy of empirical equations, we compared the measured values with the predicted values of the empirical equations and calculated the errors using the following equation:

	

Here the predicted values are predicted by the empirical equations, the measured values are the measured sound speed ratios and attenuation factors. The error calculating results are listed in Tables 4, 5. For sound speed ratio, the empirical equations established in this study have smaller errors, the average error of these equations range from 0.98% to 1.68%, and the standard deviation range from 0.78% to 1.32%. The empirical equation of clay content has the maximum error among these equations of different physical properties, which is consistent with the comparison results of correlation coefficients R2. For attenuation factor, the prediction error was larger than that of sound speed ratio. The average errors of the predicted values range from 23.03% to 38.38%, and the standard deviations range from 15.38% to 22.72%. The empirical equation of clay content also has the maximum error. The attenuation factor has relatively larger range value, which may be the main cause of the larger error for attenuation factor prediction. The actual average difference of predicted value to measured value was 0.042 dB·m−1·kHz−1, and the standard deviation was 0.077 dB·m−1·kHz−1. Compared with the sound speed ratio ranging from 0.95 to 1.10, the attenuation factor has the relatively larger range value, ranging approximately from 0 to 0.60 dB·m−1·kHz−1. In this event, it is possible that the empirical equation for attenuation have relatively larger prediction error. As mentioned above, the sound speed ratio can be predicted by these empirical equations well, while only the approximate empirical attenuation factor can be predicted by these empirical equations.


Table 4 | Error comparison of empirical equations for sound speed ratio.




Table 5 | Error comparison of empirical equations for attenuation factor.








Conclusion

In this study, the in situ sound speed and in situ acoustic attenuation factor of various types of seafloor sediments in the East China Sea were obtained using in situ measurement technology, and curvilinear correlations of the in situ sound speed ratio and in situ acoustic attenuation factor with density, porosity, mean grain size, median grain size, sand content, and clay content were constructed. This study’s conclusions are as follows:

(1) The empirical formulas of sound speed constructed in this study have a high correlation. Except for clay content, the correlation coefficients between sound speed and other physical properties are higher than 0.80. The sound speed fitting formula is close to the R&B equation and has a large deviation from the H&B equation. This difference is attributed to the difference in the measurement technology for acoustic properties, the measurement process for physical properties such as density and porosity, which may be affected by a disturbance of sample collection and transportation, and the difference in the research objects, with the calcareous sediment data possibly contributing to the local difference between the R&B equation and the empirical formula of this study.

(2) Additionally, a highly correlated attenuation characteristic empirical formula was constructed. The correlation coefficients between the attenuation factor and the main physical properties except clay content were higher than 0.85. This study believed that the attenuation was highly dependent on the measurement frequency; this dependence may be an important reason for the poor correlation between attenuation and physical properties in previous studies. Compared with the R&B equation constructed with the in situ measurement data, the two fitting curves have similar trends. The fitting formula substantially improves the curvilinear correlation between attenuation and physical properties and the high correlation between attenuation and six physical properties at the same time, as well as the verification of the measured data in the literature, demonstrating that the formula has high reliability. Though the attenuation empirical equations have high correlation, they should be used in conjunction with actual measurements, such as the measurement frequency, etc.
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Submarine turbidity currents are a special type of sediment gravity flow responsible for turbidite deposits, attracting great interests from scientists and engineers in marine and petroleum geology. This paper presents a fully coupled computational fluid dynamics (CFD) and discrete element method (DEM) model to quantitatively analyze the turbidity current propagation in channels with two different topographic configurations. An appropriate drag force model is first incorporated in the CFD-DEM scheme, and two benchmark cases, including a single-particle sedimentation case and an immersed granular collapse case, are conducted to verify the accuracy of the developed CFD-DEM model. The model is then employed to investigate the fluid and particle dynamics of turbidity currents flowing over a flat bed (FB), and three obstacle-placed beds with different heights (OPB, OPB_1 and OPB_2). The CFD-DEM results indicate that the front position of turbidity current in the FB case is well consistent with the classic lock-exchange experiment. Results also show that the presence of the obstacle can clearly diminish the inter-particle collisions and the particle kinetic energy, weaken the particle-fluid interactions, and further make more sediment particles settle in front of the obstacle. Increase of obstacle height can result in diverse flow morphology of particles and fluids, and intensify the influences of obstacle on particle dynamics of turbidity currents. We show that our models enable reproducing the typical process of turbidity current propagation, and further can provide more valuable insights in understanding the turbidite-related geological phenomena from the point of view of particulate flow.
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1 Introduction

Submarine turbidity currents are a type of underwater density flow that can carry a huge amount of sediment and move downward along continental slopes or submarine canyons to deep-sea areas, which are generally recognized as one of the world’s most significant processes of sediment transport (Meiburg and Kneller, 2010; Talling, 2013; Kneller et al., 2016; Liu et al., 2022). Turbidites, regarded as the product of turbidity current deposition, are an important class of hydrocarbon reservoirs. Additionally, turbidity currents have attracted intensive concern due to their characterization of high flow velocities and extremely destructive impacts, bringing potential threats to subsea facilities (Krause et al., 1970; Hsu et al., 2008). A typical process of turbidity current generation is often related to the slope failure events, in which the post-failure soil mass is diluted due to seawater entrainment and further evolves into debris flow with high sediment concentration, and subsequently into turbidity current with low sediment concentration (Guo et al., 2023a; Liu et al., 2023), as indicated in Figure 1. Many uncertainties are included in this process, for instance the hydrodynamic conditions, seabed topographies and changes of sediment-seawater mixture properties, making it difficult to investigate the turbidity current dynamics and constraining the prediction of seaward sediment transport.




Figure 1 | Schematic diagram of transformation process form unstable soil mass to turbidity current [modified from Lube et al. (2020)].



In recent years, the comprehensive understanding of turbidity current dynamics has been greatly promoted, which is benefited from the gradually improved techniques of field observations and measurements. However, high costs and difficult operating conditions result in relatively scarce studies of field observations. To date, the detailed understanding of turbidity current dynamics is still highly reliant on outcrop studies (Plink-Björklund and Steel, 2004; Li et al., 2016), scaled laboratory tests (de Leeuw et al., 2018; Pohl et al., 2019) and numerical simulations (Huang et al., 2008; Lucchese et al., 2019). Among these research methods, a validated numerical model has a distinct feature of being capable of modeling sediment transport in various scales corresponding to multi-scale processes encountered in environmental fluid dynamics (Vowinckel, 2021). The macroscale modeling using the continuum models of coupled transport equations can resolve the sediment dynamics in field scales of several tens of kilometers (Aas et al., 2010; Howlett et al., 2019). Several studies have put a lot of effort into the response of turbidity currents to the ideal or real topographies of normal faults, relay ramps, cyclic steps, and submarine canyons, using the continuum models with ignoring the particle contact behaviors (Abd El-Gawad et al., 2012; Ge et al., 2017; Ge et al., 2018; Vellinga et al., 2018). As pointed out by Biegert et al. (2017), the traditional continuum-based models are severely restricted in modeling the complex flow behaviors in the near-bed region with a high sediment concentration, where the inter-particle interactions cannot be neglected. Therefore, a discrete element method (DEM) might be more appropriate, which treats the turbidity currents as discrete granular materials with specific particle properties in a mesoscopic or a microscopic scale. Furthermore, DEM can be combined with various continuum-based models to simulate the flow of particle-fluid mixture, such as direct numerical simulation (DNS), large eddy simulation (LES), lattice Boltzmann method (LBM), smoothed particle hydrodynamics (SPH) and other computational fluid dynamics (CFD) models (Xu et al., 2019; Yang et al., 2019; Xie et al., 2022; Zhu et al., 2022). Recent studies have already adopted these CFD-DEM models to investigate the submarine landslide process (Jing et al., 2019; Nian et al., 2021a; Zhu et al., 2022), erosion and scour of riverbed (Sun and Xiao, 2016; Hu et al., 2019) and other particle-fluid systems (He et al., 2020). In turbidity current modeling, the CFD-based approach is still the most popular method of studying the flow characteristics, nevertheless, the understanding of the particle-fluid and inter-particle interactions of turbidity current are hindered by using this method, which may result in the loss of some important information in the prediction of flow propagation distance, evolution process, and its deposit distribution.

The primary aim of this research is to investigate the characteristics of turbidity current propagation over different bottom topographies based on a coupled CFD-DEM method. The theoretical background of the numerical approach is presented in detail in Section 2. To verify the reliability and precision of the CFD-DEM model, Section 3 gives two benchmark cases, in which one is the single particle sedimentation in fluid and the other is the immersed granular collapse. Then, modeling of turbidity current propagation over a flat bed (termed as “FB” case), and three obstacle-placed beds with different obstacle heights (termed as “OPB-type” cases) is conducted. Based on the simulation results, the entire flowing process, and the difference between the abovementioned cases are systematically analyzed in Section 4. Furthermore, the sensitivity of simulation results to the obstacle height is also tested and discussed in Section 4. Eventually, in Section 5 the main conclusions drawn from this study are summarized.




2 Numerical model

In the present study, a fully coupled CFD-DEM model, in which the phase interactions between fluid and solid are all taken into account, is employed to simulate the turbidity current propagation. The CFD-DEM simulations are performed using a CFD code (ANSYS FLUENT) coupled with a DEM code (EDEM), which is based on an unresolved approach (D.E.M. Solutions, 2015; Ansys, 2017). In the unresolved CFD-DEM coupling scheme, the CFD cells should be larger than the DEM particles, making the computational costs more affordable than that of a particle-resolved coupling method. In this section, we present the involved sub-models of the numerical methods and the coupling scheme.



2.1 Governing equations of fluid phase

For fluid-solid two-phase flow, the governing equations describing the continuous phase in CFD-DEM methods are the continuity equation and the mass conservation equation, which can be written as follows:

 

 

where ρf is the fluid density, ϵf is the fluid volume fraction, which also represents the local void fraction around particles, u is the fluid velocity, p represents the pressure of fluid phase, τf is the local stress tensor, g is the gravitational acceleration and Fpf is the interaction forces between fluid phase and solid phase. The fluid-solid interactions can be defined as:

 

in which Fd,i stands for the drag force exerted on the ith particle, n is the particle number contained in the specific computational cell and ΔV is the cell volume. The fluid governing equations are solved by using the finite volume method (FVM), with a phase-coupled SIMPLE (PC-SIMPLE) pressure-velocity coupling algorithm.




2.2 Governing equations of solid phase

In the present study, the motion (i.e. translational and rotational motion) of discretely solid phase is described by Newton’s second law:

 

 

where mi, vi, Ii, and ωi are the mass, translational velocity, rotational inertia and the rotational velocity of the ith particle, Fc,ij represents the contact or collision force between the ith particle and the jth particle, Fg,i is the gravitational force, and Tij is the torque from the jth particle to ith particle due to collision. The classic Hertz-Mindlin (no-slip) with rolling friction model (see Figure 2) is employed for describing the inter-particle interaction:




Figure 2 | Schematic diagram of Hertz-Mindlin (no-slip) with rolling friction contact model.



 

with

 

and

 

in which   and   represent the normal force and the tangential force between particles. Both two forces consist of the contact component (Fcn,ij and Fct,ij) and the damping component (Fdn,ij and Fdt,ij). In the normal direction, the contact and damping components can be written as:

 

 

with the expression of the critical damping ratio β:

 

here, Eeq is the equivalent Young’s modulus, Req is the equivalent radius and δn is the normal overlap of the ith particle and the jth particle. In equation (11), e represents the coefficient of restitution, Meq is the equivalent mass,   is the normal component of the relative velocity between the particles, and Sn is the normal stiffness, which can be defined as:

 

In the tangential direction, the contact and damping components of the forces are described as follows:

	(13)

 

where δt is the tangential overlap,   is the tangential component of the relative velocity, and St is the tangential stiffness defined as:

 

in which Geq represents the equivalent modulus. Additionally, the calculation of tangential forces between particles should be controlled by Coulomb friction law.

For the consideration of rolling resistance at the particles’ contact region, the contact-independent Constant Directional Torque (CDT) model is applied due to its accurate and efficient computation. The torque model can be expressed as:

 

where Tij is the resistive torque, μr is the coefficient of rolling friction, R* is the distance from the contact point to the mass center of a particle, and ωij is the unit angular velocity vector at the contact point.




2.3 Two phases coupling

The momentum exchange between the fluid phase and the solid phase is considered by computing the drag force (Fd) as already mentioned in Equation (3). The drag force has been commonly regarded as the most significant force in the two-phase interactions. Here, we adopt the drag force model proposed by Di Felice (1994), which can be defined as:

 

where dp is the particle diameter, Cd is the drag force coefficient, v is the particle velocity and the term χ, which is used to correct the influence of solid concentration on the drag force, is given as:

 

with

 

where Rep is the particle Reynolds number, with μf being the fluid dynamic viscosity.

The Di Felice drag model is always used with the drag force coefficient (Cd) given by Dallavalle (1948) in previous studies (Jing et al., 2019; Nian et al., 2021b). In the present study, Cd is replaced by the drag force coefficient proposed by Brown and Lawler (2003) due to it having a wider scope of application and higher accuracy (Zhao et al., 2014). Figure 3 depicts the difference between the drag force coefficients proposed by Dallavalle (1948) and Brown and Lawler (2003), respectively. By referring to Zhao et al. (2014), the drag force coefficient proposed by Brown and Lawler (2003) shows a better agreement with the experimental data, especially in the range of 102-105 of particle Reynolds numbers. The drag force coefficient Cd is thus given as follows:




Figure 3 | Comparison between different drag force coefficients with the experimental data.



 

According to the abovementioned equations, the drag force model used here is subsequently incorporated into the coupling scheme through user-defined functions (UDFs) in ANSYS FLUENT.





3 Model validation of benchmark cases



3.1 Single particle settling in fluid

To verify the effectiveness of the coupled CFD-DEM model, the benchmark case of a single spherical particle settling in water is first conducted. A spherical particle with a diameter of 1.0 mm and a density of 2650 kg/m3 is released in a rectangular container. The water-filled container is 45 mm in length, 45 mm in width and 120 mm in height, respectively, and the viscosity and density of the water are 0.001 Pa·s and 1000 kg/m3. The particle is initially placed at 40 mm below the top surface of the container and then continues to accelerate until the terminal velocity is reached. For this case, the specific particle motion is described as:

 

where ρp is the particle density and a is the particle acceleration. Equation (21) can be solved with an iterative solution method to obtain the settling velocity of the particle. It is worth noting that in the unresolved CFD-DEM model, the CFD cell size should be sufficiently large compared to the particle diameter while using the particle counting method for computing the particle concentration field, as suggested by previous studies (Marshall and Sala, 2013; Zhao et al., 2014; Nian et al., 2021b). Here, the computational domain is meshed by hexahedral CFD cells with a size five times the particle diameter, and the time steps of the CFD module and DEM module are 10-4 s and 10-5 s, respectively.

The calculated particle settling velocity of the CFD-DEM simulation is compared with that of the analytical one, as shown in Figure 4. Clearly, the simulated settling velocity agrees well with that given by the analytical solution, which validates the proposed CFD-DEM scheme and the drag force model.




Figure 4 | The settling velocity of a particle in water with diameter being 1.0 mm.






3.2 Immersed granular collapse

In the previous section, we gave an accurate prediction of the single-particle velocity by comparing it to the analytical results. However, multi-particle systems are more common and more important in the real world, one of which is submarine landslides (Guo et al., 2023b; Zhang et al., 2023). Submarine landslides can generate enormous turbidity currents with large amounts of sediment (Nisbet and Piper, 1998; Guo et al., 2022). These two marine geological disasters are essentially two types of immersed granular flow characterized by different particle volume concentrations. In the present study, we simulate the collapse and flow process of a granular column immersed in the ambient water through the CFD-DEM model and compare the results with the laboratory experiments conducted by Bougouin and Lacaze (2018). The motivation of this section is to verify the model rationality in simulating a real experiment, both in temporal and spatial scales. The immersed granular column in a laboratory scale is regarded as an idealized model of submarine landslides (or debris flow) and represents a class of high-concentration particulate flow. Because turbidity currents have a high sediment concentration in their near-bed regions, modeling of immersed granular collapse also has significance for simulating the turbidity current propagation.

Bougouin and Lacaze (2018) studied the collapse process of dense-packing granular columns in fluids with different properties, decomposing the collapse processes into four flow regimes (“free-fall”, “inertial”, “viscous inertial” and “viscous” in their study). The experiments selected here are in an inertial regime, which means the granular columns collapse and flow in the water with ρf =1000 kg/m3 and μf = 0.001 Pa·s. The granular materials used in their experiments is glass beads with ρp = 2230 ± 30 kg/m3 and dp = 3 ± 0.02 mm. The angle of repose and the angle of the avalanche of the glass beads are 22 ± 1° and 28 ± 2°, respectively, which provides a reference for determining the friction coefficient in the DEM module. The granular column of an initial packing density of 0.64 ± 0.02 was placed at a rectangular water tank, and subsequently collapsed in the ambient water once the sluice gate was quickly removed (Figure 5). The initial aspect ratio, ar = h0/l0, is regarded as a key factor that influences the collapse mechanism, runout distance and the final deposit of the granular column. In this study, the aspect ratio of ar = 1 is chosen to be simulated because the snapshots of this experiment are very clear for comparison. In addition, we noted that the experimental snapshots they used in their study did not strictly match the collapse time of tf/3, 2 tf/3, tf (tf, the final stopping time of granular collapse) according to the videos they provided in the supplemental material [see the Movie2.avi in the supplemental material of Bougouin and Lacaze (2018)]. For this reason, the selection of the simulation results, which are used to compare with the experiments, refers to the experimental videos. In the numerical cases, the model parameters are set to be the same as the experiments, in which the Poisson’s ratio is 0.25, Young’s modulus is 108 Pa, the coefficient of restitution is 0.65, the coefficient of static friction is 0.53 and the coefficient of rolling friction is 0.01. In this case, the time steps of the CFD module and DEM module are 10-4 s and 5×10-6 s, respectively.




Figure 5 | Schematic drawing of the computational set-up of immersed granular collapse. The initial packing length and height of the granular column are l0 = 10 cm and h0 = 10 cm. The dimension of the water tank is 4 l0 in length (L0), 3 h0 in height (H0) and 3.6 cm in width (W0).



The time evolution of granular column collapse, both of experiments and numerical simulations, are shown in Figure 6, where the insets indicate the velocity field of the collapsed particles. According to the results, the granular column gradually collapsed into the ambient water with a waveform forming on the granular surface and a relatively thick front. In Figure 6A, the numerical result does not seem to be sufficiently accurate compared to the experiment data, which may result from the influence of sluice gate lifting. In the experimental videos provided by Bougouin and Lacaze (2018), the gate lifting process lasted approximately 0.33 s, which causes a disturbance of ambient water, and subsequently affects the initial motion of the side particles of the granular column. Fortunately, such influence is diminished over time according to the experiment results. At the final moment, the collapsed particles of the physical experiment and the numerical simulation are almost the same morphologically (see Figure 6C). In summary, our simulations accurately reproduce the multi-particle motions within the fluid both in temporal and spatial scales.




Figure 6 | Graphs showing the collapsed morphology at (A) 1/3 tf, (B) 2/3 tf, (C) tf of the physical experiments and the numerical simulations, in which the left panel is the photographs of experiments, the middle panel is the snapshots of numerical simulations, and the right panel is the comparison results.







4 Modeling of turbidity current propagation



4.1 Model setup

Turbidity currents will encounter various kinds of obstacles (e.g., reservoir embankments, submarine cables, pipelines, and seamounts) in their flow paths when propagating in reservoirs or marine environments (Nasr-Azadani et al., 2013). Considerable attention has been devoted to the investigation of the influence of the obstacle on the turbidity currents. Previous studies have used various simplified obstacles (e.g. humpers and circular cylinders) to represent the real seabed topography and marine engineering facilities in their experiments (Kubo, 2004; Ermanyuk and Gavrilov, 2005). Here, we prepare two kinds of simulations to analyze the flow response of turbidity currents to different topographic configurations in a narrow channel, where one is the flat bed case that is regarded as an ideal configuration, and the others are the obstacle-placed cases that are regarded as a simplified obstacle configuration. The obstacles used in those OPB-type cases have rectangular sections with different dimensions as displayed in Figure 7. All the simulations are set up based on a lock-exchange configuration. The lock-exchange (or termed as “lock-release”) experiment is a type of classic experiment for figuring out the fluid mechanics of gravity flows (Gladstone et al., 1998). Commonly, a fixed volume of heavy fluid is separated from light fluid by a sluice gate in a rectangular tank, where the heavy fluid can be the saline water or the fine sediment-water mixture. Once the sluice gate is removed, the heavy fluid propagates as a gravity flow into the ambient light fluid. In our simulations, the ambient fluid is the water, and its basic properties are already given in the benchmark cases. The sediment particle used here has a diameter dp = 100 μm, which corresponds to the mean particle size of turbidite samples obtained in the South China Sea (Wang et al., 2020). An initial sediment concentration Ci of 1.0% by volume is selected for the particle-water mixture, which is a common value used in turbidity current modeling with CFD methods and within the range of< 9.0% that is given by Bagnold (1962). Additionally, we use periodic boundaries for the two sides of the computational domain in both CFD and DEM. No-slip conditions are imposed along the other boundaries except for the top wall, where the free-slip condition is employed. The parameter settings of the model partially refer to the study of Xie et al. (2022), and the details can be found in Figure 7 and Table 1.




Figure 7 | Schematic drawing of the computational set-up of turbidity current propagation, where L0 = 1000 dp, H0 = l0 = 200 dp, and W0 = 40 dp. In the configuration of the obstacle case, the optional obstacle has a distance xobs = 200 dp from the fixed volume of the particle-water mixture, and different rectangular sections.




Table 1 | Model parameters for FB and OPB-type cases.






4.2 Results of FB and OPB-type cases

In the present study, the FB case is treated as a base case for analyzing the dynamics of the sediment particles and the ambient fluid. Figure 8 shows the time evolution of the particle-fluid velocity field from 0.5 s to 4.0 s, where the particles are visualized as balls with a diameter twice the original diameter. At the initial stage of turbidity current propagation, the upper part and lower part of the right side of the particle-water mixture indicate two high fluid-velocity areas in the opposite direction, making an approximately rotating flow field. As indicated by Xie et al. (2022), this phenomenon is caused by the reason that the ambient fluid invades into the particles in the upper part and the particles in the lower part are driven by the flow. Subsequently, the flow head of the turbidity current is gradually formed with a high-velocity core in the head, and the high-velocity core moves backward or even separated into two parts over time due to the drag of the ambient fluid (see 2.5 s and 3.0 s in Figure 8). Consequently, a convex-shaped surface gradually forms, which is similar to the erosion surface of the loosely packed particles after the immersed granular collapse in the study of Jing et al. (2018). These two phenomena are both caused by the vortex-induced fluid shear, indicating that the shape evolution of the particulate flow is highly related to the flow field of the ambient fluid. Specifically in this simulation, the rotating flow drives the particles of the flow tail to move forward but the particles in front of the tail hinder the advance of the rear particles, which leads to the flow tail becoming thinner and the flow body becomes thicker, and several vortices form in the whole channel. Moreover, the numerical results, especially the flow front position xf, are compared with a classic lock-exchange experiment of turbidity current propagation conducted by Gladstone et al. (1998). By referring to the previous studies (Nasr-Azadani and Meiburg, 2014; Xie et al., 2022), we used the buoyancy velocity ub and the half-height of the channel H0/2 as characteristic quantities for scaling the flow variables. The buoyancy velocity can be written as:




Figure 8 | Turbidity current propagation process of FB case. The particle velocity and ambient fluid velocity with vector arrows are shown.



 

The numerical results of the dimensionless front position of turbidity current show good consistency with the experimental results as well as the LES-DEM simulation results from Xie et al. (2022), indicating the simulation is accurate (see Figure 9).




Figure 9 | Comparison results of the dimensionless front positions of turbidity currents between the FB case, the experiment in Gladstone et al. (1998) and the numerical simulation in Xie et al. (2022).



In the OPB case, the flow characteristics of turbidity current are almost the same as those in the FB case in the first two seconds except that the fluid velocity of the flow front is larger in the OPB case at 2.0 s (see the velocity vector arrows in Figure 10). Owing to the presence of the simplified obstacle, the fluid and particles have a trend of moving upward, and the flow front gradually becomes thicker. Obviously, the particle velocity of the flow front in the OPB case decreases when it encounters the obstacle. In general, there is no large difference in the flow field developments between both two cases due to the obstacle being relatively small in dimension.




Figure 10 | Turbidity current propagation process of the OPB case. The particle velocity and ambient fluid velocity with vector arrows are shown.



However, for OPB_1 and OPB_2 cases, the flow morphologies are diverse from those of FB and OPB cases. Figure 11 depicts the flow morphologies of all the FB and OPB-type cases, and the particle and fluid field are visualized by their velocities in the x-direction. A shear band where the particle velocity are opposite exists in all these four cases. As a result of the increasing obstacle height, the shear band continues to lift, and the particle layer showing negative velocity becomes thicker, indicating that it is more difficult for turbidity current to climbing over the higher obstacle. Forced by the higher obstacle, the particles exhibit diverse flow morphologies, thereby making different flow fields of the ambient fluid (see Figures 11C, D).




Figure 11 | Snapshots of turbidity current propagation over (A) a flat bed, and three obstacle-placed beds with different obstacle heights, specifically, which are (B) hobs = 0.1 H0, (C) hobs = 0.2 H0, and (D) hobs = 0.3 H0. The color maps indicate the particle velocity (balls) and fluid velocity (streamlines) in the x-direction.






4.3 Comparison between FB and OPB-type cases

One of the big advantages of CFD-DEM modeling is that all particle information can be checked out to help us better understand the sediment behaviors in turbidity currents. In this section, we give the comparison results between FB and OPB-type cases, mainly based on the particle information, to show how the simplified obstacle influences the particle motions. To start the comparison, different monitoring regions are set in both two cases to extract the required variables as shown in Figure 7.

Firstly, the particle collision numbers in the global computational domain are counted in Figures 12A, B, in which the collision consists of the inter-particle collision and the particle-bed collision, respectively. In general, the inter-particle collision of each of the three OPB-type cases are slightly weaker than that of the FB case especially at the later stage of the propagation process, indicating that the presence of obstacle does not enhance the particle interactions and the obstacle height has no conspicuous influence on the inter-particle collision. Also in the later stage, the particle-bed collisions are more intense and unstable of the OPB-type cases compared to that of the FB case, which means the contact frequency of particles and underlying bed is higher. In our simulations, the process of particles settling to the bed surface will result in the particle interaction with the bed, which can be characterized by the particle-bed collision. The particle-bed collision results of the OPB-type cases indicate that the presence of the obstacle evidently hinders the particle motions and enhances their sedimentation trends, which is also can be seen in the results of particle kinetic energy (see Figure 12C). The increase of obstacle height indeed affects the particle motions, which is manifested in the increase of particle-bed collision in the later stage and the decrease of particle kinetic energy after encountering the obstacle. Consequently, more particles settle to the bed surface in the left part of (left red-rectangular area in Figure 7) the OPB channel, and the settled particle numbers of the three OPB-type cases (left part) are about 3.5% (OPB), 8.9% (OPB-1) and 13.4% (OPB-2) more than that of the FB case (see Figure 12D).




Figure 12 | Time evolution of (A) inter-particle collision number, (B) particle-bed collision number, (C) kinetic energy, and (D) particle sedimentation number in the channels of FB and OPB-type cases.



In the adjacent area around the obstacle (yellow rectangular area with 40 dp in width in Figure 7), the monitoring results exhibit a more obvious regularity in particle dynamics (Figure 13). Clearly, the inter-particle collision numbers of the OPB-type cases are almost always smaller than that of the FB case except at the last stage of turbidity current propagation. At the last stage, the particle-bed collision numbers of the OPB-type cases are also larger than that of the FB case, which is similar to the results in Figure 13A. A reasonable cause is that the particles could settle more efficiently on a flat bed, and it takes longer in the OPB-type cases due to the relatively high elevation of the obstacle. Moreover, the phase-coupling interactions of the OPB-type cases are not as large as expected and even much weaker than that of FB case (see Figure 13C), indicating that the presence of the obstacle can effectively reduce the effect of the ambient water acting on the particles. As the obstacle height increases, the above influences of the obstacle on the particle dynamics are further amplified, although the results of the OPB_1 case show some particularities in its peak values.




Figure 13 | Time evolution of (A) inter-particle collision number, (B) particle-bed collision number, and (C) coupling force in the adjacent area around the obstacle of FB and OPB-type cases.







5 Conclusions

In this study, a fully coupled CFD-DEM model was presented to simulate the turbidity current propagation in a narrow channel. The main conclusions are as follows:

	In the CFD-DEM model, the drag force coefficient was modified based on the study of Brown and Lawler (2003). To make a step-by-step validation of the model, two benchmark cases, including a single particle sedimentation case and an immersed granular collapse case, were tested by comparing the simulation results to analytic or experimental results. The results of both benchmark cases well verified the effectiveness and accuracy of the CFD-DEM model.

	The presented model is further applied to the simulation of turbidity current propagation (volume concentration of 1.0%) over two kinds of different bed topographies, consisting of a flat bed and three obstacle-placed beds with different obstacle heights. The FB case reproduced a classic turbidity current that is well consistent with the lock-exchange experiment by comparing the flow front positions, and the flow shape of the turbidity current is highly related to the flow field of ambient fluid.

	This study also revealed that the presence of the obstacle with different heights result in diverse flow morphologies of particles and fluids. Through the data of the collision number, kinetic energy, coupling force and particle sedimentation number, we concluded that the presence of the obstacle can effectively reduce the propagation velocity and kinetic energy of particles in turbidity currents, and trap about 3.5% (OPB), 8.9% (OPB-1) and 13.4% (OPB-2) more particles in front of the obstacle compared to the FB case. Results also showed that the particle-fluid interactions were weakened around the obstacles.

	This study exhibits an effective attempt in understanding the interaction between turbidity current and seabed topography, and may provide mesoscopic or microscopic information for large-scale modeling of turbidity currents through combining with other numerical methods (e.g. the μ(I) rheology model). Nonetheless, the current study focused on the interaction process between the turbidity current with spherical particles and the simplified seabed topography with neglecting the influences of the real particle shape and complex topography, which needs to be further concerned in future works.
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Drowned carbonate platforms on passive margins present a paradox, because their great growth potential exceeds the typical rates of passive margin subsidence and any relative sea-level rise driven by long-term processes in the geologic record. In this study, manned submersible observations, sampling, and high-resolution acoustic data were used to investigate a drowned isolated carbonate platform cropping out at a water depth of 536–800 m in the northern South China Sea. Based on the results, the Early Miocene strata of the platform are grouped into three units (AU1, AU2, and AU3) that formed on the fault-created topography. The fault-created topography served as a template for the onset of the carbonate platform deposition and as a pedestal for the localization of backstepped platforms in response to accommodation space variations, primarily driven by rapid subsidence and eustatic rises during the Early Miocene. The Middle Miocene strata of the platform are grouped into four units (AU4, PU1, PU2, and PU3), exhibiting a general switch from dominantly aggrading to dominantly prograding platform margins, in tandem with the cessation of faulting. The biostratigraphy and established seismic–stratigraphic correlations indicate that the carbonate platform was submerged during the late Middle Miocene. The banktop consists of a heterozoan carbonate factory dominated by large benthic foraminifera and coralline algae. This facies was deposited during a time interval when summer monsoon-induced upwelling triggered heterozoan factory turnover in other carbonate platforms in the region, such as at well XK-1 (Xuande Platform). The asymmetric backstepping of the platform margins demonstrates that summer monsoon-driven currents influenced the platform drowning. Therefore, summer monsoon-induced upwelling was a major factor influencing platform drowning during the late Middle Miocene. Platform growth did not persist due to the high subsidence rate throughout the Late Miocene. This study provides new insights into the drowning mechanism of a Miocene carbonate platform in the northern South China Sea and a new seismic analog for other ancient, isolated platforms worldwide.
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1 Introduction

Isolated carbonate platforms (ICPs) are common in the geologic record and constitute one of the crucial targets for petroleum exploration in mature basins (Fyhn et al., 2013; Bashir et al., 2021; Hendry et al., 2021). Guyots are seamounts that formed at or above sea level and have a flat-top morphology owing to wave erosion (Staudigel and Clague, 2010). Many guyots were built of drowned shallow-water carbonates that rested on edifice basalt. Guyot tops were once at the surface, thereby reaching the photic zone, where they could be colonized by shallow-water carbonate builders. After carbonate growth phases and seamount subsidence, formation of shallow-water ICPs was common (e.g., Pacific region; Flood, 2001). Many ICPs later drowned, while others persevered and continued to grow to become modern ICPs (Courgeon et al., 2016). The long-term evolution of ICPs and drowning episodes leading to guyot formation have been the focus of several studies over the last few decades; however, the controlling factors remain unclear (El-Yamani et al., 2022; Petrovic et al., 2023). The internal architecture, onset, growth, and demise of guyots are determined by the biotic evolution, eustasy, volcanism, subsidence, and environmental variables (Courgeon et al., 2018). Because of their long distance from terrestrial input, the controlling factor of the terrestrial input is usually not considered. This results in better assessments of the factors regulating carbonate evolution.

Platform drowning is thought to be caused by a variety of interactive factors, including (1) an abrupt increase in accommodation space induced by rapid sea-level rise and subsidence exceeding the carbonate growth potential and flooding the shallow-water carbonate platform below the photic zone (Schlager, 1981; Petrovic et al., 2023), (2) a sharp decline in carbonate factory production associated with the degradation of environmental and climatic conditions, such as global anoxic events and excess of clastic and/or nutrient input (Sattler et al., 2009; Vu et al., 2017), and (3) strong current flow causing sediment removal and exclusion of sessile fauna (Hata et al., 2017; Betzler et al., 2021; Ling et al., 2021). Under pressure, the factory’s surface area may frequently decrease and retreat to higher or more protected topographies to combat unfavorable environmental conditions or keep up with the swiftly rising accommodation space. In this case, the drowning of the carbonate system is only partial and reflected in the characteristic backstepping morphologies.

The formation and demise of ICPs are frequent in the geologic record; however, the processes involved in time periods of tens of millions of years have only recently been recognized and quantified. During the Cenozoic, a wide range of ICPs formed and evolved in the Indo-Pacific region. Various examples of Indo-Pacific carbonate platforms have been described, and the associated facies models and controlling factors have been published. In the Maldives, shallow-water carbonate production began during the Eocene when shallow-water carbonate banks were formed. Multiple carbonate development episodes were separated by periods of subaerial exposure and drowning events caused by eustatic sea-level shifts, bottom current activity, or Indian Monsoon activity (Betzler et al., 2013; Betzler et al., 2018; Lüdmann et al., 2022). In the Mozambique Channel (MC), shallow-water ICPs were first established on volcanic substrates during diverse Cenozoic periods, ranging from the Paleocene to the Early Miocene (Courgeon et al., 2016). These carbonate platforms evolved during distinct phases, including tectonic deformation, volcanism, massive backstepping, and drowning periods.

Several submerged Cretaceous atolls are dispersed across hotspots of volcanism in the Pacific Ocean. For example, Resolution Guyot, one of these currently submerged atolls, has a platform top that is around 1,200–1,400 m below sea level (El-Yamani et al., 2022). This region’s production of shallow-water carbonates began in the Late Paleocene, and the subsequent carbonate platform growth, which included periods of subaerial exposure, ended with its drowning during the Middle Eocene (Jenkyns and Wilson, 1999). Drowning incidents that affected Pacific guyots in the Late Cretaceous and Early Cenozoic are thought to be related to the shift of the Pacific Plate, which forced shallow-water carbonate platforms into unfavorable environmental conditions at low latitudes (Wilson et al., 1998). The wide range of geological processes governing the growth and submergence of ICPs from the Cenozoic show the sensitivity of these systems to changes in accommodation space and environmental conditions over relatively long time scales. To enhance our understanding of shallow-water isolated carbonate systems, additional case studies under different settings are required.

The northern continental margin of the South China Sea (SCS) is characterized by several distinct modern isolated carbonate systems (Figure 1). Aside from these coral islands, bathymetric grids show that several drowned ICPs crop out in waters hundreds of meters deep. Previous research has focused only on the architecture and evolution of modern carbonate platforms using seismic data and drilling wells on islands (Wu S. et al., 2020; Qin et al., 2022; Wu et al., 2022; Liu G. et al., 2023; Liu Y. et al., 2023). Several recent studies presented preliminary data on the lithostratigraphy and geochemistry of such wells (Wang et al., 2013; Shao et al., 2017; Chen et al., 2021; Wang R. et al., 2018; Wu et al., 2019; Wu et al., 2021a; Xie et al., 2008; Yang et al., 2022). However, the evolution and drowning mechanisms of submerged platforms in the northern South China Sea (SCS) have thus far received little attention. The Ganquan Plateau (GP) is the largest drowned ICP in the northern SCS; it is a suitable study site for amending the knowledge on drowned carbonate platforms, with recent oceanographic cruises having acquired multichannel seismic reflection profiles. Based on these data collected in 2017 and 2021, this study aims to (1) investigate the morphology, distinct seismic facies, and depositional geometries of the GP; (2) determine the timing, carbonate factory, and processes of platform drowning; (3) discuss the major episodes of platform growth and compare them with those in records of other ICPs in the Indian and Pacific Oceans; and (4) examine the interactions with regional subsidence, sea level, current, and other environmental factors.




Figure 1 | General geographic setting of the study. (A) Location map illustrating the regional bathymetric setting and the major Cenozoic basins in the study area. Structural outline modified after Vu et al. (2017). (B) Location of high-resolution 2D seismic data and wells used in this study. Yellow and blue arrows indicate the directions of winter and summer monsoon winds. Grey lines indicate the 2D seismic profiles discussed in the paper. The purple line is the location of the topographic profile. (C, D) NW–SE seismic section A1 over the continental shelf and slope showing the Qanquan Platform (GP) drowned during the late Middle Miocene (T40). Purple solid lines in sequence S1 represent the boundary of sub-packages bounded by the unconformities and seismic reflection terminations. The ages of seismic surfaces are based on the published stratigraphy from wells YC35-1-2 and CVX-1X (Xie et al., 2008; Wang et al., 2013; Vu et al., 2017). BBWB, Beibuwan Basin; YGHB, Yinggehai Basin (also named Song Hong Basin); QDNB, Qiongdongnan Basin; ZJNB, Zhongjiannan Basin (also named Phu Khanh Basin); GU, Guangle Uplift; GCP, Guangle carbonate platform; XU, Xisha Uplift; YLA, Yongle Atoll; XDA, Xuande Atoll; GU, Guangle Uplift; RRSZ, Red River Shear Zone; EVBF, East Vietnam Boundary Fault.






2 Geological setting

The greatest marginal sea off East Asia is the SCS, created by seafloor spreading between 33 and 15 Ma (Briais et al., 1993; Li et al., 2015). The Xisha Uplift (XU) and its nearby depressions are the primary structural features in the northern SCS (Figure 1). The XU has experienced two stages of tectonic evolution: rifting and post-rifting thermal subsidence. Since the Late Cretaceous, the XU has experienced rifting, and its crest in the Early Miocene was fragmented into small, fault-controlled elevated blocks and intermediate grabens (Sun et al., 2003). The XU was submerged during the post-rifting thermal subsidence stage (23.3 Ma), and various biothermal carbonate platforms began to emerge on these uplifts (Wang H. et al., 2018). According to well data, the basement rock of the XU is composed of granite, gneiss, and basalt, indicating the existence of regional metamorphism and magmatic activity. From the Late Miocene to the Quaternary, magmatic activity, i.e., volcanoes and intrusions, occurred at the XU and in the surrounding regions (Gao et al., 2019a). 

Several tropical carbonate platforms and reefs comprising the Xisha Islands (Paracel Islands) have grown extensively on the XU. The studied GP, located on the western margin of the XU, is one of these carbonate platforms. A 1,257 m thick carbonate succession that was penetrated by well XK-1 on the Xuande atoll shows that carbonate deposition in the XU started in the Late Oligocene (Wu et al., 2021b). In this study, we propose a stratigraphic model and depositional history of the GP based on the findings from well YC35-1-2 in the Qiongdongnan Basin (QDNB), wells CVX-1X and CS-1X at the Guangle Uplift (GU), and wells CK-2 and XK-1 at the Yongle and Xuande atolls (Figure 2). Seven formations were identified in the Cenozoic stratigraphic sequence in the QDNB and GU based on well data, seismic reflection characteristics, and seismic facies (Figures 1C, 2). The Oligocene to Miocene boundary (regional unconformity T60; 23.3 Ma) separates all strata into syn- and post-rift phases. Formation S1 is part of the syn-rift sequence, which is rarely found on carbonate platforms. Formations S2, S3, S4, S5, S6, and S7 were deposited during the post-rift period, when carbonate platforms were mostly formed (Figures 1C, 2). Chaotic or half-transparent reflectivity is evident in most of the QDNB area, suggesting that the mass transport deposits (MTDs) during the deposition of sequence S3 (upper Late Miocene), known also as Huaguang MTDs documented by Wang et al. (2013), were widely distributed (Figures 1C, D).




Figure 2 | Chart summarizing the stratigraphic correlation and relevant Cenozoic global trends, including (i) lithostratigraphic correlation sections of five wells (YC35-1-2, CVX-1X, CS-1X, CK-2, and XK-1) from two uplifts and the QDN basin (The locations of the wells are indicated in Figure 1A. YC35-1-2 stratigraphy modified after Xie et al. (2008). CVX-1X and CS-1X stratigraphies compiled from Vu et al. (2017). CK-2 stratigraphy modified from Yang et al. (2022). XK-1 stratigraphy modified from Wu et al. (2019)); (ii) global eustasy (Haq et al., 1987; Miller et al., 2020); (iii) paleoclimate, including benthic δ18O at ODP site 1148 (Zachos et al., 2001; Zhao et al., 2001); (iv) stratigraphy, including regional interpretations of stratigraphy at the QDN basin, and Xisha and Guangle carbonate platforms; and (v) major regional tectonic events that impacted these areas.



The East Asian Monsoon (EAM), which has been present since the Early Miocene, and possibly since the Eocene, governs the climatic and oceanographic settings of the Southeast Asian area (Clift et al., 2014; Loo et al., 2015). In the SCS, the East Asian Summer Monsoon (EASM) from the southwest dominates from May to September, whereas the East Asian Winter Monsoon (EAWM) from the northeast dominates from November to March (Hu et al., 2000). The strong EASM wind triggers upwelling off the eastern Vietnam coast in summer, resulting in significant primary productivity with chlorophyll-a values ranging from 0.16 to 0.40 mg m-3 (Xie, 2003). These chlorophyll-a values imply mesotrophic to eutrophic conditions, which would limit or prevent coral growth and reef formation (Mutti and Hallock, 2003). Since the Late Eocene, the SCS has been affected by the EASM. This monsoonal effect increased during the Miocene, as the EASM began to intensify during the Early Miocene and was greatly strengthened during the Middle Miocene. Monsoon-induced upwelling from Vietnam’s east coast is likely to have reached the Xisha Islands during the late Early Miocene and Middle Miocene, when the monsoon was at its peak (Clift et al., 2014; Wu et al., 2019). The EAWM is currently stronger than the EASM, and determines the modern facies distribution of atolls in the Xisha Archipelago (Wu S. et al., 2020). Surface circulation in the SCS is influenced by monsoon winds associated with the EAM. In summer, it has anticyclonic circulation, whereas in winter, it has cyclonic circulation (Hu et al., 2000).




3 Materials and methods

The multibeam bathymetric data utilized in this study were collected between 2008 and 2017 using a Kongsberg EM122 (frequency of 12 kHz) multibeam system. The data cover a large area of approximately 5,000 km2, with the water depth values ranging between 300 and 1,500 m. The data were gridded with a cell size of approximately 100 m resolution and a vertical resolution of approximately 1.0–3.3 m. These data were useful for determining the undersea topography of the XU.

The three-manned submersible “ShenhaiYongshi” operated by the Institute of Deep-sea Sciences and Engineering, Chinese Academy of Sciences, was used for observations and sampling. Underwater videos and associated pictures were collected using an external color video camera on the submersible. Three carbonate samples were collected by the mechanical arm of the submersible. Two samples (C1, C2) were collected from the carbonate terraces at the platform top. One sample (C3) was obtained from the platform slope. Preliminary core observations and thin-section microscopic observations were performed using a polarizing microscope. The reconstruction of the carbonate depositional environments was based on the interpretation of biogenic assemblages and depositional textures. The results of this study were compared with previously published results on the biostratigraphy of wells XK-1 and CK-2 inferred from large benthic foraminifera (LBF) (Ma et al., 2018; Meng et al., 2022).

The 2D seismic data utilized in this study were collected in 2017 using six clustered mini-GI guns with a maximum output of 500 in3 and a 500-m long streamer with a trace spacing of 3.125 m. The seismic data had a frequency range of 10–1,000 Hz, with a dominant frequency between 100 and 120 Hz. Seismic data processing was performed using the GeoEast software. The Radon transform, surface-related multiple elimination, velocity analysis, and pre-stack time migration were all used for data processing (Wang J. et al., 2018). The 2D seismic data were interpreted using GeoEast 3.0.1. Seismic depth conversion was done using an average sonic velocity of ~2,500 m s−1 for the coeval carbonates (Anselmetti and Eberli, 2001); this velocity and the dominant frequency suggested a vertical resolution of ~8 m in the data. The time depth conversion was completed on GeoEast and was based on the following equation: True Depth = ((TWT depth / 2) / 1000) × velocity.




4 Results and interpretations



4.1 General geomorphology

The GP is characterized by an overall flat-top morphology with a surface area of 310 km2. This platform morphology extends over a distance of 45 km from northeast to southwest and over 12 km from northwest to southeast, and is characterized by an elongated shape following the SW–NE orientation of the XU margin (Figures 3A, B). The bathymetry of this platform top ranges from -800 to -536 m, whereas it rapidly decreases to -1,100 and -1375 m at the platform slope toe (Figures 3C—E). The platform top features several circular depressions of unknown origin. The overall morphology shows a pattern of stepwise shallowing from southwest to northeast. The southeastern platform margin is substantially more rugose than the northwestern edge, and has a higher declivity (Figures 3C—E). The flat-topped submarine morphology of the GP exhibits sharp and abrupt margins that are commonly incised by well-developed, 2.1- to 8.7-km wide, steep convex-bankward embayments. The embayments are more pronounced on the southeastern flank of the GP most likely due to the platform margin collapses and slope failures affecting that area and resulting in a typical “scalloped” geometry of the bank margin. Rugged morphologies, irregular reliefs, and numerous circular structures are evident at the slope toe of the platform (Figure 3E). The northwestern flank of the platform exhibits two drowned terraces at depths of approximately 1,315 and 1,217 m (Figure 3E).




Figure 3 | (A) Bathymetric map of the GP and adjacent basin. White lines indicate the position of the seismic profiles. (B) Slope-angle steepness map of the area. Black lines indicate the cross-sections in panels c and d. (C) Bathymetric and slope profile across the platform (SW–NE direction) displaying a shallowing of the northeastern platform top. (D) Bathymetric and slope profile across the platform (NW–SE direction) displaying the steeper southeastern platform margin than the northwestern. (E) Close up of the GP occurring at 800 m depth. The blue solid line goes through all the pockmarks. White solid circles correspond to the locations of the samples collected by the submersible. Purple solid lines indicate dive tracks on the platform top, whereas yellow solid lines indicate dive tracks on the submarine volcanoes around the platform.



Coupled analyses of high-resolution bathymetric grids (Figure 3) and underwater videos (Figure 4) were used to determine the nature of the geological features. The platform top is characterized by flat, porous, and dull gray rocky slabs that are generally overlain by superficial sediments (Figures 4A, B), exhibiting common carbonate rock characteristics. Underwater images of the rugged morphologies and irregular reliefs revealed outcrops of bright rocks associated with vitreous texture and rounded rocky formations resembling pillow lavas, and dense polygonal fracturing networks that are similar to the tensional/contraction cracks that typically form during submarine volcanic eruptions (Figures 4C, D).




Figure 4 | Sea bottom and sample pictures. (A, B) Reef carbonates along the backstepping platform margin. (C, D) Volcanic outcrops at the platform flank. See Figure 3E for the location. (E-G) Photograph of carbonate samples collected by manned submersible (see Figure 3E for the locations of the samples).






4.2 Carbonate samples

Two carbonate rock samples (C1, C2) were retrieved from two carbonate terraces of the platform top (Figures 4A, B; Table 1). The samples are approximately 2–3 cm thick (Figures 4E, F). Both samples have a dull grey color, owing to manganese oxide incrustations. The rocks are perforated by borings, which enlarged the cavities and fractures in the carbonate. Both carbonate samples comprise packstones marked by various shallow-dwelling carbonate producers, such as LBF and coralline algae (Figures 5A–D). Among the LBF, Nephrolepidina spp., Amphistegina spp., Miogypsina sp., Planorbulinella larvata, Textularia sp., Operculina rectilata, Cycloclypeus sp. are evident. The genus Amphistegina occupies the largest volume, followed by the genus Nephrolepidina (Figure 6). Among the identified coralline algae, Corallinales are the most abundant (Figures 5A, C). Hermatypic corals are generally rare in both samples. A facies of micritic packstone-bearing planktonic foraminifera overlies the Mn crust in sample C1, thereby recording the end of shallow-water carbonate production and the drowning of the carbonate platform below the euphotic zone (Figure 5B). The planktonic foraminiferal assemblages include Globigerina spp. and Globigerinoides spp.


Table 1 | Synthetic table of biostratigraphy and nature of carbonate samples collected on the GP.






Figure 5 | Thin sections micrographs. HA, Halimeda algae; PF, planktonic foraminifera; CA, coralline algae; LBF, large benthic foraminifera; (A) Packstone of CA and LBF. CA is charactized by corallinales; scale 500 μm, sample C1. (B) Erosive unconformity between boundstone of LBF and CA and packstone rich in PF; scale 500 μm, sample C1. (C, D) Packstone of CA and LBF. CA is typified by Neogoniolithon sp.; scale 500 μm, sample C2. (E) Floatstone of PF, CA and HA.; scale 500 μm, sample C3. (F) CA is typified by Mesophyllum sp.; scale 200 μm, sample C3.






Figure 6 | Photomicrographs of large benthic foraminifera. (A) Nephrolepidina verbeeki(Newton et Holland);scale 500 μm, sample C2; (B) 1: Nephrolepidina sp.; 2: Amphistegina sp.; scale 500 μm, sample C2. (C) 1:Miogypsina sp.;scale 500 μm, sample C1. (D) 1: Planorbulinella larvata (Parker & Jones); 2: Textularia sp.;3: Nephrolepidina sp.; scale 500 μm, sample C1. (E) 1: Amphistegina sp.; 2: Textularia sp.; scale 500 μm, sample C2. (F) 1:Operculina rectilata Cole; 2:Cycloclypeus sp.; scale 500 μm, sample C2.



A poorly lithified sample (C3) from the platform slope corresponds to skeletal floatstone-bearing coralline algae, planktonic foraminifera, and halimeda algae (Figures 5E, F). The planktonic foraminiferal assemblages include Globorotalia spp. and Pulleniatina spp. (Figure 5E). Among the identified coralline algae, Hapalidiales are relatively abundant (Figure 5F). Volcanic fragments are not evident in sample C3, suggesting the absence of exposed volcanic landforms on the southwestern flank of the platform at the time of deposition.




4.3 Seismic interpretation



4.3.1 Regional stratigraphic framework

A seismic profile (A1) spanning the northern continental shelf, QDNB, and GP allowed us to constrain the stratigraphic sequences of the GP based on our previously established seismic framework Wang et al., 2013; Wu S. et al., 2014, revealing the stratigraphic evolution relationships between the GP and adjacent basins. Eight key horizons related to the carbonate platform, including the seafloor (T0, T20, T30, T31, T40, T50, T60, and Tg), were interpreted, and seven intervals (seismic sequences S1–S7) were identified within seismic profiles A1 and A2 (Figures 1; S1).

At regional unconformity T60, which marks the shift from syn- to post-rifting in the study region, carbonate platforms began to develop along with the formation of deep-water environments in the XU (Wu S. et al., 2014). Regional unconformity T50 is overlain by widely distributed carbonate deposits, and carbonate build-ups and reefs are established on the periphery of the carbonate system (Figure 1). Importantly, regional unconformity T40, which has a convex-up shape in comparison with the surrounding topography, correlates with the drowning surface of the submerged carbonate platform (Figures 1C, D). The progradational continental shelf is recognized within the study section, showing rapid Quaternary siliciclastic progradation, as documented by Xie et al. (2008). The GP is not buried by siliciclastic deposits and crops out at the sea floor (Figure 1). Gas hydrates near the GP were identified in the seismic images from the occurrence of bottom simulating reflectors (BSRs) in the QDNB (Figure S2).




4.3.2 Stratigraphic framework of the carbonate platform

The seismic characteristics of the GP carbonate platform are distinct from those of the nearby strata. Different seismic facies in the high-resolution seismic data span the entire platform-to-basin transect. Table 2 summarizes the traits and examples of these images.


Table 2 | Seismic facies description and interpretation.



An inclined fault block with steep margins formed by normal faults supports the drowned carbonate platform, which is composed of sequences S6 and S5 (Figures 7–9). The topography of the tilted fault block is more pronounced in the southwestern portion of the platform, as shown in Figure 7. The lower carbonate succession (S6) lies between reflectors T60 and T50 and includes three seismic units (AU1, AU2, and AU3), backsteps on the northwestern margin, and aggrades on the southeastern margin (Figure 7). The basal unit AU1 lies above the northwestern margin of the northwestward-tilted fault block, is the thickest in the northwestern margin, and thins toward the higher southeastern margin (Figure 7). The initial presence of isolated carbonate build-ups on the northwestern margin of the tilted fault block contributed to the flat-topped morphology of the carbonate platform. The northwestern margin of the southwestern part of the platform backstepped to the topographically high areas of the fault block at the top of AU2 and AU3 (Figures 7–9). AU1–AU3 are subdivided by surfaces (A1 and A2) defined by toplap below and onlap above, and are mappable across the platform. 




Figure 7 | NW–SE seismic section across the GP and corresponding stratigraphic interpretation showing the growth and demise of the carbonate platform. In the former, green arrows highlight tubular transparent bodies (pipes), indicating volcanic conduits. In the latter, tics indicate the key stratal terminations: orange is truncation; yellow is downlap; green is toplap; and red is onlap. Faulting activity terminates owing to a few fault offsets by the end of AU4. Figure 3A for location.






Figure 8 | SW-NE seismic section across the GP and corresponding stratigraphic interpretation showing the growth and demise of the carbonate platform. In the former, the green arrows highlight tubular transparent bodies (pipe) indicating volcanic conduits. In the latter, tics note key stratal terminations: orange= truncation, yellow = downlap, green = toplap, and red = onlap. Prominent depression in the top-platform surface marks a giant collapse structure in the underlying carbonate succession. See Figure 3A for location.






Figure 9 | SW–NE seismic section across the northwestern margin of the GP showing the development of the platform margin. Faulting activity terminates due to few fault offsets at the end of AU4. See Figure 3A for location.



The upper carbonate succession (S5), bounded by reflectors T50 and T40, consists of four seismic units (AU4, PU1, PU2, and PU3), marking a change from the backstepped to the aggradational and progradational northwestern margin (Figures 7–9). Most fault movements are interpreted to have stopped because of the offset of few faults by the end of AU4, and most margins exhibit aggrades in AU4 (Figures 7–10). The top of AU4 is a key boundary marking a switch from aggradational to progradational geometries of the carbonate platform. PU1, PU2, and PU3 are thicker along the northwestern flank of the platform than at the platform top. The deposits at the platform interior prograde northwestward and gradually decrease in thickness from PU1 to PU3. The three seismic units have similar internal architectures, with repeated alternations between packages of tangential and sigmoidal reflections within the platform flank, and parallel to subparallel reflections within the platform interior. Convex-up or mound-shaped reflection areas (reef rim/mound seismic facies) are frequent at the margin of AU4 (Figures 7–10), while reef mounds are not observed at the margins of PU1, PU2, or PU3. The southeastern margin and flank exhibit aggradational geometries and erosional truncations (Figure 7), suggesting that margin collapses or slope failures occurred and contributed to the “scalloped” margins. The aggradational and progradational margins are interpreted as windward (southeastern) and leeward (northwestern) margins, respectively, using the direction of progradation as evidence of leeward sediment flux. AU4–PU3 are separated by surfaces (A3, P1, P2, and P3) determined by truncation or toplap below and onlap above.  




Figure 10 | NW–SE seismic section across the southwestern margin of the GP showing that the backstepping margins are coincident with the progradational margins in Figures 10, Figures 11. The depths of the backstepping surfaces were determined using a sea-water velocity of 1,500 m/s where backstepping surfaces crop out at the seafloor. See Figure 3A for location.






4.3.3 Synchroneity of platform backstepping and progradation

Three backsteps with backstepping distances of 1.8, 3.1, and 11.9 km, respectively, are evidenced by three wide terraces cropping out at water depths of 750.5, 680.3, and 612.5 m (Figure 10). The surfaces of the backsteps correspond to the seismic sequence boundaries separating PU1 to PU3. In the first step, the southwestern platform was initially submerged, and the platform margin backstepped to the terrace at a water depth of 750.5 m (Figure 10). Carbonate sample C2, obtained from this terrace, is composed of coralline algae and large benthic foraminifera (Figures 5C, S), suggesting that a heterozoan carbonate factory dominated the platform during the first step. In the second step, the southwestern platform margin backstepped further to the terrace, which lies at a water depth of 680.3 m (Figure 10). In the third step, the southwestern platform margin backstepped most significantly to form a terrace at a water depth of 612.5 m (Figure 10). The fossil assemblages on this terrace indicate that heterozoan carbonates thrived during the third step (Figures 5A, B).

The maximum thicknesses of PU1, PU2, and PU3 within the platform interior are 0.122s TWT (ca. 152.5 m), 0.077s TWT (ca. 96.25 m), and 0.061s TWT (ca. 76.25 m), respectively. The thicknesses of the seismic units are inversely proportional to the backstepping distances of the southwestern margin. Surface T40 represents the last backstepping surface characterized by a submarine high, with the top lying at a water depth of 536 m (Figures 3, 10). This submarine high is spindle-shaped (Figure 3). Furthermore, the platform backstepped more significantly on the southwestern side than on the northwestern side.




4.3.4 Post-S5 deposits

The platform-drowning surface is a continuous reflection with an intermediate to high reflection amplitude, exhibiting onlap by drift sedimentation at the platform flank (Figures 7–9). The internal architecture of the post-S5 deposits is characterized by a basinal package of parallel to subparallel reflections and a slope package of parallel to subparallel sigmoid reflections with offlapping, onlapping, and downlapping geometries (Figure 8). A sediment body with drift facies characteristics evolves into basinal hemipelagics toward the basin on the western slope of the drowned carbonate platform (Figures 7–9). In situ carbonate production is thought to be an important factor controlling drift bodies (Reolid et al., 2019). Drift facies are uncommon on the southeastern platform flank, although they occur on the flanks of the volcanoes northeast of the platform (Figure 8).




4.3.5 Structures associated with magmatism and hydrothermal fluid flows

Several seismically transparent bodies connected to the basement are evident within the platform. They are characterized by a narrow, vertically elongated pipe-like shape with low amplitudes of seismic reflections, which is known as “pipe” structure. Tubular shapes are commonly imaged as transparent regions compared to the surrounding sedimentary layers or basement. This transparency suggests that they consist of materials with high scattering, such as sheeted dikes, and represent conduits from a deep magma reservoir. Twenty-one craters with diameters of 0.4–0.9 km and depths of 2–48 m were stacked on the pipes (Figure S2), and densely populated pockmarks developed at the northeast and east of the platform, with larger diameters of 0.5–1.3 km and depths of 20–120 m, as calculated by Gao et al. (2019a). Correspondingly, the volcanoes around the platform were observed using submersible and seafloor bathymetric data (Figures 3, 4). In addition to the obvious intrusions forming the volcanic ridges, we detected several more “blind” intrusions buried within the sedimentary layers in the platform flank (Figures 8, 11), and the QDNB where the seafloor is paved by rapid sedimentation (Figure S1). The intrusive bodies are capped by convex reflections, indicating that the sedimentary layer is pushed up by the upwelling flow (blue arrows in Figure 11). The seafloor is also penetrated by convex reflections, and the pipes observed in these strata are pathways of the upwelling flow reaching the modern sea bottom (green arrows in Figure 11).




Figure 11 | Seismic section around the GP showing the magmatic intrusions that occurred in this area. This image highlights tubular transparent bodies indicating volcanic conduits (indicated by green arrows). Upwardly convex reflectors are interpreted to be sedimentary layers pushed up by the upwelling flow (blue arrows). See Figure 3A for location.








5 Discussion



5.1 Stages of platform evolution

The stratigraphic evolution of the GP can be divided into three distinct stages: (1) platform initiation and structurally controlled retrogradation at the tilting margin (Figure 12, AU1-AU3; Figure 13A), (2) platform aggradation and cessation of faulting (Figure 12, AU4, Figure 13B), and (3) platform progradation and backstepping (Figure 12, PU1-PU3, Figures 13C, F, E). Finally, the platform drowned (Figure 13F). The strata deposited during stage 1 feature an evident northwestern margin retrogradation at the southwestern portion of the platform, suggesting that faulting may have remained active during this phase of deposition. The deceleration in accommodation production caused by the decreased fault-induced subsidence resulted in the occurrence of aggradational geometries in most of the platform margin during stage 2 (Figures 12, 13B). Reef mounds were commonly pronounced at the platform margin, indicating that frequent photozoan carbonate factory with greater growth potential likely dominated the platform during stages 1 and 2. The corresponding time periods were characterized by high sedimentation rates recorded by both wells XK-1 and CK-2 (Figure 12) (Yi et al., 2018; Fan et al., 2019). The photozoan carbonate factory reflected by the platform geometry is consistent with the frequent occurrence of photozoan carbonates from the Early Miocene (stage 1) to early Middle Miocene (stage 2) observed in well XK-1 (Wu F. et al., 2019). Most ICPs throughout the Indian and Pacific Oceans (Table 3), such as the Maldives, Yadana Platform, and Marion Platform, were dominated by photozoan carbonate factories with great growth potential during these two periods, and platform drowning generally occurred in active tectonic settings, such as the Yadana Platform (Table 2) (Paumard et al., 2017).




Figure 12 | Schematic representation of the drowning mechanism at the GP, as proposed here. The sedimentation rate of the Miocene carbonate platform is calculated from wells XK-1 and CK-2 (Yi et al., 2018; Fan et al., 2019). The abundance of benthic foraminifera is referred from Ma et al. (2018). The turnovers of carbonate factory and nutrient excess were recorded in well XK-1 (Wu et al., 2019). Faulting created topography that acted as a template for the initiation of carbonate platform deposition and provided pedestals for the localization of backstepped platforms during AU1–AU3. The concomitant onset of sea-level rise and strong monsoon-related currents enabled the current to flow across the carbonate platform top winnowing and sweeping newly produced sediments off the platform prograding into the basin. Faulting cessation may have instigated progradation of the platform. The gradually drowning steps were accompanied with a reduction of the platform growth rate caused by carbonate factory turnover, leading to the drowning of the platform.






Figure 13 | Plane distribution of the carbonate platform on the GP illustrating the geologic variation in sequence stacking of coeval platform margins. (A) Retrograding margin at the southwestern part is most likely controlled by the block tilting during AU3. (B) Most aggrading margins occurred during AU4. (C-E) Prograding margin at the southwestern part represents sediment fluxes to the leeward side of the platform during PU1, PU2, and PU3, coinciding with the asymmetrical backstepping of the platform. Platform backstepped more significantly on the southwestern side of the platform. (F) Representation of the last backstepping phase during the late Middle Miocene.




Table 3 | Summary of the platform geometry and carbonate factory in the Cenozoic drowning carbonate platforms.



Stage 3 documents the synchrony of platform backstepping and progradation, which contradicts the sea-level process of stratigraphic stacking patterns. Previous studies have also documented the synchrony of drowning and ongoing bank-margin growth, which is contradictory to a sea-level explanation (Aubert and Droxler, 1996; Betzler et al., 2013). It is proposed that the cessation of normal faulting may have instigated platform progradation during stage 3, and that these backsteps may have been driven by changing environmental conditions. Coincident with the progressive reduction in stratal thickness from PU1 to PU3, the sedimentation rates recorded in wells XK-1 and CK-2 steadily declined (Figure 12). According to the combined analysis of carbonate samples and platform geometry, the reduction in carbonate production was caused by carbonate factory turnover from a photozoan to a heterozoan type. The platform shifted from aggradation to progradation, and a change in faunal association occurred at 15 Ma on the Middle Miocene Maldives Platform (Reolid et al., 2019; Reolid et al., 2020). Similar examples can also be found in other carbonate platforms, where platform drowning was accompanied by changes in the carbonate factory toward a heterozoan type (Table 3). Furthermore, the platform backstepped more significantly on the southwestern side than on the northeastern side (Figure 13E). Therefore, platform growth has been asymmetric since the onset of platform drowning when the partial platform drowned. Most areas of the platform margins persisted, and growth continued through progradation and slight aggradation. Similarly, the asymmetric growth of the Maldives carbonate platform also occurred during the partial bank demise with the synchroneity of continued bank-margin growth (Betzler et al., 2013). 

The GP carbonate platform nucleated on a structural high and formed a spindle-shaped drowned bank in the last step of platform drowning (Figure 13F). According to Zampetti et al. (2004), a buried, drowned Miocene carbonate bank offshore Malaysia has a similar geometry and transitioned from flat-topped during the active growth stage to mound-shaped during the predrowning stage. Betzler et al. (2009)  also identified a spindle-shaped drowned bank that formed during the last drowning step of the partial drowning of the Maldives carbonate platform. This was viewed as the final phase of the subphotic mound development and submergence below the wave base. During the final drowning process of the GP, a similar evolution is thought to have generated a spindle-shaped drowned bank. Seismic stratigraphy and biostratigraphy suggest that the platform was submerged during the late Middle Miocene. The drowning surface of the GP was identified on the carbonate slope (Figures 1, 7, 8), corresponding to sequence boundary T40 (top of the Middle Miocene), which was recognized in our previous study on the continental shelf and QDNB (Wang et al., 2013; Wu S. et al., 2014). The foraminiferal assemblage of the two carbonate samples from the platform top was dominated by larger benthic foraminifers, such as Nephrolepidina, Amphistegina and Miogypsina (Figure 6), corresponding to the Middle Miocene foraminiferal assemblage also recorded in wells XK-1 and CK-2 (Ma et al., 2018; Meng et al., 2022). The last occurrence of Nephrolepidina and Miogypsina at 577.04 m depth in well XK-1 represents the top of the Middle Miocene (Figure 12) (Ma et al., 2018). Boudagher-Fadel and Banner (1999) defined the top of the Middle Miocene using the last occurrence of Nephrolepidina. Furthermore, the water depth at the highest point of the submerged platform was 536 m, falling within the depth interval of the Middle Miocene tops (521–577 m) indicated by the wells (Figure S3). The seismic profile crossing the highest basement of the GCP also shows that the depth of the Middle Miocene top was 562 m (Fyhn et al., 2013), implying that the last drowning phase of the GP occurred during the late Middle Miocene. 




5.2 Controlling factors of platform evolution

Inorganic nutrient availability, siliciclastic supply, sea-surface temperature, and relative sea level are the major factors controlling carbonate factory turnover, and platform growth and demise (Mutti and Hallock, 2003; Halfar et al., 2006; Fyhn et al., 2009; Betzler and Eberli, 2019; Wu et al., 2019). The aggradational and retrogradational platform margins reflect an increase in accommodation in stages 1 and 2. In such a scenario, relative sea-level changes appear to be the most probable major controlling factor of platform development. The backstepping of the platform margins toward topographically high areas was likely controlled by fault-induced subsidence during stage 1 (Figure 7). The inclined fault block, which remained topographically high, may have been controlled by younger faults that continued to move. The rising global sea level is also thought to have played a dominant role in shaping the platform geometries. Both global and local relative sea level curves indicate a rapid sea-level rise during the Early Miocene (Haq et al., 1987; Shao et al., 2017; Miller et al., 2020), and seismic data also indicate that the carbonate platforms were typically restricted to topographic highs on the XU due to the sea level rise during the Early Miocene (Wu S. et al., 2014). High sedimentation rates were recorded in both wells XK-1 and CK-2, demonstrating that carbonate production was likely high enough to be impacted from the high-frequency relative sea-level rises during the Early Miocene and early Middle Miocene (Figure 12). We suggest that optimal conditions for carbonate production and accumulation existed during these time intervals, compared with the growth rates of other carbonate platforms (Schlager, 2000; McNeill, 2005).

Platform progradation and backstepping were synchronous as a consequence of faulting cessation and summer monsoon-driven currents during stage 3. On the one hand, the faulting cessation may have triggered platform progradation. It has been proposed that the apparent chronological synchronicity between the faulting cessation and progression is partly due to a slowdown in accommodation production caused by a reduction in fault-induced subsidence. Previous studies have also documented that the faulting cessation is coincident with the initiation of the expansion and coalescence of the Segitiga Platform caused by progradation, thereby demonstrating that the deceleration of accommodation production driven by decreased fault-induced subsidence contributes to platform progradation (Bachtel et al., 2004). The shallow-water components were also likely transported off the platform by summer wind-driven currents, resulting in platform progradation during stage 3. According to Clift et al. (2014), the EASM intensified over long periods from 21.2 to 17.3 Ma and from 15.6 to 10.5 Ma, with some oscillations occurring in each era. The heaviest summer monsoon formed between 15.6 and 10.5 Ma  (Clift et al., 2014) and dominated the entire stage 3. On the other hand, the previous fault-induced subsidence and summer monsoon-driven currents, are also believed to have been responsible for the pronounced backstepping distance and the area on the southwestern side of the platform (Figures 13C–E). Heterozoan carbonates were found on the terraces caused by the gradual backstepping of the platform (Figure 5), indicating that favorable platform growth conditions deteriorated during stage 3. The stepwise drowning of the carbonate platform, coupled with a steady decrease in stratal thickness from PU1 to PU3 and carbonate factory turnover from a photozoan to a heterozoan type (Figure 12), reflects the long-term worsening of platform growth conditions. According to data from well XK-1 analyzed by Wu et al. (2019), upwelling from the east coast of Vietnam caused by the EASM increased the nutrient influx, inhibited coral growth, suppressed the development of reef-related facies, contributed to the development of open bank facies and thus promoted carbonate factory turnover from a photozoan to a heterozoan type during the Middle Miocene in the Xuande Platform (Figure 12). Strong summer monsoon-related upwelling is also an inhibiting factor of the continued growth of the Phan Rang Carbonate Platform near the east coast of Vietnam (Fyhn et al., 2009). Betzler and Eberli (2019) compiled a list of modern and ancient examples of ICPs and carbonate contourite drifts documenting monsoon-triggered currents as a common element of carbonate platform drowning during the late Middle Miocene. The GP is closer to the east coast of Vietnam relative to the Xuande Platform (Figure 1); thus, the monsoon-induced upwelling zone could also reach the GP during the Middle Miocene. As a result, we believe that summer monsoon-triggered currents suppressed coral reef formation by generating topographical upwelling on the southwestern side of the platform, leading to the gradual occurrence of a heterozoan carbonate factory with low growth potential on the carbonate terraces. These carbonate terraces on the southwestern side of the platform usually do not get affected by the relative sea-level rise resulting from the fault-induced subsidence, thereby leading to stepwise drowning of the GP. In addition, because of an abrupt increase in the subsidence rate detected in the surrounding QDN Basin (Wu S. et al., 2014; Zhao et al., 2018) , the sustained coral reef ecosystem was probably completely destroyed by the subsequent enormous subsidence rate during the Late Miocene. The enormous Huaguang MTDs expanded synchronously into the examined area, indicating an unstable basement throughout this time period (Wang et al., 2013). Therefore, the shallow-water carbonate builders on the GP were unable to persist and became as visible as those on the Xuande and Yongle Platforms. 

Although the oxygen isotope records from the Deep Sea Drilling Project and Ocean Drilling Project cores show warmer temperatures during the Early Miocene and a general decrease in temperature from the Middle Miocene (mid-Miocene climatic optimum) to present (Figure 2) (Zachos et al., 2001; Zhao et al., 2001), the significant abundance of photozoan carbonates during the Quaternary suggests that the temperature in the Xisha region has been sufficiently high since the Early Miocene for the production of photozoan carbonates (Wu et al., 2019). Therefore, the development of heterozoan carbonate factories and the subsequent platform flooding during the late Middle Miocene were not considered to be caused by a cooling event. Furthermore, the scarcity or absence of planktonic foraminifera indicated that heterozoan carbonates were deposited in shallower waters (Figure 5), implying that the occurrence of heterozoan-dominated carbonates during platform drowning was not caused by an increase in water depth during the late Middle Miocene. The drop in temperature and increase in water depth have also been recognized as  less important drivers for the emergence of a heterozoan carbonate factory, as well as photozoan to heterozoan factory turnovers (Wu et al., 2019). Siliciclastic sediment was not present in the carbonate samples obtained from the GP. Seismic profiles show that the GP was far from siliciclastic sediment sources and has been separated from them by deep-water troughs since the Early Miocene (Figures 1; S1). Insufficient siliciclastic input causes the GP to crop out at a depth of hundreds of meters, implying that terrigenous input is unlikely to be the primary cause of differences in the platform backstepping pattern.




5.3 Volcanic activity and hydrocarbon exploration

Previous studies have documented that magmatic and hydrothermal activities were intense at 5.5 and 2.6 Ma in the flanks of modern carbonate platforms in the northern SCS, resulting in upturned reflectors extending upward to the contemporary sea bottom (Xia et al., 2018; Gao et al., 2019a; Gao et al., 2019b; Sun et al., 2020; Zhao et al., 2021; Gao et al., 2022; Liu G .et al., 2023). Submarine volcanoes, magmatic intrusions, and related upward strata extending to the modern seafloor have also been identified by submersible observations and seismic profiles on the flank of the GP (Figures 4, 11), suggesting that contemporaneous volcanic activity also occurred there. Interestingly, fluid flow structures, such as pipes and craters, developed in the platform interior, and these pipes penetrated the carbonate platform from the basement (Figure 8). The pipe structure is regarded as a conduit for hydrothermal fluids on the Zhongsha carbonate platform (Huang et al., 2020). Craters on the platform top were created by stratal collapses triggered by hydrothermal fluid erosion. Similar craters have been discovered on the top of the Guangle carbonate platform (Fyhn et al., 2013). The formation and extinction of shallow-water carbonate platforms are assumed to be predominantly governed by tectonic and volcanic activity at volcanic margins; the drowning of ICPs in the Mozambique Channel is such an example (Courgeon et al., 2016). However, carbonate samples from the platform top and flank contain few volcanic fragments, implying that volcanic activity has a limited influence on the diagenetic processes of carbonate rocks and platform evolution in the GP. Volcanic morphologies, extensive faults, and fracturing networks that exhibit extensional deformation patterns are missing from the GP platform top, implying that platform drowning is unlikely to be caused by extensional deformation. 

Previous research has indicated that the heat supplied by magmatism in the basins may induce early hydrocarbon maturation (Gao et al., 2019a). This viewpoint is supported by extensive magmatic intrusion and sills identified beneath the strata of the “Haima” cold seeps in the QDNB (Figure S1). The carbonate sediment produced by the GP was most likely transported into the nearby “Haima” region during the Miocene, improving the reservoir quality of the Miocene strata. Therefore, studying the stratigraphic evolution of the GP could provide new insights into hydrocarbon exploration in the surrounding basins.





6 Conclusions

Submersible observations, fossil investigations, and a comprehensive reconstruction of the Miocene seismic facies and geometries of the GP indicate that the platform drowned during the late Middle Miocene. The stratigraphic evolution of the GP can be divided into three distinct stages: (1) platform initiation and structurally controlled retrogradation; (2) platform aggradation and faulting cessation; and (3) platform progradation and backstepping. Platform evolution is susceptible to two major factors: relative sea-level changes and summer monsoon-driven currents. Platform growth could not persist because of the significant subsidence rate throughout the Late Miocene. The asymmetric growth of the GP indicated that the rate of sediment accumulation fluctuated across both space and time, suggesting that stratal patterns in ICPs offer an ambiguous dataset for understanding sea-level changes. The platform geometries were the result of differences in the relative impacts of various parameters on sediment accumulation and the carbonate factory. Tracing the bank-internal geometries and facies demonstrates that the stacking patterns of the GP were vulnerable to wind-driven currents and faulting cessation. Such depositional processes are likely more common in the ICPs of the South China Sea than previously thought. These findings are expected to be applicable to other platforms in the Indo-Pacific region. 
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Supplementary Figure 1 | NW–SE seismic section A2 over the continental shelf and slope showing the “Haima” cold seeds and magmatic intrusion in the QDN basin. See Figure 1B and D for the location and legend, respectively. Chaotic or half-transparent reflectivity is evident over most of the QDNB area, suggesting that the mass transport deposits (MTDs) during the deposition of S3 sequence (upper Late Miocene), known also as the Huaguang MTDs documented by Wang et al. (2013), were widely distributed. Purple solid lines in sequence S1 represent the boundary of sub-packages bounded by the unconformities and seismic reflection terminations. See Figure 1B for the location. 

Supplementary Figure 2 | Bathymetric profile across all the craters in the platform; craters are marked by numbers. See Figure 3E for the position of the profile. 

Supplementary Figure 3 | Cross-section through the ICPs on the GU and XU showing the depths of seismic surfaces T40 and T31 penetrated by wells XK-1 and CK-2. See Figure 1B for the location of the cross section. Note that the depths of seismic surfaces are conversed from the TWT in the seismic profile crossing the highest basement of the GP and GCP. The  seismic profile of  GCP is referred from Fyhn et al. (2013).
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Coastal bedrock islands sea areas have a unique natural environment, frequent human activities, and complex sedimentary dynamic processes. In this paper, we select the Chudao Island sea area off the coast of Shandong Peninsula, China, as a typical research area to investigate the sediment transport trends and influencing factors by means of high-precision bathymetric survey, high-density sediment sampling, grain-size trend analysis and hydrodynamic numerical modeling. Results and analysis indicate that the grain size parameters including mean grain-size, sorting coefficient and skewness are zonal distributed, roughly parallel to the isobaths. While the overall sediment transport trend is from island shore to sea, with several convergence centers near the loop centers of bottom flow and at the edge of the agriculture area. The near-bottom flow velocity is primary factor that controlling the significance of sediment transport trend, while the flow decides the general patterns of sediment transport trend and sediment distribution. Submarine topography can either directly transport sediments down its slope, or indirectly affect the direction of sediment transport by constraining the near-bottom flow from shallow to deep waters. Besides the natural factors of bottom flow and submarine topography, human activities represented by aquaculture also affect the sediment transport trend in coastal bedrock island sea areas. First, the increased sedimentation rate caused by organic matters and the diffusion of scallop fragments may cause sediment coarsening. Second, the artificial aquaculture facilities can reduce flow velocity and therefore hinder the initiation, suspension and transport of sediment near the aquaculture areas. Our methods and findings provide high-resolution details to insight into the sediment transport trends to improve the understanding of the modern sediment dynamics in small-scale coastal bedrock island sea areas and provide reference for corresponding engineering and agriculture activities.
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1 Introduction

The bedrock coast, which is mainly composed of rocks, takes up nearly 75% of the world’s coast (Rosser et al., 2005). The length of bedrock coast, 5,000 km, also accounts for about 30% of the total coastline of China (Wang and Aubrey, 1987). The bedrock coast, which is characterized by steep topography, interlaced headlands and bays, and various erosion and accumulation landforms, develops many famous deep-water harbors. Bedrock islands, which usually develop adjacent to bedrock coasts, are widely distributed in China’s coasts, e.g., Liaodong Peninsula, Shandong Peninsula, and the coast south of Hangzhou Bay, accounting for about 90% of the total islands of China. In this study, we focus on the sea areas adjacent to bedrock coasts and with bedrock islands therein. These sea areas not only are typical regions of strong land-sea interaction due to its complex submarine topography and its variable hydrodynamic and sediment dynamics (French and Burningham, 2009), but also have severe interaction between the nature marine environment and human activities resulting from an increasing coastal engineering and marine aquaculture.

Marine sediments are the loose substances deposited at the bottom of seawater over the basement rock (Singer, 1984). The distribution, thickness, type and property of sediments are complex and changeable due to various water depth, seabed topography, hydrodynamics, physical and chemical properties of sea water, and marine biological activities. Sediments, which may have strong interactions with ocean hydrodynamics such as waves, tides, storm surges, and currents, can be initiated, suspended, deposited, and transported, and thus in turn shape and change the topography of seafloor. The calculation of sediment transport rate is essential to marine sedimentary dynamics (Bakhtyar et al., 2009), among which the research ideas can be mainly classified into two categories. The first investigates sediment transport and source-sink characteristics through the inherent properties of sediments such as grain size, magnetism, mineral components, etc., in which sediment sampling and corresponding analysis are applied (Andrews et al., 2010; Wang et al., 2019; Yu et al., 2019b). The second approach believes that sediment transport is mainly caused by the hydrodynamic-induced incipient motion and suspension of sediment, through which the characteristics and trends of sediment transport are mainly investigated based on numerical models of hydrodynamics and sediment dynamics (Yu et al., 2019b). Sediment transport trend, which is a stable transport trend of sediments formed under the long-term action of various factors including hydrodynamics, provenance, biological activities, contains important information for interpreting the evolution of sedimentary environment, sediment dynamic process and material migration.

Particle size, also known as grain size, which represents the size of sediment particles, are one of the main parameters of sediment. McCave (1978) defined the plane difference of grain size parameters as grain-size trend. In order to extract the grain-size trend information, McLaren (1981) and McLaren and Bowles (1985) developed a one-dimensional model and concluded that the sediment transport trends were related to the spatial variation of grain size parameters of mean grain-size, sorting coefficient and skewness. Gao and Collins (1991; 1992) proposed a two-dimensional grain size trend analysis (GSTA) model based on McLaren model. Since then, more scholars have successively developed improved models based on GSTA. For example, Le Roux (1994) used a modified vector analysis procedure to determine the transmission vectors, while Le Roux and Rojas (2007) used the gradient between the central site and surrounding sites to define vector magnitudes, and considered kurtosis together with mean grain-size, sorting coefficient, and skewness for the first time. Moreover, Chang et al. (2001) improved the average length test method, while Poizot et al. (2008) used the geostatistical method to determine the characteristic distance of sampling sites. Poizot and Mear (2010) developed GisedTrend, a GSTA plugin of the QGIS project that considering the effect of obstacles (natural or artificial) in computing vector fields. GSTA has been widely used in various marine sedimentary environments such as estuaries (Duc et al., 2007; Yu et al., 2019a; Chu et al., 2020), coasts (Pedreros et al., 1996; Wang et al., 2012; Kawakami et al., 2021; Sinha et al., 2021), bays (Jia et al., 2003; Sánchez and Carriquiry, 2011; Zheng et al., 2016), and continental shelves (Vanwesenbeeck and Lanckneus, 2000; Balsinha et al., 2014; Gao and Collins, 2014). However, due to the limitation of sediment sampling density, to the authors’ knowledge, this method has rarely been used for high-resolution insight into the sediment transport trends in small scale sea areas, especially in coastal bedrock island sea areas with more complex topography, sediment sources, hydrodynamics, and human activities.

The specific way to explore sediment transport is to embed sediment dynamic module into ocean numerical model. The sediment dynamic process, which is mainly influenced by the incipient motion, suspension, transport and deposition, has long been studied by means of field observations, model tests, and corresponding theoretical and numerical models (Wang et al., 2018). These kinds of studies, for example, sediment transport along the Amazon continental shelf (Molinas et al., 2020), the suspension transport of river-influent sediments in the Bohai Sea, Yellow Sea and East China Sea (Zeng et al., 2015), and the origin of muddy sediment areas in the Yellow Sea Trough and the Okinawa Trough (Bian et al., 2013), usually focus on large-scale and long-term sediment transport. The numerical models, which have the characteristics of multiple assumption and simplification, numerous model parameters, and some values of model parameters are difficult to determine, are mainly concerned with the large space-scale and long time-scale seawater movement and sediment transport. In the meanwhile, the physical process of the sediment movement module is quite complex in shallow water sea area, especially in bedrock island sea areas. Therefore, the above-mentioned models are inadequate to explore the details of sediment transport in small space scale coastal sea areas.

In this paper, we select the Chudao Island sea area off the coast of Shandong Peninsula, China, as a typical research area, to give deep insight into the sediment transport trends and its influencing factors of small space scale bedrock island sea areas based on high-precision bathymetric survey, high-density sediment sampling, grain-size trend analysis and hydrodynamic numerical modeling. Through which we hope to improve the understanding of the modern sediment dynamic process of coastal bedrock island sea area and provide reference for corresponding engineering and aquatic activities.




2 Materials and methods



2.1 Study area

The study area, as the national shallow sea comprehensive test site of China (Li et al., 2017), is located in the Yellow Sea, north of the coast of Weihai, with Chudao Island at the southern side (Figure 1). Chudao Island is a 0.82 km long and 0.21 km wide bedrock island 3.7 km from the coastline of Shandong peninsula, which is surrounded with rugged coastline and steep bank slope. The average water depth is 30 to 60 m, and presents a generally high-low-high topography from south to north. An east-west directional trench, which is about 2.5 km long and 1 km wide, with maximum water depth 70 m (Zhang et al., 2020a), locates in the north of Chudao Island.




Figure 1 | Map of the Chudao Island sea area with sediment sampling sites (black dots), tide station (blue lozenge), aquaculture areas (the area filled by black slashes) and multi-beam echo sounder (MBES) track lines (red lines).



The hydrodynamic in the study area was characterized by the irregular semidiurnal tide and east-west reciprocating flow (Bi et al., 2019). The tide difference has a maximum value of 3.08 m and a mean value of 1.73 m. The northward and eastward wave account for about 58.5% and 37% of the total (Han et al., 2020).

Kelp and scallop raft aquaculture occupy large areas in the northwest of the study area and small areas on the east and west sides of Chudao Island (Figure 1). The breeding cycle of kelp is generally from November to May or June of the following year, which takes up more than half of the whole year. The length of kelp can grow to 4 to 5 m when it is harvested in June and July. The scallop species, Chlamys farreri, which have a shell height of 6 to 7 cm and a shell length of about 7 cm at maturity, is mainly breeding from May to November.




2.2 Field work and laboratory analysis

Fieldwork including small spacing sediment sampling and full-coverage bathymetry survey were carried out in November and December 2018, through which the grain size parameter data obtained by laboratory grain-size analysis are used for sediment trend analysis, while the bathymetry data are used to explore the effects of seabed topography on sediment transport trends. A total of 229 surface sediment samples were collected, with grid of 250 m × 500 m (Figure 1), sampling thickness between 20~30 cm, using a clam sampler (type DDC1-2, volume 0.025 m², Beijing Jinyang Wanda Technology Co., Ltd.). The navigation and positioning were executed by Global Navigation Satellite System (H32, plane positioning accuracy ± 8 + 1×10-6 D, Guangzhou Hi-Target Satellite Navigation Technology Co., Ltd.). The positions were measured twice during sediment sampling process, with one when the vessel arrived at the planned station and the other when the sampler reached the seabed. Repeated sampling was performed if the mass of the sample was less than 300 g. The sea conditions are calm during the sampling period, neither high waves nor strong winds had been recorded in Novermber and the beginning of December of 2018.

The collected sediment samples were brought to the laboratory for grain-size analysis using sieving-densitometer method. For a sediment sample, the part of grain size less than 0.075 mm is used by densitometer method, and the part of grain size larger than 0.075 mm is used by sieving method. The specific steps of the test are referred to Standard for geotechnical testing method (Standard of P. R. China, GB/T 50123-2019, 2019). The mean grain-size, sorting coefficient and skewness were calculated based on the grain size distribution curve as follows (Folk and Ward, 1957):

 

 

 

where Mz, σi, and Ski are the mean grain-size, sorting coefficient and skewness, with φ5, φ16, φ50, φ84, φ95 the grain size corresponding to the cumulative percentage content of 5%, 16%, 50%, 84% and 95%.

Full-coverage bathymetry survey was carried out by a multi-beam echo sounder system (R2 SONIC 2024, R2Sonic Limited Liability Company, USA) with operating frequency 400 kHz, range resolution 1.25 cm and sector angle of 120°~140°. A total of 36 main survey lines with line spacing 100 m and 7 check lines perpendicular to the main survey line were carried out. Global Navigation Satellite System (H32), fiber optic gyrocompass and motion sensor (Octans III, iXSea Ltd., France), sound velocity profiler (MiniSVP, Valeport Ltd., UK) and automatic water gauge (DCX-25PVDF, Druckmesstechnik AG, Switzerland) were applied accordingly to obtain the positioning, attitude, sound velocity profile and sea level data. The CARIS HIPS and SIPS (V10.1, Teledyne Technologies Incorporated, Canada) software were used to process the MBES data to get the water depth and topography of the study area.




2.3 Grain-size trend analysis

McLaren and Bowles (1985) found that there were two cases for the net sediment transport trends, that is, Case 1: finer, better sorted and more negatively skewed; Case2: coarser, better sorted and more positively skewed. GSTA was provided by Gao and Collins (1991) based on McLaren’s model. The first step of GSTA is to define trend vectors for a grid of sampling sites by comparing the grain size parameters of each sample site with its neighbors in any direction. A characteristic distance (Dcr) is specified to identify whether the sites are adjacent. If either a Case 1 or a Case 2 trend is identified between the two sites, a dimensionless trend vector of unit length is defined for two neighboring sites. For each sampling site, there may be more than one unit-length vector.

Then, the trend vectors at each sampling site are obtained by composing the multi-vectors into a single vector:

 

where n is the number of trend vectors identified for the site,   is a trend vector, and   is the sum of the trend vectors. Finally, an averaging procedure is applied to remove noise included in the vectors at each site, as:

 

where   is a summed trend vector obtained on the basis of eq. (4) at a neighboring site, and K is the total number of such sites. The vectors   can be defined as transport vectors to describe the main sediment transport pathways. Since the sampling sites are regular and uniform with a rectangular grid of 250 m × 500 m, the characteristic distance Dcr is set as 250   m.




2.4 Hydrodynamic analysis

Tidal currents and waves are the main factors controlling sediment transport in coastal waters (George et al., 2018). The sediment grain-size trend is mainly formed under the long-term reciprocating action of periodic tidal currents rather than the random changeable waves (Armstrong et al., 2022). Therefore, this study focuses on the simulation of tidal currents.

The Coastal and Regional Ocean Community model (CROCO) is a three-dimensional nonlinear baroclinic primitive equation model based on the Regional Ocean Modeling System (ROMS) (Huang et al., 2021), which can simulate multiple-scale sea water movement. In the CROCO model, a time-splitting method is used to generate two different time steps, in which the short time steps is used to advance the surface elevation and barotropic momentum, while a large time step is used for tracers and baroclinic momentum. The curvilinear orthogonal coordinate system and Arakawa C staggered grid are adopted in the horizontal direction to increase the resolution of the specific area, while the S coordinate system is used in the vertical direction to improve the resolution at the thermocline and the bottom boundary layer.

The horizontal resolution of the model is 1/1200°, while the vertical water column is meshed into 6 levels. The shoreline with resolution 1′ is from the Global Self-consistent Hierarchical High-resolution Shorelines (GSHHS) provided by the National Geophysical Data Center (NGDC) of U.S. The topography with resolution 1′ is from the Gridded Global Relief Data Collection (ETOPO1) with resolution 1′ provided by NGDC. The initial temperature and salinity data are from the World Ocean Atlas 2009 (WOA09) published by NGDC. The open boundary is forced by ten tidal constituents including M2, S2, N2, K2, K1, O1, P1, Q1, Mf, and Mm, in which the harmonic constants are obtained from the Oregon State University Tidal Inversion Software (OTIS). The short time step and the large time step are set as 2 and 120 s, respectively. The model is operated normally after it is integrated forward to a stable state, with the duration covering the whole year of 2018 that consistent with time of the sediment sampling.





3 Results



3.1 Topography features

As shown in Figure 2, the water depth of the study area is mainly between 25.0 m and 60.0 m, with an average of 36.7 m and a maximum of 70 m. The seafloor is rugged in the north of the island, while the water depth drastically increases to more than 60.0 m at an east-west trench north of the island. The trench has dense isobaths and steep slope around it, among which the slope is steeper in the north-south direction with a maximum 5.2° than that in the east-west direction. The water depth gradually becomes shallow north of the trench, forming the flattest area within the study area.




Figure 2 | The three-dimensional topographic map of the study area.






3.2 Sediment distribution and grain size characteristics

The continuous distribution of Mz σi, Ski, which are obtained by interpolating the parameters of discrete point with a kriging method (Oliver and Webster, 1990). The mean grain-size Mz, which is mainly affected by material supply, transport capacity, and the depositional environment, can directly reflect the size of the sediment particle and the strength of hydrodynamics of the environment (Visher, 1969). The sorting coefficient σi, which represents the uniformity of sediment, is also an indicator of hydrodynamics and sediment transport trend. The skewness Ski describes the degree of symmetry of sediment grain size distribution. As shown in Figure 3, the surficial sediments are mainly muddy silt, with mean grain-size 4.9~6.2 φ, average value 5.03 φ and maximum value 0.79 φ (Figure 3A). The sorting coefficient σi ranges from 0.014 to 2.206 with an average value of 0.077, most of which are excellent (Figure 3B). The skewness Ski shows a decrease pattern from south to the north, from island to sea, with all positive skew ranging from 0.07 to 0.97 (Figure 3C). Generally, the three grain size parameters show an obvious feature of zonal distribution. The area with larger Mz (<2 φ), poor sorting, and strong positive Ski concentrates around the bedrock island, where rocks and gravels are common seen from the samples. While to the north, Mz gradually transitions to a broad northern area with φ=5, σi becomes better away from the island, and Ski decreases to minimum.




Figure 3 | Spatial distribution of mean grain-size (A), sorting coefficient (B), Skewness (C).






3.3 Sediment grain-size trends

In Figure 4, the vector direction represents the net sediment transport direction, while the vector length represents the significance of the grain-size trend.




Figure 4 | Sediment grain size trends calculated by Gao-Collins grain size trend analysis (GSTA) model.



Despite the southward transport trend of small areas in the northwest and northeast, the overall sediment transport trend of the study area is from island shore to sea and from south to north. In addition, there are four convergence centers in the study area and show different transport patterns. The transport trend is more significant on the southern side than that on the northern side of A and B (Figure 4), indicating a clear shore-to-sea transport trend at the east and west of the Chudao Island. A counterclockwise sediment transport trend at C is discovered although C is located at the edge of the study area and the edge effect caused by the lack of information may affect the accuracy of the results. An inconspicuous sediment convergence center D locates at the west of the Chudao Island, where eastward and westward vectors meet.




3.4 Near-bottom flow field

Since the erosion, transport and deposition of sediments are most closely related to the near-bottom flow velocity, the flow velocity of the bottommost layer (the sixth layer) in the model is particularly exported from the CROCO model to characterize the hydrodynamic factors. Figure 5 shows the comparison of tidal level simulated by numerical model and the value observed by the Chudao tide station (with location illustrated in Figure 1), in which the time is from November 11 to December 1, 2018 including an astronomical tide. As can be seen that not only the calculated tide level variation trend but also its values are in good agreement with the observed ones. The correlation coefficient (R2) of the simulated and observed tide level is 98.42% (Figure 6), which proves the reliability of the presented model.




Figure 5 | Comparison between the simulated and observed tide fluctuation.






Figure 6 | The correlation between the simulated and observed tide level (Ls refers to tide level simulated by CROCO; Lo refers to tide level observed by tide station; R2 refers to the correlation coefficient).







4 Discussion



4.1 Influence of near-bottom flow field on sediment transport trends

The overall sediment transport trend in the study area, that is, from the island shore to the sea (Figure 4), is generally consistent with the direction of annual-averaged near-bottom flow (Figure 7). The disturbance of seabed caused by near-bottom water flow is the direct driving force of sediment transport (Gardner et al., 2004; Du et al., 2021), so the direction and velocity of near-bottom flow correspond well with the direction and the significance of sediment transport trends (Gunsolus and Binns, 2018). The locations of the two bottom flow loops at the east and west of the study area (Figure 7) corresponds well with the convergence centers of grain-size trend A and B (Figure 4), indicating that the flow direction controls the direction of sediment transport. Moreover, the average bottom velocity (0.149 m/s) in the west of the study area is greater than that (0.136 m/s) in the east (Figure 7). Correspondingly, the sediment transport trend in the west of the study area is also more significant than that in the east (Figure 4), indicating the controlling effect of flow velocity on the potential quantity of sediment transport. However, it should also be noted that the sediment convergence centers A and B deviate slightly from the positions of the two loops. The convergence center C is located at the junction of the east-west loop, with northwestward flow on its west side and northeastward flow on its east side, which is not completely consistent with the sediment transport directions of west-northwestward on the west side and southwestward on the northeast side. What is more, the bottom flow loop on the east side of Chudao Island does not form a sediment convergence center. This demonstrates that the sediment transport trend may also be influenced by other factors besides the near-bottom flow field.




Figure 7 | Annual average near-bottom flow field simulated by CROCO. The direction of the vector indicates the flow direction, the length of the vector and the contours represent the flow velocity.



The hydrodynamic conditions are weak as the average bottom flow velocity of the entire study area is only about 0.1 m/s (Figure 7). The fine-grained sediments are brought from nearshore to offshore areas by the weak bottom currents, most of which are settled in the trench valley, while the coarse-grained sediments are left nearshore. Therefore, the sediment in the southern part of the study area is coarse-grained, while the sediment located in the trench north of Chudao Island is finer-grained. The coarser sediment size in the north of the trench is because the weak bottom flow cannot drive the nearshore fine-grained sediment over the steep slope. This is consistent with the mean grain-size of sediment from south to north showing a “coarse-fine-coarse” striped distribution presented in Figure 3A.

To summarize, the near-bottom flow field is the primary factor that controlling the sediment transport trend in coastal bedrock islands sea area. The greater the bottom flow velocity is, the more obvious the sediment transport trend is. The direction of bottom flow decides the general patterns of sediment transport although small deviations may exist in specific areas. Besides, sediment transport impacted by the near-bottom flow field shapes the sediment distribution characteristics in coastal bedrock islands sea area.




4.2 Influence of submarine topography on sediment transport trends

The submarine topography is varied in the study area with steep slope around the Chudao island, then deep trench connected with flat plain from south to north (Figure 2). The near-bottom current basically points in the direction from shallow to deep waters. The general sediment transport trend is from the southern island shore and the northern flat area to the trench, which is consistent with the topography from shallow to deep. In fact, bottom flow (Figure 7), which indicates the sediment transport direction, is also influenced by the topography, because the local flow field is usually constrained by submarine topography and tends to flow from shallow to deep water areas. The existing distribution characteristics of sediment grain size parameters are the result of long-term sediment transport. The mean grain-size, sorting coefficient and skewness (Figure 3) in the study area are zonal distributed, roughly parallel to the isobaths (Figure 2), which also indicates the controlling effect of submarine topography on the long-term sediment transport trend. In addition, the sediment convergence center A (Figure 4) is not coincided with the center of the bottom flow loop, however, it locates northwest of the loop center where densest isobaths and most dramatic topography changes exist. This indicates that rapid decline of seafloor topography can cause certain amount of sediment to be transported down the slope. Actually, previous researches have revealed that the surficial sediment would slowly move down along the seabed slope due to its own gravity (Eschard, 2001; Hsiung and Yu, 2013), the steeper the slope is, the faster and the larger volume of sediments would transport on a long-term scale. It can also be seen that (Figure 4), unlike the general trend of sediment transport from shore to sea, the sediment around Chudao Island is transported in all directions with the island as the center. This is because the water depth around the island decreases drastically, which leads to the sediment around the island transports in the direction of downward slope. Therefore, the main difference in sediment transport trend between coastal bedrock island sea area and traditional bedrock coast is that the presence of the island in makes itself a discrete center of sediment transport, and the sediment around the island transports seaward.

Under the influence of submarine topography, sediment in the coastal bedrock island sea areas mainly transports from shore to sea, making it difficult to silt up near shore. Due to the presence of islands, tides and waves are strongly dissipated before reaching the shoreline (Ogawa et al., 2011). In addition, the bedrock coast is resistant to erosion and has stable geological conditions. All of these conditions meet the requirements of harbor site selection, so the coastal bedrock island sea area is suitable for the construction of harbors, docks and other coastal engineering.

Thus, in the coastal bedrock island sea areas, the topography can either directly transport sediments down its slope or indirectly affect the sediment transport by constraining the near-bottom flow, making the sediment generally transports from shallow to deep waters. In the coastal bedrock island sea area, the sediment around the island is transported seaward with the island as the center, which is the main difference from the sediment transport trend of the traditional bedrock coasts.




4.3 Influence of aquaculture on sediment transport trends

Near the considerable aquaculture area (Figure 1), the mean grain-size (Figure 3A) of the sediment increase, and the near-bottom flow velocity (Figure 7), indicating that human activities such as aquaculture will also affect the sediment transport trend in coastal bedrock island sea area besides natural factors (Wood and Widdows, 2002). Aquaculture facilities including net cages and rafts is widely deployed in China coasts, particularly in bedrock island sea areas (Yu et al., 2016; Chen et al., 2018) such as our study area. However, these aquaculture facilities have certain impact on sediment transport in shallow waters even to water depth 200 m (Pawar et al., 2001; Srithongouthai and Tada, 2017; Chaves et al., 2020).

The mean grain-size becomes coarse near the aquaculture area rather than the trench (Figure 3A), which may be due to the increased sedimentation rate of organic matter induced by aquaculture-produced residual bait and feces. For example, to our common knowledge, the unidirectional eastward near-bottom flow cannot form sediment convergence center at D, however, the sediment convergence center D does exist. This is probably due to the sediment at D is fine, but the sediment east of D is coarsened by the aquaculture and west of D is also coarse, which presents the transport trend from the east and west to the convergence center. In addition, the diffusion of scallop fragments caused by water flow also contributes to the sediment coarsening near the aquaculture area, the time for sediment sampling was from November to December 2018, just when the kelp and scallops in the aquaculture area were ripe and large in size. Similarly, sediment coarsening induced by the dispersal of mussel fragments were also found in Marlborough Bay, New Zealand (Hartstein, 2005), while sedimentation rates were also increased by the mussel and kelp aquaculture activities (Walker and Grant, 2009; Liu et al., 2016). The aggregation of macroalgae and the artificial aquaculture facilities (Gaylord et al., 2007) can change the local hydrodynamics especially reduce the flow velocity to a certain extent (Rosman et al., 2007). For example, the averaged near-bottom flow on the east side of the sediment convergence center C (Figure 7) is only 0.05 m/s, which is 62% lower than that of 0.13 m/s in other surrounding areas. Similarly, the flow velocity at Sungo Bay and Heini Bay off Shandong Peninsula, China, also as bedrock island sea areas, have been observed to be reduced by 54% (Grant and Bacher, 2001) and 21% (Zhang et al., 2020b) as well due to the influence of shellfish and kelp aquaculture.

Reduced flow velocity and weakened sediment transport can exacerbate the enrichment of pollutants and eutrophication of water in aquaculture areas (Chor et al., 2022), resulting in the death of farmed scallops and fish and the frequent occurrence of algal blooms (Cui et al., 2018), harming the economic and environmental benefits. The impact of aquaculture on flow field and sediment transport can be mitigated by reducing stocking densities (Tang et al., 2017; Gretchen, 2018) and netting weights (Liu et al., 2008), allowing for the dilution of enriched pollutants and nutrient salts.

Thus, aquaculture may affect the material source, the deposition and transportation rate of sediments, and thus make influence on the sediment transport of coastal bedrock island sea area. First, the aquaculture waste and the accelerating on sedimentation rate can increase the mean grain-size of sediment. Second, the artificial aquaculture facilities would reduce the movement of seawater, slow down the flow velocity, and thus hinder the initiation, suspension of sediments, resulting in a sediment coarsening and a significant reduction of sediment transport. The accelerated sediment deposition and weakened transport can cause pollutant and nutrient enrichment, which can be mitigated by rational planning of aquaculture density and configuration of aquaculture facilities. This will enable the sustainable development of aquaculture industry while protecting the ecological environment of the coastal bedrock island sea areas.





5 Conclusions

In this paper, the Chudao Island sea area off the coast of Shandong Peninsula, China, with complex topography and aquaculture activities, was chosen to investigate sediment transport trends. Multiple methods including high-precision bathymetric survey, high-density sediment sampling, grain-size trend analysis and hydrodynamic numerical modeling were used to explore the effects of natural factors and human activities on sediment transport and give some new insights into the sediment dynamic process in the less reported small-scale bedrock island sea area. Conclusions are drawn as follows.

The grain size parameters including mean grain-size, sorting coefficient and skewness are zonal distributed, roughly parallel to the isobaths. While the overall sediment transport trend is from island shore to sea, with several convergence centers near the loop centers of bottom flow and at the edge of the agriculture area. This result is consistent with the distribution of near-bottom flow field and submarine topographic features, indicates that the validity of grain size trend analysis to small-scale coastal bedrock island sea area has been confirmed.

In coastal bedrock island sea areas, near-bottom flow field is the primary factor controlling the sediment transport trend, that is, the greater the bottom flow velocity is, the more significant the sediment transport trend is. The flow direction of bottom flow decides the general patterns of sediment transport although small deviations may exist in specific areas. Submarine topography can either directly transport sediments down its slope, or indirectly influence the direction of sediment transport by constraining the near-bottom flow field, making the sediment transport direction generally from shallow to deep waters. In the coastal bedrock island sea areas, the water depth around the island decreases drastically, leading to a divergence sediment transport trend away from the island down the slope. Besides the natural factors of bottom flow and submarine topography, human activities represented by aquaculture will also affect the sediment transport trend in coastal bedrock island sea areas. First, the increased sedimentation rate caused by organic matters and the diffusion of scallop fragments may cause sediment coarsening. Second, the artificial aquaculture facilities can reduce flow velocity and therefore hinder the initiation, suspension and transport of sediment near the aquaculture areas.

Sediment transport trend analysis like our study combined with high-precision observation and numerical modeling is appropriate to understand the sediment distribution features affected by hydrodynamic and submarine topography, nearshore sediment silting and enrichment of pollutants in aquaculture areas. Through which we will enhance the knowledge towards sediment dynamic process of coastal bedrock island sea area and providing reference for coastal engineering and agriculture activities.
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Earthquake in the sea area is an important factor affecting the safety of marine engineering construction, seabed site seismic response analysis is an important preliminary work for marine engineering construction. Based on a fluid-solid weak coupling model which could simulate seawater-seabed interaction, four typical borehole sections along the proposed tunnel at Qiongzhou strait are selected to establish layered seabed models for studying the seabed site seismic responses affected by the seawater, seabed soft sediments and bedrock earthquake motion under bidirectional seismic excitation, in which the dynamic nonlinearity of the seabed soft soil is simulated by a generalized non-Masing constitutive model (DCZ model). The result shows: the suppression effect of seawater on seabed seismic motion exists only in the shallow range of seabed (< 50 m), and the suppression effect on the vertical seismic response is higher than that along the horizontal direction; the suppression effect of seawater on the seabed surface seismic motion and the frequency response phenomenon of “high frequency suppression, low frequency amplification” of seabed seismic response is positively correlated with seawater depth; The mean lines of the horizontal and vertical spectrum β obtained by numerical calculation are higher than the design spectrum in the land code within several period ranges, and the possibility of adverse effects induced by seawater and seabed soft sedimentation on the seismic resistance of marine engineering should be considered.




Keywords: seabed site, bidirectional seismic excitation, nonlinear seismic response, fluid-solid weak coupling model, soil nonlinearity




1 Introduction

A large number of marine projects in China’s coastal and offshore marine areas have entered the climax period of planning and construction in the context of building an ocean power. The correct understanding of the seismic response characteristics of seabed sites is of great significance in guiding the seismic design of marine engineering. Marine earthquakes can cause severe destruction, such as the 1989 Loma Prieta earthquake, which resulted in the collapse of the main span of the San Francisco-Oakland Bay Bridge, and the 1995 Kobe earthquake, which caused liquefaction of the soil on two nearshore artificial islands: Port Island and Rokko Island (Nolen-Hoeksema and Morrow, 1991; Tanaka, 2000).

The seismic information recorded by seismic stations is the most direct and reliable means to study seismic motion characteristics (Boore, 1999; Boore and Smith, 1999; Boore and Bommer, 2005; Karimzadeh et al., 2021). Typical differences in seismic response between marine and land sites are characterized by statistical analysis of existing marine ground shaking: vertical peak acceleration at the seabed surface is significantly smaller than at the adjacent land surface; long-period response of the seabed surface is greater than that of the surrounding land surface, but the short-cycle response is less than (Chen B. et al., 2015; Hu et al., 2020; Tan and Hu, 2023). Diao et al. (2014) and Li et al. (2015) used fluid dynamics equations and one-dimensional wave theory, the researchers investigated the mechanisms of seawater’s influence on seismic response of the seabed. The findings suggest that when the impedance of seawater is significantly different from that of the site, the dominant frequency response of vertical seismic motion on the seabed is close to the resonant frequency of the P-wave in seawater. Conversely, the vertical seismic motion on the seafloor is noticeably suppressed near the resonant frequency of the P-wave in seawater compared to near the coast. Furthermore, there exists a closer correlation between P-wave propagation in seawater and the seabed site. This research contributes to a deeper understanding of the effects of seawater on seismic response of the seabed. The seismic response of established sites is still difficult to determine due to the limitations of ground shaking recordings in the sea area as well as analytical calculation methods.

Over the years, the effectiveness of numerical simulation methods in the analysis of seismic response of land-based sites has been widely verified (Yang et al., 2011; Chen G. et al., 2015; Guoxing et al., 2015; Adhikary and Singh, 2019; Falcone et al., 2020), and it is an effective method to analyze the seismic response of the seabed by taking the analysis method of seismic response of land-based sites as a basis and further considering the influence of seawater.

The sediment beneath the ocean floor is subject to dynamic water pressure from waves. Airy (1993) introduced the theory of small-amplitude wave oscillations, which assumes that the wave amplitudes are significantly smaller than the water depth. Based on the one-way transmission of wave forces generated by Airy waves to the seabed and the omission of seawater-seabed interaction during seismic events, the computed results indicate that the seismic response of the seabed increases under the combined effect of small waves and earthquakes (Liu et al., 2013). However, it is crucial to recognize that the interaction between seawater and the seabed is a significant factor influencing seismic responses in marine areas. Using potential flow theory and Biot consolidation theory, investigated the influence of seawater-seabed interaction, including fluid exchange, on the seismic response of a simplified seabed configuration. The results revealed a notable amplification of the P-wave vertical component due to the presence of an inclined seabed (Chen B. et al., 2021). Moreover, variations in seawater depth also impact the characteristics of seismic motion. Chen et al. (2023) considering the effect of seawater, established a coupled model of seawater-pile foundation-cable-stayed bridge system. Their research demonstrated that as the seawater depth increases, the restraint on the vertical seismic motion becomes more pronounced. In conclusion, the interaction between seawater and the seabed is a critical factor affecting seismic responses in marine environments. Accounting for this interaction and its effects on seismic behavior in seabed structures during earthquake events is of utmost importance for accurate seismic analyses.

In numerical modeling of seismic characteristics in marine areas, the method of seismic excitation can also influence the nonlinear response behavior of seismic motion. Chen W. et al. (2021) utilized the acoustic module of the ABAQUS software platform to calculate the dynamic water pressure exerted by seawater on the seabed surface during earthquakes. The results indicate that bidirectional seismic motion leads to greater seismic response on the seabed surface. The influence of seawater enhances the low-frequency response of both the seabed and tunnels. The interaction between seawater and seabed varies with changes in the motion state. Jeng et al. (2013) used the fluid VARANS equation to simulate seawater and the dynamic Biot equation to simulate the seabed, considering the seawater-seabed interaction and the fluid exchange between them, the proposed numerical model can accurately simulate the transient dynamic response of fluids and solids at the same time, and it has a great potential to be applied in the analysis of seismic response of seabed sites.

In this study, considering the dynamic water pressure generated by seawater during earthquakes, based on a weakly coupled analysis method that can realize the two-way exchange of variables between the fluid domain and the solid domain, the fluid N-S equations are used to simulate seawater, and the generalized non-Masing intrinsic model describes the nonlinear dynamic properties of marine soils, And the layered seafloor model, which is established by taking four typical borehole profiles of the Qiongzhou Strait cross-sea channel profiles as the object of study, takes into account seawater-seafloor interactions, and the effects of bidirectional seismic motions (P-wave and S-wave) on the nonlinear seismic response characteristics of the seafloor site are analyzed to investigate the effects of seawater on nonlinear seismicity in seafloor sites and the mechanism of its action.




2 Materials and methods



2.1 Flow-solid weak coupling method

The fluid-solid coupling between seawater and the seabed involves: (1) the interaction between dynamic water pressure of seawater and the motion of the seabed, and (2) the seepage forces resulting from fluid exchange between seawater and the seabed. This study focuses solely on the interaction between the dynamic behavior of seawater and the motion of the seabed surface, utilizing a weak fluid-solid coupling analysis method. The analysis process of the weak fluid-solid coupling method is achieved through an alternating coupling integration algorithm, where the field variables of the fluid domain (ΩF) and the solid domain (ΩS) are interactively exchanged in real-time at the fluid-solid interface.

The specific procedure is illustrated in Figure 1: After completing the initialization, ① the fluid dynamic analysis is conducted, and the pressure PF on the fluid-solid interface ΓF-S at the coupling increment time Δt. is converted into external loads for the solid domain. Subsequently, the solid dynamic analysis is carried out to solve for the solid motion displacement uS and velocity   on the ΓF-S interface at time Δt, completing the weak fluid-solid coupling analysis at Δt. ② At 2Δt, the solid domain variables uS and   on the ΓF-S interface are converted into the boundary conditions for fluid flow, initiating the solid dynamic analysis for 2Δt. This process is then repeated, alternating between ① and ②, incrementing the coupling increment steps until the entire weak fluid-solid coupling analysis is completed.




Figure 1 | (A) Bidirectional cross coupling integration algorithm at ΓS-F interface; (B) Schematic diagram of node data transfer at ΓS-F interface.



Assuming a homogeneous and horizontally layered seabed site for analysis, the numerical model for weak fluid-solid coupling corresponding to the layered seabed site is shown in Figure 2B.




Figure 2 | Numerical model: (A) Seabed soil-column model (Ss model); (B) Seawater seabed soil-column model (S-Ss model).



A horizontally layered homogeneous model is established for the seawater layer and the seabed site, with the fluid-solid coupling interface located at the interface between the seabed and the sea bottom. Due to the 3D nature of the ABAQUS/CFD fluid model, the seabed site model consists of a horizontally layered soil column model composed of a single layer of 3D solid elements using C3D8R elements. The model employs improved equivalent viscoelastic artificial boundaries at the bottom and lateral boundaries. The calculation increment step (Δts) for solid dynamic analysis is set to 5×10-5 s (Wang et al., 2023). The fluid model consists of a layered water domain with a single layer of 3D fluid elements using FC3D8 elements. The water surface is modeled as a free fluid interface. The initial calculation increment step (ΔtF) for fluid dynamic analysis is set to 0.01 s. The coupling increment analysis step (Δt) is set to 0.01 s, which means that data exchange between the fluid and solid domains occurs every 0.01 s. The bottom of the model receives bidirectional input ground motion.

The Seabed soil-column model (Ss model), shown in Figure 2A, without considering the dynamic water pressure of seawater, is compared to the Seawater seabed soil-column model(S-Ss model). It is important to incorporate the static water pressure generated by seawater in the analysis of the Seabed soil-column model.

The interaction between seawater and the seabed is closely related to the gravitational field. In the S-Ss model, a gravity field is formed by simulating the buoyancy-driven flow field. The calculation of the gravity field is described by Equation(1).

	

Where G is gravity; FBuoyancy is buoyancy; ρI is the initial density of the flow field; β is the coefficient of thermal expansion;   is the analyzed temperature;   is the reference temperature; so that ρI =1000kg/m3,  = 1.0, the seawater pressure is equal to seawater gravity (ρw g h), ρw is the density of the seawater, and h is the water depth. Figure 3 gives the initial stress field of the seawater-soil column model with borehole ZK-04 as an example.




Figure 3 | Initial stress field of S-Ss model (Borehole ZK-04).






2.2 Seabed site information

This research utilizes data from four representative borehole profiles (ZK-04, ZK-08, ZK-11, and ZK-13) along the proposed tunnel route in Qiongzhou Strait, China. These profiles are used to construct a layered seabed site model, and the typical borehole velocity information is presented in Figure 4A. Borehole ZK-04 has a depth of 100.0m and a top elevation of -25.60m. The upper section consists of silty clay interbedded with sand, silty clay, and medium sand, while the lower section is characterized by thick layers of laminated clay. Borehole ZK-08 has a depth of 120.20m and a top elevation of -55.60m. The upper section includes a thick layer of silty clay, followed by an interlayer of silty clay and fine sand. Borehole ZK-11 has a depth of 200.20m and a top elevation of -84.80m. The upper section comprises interlayers of fine sand, silty clay, and an intermediate layer of fine sand and medium sand. The lower section exhibits thick clay layers and serves as a key borehole for determining the seabed soil conditions. Borehole ZK-13 has a depth of 120.50m and a top elevation of -81.60m. The upper section of the borehole features a thick layer of fine sand, while the lower section consists of thick, layered silty clay. According to the specifications outlined in the ‘Seismic Ground Motion Parameter Zonation Map of China’ (GB18306-2015), shear wave velocity (VS) greater than 500 m/s, and the absence of lower velocity rock-soil interfaces below, can be considered as bedrock. Based on Figure 4A, it can be observed that the shear wave velocities (VS) at the final depths of all four boreholes satisfy the regulatory requirements. Therefore, these boreholes can be considered as input surfaces for seismic ground motion analysis.




Figure 4 | Seabed site conditions: (A) VS and VP of the borehole; (B) The sketch of DCZ model; (C) parameters of DCZ model: shear modulus reduction and damping ratio curves of the strait stratum soils and.






2.3 Nonlinear parameters of marine soils

The nonlinear dynamic characteristics of seabed soils are described using the generalized non-Masing constitutive model based on the Davidenkov skeleton curve, developed by Chen et al. (Chen G. et al., 2021; Wang et al., 2021). This model, known as the DCZ model, depicts the dynamic stress-strain relationship of the seabed soil, as illustrated in Figure 4B.

The expression for the Davidenkov skeleton curve is as follows:

	

H(γ) is the function describing the shape of stress-strain relationship, expressed in the Davidenkov form:



Where τ is the shear stress; γ is the shear strain; G is the shear modulus; Gmax = ρVS is the maximum dynamic shear modulus, ρ is the density, and VS is the result of the site shear wave velocity obtained from the field survey; A, B and γr are the best-fit parameters related to the soil properties, which are determined by the G/Gmax - γ and λ - γ mean curves of various types of soils of the Qionghzhou Strait given by experiments conducted by Sun et al. (Sun et al., 2012; Sun et al., 2013) (Figure 4C).




2.4 Selection of bedrock input motion

There is currently no historical seismic record data available for the Qiongzhou Strait and its neighboring areas. Therefore, based on the reference of previous earthquake magnitudes, epicentral distances, and selected borehole depths (Chen et al., 2022), four seismic records from the Japanese Strong Motion Network (KiK-Net) were chosen for input ground motion at different distances: near-field, mid-field, intermediate distance, and far-field, as shown in Table 1.


Table 1 | Information of original earthquake recordings for bedrock input motions.



The EW/NS components with higher peak ground accelerations and the UD component were separately applied as horizontal and vertical ground motions at the bedrock level. Figure 5 presents the acceleration time history and Fourier spectrum of the bedrock ground motion.




Figure 5 | Ground motion information of bedrock: (A) EHMH04. (B) MYGH10. (C) FKSH10. (D) IBRH12.







3 Results and discussions



3.1 Fundamental period and site classification of the seabed

The fundamental period (Ts) of the seabed site was determined using the HVSR (Horizontal-to-Vertical Spectral Ratio) method (Nakamura, 2019), which calculated the average values of a for different seismic excitations using Ss model and S-Ss model. The site classification of different borehole profiles was determined based on three indicators (Chen et al., 2020): average shear wave velocity (VS30) obtained from seabed average travel time, fundamental period (Ts), and thickness of the overlying layer (H). The results of site classification are presented in Table 2. The calculated values of Ts, without considering the influence of seawater, ranged from 0.97 s to 1.56 s. Considering the influence of seawater in the S-Ss model, the calculated values of Ts ranged from 1.38 s to 1.79 s, indicating an increase in the fundamental period of the seabed due to the presence of seawater. Additionally, based on the analysis results of this study, it was found that the inclusion of seawater did not affect the classification of site types.


Table 2 | Site classification.






3.2 Acceleration of the seabed surface

Figure 6 shows the acceleration time history response of the seabed surface observation points for boreholes ZK-04, ZK-08, ZK-11, and ZK-13 under different seismic motion excitations: EHMH04, MYGH10, FKSH10, and IBRH12. The influence coefficient (Q) of seawater on the peak ground acceleration (PGA) of the ground surface is defined as Q = (PGASs model − PGAS-Ss model)/PBA, PBA is the peak bedrock acceleration of the seabed.




Figure 6 | Acceleration responses at the observation points at the surface.



For borehole ZK-04, the horizontal influence coefficient (QH) under different seismic excitations is -0.07, 0.11, 0, and 0.08, respectively. The vertical influence coefficient (QV) is 0.21, 0.81, 1.18, and 1.64, respectively. For borehole ZK-08, the QH values under different seismic excitations are 0.34, 0.05, -0.24, and 0.24, respectively. The QV values are 1.88, 0.52, 0.58, and 2.74, respectively. For borehole ZK-11, the QH values under different seismic excitations are -0.07, 0.16, 0, and 0.16, respectively. The QV values are 0.83, 0.74, 0.59, and 0.68, respectively. For borehole ZK-13, the QH values under different seismic excitations are 0, 0.05, 0, and 0.08, respectively. The QV values are 1.04, 0.52, 0.59, and 0.96, respectively.

In summary, it can be observed that seawater has a restraining effect on the vertical motion of the seabed surface. The influence of seawater on the vertical motion of the seabed surface is greater than the horizontal motion. The strength of seawater’s influence on the peak ground acceleration depends on various factors such as seabed soil characteristics, water depth, and seismic motion characteristics.

The seismic duration extension factor of the seabed surface, defined as D5-95-PF = D5-95-G/D5-95-B, where G represents the ground surface and B represents the bedrock, is illustrated in Figure 7. Both in the horizontal and vertical directions, the values of D5-95-PF under the influence of seawater are relatively small, indicating that seawater suppresses the extension of effective seismic duration at the seabed surface. Under the influence of seawater, the average values of horizontal D5-95-PF decrease from 1.66 to 1.43 for the MYGH10 excitation, and the average values of vertical D5-95-PF decrease from 1.23 to 0.78. For the FKSH10 excitation, the average values of horizontal D5-95-PF decrease from 0.89 to 0.82, and the average values of vertical D5-95-PF decrease from 1.17 to 1.05. It can be observed that as the intensity of the bedrock seismic motion increases, the inhibitory effect on the extension of seismic duration at the seabed surface also increases, with the vertical seismic motion being more significantly suppressed than the horizontal motion.




Figure 7 | Variation of D5-95-PF at surface: (A) Horizontal; (B) Vertical.






3.3 Mechanistic analysis of the role of seawater in the seismic response of the seabed

Figure 8 presents the spectrograms of the acceleration transfer function (Fourier spectrum amplitude ratio of soil layer seismic motion to bedrock seismic motion, FSR) for different borehole profiles considering or not considering the influence of seawater, under the excitation of bidirectional input MYGH10 records.




Figure 8 | Comparisons of the Fourier spectrum amplitude ratios with and without seawater at the borehole profile (bidirectional shaking: MYGH10 record): (A) horizontal; (B) vertical.



It can be observed that the color distribution of the spectrograms varies for the horizontal and vertical FSR graphs due to the differences in borehole site profiles. The similarity or dissimilarity of the soil layer structures is the primary factor causing these differences. Without considering the influence of seawater, significant resonance phenomena are observed in the horizontal seismic response at around 0.25 Hz and 0.9 Hz for the four representative boreholes under different seismic motion excitations. Vertical seismic responses exhibit resonance phenomena at multiple frequencies throughout the entire frequency range. When considering the influence of seawater, the resonant frequencies of the horizontal seismic component mainly concentrate in the range of 0.7 Hz to 1.1 Hz, while the resonant frequencies of the vertical component concentrate in the range of 1.5 Hz to 3.0 Hz. The resonant frequency (f) of the seawater P-wave is determined by Equation (4) (Li et al., 2015).



Where n is an odd number; fn is the corresponding nth-order frequency; H is the water depth; c is the seawater P-wave velocity, and c = 1450 m/s for a temperature of 20°C.

In this study, the water depths of all seabed boreholes are less than 110 m, and the corresponding first-order resonance frequency of seawater’s P-wave is greater than 3.3 Hz. This frequency range aligns with the reduction in the seismic ground motion at the seabed surface caused by the influence of seawater. This indicates that seawater suppresses the propagation of high-frequency components. However, the amplification of long-period components at the seabed surface can be attributed to the seismic-induced dynamic water pressure in the seawater. The high impedance boundary is located in a region deeper than the seafloor, as discussed in the deep sea region (Nosov and Kolesov, 2007), and this can make the dominant frequency lower than 3.3 Hz (i.e., the fundamental resonance frequency) if a water layer is present. There is a relatively high intention domain shallower than 20 m near 2 Hz of vertical ATF at ZK-11 in Figure 8B suggested that high impedance boundary could have appeared at a depth of 40 m, the above two phenomena are related.

It is generally believed that seawater mainly influences the vertical seismic motion and has no direct impact on the horizontal seismic motion (Li et al., 2015). A comparison between the horizontal responses of the Ss model and S-Ss model in Figure 8A reveals significant differences in the resonant frequencies.

Using the representative seafloor borehole ZK-11 as an example, this study investigates the mechanism by which seawater affects the ground seismic motion of a soil column model. Comparing the seismic response of the seabed site with and without seawater under horizontal seismic action only (Figure 9A), it is observed that seawater has almost no effect on the spectrum acceleration (SA) at the soil column surface. A further comparison is made between the SA at the surface of the soil column under horizontal seismic action only and under bi-directional seismic action without considering the influence of seawater (Figure 9B). Significant differences are observed between the two cases, with bi-directional seismic action inducing a more diverse frequency response in the horizontal acceleration response of the soil column surface, revealing a coupled seismic response phenomenon involving both horizontal and vertical directions.




Figure 9 | Comparison of the 5% damping horizontal spectrum acceleration (SA) at ground surface of the soil column calculated by: (A) Ss model and S-Ss model under only horizontal shaking; (B) Ss model under only horizontal shaking and bidirectional shaking.



Combining the above observations, it is concluded that seawater directly influences the vertical seismic response of the seafloor site. The differences in the horizontal seismic response of a horizontally stratified seabed site induced by seawater are not directly attributable to the effects of seawater, but rather result from the bidirectional coupled seismic effects of the site.




3.4 Site amplification

The variation curves of Peak Acceleration (PA) along the depth of the borehole profiles of boreholes ZK-04, ZK-08, ZK-11, and ZK-13 under the bi-directional excitation of bedrock ground shaking MYGH10 and FKSH10 are shown in Figure 10.




Figure 10 | PA with depth subjected to various bedrock motions: (A) Horizontal; (B) Vertical.



It can be observed that, regardless of the presence of seawater, there is little difference in the horizontal peak acceleration (PAH) among the seabed profiles. As the distance from the seabed surface decreases, the vertical peak acceleration (PAV) of the seabed profiles gradually decreases under the influence of seawater, reaching its minimum value at the seabed surface. The depth at which the difference in vertical peak acceleration (PAV) caused by seawater disappears is approximately as follows: for borehole ZK-04, the difference disappears at a depth of approximately 42 meters from the seabed surface; for borehole ZK-08, the difference disappears at a depth of approximately 45 meters from the seabed surface; for borehole ZK-11, the difference disappears at a depth of approximately 43 meters from the seabed surface; and for borehole ZK-13, the difference disappears at a depth of approximately 40 meters from the seabed surface. This indicates that the influence of seawater on the seabed site is only present in the shallow layers (approximately< 50 meters).

Figure 11 presents the normalized spectral accelerations (β spectra at 5% damping) of the seabed surface considering and not considering the influence of seawater, along with the mean curves.




Figure 11 | FIGURE 11 Normalized acceleration of surface seismic motion β Spectrum (5% damping ratio): (A) Horizontal; (B) Vertical.



Additionally, the design response spectra (β spectra) for rare seismic events in Class III and Class IV sites, as specified in the ‘Seismic Ground Motion Parameter Zonation Map of China,’ are shown. It can be observed that, regardless of the presence of seawater, the mean curves of the horizontal and vertical β spectra for the seabed surface exhibit periods greater than those in the design β spectra, indicating potential safety hazards in seismic design of marine engineering projects following the onshore design standards. Under the influence of seawater, the mean curves of both horizontal and vertical β spectra display a pronounced ‘high-frequency filtering, low-frequency amplification’ phenomenon, with a corresponding shift towards longer periods. The influence of seawater causes the unsafe segments of the onshore design spectra to shift towards the middle and long period ranges.




3.5 Influence of water depth

Taking the typical deep borehole ZK-11 site profile as an example, layered seabed site models with different overlying seawater depths (5 m, 20 m, 40 m, 60 m, and 80 m) were established to investigate the influence of overlying seawater depth on the seismic response of the seabed site. The information for borehole ZK-11 information is shown in Figure 5A.

Figure 12 illustrates the variations of peak ground acceleration (PGA) and the influence coefficient Q obtained from the seawater-soil column model and the soil column calculation for different seawater depths. It can be observed that, when considering only the static water pressure of seawater, the initial stress field of the seabed site increases with increasing seawater static pressure, resulting in enhanced resistance to disturbances in the soil, leading to a gradual decrease in both horizontal and vertical PGA. The dynamic water pressure of seawater induced by seismic events suppresses the horizontal and vertical seismic motion at the seabed site, and this suppression effect becomes more pronounced with the increase in the depth of the seawater layer. The influence coefficient Q, representing the effect of seawater on peak ground acceleration, increases with the depth of the seawater layer. Under the seismic excitations of MYGH10 and FKSH10, the average values of horizontal influence coefficient (QH) are 0.12 and 0.29, respectively, while the average values of vertical influence coefficient (QV) are 0.39 and 0.41, respectively. Seawater exerts a greater inhibitory effect on vertical seismic motion compared to the horizontal motion, and the variations in vertical seismic motion are more pronounced with changes in water depth.




Figure 12 | PGA and influence coefficient Q calculated by models with different water depth: (A) Horizontal; (B) vertical.



Figure 13 illustrates the normalized spectral accelerations (β spectra at 5% damping) of the seabed surface obtained from the seawater-soil column model under different seawater depths.




Figure 13 | Normalized spectral acceleration of surface observation points in borehole ZK-11 β Spectrum (5% damping ratio).



It can be observed that, as the seawater depth increases, the influence of seawater on the horizontal and vertical β spectra of the seabed surface shows similar patterns, regardless of whether the input seismic records are from MYGH10 or FKSH10. This indicates that the effect of seawater is less correlated with the characteristics of the input bedrock seismic motion. For the horizontal β spectra of the seabed surface, there is a gradual reduction in short-period responses and an increase in long-period responses with increasing seawater depth. The dominant spectral peak for the horizontal direction shifts to around 2.5 s. On the other hand, the vertical β spectra of the seabed surface show suppression across the entire frequency range, with a higher degree of suppression observed in short-period responses. The dominant period of the vertical β spectra shifts towards longer periods.





4 Conclusions

By conducting seismic response analysis of four typical borehole profiles along the proposed underwater tunnel route in the Qiongzhou Strait, this study provides a comparison between the seawater-soil column model, considering the influence of overlying seawater dynamic water pressure and seawater-seabed interaction, and the soil column model without considering dynamic water pressure. The main conclusions are as follows:

	(1) The seawater suppresses the seismic motion at the seabed surface, leading to a decrease in both horizontal and vertical peak ground accelerations and the effective seismic duration. Additionally, the vertical seismic motion is more significantly suppressed compared to the horizontal direction.

	(2) The differences in seismic response between horizontal-only and bidirectional seismic actions for the seabed site highlight the presence of bidirectional coupled seismic effects. Traditional one-dimensional site analysis methods can potentially miscalculate the seismic response of the site. Seawater directly influences the vertical seismic response of horizontally layered seabed sites and, through bidirectional coupled seismic effects, subsequently influences the horizontal seismic response of such sites.

	(3) The influence of seawater on the seismic response of the seabed is mainly characterized by the suppression of high-frequency seismic responses, which is related to the P-wave resonance frequency of seawater. On the other hand, the low-frequency amplification phenomenon observed at the seabed surface is attributed to the seismic-induced dynamic water pressure in seawater. The seismic wave propagation response within the seabed site is influenced by a combination of factors, including seawater effects and the distribution of soft sediment layers in the seabed.

	(4) The impact of seawater on the seismic motion of the seabed site is mainly pronounced in the shallow sediment layers (< 50 m), where the vertical seismic response of the seabed site significantly decreases. The influence of seawater causes the mean curves of horizontal and vertical acceleration β spectra to exceed the values of the onshore design response spectra, respectively, within the corresponding periods of 0.75 s - 1.5 s and 0.1 s - 0.15 s. Therefore, the adverse effects of seawater on seismic resistance of marine engineering should be taken into consideration.

	(5) The inhibitory effect of seawater on the seismic motion at the seabed surface and the frequency response phenomenon of ‘high-frequency suppression, low-frequency amplification’ in seismic response are positively correlated with the depth of seawater.
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Submarine geological disasters occur frequently in the Chengdao area of the Yellow River subaqueous delta, which seriously threaten the safe operation of marine engineering in the region. Therefore, it is of great significance to carry out risk zonation for this region. The current study presents a detailed assessment of risk zones related to submarine geological hazards in this region based on analytical hierarchy process (AHP). The system of assessment index for risk zonation was established with four aspects of hydrodynamic condition, engineering geological environment, disaster geological conditions and human engineering activities. Eight geological hazard evaluation factors were selected and the distribution characteristics of each evaluation factor were discussed in detail by combining qualitative analysis and quantitative calculation. The risk level of submarine geological hazards in the Chengdao area are divided into four types: low risk, relatively low risk, relatively high risk, and high risk. The results show that the areas with a high geological hazard risk in this region are mainly distributed in the areas with water depths of 9–12 m, where the hydrodynamic effect is strong, with many human engineering activities, and seriously suffered from geologic hazards. The study results can provide scientific basis for engineering construction and hazard prevention in the Chengdao area.
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1 Introduction

With the development of marine resources and marine engineering construction, the risk assessment of marine geological hazards is particularly important (Chen et al., 2020; Liu et al., 2023). Marine geological hazard risk zonation is the basis of regional marine geological hazard risk assessment, which can provide a scientific basis for marine development planning, engineering construction, and comprehensive management (Souza and Suguio, 2003). The geological hazards in the Yellow River Delta region have been a hot spot in marine engineering geology research in recent years. In the past few decades, due to the diversion of the Yellow River Estuary and the sharp drop in runoff, the sediment source has tended to be cut off. Under the action of external loads such as waves, currents, and storm surges, the seabed in the abandoned Laohekou area (Chengdao area) has suffered severe erosion and various geological disasters have developed. All types of geological disasters are closely related to the development and utilization of resources and engineering protection in the waters in the Chengdao area, and they seriously threaten the safety of oil platforms and submarine cables and  pipelines (Guo et al., 2023). For example, in 2003, the seabed sediment near oil production platform CB12B in the Chengdao area was liquefied and disturbed by ocean dynamics, which caused the breakdown of two submarine cables (Xu et al., 2009). In 2010, a capsizing accident occurred on the Shengli Operation No. 3 workover platform near the CB22C well group platform in the Chengdao Oilfield, resulting in the death of two people and a direct economic loss of 5.92 million yuan (Du, 2013). In 2019, typhoon Lekima caused a great deal of damage to coastal seawalls and roads. Therefore, the risk zonation of submarine geological hazards in this area is very important.

Since the relationships between various factors affecting the occurrence of and damage caused by geological disasters are extremely complex, and the quantification of each factor is also relatively difficult, in geological disaster risk assessment, the key to the accuracy and scientificity of the evaluation results is the selection of evaluation indicators and the rationality of the weight determination (Zhang et al., 2015; Gamboa et al., 2021).

At present, the weight determination methods can be mainly divided into two categories: subjective weighting methods and objective weighting methods. The more common evaluation models mainly include the fuzzy comprehensive evaluation method, analytic hierarchy process (AHP), gray clustering method, artificial neural network method, comprehensive index method, and multivariate statistical method (Sun et al., 2012). The AHP is a qualitative and quantitative multi-objective decision analysis method, and it is suitable for situations where the target structure is complex and the necessary data are lacking. It can organize various factors in complex problems in a certain interrelated orderly level and can provide a comparable quantitative basis for analysis, decision-making, prediction, or development control (Subedi et al., 2019; Hu et al., 2021; Wei et al., 2021). Therefore, based on the AHP, in this paper, an evaluation index hierarchy model is established and weight calculations are conducted to make the zonation results more scientific and accurate.

The Yellow River Delta is formed by the deposition of sediment transported by the Yellow River into the sea. It contains a national wetland type nature reserve, the Yellow River Delta Wetland, and the second largest oil industry base in the country, the Shengli Oilfield. A large number of offshore oil and gas development projects and ecological protection projects in the Chengdao area are threatened by natural disasters. With the gradual strengthening of the exploration and development of seabed resources and the construction of marine engineering facilities, more and more attention has been paid to research on the geological hazards in this region. Since the 1990s, some research has been conducted on the zonation of marine engineering geological hazards (Liu et al., 2000; Du et al., 2008). However, relatively few studies have been conducted on the risk zonation of the geological hazards in the Chengdao area, and there is still a lack of overall analysis and evaluation. Based on a large amount of investigation work conducted during the National Special Project for Marine Public Welfare Industry “Research on Key Technologies for Prediction, Evaluation, Prevention, and Control of Offshore Submarine Geological Hazards,” in this study, the Chengdao area, which is located on the edge of the underwater delta of the Yellow River, was selected as a typical geological disaster research area. We have collected the research results over the years and the historical data and analysis results related to marine engineering development, and we comprehensively analyzed the 1) marine hydrometeorological environmental conditions and hydrodynamic characteristics, 2) seabed topography, 3) soil layer structure, 4) soil engineering geological characteristics, and 5) types and distribution of geological hazards and other marine engineering geological environment data. Based on the AHP, our research on geological hazard risk zonation not only provides a scientific basis for geological environmental protection, geological disaster prevention, and engineering development activities in the Chengdao area, but it also provides a reference for the development of large-scale sea area geological hazard risk zonation research and development.




2 Geological hazards in the Chengdao area

The Chengdao area is located in the shallow sea area, with a water depth of about 0~18m, on the northern margin of the Yellow River Delta and the south coast of Bohai Bay (Figure 1), and it is the core area for offshore oil development in the Shengli Oilfield. Since it was officially put into development in 1993, more than 100 platforms of various types have been built and connected to each other through submarine cables and pipelines, forming a development system for submarine oil transportation, gas transportation, water injection, power transmission, and mixed oil and gas transportation to shore.




Figure 1 | Map of the Yellow River delta, China, with the Chengdao study area marked by a res rectangle.



The surface sediments in the Chengdao area are mainly composed of two sub-deltas formed during the Shenxiangou flow path from 1953 to 1964 and the Diaokou flow path from 1964 to 19769 (Xue, 1993). After the Yellow River was diverted from Qingshuigou to the sea in 1976, the area experienced a rapid erosion stage from 1976 to 1986, a slow erosion stage from 1986 to 1996, and an erosion-silting adjustment stage dominated by erosion after 1996 (Li et al., 2000). With the exception of the current estuaries, which are slowly subsiding outwards, almost all other coasts are in a state of erosion (Chu et al., 2006). The maximum erosion rate of the seabed in this area was 61 cm/a during the periods (Li et al., 2000). According to previous research results, the surface sediments in the Chengdao Oilfield area are dominated by silt that is prone to liquefaction damage. Due to the distribution of a large amount of loose silt soil with a high water content on the seabed in this area, various types of geological disasters are prone to occur (Prior et al., 1986; Liu et al., 2017; Zhang et al., 2020).

The geological hazards in the Chengdao area are widely developed and of complex and diverse types, including sediment liquefaction, silt flow, subsidence, erosion, and deposition, and their mechanism is mainly induced by marine dynamics (Wang and Liu, 2016; Wang et al., 2018). Most of the above-mentioned geological disasters are manifested as disturbed strata in the shallow stratum section (shown as Figure 2B) (Sun et al., 2008). The combination structure of sediment particles after instability is broken, recombined, and rearranged under the action of the wave reciprocating load, and the original bedding structure of the macroscopic seabed is disturbed. Moreover, the seepage of the pore water inside the sediment carries the fine sediment particles out of the soil skeleton, and the movement of the soil particles caused by this action also disturbs the original bedding structure of the seabed (Wang et al., 2020).




Figure 2 | (A) Distribution map of disturbed seabed soil in the research area of the Chengdao Oilfield. (B) Profile map of soil disturbed in the shallow strata.



According to the obtained high-resolution shallow strata section data, the distribution range of the submarine disturbed seabed in the key research area of the Chengdao Oilfield was delineated (shown as Figure 2A). The disturbed seabed in the study area was mainly distributed between the 5 m isobath and the 13 m isobath. Most of the disturbance areas were spindle-shaped, and the size of the disturbance area was complex and changeable, ranging from a small area (tens of square meters) to a maximum area of 1.8 km2. Their major axis was roughly in the direction of northwest to southeast.




3 Geological hazard risk zonation index system



3.1 Selection of evaluation factors

Earthquakes are a key factor in marine geological hazards. According to previous studies, the causative mechanism of geological hazards in the Yellow River Delta is mostly induced by hydrodynamics (Wang and Liu, 2016; Wang et al., 2018). Compared with storm surges and other marine dynamics, earthquakes occur less frequently (Liu et al., 2022), so they were not considered in this study. In this study, geological hazard risk zonation of the Chengdao area in the underwater delta of the Yellow River was carried out, focusing on the geological hazards caused by hydrodynamics, and the relevant evaluation factors were selected accordingly. Following the principles of combining scientificity with practicality, combination of quantitative research and combination of versatility and operability, and thus, an evaluation system consisting of three layers was designed. Layer A is the target layer, and the goal is to realize the geological hazard risk zonation for the entire study area. Layer B is the criterion layer, which is divided into four themes: the oceanic hydrodynamic conditions (B1), engineering geological environment (B2), disaster geological conditions (B3), and human engineering activities (B4). Layer C is the factor layer. In this evaluation, a total of eight detailed indicators for quantifiable evaluation were determined. The evaluation factor hierarchy is shown in Figure 3.




Figure 3 | The analytical hierarchy model for evaluation index system of geological hazards regionalization in the Chengdao area.



The index data for each evaluation factor used in this study were obtained from a large amount of investigation work conducted during the National Special Project for Marine Public Welfare Industry “Research on Key Technologies for Prediction, Evaluation, Prevention, and Control of Offshore Submarine Geological Hazards.” Under dynamic seawater conditions, the scour–silting state, wave height of a 50-year return period, and bottom current maximum velocity data were collected from changes in sea water depth data and hydrodynamic observation station data. The seabed soil strength and terrain slope in the engineering geological environment were obtained from drilling data and water depth data for the sea area. The data sources of the soil liquefaction degree and developed geological hazards under geological disaster conditions were numerical calculations based on wave height data and borehole sampling geotechnical test analysis data, as well as data from geological hazard investigations. Human engineering activities mainly included the existing platforms and pipelines in the sea area. The borehole data included data for 42 boreholes, covering two categories of liquefied silt and unliquefied silt. The drillhole locations are shown in Figure 4.




Figure 4 | Locations of drills in the Chengdao area.






3.2 Quantitative grading of evaluation indicators

The assessment indicators for submarine geological hazard risk zonation in the Chengdao area were divided into quantitative indicators and qualitative indicators. The quantitative indicators were obtained from survey data statistics or calculations, and the qualitative indicators were obtained from qualitative analysis of the survey data. The quantification and grading process of each evaluation index is described in detail below.



3.2.1 Oceanic hydrodynamic conditions



3.2.1.1 Wave height of a 50-year return period

The hydrodynamic conditions mainly consider the significant wave height and the maximum flow velocity. Combined with the service life of the engineering facilities, the significant wave height with a return period of 50 years is selected as the grading index. The Simulating WAves Nearshore (SWAN) model (Booij et al., 1999) has been selected for application in this case given that it is successfully applied (internationally) by numerous users for the offshore and shallow waters of different seas (Akpınar et al., 2012). The grading standard is as follows: 0–0.5 m (slight waves, small waves); 0.5–2.5 m (light waves, medium waves); 2.5–4 m (big waves); and >4 m (huge waves).




3.2.1.2 Bottom flow maximum velocity

According to numerical simulation results, the maximum flow velocity at the bottom of the Chengdao area is divided into four levels based on the flow velocity values. The specific flow rate classification standards are as follows: 0–0.5 m/s; 0.5–1 m/s; 1–1.5 m/s; and >1.5 m/s.





3.2.2 Engineering geological environment



2.2.2.1 Seabed soil strength

The strength of the seabed soil is mainly divided according to its bearing capacity, which is obtained through a large number of drilling and geotechnical testing data. The classification standards are as follows:<50 kPa; 50–80 kPa; 80–110 kPa; and >110 kPa.




3.2.2.2 Terrain slope

The terrain slope is mainly obtained based on water depth data, and the specific classification standards are as follows:<1/2000, 1/2000–1/1000, 1/1000–1/500, and >1/500.





3.2.3 Geological disaster conditions



3.2.3.1 Liquefaction degree of soil

The liquefaction of the seabed soil is mainly determined by the soil parameters and hydrodynamic parameters. At present, the commonly used liquefaction criterion methods mainly include shear force criterion (comparing the anti-liquefaction shear stress strength of soil with the cyclic shear stress caused by waves) and excess pore pressure criterion (liquefaction will occur when the cumulative excess pore pressure generated by wave load is greater than the effective stress of overlying soil). We used the above two liquefaction criterion methods to calculate the liquefaction depth under the action of 50-year return period waves and classify the soil liquefaction degree accordingly. Generally, cohesive soils do not liquefy, so the division of easily liquefied soils is limited to silt and sandy soils. The grading standard is based on the liquefaction limit depth of the seabed soil calculated under the action of waves with a 50-year return period. According to the liquefaction depth, the degree of liquefaction of the soil is divided into four grades. The specific classification standards are as follows: 0–0.5 m (difficult to liquefy); 0.5–1 m (slightly liquefied); 1–1.5 m (moderately liquefied); and 1.5–2 m (severely liquefied).




2.2.3.2 Developed geological hazards

According to the field survey and collected data, the geological hazards in the study area are identified and classified, and the grades are manually classified based on the density of the geological hazards in the study area. Taking liquefaction disturbance as the main geological hazard, features such as silt flow and subsidence pits are superimposed to determine the distribution of the geological hazards in the study area, and the areas with multiple types of geological hazards are classified as severe disaster areas. The specific grading standards are as follows: no obvious disasters, slight disasters, moderate disasters, and severe disasters.




3.2.3.3 Scouring and deposition status

The evaluation indicators of the scouring and deposition status are classified according to the annual average erosion or deposition volume and are obtained through comparison of multiple water depth surveys. The specific classification standards are as follows:<−0.1 m or >0.1 m (severe scouring or deposition); −0.1–−0.05 m or 0.05–0.1 m (moderate scouring or deposition); −0.05–−0.02 m or 0.02–0.05 m (slight scouring or deposition); and −0.02–0.02 m (dynamic balance).




3.2.3.4 Human engineering activities

Human engineering activities are mainly divided into the core area, buffer zone, potential impact area, and non-influence area according to the occurrence of strong, medium, weak, and no marine engineering development activities. The core area mainly includes engineering structures such as platforms, docks, and breakwaters, as well as various types of sea areas that have been used for breeding, reclamation, and marine protection areas. The impact of changes in natural environmental conditions on the core area is the most important thing to pay attention to. Disasters caused by changes in the marine environment may have a serious impact on the human engineering activity area. On the contrary, marine engineering structures also contribute to the occurrence of geological disasters such as seabed erosion, soil liquefaction. The scope of the core area is comprehensively delineated according to the various types and modes of sea use in the Maritime Survey Specifications, and the actual project area is extended outward by 20–100 m. The buffer zone is defined as an area within a certain range outside the core area, which can play a buffering role in the actual engineering area after natural geological disasters occur. It is stipulated that the expansion of the core area by 500 m is the buffer zone. Under normal circumstances, geological disasters that occur farther than 500 m from the center of the existing engineering impact area have little impact on the human engineering area, but severe geological disasters can still affect engineering facilities, so it is stipulated that the potential impact area is 1 km outside the buffer zone. The boundary of the potential impact area is more than 1.5 km from the actual engineering facility boundary. In general, it is difficult for geological hazards formed 1.5 km away to affect engineering facilities, so the rest of the area is the no impact area.






3.3 Assignment of evaluation indicators

The determination of the evaluation index is conducted from the judgment matrix constructed in the AHP. The relative importance of each factor at the same level to the criteria of the previous level is compared in pairs, and the scale value is determined through repeated expert consultation and feedback to complete the construction of the judgment matrix. First, the judgment matrix of level B is established according to the target, and the weight is calculated. Second, the judgment matrix of level C is established and the weight is calculated. Finally, the weight of each evaluation factor contributing to the total target can be calculated by combining all of the judgment matrices.

The consistency test is carried out to determine whether the obtained weight is reasonable using the test formula ,  (Saaty, 1988; Saaty, 2003), where CR is the consistency index, CI is the consistency ratio, RI is the average random consistency index, max is the largest characteristic root, and n is the order of the matrix. If CR<0.1, the consistency test is passed, and the weight obtained is reasonable. The comprehensive weight of each evaluation index is listed in Table 1.


Table 1 | The evaluation index and weight for geological hazards regionalization in the Chengdao area.







4 Geological hazard zonation



4.1 Single-factor evaluation and zonation results



4.1.1 Zonation based on the wave height of a 50-year return period in the Chengdao area

The wave heights of a 50-year return period in the Chengdao area are divided into four levels according to their size (Figure 5). The wave heights in the northern part of the sea area are relatively high, and the wave heights gradually decrease as the water depth decreases in the near-shore direction. The wave height contour line is consistent with the shoreline and isobath. The first demarcation line is between the 6–9 m water depth contours, and the northern sea area is the area where the wave height is greater than 4 m. The wave height in the second area is 2.5–4 m. This area is located near platforms L163, ZX163, and ZH104. The third area has a wave height of a 50-year return period of less than 2.5 m and is located within about 2 km of the shore. The area with a wave height of a 50-year return period of less than 0.5 m is extremely small and is not shown in the figure.




Figure 5 | Grading evaluation of the wave height of a 50-year return period in the Chengdao area.






4.1.2 Zonation based on the maximum bottom velocity in the Chengdao area

The maximum flow velocity at the bottom of the Chengdao area is divided into four grades according to the flow velocity (Figure 6). Bounded by the vicinity of platforms CB11C, CB12, CB701, CB158, and ZH103, the northern part is the area where the maximum bottom flow velocity is greater than 1.5 m/s. Affected by the coastline, the current boundary line is roughly parallel to the coastline. The sea area south of the boundary line is basically at the 1–1.5 m/s level, and only a small part of the near-shore area is at the 0.5–1 m/s level.




Figure 6 | Grading evaluation of the bottom maximum flow velocity in the Chengdao area.






4.1.3 Zonation based on the surface soil bearing capacity in the Chengdao area

The bearing capacity is divided into four levels according to the size of the value (Figure 7). The bearing capacity is mainly related to the type of seabed sediments and the transformation by the wave dynamics. The area with a bearing capacity of less than 50 kPa in the study sea area is located at the northeast end where the water depth is greater than 15 m, and the main sediment type in this area is silty clay. Extending from this area, the bearing capacity of some of the areas between the 12 m and 15 m water depth isobaths is 50–80 kPa. The type of seabed sediments in this area is also silty clay, but the sediment type gradually transitions to silt as the water depth decreases. As the water depth decreases further, the remaining part is mainly the area with a bearing capacity of greater than 80 kPa. Among them, the vicinity of platforms CB4E, CB29, and CB243 and other platforms and the areas surrounding platforms CB5 and CB154 are the areas with a bearing capacity of greater than 110 kPa. In addition, the main part of the entire offshore oil production area, which extends toward the northwest to the boundary, is an area with a bearing capacity of greater than 110 kPa. The seabed sediments in this area are mainly silt, and in some places, they are silt sand, which has a high bearing capacity.




Figure 7 | Grading evaluation of the bearing capacity of shallow soil in the Chengdao area.






4.1.4 Zonation based on the terrain slope in the Chengdao area

The terrain in the study area is relatively flat, and most of the area is within the 1/1000–1/500 level (Figure 8). In the area with greater water depths in the northeast, the slope is smaller, and the long axis of the shape of the area is parallel to the isobath. In the study area, there are two strips with large slopes, which are located near the 6 m water depth isobath and the 12 m isobath and are oriented parallel to the isobaths. The gradient changes are most obvious near these two strips, and the internal slope is greater than 1/1000. In the area with a slope of greater than 1/1000, some areas have a slope of greater than 1/500, indicating that the hydrodynamic effect is relatively strong in these areas, causing large fluctuations in the seabed topography.




Figure 8 | Grading evaluation of the terrain slope in the Chengdao area.






4.1.5 Zonation based on the soil liquefaction degree in the Chengdao area

The seabed sediments in the underwater delta of the Yellow River are mainly silt, which liquefies under strong hydrodynamic forces. According to the liquefaction limit depth of the seabed soil calculated under the action of waves of a 50-year return period, the liquefaction degree of the soil in the study area is divided into four levels (Figure 9). In the severe liquefaction areas, the sediment is silt that is prone to liquefaction, and the hydrodynamic effect is relatively strong. The actual data show that severe liquefaction has occurred in this area. In the moderate liquefaction areas, liquefaction is also more likely to occur, but the degree of liquefaction is smaller than that in the severe liquefaction areas. These areas are mainly distributed in the current estuary area. The degree of liquefaction in the slight liquefaction area is smaller, and liquefaction may occur, but the performance is not obvious. In the difficult to liquefy areas, the seabed sediments are not within the liquefiable range, are usually clay sediments or medium-sand and above coarse-grained sediments, and generally do not liquefy.




Figure 9 | Grading evaluation of the liquefaction degree of soil in the Chengdao area.



The northeastern and southwestern parts of the study area are not easily liquefied. When the water depth is greater than 15 m, it is difficult for the wave conditions in this study area to generate sufficient cyclic loads on the seabed to make it liquefy. When the water depth is less than 5 m, the wave breaks and the wave energy gradually decreases, making it difficult to liquefy the sediment. The slight liquefaction area is roughly located between the 5–6 m and 13–15 m isobaths, and the strike has a strong correlation with the water depth line. This area is located in the transition area between the easy to liquefy area and the difficult to liquefy area, so it belongs to the slight liquefaction area. The sediment type in the medium liquefaction area is mainly silt that is easy to liquefy, and the wave conditions in this area are sufficient to generate large cyclic loads that can cause liquefaction. However, affected by the thickness of the liquefiable sediments on the seafloor surface, the maximum liquefaction depth is limited to the surface thickness. Therefore, the severe liquefaction zone only exists in two regions, which have thicker liquefiable surface silt layers.




4.1.6 Zonation based on the developed geological hazards in the Chengdao area

The liquefaction process of the silt seabed caused by the hydrodynamic action in the Chengdao area can form obvious disturbed strata, which can even further develop into geological disasters such as silt flows and subsidence pits. Based on the distribution of the developed liquefied disturbed formations, silt flows and subsidence were observed during the survey. The distribution of the developed geological hazards in the Chengdao area is shown in Figure 10. When carrying out engineering construction in disaster areas, it is necessary to conduct detailed geophysical prospecting and drilling surveys to understand the possibility of potential geological disasters and their impacts.




Figure 10 | Grading evaluation of the developed geological hazards in the Chengdao area.



Affected by the liquefaction zone, the severe liquefaction areas are mainly distributed in the positions where the oil production platforms are widely distributed and the water depth is 9–12 m. The long axis of this area is parallel to the water depth isobath. The moderate liquefaction area is located on the periphery of the severe liquefaction area, between the 6–14 m water depth isobaths. The slight liquefaction area is located in the area with water depths of between 3 and 15 m, which extends from northwest to southeast.




4.1.7 Zonation based on the annual mean scouring and deposition in the Chengdao area

The average annual scouring and deposition in most of the Chengdao area is in a moderate even severe state (Figure 11), which is mainly distributed in shallow sea area with water depth less than 15m. The severe affected area extends from northwest to southeast until it intersects with the shoreline and is larger in the southeast of the study area. The sea area with water depth greater than 15m is basically in a state of dynamic balance.




Figure 11 | Grading evaluation of average annual scouring and silting amount in the Chengdao area.






4.1.8 Zonation based on the project development impact in the Chengdao area

The Chengdao area is the main area of the Shengli Offshore Oilfield, and there are many oil production platforms and submarine umbilical cables in this area. The project development impact areas are divided into four categories: the core area, buffer area, potential impact area, and unaffected area. It can be seen from Figure 12 that the core area is closely surrounded by engineering structures and is mainly distributed in the western part of the study area as a band-shaped area perpendicular to the shoreline. The buffer area and the potential impact area extend outward in turn, and the rest of the area is the unaffected area. In general, due to the influence of the widely distributed engineering facilities in this region, the project influence areas occupy a significant portion of the region.




Figure 12 | Grading evaluation of the engineering effects area in the Chengdao area.







4.2 Comprehensive geological hazard risk zonation results

The comprehensive risk zonation map of geological hazards in the Chengdao area is shown in Figure 13. The distribution is roughly parallel to the isobaths. The geological hazard risk can be divided into four levels: low risk, relatively low risk, relatively high risk, and high risk. The low-risk areas are mainly distributed above the 3 m water depth contour at the southwest end of the study area. The water depth at this location is shallow, the seabed sediment type is silt, the bearing capacity is relatively high, the hydrodynamic effect is relatively weak, and there are few areas where geological hazards and human engineering activities have developed. Therefore, this area is a stable area that is not prone to geological disasters. The relatively low-risk areas are mainly distributed in water depths of between 3–6 m and 13–15 m and in the southeast end of the study area, and these areas are distributed in a circular shape as a whole. Compared with the low-risk area, the water depth, terrain slope, human activities, degree of easy liquefaction, and degree of geological hazard development are all greater. Therefore, the degree of the occurrence of geological disasters is greater, but not to the extent that these areas are prone to occur. The relatively high-risk areas are mainly distributed in water depths of 6–9 m, 12–13 m, and >15 m. Compared with the relatively stable areas, the hydrodynamic conditions, human engineering activities, and developed geological disasters in this area continue to strengthen, so the occurrence of geological disasters continues to increase. In addition, since the bottom sediment type in the area with water depths of >15 m gradually transitions from silt to silty clay, the bearing capacity of the foundation is very small, so this is also a relatively high-risk area. The area with water depths of 9–12 m is a high-risk area, in which the hydrodynamic effects are strong, human engineering activities are more numerous, and geological hazards have seriously developed.




Figure 13 | The geological hazard assessment zoning map of the Chengdao area.







5 Conclusions

Based on a large amount of geological hazard survey data in the Chengdao area of the Yellow River subaqueous delta, geohazard zonation research was carried out through the AHP, and a geological hazard zonation index system consisting of four criterion layers and eight factor layers was established. Each evaluation index was quantified and graded. The main conclusions of this study are as follows. The AHP was used to assign different weights to each index in order to analyze the results of the marine geological hazard risk zonation. The results show that the areas with a high geological hazard risk in the Chengdao area are mainly distributed in the areas with water depths of 9–12 m. In these areas, the hydrodynamic effect is strong, with many human engineering activities, and the developed geological hazards are serious. Under the action of the hydrodynamic conditions, geological disasters such as liquefaction and erosion have relatively strong impacts. The results of this study can provide a scientific basis for geological environmental protection, geological disaster prevention, and marine engineering development activities in the Chengdao area.
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Gas hydrates possess significant potential as an energy resource and exert a notable influence on global climate change. The Shenhu Area is one of the globally recognized focal points for gas hydrate research, and additional investigation is required to fully comprehend its gas migration mechanism. By utilizing the most recent core-log-seismic data and gas geochemical data, a comprehensive analysis was conducted to determine the influence of gas migration pathways on gas hydrate accumulation in the study area. This study investigated the various types of gas migration pathways, employing integrated geological models that incorporate faults and gas chimneys to understand their respective contributions to the accumulation of gas hydrates. Based on these findings and drilling constraints, a three-gas combined production model was subsequently proposed. Thermogenic gas, secondary microbial gas, and in situ microbial gas are all potential sources of the gas responsible for hydrate formation. Thermogenic gas plays a significant role in the gas hydrate system, as evidenced by distinct features of late-mature thermogenic gas observed in gas samples extracted from hydrates in Well W18. In the study area, the primary conduits for gas migration encompass deep faults, branch faults, and gas chimneys. Among these, deep faults act as the most crucial pathways of thermogenic gas migration. The integration of geological models that incorporating deep faults and gas chimneys has profoundly impacted the accumulation of gas hydrates in the Shenhu Area, consequently influencing the distribution of shallow gas and gas hydrate. Furthermore, the proposed three-gas combined production model, which involves the simultaneous extraction of deep gas reservoirs, shallow gas reservoirs, and gas hydrates, holds significant implications for exploring and developing deep-water natural gas resources. However, its successful implementation necessitates interdisciplinary collaboration among scientists.
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1 Introduction

Gas hydrates are solid compounds with cage structures, which have attracted worldwide attention due to their huge energy resource potential (Kvenvolden, 1993; Dickens et al., 1995; Sloan, 2003; Milkov, 2004; Solomon et al., 2007). Scientists estimate that the global reserves of gas hydrate resources are approximately 3×103 trillion cubic meters of methane (Boswell and Collett, 2011). These vast reserves hold immense potential as a viable alternative energy source for humanity in the coming years. In recent decades, several nations, including Russia, Canada, the United States, Japan, and China, have conducted production tests on gas hydrates (Makogon et al., 2007; Beaudoin et al., 2014; Chong et al., 2016; You et al., 2019; Ouchi et al., 2021; Yu et al., 2021). These production tests signify substantial progress toward the commercial utilization and extraction of this valuable resource.

The formation and accumulation of gas hydrates are influenced by a multitude of factors, encompassing the origin and migration of gas, the characteristics of reservoirs, as well as pressure and temperature conditions (Collett et al., 2009). Extensive research has demonstrated that the formation of hydrates necessitates the ingress of gas with a high flux into the gas hydrate stability zone (GHSZ), which cannot be largely fulfilled by in situ microbial gas (Kuang et al., 2018; Lai et al., 2023). Consequently, the importance of deep thermogenic gas as a crucial gas source for gas hydrate accumulation becomes apparent. Additionally, the study of gas migration pathways has emerged as an essential aspect of gas hydrate systems, obtaining considerable attention from researchers (Davies et al., 2014; Fu et al., 2020; Santra et al., 2022). Gas hydrates are predominantly found on continental margins across the globe. In marine environments, the accumulation of gas hydrates is intricately associated with faults, acting as vital conduits for the migration of deep thermogenic gas into the GHSZ (Milkov and Sassen, 2002; Hui et al., 2016). Moreover, the pathways for gas migration include both vertical transport conduits, such as gas chimneys and mud diapirs, and lateral migration pathways, such as high-permeability sand layers (Fraser et al., 2016; Hillman et al., 2017; Su et al., 2017; Ren et al., 2022; Slowey et al., 2022; Zhang et al., 2023). These pathways are essential components that should not be overlooked or disregarded.

The Shenhu Area in the South China Sea stands out as a prominent hotspot for gas hydrate research worldwide (Figure 1A). Notably, two rounds of successful production tests have already been conducted in this region (Li et al., 2018; Qin et al., 2020; Ye et al., 2020; Qin et al., 2022). A series of drilling expeditions in the Shenhu Area has led to notable breakthroughs in understanding the gas hydrate accumulation mechanism. These endeavors have contributed to significant advancements in research within the region. The formation of hydrates has been found to be significantly influenced by deep thermogenic gas (Zhang et al., 2017; Wang et al., 2021; Lai et al., 2022; Liang et al., 2022). Therefore, the transportation of deep thermogenic gas to shallow strata has come out as a topic of scholarly interest. Seismic data analysis revealed that gas chimneys and mud diapirs are the primary conduits for vertical gas migration. Additionally, polygonal faults have been identified as another contributing factor in the process (Chen et al., 2013; Liang et al., 2017; Su et al., 2017). Due to the earlier acquisition time of seismic data, deep reflections could be more explicit, and a large number of fuzzy zones on seismic profiles can be observed. In order to further enhance the understanding of gas hydrates in the Shenhu Area, the Guangzhou Marine Geological Survey (GMGS) undertook the acquisition of high-resolution 3D seismic data in 2018. Cheng et al. (2020) described the characteristics of various types of gas chimneys. Their proposal suggests that gas chimneys, originating from the Paleogene and terminating in the Quaternary, play a pivotal role in facilitating the accumulation of gas hydrates. Zhang et al. (2023) proposed that the large sediment thickness at the ridge of the canyons led to gas chimney formation. Additionally, deep faults serve as crucial conduits for the vertical migration of thermogenic gas (Jin et al., 2020; Wang et al., 2021). Nevertheless, the significance of faults, particularly their relationship with gas chimneys, needs to be more frequently discussed in the gas hydrate accumulation process.




Figure 1 | (A) Location of the Shenhu Area. (B) Multi-beam map of the seafloor and the locations of deep-water drillings in the study area (modified from Yang et al. (2015); Cheng et al. (2020); Zhang et al. (2020), and Zhu et al. (2021)). (C) Comprehensive stratigraphic column of the Pearl River Mouth Basin (modified from Shi et al. (2014); He et al. (2017), and Lei et al. (2021)).



In 2020, the GMGS carried out a reprocessing of seismic data, leading to enhanced visualization of deep faults. In this study, the up-to-date core-log-seismic data and gas geochemical data were employed to comprehensively explore and analyze the role of faults in the gas migration process. The study also investigated their contribution to gas hydrate accumulation alongside gas chimneys. We characterized the gas hydrate occurrence of seven drillings and the coupled geological models of faults and gas chimneys under the constraints of these drillings. Subsequently, we elucidated various gas migration pathways, including deep faults, branch faults, and gas chimneys. Combined with gas geochemical data, we found evidence that deep thermogenic gas is an essential gas hydrate source. Then, this paper clarified the contribution of different geological models to gas hydrate accumulation. Finally, a three-gas combined production model of deep natural gas reservoirs, shallow gas reservoirs, and gas hydrates was proposed to promote the exploration and development of offshore oil and gas resources.




2 Geological setting

The Shenhu Area can be found in the northern region of the South China Sea, and it is structurally situated within the Baiyun Sag of the Pearl River Mouth Basin (Figures 1A, C). It is worth noting that the significant LW3-1 gas field was successfully discovered within this area. In the northern South China Sea, the Pearl River Mouth Basin encompasses a vast expanse and holds the distinction of being the largest petroleum-rich basin (Zhu et al., 2009; He et al., 2017; Zhang et al., 2021b). Over the course of the Cenozoic era, the basin has experienced numerous instances of tectonic activity, leading to the emergence of a diverse range of faults, diapirs, and gas chimneys (Figure 1B) (Sun et al., 2008; Shi et al., 2014; Pang et al., 2018; Sun et al., 2019). The presence of these geological features has fostered favorable conditions for the flow of fluids. The predominant sedimentary deposits within the basin are characterized by the lacustrine facies of the Wenchang and Enping Formations. These formations are widely acknowledged as the key hydrocarbon source rocks within the region. The transitional facies of the Zhuhai Formation may also serve as source rocks. The basin comprises diverse facies, ranging from littoral to bathyal and abyssal environments. These facies include the Zhujiang, Hanjiang, Yuehai, and Wanshan Formations, alongside the Quaternary strata (Mi et al., 2018; Zhang et al., 2021a). The sediment thickness of the Cenozoic strata in the Baiyun Sag can reach about 8 km, showing good hydrocarbon generation conditions (Zhu et al., 2021).

The study area is characterized by water depths ranging from 500 to 1700 m (Figures 1A, C). Furthermore, it holds the distinction of being the pioneering pilot test area for the exploration and exploitation of gas hydrates in the South China Sea, and production tests were successfully carried out in 2017 and 2020. The evidence of favorable conditions for gas hydrate accumulation in this area is compelling. Furthermore, it is noteworthy that the LW3-1 gas field is situated within a proximity of less than 10 km from the study area. The close proximity of the area strongly indicates the existence of substantial thermogenic gas reserves in deep formations, thus presenting a promising potential as a viable source for gas hydrate accumulation (Figure 1C) (Zhu et al., 2009).




3 Data and methods



3.1 Core-log-seismic data

The research employed 3D seismic data predominantly collected in 2018, covering an estimated expanse of 800 km2. In 2020, the GMGS undertook data reprocessing, with a particular focus on deep reflection structures. The specific parameters of the seismic data and the processing procedures can be found in Cheng et al. (2020). Based on the seismic data and previous research, the sequence stratigraphic framework was established (Shi et al., 2014; He et al., 2017). In addition, Geoframe® software was used to extract seismic attributes like coherence slices, and then characterize the planform distribution of faults and gas chimneys.

In 2007, 2015, and 2018, logging data from seven wells, namely SH5, W22, W17, W07, W18, SH2, and W11, were obtained and processed by Schlumberger® (Figure 1C). The logging techniques employed included GR logging, RES logging, Vp logging, density (DEN) logging, and resistivity imaging (RES_BD_IMG) logging. These methodologies mainly aimed to detect gas hydrates and free gas, as illustrated in Figure 2 (Collett et al., 2019; Cook et al., 2023). However, due to the limited coring wells, a small number of cores were obtained from Well W17, and a comprehensive observation and description of each segmented core was conducted.




Figure 2 | Gas hydrate occurrences in different wells. (A) Well logging data of Well SH5. (B) Well logging data and interpretations of Well W22. (C) Cores, well logging data, and interpretations of Well W17. (D) Well logging data and interpretations of Well W07. (E) Well logging data and interpretations of Well W18. (F) Well logging data and interpretations of Well SH2. (G) Well logging data and interpretations of Well W11.






3.2 Gas geochemical data

Although well logs at seven wells were acquired, only some wells were tested for gas geochemistry (Table 1). Among them, hydrate gas samples of Wells W17, W18, and W11 were obtained (Zhang et al., 2019), hydrate gas samples of SC-1, SC-2, SC-W01B, SC-W01C, SC-W02B, SC-W03B, SC-2017, SC-2020, and samples from the LW3-1 natural gas reservoirs were also used for comparisons (Lai et al., 2022; Liang et al., 2022). Gas geochemical data mainly include methane carbon isotope composition (δ13C-C1), the ratio of methane to the sum of ethane and propane (R=C1/(C2+C3)), and methane hydrogen isotope composition (δ2H-C1), which are all used to identify the source of gas (Milkov and Etiope, 2018).


Table 1 | Gas geochemical data used in this study.






3.3 History of fault activity

Based on the high-resolution seismic data, this work selected a few typical faults to analyze their activity history, which mainly includes the sedimentary thickness of the hanging wall and footwall of faults in each sedimentary period, fault expansion index, and fault activity rate (Jackson and Rotevatn, 2013; Zhao et al., 2016). The sedimentary thickness was first measured by the two-way travel time (TWT) and then converted into depth according to the time-depth transformation formula (Zhou et al., 2009). The expansion index is the ratio of the sedimentary thickness of the hanging wall of the fault to the sedimentary thickness of the footwall, which is used to indicate whether the fault is active. The fault activity rate is the difference in sedimentary thickness between the hanging wall and the footwall during a certain sedimentary period.





4 Results



4.1 Gas hydrate occurrence

Only logging data, including the GR curve, RES curve, and Vp curve, were obtained at Well SH5 (Figure 2A). Among them, the RES curve value exhibits minor variation, and no evident presence of gas hydrates or free gas was observed (Supplementary Data Sheet 1).

The geographical location of Well W22 is situated on the eastern side of Well SH5 (Figure 1C). At approximately 186.1 to 190 mbsf, there is an observed increase in the values of both the RES curve and Vp curve, accompanied by the highlighting of the RES_BD_IMG (Figure 2B). Taken together, these observations strongly indicate the gas hydrate occurrences (Supplementary Data Sheet 1).

The values of the RES curve and Vp curve increase sharply between ~210 mbsf to ~260 mbsf of Well W17, and the RES_BD_IMG also show highlighted features, demonstrating the gas hydrate occurrences (Figure 2C). The honeycomb structures formed by gas hydrate dissociation are also visible on cores. The gas hydrate layer exhibits an effective thickness of approximately 43.1 m, with an average gas hydrate saturation of approximately 19.4% (Supplementary Data Sheet 1). Beneath the gas hydrate layer, there is a noticeable increase in the RES curve value, indicating the presence of a free gas layer. However, the Vp value decreases within this layer.

Well W07 is situated on the ridge of the canyon in the northern region of the study area (Figure 1C). Around 150 mbsf, the RES curve and Vp curve values increase. At the same time, the DEN decreases, and the RES_BD_IMG highlight, showing a gas hydrate layer (Figure 2D). Additionally, beneath the hydrate layer, there exists a free gas layer where both the RES and Vp curve values experience a decline (Supplementary Data Sheet 1). The seismic profile displays a clear and prominent BSR characterized by high-amplitude reflections. Above the BSR, we can discern the gas hydrate layer, while below it lies the free gas layer. These layers exhibit significant and easily identifiable reflections on the seismic profiles (Figure 3). Faults and gas chimneys serve as favorable conduits for gas migration, facilitating the accumulation of gas hydrates and free gas beneath Well W07.




Figure 3 | Interpreted seismic profile crossed Well W07 shows the typical characteristics of BSR.



The values of the RES curve and Vp curve of Well W18 both dramatically rise at about 150 mbsf, while the value of the DEN curve falls (Figure 2E). The RES_BD_IMG distinctly highlights the presence of a gas hydrate layer, accompanied by a subsequent layer of free gas underneath. The gas hydrate layer exhibits an effective thickness of approximately 11.6 m, and the average saturation is approximately 30.5% (Supplementary Data Sheet 1).

Based on the analysis of well logging data, gas hydrates have been discovered at a depth of approximately 200 mbsf of Well SH2 (Figures 1C, 2F). The hydrate layer showcases a thickness of approximately 25 m and exhibits a saturation level of approximately 35.5% (Supplementary Data Sheet 1).

Well W11 is positioned north of Well W17 (Figures 1C, 2G). According to the RES curve, Vp curve, and RES_BD_IMG data, a thick gas hydrate layer can be identified, about 78.4 m, with an average saturation of about 22.9% (Supplementary Data Sheet 1). Furthermore, it is noteworthy that no occurrence of free gas has been observed beneath the gas hydrate layer (Figure 2G).




4.2 Gas migration pathways



4.2.1 Deep faults

The study area exhibits a widespread distribution of numerous deep faults that have developed over time (Figures 4, 5). Generally, the deep faults were active early, starting from the Eocene, and lasted for a long time, and can be active until the Quaternary (Supplementary Data Sheet 2). In the study area, deep faults controlled sedimentary fillings according to the fault displacement. The persistent and long-term activities of faults can serve as pathways. Notably, numerous gas chimneys have developed in close proximity to these deep faults.




Figure 4 | Interpreted typical seismic profile in the study area shows deep faults, branch faults, and gas chimneys.






Figure 5 | (A) Uninterpreted and (B) interpreted coherence slice map of 2050 ms. (C) Uninterpreted and (D) interpreted coherence slice map of Horizon T32. White circles are selected points of faults for calculating fault activities.



Multiple deep faults can be discerned on the coherence slice maps, primarily concentrated in the northern region of the study area (Figure 5). The orientation is NW and NWW, with a large extension length and a wide range of influence.




4.2.2 Branch faults

Branch faults are closely related to deep faults, generally developed after the formation of deep faults, with deep faults as the main faults and a series of faults formed in shallow strata (Figures 3, 4). Most branch faults have an opposite dip to the deep faults, but a few have the same. In the study area, the activity of branch faults has been observed to occur relatively late (Figure 4, Supplementary Data Sheet 2). It is notable that a significant number of branch faults have been activated after the late Miocene, resulting in their ability to cut through deep strata. However, according to the fault displacements, branch faults have little influence on sedimentary fillings. On the seismic profiles, branch and deep faults form flower-like structures (Figures 3, 4). The distribution of these faults can be visually observed on the coherence slice maps, displaying a distinctive broom- or horsetail-like shape in the overall planform (Figure 5). This pattern is indicative of the characteristics typically associated with strike-slip faults.




4.2.3 Gas chimneys

Many gas chimneys have developed within the study area, predominantly appearing as elongated columnar structures on the seismic profiles (Figures 3, 4). They are generally characterized by chaotic reflections at the bottom, acoustic blanking zone and pull-down anomalies on the body, and high-amplitude reflections at the top. Based on variations in their topographic shape, the gas chimneys within the study area can be categorized into different types, including mushroom-shaped, capsule-shaped, dome-shaped, and corolla-shaped gas chimneys. Among them, the mushroom-shaped gas chimney has been drilled to reveal the occurrence of gas hydrate and free gas (Figure 3). Furthermore, the gas chimneys can be further classified based on their root origin as either the Paleogene or the Neogene. Typically, their upper parts extend into the Quaternary layer and are linked to the BSR.

In the study area, the gas chimneys exhibit a long strip-like shape on the planform, primarily concentrated along the canyon ridges. Their predominant direction is mainly NNW (Figures 1C, 5). Also, their distribution is similar to the planform distribution of BSR, and their spatial distribution is well-matched, confirmed by the seismic profiles (Figures 3, 4).





4.3 Coupled model of faults and gas chimneys

In this study, according to the coupling relationship of deep faults, branch faults, and gas chimneys under drilling constraints, seven different geological models can be identified (Figures 3, 6, 7, 8). The geological models can be categorized into two groups: gas chimney-based and fault-based, with the gas chimney serving as a supplementary factor. Within the gas chimney-based models, there are two subdivisions: Model-SH5 and Model-W22, based on the origins of the gas chimneys. On the other hand, the fault-dominated geological model, supplemented by gas chimneys, can be further divided into Model-W17, Model-W07, Model-W18, Model-SH2, and Model-W11, based on the type and timing of deep faults, branch faults, and the origins of gas chimneys.




Figure 6 | (A) Interpreted seismic profile crossed Well SH5. (B) Interpreted seismic profile crossed Well W22.






Figure 7 | (A) Interpreted seismic profile crossed Well W17. (B) Interpreted seismic profile crossed Well W18.






Figure 8 | (A) Interpreted seismic profile crossed Well SH2. (B) Interpreted seismic profile crossed Well W11.





4.3.1 Model-SH5

Model-SH5, a gas chimney-based structure, traces its origin to the Zhujiang Formation and terminates in the Quaternary layer. It is characterized by a dome-shaped top, as illustrated in Figure 6A. Micro-fractures are observed within the gas chimney, leading to chaotic reflections. The seismic profile reveals pull-down anomalies along the body, high-amplitude reflections at the top, and the presence of the BSR. It is worth noting that no gas hydrate was encountered during drilling, as depicted in Figure 2A.




4.3.2 Model-W22

The Model-W22 is also gas chimney-based, which originated in the Wenchang-Enping Formations and terminated in the Quaternary, with a mushroom-shaped top (Figure 6B). The lower part of the gas chimney mainly shows chaotic reflections and no apparent micro-fractures are seen; the upper part has pull-down anomalies, and the top shows high-amplitude reflections. Based on the drilling results from Well W22, a thin layer of gas hydrate is observed atop the gas chimney (Figure 2B).




4.3.3 Model-W17

The Model-W17 is dominated by a deep fault, which has been active since the Eocene, liking source rocks and shallow formations (Figure 7A). The gas chimney is developed on the deep fault, originating in the Wenchang-Enping Formations and terminating in the Quaternary, and have a mushroom-shaped top. The interior of the gas chimney exhibits pull-down anomalies, while the upper portion reveals an acoustic blanking zone. The top of the gas chimney displays high-amplitude reflections resulting from the accumulation of free gas. Concurrently, drilling activities have confirmed the presence of gas hydrates and free gas in the area (Figure 2C).




4.3.4 Model-W07

Similar to Model-W17, Model-W07 is also dominated by deep faults (Figure 3). The deep faults were active early and continued until the Quaternary. The difference is that the gas chimney of Model-W07 originates from the Zhujiang Formation and terminates in the Quaternary. The lower part of the gas chimney shows chaotic reflections, the body is an acoustic blanking zone, and the top is high-amplitude reflections, mushroom-shaped. Moreover, the presence of gas hydrates and free gas has been confirmed based on the findings from Well W07 (Figure 2D).




4.3.5 Model-W18

Model-W18 is also deep fault-dominated, and branch fault plays an important role in gas migration (Figure 7B). Deep fault has been active since the Eocene, connecting deep and shallow strata and even the seafloor. The branch fault was active later but also cut the Wenchang Formation. The gas chimney is developed on a branch fault, originating from the Wenchang-Enping Formations and terminating in the Quaternary, with a mushroom-shaped top. A chaotic reflection zone, an acoustic blanking zone, and pull-down anomalies primarily characterize bottom-up features. A high-amplitude zone is also formed at the top due to gas hydrates and free gas (Figure 2E).




4.3.6 Model-SH2

Model-SH2 is similar to Model-W18, mainly controlled by deep faults and branch faults, all of which are connected with source rocks (Figure 8A). The difference is that the gas chimney of Model-SH2 originates from the Lower Miocene Zhujiang Formation, connects with branch fault at the bottom, terminates at the Pliocene Wanshan Formation, and has a corolla-shaped top. Minor faults are observed at the upper section of the gas chimney, connecting it to the BSR. These faults serve as conduits for transporting free gas to the GHSZ, contributing to forming gas hydrates (Figure 2F).




4.3.7 Model-W11

Model-W11 is dominated by a deep fault, branch fault, and gas chimney (Figure 8B). The deep fault has been active for a long time, connecting the source rocks. The activity of branch faults was initiated relatively late, specifically during the Middle and Late Miocene period. The gas chimney is developed on a branch fault, originating from the Hanjiang Formation and terminating in the Quaternary, and the top is still mushroom-shaped. The internal events of the gas chimney are relatively continuous, with pull-down anomalies. The presence of a distinct BSR is evident at the top, indicating the occurrence of thick gas hydrate deposits (Figure 2G).






5 Discussion



5.1 Gas origin of hydrates in the Shenhu Area

Recent studies have highlighted the increasing significance of gas geochemical data analysis for identifying the origin of gas derived from hydrates. This emerging area of research has garnered considerable attention within the field of gas hydrate exploration (Sassen et al., 2001; Milkov, 2005; Feng et al., 2009; Wu et al., 2011; Portnov et al., 2021; Wei et al., 2021; Lai et al., 2023). Milkov and Etiope (2018) have introduced genetic diagrams that have gained global popularity, encompassing various plots. This study mainly analyzed three types of gas geochemical data collected from four wells (Table 1) (Zhang et al., 2019; Lai et al., 2022; Liang et al., 2022).

One hundred eleven gas samples used in this study are plotted in the genetic diagrams (Figure 9) so as to determine the source of hydrate gas. Five samples from Well W17 are plotted in the genetic diagrams, which mainly show the characteristics of microbial-thermogenic mixing origin (Figure 9) (Bernard et al., 1977). There are not only contributions from in situ microbial gas but also contributions from deep thermogenic gas. In addition, one data point may be related to the secondary microbial gas, just like samples from Wells SC-1 and SC-2, indicating that the deep thermogenic gas was modified by microorganisms during the upward migration to the shallow strata (Figure 9A) (Lai et al., 2022). Four samples taken from Well W18 are primarily situated within the thermogenic gas field. Among these, three samples indicate late mature thermogenic gas, and one may be attributed to secondary microbial gas (Figure 9). The analysis reveals a strong correlation between the gas extracted from hydrates in Well W18 and deep thermogenic gas. This correlation is notably linked to the Paleogene source rocks present in the study area (Figure 7B). Six data points obtained from Well W11 have been plotted, indicating that the majority of these data points are attributed to microbial-thermogenic mixing origin. Similar results to those of Well W17 may be due to the close distance between the two drillings (Figures 1C, 9). It is essential to acknowledge that the gas hydrates in Well W11 also derive contributions from deep thermogenic gas sources. In situ, microbial gas in both Well W11 and Well W17 is also attributed to CO2 reduction processes (Bernard et al., 1977; Whiticar et al., 1986; Whiticar, 1999; Zhang et al., 2019; Lai et al., 2022; Liang et al., 2022).




Figure 9 | (A) Genetic diagram of R=C1/(C2+C3) versus δ13C-C1. (B) Genetic diagram of δ13C-C1 versus δ2H-C1. These diagrams are modified from Milkov and Etiope (2018) and Snodgrass and Milkov (2020). The gas geochemical data are obtained from Zhang et al. (2019), Lai et al. (2022), and Liang et al. (2022). CR-CO2 reduction, EMT-early mature thermogenic gas, F-methyl-type fermentation, LMT-late mature thermogenic gas, OA-oil-associated thermogenic gas, SM-secondary microbial.



Ten samples obtained from the LW3-1 gas field exhibit distinct characteristics compared to samples collected from the other three wells. These specific samples originate from the deep natural gas reservoirs found within the Zhuhai Formation and Zhujiang Formation of the LW3-1 gas field (Figure 1C, Table 1). Based on the genetic diagrams, the analyzed samples primarily consist of thermogenic gas, particularly oil-associated thermogenic gas. The data points presented in Figure 9 provide substantial support for this conclusion. It is worth noting that the LW3-1 gas field has undergone several years of product development. Extensive research has been conducted in previous studies to investigate the gas source of the area, leading to the belief that the primary natural gas supply originates from lacustrine source rocks within the Wenchang Formation and Enping Formation (Dai et al., 2017; Zhu et al., 2021).

According to previous studies, a large number of data from other drillings in the Shenhu Area, including SC-W01B, SC-W01C, SC-W02B, SC-W03B, SC-2017, and SC-2020, show that hydrate gas is of mixed origin. In addition to biogenic gas, it confirms the contribution of thermogenic gas (Liang et al., 2022). Figure 1C clearly illustrates the proximity of the LW3-1 gas field to the study area, indicating its close proximity to the W17, W18, and W11 drill sites. The gas samples from these four wells all have traces of thermogenic gas. By considering the gas source of the LW3-1 gas field, it can be inferred that the gas within the hydrates may have originated from the thermogenic gas present in the Wenchang, Enping, and Zhuhai Formations (Mi et al., 2018; Pang et al., 2018).




5.2 Contribution of different coupled geological models to gas hydrate accumulation

This study utilizes core-log-seismic data from the study area to establish seven integrated geological models of faults and gas chimneys (Figure 10). Subsequently, statistical analyses are conducted to examine the occurrences of gas hydrates and free gas as revealed by the drillings conducted within each model (Figure 11, Supplementary Data Sheet 1). Among them, the gas chimneys in Model-SH5 and Model-W22 both serve as the main gas migration pathways and contribute little to gas hydrate accumulation (Figures 10A, B, 11). Model-SH5 did not yield any gas hydrate discoveries, while Model-W22 exhibited only a thin layer of hydrates with a saturation of less than 10%. This observation may be attributed to the fact that the gas chimney in Model-W22 originated from a thermogenic gas zone (Cheng et al., 2020; Wan et al., 2022).




Figure 10 | Simplified schematic diagrams of the coupled geological models of faults and gas chimneys (not to scale). (A) Gas chimney-based Model-SH5, and the gas chimneys originate from the microbial gas zone. (B) Gas chimney-based Model-W22, and the gas chimneys originate from the thermogenic gas zone. (C) Fault-based and gas chimney supplemented Model-W17, and the gas chimneys originate from the thermogenic gas zone. (D) Fault-based and gas chimney supplemented Model-W07, and the gas chimneys originate from the microbial gas zone. (E) Fault-based and gas chimney supplemented Model-W18, the branch fault is connected to the Paleogene, and the gas chimney originates from the thermogenic gas zone. (F) Fault-based and gas chimney supplemented Model-SH2, the branch fault is connected to the Paleogene, and the gas chimney originates from the microbial gas zone. (G) Fault-based and gas chimney supplemented Model-W11, the branch fault is connected to the Neogene, and the gas chimney originates from the microbial gas zone. (H) A summarized geological model conducive to gas hydrate accumulation mainly consists of deep fault, branch fault, and gas chimney originating from the thermogenic gas zone.






Figure 11 | Stream Chart shows the occurrence of gas hydrate and free gas under different drilling constraints.



Deep faults and gas chimneys act as the main gas migration pathways in Model-W17 and Model-W07 (Figures 10C, D). The difference is that the former gas chimney originates from the deep thermogenic gas zone, while the latter originates from the shallow microbial gas zone. Based on the drilling results depicted in Figure 2, both Model-W17 and Model-W07 exhibit the presence of gas hydrates and free gas. Notably, Model-W17 shows a more significant contribution to hydrate accumulation compared to Model-W07. Moreover, illustrated in Figure 9, the geochemical analysis unveils that the gas confined within hydrates of Model-W17 emanates from thermogenic origins. This substantiates the presence of vertical migration pathways, such as deep faults and gas chimneys, affirming their role in facilitating gas migration. These findings underscore the pivotal role these pathways play in facilitating the accumulation of gas hydrates (Zhang et al., 2019).

The gas migration pathways of Model-W18, Model-SH2, and Model-W11 are all composed of deep faults, branch faults, and gas chimneys (Figures 10E–G). The branch fault of Model-W18 cut to the deep strata, and the gas chimney also originates from the thermogenic gas zone located on the branch fault (Figure 10E). In contrast, the gas chimney originates in the microbial gas zone in Model-SH2 (Figure 10F). The branch fault observed in Model-W11 exhibited late activity and did not penetrate the deep thermogenic gas zone (Figure 10G). The gas chimneys in these two models are rooted in the Neogene and are situated along branch faults. The drilling results indicate favorable gas hydrates and free gas occurrences in each model. Additionally, the gas geochemical data from Model-W18 and Model-W11 further support the presence of thermogenic gas (Figures 9, 11). However, it is noteworthy that in Model-W18, both the branch fault and the bottom root of the gas chimney are situated within the thermogenic gas zone. As a result, the gas samples exhibit distinct characteristics indicative of late-stage maturation of thermogenic gas.

Evident from the analysis of the seven geological models, it becomes apparent that the influence of gas chimney-based geological models on gas hydrate accumulation is notably overshadowed by the prominence of deep fault-based geological models supplemented by gas chimneys and branch faults (Figure 10). The absence of free gas layer in Model-W22 may be because this model has no deep faults. Deep thermogenic gas cannot migrate and accumulate in considerable quantities vertically. The reason for Model -W11 may be similar; the gas chimney is not directly connected to the fault active in the deep source rock. Moreover, we overlayed the planform distribution of faults and gas chimneys onto the coherence slice map of Horizon T32. The observation reveals that in areas where both faults and gas chimneys are present, the occurrence of gas hydrates and free gas is notably more substantial compared to regions where only gas chimneys are developed. This finding further emphasizes the influential role of fault systems in governing the accumulation of gas hydrates (Figure 12) (Jin et al., 2020; Sun et al., 2020; Zhang et al., 2023). Hence, the integrated geological models incorporating deep faults, gas chimneys, and branch faults hold great significance in understanding the processes involved in gas hydrate accumulation (Figure 10H).




Figure 12 | Coherence slice map of Horizon T32 superimposed gas hydrate and free gas occurrences, faults, gas chimneys, and BSRs.






5.3 Implications for gas hydrate exploration and industrialization

By analyzing gas geochemical data and assessing the contribution of various geological models that encompass faults and gas chimneys to the accumulation of gas hydrates, the significant influence of deep faults in gas hydrate systems becomes evident. Similarly, it is evident that the primary gas migration pathways, including the LW3-1 gas field, are predominantly associated with deep faults (Wu et al., 2018; Jin et al., 2020). Consequently, we chose a seismic profile that intersects the gas hydrate wells and the LW3-1 gas field to examine the interrelationship between deep natural gas reservoirs, shallow free gas/shallow gas reservoirs, and gas hydrates (Figure 13).




Figure 13 | Typical seismic profile crossed gas hydrate drillings Well W11, Well W17, and LW3-1 gas field. Deep thermogenic gas can migrate along faults to accumulate in the Zhujiang Formation, forming deep natural gas reservoirs (LW3-1 gas field). They have the potential to migrate vertically towards the shallow strata through faults and gas chimneys. This process can lead to the accumulation of gas together with secondary microbial gas and in situ microbial gas, resulting in the formation of shallow gas reservoirs. Gas can then migrate vertically toward the gas hydrate stability zone, ultimately forming gas hydrates.



The thermogenic gas, derived from source rocks such as the Wenchang Formation and Enping Formation, exhibits vertical migration along deep faults towards the Zhuhai Formation and Zhujiang Formation, resulting in the formation of deep natural gas reservoirs. The gas geochemical data further validate that the gas present in the LW3-1 gas field is primarily oil-associated thermogenic gas (Figure 9) (Zhu et al., 2009). With the accumulation of gas, the formation fluid pressure in deep natural gas reservoirs increases, resulting in overpressures. It is generally believed that the Dongsha movement is the trigger for the release of overpressures, which will lead to the migration of fluids (Guo et al., 2016; Kong et al., 2018). The Baiyun sag has been scientifically confirmed to possess a record of intermittent occurrences of overpressure events. These events have served as the driving mechanism for the vertical migration of deep thermogenic gas towards the shallow strata through faults and gas chimneys (Figure 13). Moreover, the formation of shallow gas reservoirs ensures a continuous and high-flux supply of gas, contributing to the accumulation of gas hydrates within the upper GHSZ. Ultimately, this comprehensive interplay forms a complete gas hydrate system (Figure 13).

Thermogenic gas plays a crucial role as a significant gas source for multiple components, including the deep natural gas reservoirs within the LW3-1 gas field, as well as the shallow gas reservoirs and gas hydrates within Wells W11 and W17 in the study area. It is also important to acknowledge the contributions of shallow in situ microbial gas and secondary microbial gas in this context (Figure 9). Hence, it can be deemed feasible to explore and develop deep natural gas reservoirs, shallow gas reservoirs, and gas hydrates as a complete system in a marine environment (Figure 14). The implementation of a three-gas combined production model holds the potential to enhance the optimization of design for deep-water drilling and production projects. This model enables efficient development of deep-water natural gas resources and represents a cutting-edge direction for the future of oil and gas fields. Embracing such an approach is of immense significance in ensuring national energy development. Even so, there still exist several technical challenges that necessitate the collaboration of multidisciplinary scientists to address this juncture (Bai and Zhou, 2022).




Figure 14 | Three-gas combined production model for exploring and developing deep natural gas reservoirs, shallow gas reservoirs, and gas hydrates as a whole system (not to scale).







6 Conclusions

By leveraging the most recent core-log-seismic data, this paper provides comprehensive documentation of the occurrence of gas hydrates, the diverse types of gas migration pathways, and the distinct characteristics of geological models integrating faults and gas chimneys. In conjunction with gas geochemical data, an analysis of the gas origin within hydrates and the contribution of each geological model to gas hydrate accumulation is presented. Based on these findings, a three-gas combined production model is proposed, offering valuable insights for future research and development in the field. The detailed conclusions are as follows:

	The gas origin of hydrates mainly includes three types: thermogenic gas produced by the Paleogene source rocks, secondary microbial gas formed from thermogenic gas transformed by microorganisms, and shallow in situ microbial gas. Significantly, deep thermogenic gas has been established as a vital gas source for gas hydrate formation, a finding substantiated by drilling activities. Gas samples from hydrates in Well W18 show obvious characteristics of late mature thermogenic gas.

	The study area reveals three primary types of gas migration pathways: deep faults, branch faults, and gas chimneys. Among these, deep faults assume a pivotal role in enabling the vertical migration of thermogenic gas.

	According to the types of gas migration pathways, seven different coupled models of faults and gas chimneys can be established. Through an integration of the drilling results, it becomes evident that the geological model incorporating deep faults and gas chimneys plays a crucial role in facilitating the accumulation of gas hydrates. These geological features effectively control the occurrence of gas hydrates and free gas.

	The implementation of a three-gas combined production model, incorporating deep natural gas reservoirs, shallow gas reservoirs, and gas hydrates, represents an auspicious approach for future endeavors in deep-water oil and gas exploration and production. This integrated model holds substantial potential in optimizing resource utilization and maximizing operational efficiency in these domains. However, its successful implementation necessitates extensive interdisciplinary collaboration among scientists.
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Ocean dynamic processes in the bottom boundary layer (BBL) are crucial for sedimentation, such as deposition and resuspension of marine sediments. In this study, we conducted in-situ tripod observations of the sediment ridge of a contourite drift in the northern South China Sea to understand the main dynamic processes affecting sedimentation on the contourite drifts. It was found that the diurnal tidal current was the strongest current at the study site, thus acting as the main dynamic affecting sedimentation processes. Periodic events of elevated suspended sediment concentration (SSC) were observed, some of which occurred only within 15 m above the seafloor and were termed near-bottom high SSC events, while others covered the entire range of the observed water column and were termed full-depth high SSC events. In-situ sediment resuspension at the sediment ridge is not an important factor affecting the formation of high SSC events. Rather, these high SSC events were mainly caused by lateral transport of sediments from the main body of the contourite drift by the northwestward diurnal tidal currents. The seafloor sediments at the main drift body are resuspened owing to the near-critical reflection of diurnal tidal currents on the slope topography of the drift. During periods when diurnal tidal currents were weak, locally generated internal waves could also induce burst-like full-depth high SSC events. This study highlights the diurnal tidal current as the main dynamic regulating the sedimentary processes of the contourite drifts in regions where the near-critical reflection prone to occur, implying the complexity of sediment dynamics of contourite drifts.
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1 Introduction

The oceanic bottom boundary layer (BBL) is the part of the water column directly affected by the drag of ocean currents on the seafloor, typically with a thickness on the order of meters to tens of meters. The BBL is an important interface for the exchange of particles, chemicals, and biomass between the surface sediments and the overlying water column, through which the particulate matter from the interior of the ocean must pass before settling on the seafloor to form sediments (Grant and Madsen, 1986; Trowbridge and Lentz, 2018). Most sediment dynamic processes in the oceanic environment occur within the BBL, such as: sediment resuspension (Beaulieu and Baldwin, 1998; Villacieros-Robineau et al., 2019), intermittent movement of bottom sediments (Butman et al., 1979), and formation of bottom nepheloid layers due to elevated suspended sediment concentrations (SSC) (McCave, 1986; Churchill et al., 1988; Urban et al., 2004; Gardner et al., 2018; Tian et al., 2019). Such sediment dynamic processes in the BBL have a major impact on seafloor topography and landforms by shaping slope topography (Cacchione, 2002), and forming deep-water contourite depositional systems and sediment waves (Hernández-Molina et al., 2011; Reeder et al., 2011; Rebesco et al., 2014).

The active sedimentary activities in the BBL are directly related to the ocean dynamical processes at multiple scales. Observations have shown that various physical processes, such as tides (Stow et al., 2002; He et al., 2008; Zhao et al., 2019), seasonal current reversals (DeMadron and Weatherly, 1994; Gao et al., 1998), mesoscale eddies (Zhang et al., 2014), internal waves (Hosegood and Van Haren, 2004; Pomar et al., 2012; Shanmugam, 2013; Shanmugam, 2014), and deep-sea storms (Hollister et al., 1974; Nowell and Hollister, 1985; Hollister, 1993) can affect sedimentation in the BBL. The energy and momentum carried by those oceanic dynamical processes can be strongly dissipated in the BBL (McWilliams, 2005), leading to an increase in current velocity and shear stress (Wang C. et al., 2022), causing resuspension (Quaresma et al., 2007; Schaeffer et al., 2013; Sun et al., 2016) and even intermittent movement of sediments on the seafloor (Butman et al., 1979). Among many other processes, tidal activity, both barotropic and baroclinic, has a strong influence on turbulent mixing in the BBL. Internal tides generated near Hawaii have caused a 10-fold increase of the turbulent dissipation rate in the BBL (Rudnick et al., 2003). Observations have shown that the tide-induced enhancement of turbulent mixing is a key mechanism shaping the slope topography (Cacchione, 2002) and even driving the global overturning circulation (Ledwell et al., 2000). Such strong mixing in the BBL has broken the stratification (Kineke et al., 1996), led to an increase in SSC (Li et al., 2018; Wang H et al., 2022) and the formation of the bottom nepheloid layer (Ribbe and Holloway, 2001). The internal wave is another important factor affecting sediment suspension and transport within the BBL. The interaction between internal waves and the BBL triggers resuspension (Zulberti et al., 2020) and vertical pumping of sediments into the water column (Bogucki et al., 1997; Stastna and Lamb, 2002). However, most observations focusing on the mechanism of the influence of ocean dynamic processes, such as tides and internal waves, on sediment dynamics in the BBL have been conducted on continental shelves or in shallow seas. Little attention has been paid to the sediment dynamics of the BBL in the deep-sea environment.

The South China Sea is characterized by active dynamical processes and strong deep-water mixing (Sun et al., 2016; Yang et al., 2016). Previous studies have shown that multiple oceanic processes, such as tides, nonlinear internal waves, and mesoscale eddies, have a remarkable influence on diapycnal mixing in the deep South China Sea, making it 1–2 orders of magnitude higher than that in the Pacific Ocean (Sun et al., 2016; Yang et al., 2016; Wang et al., 2019). Such active ocean processes and strong turbulent mixing lead to active sedimentary processes in the deep South China Sea (Reeder et al., 2011; Zhang et al., 2014; Chen et al., 2016; Chen et al., 2019), providing an ideal natural laboratory to observe the sediment dynamics of the BBL. In this study, in situ observational data obtained by a tripod deployed on the contourite drift southeast of Dongsha Islands in the South China Sea are used to investigate the sedimentary processes of the BBL and to explore the effects of tides, internal waves, and other oceanic processes on sediment resuspension, with the aim of providing new clues for understanding the sediment dynamic processes involved in the formation of deep-water contourite drifts.




2 Data and methods



2.1 Tripod observation

The contourite drift, located about 150 km southeast of the Dongsha Islands in the northern South China Sea (Figure 1A), is a typical elongated mounded drift, with an average width of about 17 km (Yin et al., 2019). A moat of 300-m deep is formed between the contourite drift and the seamount to its north. This contourite drift has been investigated previously using the seismic reflection profiles and several deep-sea sediment cores have been collected on the drift (Sarnthein et al., 1994; Wong et al., 1994; Shao et al., 2001; Lüdmann et al., 2005; Laj et al., 2005; Shao et al., 2007). The sedimentation rate on the ridge adjacent to the moat of this drift has reached ~ 100 cm/kyr since the Holocene (Shao et al., 2007), which is much higher than the average sedimentation rate in the northern South China Sea, indicating its active sedimentation activity. Based on current mooring observations, Zhou et al. (2020) found that the counterclockwise Deep Western Boundary Current, which flows westward at the northern border and southward at the western border of the South China Sea at an average velocity of 1–4 cm/s, is the main background flow in the South China Sea below 2000 m. Such currents, as well as the mesoscale eddies and tidal activities, can strongly affect sedimentary processes over the contourite drifts in the northern South China Sea (Zhang et al., 2014; Zhao et al., 2015; Chen et al., 2019; Zhao et al., 2019). Zhao et al. (2019) showed that seasonal variations of tidal currents play a key role in regulating deep water mixing and sediment resuspension on the seafloor. Here, an instrumented bottom tripod was deployed on the ridge of this contourite drift (20°07.9716′ N, 117°28.4022′ E, water depth 1858 m, Figure 1B), using the CSSF ROPOS remotely operated vehicle (ROV) during the KK1803 cruise of R/V Tan Kah-Kee in 2018. The tripod was deployed on April 23 and recovered on May 8, 2018, with a total observation time of ~ 15 days. An upward-looking Teledyne RDI Workhorse Sentinel 300 kHz acoustic doppler current profiler (ADCP) was mounted on the tripod, with the center of the transducer beams ~ 65 cm above the seafloor. The ADCP was set up with the following parameters: water bin size of 4 m, 25 bins in total, sampling interval of 2 min, and 120 pings per sample. The ADCP was used to record high-resolution changes in deep-sea currents and suspended sediment concentration (SSC) in the water column within 100 m above the seafloor (masf). A 23-cm long sediment core (SD-A-7) was collected in the immediate vicinity of the tripod using the ROV manipulators.




Figure 1 | The 3D view of the contourite drift southeast off Dongsha Island showing the location of the tripod. The shaded area shows the approximate extent of the contourite drift. The inset in the upper left corner shows transect (A, B). The geographical location of the contourite drift can be found in Zhao et al. (2015).






2.2 Processing of ADCP data

The original dataset includes data collected during the descent and ascent of the ROV, as well as the period when the sediments on the seafloor were heavily disturbed by landing of the tripod. To ensure the accuracy of the results, these data points must be eliminated from the data set. In addition, due to attenuation of the acoustic signals, some data points at the distal end are flagged as “bad” by the manufacturer’s QA/QC program (Symonds, 2006) and are also eliminated. Water bins with more than 50% invalid data are completely excluded from the dataset to ensure continuity of results. By performing these steps, the valid depth range for ADCP observations is limited to 1790–1854 m (68–4 masf), and the valid time range is between 14:00 UTC on April 23 and 23:00 UTC on May 7, 2018.



2.2.1 Extraction of tidal signals

A fourth-order Butterworth bandpass filter with cutoff frequencies of [1/30, 1/20] cph (cycles per hour) and [3/40, 11/120] cph was applied to the raw ADCP data to obtain the variability of diurnal and semidiurnal tidal currents. Tidal harmonic analysis was performed on the depth-averaged current velocities using the T_TIDE MATLAB program package (Pawlowicz et al., 2002). Based on previous studies of tidal variability in the northern South China Sea, 8 dominant tidal constituents, 4 diurnal and 4 semidiurnal, are taken into accounts when performing the tidal harmonic analysis (Beardsley et al., 2004; Zhao et al., 2019). The 4 diurnal constituents are the principal lunar diurnal O1 (period 25.82 hours), the principal lunisolar diurnal K1 (period 23.93 hours), the principal solar declinational diurnal P1 (period 24.07 hours), and the larger lunar elliptic diurnal Q1 (period 24.07 hours). The 4 semidiurnal constituents are the principal lunar semidiurnal M2 (period 12.42 hours), the principal solar semidiurnal S2 (period 12.00 hours), the larger lunar elliptic semidiurnal N2 (period 12.66 hours), and the lunisolar semidiurnal K2 (period 11.97 hours).




2.2.2 Calculation of shear variance in the BBL and bed shear stress

The variability of the current velocity along the water column represents the degree of vertical shear, which is critical for the suspension of sediments in the water column. Here, the shear variance ( ), which can indirectly reflect the vertical turbulent mixing, is calculated as



where u and v are the zonal (E-W) and meridional (N-S) current velocities, and z is the vertical depth interval, which equals to the size of the water bins (4 m). The flow velocities of the lowermost 2 bins (4–8 and 8–12 masf) were used herein to obtain the   in the near-bottom water column.

Using the law of the wall of the BBL, shear velocity ( ) and bed shear stress ( ) at seafloor can be calculated:





where   is the mean current velocity measured at a depth of z masf,   is the von Kármán constant,   is a reference height related to the roughness of the seafloor. Here,   was taken as the current velocity at the first water bin, and   was the distance between the center of the first water bin and the seafloor. According to recent experimental results, the best estimate for the von Kármán constant   is 0.40 ± 0.02 (Bailey et al., 2014). The reference height   for muddy seafloors can be estimated to be ~ 0.2 mm (Soulsby, 1983).

The relationship between the bed shear stress   and the critical erosion shear stress   can be used to evaluate whether or not resuspension occurs at certain current velocities. When   exceeds  , the surface sediments at the seafloor are resuspended. The   of seafloors composed mainly of cohesive sediments can be calculated using Eqs. (4) – (6) (Miller et al., 1977; Soulsby and Whitehouse, 1997).







where   is the acceleration of gravity,   is the critical Shields parameter when sediment particles initiate suspension,   is the grain density of sediment particles,  and v are the density and kinematic viscosity of seawater, d is the size of sediment particles, and   is a dimensionless particle size parameter.




2.2.3 Calculation of volume backscatter strength

The volume backscatter strength calculated from the ADCP echo intensities can provide useful information on sediment concentrations in the ocean (Gartner, 2004). Here, the volume backscatter strength was calculated using the equation developed by Mullison (2017):



where   is the volume backscatter strength, E is the time- and depth-dependent matrices of the echo intensities and   is the noise level of the echo intensities, R is the along-beam range of water bins,   is the temperature measured at the transducer (in °C),   is the attenuation coefficient of sound in water,   is the scale factor to convert echo intensity counts to decibels, and C is a constant specific to each instrument model.   and   can be calculated from   and  , where   is the bin size and p is a constant determined by the voltage of the battery packs. Values of kc = 0.5, α = 0.068 dB/m, C = -151.64 dB, and PDBM = 16.6 dB were adopted for the Workhorse Sentinel 300 kHz ADCP (Mullison, 2017).





2.3 Surface sediment particle size analysis

In order to obtain the grain size of the sediments at the location where the tripod was deployed, 3 samples were collected from the top 0-5 cm of Core SD-A-7 for grain-size analyses. Pretreatment of the bulk samples was performed according to Bianchi et al. (1999). The bulk samples were first treated with 1 mol/L hydrogen chloride (HCl) and 3% (~ 1 mol/L) hydrogen peroxide (H2O2) solutions to remove biogenic organic matter and carbonates. The mixtures were then rinsed with deionized water to remove residual H2O2 and HCl, until the pH of the solutions was near neutral. Deionized water was added to bring the sediment concentration to ~ 2%, and then sodium hexametaphosphate [(NaPO3)6] was added (0.1 mol/L) to avoid aggregation of fine fractions. Grain-size analysis was performed using a Micromeritics SediGraphIII Plus 5120 particle size analyzer at the State Key Laboratory of Marine Geology, Tongji University, with a measuring range set to 0.1–300 μm.





3 Results



3.1 Characteristics and variability of raw and tidal currents

The raw zonal and meridional currents obtained by the ADCP showed a strong-weak-strong variability trend between April 23 and May 7, with velocities from April 29 to May 1 significantly weaker than other periods (Figure 2). The temporal variability of the raw current velocities showed an apparent 24-hour cycle, probably reflecting the influence of the diurnal tides. Along the depth profile, no significant change in the zonal and meridional current velocities was observed (Figure 2), implying that the entire profile was under the control of the similar physical processes.




Figure 2 | Variations of zonal (E-W) and meridional (N-S) raw (A, B), diurnal (C, D), and semidiurnal (E, F) tidal current velocities from April 23 to May 07, 2018. The blue dashed lines in (C–F) show the depth-averaged velocity of the tidal currents.



The results of the harmonic analysis showed that the diurnal tide was dominated by the K1 and O1 constituents, while the semidiurnal tide was dominated by the M2 and S2 constituents (Table 1). The major axes of both diurnal and semidiurnal tidal ellipses were NW-SE, i.e. parallel to the dip direction of the contourite drift. This is inconsistent with previous results on the same contourite drift (Zhao et al., 2019), probably due to shortness of the observation period (Pawlowicz et al., 2002). The magnitude of the diurnal tidal currents was much stronger than that of the sem-diurnal tidal currents. During the observation period (April 23–May 7), the diurnal tidal currents also showed a strong-weak-strong variability, similar to the variation of the raw current velocities. During the strong tidal current period, especially during April 25–27, the zonal tidal current velocity was up to 17.9 cm/s and -17.8 cm/s, and the meridional tidal current velocity was up to 12.8 cm/s and -13.8 cm/s, with the zonal component slightly stronger than the meridional component. During the weak tidal current period (April 29–May 1), the maximum zonal diurnal tidal currents were about 7.7 cm/s and -6.4 cm/s, and the maximum meridional diurnal tidal currents were about 5.6 cm/s and -6.1 cm/s (Figure 2). The semidiurnal tidal currents were generally weaker than the diurnal tidal currents. The maximum velocity of the zonal semidiurnal tidal currents was about 4.7 cm/s and the maximum velocity of the meridional semidiurnal tidal currents was about 4.1 cm/s. The variability of the semi-diurnal tidal currents was opposite to that of the diurnal components, i.e. it showed a weak-strong-weak variability throughout the observation period. When the diurnal tidal velocity was weakest (April 29–May 1), the magnitude of the semidiurnal tidal velocity was comparable to the diurnal tidal velocity.


Table 1 | Tidal current ellipse parameters and error values of the observed site.






3.2 Suspended sediment concentration variation characteristics

The relative changes in SSC in the near-bottom ~ 70 m water layer, obtained from the echo intensity profiles recorded by the ADCP, show the characteristics of a periodic increase in SSC. The high SSC events can be divided into two types according to the depth range covered: one type occurs only in the lowermost 15 m (near-bottom events), while the other type covers the entire observed depth range (full-depth events) (Figure 3A). The near-bottom high SSC events occurred mainly during the first half of the observation period, i.e. before April 30. During this period, the full-depth high SSC events were characterized by burst-like high SSC events, usually lasting less than 2 hours, with prolonged high SSC at the bottom of the profile (< 15 masf), similar to the near-bottom high SSC events. After April 30, the high SSC events were mostly of the full-depth type, with most of them characterized by the burst-like events. Only a few full-depth high SSC events could last very long, for example the one that occurred on May 2–3 had a temporal duration of ~ 18 hours.




Figure 3 | Variations of (A) the volume backscatter strength of the ADCP echo intensities, (B) the shear variance ( ) at ~ 8 masf and (C) the bed shear stress   from April 23 to May 07, 2018. The blue dashed lines show the critical shear stresses   for particles of sizes D10, D50 and D90, respectively. The white boxes in (A) show high SSC events of different temporal and spatial extents: (1) near-bottom, (2) burst-like full-depth, and (3) extended full-depth.



Over the fortnightly tidal period, a correspondence was observed between the intensities of the tidal currents and the variability of SSC in the water column (Figure 3). Along with the strong-weak-strong variation of the diurnal tidal currents, the depth coverage and intensity of SSC also showed a strong-weak-strong variation. Before April 30, when the diurnal tidal current gradually weakened from April 23 (maximum 9.6 cm/s) to the lowest on April 30 (maximum 2.6 cm/s), the depth coverage and intensity of SSC also gradually decreased from full-depth burst-like events to near-bottom high SSC events (Figure 4). After April 30, the high SSC events were mostly of the full-depth type, with the maximum diurnal tidal current velocity gradually increasing from 2.6 cm/s to 6.1 cm/s. It was worth noting that the correspondence between tidal current velocity and the occurrence of high SSC events was not linear. The most prominent high SSC event occurred on May 2–3, but the tidal current was not the strongest during this period. Within a diurnal tidal cycle, the SSC generally increased once or twice. Before April 30, two burst-like events were observed in each diurnal tidal cycle, except for April 29, when only one burst-like high SSC event occurred. After April 30, one full-depth high SSC event was observed in each diurnal tidal cycle.




Figure 4 | Correlation between (A) high SSC events and (B) diurnal tidal current direction, (C)   and  .






3.3 Shear variance in the BBL and bed shear stress

Using the raw current velocity of the first and second water bins (closest to the seafloor), the shear variance ( ) at ~ 8 masf in the BBL was calculated. It was clearly observed that   varied on an approximate 24-hour cycle, with high   largely corresponding to low SSC in the water column (Figure 3B). Over the entire observation period, May 1–7 had higher peak   values (average 1.62 × 10-4 s-2) than April 23–30 (average 9.70 × 10-5 s-2).

The bed shear stresses   were calculated using the shear velocity   for the raw current velocities.   also varied on an approximate 24-hour cycle, but high values of   generally corresponded to high SSC in the water column (Figure 3C). Over the entire observation period, the second half (May 1–7) also had higher peak   values than the first half (April 23–30), similar to the variations in  .




3.4 Critical shear stress for resuspension

The results of the grain size analysis showed that the sediments of the upper 5 cm of Core SD-A-7 had similar grain size characteristics. Here, the 10th, 50th, and 90th percentiles (D10, D50 and D90) of the particle size distribution were employed to represent the fine, medium and coarse fractions of the sediment particles, respectively, where Dx is the size at which x% of the particles are smaller than this size. The average values of D10, D50 and D90 for the upper 5 cm of Core SD-A-7 were 0.120 μm, 2.084 μm and 13.343 μm, respectively (Table 2).


Table 2 | Grain size percentiles of the upper 0-5 cm of Core SD-A-7.



Substituting the above grain-size percentiles into Eqs. (4)–(6), taking the mean density of clay minerals (2.655 × 103 kg/m3) as  (the grain density of sediments), the density of seawater   as 1.025 × 103 kg/m3, and the kinematic viscosity of seawater   as 1.7 × 10-6 m2/s (value for seawater at 2.5°C, 35 PSU), the critical shear stresses   for particles of sizes D10, D50 and D90 were 5.74 × 10-4 N/m2, 0.96 × 10-2 N/m2, and 4.98 × 10-2 N/m2, respectively (Figure 3C). The physical significance of these three critical shear stresses is that when the bed shear stress   exceeds them, 10%, 50% and 90% of the sediments are resuspended.





4 Discussion



4.1 Formation of high SSC events in the bottom water and mechanism

Numerous high SSC events were observed during the observation period, with several events occurring only in the lowermost 15 m (near-bottom events), while the remainder covered the entire observed depth range (full-depth events) (Figure 3). Possible causes of such high SSC events on the ridge of the contourite drift include in-situ sediment resuspension, lateral sediment transport, either horizontal or vertical, and sinking particles from the overlying water column. The contourite drift where the tripod was deployed is located beneath a seamount connected to the Dongsha Atoll. Downslope transport of sediment to the contourite drift is infrequent, if not absent, due to the lack of a stable sediment supply to the coral atoll. As a result, vertical sediment transport to the tripod is unlikely to be the main process driving these high SSC events. Meanwhile, the vertical sinking of sediment particles from the overlying water is also negligible. It is estimated that sinking particles account for only <1.5% of the sediment flux to the studied contourite drift (Zhao et al., 2023). Therefore, the high SSC events observed by the tripod were triggered by either in-situ sediment resuspension or horizontal sediment transport.

Sediment resuspension is determined by the bed shear stress  , and it occurs when   exceeds the critical shear stress for erosion ( ). It was observed that   varied largely with semidiurnal cyclicity before April 30 and with diurnal cyclicity thereafter (Figure 3).   exceeded   for D10 (5.74 × 10-4 N/m2) for almost the entire observation period and it also exceeded   for D50 (0.96 × 10-2 N/m2) for more than 50% of the observation period (Figure 3). It suggests that sediment resuspension occurs very common at the studied site, especially for the finer fraction of sediments. On April 23, May 2 and May 6,   exceeded   for D90 (4.98 × 10-2 N/m2), indicating that more than 90% of the sediments were resuspended during these intervals. It is worth noting that sediment resuspension, indicated by the peaks of  , occurred hours earlier than the high SSC events (Figure 4). This then raised a question: Does such time lag represent the time consumed for the resuspended sediment to form high SSC events in the bottom water column, or does it imply that the high SSC events were not triggered by in-situ sediment resuspension?

To form high SSC events in the bottom water by in-situ erosion, two processes are involved: (1) sediment resuspension from the seafloor and (2) uplift of sediments from the logarithmic layer, which typically covers tens of centimeters to about 1 meter above the seafloor, to the outer layer, which covers the water column from the top of the logarithmic layer to about 100 masf, of the BBL. The former is determined by whether or not   exceeds  , while the latter depends largely on the rate of turbulent mixing in the BBL. The shear variance ( ) at ~ 8 masf represents the intensity of shear in the bottom water. It can be used as an indicator of vertical turbulent mixing, as strong vertical shear is required to maintain the turbulent mixing. During the observation period, it was observed that high SSC events mostly occurred corresponding to low values of  , while in most intervals where   exceeded ~ 3 × 10-4 s-2, the SSC was relatively low throughout the observed depth range (Figures 3, 4). This suggests that the vertical turbulent mixing in the bottom water is quite weak during the occurrence of most high SSC events. Such weak turbulent mixing makes it difficult for the resuspended sediments to be lifted into the outer layer to form the observed high SSC events. Accordingly, the correspondence between low   and high SSC events indicates that the high SSC events observed on the ridge of the contourite drift in the northern South China Sea are unlikely to have been triggered by in-situ sediment resuspension.

Using the clay mineralogy of riverine and surface sediments, Liu et al. (2016) found that detrital sediments from Taiwan account for 50% to 80% of the total sediment flux to the contourite drift where the tripod is located. This implies that horizontal sediment transport is a crucial process affecting sedimentary dynamics of this contourite drift. It has been proposed that these sediments are transported mostly by the South China Sea Deep Western Boundary Current, or contour current in the nomenclature of sedimentology, with mesoscale eddies playing a minor role (Zhang et al., 2014; Zhao et al., 2015). Nonetheless, the high SSC events observed by the tripod present clear diurnal and semidiurnal tidal cyclicity, indicating that such events are closely linked to the tidal activities. These low-frequency oceanic processes (contour currents and mesoscale eddies) cannot explain the tidal cyclicity of the observed high SSC events, though they may be the most prominent sources of sediment delivered to the contourite drift.

Theoretical studies and numerical simulations have suggested that when oceanic waves propagate to a sloping boundary with a slope γ that is equal to the slope c of the wave group velocity to the horizontal plane, a significant energy dissipation can occur due to near-critical reflection (Legg and Adcroft, 2003). Near-critical reflection results in enhanced diapycnal mixing and increased bed shear stresses ( ) (Moum et al., 2002; Nash et al., 2007), and thus has a major influence on oceanic sedimentation patterns (Cacchione, 2002). Long-term in-situ observations have shown that the near-critical reflection of semidiurnal internal tides at a boundary condition of γ/c ≈ 1 is the main process shaping the morphology of the North American continental slopes (Cacchione, 2002). As aforementioned, high SSC events in the bottom water on the ridge of the contourite drift present apparent tidal cyclicity. Therefore, we calculated the critical slope of the diurnal and semidiurnal tides using Equation (8):



where:   is the wave frequency, equal to 2.314 × 10-5 s-1 and 1.157 × 10-5 s-1 for semidiurnal and diurnal tides respectively; f is the local inertial frequency, equal to 0.792 × 10-5 s-1 at ~ 20°N; N is the Brunt-Vaisala frequency and is calculated from the vertical oceanic density gradient. As there was no pressure sensor equipped on the tripod, the mean value of   calculated at a nearby site on the same contourite drift (0.6 × 10-5 s-2) was adopted (Zhang et al., 2015).

Using the above equation, we obtained that the critical slope for the diurnal tide (c1) is ~ 5.7°, while that for the semidiurnal tide (c2) is ~ 2.65°. These values are very close to the topographic slope of the contourite drift, thus near-critical reflection of tidal currents may occur. The topography of the contourite drift where the tripod was deployed is undulated, and the slope for the main drift body (γ1) is ~ 4.80°, close to c1; while the slope for the local concave topography adjacent to the tripod (γ2) is ~ 2.80°, approaching c2 (Figure 5). The direction of the diurnal tidal currents at the study site is across the slope (northwest-southeast), parallel to the dip direction of the main drift body, while the direction of the semidiurnal tidal currents is along the slope (northeast-southwest), i.e. perpendicular to the dip direction of the main drift body (Zhao et al., 2019). Therefore, when the diurnal tide comes into contact with the contourite drift, because the slope is near-critical (γ1/c1 ≈ 1), the energy carried by the tidal currents is strongly dissipated, increasing the near-bottom diapycnal mixing and bed shear stresses, leading to the resuspension of already-deposited sediments on the main drift body (Figure 5). On the other hand, the direction of the semidiurnal tidal currents is roughly parallel to the strike line of the sediment ridge, so that near-critical reflection does not occur (Figure 5).




Figure 5 | Schematic diagram showing sediment resuspension triggered by near-critical reflection of diurnal tidal currents on the slope topography of the contourite drift.



Near-critical reflection of tidal currents on the continental slope can lead to an increase of the turbulent mixing (eddy diffusivity) and turbulent energy dissipation rates in the BBL by two orders of magnitude (Moum et al., 2007; Nash et al., 2007), resulting in the formation of a bottom nepheloid layer and sometimes an intermediate nepheloid layer in the lowermost 50–100 m of water (Moum et al., 2007). Sediments resuspended by near-critical reflection on the main drift body are mobilized by the diurnal tidal currents toward the sediment ridge, while sinking under gravity. As the main drift body is around 2–3 km away from the ridge, it takes few hours for the sediments to reach the ridge. It is thus important to assess the relative importance of the particle settling time compared to the diurnal tidal periods. The particle settling time ( ) is the ratio between the height (H) and the settling velocity of particles ( ), where   can be obtained from the Stokes′ law:



where   is the dynamic viscosity of seawater (~ 1.8 × 10-3 Pa·s at 2.5°C and 35 PSU). Taking the median grain size D50 (2.084 μm), the mean density of clay minerals (2.655 × 103 kg/m3), and the density of seawater (1.025 × 103 kg/m3), we can obtain the mean particle settling velocity is ~ 17 cm/d. Even if we take the 90th percentile (D90) of the grain-size cumulative curve, the settling velocity is ~ 7.7 m/d. If the resuspended sediments can be lifted to ~ 50 masf, it takes days to months for these particles to sink to the seafloor. Such a settling time is much longer than the diurnal tidal cycle, implying that most sediments maintain suspended on the contourite drift for a long time. These sediments can be transported to the ridge of the contourite drift by the northwestward diurnal tidal currents to form the high SSC events observed by the tripod. It explains why most high SSC events occurred during northwestward diurnal tidal currents (Figure 4).

Combining all the results, we propose that the high SSC events observed at the ridge of the contourite drift are caused by lateral transport of resuspended sediments from the main drift body. Sediment resuspension is probably the results of near-critical reflection of diurnal tidal currents on the sloped topography of the mounded contourite drift body.




4.2 Sediment resuspension induced by internal waves

Apart from tidal currents, active oceanographic processes such as mesoscale eddies, internal waves (Reeder et al., 2011; Zhang et al., 2014), and deep-sea storms (Hollister et al., 1974; Nowell and Hollister, 1985; Hollister, 1993) may also have a potential influence on sediment remobilization. However, owing to the shortness of the observation period, no mesoscale eddies were observed to pass the studied site from 23 April to 8 May 2018. Deep-sea storms usually refer to the events when the background current velocities increase rapidly to > 20 cm/s, followed by elevated SSC in the bottom water (Hollister and Mccave, 1984; Gross and Williams, 1991). During our observation, the background current velocity varies from -7.9 cm/s to 6.8 cm/s (not shown), and no deep-sea storms are found. It is proposed that the South China Sea one of the regions with the most active generation of internal waves in the world ocean (Jackson, 2009). Most internal waves in the northeastern South China Sea are generated close to the Luzon Strait and propagate westward to the interior of the South China Sea (Alford et al., 2015). However, these internal waves mainly affect the upper ~500 m of the water column (Guo and Chen, 2014), and thus have no influence on the studied site.

Previous numerical simulations have shown that when tidal currents approach an abyssal hill or seamount, if f< ω< N and f is close to ω, internal waves of inertial frequency are generated (Kasahara, 2010). At the studied site, the wave frequency of the diurnal tide ω1 (1.157 × 10-5 s-1), which is slightly larger than the inertial frequency f (0.792 × 10-5 s-1), and much smaller than the buoyancy frequency N (~ 2.5 × 10-3 s-1), exactly fulfils the conditions for the generation of internal waves. Therefore, generation of internal waves on the slope topography of the contourite drift is possible. During the observation period, pulses of high velocity along the upslope direction, accompanied by obvious vertical velocity anomalies, were observed, indicating the occurrence of internal waves (Figures 6A, B). The interaction of internal waves with the slope topography is capable of inducing global instability at seafloor, resulting in the resuspension of sediments (Boegman and Stastna, 2019). Therefore, these locally generated internal waves can also cause the formation of high SSC events at the studied site. For example, two high-velocity flow cores (up to 12 cm/s) toward the upslope, with background tidal currents also oriented in the same direction, were observed at ~ 19:05 and 19:35 UTC on April 28. Elevated   was observed at the same interval, indicating strong sediment resuspension (Figure 6E). However, most of the sediment was confined to the near-bottom layer (< 20 masf, Figure 6C) and gradually increased thereafter (Figure 6D). High values of upward vertical velocity were observed following the internal waves, with the strongest upward flow (> 2 cm/s) occurring ~ 2 hours later (Figure 6B). The SSC throughout the observed depth range increased rapidly along with the occurrence of the strongest upward flow, indicating the formation of a full-depth high SSC event. The high SSC event lasted for ~ 70 min (Figure 6C). The interlayer shear variance   was low before and during the first half of the high SSC event, and gradually increased thereafter. The full-depth high SSC event ceased when   reached the maximum value. The formation of this full-depth high SSC event can be explained by the interaction between the internal wave of elevation and the slope topography (Boegman and Stastna, 2019). As the internal wave of elevation propagates upslope, boluses (ejected vortices) along with a thin stratified jet of dense water directed downslope adjacent to the boundary are formed (Stastna and Lamb, 2008). The jet yields shear instability in the BBL and a larger overturning region in the final phase of wave shoaling (presented ~ 19:35 to 21:35 UTC, Figures 6A, B). Our results indicate that the strong shear instability in the BBL maintains the sediments resuspended, and the formation of the full-depth high SSC event is closely related to the upwelling in the overturning region. As the diurnal tidal currents were weak from April 28 to May 1, the kinetic energy of the diurnal tidal currents was not sufficient to induce full-depth high SSC events to induce full-depth high SSC events (Figure 6). The locally generated internal wave thus provides a possible mechanism to interpret the full-depth high SSC events that occurred during weak diurnal tidal currents.




Figure 6 | Responses of (A) horizontal (cross-slope) and (B) vertical velocities, (C) SSC, (D)  , (E)   and (F) kinetic energy of currents to the occurrence of a locally generated internal wave of elevation.







5 Concluding remarks

In the present study, we conducted ADCP velocity observations on the ridge of a contourite drift to understand the dynamic processes regulating sedimentary processes on the contourite drift. We found that the diurnal tidal current is the most prominent oceanic process affecting sediment remobilization. Since the topographic slope of the contourite drift is close to the critical slope of the diurnal tidal currents, the kinetic energy of the diurnal tidal currents is strongly dissipated where they encounter the seafloor, leading to strong turbulent mixing in the BBL and resuspension of already-deposited sediments. These sediments are mobilized by the northwestward diurnal tidal currents to the ridge of the drift, forming the near-bottom high SCC events observed by the tripod. During the period when the diurnal tidal currents are weak, the locally generated internal wave provides another potential mechanism for the formation of high SSC events. In this case, the strong shear instability induced by the internal waves causes sediment resuspension, and these sediments are lifted into the overlying water column by the upwelling in the overturning region tailing the internal waves.

The results of the present study highlight tidal currents and internal waves as the critical factors affecting sediment resuspension and the formation of high SSC in the BBL. Such results shed light on the understanding of sedimentary processes of contourite drifts. We found that besides the contour current, which is conventionally considered by sedimentologists as the main factor controlling sedimentary processes of the contourite drift, the high-frequency oceanic processes, such as tidal activities and internal waves are also important mechanisms driving sediment remobilization on the contourite drift.
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Wave cyclic loading in submarine sediments can lead to pore pressure accumulation, causing geohazards and compromising seabed stability. Accurate prediction of long-term wave-induced pore pressure is essential for disaster prevention. Although numerical simulations have contributed to understanding wave-induced pore pressure response, traditional methods lack the ability to simulate long-term and real oceanic conditions. This study proposes the use of recurrent neural network (RNN) models to predict wave-induced pore pressure based on in-situ monitoring data. Three RNN models (RNN, LSTM, and GRU) are compared, considering different seabed depths, and input parameters. The results demonstrate that all three RNN models can accurately predict wave-induced pore pressure data, with the GRU model exhibiting the highest accuracy (absolute error less than 2 kPa). Pore pressure at the previous time step and water depth are highly correlated with prediction, while wave height, wind speed, and wind direction show a secondary correlation. This study contributes to the development of wave-induced liquefaction early warning systems and offers insights for utilizing RNNs in geological time series analysis.
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1 Introduction

The phenomenon of wave cyclic loading in submarine sediments can result in pore pressure accumulation, leading to various geohazards such as seabed liquefaction (Wang and Liu, 2016), submarine landslides (Wang et al., 2020), sediment failure (Zhang et al., 2023), sediment rapid erosion (Jia et al., 2014), and instability of structures such like submarine pipelines (Ye and He, 2021) and marine platforms. Accurate prediction of long-term wave-induced pore pressure is crucial for assessing the mechanical state of submarine sediments and ensuring seabed stability, thereby aiding in marine disaster prevention and mitigation.

In recent decades, researchers have made efforts to understand the realistic response of the seafloor through in situ monitoring (Du et al., 2021; Hu et al., 2023), providing valuable data for subsequent physical simulation tests and numerical modeling. Flume tests have also been employed to study the wave-induced pore pressure response and liquefaction, enabling the investigation of liquefaction processes and influencing factors, as well as the sediment resuspension phenomena and redeposition after liquefaction (Jia et al., 2014; Xu et al., 2016). Additionally, finite element numerical simulations have been used to explore the pore pressure response under wave action, aligning well with results from water flume tests and analytical solutions (Ye et al., 2015). In recent years, there has been significant research focus on the following directions in numerical simulation: multi-layer seabed liquefaction calculations (Liu et al., 2023), slope stability under wave actions (Wang et al., 2020), and the stability of marine facilities, such as caisson (Duan et al., 2023), foundation (He and Ye, 2023a; He and Ye, 2023b), and wind turbines (Chang and Jeng, 2014).

However, previous numerical simulation studies relied on statistical and simplified ocean wave conditions (Jia et al., 2014; Ye et al., 2015; Ye et al., 2017; Wang et al., 2020), limiting their ability to simulate wave-induced pore pressure response under specific scenarios and hindering the prediction of pore pressure based on actual ocean wave data. Traditional numerical simulation methods are inadequate for capturing the long-term wave-induced pore pressure response in the ocean and fail to represent real oceanic conditions. Developing a method capable of predicting long-term pore pressure based on real wave data would enhance our understanding of oceanic pore pressure variations and contribute to the effective prevention of marine geohazards.

In recent years, artificial intelligence (AI) technology has been increasingly applied to various geological problems due to its ability to effectively tackle nonlinear problems, such as earthquake prediction (Laurenti et al., 2022), landslide hazard assessment (Collico et al., 2020; Ji et al., 2020; Jones et al., 2021; Du et al., 2022), meteorological and climate forecasting (Balogun et al., 2021; Zennaro et al., 2021), and geophysical data interpretation (Lawson et al., 2017; Maxwell et al., 2019; Politikos et al., 2021; Du et al., 2023). Scholars have made progress in the field of geological time series prediction using AI techniques, for example, wave height prediction (Gao et al., 2021), pore pressure prediction in landslides (Orland et al., 2020; Wei et al., 2021), and prediction of landslide displacement (Yang et al., 2019). The successful application of AI in these research areas demonstrates its potential to address time series prediction problems in the field of geology. However, there is still a lack of research on modeling and prediction using real-time wave-induced pore pressure data obtained from in-situ monitoring in marine environments.

Therefore, the objective of this study is to investigate the feasibility of using three different recurrent neural network (RNN) models to predict the response of wave-induced pore pressure in marine environments, utilizing long-term time series data obtained from in-situ monitoring. The study aims to compare the performance of different RNN models, at different seabed depths, as well as the impact of model parameters and input parameters on prediction accuracy. The findings of this research can provide guidance and recommendations for the development of wave-induced liquefaction early warning systems. Furthermore, this work can serve as a valuable reference for the application of RNNs in other time series problems within the field of geology.




2 Data and method



2.1 Data description

We utilized a supervised deep-learning model to establish the relationship between input parameters and output results. The input parameters considered in this study include water depth (D), effective wave height (H1/3), effective wave height period (T1/3), maximum wave height (Hmax), maximum wave height period (Tmax), wind speed (WS), and wind direction (WD), while the output result is the wave-induced pore water pressure. All the data were obtained from in-situ observations conducted by the First Institute of Oceanography, MNR between February 18, 2015, and April 21, 2015 in the Yellow River Estuary, China (Du et al., 2021; Song et al., 2022).

The in-situ pore water pressure (PWP) data was obtained using a self-developed pore pressure monitoring equipment during the period of maximum wind and wave activity of the year. This dataset includes PWP data measured at depths of 0.5m, 1.5m, 2.5m, and 3.5m below the seabed surface. PWP was measured at a frequency of 0.5 Hz for a duration of 3 minutes every half-hour. We processed the data using interpolation and averaging methods, resulting in continuous pore pressure data with an acquisition frequency of one-half hour, covering a period of over 1500 hours.

During the observation period when the PWP data was collected, we simultaneously gathered data on water depth using a turbidimeter (OBS-3A), wave dynamics using wave-tide instruments (RBR solo D Wave, TGR-2050), and wind conditions with an anemometer (Du et al., 2021). The coordinates for the pore pressure, water depth, and wave data collection site are 118.86°E, 38.20N. Wind speed and wind direction data were sourced using a R.MYOUNG 05106 marine type wind anemometer from an offshore drilling rig situated approximately 300 m northwest of the pore pressure monitoring location. The dataset of these geological parameters covers the entire period of pore pressure monitoring, with a data collection frequency of one record every half hour.

The dataset used for calculations is a two-dimensional array consisting of 3025 rows and 11 columns. The first seven columns represent the calculated parameters, which include water depth, effective wave height, effective wave height period, maximum wave height, maximum wave height period, wind speed, and wind direction. The last four columns represent the pore pressure sensor values at four different depths.




2.2 Correlation analysis of input parameters and pore pressure

We generated a heatmap through correlation analysis using 3000 data sets of the nine parameters mentioned above, as depicted in Figure 1. The heatmap allowed us to explore the correlation between eight input parameters: pore pressure at time t-1 (Pt-1), water depth (D), effective wave height (H1/3), effective wave period (T1/3), maximum wave height (Hmax), maximum wave period (Tmax), wind direction (WD), wind speed (WS), and the output parameter, pore pressure at time t (Pt). When considering the significant influencing factors of pore pressure, it is essential to consider both statistically significant factors and geologically meaningful factors comprehensively.




Figure 1 | Correlation analysis on pore pressure and geological environment factors. Where the map contains pore pressure at time t-1 (Pt-1), water depth (D), effective wave height (H1/3), effective wave period (T1/3), maximum wave height (Hmax), maximum wave period (Tmax), wind direction (WD), wind speed (WS), and pore pressure at time t (Pt).



Our analysis revealed a strong positive correlation between the input parameters Pt-1 and D with Pt, indicating their significant influence on pore pressure prediction. Thus, Pt-1 and D are considered the most important parameters in determining Pt.

In contrast, the parameters H1/3, Hmax, WD, and WS demonstrated relatively weaker correlations with Pt. While wave height, wind speed, and wind direction are important factors influencing pore pressure variation in submarine sediments, the wave period has minimal impact due to its limited variability and periodicity. Therefore, it can be disregarded. Although wave height, wind speed, and wind direction are slightly less influential compared to pore pressure and water depth at t-1, including them provides additional geological environmental factors that enrich the geological information for pore pressure prediction, bringing the analysis closer to natural environmental influences.

However, the parameters T1/3 and Tmax exhibited the weakest correlations with Pt, with correlation coefficients one to two orders of magnitude smaller than the other parameters. Consequently, it may be reasonable to exclude T1/3 and Tmax from practical calculations or analyses. Based on these results, we recommend prioritizing the inclusion of Pt-1 and D in further analysis or modelling efforts due to their strong positive correlation with Pt. The inclusion or exclusion of H1/3, Hmax, WD, and WS should be carefully considered based on specific analysis goals and requirements.

When selecting input parameters for modelling, it is imperative to consider three crucial aspects: mathematical or statistical relevance, geological significance, and the feasibility of data acquisition.

Firstly, from a mathematical standpoint, pore pressure at the previous time step (Pt-1) and water depth (D) exhibited significant positive correlation with the target variable, pore pressure at the current time step (Pt). Therefore, they are naturally the first choices as input variables. However, relying solely on these two parameters could overlook the influence of wave action, which is a significant contributor to seabed pore pressure variations.

Secondly, the geological significance mandates the inclusion of wave-related parameters. Wave action is a critical factor in seabed pore pressure fluctuations and cannot be disregarded. Therefore, wave-related parameters like effective wave height (H1/3) and maximum wave height (Hmax) are also considered as inputs to bring the model closer to realistic conditions.

Additionally, wind speed (WS) is relatively easily obtainable variables. As evident from Figure 1, wind speed shows a robust correlation with wave action. This raises an interesting question about the feasibility of using wind speed as a proxy for wave parameters, which is a subject worth exploring in our study.




2.3 Applied RNN models

In this study, we employ three types of Recurrent Neural Networks (RNN) (Rumelhart et al., 1986) to model and predict wave-induced pore pressure: the standard RNN, Long Short-Term Memory (LSTM) (Hochreiter and Schmidhuber, 1997), and Gated Recurrent Unit (GRU) (Cho et al., 2014). Here, we provide a brief introduction to the basic forms of RNN and GRU, along with their respective formulas.



2.3.1 Standard RNN model

RNN is a class of artificial neural network designed for processing sequential data (Figure 2A). RNN has demonstrated its effectiveness in various tasks, such as time series prediction, natural language processing, and speech recognition. In RNN, the hidden layers possess a looping mechanism that allows the network to maintain information from previous time steps, enabling it to capture temporal dependencies in the input data. This feature makes RNN suitable for analysing time-dependent phenomena in marine geology, such as predicting sediment transport patterns and wave-induced pore water pressure variation. However, it is noteworthy that the standard RNN model has some limitations, notably the vanishing gradient problem, which can make it challenging for the network to learn long-term dependencies in the data. That is, when performing pore pressure prediction for long time series, the conventional RNN will be less accurate.




Figure 2 | Structure of Standard RNN (A), LSTM (B) and GRU (C) cells.



The standard RNN is composed of an input layer, a hidden layer with a recurrent loop, and an output layer. The key feature of RNN is the ability to retain information from previous time steps in the hidden layer, which enables the model to capture temporal dependencies in the input data. The updated equations for a standard RNN are as follows:



 

where t   is the hidden state at time step t; t is the input at time step t; t is the output at time step t; xh hh, and hy are the weight matrices; h and  are the bias terms; tanh is the hyperbolic tangent activation function.




2.3.2 LSTM model

LSTM is a type of Recurrent Neural Network that has been widely used for sequence modeling problems (Figure 2B). Unlike traditional RNN, LSTM is designed to mitigate the vanishing gradients problem and to preserve information across long sequences, by introducing an additional memory cell that can store information for an extended period of time (Gers et al., 2000). LSTM is particularly useful for processing sequences of data with dependencies between time steps, such as time series, speech recognition, and natural language processing tasks.

An LSTM unit is comprised of three gates, which control the flow of information into and out of the memory cell. These gates are the input gate, the forget gate, and the output gate, and each is controlled by a sigmoid function and a tanh function. The sigmoid function outputs a value between 0 and 1, which determines the extent to which each gate is opened or closed (Gers et al., 2000). The tanh function outputs a value between -1 and 1, which helps to preserve information in the memory cell. The equations for the LSTM cell are as follows:

Input Gate:

 

Forget Gate:

 

Output Gate:

 

New Memory Cell:



Hidden State:

 

where  ,  , and   are the input, forget, and output gate activations, respectively, at time step t.   and   are the memory cell states at time step t and t-1, respectively.   and   are the hidden states at time step t and t-1, respectively.   is the input at time step t, and  ,  ,  , and   are weight matrices for the input, forget, output, and cell gates, respectively.  ,  ,  , and   are biases for the input, forget, output, and cell gates, respectively. The sigmoid function σ is applied element-wise, and the tanh function is also applied element-wise.




2.3.3 GRU model

Gated Recurrent Units (GRUs) are a variant of RNNs, specifically designed to address the vanishing gradient problem, which is a common challenge encountered in training traditional RNNs. The vanishing gradient issue arises when gradients become too small to update the weights effectively, leading to difficulties in capturing long-range dependencies in the data. GRUs introduce gating mechanisms, namely the update and reset gates, which allow the network to control the flow of information and selectively retain or discard information from previous time steps. This design results in a more efficient and stable learning process, making GRUs an attractive choice for modeling complex temporal patterns in marine geology applications.

The Gated Recurrent Unit (GRU) is a variant of RNN that addresses the vanishing gradient problem encountered in training traditional RNNs. It achieves this by introducing gating mechanisms, namely the update (zt) and reset (rt) gates. These gates allow the network to control the flow of information and selectively retain or discard information from previous time steps. The update equations for a GRU are as follows:

 

 



 

where zt and rt are the update and reset gates, respectively; ht is the hidden state at time step t; h’t is the candidate hidden state at time step t; xt is the input at time step t; Wxz, Whz, Wxr, Whr, Wxh, and Whh are the weight matrices; σ is the sigmoid activation function; ⊙ represents element-wise multiplication.





2.4 Utilization of established RNN models

We will establish models based on three RNN architectures, investigate the accuracy of the three RNN models in predicting wave-induced pore pressure field monitoring data, and compare the accuracy of different pore pressure depths. The entire modeling and prediction process includes data normalization, dataset splitting, model architecture establishment, model training, model prediction, and accuracy assessment.

The overall modeling process is shown in Figure 3. The original dataset contains 1500 h of pore pressure, water depth, wave, and wind speed data, which we divided into a 1000h training set and a 500h test set according to a 2:1 ratio. For the model building part, the standard RNN, LSTM, and GRU models are used to train the same data, respectively. While modeling, parameter tuning is needed to select the model parameters with the best prediction within a reasonable range. Finally, the model prediction accuracy is tested by MSE, MAE, RMSE and R2.




Figure 3 | Flowchart of RNN model establishment.





2.4.1 Data normalization and dataset splitting

Data normalization plays a crucial role in machine learning. Diverse input data often possesses distinct dimensions and units, necessitating normalization to expedite model convergence and reduce errors during training. In this research, we employed the Min-Max normalization technique, ensuring all data is normalized within a range of zero to one.

 

where, x represents the original data, while   denotes the normalized data.   and   correspond to the minimum and maximum values within the entire dataset, encompassing both training and testing data. The Min-Max normalization technique is prevalent and effective in numerous studies. The wave-induced pore pressure dataset was split to 1000 h for training and 500 h for testing.




2.4.2 Proposed architecture

The novel architecture consists of an input layer, multiple hidden layers, and an output layer. The input layer has eight neurons corresponding to the eight calculated parameters: water depth, effective wave height, effective wave height period, maximum wave height, maximum wave height period, wind speed, wind direction, and pore pressure at time t-1. The hidden layers incorporate the beneficial features of standard RNN, LSTM and GRU models, including gating mechanisms to address the vanishing gradient problem. The output layer has four neurons corresponding to the pore pressure sensor values at four different locations.

To improve training efficiency and prevent overfitting, techniques such as dropout, and batch normalization has also been employed. Dropout can be applied to the hidden layers to introduce regularization. Batch normalization can be used to stabilize the training process by normalizing layer inputs.




2.4.3 Training and optimization

The model is trained using the Mean Squared Error (MSE) loss as the criterion, which is appropriate for regression tasks. The optimizer chosen for training is the Adam optimizer, which has been shown to work well in deep learning applications.

Model hyperparameters play a crucial role in AI modeling, and it is important to build models with different hyperparameters within a reasonable range to statistically obtain the best hyperparameters. Selecting hyperparameters that meet the accuracy requirements of the research problem is essential, as there is no universally optimal set of hyperparameters. In this study, we aimed to investigate the impact of hyperparameters on wave-induced pore pressure prediction by constructing multiple models with different parameter combinations using the standard RNN, LSTM, and GRU model (Table 1).


Table 1 | Experimental settings of model hyperparameters.



The learning rate (LR) determines the step size during optimization, with our range [0.001, 0.1] ensuring a balance between fast convergence and model stability. Epochs, representing the number of complete passes through the dataset, range from 10 to 300, providing a comprehensive understanding of training duration versus performance trade-offs. Lastly, the batch size, varying from 8 to 128, governs the amount of data processed at once, affecting both the model’s generalization and training speed. Our chosen ranges for these hyperparameters are deliberate, striving for a broad yet meaningful exploration to pinpoint the best settings for our specific application.




2.4.4 Evaluation methods

To evaluate the accuracy of the RNN model’s predictions, we employed four evaluation metrics: Mean Squared Error (MSE), Mean Absolute Error (MAE), Root Mean Squared Error (RMSE), and R-squared (R2). These metrics provide a comprehensive understanding of the model’s performance in terms of prediction accuracy and error magnitude. The following is a description of each evaluation metric along with their respective formulas:

Mean Squared Error (MSE): MSE measures the average squared difference between the predicted and true values. It is widely used in regression tasks to quantify the prediction error. A lower MSE value indicates a better model performance. The formula for MSE is as follows:

 

where ypred is the predicted value, ytrue is the true value, and n is the total number of data points.

Mean Absolute Error (MAE): MAE calculates the average absolute difference between the predicted and true values. It provides an easily interpretable measure of the prediction error magnitude. A lower MAE value signifies a better model performance. The formula for MAE is:

 

where ypred is the predicted value, ytrue is the true value, and n is the total number of data points.

Root Mean Squared Error (RMSE): RMSE is the square root of the Mean Squared Error, which provides an estimate of the prediction error in the same unit as the true values. A lower RMSE value indicates better model performance. The formula for RMSE is:

 

R-squared (R2): R2, also known as the coefficient of determination, measures the proportion of the variance in the true values that can be explained by the model’s predictions. It is a useful metric for evaluating the model’s goodness-of-fit. An R2 value closer to 1 indicates a better model performance. The formula for R2 is:

	

where ypred is the predicted value, ytrue is the true value, ymean is the mean of the true values, and the summations are over all data points.

By evaluating the RNN model using these four metrics, we can gain a comprehensive understanding of the model’s prediction accuracy and error magnitude, which is essential for assessing the suitability of the model for predicting pore water pressure response within seafloor sediments under wave action.




2.4.5 Experimental settings

In this study, our methodology is structured around a multi-experiment experimental design aimed at understanding and predicting alterations in pore water pressure at varying seabed depths. The selection of input parameters should not be solely based on mathematical or statistical relevance; it must also take into account geological significance and the practicality of data acquisition. This multi-faceted approach aids in constructing a pore pressure prediction model that is both accurate and applicable. Specific experimental settings can be seen in Table 2. We outline the details of our experiment below:


Table 2 | Experimental design overview.






Experiment 1: Comparative analysis of RNN models

We utilize three types of RNN architectures standard RNN, LSTM, and GRU. The models are trained using a comprehensive set of eight input parameters: pore pressure at time t-1 (Pt-1, i.e., the pore pressure values of four different burial depth locations at the moment t-1), water depth (D), effective wave height (H1/3), effective wave period (T1/3), maximum wave height (Hmax), maximum wave period (Tmax), wind direction (WD), wind speed (WS). Since the goal of the first step was to compare the accuracy of different RNN networks, the full input parameters were used for the study to ensure that the information was maximized and complete. For this experiment, the models predict pore pressure at four different seabed depths: 0.5m, 1.5m, 2.5m, and 3.5m (P0.5, P1.5, P2.5, P3.5). Although the model generates pore pressure predictions at four distinct depths, the initial step emphasizes comparing model accuracies using data from a singular depth, specifically opting for the 1.5m burial depth for this comparative analysis. The model demonstrating the highest prediction accuracy for pore water pressure at this depth is designated as the ‘Best Model’.





Experiment 2: Depth-wise analysis using the best model

Upon identifying the ‘Best Model’, we extend our investigation to assess its predictive capabilities at multiple seabed depths. The model would be trained and evaluated using the same set of eight input parameters as in experiment 1. The analysis focuses on prediction accuracy at four different seabed depths, aiming to evaluate the model’s generalizability across different geotechnical conditions.





Experiments 3-5: Reduced input analysis

Considering the importance of feature relevance and the complexities of parameter acquisition, experiments 3, 4, and 5 are designed to assess the prediction accuracy when using fewer input parameters. In these experiments, we fix the first two parameters as pore pressure at time t-1 (Pt-1), water depth (D) and vary the third parameter. Specifically, experiment 3 uses effective wave height (H1/3), experiment 4 uses, maximum wave height (Hmax), and experiment 5 employs WS (wind speed) as the third input variable. H1/3 and Hmax represent two statistical cases of waves, and the use of WS instead of wave height is to be explored to see if the use of wind speeds, which are taught to be easily accessible, can be used as a substitute for wave parameters. These experiments utilize the ‘Best Model’ identified in experiment 1 for predictions.





2.4.6 Implementation

The novel architectures were implemented using PyTorch, a popular deep learning framework, which offer extensive libraries and tools for neural network development. The calculating device is a workstation named MacBook Pro 16 with CPU of M1 Pro, 16G of RAM.






3 Results and discussions



3.1 Accuracy comparison of standard RNN, LSTM and GRU

To compare the prediction accuracy of the standard RNN, LSTM and GRU models on the wave-induced pore pressure response problem, the same train and test datasets were used for all the three models. Figure 4 shows the real pore pressure variation values compared with the predicted values and the absolute error statistics among the three different RNN models using box chart and CDF (Cumulative Distribution Function), respectively. As observed in Figure 4A, the pore pressure prediction results using the three RNN models show results and trends similar to the actual pore pressure values. Since the results predicted by the three RNN models were relatively close, we used mathematical statistical analysis for further comparison. Figure 4B shows the box plots of the absolute errors of the prediction results for the three RNN models of all the 1000 test data (two data per hour), with the box statistics ranging from 5% to 95% of the absolute errors. As can be observed from Figure 4, both the maximum error value, 95% error value, median, and mean, the absolute error of GRU is smaller than that of LSTM is smaller than that of standard RNN. Figure 4C uses the CDF to evaluate the statistics of the error values predicted by different models, and the models with a larger proportion of smaller absolute error values perform better. It is clear from the Figure 4C that the overall GRU curve lies above the LSTM and standard RNN. Combining the two statistical results, the model accuracy in the problem of predicting the pore pressure response of the pozzolanic sediment is shown as GRU>LSTM> standard RNN.




Figure 4 | Comparison of prediction accuracies of standard RNN, LSTM and GRU. (A) is the comparison among real PWP and predict PWP; (B) is the prediction absolute error of the three RNN models; (C) is the CDF of the prediction errors of the three RNN models.



Table 3 presents the performance of different RNN models in terms of prediction accuracy. The metrics evaluated in this study include Mean Squared Error (MSE), Mean Absolute Error (MAE), Root Mean Squared Error (RMSE), and R-squared (R2) coefficient. The standard RNN model achieved an MSE of 3.33, an MAE of 1.45, an RMSE of 1.83, and an R2 value of 0.80. The LSTM model performed slightly better with an MSE of 3.13, an MAE of 1.41, an RMSE of 1.77, and an R2 value of 0.81. The GRU model showed the best performance among the three models, with an MSE of 2.92, an MAE of 1.36, an RMSE of 1.71, and an R2 value of 0.83. Based on these results, it can be concluded that the GRU model outperformed the RNN and LSTM models in terms of prediction accuracy. The GRU model achieved lower error values (MSE, MAE, and RMSE) and a higher R2 value, indicating a better fit to the data and improved ability to explain the variance in the predictions.


Table 3 | Performance of prediction accuracy using different RNN models.



The GRU’s superior performance can be attributed to its architectural simplicity, as it strikes a balance between RNNs and LSTMs by capturing long-term dependencies with fewer gates. This results in faster training and fewer parameters. Additionally, GRUs effectively address the vanishing gradient problem and their gating mechanism can be more adaptive for specific problems like the wave-induced pore pressure response. In situations where only recent past events are crucial, the GRU’s design becomes advantageous. Compared to LSTMs, GRUs can be more efficient for datasets that aren’t extensive or when long-term dependencies are straightforward. The GRU’s simpler design may also reduce overfitting risks. In essence, the GRU’s design and efficiency combined with the unique dynamics of our dataset led to its optimal performance.




3.2 Prediction accuracies in different depth

In order to investigate the prediction of pore pressure values at different depths of seabed burial, we have used the model established by GRU to predict the pore pressure at 0.5, 1.5, 2.5, and 3.5m locations. Figure 5 shows the comparison between the predicted and true values of pore pressure at different seabed depths of burial. As can be observed from the Figure 5, the predicted results of the GRU model are closer to the actual pore pressure values, which can simulate and predict the pore pressure at different burial depth locations accurately.




Figure 5 | GRU-based pore pressure prediction results at different depths. (A–D) are the comparison between the observed and real values of pore pressure at 0.5m, 1.5m, 2.5m, and 3.5m burial depths, respectively. .



Figure 6 demonstrates the absolute error statistics using box statistics and CDF charts for 30 replicate tests at different depth locations. From Figure 6A, it can be observed that the overall absolute error is less than 4 kPa at all depth locations, and the median absolute error is less than 1 kPa. The absolute error value increases gradually from 0.5 m to 2.5 m, but is minimal at 3.5 m. Figure 6B shows more clearly the comparison of the absolute error between different depths, with the highest CDF curve at the 3.5m depth position, followed by the crossover at the 0.5m and 1.5m positions, and the lowest curve at the 2.5m position. Meanwhile, the CDF curves at all depth positions exceeded 80% at an absolute error of 2 kPa. It shows that the model can accurately predict the pore pressure variation at different depths. The analysis of the two subplots in Figure 6 shows that the GRU-based model can accurately predict the pore pressure variation at different depths (the median of repeated tests is less than 1 kPa), and there is no necessary connection between the depth and the accuracy.




Figure 6 | Statistical results of pore pressure prediction for different seabed burial depth locations. (A) is the prediction absolute error of pore pressure at four different seabed burial depth locations; (B) is the CDF of the prediction errors of pore pressure at four different seabed burial depth locations.



Table 4 presents the performance metrics of different depth configurations using the GRU model on the test dataset. It can be observed that increasing the depth of the GRU model from 0.5 to 1.5 led to a slight improvement in performance, but the performance decreased when the depth was further increased to 2.5. Depth 3.5 demonstrates the best performance, with MSE 1.58, MAE 1.13, RMSE 0.85, and R2 0.92. These results indicate that increasing the depth can have mixed effects on the model’s accuracy.


Table 4 | Performance of prediction accuracy at different depth using GRU model.



In Section 3.2, we noted subtle variances in the Mean Absolute Errors (MAEs) across different seabed depths. It’s essential to underscore that these variations, although discernible in our graphical representations, translate to only minor discrepancies in absolute terms. A change of a few tenths of a kPa in pore pressure is not typically impactful in practical geotechnical applications. These slight disparities in MAEs might be due to inherent natural variations or potential inconsistencies during data acquisition rather than reflecting any significant geological distinctions. The consistent performance of the GRU model across these depths, even with these minor fluctuations, underscores its resilience and versatility in handling different geological scenarios. Overall, it is shown that the accuracy of the GRU model prediction results is independent of the sediment burial location and that the model can accurately predict pore pressure at all burial locations.




3.3 Comparison of GRU models with different input parameters

In this study, four different Gated Recurrent Unit (GRU) models were trained using various combinations of input parameters to predict pore pressure at varying seabed burial depths. The input parameter settings can be seen from Table 2 (2) ~ (5), which contain control group [Table 2 (2)], significant wave height group [Table 2 (3)], maximum wave height [Table 2 (4)], and wind speed group [Table 2 (5)].

As seen in Figure 7A, the model that used significant wave height (H1/3) as the wave parameter exhibited the lowest average MAE value at 1.016, followed by wind speed (1.035) and maximum wave height (1.038). Interestingly, the control group model that employed all parameters showed a slightly worse performance, with an average MAE of 1.063. From Figure 7B we can see that, A similar trend was observed for MSE values. The model trained using significant wave height (H1/3) demonstrated the lowest MSE of 1.894, followed by the control group, maximum wave height, and wind speed, which had values of 2.012, 1.999, and 1.947 respectively.




Figure 7 | Statistical averages of model accuracy with different input parameters. Where All is the experiments using all input parameters; H is the experiment using pore pressure at time t-1, water depth and significant wave height; Hmax is the experiment using pore pressure at time t-1, water depth and maximum wave height; WS is the experiment using pore pressure at time t-1, water depth and wind speed. H is the (A) is the average MAE; (B) is the average MSE; (C) is the average RMSE; (D) is the average R2.



It can be seen from Figure 7C that, the model with significant wave height (H1/3) also outperformed in terms of RMSE, with an average value of 1.367, better than the control group (1.409), maximum wave height (1.405), and wind speed (1.386). As for the R2 values (Figure 7D) indicate that the prediction accuracy of all models was relatively high, ranging from 0.878 to 0.885. The model using significant wave height (H1/3) as an input parameter showed the highest R2 value of 0.885.

Overall, the models that used different input parameters demonstrated respectable accuracy with MAE errors all below 1.1 kPa. Among the different input parameters, significant wave height performed the best, followed by wind speed, maximum wave height, and the control group with all parameters. Upon analyzing the underlying reasons, it becomes evident that the significant wave height (H1/3) offers a more holistic representation of wave conditions. This parameter accounts for both the average and more extreme wave heights, thereby providing a balanced input for the model. On the other hand, maximum wave height (Hmax) represents more extreme cases, and hence is not a good proxy for the overall wave conditions, leading to slightly greater computational errors. The use of wind speed (WS) as an alternative parameter is also noteworthy. While not as effective as wave height in representing wave conditions, it provides a reasonable approximation when wave data are not readily available.

Therefore, it can be concluded that for best results, significant wave height (H1/3) should be used for calculations when conditions allow. When wave parameters are hard to acquire, using wind speed to represent wave magnitude is also acceptable.





4 Future work

We employed three RNN models to effectively model long time series pore pressure data obtained from marine field monitoring, enabling accurate predictions up to a duration of 500 hours. This demonstrates the valuable utility of deep learning methods for addressing the wave-induced pore pressure problem and offers insights for tackling time series prediction challenges in the field of marine geology.

However, the accuracy of the model is notably influenced by the training data, which is inherent to the working principle of deep learning models. Achieving an accurate model relies on having complete and realistic input data encompassing various influential factors. Incomplete or inaccurate input data will inevitably lead to inaccuracies in the resulting model. Therefore, the acquisition and organization of data become crucial focal points in deep learning-based modeling. Furthermore, the deep learning model developed in this study is tailored specifically to the powdered soil seabed conditions in the Yellow River estuary and may not be suitable for all study areas. This is a characteristic of deep learning models—they excel at nonlinear modeling within a given data range but lack generalization beyond that range. When modeling pore pressure prediction in other areas, it remains necessary to gather a substantial amount of data and information on geological parameters.

When establishing a deep learning geological model, it is important to consider not only the mathematical significance of optimal prediction accuracy but also the richness and completeness of the model parameters in a geological sense. For instance, in this study, when discussing the influencing factors of wave-induced pore pressure prediction, although the correlation coefficients of parameters such as wave height and wind speed with the pore pressure at time t-1 are only one-fourth of that with water depth, they still need to be considered during modeling. Only wave periods with very low correlation can be discarded. This is because deep learning models are prone to overfitting when trained excessively. Even though the two strongly correlated parameters in this problem can accurately predict pore pressure, it does not imply that only these two parameters can be used for accurate predictions in other regions. Geologically significant parameters, such as wave characteristics and wind speed, need to be included in the model’s input parameters.

In future research, we will leverage the findings of this study to further explore novel techniques and methods for predicting wavelike pore pressure. While this study utilized field monitoring data as input parameters, it is important to address the high data acquisition cost. Investigating whether the relationship of wave-induced pore pressure can be established directly using easily accessible parameters such as water depth, sediment characteristics, wave properties, current conditions, and sea wind patterns will be a key focus of our future work. Additionally, while the current study emphasizes long-term pore pressure prediction in half-hour intervals, we acknowledge the importance of understanding and predicting rapid changes that occur in much shorter timescales. As soil liquefaction in response to strong and continuous wave action can transpire within minutes or even seconds, future endeavors will prioritize finer temporal resolutions. This will allow us to capture and predict imminent sediment behaviors, offering a more holistic and practical insight into seabed dynamics under varying wave conditions. By merging the findings from both long-term and short-term predictions, we aim to offer a comprehensive tool for marine geologists and engineers in their efforts to anticipate and mitigate liquefaction risks.




5 Conclusions

In this study, we employed three deep learning models, namely, the standard RNN, LSTM, and GRU, to model and predict the variation of pore pressure under long time series of wave actions obtained from in-situ marine monitoring. We compared the accuracy of these three models and ultimately identified the most suitable model for wave-induced pore pressure prediction. We conducted predictions with different depths, discussed the effects of model hyperparameters, input parameters on model prediction accuracy. The main conclusions are as follows:

	(1) Deep learning models can accurately predict the response of pore pressure to ocean waves. All three models achieved a prediction horizon of 500 hours and kept the absolute error within 2 kPa. Among them, the GRU model exhibited the highest accuracy.

	(2) When predicting wave-induced pore pressure at different seabed depths, the GRU model achieved a relatively high accuracy (MAE around 1 kPa). There was no significant correlation between prediction accuracy and depth.

	(3) The model built using the pore pressure at the previous moment, water depth, and effective wave height as input parameters predicted the most accurate values. When aiming for easily obtainable input parameters, wind speed can be effectively used in place of the effective wave height, without compromising prediction accuracy significantly.

	(4) The ability to predict pore pressure under long time series of wave actions is crucial, especially considering the continual and varying influence of waves over extended periods. Such long-duration predictions provide a more realistic representation of seafloor pore pressure and liquefaction response under persistent wave action. This research underscores the significance of long time series predictions in understanding the potential risks associated with seafloor sediment stability in marine environments.
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The resistivity structure of an extinct mid-ocean ridge is significant in understanding the evolution of a mid-ocean ridge from its spreading phase to its dying phase. The magnetotelluric (MT) method is a crucial tool in studying the deep resistivity structure as it is sensitive to resistivity which is affected by heat and allows for imaging of the electrical properties of the mantle. While modern electromagnetic data has enhanced our understanding of the deep structure of rapidly expanding and ultra-slow expanding mid-ocean ridges, the deep electrical structure below extinct mid-ocean ridges has not been studied extensively.In July 2020, marine MT instruments were deployed in the southwest subbasin of the South China Sea to study the resistivity structure below a stalled mid-ocean ridge. The study found that the imaged thickness of the lithospheric lid (>100Ωm) varies between 20 and 90 km, exhibiting a positive correlation with its age. The melt ascent channel is closed below the stalled mid-ocean ridge, and the melt falls back and forms a small melt trap below the dead mid-ocean ridge. In the northwest survey line of oceanic ridge, huge low-resistivity anomalies (<1Ωm), located between 80km and 160 km depth. In the southeast survey line of oceanic ridge, there is a slightly smaller low-resistivity anomalies (<1Ωm). These results indicate that partial melt continues to exist after the cessation of spreading at the mid-ocean ridge. The lithosphere-asthenosphere boundary (LAB) and the ocean basin of the South China Sea experienced a certain magmatic transformation during the cooling and falling process. According to the resistivity, temperature, pressure, and SEO3 model, the melt content is estimated to be approximately 1-12%. The electrical structure of the mantle in the South China Sea is an important basis for studying the current state beneath the ceased spreading mid-ocean ridge.
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Introduction

The magma generated during mid-ocean ridge spreading plays a crucial role in the rifting and fracturing processes of passive continental margins in marginal seas. The amount of magma determines the process of lithospheric rupture and the mode of fracturing in these margins (Forsyth and Chave, 1994; Evans et al., 2005; Peace et al., 2018; McKenzie et al., 2005). Additionally, the magma generated by mantle upwelling is fundamental to crustal formation at mid-ocean ridges, with the majority of crustal material formed at these ridges (Bown and White, 1994; Zhou and Dick, 2013). It also influences various features, including seafloor morphology, gravity anomaly distribution, crustal volume, and the shape of the mantle melting zone (Reid and Jackson, 1981; Macdonald et al., 1991; Forsyth, 1992). Therefore, understanding the generation, transport, and storage mechanisms of melts beneath mid-ocean ridges is of utmost importance from a tectonic perspective. Even for extinct mid-ocean ridges, where lithospheric rupture has ceased, the intrusion of magma from below still impacts the structure of the oceanic crust (Jokat et al., 2003). This suggests that beneath these extinct ridges, there may still be upwelling from hotspots, ancient mantle differentiation, or some influence from subduction processes (e.g., Dunn and Martinez, 2011; Dalton et al., 2014). Therefore, studying how the internal heat circulation in marginal seas during the fallback process of upwelling magma affects regional tectonics remains a meaningful endeavor.

The South China Sea (SCS) basin is a rhomb-shaped oceanic basin that formed approximately 32-16 million years ago, with a north-south to northwest-southeast orientation (Taylor and Hayes, 1983; Briais et al., 1993; Pin et al., 2001; Barckhausen and Roeser, 2004; Li et al., 2007; Franke et al., 2014). Within the SCS, there are three distinct oceanic subbasins: the Northwest Sub-basin (NWSB), the East Sub-basin (ESB), and the Southwest Sub-basin (SWSB; Figure 1).Even after the cessation of spreading, the South China Sea remains an area of active magmatic activity (Xu et al., 2012; Huang et al., 2019). Analysis of drilling, seismic surveying, and geophysical imaging results indicate that the magmatic activity in the SCS during the Cenozoic era exhibits various styles, multiple phases, and diverse compositions (Zhao et al., 2010; Yan et al., 2014; Song et al., 2017).




Figure 1 | The locations of the main tectonic characteristics and MT line in the South China Sea region are indicated on the bathymetry map, with a total of 34 valid measurement points.The bathymetric map, derived from the SRTM15_PLUS data (Tozer et al., 2019), highlights the position of the South West Sub Basin (SWSB). The top-left corner of the map indicates the geographical location on Earth. Within the inset box at 12°30′N, 33 sea-floor magnetotelluric stations (represented by red circles) were deployed across the ridge axis. The measured line spans approximately 260 kilometers. The names of the stations and their corresponding water depths can be seen in Figure 2. The red dots denote the sites (U1433 and U1434) of the International Ocean Discovery Program Expedition 349, while the red triangles indicate the dredge sites: 3yDG (Qiu et al., 2008), S04-14-1, and D10 (Yan et al., 2014). The thick black dashed line represents the boundary between the East Subbasin and the Southwest Sub-basin.



In the southwestern sub-basin (SWSB) of the South China Sea, there is a paleo-spreading center that formed along the NE-SW direction. Multiple seismic imaging studies have shown that the magmatic activity in this basin is highly active. In the central part of the spreading ridge, there are large-scale and numerous igneous bodies (Xu et al., 2012; Zhang et al., 2016). However, at the tail end of the spreading ridge, there are more igneous bodies, but they are smaller in size (Zhou et al., 1995; Li et al., 2014).Geochemical analysis has revealed that most volcanic activities in the area exhibit enrichment characteristics, which may be related to deep-seated mantle magma and the recycling of subducted slab material (Franke et al., 2010; Yu et al., 2018; Zhang et al., 2018). Due to a lack of understanding and ongoing debates about the deep-seated structures, the mechanism of expansion, as well as the extent and distribution of magmatism in the southwestern sub-basin (SWSB) of the South China Sea, remain unclear.

In the past several decades, marine magnetotellurics (MT) has emerged as a crucial method for studying the Earth’s internal structure and geodynamics. It has been used to investigate phenomena such as hotspots (e.g., Nolasco et al., 1998), the lithosphere-asthenosphere boundary (LAB) (Schlindwein and Schmid, 2016; Stern et al., 2015), subduction zones, and other processes involving melting and hydration (e.g., Worzewski et al., 2011; Naif et al., 2013). This method is particularly valuable because it is sensitive to conductive phases like molten materials and fluids. Geomagnetic data collected through MT surveys record the natural low-frequency electromagnetic variations associated with induced electrical conductivity (Ni et al., 2011; Yoshino et al., 2012). Electrical conductivity is a physical property that primarily depends on factors such as temperature, mineralogy, and the presence and interactions of fluids. The upwelling regions in oceanic ridges are especially suitable targets for marine electromagnetic exploration. This is because even a small amount of conductive molten material can significantly increase the overall conductivity, while the conductivity of unmelted, olivine-rich rocks is generally low (Key and Constable, 2002; Baba et al., 2006; Ni et al., 2011).

Electromagnetic imaging has significantly enhanced our understanding of the structure and evolution of actively spreading mid-ocean ridges (Baba et al., 2006; Key et al., 2013; Johansen et al., 2019). However, when it comes to extinct mid-ocean ridges that have stopped spreading, the clarity of electromagnetic imaging is reduced. The thermal structure beneath these inactive mid-ocean ridges, including the characteristics and depth of the lithosphere-asthenosphere boundary (LAB), melt supply, crustal thickness, cooling mechanisms of marginal magma chambers, and patterns of late-stage magmatic activity, still remain poorly understood.

To investigate the deep thermal structure of extinct mid-ocean ridges, magnetotelluric data (EPR) was collected in the southwestern sub-basin of the South China Sea. The study focused on understanding the electrical structure of mantle upwelling, melt generation, and magma transport in the region where the mid-ocean ridge ceased spreading approximately 15 million years ago, at water depths ranging from 3800 to 4640 meters. The study utilized a large-scale electromagnetic array measurement, providing unprecedented electrical structure profiles reaching depths of up to 160 kilometers in the southwestern sub-basin of the South China Sea. Through nonlinear regularized inversion, smooth two-dimensional anisotropic electrical models were reconstructed from the measured data. The electrical resistivity of the upper mantle is primarily influenced by factors such as temperature, the extent of partial melting, and the presence of water (or hydrogen) dissolved in the solid mantle (particularly olivine) and melts (Matsuno et al., 2022; McKenzie et al., 2005). The study also included preliminary rock physics analysis and geological interpretations to assess the thermal structure, melt distribution, and the occurrence of water. These findings provide valuable insights into the internal structure and evolution of the extinct mid-ocean ridge in the southwestern sub-basin of the South China Sea.





Data and methods

The data for this study were collected in 2020 during a magnetotelluric (MT) array experiment conducted in the southwestern sub-basin of the South China Sea (Figure 1). A total of 46 electromagnetic seafloor receivers were deployed along a 260-kilometer line, covering the extinct mid-ocean ridge in the southwestern sub-basin and the adjacent ocean-continent transition zones. The deployment of these 46 MT stations took place over the course of a month-long survey, divided into three stages with approximately 10-15 instruments deployed in each round. Each wideband MT instrument continuously recorded a time series of the four components of the time-varying electromagnetic field (Ex, Ey, Hx, Hy) for a period of 5-9 days (Figure 2). After removing periodic noise, robust multi-station processing methods (Egbert, 1997) and truncation were employed to obtain high-quality frequency-domain magnetotelluric impedance data at 34 measurement sites, covering periods ranging from 50 to 8000 seconds. These data are suitable for investigating crustal and upper mantle structures. A regularized nonlinear data inversion method (Key et al., 2013; Key, 2016) was used to generate two-dimensional resistivity images with a smooth resolution, providing insights into the subsurface up to approximately 160 kilometers deep and extending approximately 130 kilometers on each side of the mid-ocean ridge.




Figure 2 | Bathymetry and electromagnetic acquisition geometry.



The spacing of approximately 5 kilometers between stations ensures the accuracy of resistivity imaging of the lithosphere. In general, the majority of Ocean Bottom Electromagnetic (OBEM) stations provided high-quality data. However, we had to exclude data from nine OBEMs (stations 2, 3, 5, 6, 8, 18, 19, 29, 35,36,41and 46) due to issues such as poor electrode connections or a lack/failure of compass on the instruments. Despite this, we were able to obtain high-quality Magnetotelluric (MT) responses with periods ranging from approximately 50 to 10,000 seconds. The shortest period limit was set to 50 seconds for shallow OBEMs and 200 seconds for deep-water OBEMs. Figure 3 shows the time domain plots of the MT receiver measurements.




Figure 3 | Time-domain plots of the MT receiver measurements.



The survey conducted in this study covered water depths ranging from 3,000 to 4,500 meters. Considering the shielding effect of seawater on natural-source electromagnetic signals, we started truncating the data from 200 seconds to 500 seconds period for the Magnetotelluric (MT) analysis. Additionally, there was noticeable noise caused by ocean currents on the left side of the profile during deployment. To minimize the impact of this noise, we made the decision to start truncating the data from approximately 500 seconds period onwards.

We conducted dimensionality analysis using the open-source software MTpy (Kirkby et al., 2019) and visualized the data with MTpy. In Figure 4, the phase tensor ellipse section illustrates the ellipticity and tilt values of the 33 measurement points. The lower impedance tilt to the east of the mid-ocean ridge is consistent with the primary 2D conductivity structure beneath the ridge. However, on the left side of the phase tensor profile, as well as at measurement points MT17 to MT21, there is a noticeable departure from 2D behavior in the period range of 100-1000s, with erratic ellipse azimuths. This suggests the presence of some 3D conductivity effects in these areas, likely caused by nearby steep bathymetry/topography variations and the inhomogeneity of the deep asthenosphere.




Figure 4 | Phase tensor analysis plot for the 34 measurement point.



Due to the challenges in accurately fitting the phases caused by the 3D nature of the data, we made the decision not to include the TE mode data from data points 7, 15, 16, 43, 21, 30 and 43, as well as the TM mode data from data point 17 during the inversion process. The changes observed in the long-period data trend could be attributed to variations in deep structures or the influence of mantle olivine anisotropy. It is important to acknowledge that the 2D determinant inversion method employed in this study has limitations when dealing with complex 3D structures. In such cases, a 3D inversion would be more appropriate. However, in this particular study, the effectiveness of a 3D inversion was not satisfactory due to the presence of only one profile.

We employ the open-source software MARE2DEM for inversion, which utilizes an adaptive finite element algorithm for forward modeling (Key, 2016). The objective of the inversion is to seek a refined underground resistivity model that can effectively interpret the measured data while accounting for data uncertainty. The inversion program we utilize follows an Occam-type inversion scheme, enabling the estimation of three-axis anisotropic resistivity (Constable et al., 1987; Berdichevsky and Dmitriev, 2008).



In this study, the x-direction aligns with the axis of the oceanic ridge, the y-direction is perpendicular to the ridge, and the z-direction points downwards. To ensure the inversion is not influenced by the structure in the input starting model, we initialized the inversion with a uniform halfspace model of 10Ωm. The model dimensions for this inversion cover a range of 2000 km×2000 km in the y and z directions, which adequately encompasses the cross-sectional length (approximately 260 km). The model cells are smaller (around 5 km) in the core region and coarser in the outer part of the cross-section. As shown in the Figure 5, the inversion process utilizes three unknown resistivity tensor elements on 7895 triangular cells, extending from the seafloor to the mantle. Smaller cells are suitable for representing rugged seafloor features, while larger cells are used to model deeper regions. In total, there are 23685 unknown parameters.




Figure 5 | Mesh partition of the initial model.



Enhanced by the general Occam method, the inversion actively minimizes the following function:



where m is the n dimensional vector of model parameters with units log10(resistivity). Matrix R is the roughness operator.The first term represents the model’s roughness, indicating how smooth or jagged it is. the second term is the fit of model’s forward response F(m) to the observed data vector d weighted by the data’s inverse standard errors in the diagonal matrix W. F represents the forward modeling operator, which is based on the Euclidean norm. Occam’s method employs an automatic search to determine the best combination of parameters that balances the fit to the data and the smoothness of the model. In the case of considering three-axis anisotropic resistivity, the model’s roughness term is expanded to



The first three terms measure the spatial roughness of each component of the anisotropic resistivity by evaluating the differences between adjacent resistivity parameters. These terms measure the smoothness or variability of the resistivity distribution in different directions. On the other hand, the last three terms quantify the degree of anisotropy within each cell. These terms help to capture the variations and complexities of anisotropic conductivity within the model. It is important to note that the inversion process only introduces anisotropic conductivity when it is required to accurately fit the observed data.

Equation3 has a unified implicit weighting between measuring spatial roughness and anisotropic roughness, which means that both aspects are given equal priority during the inversion process. This ensures that both spatial roughness and anisotropic roughness are appropriately considered and balanced when generating the final model.

The initial root mean square (rms) for the inversion is 10.1. The lower limits for the errors in apparent resistivity and phase are defined as 10% and 2.85°, respectively.These error limits have proven effective for the data, resulting in a fitting misfit of 2.36. To avoid overfitting and ensure a more balanced inversion, we restart the inversion process with a slightly higher target fitting misfit, approximately 10% higher at 2.6. This adjustment helps to ensure that the data is not overly fitted, striking a balance between accurately fitting the data and avoiding excessive complexity in the model MT data and model responses are shown in the Figure 6.




Figure 6 | MT data and model responses are shown. The apparent resistivity is measured in ohm-m, and the phase is measured in degrees. The TE mode data is represented by blue symbols, while the TM mode data is represented by red symbols. The solid lines correspond to the responses of the best-fitting model. The station names are clearly displayed above each panel.







Analysis of results

The inversion results, as shown in Figure 7, present a profile displaying the distribution of electrical structures beneath the inactive mid-ocean ridge in the southwestern sub-basin of the South China Sea. In this inversion model, four significant features are observed.




Figure 7 | Marine magnetotelluric resistivity imaging of the southwestern sub-basin of the South China Sea. The profile extends to a depth of 160 km. On the profile, the resistivity colors represent the logarithmic resistivity (in Ohm-meter) in the vertical direction obtained from the non-linear inversion of data from seafloor magnetotelluric stations (indicated by white triangles on the seafloor). The color scale presents the electrical resistivity in log10[ρ(Ωm)]. Blue to red colors indicate high conductivity to low resistivity, possibly due to the presence of partial melt. The contour at approximately 100 Ωm is interpreted as the base of the electrical lithosphere according to Johansen et al. (2019). Outside and above the eLAB, a distinct transition is observed, characterized by an increase in resistivity of the olivine-rich rocks without melt. We assume that the temperature of the lithosphere below a depth of 15 km beneath the seafloor is similar to a half-space cooling model, and the measured values agree with the SE03 conductivity and temperature model. The predicted isotherms are shown as white lines, calculated based on the SE03 model. The dry and 200 parts per million H2O solidi for peridotite are sourced from Hirschmann et al. (2009).



The first feature indicates that the melt ascent channel is blocked beneath the stalled mid-ocean ridge. As a result, the molten material descends and accumulates, forming a small melt trap at depths of 20-40 kilometers (C1) with a resistivity of approximately 9 Ohm-meter. This region appears as a small low-resistivity zone, possibly indicating the enrichment of melt formed by mantle upwelling.The second feature reveals significant low-resistivity anomalies (C2) along the northwest survey line of the oceanic ridge, with resistivity values of approximately 1 Ohm-meter. These anomalies are distributed between 80 and 160 kilometers and are likely supplied by deeper sources of molten material. The low-resistivity anomalies in region C2 exhibit the largest extent and deeper depths.The third feature shows relatively smaller low-resistivity anomalies (~2 Ohm-meter) along the southeast survey line of the oceanic ridge (C3). These anomalies are possibly associated with small-scale heat cycles occurring in the area.The fourth feature indicates that the imaged lithospheric lid has a thickness ranging from 20 to 90 kilometers with resistivity values greater than or equal to 100 Ohm-meter. Moreover, this thickness shows a positive correlation with the age of the lithosphere (R1, R2).

These findings suggest that following the cessation of seafloor spreading at mid-ocean ridges, partial melt continues to persist. The magnetotelluric profile of the ocean basin reflects the thermal-electric structure beneath the southwestern sub-basin of the South China Sea at this moment.

Model appraisal is a critical step in the inversion process. In the presented model, the influence of anisotropy is generally negligible, except for the shallow left side of the mid-ocean ridge, where the vertical conductivity exhibits the highest values (Figure 8). However, it is important to consider that the selection of anisotropic factors during the inversion process (Baba et al., 2006) may have contributed to this observation. During the inversion, a aniso.penatly weight of a=1 was employed to account for anisotropy.




Figure 8 | The anisotropic resistivity obtained from the two-dimensional inversion of TE+TM mode data.



We also conducted sensitivity tests on the MT response to important model features, particularly in high conductivity areas. We varied the resistivity of the conductors in rectangular regions A, B, and C to make them more resistive and observed the changes in overall RMS data misfit for forward modeling tests. The resistivity of these conductors ranged from 1-9 Ωm, and for the sensitivity tests, we increased it to 100 Ωm in regions A, B, and C. Figure 9 shows the increase in RMS data misfit for each test. As shown in Figure 10, removing shallow conductor A resulted in a 10% increase in misfit for the TE mode and a 6% increase for the TM mode. Removing deep conductor B resulted in a 26% increase in misfit for the TE mode. Removing vertical conductor C resulted in a 20% increase in misfit for the TE mode. These test results confirm the sensitivity of our data to features A, B, and C, with perturbing these features significantly increasing the local data misfit. As expected, the data is more sensitive to anomalies B and C. Matsuno et al. (2012) found that conductors located at depths of 6-60 km in the ocean only affect MT responses below 1,000 seconds. Due to data noise and other issues, we had to remove some data within 1,000 seconds from MT stations constraining region A, but the high conductivity region A still has some reliability. These test results emphasize the importance of each conductor in fitting the data.




Figure 9 | Model sensitivity test regions.The data sensitivity of the three main conductors in regions (A–C) was obtained by replacing them with a uniform resistivity of 100 Ωm and calculating the resulting MT response.







Discussion

This asymmetric and discontinuous conductive area is significantly different from the symmetric triangular conductor observed in mid-ocean ridge spreading systems (e.g., Key et al., 2013). These conductive regions likely outline the thermal structure and decompression melting area beneath the upwelling mantle magma during the process of back-arc rollback. The highly conductive zones beneath the mid-ocean ridge may be one of the reasons for the intense modification of the crust by post-rift magmatism in the southwestern sub-basin of the South China Sea (Evans et al., 2005; Caricchi et al., 2011). When interpreting the 2D conductivity profiles through the oceanic lithosphere (Figure 6), various factors such as temperature, pressure, rock type, grain size, water permeability, melt content, and dehydration reactions of hydrous minerals must be taken into account (Hacker et al., 2003; Ni et al., 2011). Dry peridotite, basalt, gabbro, and other minerals are the main components of the mantle material. Factors such as their melting ratio, content, and water content can all affect the electrical resistivity properties of the mantle (Caricchi et al., 2011). Additionally, the content and effects of H2O and CO2 in the melt should also be considered (Wallace and Green, 1988; Sifré et al., 2014; Green and Liebermann, 1976).

We have selected three vertical profiles, A, B, and C, passing through the centers of high conductivity anomalies on the northwest, vertical, and southeast sides of the profile, respectively. Figure 10 illustrates the specific locations of these three vertical profiles, A, B, and C, along the profile line. The relationship between temperature and depth for each profile, A, B, and C, is depicted in Figure 11A. In Figure 11A, the measured conductivity is inverted using the SEO3 model to obtain the corresponding temperatures, which are represented by blue lines. Additionally, the geothermal gradient calculated using the half-space cooling model is shown in red. Figure 11B presents the calculated profiles of partial melting content and their associated water content. These profiles provide valuable insights into the thermal and electrical properties of the mantle.




Figure 10 | The sensitivity test results are shown as the increase in the RMS data fit for the TE and TM mode data subsets for regions (A–C).






Figure 11 | The three vertical profiles (A-C) selected along the profile line.



For profile A, the depth of the conductive region in the upper part is approximately 40km. The melt depth of profile B is between 90km and 140km, while the high conductivity region of profile C is within the depth range of 60-80km. These are definitely not explainable by melting of a CO2-free H2O-depleted mantle, since too high temperatures and/or too high melt contents are demanded (Presnall and Gudfinnsson, 2005; Naif et al., 2013).For example, at a temperature of approximately 1350°C, the resistivity of dry olivine without melt is ≥102Ωm (Constable et al., 1992; Constable, 2006; Yoshino et al., 2009; Gardés et al., 2014). This resistivity value is much higher than that of shallow conductors. Shallow conductors may include silicates (basaltic melt) (e.g., Sifré et al., 2014) and conductive components such as water (e.g., Wang et al., 2006; Pommier et al., 2008; Green et al., 2010; Figure 12B). For profiles A, B, and C, if the melt content in the high conductivity region is not too high (2%-4%), which would cause buoyant mantle upwelling (Hier-Majumder and Courtier, 2011; Faul, 2001), a water content of around 4.0wt% is required, especially for the high conductor in profile B, which needs a higher percentage of water. Considering that the high conductivity region C1 is located beneath a mid-ocean ridge, the presence of melt that can be hydrated can explain its low resistivity value. We have not considered the influence of CO2 on the observed resistivity. Carbonate melt is expected in the deep mantle beneath spreading ridges (Cartigny et al., 2008; Dasgupta et al., 2013), so the low resistivity of profile B and C may also be influenced by CO2, with actual water content lower than the calculated values (Dasgupta and Hirschmann, 2010; Marty, 2014). The high conductivity region in profile B has a larger scale and deeper depth, These are definitely not explainable by melting of a CO2-free H2O-depleted mantle, since too high temperatures and/or too high melt contents are demanded (Presnall and Gudfinnsson, 2005; Naif et al., 2013). the presence of two parallel conduction mechanisms: conduction through a covalent polymer-like hydrated silicate melt and ion conduction through carbonate melt. The combined effect of these two mechanisms results in the observed high conductivity in this region (Gaillard et al., 2008; Bialas et al., 2010).




Figure 12 | (A) The temperature-depth relationship for profiles A, B, and C is illustrated in Figure 11A. To estimate the melt content and water content of the conductor, we employed the Standard Electrical Olivine 3 (SEO3) model (Constable, 2006) through modeling. The blue lines in Figure 11A represent the maximum temperature, obtained by inverting the measured conductivities to SEO3. These temperatures are then combined with the red line, which represents the geotherm calculated using the half-space cooling model. (B) Figure 11B presents the water content in the melt versus depth, as well as the calculated melt content, for profiles A, B, and C.







Conclusion

This study presents an electrical section of the southwestern sub-basin of the South China Sea, obtained from a large-scale MT array, revealing that the sub-basin has ceased spreading and extends down to a depth of 160km beneath the mid-ocean ridge. Based on our electrical model and joint interpretation, the following conclusions can be drawn:

	(1) The thickness of the imaged lithospheric lid (>100Ωm) varies between 20 and 90 km and shows a positive correlation with its age. This suggests that the older the lithosphere, the thicker the lithospheric lid.

	(2) The melt ascent channel is closed beneath the stalled mid-ocean ridge, causing the melt to fall back and accumulate to form a small melt trap below the inactive ridge. This indicates that the melt is unable to reach the surface due to the closure of the ascent channel.

	(3) The presence of a certain proportion of CO2 and H2O in the shallow melt reservoirs and deep depleted mantle beneath the southwestern sub-basin is necessary to create a high conductivity zone and inhibit upwelling at this depth. This implies that the presence of CO2 and H2O affects the conductivity and prevents buoyant upwelling in the region.



Subsequent studies can integrate the analysis of seismic wave velocity and petrophysical sampling in the southwestern sub-basin of the South China Sea to provide a more accurate understanding and insight into the material cycling and geological processes within the Earth’s interior. Combining different methods of analysis can further enhance our understanding of the dynamics and processes occurring in the sub-basin.





Code availability statement

MARE2DEM20 is a parallel adaptive finite element code for two-dimensional forward and inverse modelling for electromagnetic geophysics and was used for data modelling and inversion in this project. MARE2DEM is available for download at http://mare2dem.ucsd.edu/. The MT processing software used in this study are available from ftp://ftp.oce.orst.edu/dist/egbert/EMTF/EMTF.tar.gz and https://code.usgs.gov/ghsc/geomag/emtf/fcu/tree/v4.1.





Data availability statement

The data analyzed in this study is subject to the following licenses/restrictions: The data that support the findings of this study are available from GMGS, but restrictions apply to the availability of these data, which were used under special agreement for the current study. All relevant data are, however, available from the corresponding author upon reasonable request and with the permission of GMGS. Requests to access these datasets should be directed to lijianping14@126.com.





Author contributions

YG: Writing – original draft. JL: Writing – review & editing. FL: Writing – review & editing. RZ: Writing – review & editing. YZ: Writing – review & editing. ZH: Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This study was supported by the China Geological Survey Project under contracts No. DD20201118 and No. DD20230069,the Marine Economic Development in Guangdong Province (Grant Number: GDNRC[2023]40),the China Geological Survey Project under contracts No.DD20221912,Guangdong Provincial Key Laboratory of Geophysical High-resolution Imaging Technology(2022B1212010002), and Shenzhen Science and Technology Program (Grant No. KQTD20170810111725321).




Acknowledgments

Data acquisition were supported by the Guangzhou Marine Geological Survey (GMGS) and China University of Geosciences Beijing(CUGB),funded by the China Geological Survey Project (No. DD20201118 and No. DD20230069). This cruise was conducted onboard R/V “Hai Yang Di Zhi 4” by Guangzhou Marine Geological Survey (GMGS) China.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





References

 Baba, K., Chave, A. D., Evans, R. L., Hirth, G., and Mackie, R. L. (2006). Mantle dynamics beneath the East Pacific Rise at 17°S: Insights from the Mantle Electromagnetic and Tomography (MELT) experiment. J. Geophysical Res. 111, B02101. doi: 10.1029/2004JB003598

 Barckhausen, U., and Roeser, H. A. (2004). Seafloor spreading anomalies in theSouth China Sea revisited. Continent-Ocean Interact. within East Asian Marg. Seas 149, 121–125. doi: 10.1029/149gm07

 Berdichevsky, M., and Dmitriev, V. I. (2008). “Inversion strategy,” in Models and Methods of Magnetotellurics (Springer, Berlin), 453–544. doi: 10.1007/978-3-540-77814-1_12

 Bialas, R. W., Buck, W. R., and Qin, R. (2010). How much magma is required to rift a continent? Earth Planetary Sci. Lett. 292. doi: 10.1016/j.epsl.2010.01.021

 Bown, J. W., and White, R. S. (1994). Variation of oceanic crustal thickness with spreading rate. Earth Planetary Sci. Letters. 121, 435–449. doi: 10.1016/0012-821X(94)90082-5

 Briais, A., Patriat, P., and Tapponnier, P. (1993). Updated interpretation of magnetic anomalies and seafloor spreading stages in the South China Sea:Implications for the Tertiary tectonics of Southeast Asia. J. Geophysical Res. 98, 6299–6328. doi: 10.1029/92JB02280

 Caricchi, L., Gaillard, F., Mecklenburgh, J., and Trong, E. L. (2011). Experimental determination of electrical conductivity during deformation of melt-bearing olivine aggregates: Implications for electrical anisotropy in the oceanic low velocity zone. Earth Planetary Sci. Lett. 302, 81–94. doi: 10.1016/j.epsl.2010.11.041

 Cartigny, P., Pineau, F., Aubaud, C., and Javoy, M. (2008). Towards a consistent mantle carbon flux estimate: Insights from volatile systematics (H2O/Ce, δD, CO2/Nb) in the North Atlantic mantle (14° N and 34° N). Earth Planetary Sci. Lett. 265, 672–685. doi: 10.1016/J.EPSL.2007.11.011

 Constable, S. (2006). SEO3: A new model of olivine electrical conductivity. Geophysical J. Int. 166, 435–437. doi: 10.1111/j.1365-246X.2006.03041.x

 Constable, S., Parker, R. L., and Constable, C. G. (1987). Occam's inversion; a practical algorithm for generating smooth models from electromagnetic sounding data. Geophysics 52, 289–300. doi: 10.1190/1.1442303

 Constable, S., Shankland, T. J., and Duba, A. (1992). The electrical conductivity of an isotropic olivine mantle. J. Geophysical Res. 97 (B3), 3397–3404. doi: 10.1029/91JB02453

 Dalton, C. A., Langmuir, C. H., and Gale, A. (2014). Geophysical and geochemical evidence for deep temperature variations beneath mid-ocean ridges. Science 344 (6179), 80–83. doi: 10.1126/science.1249466

 Dasgupta, R., and Hirschmann, M. M. (2010). The deep carbon cycle and melting in Earth's interior. Earth Planetary Sci. Lett. 298, 1–13. doi: 10.1016/J.EPSL.2010.06.039

 Dasgupta, R., Mallik, A., Tsuno, K., Withers, A. C., Hirth, G., and Hirschmann, M. M. (2013). Carbon-dioxide-rich silicate melt in the Earth’s upper mantle. Nature 493, 211–215. doi: 10.1038/nature11731

 Dunn, R. A., and Martinez, F. (2011). Contrasting crustal production and rapid mantle transitions beneath back-arc ridges. Nature 469, 198–202. doi: 10.1038/nature09690

 Egbert, G. D. (1997). Robust multiple-station magnetotelluric data processing. Geophysical J. Int. 130, 475–496. doi: 10.1111/J.1365-246X.1997.TB05663.X

 Evans, R. L., Hirth, G., Baba, K., Forsyth, D., Chave, A., and Mackie, R. (2005). Geophysical evidence from the MELT area for compositional controls on oceanic plates. Nature 437, 249–252. doi: 10.1038/nature04014

 Faul, U. H. (2001). Melt retention and segregation beneath mid-ocean ridges. Nature 410, 920–923. doi: 10.1038/35073556

 Forsyth, D. W. (1992). “Geophysical constraints on mantle flow and melt generation beneath mid-ocean ridges,” in Mantle flow and melt generation at mid-ocean ridges. Geophysical Monograph Series, vol. 71 . Eds.  J. P. Morgan, D. K. Blackman, and J. M. Sinton (American Geophysical Union), 183–280.

 Forsyth, D. W., and Chave, A. D. (1994). Experiment investigates magma in the mantle beneath mid-ocean ridges. Eos, Trans. Am. Geophysical Union 75, 537–540. doi: 10.1029/94EO02023

 Franke, D., Barckhausen, U., Baristeas, N., Engels, M., Ladage, S., Lutz, R., et al. (2010). The continent-ocean transition at the southeastern margin of the South China Sea. Mar. Petroleum Geology 28, 1187–1204. doi: 10.1016/J.MARPETGEO.2011.01.004

 Franke, D., Savva, D., Pubellier, M., Steuer, S., Mouly, B., Auxietre, J.-L., et al. (2014). The final rifting evolution in the South China Sea. Marine and Petroleum Geology 58 (2014), 704–720. doi: 10.1016/j.marpetgeo.2013.11.020

 Gaillard, F., Malki, M., Iacono-Marziano, G., Pichavant, M., and Scaillet, B. (2008). Carbonatite melts and electrical conductivity in the asthenosphere. Science 322, 1363–1365. doi: 10.1126/science.1164446

 Gardés, E., Gaillard, F., and Tarits, P. (2014). Toward a unified hydrous olivine electrical conductivity law. Geochemistry, Geophysics, Geosystems 15, 4984–5000. doi: 10.1002/2014GC005496

 Green, D. H., and Liebermann, R. C. (1976). Phase equilibria and elastic properties of a pyrolite model for the oceanic upper mantle. Tectonophysics 32, 61–92. doi: 10.1016/0040-1951(76)90086-X

 Green, D. H., Hibberson, W. O., Kovács, I. J., and Rosenthal, A. (2010). Water and its influence on the lithosphere–asthenosphere boundary. Nature 467, 448–451. doi: 10.1038/nature09369

 Hacker, B. R., Abers, G. A., and Peacock, S. M. (2003). Subduction factory, 1, Theoretical mineralogy, densities, seismic wave speeds, and H2O contents. J. Geophysical Res. 108 (B1), 2029. doi: 10.1029/2001JB001127

 Hier-Majumder, S., and Courtier, A. M. (2011). Seismic signature of small melt fraction atop the transition zone. Earth Planetary Sci. Lett. 308. doi: 10.1016/J.EPSL.2011.05.055

 Hirschmann, M. M., Tenner, T., Aubaud, C., and Withers, A. C. (2009). Dehydration melting of nominally anhydrous mantle: The primacy of partitioning. Phys. Earth Planetary Interiors 176, 54–68. doi: 10.1016/J.PEPI.2009.04.001

 Huang, H., Qiu, X., Zhang, J., and Hao, T. (2019). Low-velocity layers in the northwestern margin of the South China Sea: Evidence from receiver functions of ocean-bottom seismometer data. J. Asian Earth Sci. 186, 104090. doi: 10.1016/j.jseaes.2019.104090

 Johansen, S. E., Panzner, M., Mittet, R., Amundsen, H. E., Lim, A., Vik, E., et al. (2019). Deep electrical imaging of the ultraslow-spreading Mohns Ridge. Nature 567, 379–383. doi: 10.1038/s41586-019-1010-0

 Jokat, W., Ritzmann, O., Schmidt-Aursch, M. C., Drachev, S., Gauger, S., and Snow, J. (2003). Geophysical evidence for reduced melt production on the Arctic ultraslow Gakkel mid-ocean ridge. Nature 423, 962–965. doi: 10.1038/nature01706

 Key, K. (2016). MARE2DEM: a 2-D inversion code for controlled-source electromagnetic and magnetotelluric data. Geophysical J. Int. 207, 571–588. doi: 10.1093/GJI/GGW290

 Key, K., and Constable, S. (2002). Broadband marine MT exploration of the East Pacific Rise at 9°50′N. Geophysical Res. Lett. 29. doi: 10.1029/2002GL016035

 Key, K., Constable, S., Liu, L., and Pommier, A. (2013). Electrical image of passive mantle upwelling beneath the northern East Pacific Rise. Nature 495, 499–502. doi: 10.1038/nature11932

 Kirkby, A., Zhang, F., Peacock, J. R., Hassan, R., and Duan, J. (2019). The MTPy software package for magnetotelluric data analysis and visualisation. J. Open Source Software 4, 1358. doi: 10.21105/JOSS.01358

 Li, C., Xu, X., Lin, J., Sun, Z., Zhu, J., Yao, Y., et al. (2014). Ages and magnetic structures of the South China Sea constrained by deep tow magnetic surveys and IODP Expedition 349. Geochemistry 15, 4958–4983. doi: 10.1002/2014GC005567

 Li, C., Zhou, Z., Li, J., Hao, H., and Geng, J. (2007). Structures of the northeasternmost South China Sea continental margin and ocean basin: geophysical constraints and tectonic implications. Mar. Geophysical Res. 28, 59–79. doi: 10.1007/S11001-007-9014-9

 Macdonald, K. C., Scheirer, D. S., and Carbotte, S. M. (1991). Mid-ocean ridges: Discontinuities, segments and giant cracks. Science 253 (5023), 986–994. doi: 10.1126/science.253.5023.986

 Marty, B. (2014). The origins and concentrations of water, carbon, nitrogen and noble gases on Earth. Earth Planetary Sci. Lett. 313, 56–66. doi: 10.1016/j.epsl.2011.10.040

 Matsuno, T., Evans, R. L., Seama, N., and Chave, A. D. (2012). Electromagnetic constraints on a melt region beneath the central Mariana back-arc spreading ridge. Geochemistry Geophysics Geosystems 13 (10), 10017. doi: 10.1029/2012GC004326

 Matsuno, T., Seama, N., Shindo, H., Nogi, Y., and Okino, K. (2022). Enhanced and asymmetric melting beneath the southern mariana back-arc spreading center under the influence of pacific plate subduction. J. Geophysical Research: Solid Earth 127. doi: 10.1029/2021JB022374

 McKenzie, D., Jackson, J., and Priestley, K. (2005). Thermal structure of oceanic and continental lithosphere. Earth Planetary Sci. Lett. 233, 337–349. doi: 10.1016/J.EPSL.2005.02.005

 Naif, S., Key, K., Constable, S., and Evans, R. L. (2013). Melt-rich channel observed at the lithosphere–asthenosphere boundary. Nature 495, 356–359. doi: 10.1038/nature11939

 Ni, H., Keppler, H., and Behrens, H. (2011). Electrical conductivity of hydrous basaltic melts: implications for partial melting in the upper mantle. Contributions to Mineralogy Petrology 162, 637–650. doi: 10.1007/S00410-011-0617-4

 Nolasco, R., Tarits, P., Filloux, J. H., and Chave, A. D. (1998). Magnetotelluric imaging of the Society Islands hotspot. J. Geophysical Res. 103, 30287–30309. doi: 10.1029/98JB02129

 Peace, A. L., Welford, J. K., Geng, M., Sandeman, H. A., Gaetz, B. D., and Ryan, S. S. (2018). Rift-related magmatism on magma-poor margins: Structural and potential-field analyses of the Mesozoic Notre Dame Bay intrusions, Newfoundland, Canada and their link to North Atlantic Opening. Tectonophysics 745, 24–45. doi: 10.1016/J.TECTO.2018.07.025

 Pin, Y., Di, Z., and Zhao-shu, L. (2001). A crustal structure profile across the northern continental margin of the South China Sea. Tectonophysics 338, 1–21. doi: 10.1016/S0040-1951(01)00062-2

 Pommier, A., Gaillard, F., Pichavant, M., and Scaillet, B. (2008). Laboratory measurements of electrical conductivities of hydrous and dry Mount Vesuvius melts under pressure. J. Geophysical Res. 113, B05205. doi: 10.1029/2007JB005269

 Presnall, D. C., and Gudfinnsson, G. H. (2005). Carbonate-rich melts in the oceanic low-velocity zone and deep mantle. doi: 10.1130/0-8137-2388-4.207

 Reid, I. D., and Jackson, H. R. (1981). Oceanic spreading rate and crustal thickness. Mar. Geophysical Res. 5, 165–172. doi: 10.1007/BF00163477

 Qiu, Y., Chen, G. N., Liu, F. L., and Peng, Z. L. (2008). Discovery of granite and its tectonic significance in southwestern basin of the South China Sea. Geological Bulletin of China (in Chinese with English Abstract) 27 (12), 2104–2107. doi: 10.3969/j.issn.1671-2552.2008.12.017

 Schlindwein, V., and Schmid, F. (2016). Mid-ocean-ridge seismicity reveals extreme types of ocean lithosphere. Nature 535, 276–279. doi: 10.1038/nature18277

 Sifré, D., Gardes, E., Massuyeau, M., Hashim, L., Hier-Majumder, S., and Gaillard, F. (2014). The electrical conductivity during incipient melting in the oceanic low velocity zone. Nature 509, 81–85. doi: 10.1038/nature13245

 Song, X. X., Li, C. F., Yao, Y. J., and Shi, H. S. (2017). Magmatism in the evolution of the South China Sea: Geophysical characterization. Marine Geology 394 (2017), 4–15. doi: 10.1016/j.margeo.2017.07.021

 Stern, T., Henrys, S. A., Okaya, D. A., Louie, J. N., Savage, M. K., Lamb, S., et al. (2015). A seismic reflection image for the base of a tectonic plate. Nature 518, 85–88. doi: 10.1038/nature14146

 Taylor, B., and Hayes, D. E. (1983). Origin and history of the South China Sea basin. The tectonic and geologic evolution of Southeast Asian seas and islands, Vol. 27, 23–56. doi: 10.1029/GM027p0023

 Tozer, B. L., Sandwell, D. T., Smith, W. H., Olson, C. J., Beale, J., and Wessel, P. (2019). Global bathymetry and topography at 15 arc sec: SRTM15+. Earth Space Sci. 6, 1847–1864. doi: 10.1029/2019EA000658

 Wallace, M. E., and Green, D. H. (1988). An experimental determination of primary carbonatite magma composition. Nature 335, 343–346. doi: 10.1038/335343A0

 Wang, D., Mookherjee, M., Xu, Y., and Karato, S. (2006). The effect of water on the electrical conductivity of olivine. Nature 443, 977–980. doi: 10.1038/nature05256

 Worzewski, T., Jegen, M. D., Kopp, H., Brasse, H., and Castillo, W. T. (2011). Magnetotelluric image of the fluid cycle in the Costa Rican subduction zone. Nat. Geosci. 4, 108–111. doi: 10.1038/NGEO1041

 Xu, Y., Wei, J., Qiu, H., Zhang, H., and Huang, X. (2012). Opening and evolution of the South China Sea constrained by studies on volcanic rocks: Preliminary results and a research design Vol. 57 (Chinese Science Bulletin), 3150–3164. doi: 10.1007/S11434-011-4921-1

 Yan, Q., Shi, X., and Castillo, P. R. (2014). The late Mesozoic–Cenozoic tectonic evolution of the South China Sea: A petrologic perspective. J. Asian Earth Sci. 85, 178–201. doi: 10.1016/J.JSEAES.2014.02.005

 Yoshino, T., Matsuzaki, T., Shatskiy, A., and Katsura, T. (2009). The effect of water on the electrical conductivity of olivine aggregates and its implications for the electrical structure of the upper mantle. Earth Planetary Sci. Lett. 288, 291–300. doi: 10.1016/j.epsl.2009.09.032

 Yoshino, T., Mcisaac, E., Laumonier, M., and Katsura, T. (2012). Electrical conductivity of partial molten carbonate peridotite. Phys. Earth Planetary Interiors 194, 1–9. doi: 10.1016/J.PEPI.2012.01.005

 Yu, M., Yan, Y., Huang, C., Zhang, X., Tian, Z., Chen, W., et al. (2018). Opening of the South China sea and upwelling of the hainan plume. Geophysical Res. Lett. 45, 2600–2609. doi: 10.1002/2017GL076872

 Zhang, G., Luo, Q., Zhao, J., Jackson, M. G., Guo, L., and Zhong, L. (2018). Geochemical nature of sub-ridge mantle and opening dynamics of the South China Sea. Earth Planetary Sci. Lett. 489, 145–155. doi: 10.1016/J.EPSL.2018.02.040

 Zhang, Q., Wu, S., and Dong, D. (2016). Cenozoic magmatism in the northern continental margin of the South China Sea: evidence from seismic profiles. Mar. Geophysical Res. 37, 71–94. doi: 10.1007/s11001-016-9266-3

 Zhao, M., Qiu, X., Xia, S., Xu, H., Wang, P., Wang, T. K., et al. (2010). Seismic structure in the northeastern South China Sea: S-wave velocity and Vp/Vs ratios derived from three-component OBS data. Tectonophysics 480, 183–197. doi: 10.1016/J.TECTO.2009.10.004

 Zhou, H., and Dick, H. J. (2013). Thin crust as evidence for depleted mantle supporting the Marion Rise. Nature 494, 195–200. doi: 10.1038/nature11842

 Zhou, D., Ru, K., and Chen, H. (1995). Kinematics of Cenozoic extension on the South China Sea continental margin and its implications for the tectonic evolution of the region. Tectonophysics 251, 161–177. doi: 10.1016/0040-1951(95)00018-6




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Gao, Li, Li, Zhang, Zhao and He. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 23 November 2023

doi: 10.3389/fmars.2023.1280763

[image: image2]


Sedimentary architecture and evolution of a Quaternary sand-rich submarine fan in the South China Sea


Entao Liu 1,2*, Detian Yan 3*, Jianxiang Pei 3,4, Xudong Lin 1 and Junfeng Zhang 3


1 Hubei Key Laboratory of Marine Geological Resources, China University of Geosciences, Wuhan, China, 2 Radiogenic Isotope Facility, School of Earth and Environmental Sciences, The University of Queensland, Brisbane, QLD, Australia, 3 Key Laboratory of Tectonics and Petroleum Resources, Ministry of Education, China University of Geosciences, Wuhan, China, 4 Hainan Branch Company, China National Offshore Oil Corporation, Haikou, China




Edited by: 

Nan Wu, Tongji University, China

Reviewed by: 

Yuan Li, Hubei Earthquake Administration, China

Qiangtai Huang, Sun Yat-sen University, China

*Correspondence: 

Entao Liu
 liuentao@cug.edu.cn 

Detian Yan
 yandetian@cug.edu.cn


Received: 21 August 2023

Accepted: 23 October 2023

Published: 23 November 2023

Citation:
Liu E, Yan D, Pei J, Lin X and Zhang J (2023) Sedimentary architecture and evolution of a Quaternary sand-rich submarine fan in the South China Sea. Front. Mar. Sci. 10:1280763. doi: 10.3389/fmars.2023.1280763



Investigating the sedimentary architecture and evolution of sand-rich submarine fans is vital for comprehending deep-water sedimentary processes and enhancing the success rate of hydrocarbon resource exploration. Recent drilling activities in the Qiongdongnan Basin, northern South China Sea, have unveiled significant gas hydrate and shallow gas potential. However, exploration in this area faces substantial challenges due to the limited understanding of sandy reservoirs. Leveraging extensive newly acquired extensive 3D seismic data (~9000 km2) and well data, our study reveals five distinct deep-water depositional systems in the Quaternary Ledong Formation, including a submarine fan system, mass transport deposits, deepwater channel-levee systems, slope fans, and hemipelagic sediments. Notably, the targeted sand-rich submarine fan lies within the abyssal plain, situated at a water depth of 1300-1700 m. This fan exhibits a unique tongue-shape configuration and a SW-NE flow direction within the plane and spans an expansive area of ~2800 km2 with maximum length and width reaching 140 km and 35 km, respectively. Vertically, the fan comprises five stages of distributary channel-lobe complexes, progressing from Unit 1 to Unit 5. Their distribution ranges steadily increase from Unit 1 to Unit 3, followed by a rapid decrease from Unit 4 to Unit 5. Our results suggest that the occurrence and evolution of the submarine fan are primarily controlled by sea level fluctuation, confined geomorphology, and sediment supply. Specifically, sea level fluctuation and sediment supply influenced the occurrence of the submarine fan. Concurrently, the confined geomorphology in the abyssal plain provided accumulation space for sediments and shaped the fan into its distinct tongue-like form. In contrast to the deepwater channels within the deepwater channel-levee systems, the distributary turbidite channels within the submarine fan are marked by lower erosion depth with “U” shapes, greater channel width, and higher ratios of width to depth. The comparative analysis identifies turbidite channels as the focal points for offshore gas hydrate and shallow gas exploration in the Qiongdongnan Basin. Furthermore, the temporal evolution of submarine fan offers valuable insights into Quaternary deep-water sedimentary processes and hydrocarbon exploration within shallow strata of marginal ocean basins.
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1 Introduction

Submarine fan systems are formed by sediment gravity flows shed from continental margins into ocean basins and commonly deposited in abyssal plains (Normark, 1970; Piper and Normark, 2001; Talling et al., 2007). These systems have garnered significant attention both economically and academically due to their vast hydrocarbon exploration potential and their importance in hazard assessment (Richard et al., 1998). Over the past few decades, numerous submarine fan systems have been identified and studied, including those in the Gulf of Mexico, the North Sea, offshore West Africa, and the northern South China Sea (Mattern, 2005; Covault et al., 2007; Deptuck et al., 2008). Previous research indicates that submarine fan systems often exhibit considerable variability in depositional characteristics and complex sedimentary architectures, resulting from multiple mechanisms of sediment transport from continental shelf slopes to abyssal plains (Clift and Gaedicke, 2002; Mattern, 2005; Pickering et al., 2015; Sun et al., 2022; Zhang and Hou, 2022). These complexities pose significant challenges for hydrocarbon exploration.

Gas hydrate is considered an efficient and clean energy source, with the majority of recoverable gas hydrate resources concentrated in deep subsea sands (Boswell and Collett, 2011). Shallow gas, on the other hand, is an unconventional energy source enriched within shallow strata, typically located at depths less than 1000 m below the seafloor. This shallow gas is commonly found in the lower strata of gas hydrate reservoirs (Horozal et al., 2009). Submarine fans are known to house some of the largest gas hydrate and shallow gas reservoirs due to their higher permeability and porosity when compared to other sedimentary facies, such as mass-flow deposits (Mattern, 2005; Portnova et al., 2019; Liu et al., 2020; Liu et al., 2021; Liu et al., 2023). For instance, in the Nankai Trough, gas hydrate reservoirs are primarily composed of turbidite sands, hosting hydrate mainly within the primary pore space of these sands (Uchida and Tsuji, 2004; Collett et al., 2012). Similarly, high concentrations of gas hydrate in the Gulf of Mexico are found in sand-rich submarine fan turbidities, with saturations reaching up to 75% (Boswell et al., 2009; Portnova et al., 2019). Consequently, exploring the sedimentary architecture and evolution process of sand-rich submarine fans in Quaternary strata can not only offer valuable insights into the deepwater sedimentary processes of continental margins but also assist in guiding the exploration of gas hydrate and shallow gas resources.

The study region Qiongdongnan Basin is one of the largest regions for hydrocarbon exploration in the northern South China Sea. Previous research on natural gas exploration has mainly focused on the deep-buried strata of Yinggehai and Huangliu Formations with buried depths of 1200-3600 m below the seafloor (Yuan et al., 2009; Gong et al., 2011; Gong et al., 2019; Liu et al., 2022). However, in 2018, a complex gas hydrate system was first discovered in the central Qiongdongnan Basin, making it become a hotspot for expanding exploration of gas hydrate and shallow gas. A subsequent gas hydrate expedition in 2019 revealed that sand layers located in the abyssal plain are particularly favorable targets, with an average saturation of 52% (Lai et al., 2021; Cheng et al., 2022; Meng et al., 2022). Unfortunately, the previous studies in the Qiongdongnan Basin mainly focus on the central channel in Early Pliocene (Gong et al., 2011; Huang et al., 2016; Xiong et al., 2021) with less attention given to the Quaternary submarine fan system (Yuan et al., 2009). Meng et al. (2022) and Cheng et al. (2022) have documented that turbidite channels are high-quality gas hydrate reservoirs with high saturation based on very limited 3D seismic data (less than 1000 km2) and drilling cores. By contrast, Liu et al. (2023) suggested that gas hydrates are enriched in a Quaternary submarine fan. However, due to the lack of complete coverage of 3D seismic data, the sedimentary architecture of this submarine fan remains unclear. Additionally, it is worth noting that a systematic seismic sedimentological analysis is essential for this study. Therefore, the first objective of this study is to investigate the sedimentary architecture of the submarine fan system using seismic sedimentology, based on newly acquired 3D seismic data covering an area of approximately 9000 km2.

The second aim of this study is to determine the evolution process and controlling factors of the submarine fan. The stratigraphic record and evolution of submarine fans are controlled by many factors including sea level, tectonic, climate, geomorphology, and sediment supply (Mattern, 2005; Deptuck et al., 2008; Brooks et al., 2018). These factors contribute to variations in the available accommodation space and sediment supply routing, ultimately resulting in large-scale variations in the shape, size, and characteristics of submarine fans. However, the main controlling factors differ across different depositional settings (Mattern, 2005; Deptuck et al., 2008). For instance, the evolution processes of submarine fans are mostly attributed to sea level fluctuations (Normark et al., 1998; Clift and Gaedicke, 2002; Samuel et al., 2003), whereas some studies suggest that sediment supply can result in heterogeneity of submarine fans (Piper and Normark, 2001; Hawie et al., 2019). The studied submarine fan deposited in the central Qiongdongnan Basin exhibits a tongue-shaped morphology (Liu et al., 2023), which is significantly different from the fan-like conceptual models of submarine fans (Sømme et al., 2009). By utilizing the newly acquired 3D seismic data and drilling cores, this study aims to document the architecture and evolution process of a Quaternary sand-rich submarine fan in the Qiongdongnan Basin and investigate the controlling factors responsible for its deposition.




2 Geological setting

The Qiongdongnan Basin is a NE-trending Cenozoic petroliferous basin located in the northwestern South China Sea (Figure 1). It is bounded by Hainan Island to the north, Yinggehai-Song Hong Basin to the west, Xiasha Uplift to the south, and Pearl River Mouth Basin to the east, and covers a region of ~8×104 km2 (Chen et al., 2023) (Figures 1, 2). Currently, the water depth ranges from 300 m to 2750 m with a margin of continental shelf developed (Figure 2). It can be divided into four structural units including the Northern Depression, the Northern Uplift, the Central Depression, and the Southern Uplift. The submarine fan in this study is situated in the Central Depression.




Figure 1 | The present geomorphic map of the northern continental margin of the South China Sea [modified after Fyhn et al. (2019) and Cheng et al. (2022)], showing the location of the Qiongdongnan Basin. The distribution of currents is from Huang et al. (2023).






Figure 2 | The contour map of current water depth and division of tectonic unit in the Qiongdongnan Basin, northern South China Sea (modified after Ren et al. (2022)). The locations of seismic profiles are also shown on the map.



As a typical Cenozoic basin in the South China Sea, the tectonic evolution of the Qiongdongnan Basin can be divided into three stages: (1) a Paleocene period (45 Ma - 23 Ma) of the syn-rifting stage; (2) an early Miocene to Middle Miocene (23 Ma - 11.6 Ma) thermal subsiding stage; and (3) a late Miocene to recent (11.6 Ma - recent) accelerated subsiding stage (Clift and Sun, 2006; Ren et al., 2014; Cheng et al., 2023) (Figure 3). During the tectonic evolution process, the basin has changed from a rift basin into a depression basin with the depositional environment changing from Eocene lacustrine to Oligocene transitional and Miocene to recent marine environment (Ren et al., 2014; Fyhn et al., 2019) (Figure 3). The deposition thickness in the Qiongdongnan Basin reaches up to 15 km, and the developed strata from the Eocene to Quaternary include Eocene Lingtou Formation, Oligocene Yacheng and Lingshui Formations, Miocene Sanya, Meishan and Huangliu Formations, Pliocene Yinggehai Formation and Quaternary Ledong Formation (Figure 3). Since the middle Miocene (11.6 Ma), the basin entered the accelerated subsiding stage, and the continental slope break together with a central canyon formed (Gong et al., 2011; Huang et al., 2016; Wang et al., 2021; Cheng et al., 2023) (Figure 4). The central canyon deposited in the Miocene Huangliu Formation is 520 km long and 15-20 km wide (Gong et al., 2011) (Figure 5).




Figure 3 | Stratigraphic column of the Qiongdongnan Basin, northern South China Sea. The sea level curves are from Haq et al. (1987); Li et al. (2009), and Zhao et al. (2016).






Figure 4 | Interpreted well logging data of Well 1 and the interpreted seismic profile AA’ crossed Well 1, showing the seismic-well tie analysis for sequence stratigraphic framework. The location of the seismic profile AA’ is shown in Figure 3. The data of Well 1 is from Meng et al. (2022).






Figure 5 | Interpreted seismic profile BB’ crossed the Qiongdongnan Basin, northern South China Sea, showing the tectonic evolution process and the location of the sand-rich submarine fan. The location of the seismic profile BB’ is shown in Figure 3.



The Quaternary Ledong Formation (1.8 Ma to present) is dominated by bathyal to abyssal facies deposits including mass transport deposits, turbidites, a submarine fan system, and pelagic deposits (Cheng et al., 2022; Ren et al., 2022). The studied submarine fan was deposited in the abyssal plain of the central basin with a water depth of 1300-1700 m (Figure 2), and its lithology is represented by unconsolidated silty clays interbedded with sand layers (Ren et al., 2022; Liu et al., 2023). During the sedimentary period of the Ledong Formation, the sedimentation rate is up to 630 m/Ma, but the fault activity rate is extremely low (Ren et al., 2014).




3 Methods

A synergistic approach involving 3D seismic data, well logs, and drilling cores was employed to comprehensively investigate the sedimentary architecture of the submarine fan. The newly-acquired 3D seismic data was provided by the China National Offshore Oil Corporation (CNOOC) in 2023, boasting a peak frequency of approximately 40 Hz. Leveraging the fundamental principles of sequence stratigraphy as elucidated by Catuneanu and Zecchin (2016), a robust temporal stratigraphic framework was meticulously established through the construction of a synthetic seismogram. Geoframe® Software was harnessed to meticulously process the seismic data, encompassing an impressive survey area of approximately 9,000 km2. Nine sequence boundaries (i.e., T0, S1, S2, S3, S4, S5, S6, S7, and T20) were recognized in well-log and seismic data and were interpreted with the interpretation density of 1 km × 1 km (Figure 4). Following the theory of seismic sedimentology (Zeng, 2013), seismic facies analysis was used to identify the sedimentary architecture and the distribution range of the submarine fan. Then horizontal coherence slice and root mean square attributes extracted by the Geoframe® software were carried out to further constrain the range of the submarine fan and to characterize the depositional microfacies. Using the time-depth conversion formula provided by CNOOC, the palaeogeographic map of Horizon T20 was performed by the Petrel® software.

Well 1 and Well 2 were applied to characterize the submarine fan as well. The logging-while-drilling data of Well 1 was obtained from Guangzhou Marine Geological Survey, including natural gamma (GR), acoustic (AC), and resistivity (RES) logging. More than 280 m long continuous chip samples from the newly drilled Well 2 were examined and described to identify the lithologic facies and sedimentary characteristics of the submarine fan.




4 Results



4.1 Seismic-well tie analysis and sequence stratigraphic framework

High-quality natural gamma and acoustic logs from Wells 1 and 2 enabled a seismic-well tie analysis for sequence stratigraphic framework (Figure 5). The seismic-well tie suggests that the Ledong Formation can be divided into eight sedimentation units, and the strata thickness of the Ledong Formation ranges between 230 m and 980 m (Figure 5). The sequence boundary T20 corresponds to 1.8 Ma and is characterized by high-amplitude, moderate-continuity reflections. The internal sequence interfaces within the Ledong Formation (i.e., S1~S7) are marked by either lithologic mutation surfaces or transition surfaces (Figure 5). They were identified and traced in the 3D seismic data. S1, S2, S3, and S6 are marked by high-amplitude and high-continuity reflections, while S4, S5, and S7 are characterized by high-amplitude and moderate to high-continuity reflections (Figures 6–8). In the abyssal plain of the Qiongdongnan Basin, S1, S2, S3, S4, and S5 surfaces commonly correspond to the boundaries of mass transport deposits (Figures 6–8).




Figure 6 | Interpreted seismic profile CC’ crossed the submarine fan in the Qiongdongnan Basin, showing the sedimentary architecture of the submarine fan in the study area. The location of the seismic profile CC’ is shown in shown in Figure 3.






Figure 7 | Interpreted seismic profile DD’ crossed the submarine fan in the Qiongdongnan Basin, showing the sedimentary architecture of the submarine fan and the deepwater channel-levee systems in the study area. The location of the seismic profile DD’ is shown in Figure 3.






Figure 8 | Interpreted seismic profile EE’ crossed the submarine fan in the Qiongdongnan Basin, showing the sedimentary architecture of the submarine fan and the deepwater channel-levee systems in the study area. The location of the seismic profile EE’ is shown in Figure 3.






4.2 Seismic facies and corresponding depositional elements

According to the theory of seismic sedimentology (Zeng, 2013), five major seismic facies were identified in the study area, representing different depositional elements including a submarine fan system, mass transport deposits (MTDs), deepwater channel-levee systems, slope fans, and hemipelagic sediments.



4.2.1 Seismic facies 1: submarine fan system

In the seismic profiles, the submarine fan system shows basinward dipping oblique reflectors along the source direction, but lenticular-shaped reflectors perpendicular to the depositional strike (Figures 6–8). Data from Well 2 shows that the submarine fan system is dominated by layered argillaceous siltstone deposits (Figure 9). In RMS attribute images, it is dominated by a large wedge/strip-shaped package with a relatively high amplitude (Figures 10, 11).




Figure 9 | Stratigraphic column and well logging data of Well 2, showing the submarine fan is a sand-rich one. The location of Well 2 is shown in Figure 3.






Figure 10 | Sedimentary environments of Units 1-2. (A) RMS amplitude map between S6 and S7. (B) Planar distributions of sedimentary systems of Unit 2. (C) RMS amplitude map between horizon S7 and T20. (D) Planar distributions of sedimentary systems of Unit 1.






Figure 11 | Sedimentary environments of Units 3-5. (A) RMS amplitude map between S3 and S4. (B) Planar distributions of sedimentary systems of Unit 5. (C) RMS amplitude map between horizon S4 and S5. (D) Planar distributions of sedimentary systems of Unit 4. (E) RMS amplitude map between horizon S5 and S6. (F) Planar distributions of sedimentary systems of Unit 3.



Turbidite channel fills are widely developed within the submarine fan system (Figures 10, 11). They have low continuity, low to medium amplitude, and low frequency chaotic seismic reflection characteristics (Figures 6–8). In seismic profiles, they have obvious erosional bases and irregular tops, with erosion depths up to 120 m (average: 26 m), showing U-shaped erosional scours (Figures 6–8). They are dominated by sand-rich sediments with high amplitude in the RMS attribute images (Figures 10, 11).




4.2.2 Seismic facies 2: MTDs

MTDs have blank to weak amplitude, low-frequency reflections with sheet-like chaotic or disorganized internal reflection structures (Figures 6–8). In seismic profiles, they can be easily identified by large-scale chaotic seismic reflection patterns (Figures 6–8). They commonly show bottom flattened and top raised strip outlines (Figures 6–8). In the RMS attribute images, MTDs show low amplitude (Figures 10, 11). More than 6 stages of MTDs were recognized in the Ledong Formation, with most of them located above the submarine fan system (Figures 10, 11).




4.2.3 Seismic facies 3: deepwater channel-levee systems

The deepwater channel-levee system shows medium to high-frequency seismic reflections, low to medium continuity with its amplitude intensity decreasing from the channel axis to the flank (Figures 6–8). It is marked by multiple continuous V-shaped erosional surfaces (Figures 6–8). The deepwater channel-levee systems were located in the eastern region with their location varying in different stages (Figures 10, 11). For example, it was away from the submarine fan system during the depositional period of Unit 1 (Figures 6–8, 10). But it reworked the deposits of the submarine fan with its developed region overlap with the submarine fan during the depositional periods of Units 2-4 (Figures 6–8, 10, 11).

It can be divided into two parts including deepwater channel fill and channel levee (Figures 10, 11). Channel fills represent the channel axial deposits, while channel levees are located on the west flanks of the channel files (Figures 10, 11). Channel levees have the characteristics of continuous reflectors, low-angle imbricated progradation patterns, and gull-wing shapes (Figures 6–8). Multiple deepwater channel-levee systems have been recognized in the study regions and the thickness of a single channel is 0.5-2 km in width and more than 200 km in length (Figures 6–8). The channel levees are 5-15 km in width, displaying wedge shapes (Figures 10, 11).




4.2.4 Seismic facies 4: slope fans

Seismic facies 4 shows progradational seismic reflection patterns with medium to high continuity and medium to high amplitude in seismic profiles (Figures 6–8). In the RMS attribute images, slope fans show relatively high attributes (Figures 10, 11). Moreover, slope fans can be distinguished from the submarine fan by the developmental site. For details, the submarine fan was located in the abyssal plain, while slope fans were situated close to the continental shelf break (Figures 10, 11).




4.2.5 Seismic facies 5: hemipelagic sediments

Seismic facies 5 shows low amplitude, high-continuity reflectors with a parallel, sheet-like configuration (Figures 6–8). It consists of thick-bedded mudstone, indicating hemipelagic sediments in the deep-water setting.





4.3 Distribution and sedimentary architecture of the submarine fan

Based on the above sedimentological and sequence stratigraphy analysis, the studied submarine fan can be divided into five stages of distributary channel-lobe complexes from Unit 1 to Unit 5 (Figures 10, 11).

Unit 1 sedimentary period: The distributary channel-lobe complex was located in the abyssal plain with turbidite channels of different sizes developed (Figure 10). It is characterized by a long strip shape extending in the NE direction, diagonally to the continental shelf edge. In the study area, it has a distribution area of ~1600 km2 with a length of up to 120 km (Figure 10). The turbidite channels show a U-shaped feature and flowed from the southwest to the northeast. They are marked by a high ratio of width to depth (average: 75) with an average erosion depth of less than 120 m (Figures 6–8).

Deepwater channel systems were located to the east of the submarine fan with Channels C1 and C2 developed (Figure 10). They are V-shaped on the seismic profiles with the characteristics of deep erosion depths (up to 250 m) (Figures 6–8). The flow direction of these channels is from southwest to northeast, but oblique to the extension direction of the submarine fan (Figure 10). Channel levees were developed on the right flanks of Channel C2. In addition, six phases of MTDs developed in the northern and southern of the study area, and two phases of slope fans were distributed only in the northern region (Figure 10).

Unit 2 sedimentary period: The distributary channel-lobe complex shared similar characteristics with Unit 1, but its range was greatly expanded to the region of Well 1 with a maximum width of up to 33 km (Figure 10). The distributary channel-lobe complex has a distribution region of ~2400 km2 with a length of 135 km (Figure 10). Notably, the scale and distribution region of turbidite channels in this unit were considerably larger compared to Unit 1. Deepwater channel systems in Unit 2 displayed similarities with Unit 1, yet their distribution region overlapped with that of the submarine fan. During this period, five phases of MTDs and four phases of slope fans formed, and their distribution regions are smaller than the previous stage (Figure 10).

Unit 3 sedimentary period: Within this period, the distributary channel-lobe complex reached its largest size in the study area, covering a vast area of 2800 km2 (Figure 11). The length and width of this complex expanded to 140 km and 35 km respectively (Figure 11). The turbidite channels were widespread to the south of Well 1. Deepwater channel systems continued to develop and primarily deposited pelagic sediments internally. While the channel levees were comparatively smaller, their number increased in comparison to previous stages. Similar to Unit 2, Unit 3 witnessed the formation of five phases of MTDs, yet their distribution regions were smaller than those of other stages (Figure 11).

This phase marked a notable shift in the sedimentary systems within the study area, as depicted in Figure 11. Several prominent transformations became evident during this period. Firstly, the extent of the submarine fan’s depositional range witnessed a reduction, while deepwater channels experienced a notable expansion. Secondly, the emergence of Channel C3 became apparent, representing a significant development. Thirdly, the distributary channel-lobe complex displayed a division into two distinct sections: the northern and southern portions, illustrated in Figure 11. These segments respectively measure 75 km and 30 km in length, extending in a northeastern direction. The seismic profiles underscored the presence of turbidite channels within the submarine fan, characterized by profound erosion depths and distinct “V” shapes. An intriguing observation within Unit 4 pertains to the remarkable depth of turbidite channel fills, reaching up to 160 m, a value considerably surpassing that of other units as depicted in Figures 6–8. Notably, in the eastern part of the study area, the geological formations underwent erosion from currents, leading to the formation of a novel Channel C3, as indicated in Figure 11. Differing from the preceding stages, this period exhibited a scarcity of channel levees. Additionally, a multitude of MTDs were widely distributed in the northern region, with their cumulative extent reaching a peak, as visually represented in Figure 11.

Unit 5 sedimentary period: The sedimentary dynamics during this phase depicted further contraction in the distribution range of the distributary channel-lobe complex, becoming confined to the vicinity surrounding Well 2, as illustrated in Figure 11. Within the study area, this complex covers an expanse of 200 km2 (Figure 11). By contrast, the evolution of deepwater channel systems persisted, albeit accompanied by significant shifts in their distribution patterns. Channels C1 and C2 amalgamated in the southern region, while the progression of Channel C3 was notably absent (Figure 11). Similar to the previous Unit 4, multiple phases of MTDs were widely distributed in the study area (Figure 11).





5 Discussion



5.1 Sedimentary characteristics of the sand-rich submarine fan and its differences from the deepwater channel-levee systems

The deep oceans are predominantly composed of unconsolidated mudstone sediments during the Quaternary period (Liu et al., 2016; Shen et al., 2023). Thus, searching for sandy deposits is particularly significant for gas hydrate and shallow gas exploration because they are favorable to forming gas hydrate and shallow gas reservoirs due to their high physical properties (Uchida and Tsuji, 2004; Collett et al., 2012; Portnova et al., 2019). Although sandy sediments have been reorganized in the deposits of deepwater channels within the Quaternary Ledong Formation of the Qiongdongnan Basin (Ren et al., 2022; Cheng et al., 2023), the scale of these sediments is extremely limited. In this study, we present evidence of a large-scale sand-rich submarine fan that encompasses multiple stages of siltstone to fine sandstone reservoirs (Figures 10, 11). With an area coverage reaching up to 2800 km2 and a maximum thickness of 300 m (Figures 10, 11), this submarine fan provides a significant exploration opportunity for gas hydrate and shallow gas prospects within the Qiongdongnan Basin. The turbidite channels that filled in the submarine fan are composed of five stages of distributary channel-lobe complexes with a total thickness of sandstones up to 100 m (Figures 6–8, 12). Thus, this sand-rich submarine fan should be considered a novel exploration target for gas hydrate and shallow gas resources in the Qiongdongnan Basin.




Figure 12 | Sea level changes during the sedimentary period of the Quaternary Ledong Formation. The sea level curves are from Haq et al. (1987); Miller et al. (2005), and Shao et al. (2017).



In the abyssal plain, there are three types of depositional facies: deepwater channel-levee systems, submarine fans, and MTDs (Figures 10, 11). MTDs are readily identifiable in seismic profiles due to their characteristic large-scale chaotic reflection patterns (Wu et al., 2023) (Figures 6–8). However, differentiating between deepwater channel-levee systems and submarine fans can be challenging as they share common features, such as the presence of channels with erosion grooves (Figures 6–8). Previous studies by Cheng et al. (2023) and Ren et al. (2022) suggested the study area only developed deepwater channel-levee systems. However, our newly acquired comprehensive 3D seismic data and well data reveal the presence of both deepwater channel-levee systems and submarine fans with distinct depositional characteristics. Several lines of evidence support this conclusion. Firstly, the depositional system exhibits a tongue shape with a maximum width of 35 km and an erosion depth of less than 150 m, significantly lower than that observed in the central canyon deposited during the Miocene Huangliu Formation (Figures 10, 11). These characteristics strongly indicate the presence of a large-scale submarine fan system. Secondly, the turbidite channels within the submarine fan display notable differences from the deepwater channels located on the right side of the submarine fan. The turbidite channels within the submarine fan system possess an average depth of 26 m and an average width-to-depth ratio of 75, whereas deepwater channels exhibit average depths of 83 m and width-to-depth ratios of 21 (Figures 6–8). Compared with turbidite channels, deepwater channels are characterized by higher erosion depth with “V” shapes, narrower channel width, and lower ratios of width to depth (Figures 6–8). Lastly, deepwater channel-levee systems are observed to have developed subsequent to the formation of the submarine fan, as evident from the reworking of submarine fan deposits by deepwater channels (Figures 6–8). These sedimentary distinctions between the submarine fan and deepwater channel-levee systems highlight the importance of conducting future exploration at various levels. In conclusion, this study demonstrates the presence of a significant sand-rich submarine fan in the Qiongdongnan Basin, which offers great potential for the exploration of gas hydrate and shallow gas resources. Additionally, our findings emphasize the need to distinguish between submarine fan and deepwater channel-levee systems, as they exhibit distinct sedimentary characteristics, ultimately guiding future exploration efforts.




5.2 Major controlling factors for the evolution of the submarine fan

This study uncovers a five-stage evolution process of a single submarine fan system (Figures 10, 11). These stages are characterized by great variabilities in distribution range and stacking patterns. The distribution range gradually expanded from Unit 1 to Unit 3, followed by a rapid decrease during the sedimentary periods of Unit 4 and Unit 5 (Figures 10, 11). During this evolution process, the architecture of the submarine fan changed greatly, especially the locations of turbidite channel fills. Previous studies have attributed the formation and evolution of submarine fans to various factors, including activities of synsedimentary faults, basement subsidence, geomorphology, sediment supply, and sea level changes (Mattern, 2005; Deptuck et al., 2008; Brooks et al., 2018). Furthermore, these controlling factors have been found to vary across different depositional settings (Mattern, 2005; Deptuck et al., 2008). Based on our findings, we suggest that the evolution of the sand-rich submarine fan in this study is closely linked to fluctuations in sea level, sediment supply, and geomorphology.

Sea level fluctuation plays a significant role in shaping submarine fan development (Normark et al., 1998; Richard et al., 1998; Covault et al., 2007; Zhang et al., 2018). Extensive research has been conducted on relative sea level fluctuation in the northern China Sea (Haq et al., 1987; Miller et al., 2005; Shao et al., 2017). Although there are discrepancies in sea level curves due to resolution differences, all reported curves exhibit a pronounced declining trend during the sedimentary period of Units 1-3 and a significant rising trend during the sedimentary period of Units 4-5 (Figure 12). During periods of sea level fall, terrigenous sediments are readily transported along submarine slopes into abyssal plains, giving rise to large-scale submarine fan systems (Normark et al., 1998; Zhang et al., 2018). Conversely, sea level rise periods typically result in lower sediment supplies, leading to a lack of sediment influx. This is consistent with the evolution history that the distribution range of the submarine fan gradually increased from Unit 1 to Unit 3 and then decreased from Unit 4 to Unit 5 (Figures 10, 11). Thus, the lower stratigraphic interval (Unit 1 to Unit 3) is interpreted to represent the lowstand systems tract (LST) that formed during the sea-level rapidly fell period, while the upper stratigraphic interval (Unit 4 to Unit 5) should correspond to transgressive systems tract (TST) (Figure 12).

It is worth noting that the submarine fan in this study exhibits a tongue-shaped morphology, which significantly differs from commonly developed fan shapes, indicating it is a typical confined fan. Previous studies have found a strong correlation between submarine fan shape and the degree of confinement in geomorphology (Sinclair and Cowie, 2003; Hou et al., 2022). As the degree of confinement in geomorphology increases, the corresponding submarine fan demonstrates a reduced lateral width and an extended longitudinal length, gradually transitioning from a fan-shaped to a tongue-shaped planar evolution (Liu et al., 2014; Zhang et al., 2016). The palaeogeographic map as well as seismic profiles show that the submarine fan was deposited in a setting with a confined tectonic trough. The sediments transported by slope-channel systems filled the confined trough, with the distribution direction of the submarine fan the same as the extension direction of the confined trough (Figure 13). Similar settings have also been documented in the Adana Basin, southern Turkey, and Messinian Laga Basin, Italy (Satur et al., 2004; Marini et al., 2015). Hence, we propose that confined geomorphology is another significant controlling factor in submarine fan development. The confined trough in the abyssal plain provided ample accumulation space for sediments transported by slope-channel systems, ultimately leading to the tongue-shaped morphology of the submarine fan (Figure 13).




Figure 13 | The palaeogeographic map of Horizon T20, showing the submarine fan was located in a confined geomorphology.



Apart from sea level fluctuation and confined geomorphology, sediment supply is also a crucial factor in the occurrence of this large-scale sand-rich submarine fan. Previous studies have suggested that the Qiongdongnan Basin has a complex source-to-sink system, with the Red River, Truong Son Belt, Taiwan Island, and Hainan Island serving as potential source areas (Cheng et al., 2022; Liu et al., 2022; Huang et al., 2023). Cheng et al. (2022) reported the zircon U-Pb data of the Ledong Formation sediments in the Qiongdongnan Basin, suggesting that the Red River and Truong Son Belt are the primary sources. Considering that the Red River is located at least 700 km away from the submarine fan (Figure 1), sediments originating from the Red River exhibit a high mud content but low sandy content. By contrast, the proximity of the Truong Son Belt, only 150 km from the depocenter, allows for the transport of sandy sediments to the Qiongdongnan Basin’s central region. Additionally, there are numerous rivers in the surrounding area of the Truong Son Belt that carry significant sediment loads into the South China Sea each year (Milliman and Farnsworth, 2013). Huang et al. (2023) suggests that the Taiwan Island also have significant contributions to the Qiongdongnan Basin with the deep-water current and shallower Kuroshio Current being the main transport pathways. Hainan Island is also considered a source area, but its contribution is less than 20% due to minimal denudation (Cheng et al., 2022). Under the combined action of turbidity currents and surface currents, the sediments from the Red River and Truong Son Belt can be further mixed with the sediments from Hainan Island transported by the continental slope-channel systems and finally deposited in the confined trough in the abyssal plain (Figure 13). Meanwhile, the deep-water current and shallower Kuroshio Current can transport the sediments from the Taiwan Island to the confined trough in the abyssal plain towards the southwest (Figure 13). But the main routes for sediments transportation as well as the contribution of each provenance area need to be further investigated.




5.3 Implications for gas hydrate and shallow gas exploration

Qiongdongnan Basin holds significant importance as a hydrocarbon-rich region within the South China Sea. Historically, exploration efforts were predominantly concentrated on tapping into the deep-buried reservoirs (Gong et al., 2011; Huang et al., 2016). Recent studies, however, have unearthed substantial gas hydrate and shallow gas resources within the shallower strata, indicating immense resource potential (Meng et al., 2022; Ren et al., 2022; Cheng et al., 2023). Shallow gas plays a crucial role as a conventional natural gas resource in strata less than 1000 m. In the past century, significant progress has been made in its exploitation, leading to a breakthrough in commercial exploration (Verweij et al., 2018; Zou et al., 2023). On the other hand, gas hydrate is still in the stage of production testing, calling for more focus on shallow gas exploration (Boswell and Collett, 2011; Zou et al., 2023). The Dutch part of the Southern North Sea Delta, for instance, has established five shallow gas fields with a total volume of 118 billion cubic meters of Gas Initially In Place (Verweij et al., 2018). Nonetheless, exploring these gas hydrate and shallow gas reservoirs comes with substantial challenges, mainly due to the scarcity of high-quality reservoirs. Apart from its importance in the petroleum industry, comprehending the shallow gas system is vital for assessing marine geohazards since the leakage of shallow gas can lead to significant dangers in the marine environment.

In recent times, exploration endeavors aimed at uncovering gas hydrate and shallow gas have predominantly focused on the intricacies of deepwater channel-levee systems (Meng et al., 2022; Ren et al., 2022; Cheng et al., 2023). An illustrative instance is the drilling of deepwater channel fills in Well W1 in 2019 (Meng et al., 2021; Xu et al., 2021), revealing multiple layers of gas hydrate and shallow gas reservoirs. Notably, the development scale of these deepwater channel fills is relatively limited, spanning less than 1.0 km in width. In contrast, the current study identifies a submarine fan of substantial dimensions, covering a sprawling 2800 km2 area, with a maximum length and width of 140 km and 35 km, respectively (Figure 11). The turbidite channels within the submarine fan have an average width of 1.5 km, significantly wider than the deepwater channels. Moreover, it is worth noting that the size and quantity of turbidite channels are larger than that of deepwater channels. The turbidite channel fills represent extremely strong amplitude anomalies in the RMS attribute images, suggesting they are sand-rich sediments. This assertion is reinforced by log interpretation results from Well 2 (Figure 9), where the turbidite channel fills showcase porosity levels ranging from 39% to 44%, averaging at 41%, surpassing the underlying Yinggehai Formation reservoirs (Liu et al., 2023). Conversely, the deepwater channels exhibit relatively subdued amplitude features, hinting at muddier sediments with lower sand content. Thus, when juxtaposed against the earlier exploration targets (deepwater channels), the submarine fan, particularly its turbidite channel fills, boasts a more expansive developmental scale, superior reservoir properties, and heightened exploration potential. This positions the turbidite channel fills within the submarine fan as pivotal prospects for forthcoming gas hydrate and shallow gas exploration endeavors. Turbidite channels nested within submarine fans hold promising potential for engendering large-scale lithologic traps (Cui et al., 2021; Liu et al., 2021).

Turbidite channels within submarine fans have great potential to form large-scale lithologic traps (Cui et al., 2021; Liu et al., 2021). In the Qiongdongnan Basin, deep thermogenic gas and microbial methane migrated vertically to the Quaternary Ledong Formation through gas chimneys or sedimentary faults (Lai et al., 2021). Simultaneously, multiple-stage MTDs deposits in Units 5-7 acted as good seals for hydrocarbon accumulation, blocking the leakage of shallow gase. Large quantities of free gas accumulated in the underlying strata of Units 1-4 (Figures 10, 11). Benefitting from favorable reservoir properties, shallow gas reservoirs subsequently materialized within the turbidite channels of the submarine fan system, with the potential for gas hydrate reservoirs to form in upper gas chimneys under suitable temperature and pressure conditions (Yuan et al., 2021). Noteworthy findings from exploration in Well 2 underscore the Qiongdongnan Basin’s submarine fan system as a repository of abundant shallow gas resources and conducive conditions for gas accumulation. Consequently, both the turbidite channels within the submarine fan and deepwater channels emerge as promising targets for offshore shallow gas exploration within the shallow strata of the Qiongdongnan Basin.





6 Conclusions

(1) This study utilizes newly acquired 3D seismic data and well data to characterize a sand-rich submarine fan situated in the abyssal plain of the Qiongdongnan Basin, South China Sea, at depths ranging from 1300 to 1700 m. This deep-water fan exhibits a distinctive tongue-shaped configuration in the plane, oriented in a southwest to northeast direction, which differs from the commonly observed fan shapes. Its lithology is primarily composed of unconsolidated silty clays interbedded with layers of sand.

(2) The submarine fan consists of five stages of distributary channel-lobe complexes, the distribution ranges of which gradually increased from Unit 1 to Unit 3 and then decreased from Unit 4 to Unit 5. Among them, Unit 3 occupies the largest area of ~2800 km2 with its length and width reaching 140 km and 35 km, respectively.

(3) The formation and evolution of this submarine fan are primarily governed by sea level fluctuation, confined geomorphology, and sediment supply. The sediments derived from Red River, Truong Son Belt, Taiwan Island, and Hainan Island were transported by the continental slope-channel systems and ocean currents and finally deposited in the confined trough in the abyssal plain. This process has given rise to this extensive sand-rich submarine fan system. The distribution of distributary channel-lobe complexes expanded during periods of falling sea levels but contracted during periods of rising sea levels.

(4) There exist notable disparities in sedimentary characteristics between the submarine fan and deepwater channel-levee systems. Deepwater channels within deepwater channel-levee systems are distinguished by their substantial erosion depth, V-shaped profiles, and low width-to-depth ratio. Conversely, the distributary turbidite channels within the submarine fan exhibit shallower erosion depths, U-shaped profiles, greater channel widths, and higher width-to-depth ratios. The turbidite channels represent the most significant targets for offshore shallow gas exploration in the Qiongdongnan Basin due to their extensive developmental scale and favorable reservoir physical properties.
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We employed seismic tomography to examine the velocity structure of the upper mantle in the Southernmost Mariana subduction zone. Our study focuses on data collected during a six-month experiment from 15 December 2016 to 12 June 2017, using 11 ocean bottom seismometers. By examining over 3700 local arrival times, we are able to determine the three-dimensional Vp and Vs structure. The subducting slab in this region displays a P- and S-wave velocity 2~6% higher than normal mantle and a lower Vp/Vs, with an average dip of 45° at depths ranging from 50 to 100 km. Additionally, our velocity images also shed new lights to the velocity anomalies of the mantle wedge region on top of the subducting slab, from the trench to the remnant arc. We observed slower velocity anomalies in the mantle wedge beneath the Southwest Mariana Rift, the West Mariana Ridge, and the forearc. In the outer forearc, a low-velocity anomaly is observed at depths shallower than 50 km, indicating mantle serpentinization and the presence of water. Additionally, a melt production region is observed beneath the central part of the forearc block at a depth of 40–60 km suggesting the possibility of melting processes in this region.
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1 Introduction

Subduction zones play a vital role in Earth’s geological systems and provide important insights into the processes of material circulation (Stern, 2002). In order to enhance our understanding of subduction zones and accurately estimate features such as the magma system and slab geometry, it is essential to obtain dependable information about the subsurface. Seismic tomography serves as a valuable technique for constructing three-dimensional models that capture seismic velocity variations, thus providing valuable insights into the underlying structures of the subsurface (Zhao, 2001). For instance, seismic tomography has revealed in numerous subduction settings sharp contrasts in velocities indicative of important geological interfaces between cold oceanic lithosphere undergoing subduction and potentially warmer magma pockets embedded within the overlying crust and shallow mantle (Nakajima et al., 2001; Husen et al., 2003; Wiens et al., 2008; Zhao, 2012; Barklage et al., 2015).

The Mariana subduction system is considered a quintessential model of an intraoceanic subduction system, and its isolation from continental influences, such as sedimentation and magmatism, makes it a perfect location for investigating subduction mechanisms (Stern et al., 2003). Previously, seismic tomography studies were conducted in the central Mariana region (Pozgay et al., 2007; Takahashi et al., 2007; Takahashi et al., 2008; Pozgay et al., 2009; Pyle et al., 2010; Barklage et al., 2015; Cai et al., 2018). The main findings of the studies in the central Mariana region include the presence of slow mantle velocities beneath the Mariana arc and the West Mariana Ridge (WMR), lower-velocity lower crust beneath the volcanic front and adjacent to the Mariana Trough, and high-velocity lower crust at the boundaries between the arc and back-arc regions, suggesting complex processes of crustal growth, mantle interactions, and magmatic activity in the Mariana system. There are still few studies in southernmost Mariana. Wan et al. (2019) conducted a study that successfully imaged the shallow structure beneath the Southernmost Mariana using data from an active-source ocean bottom seismometer (OBS). With a maximum discernible depth of 20 km, the study identified a low-velocity zone in the uppermost mantle of the incoming Pacific plate and overriding plate, which was interpreted as peridotite serpentinization. In the study by Zhu et al. (2021), Rayleigh wave tomographic methods were employed to obtain the Vs structure of the southernmost Mariana. In the vicinity of the trench axis, it was observed that the incoming Pacific Plate exhibited low velocity within the upper approximately 25 km of the mantle. However, our understanding of the distribution of partial melt within the mantle wedge and the geometry of the subducting slab remains limited due to insufficient data coverage.

In the southernmost Mariana subduction zone, the characteristics of tectonic deformation exhibit notable distinctions compared to the central and northern part (He et al., 2023). During the process of subduction rollback, the presence of the Caroline Ridge acts as an obstacle, resulting in a reduction in the rate of rollback and an increase in the subduction angle (McCabe and Uyeda, 1983; Gvirtzman and Stern, 2004; Fan et al., 2022; Zhang et al., 2023). The combination of a steeper subduction angle and slower rollback rate compresses the forearc wedge within a narrower lateral extent in that region. This unique geological environment provides an ideal experimental site for studying high-angle subduction. We believe that this fundamental subduction framework model offers new insights into explaining the enigmatic features of the Southwest Mariana Rift (SWMR) and the absence of an arc.

In this study, we aim to investigate the three-dimensional seismic velocity structure of the southernmost Mariana by analyzing local earthquake data obtained from two arrays consisting of 11 OBSs. Subsequently, we examine the velocity anomalies in relation to the geometry of the subducting slab and the way in which partial melt is distributed within the mantle wedge.




2 Geological background

The Mariana subduction zone is formed by the subduction of the Pacific plate, which originated during the Jurassic period, into the mantle beneath the Philippine Sea plate (Stern et al., 2003). According to Kato et al. (2003), the convergence rate in the northern region of Mariana was approximated to be around 3.5–4.5 cm/yr, while it increased to approximately 6–7 cm/yr towards the southern region. The Mariana subduction zone is characterized by a complex and faulted forearc that features actively serpentinite mud seamounts (Fryer, 1995; Fryer et al., 2020). The region also includes a remnant island arc, an active island arc, and a back-arc spreading center (Stern et al., 2003).

The southernmost Mariana margin exhibits notable distinctions when compared to the central-north Mariana margins (Stern et al., 2003). At latitudes south of 13.8°N, the southernmost segment of the Mariana margin displays an east-west orientation, diverging from the predominantly north-south trend that characterizes most of the Mariana margin farther to the north (Martinez et al., 2018; Zhu et al., 2021). Additionally, the southernmost Mariana margin lacks a well-developed volcanic arc. Instead, it is characterized by scattered and small volcanic structures with irregular spacing (Ribeiro et al., 2020). Tectonic activity is greater in the southernmost Mariana forearc area compared to portions of the forearc located more northerly. It experiences significant extension along the strike and perpendicular to the trench, indicating intense deformation (Martinez et al., 2018). Unlike the northern Mariana forearc, where serpentinite volcanoes such as Big Blue and Celestial Seamounts are found roughly 30-120 km away from the trench axis (Fryer et al., 2000), there is no known occurrence of serpentinite volcanoes along the southernmost Mariana forearc. However, it is worth noting that serpentinized peridotites have been retrieved from the inner trench slope in the southernmost Mariana (Ohara et al., 2012). There is a lower degree of serpentinization in the forearc mantle of the southernmost Mariana region compared to the central Mariana region (Zhu et al., 2021). In the southernmost Mariana margin, the geometry of the subducting slab is significantly different from that in the central. Unlike the central Mariana where the subducting slab extends deeper into the lower mantle, the subducting slab in the southernmost Mariana has a limited depth of around 250 km (Miller et al., 2006).




3 Data and method

In this study, the data was obtained through two passive-source OBS experiments conducted in the vicinity of the Challenger Deep, spanning the Southernmost Mariana Trench. Our analysis relied on P- and S-arrival times determined by Chen et al. (2022), which were picked from waveforms recorded at 11 OBSs during the period of 15 December 2016 to 12 June 2017 (Figure 1). Figure S1 presents a depiction of the observations recorded by OBSs during a local earthquake. The initial seismic data catalogue picked from OBSs contained 6753 P-wave arrivals and 4989 S-wave arrivals from 891 earthquakes. To select a subset of data suitable for seismic tomography, three criteria were applied: (a) only events with at least 9 total P and S picks were included, (b) events had to be within 100 km of the nearest seismic station, and (c) residual travel times after locating the events using a 1D velocity model had to be less than 2 s for P-waves and 3 s for S-waves (Raoof et al., 2017; Koulakov et al., 2023). After applying these selection criteria, the refined data set contained 3755 total picks, comprising 1993 P-wave picks and 1762 S-wave picks, from 298 events that met all the requirements.




Figure 1 | Map showing the distribution of 11 stations (white triangles) and seismicity used in this study from 15 December 2016 to 12 June 2017. Locations of the Southwest Mariana Rift (SWMR) and forearc blocks are as identified by Martinez et al. (2018).



For the local tomographic inversion, we employed the LOTOS (Local Tomography Software) algorithm developed by Koulakov (2009). LOTOS iteratively inverts P- and S-wave arrival times from local and regional earthquakes to jointly determine three-dimensional Vp and Vs structures and source locations. The tomographic inversion process consists of multiple steps to accurately determine the subsurface velocity model. Firstly, a travel time table is calculated using an initial 1-D velocity model. This table includes travel times for various combinations of source depths and epicentral distances, computed using analytical formulas. Next, a preliminary source location is determined using the grid search method. A reference table, generated from the travel time table calculated in the previous step, is utilized during this process. Once the preliminary source locations are identified, the tomographic inversion proceeds to locate the sources in the 3-D velocity model. This refined relocation algorithm utilizes gradient-based optimization techniques along with bending ray tracing to minimize travel time residuals (Um and Thurber, 1987; Koulakov, 2009). In the first iteration, the starting 1-D velocity model is employed, while in subsequent iterations, the updated 3-D velocity models from previous iterations are used. Then, the inversion for the velocity model is carried out using parameterization grid. This step is repeated in conjunction with the source location determination, with iterations performed alternately.

To parameterize the velocity model, we utilized a grid of nodes that were distributed throughout the study volume based on the ray density. In the map view, the nodes were evenly spaced with a 20 km interval, but only in areas with a ray density of at least 10% of the average ray density. In the vertical direction, the spacing between nodes was inversely proportional to the ray density. In regions where the number of rays is limited, the spacing between nodes is increased. To prevent an excessive clustering of nodes in areas with a high density of rays, we establish a minimum spacing of 10 km between nodes. This value is considerably smaller than the typical size of the anticipated anomalies. Overall, the grid utilized in our study consisted of 300 nodes for the Vp model and 313 nodes for the Vs model. We performed multiple inversions in grids with various basic orientations (0, 22, 45, and 66°) to minimize the effects of node distribution on the results (Koulakov et al., 2023). Finally, we stacked the results into one model. We utilized the LSQR algorithm (Paige and Saunders, 1982) to invert a sparse matrix for velocity anomalies, station corrections, source coordinates, and origin times. We performed a total of four iterations for both real and synthetic data inversions, which was an optimal balance between model stability and computational efficiency. The tomography inversion process enabled us to obtain three-dimensional distributions of the anomalies in Vp and Vs. By dividing the absolute values of the resulting Vp and Vs, we were able to calculate the Vp/Vs ratio. Table 1 displays the primary controlling parameters utilized in the inversion process. We determined the optimal values for these parameters by analyzing the trade-off curves (Figure 2), which illustrate the relationship between travel-time residuals and velocity perturbations for various damping and smoothing values (Eberhart-Phillips, 1986). The corner area of the trade-off curve represents the region where optimal values of parameters can be identified and implemented for the inversion process.


Table 1 | Major controlling parameters used for calculation of the main tomographic model.






Figure 2 | Trade-off curve for the variance of model and data.






4 Synthetic tests

We conducted synthetic tests to evaluate the reliability of our tomographic results prior to presenting the main results with the 3D Vp and Vs structure. We performed horizontal and vertical checkerboard tests to assess the resolution of the data set in both dimensions. This synthetic testing process closely mirrored the processing steps used for the experimental data. To generate synthetic travel times, we used the same source and receiver locations from the experimental data inversion. We then calculated the synthetic travel times through the 3D velocity model using the bending ray tracing algorithm (Um and Thurber, 1987; Koulakov, 2009), matching the approach used for the real data inversion. We added random noise with an average deviation of 0.1 s to these computed synthetic travel times. Once synthetic travel times were produced, we removed any knowledge of the velocity models and source locations employed in their generation. We subsequently repeated our entire data processing workflow.

We present the results of horizontal resolution checkerboard test in Figures 3, 4. This test utilized an initial model comprised of regularly alternating synthetic anomalies. Each anomaly covered an area of 30 × 30 km and was separated from the next by a 10 km gap devoid of anomalies (Figure S2). Moreover, all anomalies exhibited uniform amplitudes of ±7% that persisted consistently across all depths within the model. We have observed that the main patterns of Vp and Vs anomalies are accurately depicted up to depths of approximately 60 km. Anomalies exhibit smearing at diagonals in places, but the sequence of alternating anomalies remains discernible at the appropriate locations.




Figure 3 | Vp anomalies of checkerboard test for horizontal resolution.






Figure 4 | Vs anomalies of checkerboard test for horizontal resolution.



To further assess the vertical resolution, additional test was conducted (Figure 5) using the same profile where the anomalies were defined for presenting the main results. Figure S3 displays the input model used for the vertical resolution tests. The model consists of synthetic alternated anomalies with amplitudes of ±7% were defined in squared cells of 30 km size. In the majority of cases, the inversion process successfully achieved a robust recovery of anomalies within depths of less than 60 km. The anomalies are still visible but appear to be smudged at depths greater than 60 km. This observation should be taken into account when interpreting the main model.




Figure 5 | Results of checkerboard test for vertical resolution along the profile AB. The locations of the section are shown in Figure 1.






5 Results

As a result of the inversion process, the 3D Vp and Vs anomaly distributions were obtained as percentages relative to the 1D reference model shown in Table 2. The inversion procedure resulted in a reduction of residuals from 0.571 s to 0.395 s for the P data, corresponding to a variance reduction of 30.88%. Similarly, for the S data, the residuals decreased from 0.748 s to 0.436 s, indicating a variance reduction of 41.78%. The values of the root-mean-square (RMS) residuals during iterations are presented in Figure S4. Figures 6–9 depict both horizontal and vertical sections displaying anomalies in Vp and Vs. High-velocity changes are depicted in blue, while low-velocity changes are represented by red in the visualization. The Vp/Vs values are displayed as absolute values in the visualization.


Table 2 | Initial 1-D velocity model used in this study. The velocity corresponds to the value at the top of each layer.






Figure 6 | The distributions of the resulting anomalies of Vp at 10 km, 20 km, 40 km, 60 km, 80 km, and 120 km depth levels.






Figure 7 | The distributions of the resulting anomalies of Vs at 10 km, 20 km, 40 km, 60 km, 80 km, and 120 km depth levels.






Figure 8 | The distributions of the resulting anomalies of Vp/Vs ratio at 10 km, 20 km, 40 km, 60 km, 80 km, and 120 km depth levels.






Figure 9 | The distributions of the resulting anomalies of Vp, Vs, and Vp/Vs ratio in vertical section AB with the location shown in Figure 1. The black dots indicate the projections of seismic events located at distances of less than 50 km from the profile.



Both the Vp and Vs results reveal a fast-subducting slab in the southern Mariana subduction zone, accompanied by slower velocity in the mantle wedge. The imaging results provide clear evidence of a continuous subducting slab, characterized by velocity anomalies ranging from 2% to 6% compared to the average regional model. Notably, a significant velocity anomaly of 6% is detected in the Vp results at a depth of 20 kilometers within the forearc region, situated directly above the subducting slab. The anomaly denoted as F1 in Figure 9, is observed on cross section AB but does not appear in the Vs results. A second high-velocity feature (F2) is identified at depths shallower than 20 km beneath the central region of the forearc. There are distinct slow velocity anomalies detected in the mantle wedge beneath the SWMR, the WMR, and the forearc mantle. The most significant velocity anomaly, reaching a maximum of –9%, is situated at a depth of 40–60 km beneath the central region of the forearc.

Figure 9C illustrates the most prominent aspect of the Vp/Vs structure, which is the presence of remarkably high Vp/Vs ratios within the outer forearc region. These ratios exceed 1.85 and persist from the uppermost mantle down to 50 km depth. High Vp/Vs ratios of 1.8 are also present beneath the central region of forearc block at depths of 40–60 km. The central region of the forearc exhibits an exceptionally low Vp/Vs ratio at shallow depths. Low Vp/Vs ratio also occur in the slab.




6 Discussion



6.1 The subducting slab geometry

The geometry of the subducting slab is a fundamental aspect in the study of subduction zones, which could be delineated by seismicity in the Wadati-Benioff zone (WBZ) (Katsumata & Sykes, 1969; Nakamura et al., 1998; Peacock, 2001; Shiobara et al., 2010; Zhu et al., 2019). However, Seismicity in the WBZ has limitations in fully characterizing subducting slabs due to limited spatial coverage. Our tomography results now offer enhanced constraints on the geometry and properties of the subducting slab. The subducting slab has been accurately identified through the identification of regions with high velocities and a low Vp/Vs ratio. Our findings reveal an average dip of 45° at depths ranging from 50 to 100 km, indicating a slightly steeper dip compared to the Slab2.0 model at the same depth (Hayes et al., 2018). Notably, earthquakes are also observed in this area, down to a depth of 130 km, coinciding with the presence of the slab. However, it is important to acknowledge that our model lacks precise resolution below 60 km depth.

The southern and central regions of the Mariana subduction zone exhibit differences in the present-day geometry of the subducting slab. Beneath the northern region, the subducting slab extends into the lower mantle. Between depths of 100–200 km, the subducting slab exhibits a notable curvature, resulting in a distinct contrast between a predominantly vertical lower portion and a more gently inclined upper segment, which is inclined at approximately 16°–17° within the depth range of 50–100 km (Gvirtzman and Stern, 2004). In contrast, the slab underneath the southern region is relatively shorter (~100–240 km depth) (Zhu et al., 2019).

A strong correlation exists between the dip of the subducting slab and the strain experienced by the upper plate (Lallemand et al., 2005). Subducting at a smaller slab dip angle is believed to significantly help transfer compressive stress to the upper plate by creating a larger contact area between the two plates (Ruff and Kanamori, 1980; Lallemand et al., 2005). Our results confirm that the subducting slab is steeper in the southern Mariana (~45°) compared to the central Mariana (∼16°–17°) at depth of 50–100 km. This observation suggests a relatively lower compressional stress in the southern Mariana and indicates a possible decrease in the extent of the plate coupling zone or a weakening of the coupling between the plates (Gvirtzman and Stern, 2004; Zhu et al., 2019).




6.2 Forearc Structure and Serpentinization

A distinct and prominent low-velocity feature is detected within the outer forearc region, specifically at depths less than 50 km. This anomaly is characterized by an 8% decrease in Vs velocity and elevated Vp/Vs ratios exceeding 1.85. This distinct low-velocity feature is primarily confined to mantle of the forearc and is positioned just above the interface where the subducting slab is located. The occurrence of low seismic velocities and high Vp/Vs ratios is frequently attributed to the serpentinization process in the forearc mantle (Hyndman and Peacock, 2003). Large Vp/Vs ratios serve as a diagnostic characteristic of serpentinized peridotite due to the significantly lower shear modulus of serpentine compared to the bulk modulus (Christensen, 1996). By considering the experimental correlation between seismic velocities and the degree of serpentinization (Ji et al., 2013) (Vp/Vs = 1.78 + 0.31Φ, where Φ is the serpentine volume fraction), Vp/Vs between 1.85 and 1.9 are likely related to serpentinization of 22–38%, corresponding to water content of 3–5% (Carlson and Miller, 2003). The serpentinization degree in the forearc of the southernmost Mariana region is comparatively lower when compared to the central Mariana region (30–60% serpentinization, corresponding to water content of 4–6%) (Barklage et al., 2015). This observation is reinforced by the abundance of serpentine mud seamounts in the central Mariana region, contrasting with the lack of such features in the southernmost Mariana region. (Ohara et al., 2012).

Another intriguing aspect of the forearc is the notable occurrence of elevated velocities in the outer forearc region, specifically at depths shallower than 20 km. Within the mantle wedge, this region exhibits some of the most elevated velocities, displaying a 6% anomaly in Vp. High velocity in the forearc indicates a cold environment and a lack of serpentinized peridotite. Similar feature is observed in central Mariana (Barklage et al., 2015). As a result of the subducting plate detaching from the forearc, this region is interpreted as the cold stagnant part of the mantle wedge (Wada et al., 2011). However, this feature is not clearly discernible in the Vs results.




6.3 Magma production region

Concentrated low-velocity feature is detected beneath the forearc block, spanning from the uppermost mantle to 80 km depth. Low-velocity feature of this type have been recorded at comparable depths and locations underneath island arcs across different regions all over the world (Zhao, 2001; Syracuse et al., 2008; Barklage et al., 2015). The most prominent anomaly is found around 50 km depth, exhibiting a maximum velocity anomaly of -9% and a Vp/Vs ratio of 1.81. The observed values align with the average of 1.85 documented in numerous tomographic studies of island arcs in different regions worldwide (Wiens et al., 2008). The anomaly delineates the region in the mantle where magma is produced, which correlates with the reduced seismic velocity caused by the presence of partial melt. Therefore, we consider the forearc block to be more akin of an arc. However, there is limited dehydration of the subducting plate, meaning a lack of sufficient water supply, the magma may not be able to ascend to the surface and erupt. We image a 7% velocity anomaly beneath the SWMR and Vp/Vs of 1.8. The anomaly outlines the area below the spreading center where basaltic melts are created through the process of decompression melting.





7 Conclusion

We have generated tomographic pictures of Vp, Vs, and the Vp/Vs ratio under the southernmost Mariana trench. These three-dimensional visualizations of the seismic structure offer valuable understanding about the mechanisms happening in the subduction zone. The images contribute to understanding the water cycle associated with subduction zones. They provide constraints on processes ranging from the release of fluids into the mantle wedge to the formation of water-rich magmas. The outer Mariana forearc is marked by a low P-wave and S-wave velocities and a high Vp/Vs ratio, suggesting a significant volume of water has been transported into the forearc mantle through the serpentinization of 22-38% of mantle minerals. Furthermore, we have visualized a distinct low-velocity anomaly, which symbolizes the region beneath the forearc block where melt generation takes place.

Additionally, the tomography results provide improved constraints on the geometry and characteristics of the subducting slab. The subducting slab is steeper in the southernmost Mariana compared to the central Mariana. This finding implies a comparatively lower level of compressional stress in the southern Mariana region.
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The observation and analysis of sediment transport in oceans is an important means for the protection of the marine environment, resource development, construction engineering, and element cycling. However, traditional methods of observing sediment transport are either limited by the range of the instruments used or their own observational attributes, such that they cannot be used to accurately detect and analyze the process of transport of marine sediment. A 3D sediment trap has been proposed to compensate for the shortcomings of the various monitoring tools in our team, but no mature method for the analytical inversion of the data obtained from this device has been developed to date. In this paper, we developed analytical methods to invert sediment transport processes using corrected capture efficiency, sample inversion, and transport flux analysis. Through an annular flume test, we measured the turbidity, pressure, and particle size of the water stream and substituted them into the proposed analytical equations, thus verifying the applicability of the analytical methods. We used the slice experiment of the time series of the sediment samples, to determine the validity of the sample inversion, and establish the relationship between the particle size and concentration of the captured samples. We performed restoration tests on the process of sediment transport to establish a set of methods of flux analysis based on the velocity and turbidity of flow. And finally corrected for capture efficiency by particle size. The combination of analytical methods and 3D sediment trap could provide technological support for investigating the evolution of the sea, ecological cycle, and marine engineering.
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1 Introduction

Sedimentary marine particles play an important role in facilitating an appropriate spatial distribution of marine pollutants, the circulation of marine substances, the mechanism of marine biochemical activity, and the transport of various nutrient salts owing to their large surface area (Wen et al., 2016). They thus have a significant impact on marine ecosystems, construction engineering, the stratigraphic evolution of the seafloor, elemental cycling, and resource development (Liu et al., 2023).

The mechanism of transport of marine sediments is influenced by a variety of factors in the oceanographic environment, including tides, intra-ocean waves, turbidity currents, sand wave migration, and this leads to continual changes in their location and state of storage (Lowe, 1982; Nelson et al., 1995; Peng et al., 2018; Reeder et al., 2011; Jia et al., 2019). This mechanism is also influenced by the physical and chemical properties of the sedimentary particles as well as the nature of the boundary layer of the seafloor (Yu et al., 2022). These factors cause the overall process of transport of marine sediment to become complex and variable (Li and Xu, 2013). Moreover, while such extreme oceanic phenomena as storm surges, tsunamis, and turbidity currents are infrequent, they play a decisive role in controlling the transport of marine sediments, and carry a large amount of sedimentary particles when they occur (Liu et al., 2020; Liu et al., 2022). This can significantly erode the shoreline, affect the transport of highly concentrated mudflows on the seafloor, and can even lead to their long-distance migration (Nittrouer, 1999; Horton et al., 2009; Niu et al., 2020). It is difficult to accurately observe the process of sediment transport under the influence of these dynamic factors because the changes in it are rapid and complex (Jiang et al., 2014). This makes it challenging to investigate the mechanisms of transport of marine sediments (Yang et al., 2011).

Commonly used methods of observing sediment transport at present include in-situ monitoring by using acousto-optical sensors and the in-situ capture of samples of moored sediments. Methods of analyzing the transport of marine sediment include monitoring its macroscopic trends by using satellite remote-sensing data and using numerical simulations to examine the paths of its transport. In-situ monitoring by using acousto-optical sensors can yield time-series data on particular attributes of sediment transport for analysis, including the concentration of suspended sand, its rate of flow, and the grain size (Mikkelsen, 2002; Navratil et al., 2011). However, acousto-optical observations are usually limited to the monitoring of one element without considering the compounding effects of other influential factors, and thus lose their observational capability in certain environments such that they cannot be used to accurately analyze the nature of particulate matter during transport (Ogston et al., 2000; Tananaev et al., 2016). Anchored sediment traps include sediment traps with a neutral buoyancy, sitting bottom observation type, which can collect the sedimented sediments, but limited to the capture of vertical sediment deposition, ignoring the lateral transport process, and can only analyze the captured samples in the laboratory at a later stage, on-site analysis is not possible (Iseki, 1981; Estapa et al., 2020). Some researchers have proposed differential pressure-nudging mass samplers and gleaming traps to capture laterally transported sediments, but these methods involve only simple trapping, i.e., they do not record patterns of temporal response, and rely on the sample resolution obtained in the laboratory (Kraus, 1987; Helley and Smith, 1971). Satellite remote sensing and numerical simulations can be used to examine the paths of sediment transport and modes of diffusion, and offer advantages in terms of observations at the macroscopic scale. However, the large-scale transport of suspended sediments is concentrated on the upper surface of the water body, where this makes it difficult to accurately determine the transport of sediments, and to identify changes in the states of particles and gradations in the transport process (Liu et al., 2004; Zhan et al., 2019).

It is clear from the above that the means of monitoring changes in sediment transport are limited either by the range of the instruments used or differences in the attributes of monitoring of the methods applied to this end. This makes it difficult to directly and continuously monitor multiple parameters and invert the process of sediment transport in the environment, and leads to the failure to represent the entire process of the transport and evolution of the sediment. This in turn hinders systematic scientific research on the transport of marine sediment.

A team from the Ocean University of China recently proposed a 3D temporally sequenced sediment trap that is different from the traditional, vertical sediment trap. It contains four main parts: lateral sediment trap tubes, a module to monitor the marine environment, a control module, and a platform frame, as shown in Figure 1 (Liu et al., 2022).




Figure 1 | Structure of the 3D monitoring capture device.



The above-mentioned device solves the problem of an insufficient range of observations of highly concentrated fluxes in transport, and can be used to obtain synchronous data on the transported sediment samples. This information can then be used to analyze the factors controlling the transport of the sediment, the typical characteristics of the particles, and changes in the contents of pollutants in different states of the ocean (especially in extreme states, such as storm surges). It provides an accurate means of observing sediment transport, the mechanism of the oceanic carbon cycle, the geo-evolutionary marine mechanism, and the relation between seabed mining and the geological environment in the dynamic domain of the ocean (Bloesch, 1994; Buesseler et al., 2007; Cao et al., 2020; Fan and Xiao, 2021). However, no mature method for the analytical inversion of the data obtained from this device has been developed to date.

To provide an accurate method for the analytical inversion of the above-mentioned trap, the authors of this paper propose a multi-level method to analyze sediment transport based on the inversion of the captured samples, velocity of flow, analysis of the flux in turbidity, and corrected efficiency of capture. We validated and optimized the proposed method based on the results of multi-stage indoor velocity-controlled flume tests. The work here provides a means of reducing the high-resolution 3D time series of the process of transport of sediments.




2 Materials and methods



2.1 Experimental setup

Indoor experiments were carried out by using an annular, multi-stage, velocity-controlled flume to investigate the efficiency of capture of the 3D sediment trap by simulating sediment transport under regular conditions of the marine environment. The entire tank was composed of acrylic material to ensure its transparency, strength and chemical stability. It contained a module to control velocity, a sedimentation module, and an erosion module. The tank is shown in Figure 2. The overall dimensions of the flume, L×W×H, are 180 cm×110 cm×50 cm. There is an internal velocity control module, which can control the flow rate between 0 and 50 cm/s; an internal settling module, with dimensions of 50 cm×40 cm×50 cm; and an erosion soil tank, with dimensions of 50 cm×40 cm×50 cm, as shown in Figure 2A.




Figure 2 | Multistage speed control sink.



The module to control velocity was connected with a motor rod to control the fluid-driving paddles to generate the flow of water by adjusting the frequency of the motor. It could control the rate of horizontal flow of the fluid in the entire flume in the range of 0–50 cm/s, with smooth transitions in velocity to yield scenarios of sediment transport. The outlet of this module was equipped with a closed barrier to ensure that the flow of water was stable in the flume during operation.

Sedimentation set the capture tube placement tank, to reduce the vertical distance between the capture tube and the bottom of the empty tank, so that the sediment settles here. The depth of water could be used to ensure that the capture tube was always in the effective range of capture of the sediment.

The erosion module consisted of an erosion flume that was used to simulate the pattern of initiation of the sediment on the seabed, and enabled the transport of its particles in the entire capture flume. The erosion flume was filled with particles of a test soil of a specific grade, and particles of the sediment were initiated, suspended, pushed, and settled after the liquefaction of the seabed in the simulated environment in the flume. The erosion flume contained a standard scale on the outside, which made it easy to observe the cumulative change in particles of the sediment during the process of initiation of the liquefied soil particles on the seabed. It provided an objective reference to adjust the degree of consolidation and rate of flow of the fluid in soil in a timely manner according to the status of the suspension.

A cohesionless chalky sandy soil conforming to ISO standards was selected for the experiment. We used soil particles with six sets of grain sizes: 0–0.1 mm, 0.1–0.3 mm, 0.3–0.5 mm, 0.5–1 mm, 1–2 mm, and 2–3 mm. All granular soils were configured in equal quantities.

Sediment initiation is complex in nature, and any sediment particle on the seabed surface is random in size, shape and relative position. Some scholars have developed a threshold criterion to determine the threshold condition, among which the most widely used is the Shields curve that can reflect the critical shear and particle characteristics under the critical starting condition of sediment, which was proposed by Shields through a series of tests in the 1930s. The theoretically obtained Shields curve represents the relationship between the Shields parameter and the Reynolds number, and the value of the critical Shields parameter is expressed as a function of the Reynolds number of a particle:

 

where   is the Reynolds number of the particle and u* is the shear velocity.

The Shields curve was fitted to a curve based on measured data and previous supplements (Kramer, 1935). This data set shows considerable dispersion, forming a narrow band rather than a well-defined curve. The inconvenience of the original Shields curve is that the critical shear stress appears on both the transverse and longitudinal axes at the same time as the velocity. Therefore the critical shear stress cannot be determined directly from the raw Shields curve, but needs to be calculated iteratively. Qin proposed a calculation method that can be screened based on the starting equations for individual grain sizes of inhomogeneous silt sand (Qin, 1993), determining the test conditions as shown in Table 1, Eq:


Table 1 | Control table for experimental variables.





Where Dm is the average particle size, D is the particle size, h is the water depth,   is the particle sediment bulk weight,   is the clear water bulk weight, and Uc is the starting flow rate of the sediment particles.




2.2 Materials

We independently designed and processed the capture tube for the lateral sediment as the main test object, as shown in Figure 2B. The mouth of the capture tube had dimensions of 8 cm × 8 cm. We explored different height-to-diameter ratios of the capture tube, and concluded that the efficiency of capture was the highest it was set to 1:5. We designed an internal sediment strainer to accommodate angles of inclination of 30° and 45°. The flow was less likely to be blocked during the transport of sediment at a high concentration the angle of inclination was 45°, and the intercepted sediment could conveniently fall into the settling tube (Wang et al., 2022). We chose a screen on the premise of reducing the aperture. The difference between the rate of flow inside the capture tube and that outside it gradually increased, and the efficiency of capture decreased once the aperture had increased. We used a 100-mesh screen for interception.

We conducted flume tests by changing the rate of flow, turbidity, concentration, and particle size to explore the Inversion methods based on captured samples, flux analysis method based on the flow rate and turbidity, and determining factors affecting capture efficiency, the analytic inversion method above is shown in Figure 3. When the sediment-carrying fluid passed through the trap tube, the screen in the latter intercepted particles of the sediment with sizes larger than the aperture of the screen. They sank along the capture screen into the settling tube under the action of the inclined screen, and were collected as sediment samples as they settled under the force of gravity of the sediment itself. We used different sequences of samples to develop a method to invert the time series of the sediment based on timed slice unit, formulated a multi-level method to analyze the flux in the lateral transport of the sediment based on the velocity of flow and turbidity, and established a 3D method to analyze the inversion of the sediment by determining the efficiency of capture of the trap.




Figure 3 | Analysis and inversion methods for sediment traps.



The time series-based method for the inversion of the sediment samples through the timed slice unit was developed by using the captured sediment and examining its properties in each period during its transport. The time was started after each directional slice unit had been ejected, where this occurred at preset intervals inside the capture tube. The slice segmented the sediment samples. Each segment of the column samples was segmented according to time as  ,  ,  , and so on, and corresponded to the process of transport. This enabled the analytical inversion of the properties of the sediment samples in the time series.

We analytically sliced the collected sediment samples in the time domain to develop a method of analysis based on the rate of flow and turbidity to observe and invert the changes in the flux of the process of transport. A turbidimeter and a flowmeter were installed inside the trap, to continuously monitor the concentration of the sediment SSC(d,i) and the velocity of flow Vc(d,i). The sediment sample   was further segmented into S1, S2, and S3 according to the nature of the particles or the environment. The velocity of flow inside the device, the concentration of suspended sand in the trap, and the sediment captured by it were analyzed by using an analytical method of sectioning in the time domain. We also used the above data to establish analytical relationships among the velocity of flow along different directions, the turbidity d, and the flux in sediment transport Q(d,t) over time t. We then used these relationships to analyze each segment of the column and correlate it with the external spatiotemporal conditions. We subsequently analyzed the spatiotemporal sequences of fluxes in the transport of the sediment.

Three-dimensional sediment traps are similar to vertical sediment traps, and their efficiency of capture is likewise influenced by the particle concentration, interval of particle sizes, trap Reynolds number, and rate of fluid flow (Kitheka et al., 2005; McLachlan et al., 2017). We conducted a preliminary investigation into the relationship between the sizes of the captured particulate matter and the overall capture at different rates of flow through flume tests, in order to complement the method of analytical inversion.

The instruments used in the test include a flow meter, a turbidimeter, and a manometer. Among them, LS300-A portable tachometer, the tachometer for the water flushing rotor handheld, range of 0.01 ~ 400 cm/s, real-time display of data, the sensor using fiber-optic light guide, the sampling time of 1 ~ 999 s, independent of the nature of the liquid, the temperature of the influence of the water, suitable for the laboratory tank test.

Canada RBR company’s XR-620CTDTu temperature salt depth multi-parameter water quality monitor, can measure including turbidity and other parameters, and will record the data in real time, the range of 0 ~ 1500 FTU, sampling frequency of 3 s, can be used in narrow waters, accuracy of 0.1 FTU, can be measured continuously for more than 24 h, suitable for laboratory tank experiments.

OCEAN SEVEN 310 CTD multi-parameter water quality meter, can measure the turbidity and other parameters, and will record the data in real time, the range of 0~2500FTU, sampling frequency of 3 s, accuracy of 0.1 FTU, can continue to measure for more than 24 h, suitable for laboratory tank experiments.

Xi’an Wei-Zheng Electronics Technology Company’s CYY2 manometer can realize the measurement of pressure difference in water and record the data in real time. The range of the manometer is 0~5 kPa, and it can measure all kinds of mixed pressures with an accuracy of 0.1% FS, and the sampling frequency can be up to 0.02 s. It can continue to measure for more than 24 h, and it is suitable for the water tank experiments in the laboratory.

The turbidimeter and the manometer used in the tests needed to be calibrated. Conversion relationship between turbidity and suspended sand concentration was obtained by calibration experiments as shown in Figures 4A, B, through the fitting of the two relationship were:




Figure 4 | Equipment calibration. (A) Turbidimeter A calibration. (B) Turbidimeter B calibration. (C) Calibration of manometers.







The method to calibrate the relationship of conversion between the pressure and voltage was applied by using the pressure at the conventional depth of water, as shown in Figure 4C, and was fitted by:



where F is the force and V represents the voltage.

The pressure due to the depth of water was entered into the formula   to obtain the pressure and voltage, and to thus complete the calibration of the pressure gauge. The pressure due to the depth of the water was used in the formula to derive the correspondence between the pressure and voltage to complete the calibration of the manometer.




2.3 Experimental process

Three types of experiments were conducted in the flume to test the proposed method of sample inversion (A), the method of determining the resolution of flux (B), and the method to determine the efficiency of capture (C). The experimental design is shown in Table 2.


Table 2 | Test element setup.



Class A tests were conducted on the captured samples, which were divided into six groups. Each group was assigned a particle size and weight during the test. The same aliquot quantity of particles of different sizes was added to the tank in the experimental groups. The module to control the velocity of flow was then activated to set the rate of flow at the center of the capture tube in the tank to 50 cm/s. The mouth of the capture tube needed to be blocked during its activation to prevent the particles from entering it, and was then opened to capture the particles once they had been flowing for a certain period. We ensured that the settled particles were blocked from the mouth of the trap after 10 min, and cut the fine tube and analyzed the samples to ensure the convergence of their total volume and completeness and once the particles deposited in the trap had completely settled. The tubes were sealed at both ends after each test, and the particulate matter at each level was weighed to determine its mass fraction after all tests had been completed.

Class B tests were used to explored the fluxes in sediment transport, as shown in Figure 5. A flowmeter was installed at the inlet of the capture tube to measure the real-time rate of flow into it. Because some particulate matter particles will simply ignore the filter, the turbidity that actually affects the capture needs to be subtracted from the portion that cannot be captured, so wo turbidimeters were installed at the outlet and the inlet of the capture tube, and the difference between their measurements at the same time was used to calculate the relationship between the actual turbidity under the effect of the interception by the filter screen. A manometer was installed at the bottom of the settling tube inside the capture tube to measure the particulate matter in real time. Owing to the small diameter of the capture tube, the internal capture screen, and the design of the end of the bending structure, the relationship between the velocities of flow inside and outside the capture tube was initially given by using the equation for the correspondence between internal and external flow rates for substitution (Liu et al., 2022). However, we needed to consider the role of the filtering screen as well. Because there was a certain delay in the accumulation of sedimentary particulate matter in the settling tube, it is necessary to be in the static period of time and then read the manometer, to get an accurate sedimentation of particulate matter in the settling tube.




Figure 5 | Sink Test Scene Layout Diagram.



We installed aperture screens of different sizes, and installed two flowmeters at the same horizontal height inside and outside the capture tube to determine the correspondence between the velocities of internal and external flows. We then added the sediment particles, and activated the module to control the velocity of flow to regulate it at six rates at the mouth of the capture tube. The latter was kept closed from when the module was activated until the rate of flow became constant in each case. When a relatively constant state of turbidity had been reached, the capture tube was opened for 30 min to capture particles of the sediment, and the starting and ending times of the process were recorded. The turbidity was determined based on the difference in measurements between the turbidimeters corresponding to the two time points. The mouth of the capture tube was closed at the end of each period of collection, and readings of the pressure gauge were recorded after a certain period when its value no longer changed. Three sets of parallel control tests were set-up at each value of the rate of flow to obtain three sets of sample values. They were then weighed and correlated with the measured turbidities at the different rates of flow.

Type C tests were conducted to investigate the efficiency of capture. They were divided into five groups, each of which involved adjusting the rate of flow during the test. Particles of all sizes were added to the flume at different initial rates of flow while keeping the capture tube closed during the start-up process. Following stabilization, the capture tube was opened to capture the particles for the same duration for each group. Once the test was stopped, an equal mass of samples was selected from each sampling tube, the particles of each group of sediments were sieved, and the overall particulate matter was weighed against the particulate matter beyond the range of capture to derive the percentage of anomalous particulate matter under each rate of flow. This provided information on the factors influencing the efficiency of capture.





3 Results



3.1 Sediment capture

The collected thin tubes obtained after each cut were arranged at fixed time intervals to obtain six sets of columnar thin tube samples at different time intervals. The particulate fractions used in each period were compared with the samples captured in the corresponding fine tubes during the test. The particles were weighed after having been dried, and were screened to obtain the fraction of particle sizes of each group. The sample resolutions thus obtained are shown in Table 3. The range of particle sizes under each rate of flow as well as the weights of abnormal particles are listed in Table 4.


Table 3 | Sample timing slicing results.




Table 4 | Capture efficiency probe test results.






3.2 Sediment transport

The correspondences between the internal and external rates of flow when using screen apertures of different sizes as determined by the tests are shown in Figure 6. The correspondences obtained after fitting were:




Figure 6 | Correspondence between internal and external flow rates. (A) Relationship between internal and external flow rates at 50mesh. (B) Relationship between internal and external flow rates at 100mesh. (C) Relationship between internal and external flow rates at 200mesh.









where   is the internal flow rate and vout is the external flow rate.

The turbidities corresponding to the different rates of flow are shown in Figure 7. The average turbidities were 0.15 g/L at a rate of flow of 15 cm/s, 0.28 g/L at 20 cm/s, 0.6 g/L at 25 cm/s, 0.66 g/L at 30 cm/s, 0.7 g/L at 35 cm/s, and 0.82 g/L at a rate of flow of 40 cm/s.




Figure 7 | Relationship between turbidity and flow rate. (A) Turbidity change at 15cm/s. (B) Turbidity change at 20cm/s. (C) Turbidity change at 25cm/s. (D) Turbidity change at 30cm/s. (E) Turbidity change at 35cm/s. (F) Turbidity change at 40cm/s.



The results of measurements of the manometers corresponding to the collection of sediments at different rates of flow are shown in Table 5.


Table 5 | Capture collection results.







4 Discussion



4.1 Sample inversion

The data were organized according to the amount of particulate matter captured for each particle size as a percentage of the total amount captured, as shown in Figure 8. It is clear from it that the particle gradation of the captured particulate matter was the same as that of the granular soil configured in the recirculating water tank during the same time period of the test. The grade of the particulate matter obtained from each group of captured particles was approximately equal to that of the input particulate matter, where this verifies that the nature of the particulate matter during sediment transport could be accurately inverted in the time series by using the proposed method of columnar sample slicing inside the capture tube. This provides scientific support for determining the properties of particulate matter during sediment transport. This conclusion is similar to that of the method of sample inversion based on a vertical time series of sediment traps (Chen and Jin, 2013).




Figure 8 | Sample Timing Slicing Analysis.



As the concentration and size of the input particulate matter changed, it was necessary to set-up   to explore the relationship among particle concentration, particle size, and particle capture under a constant rate of flow. We wrote code in Python to this end, and then used MATLAB to determine the bivariate function based on the relationship between the density and size of the particles as follows:



The above formula shows that in the amount of particulate matter captured in the transverse capture tube changed under the influence of the density and size of the particles, such that there was a correspondence among these three variables. This formula is limited to an environment of steady flow, and further research is needed to establish an expression to capture this relationship in more complex environments (Holmedal et al., 2013).




4.2 Transport flux analysis

We introduce a correction factor for the screen of the capture tube to examine the relationship between the internal and external rates of flow,  . This equation was derived from the results of fitting shown in Figure 6:



We used the generalized analytical expression for the turbidity of flow and flux of suspended sand (Haohao et al., 2019) to established an analytical equation based on the effects of variations in the flow field, difference in turbidity, and interception of particles by the screen:



where d is the direction of sediment transport, t is the moment, T(s) is the time interval, S(m) is the area of the capture tube opening, SSC is the turbidity, and rv(m/s) is the filter correction factor.

The data from the turbidimeter and flowmeter were compared with the values derived from the conversion by using the computational manometer, and the resulting relationship between the data is shown in Figure 9. It is evident from it that the theoretical values calculated based on the analytical formulae for the fluxes in the velocity of flow and turbidity satisfactorily corresponded to the actual values converted by the manometer, with a correspondence of  .




Figure 9 | Correspondence between theoretical and actual values.



We used the flume test to analyze the fluxes in sediment transport over a certain period while using the rate of flow, turbidity and time as variables. The total amount of captured sediment with variations in the rate of flow and turbidity verifies the accuracy of the proposed method. This also provides scientific data on the environmental factors influencing sediment transport. This conclusion corresponds to the relationship of flux at a scale of the size of a single grain (Liu et al., 2022).

Following the confirmation of the applicability of the proposed method to analyze changes in turbidity with the rate of flow, further investigation revealed that the theoretical values calculated from the analytical equations did not have a completely linear relationship with the actually values of the captured particles converted by the manometers. Instead, the actual difference in pressure increased with the theoretical difference in it. This can be attributed to the failure to consider the variations in the internal and external turbidities, differences in correspondence between the internal and external rates of flow in case of different particle sizes, and sedimentation during the movement of the fluid carrying the sediments that caused it to move in the vertical direction, such that the fluid perpendicular to the direction of capture generated turbulence inside the capture tube. This caused a small part of the deposited particulate matter to be blocked by the walls of the capture tube. It was then flushed into the capture tube by the horizontally oriented fluid.




4.3 Efficiency of capture

The results of correlations among the rates of flow, intervals of particle size, and occupancy ratios are shown in Figure 10. The left axis represents the interval range of captured grain size, the right axis represents the percentage of abnormal grain size, and the yellow line represents the region of normal grain size.




Figure 10 | Captured particle size distribution and percentage of anomalies. .



Figure 10 shows that the percentage of abnormally sized particles gradually increased and the efficiency of capture decreased with the increase in the velocity of flow, but this trend gradually decreased in intensity until the percentage of abnormally sized particles began to decrease in the range of velocities of flow of 30–35 cm/s.

The transverse sediment capture efficiency exploration test was carried out through the flume test, and equal mass particles were captured with the flow rate as the variable, and the anomalous change rule of captured particle size with the change of flow rate was found, which explains the effect of flow rate on the capture efficiency. This finding corresponds to that concerning the change in the efficiency of capture under the influence of vertical capture tubes (Butman, 1986).

The variations in particles of anomalous sizes might have been influenced by several factors, which need to be explored in subsequent research in the area. When particles of the sediment were intercepted by the screen in the transverse capture tube during their transport, some of the particles attached to the surface of the screen under the action of inflowing water. This led to small sediment particles being captured by the screen once the diameter of the aperture had been reduced. As the sediment particles began to move, the initial conditions of large particles were more complicated than those of small particles, and this led to the former having a higher viscosity than the latter in the initial process (Taki, 2000). When the sediment-carrying fluid flowed through the 3D trapping device, the flow field changed due to the structure of the device. Smaller particles of the sediment had a tendency to escape along other directions due to disturbances in fluid flow.




4.4 Study limitations

Three-dimensional sediment traps can realize in situ long-term monitoring of sediment transport, and can be applied to inlet, estuary, deep sea and other field monitoring areas. In this paper, we have investigated the effects of particle size and obtained some results, but due to the limitations of the experimental conditions, the study has not taken into account factors such as particle consolidation, hydrodynamic effects, device structure, and filter obstruction. There are still many known influencing factors that need to be investigated. In the future, we will carry out experimental investigations on the influencing factors on the capture efficiency of vertical sediment traps, establish the relationship between various influencing factors and transverse capture tubes, provide scientific guarantee for the design of transverse capture and the correction of capture efficiency, and improve the accuracy and feasibility of the capture of sediment traps through the continuous correction of various influencing factors.





5 Conclusions

Three-dimensional sediment traps can be used to examine the nature of particles of marine sediments as well as changes induced in them by the environment during their transport. They can thus overcome the limitations of traditional means of the indirect estimation of fluxes in the sediment, and the ambiguity of observations of the process of transport. This method thus provides technological support for investigating the geological evolution of the sea, its ecological cycle, fluxes in the marine carbon content, marine engineering, and environmental monitoring during seafloor mining. However, the method to analytically invert the traps during sediment transport is still not sufficiently mature, and thus cannot be applied to in-situ observations. In this paper, we used a 3D sediment trap to proposed methods of sample inversion and the analysis of fluxes in sediment transport, and corrected the efficiency of capture. We validated and optimized the proposed method based on multi-stage, indoor velocity-controlled flume tests. The following conclusions can be drawn from this study:

	We used the capture and resolution of samples of transported sediments to validate the inversion of the properties of sedimentary particles based on a cut-off value. We also determined the response-related relationship between sediment capture, and the size and density of the sedimentary particles based on the results of the cut-off value.

	We compared measurements of the velocity of flow, turbidity, and difference in pressure of the transported sediments with theoretical formulae for flux analysis proposed here. The results verified their applicability.

	We identified the relationships among the rate of flow, particle size, and efficiency of capture based on experiments on the lateral capture tube. This provides a scheme for optimizing the accuracy of the method of trap analysis.
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Research on the interaction between depositional evolution process and marine transgression is critical to understanding the transform mechanism of sedimentary systems and guiding hydrocarbon exploration. The early Miocene witnessed the most significant sea-level rise since the Cenomanian, which resulted in extensive marine-influenced deposits worldwide. However, the relationship between the process of depositional evolution and long-term marine transgressions (>1 Ma) remains poorly understood. The Pearl River Mouth Basin in the South China Sea offers a comprehensive deposition record of the early Miocene marine transgression. This study employs high-quality 3D seismic, well-logging, and core data to investigate the impact of the early Miocene transgression on the evolutionary dynamics of the sedimentary system. The regional sea level exhibited a prolonged rise of at least 100 m during the deposition period of the Miocene Zhujiang Formation, corresponding to the long-term marine transgressive in the South China Sea. Throughout this marine transgression, depositional systems developed in the study area include tidal flats, fan deltas, meandering river deltas, and shallow marine shelf sand bodies. The marine transgression process resulted in a significant change in depositional system types, which can be divided into seven units from Unit 1 at the bottom to Unit 7 at the top. The predominant deposition environment transitioned from tidal flats in Units 1-3 to meandering river deltas in Units 4-5, and finally to shallow marine shelf systems in Units 6-7. In the early stage (Units 1-3), the regional uplifts hindered sea level transgression and caused erosion, leading to the development of small-scale proximal fan deltas. In the middle stage (Units 4-5), these regional uplifts submerged, and meandering river deltas dominated with sediments derived from distant extrabasinal sources. During the late stage (Units 6-7), regional sea levels reached their peak, transforming the entire basin into a shallow marine shelf system. Additionally, this marine transgression significantly influenced the distribution of hydrocarbon resources. Notably, the shallow marine shelf sand bodies in Units 6-7 warrant substantial attention for future exploration. This study outlines the complicated transitional processes within depositional systems during long-term marine transgression events, holding relevance for the global evolution of marginal sea basins.
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1 Introduction

Sedimentary strata in marginal sea basins play a crucial role in recording important geological signals during deposition (Andrés et al., 2011; Wang et al., 2014; Bogemans et al., 2016; Shao et al., 2016). These signals include processes such as weather denudation, sediment transport, and deep-ocean deposition. Understanding the relationship between the depositional evolution processes and sea level changes is key to uncovering sedimentary processes, identifying controlling mechanisms of depositional systems, and predicting potential reservoirs (Choi et al., 2008; Liu et al., 2009; Rossetti et al., 2013; Li et al., 2019). While this connection has been extensively studied in Quaternary marine deposits (e.g., Andrés et al., 2011; Wang et al., 2014; Zhou et al., 2014; Tang et al., 2018; Guo et al., 2023a; Guo et al., 2023b), research on pre-quaternary strata is relatively limited (e.g., Rossetti et al., 2013; Poisson et al., 2016).

The early Miocene period (23.3 Ma-16.3 Ma) holds significant importance in Earth’s geological timescale as it witnessed the most substantial sea-level rise since the Oligo-Miocene transition (Müller et al., 2008; Rossetti et al., 2013). Although the magnitude of this rise is still a topic of debate, with estimates ranging from 180 m to tens of meters above the current sea level (Haq et al., 1987; Miller et al., 2005), it is undisputed that a long time-scale marine transgression occurred in the early Miocene (Rossetti et al., 2013; Fu et al., 2019). Evidently, major marine transgression events have been observed worldwide, especially in numerous continental margins (Poisson et al., 2016). Therefore, studying the early Miocene strata in marginal sea basins presents an ideal opportunity to investigate the response of depositional evolution to long-term marine transgression. However, compared to the extensively studied Quaternary strata, there have been fewer attempts to study the early Miocene deposits (Rossetti et al., 2013; Poisson et al., 2016), primarily because of the limited availability of continuous drilling and lithology data related to the Miocene marine transgression event. More importantly, such an attempt is critical for understanding the long-term (> 1 Ma) depositional evolution process during a long-term marine transgression.

The South China Sea, located along the western Pacific margin, is recognized as the largest marginal sea basin and has attracted considerable attention from geologists due to its unique structural characteristics and abundant hydrocarbon resources (Shao et al., 2016; Liu et al., 2022a; Wang et al., 2022). The Pearl River Mouth Basin (PRMB), situated on the northern margin of the South China Sea continental shelf, is particularly noteworthy as a hydrocarbon-bearing basin (Huang et al., 2003; Quan et al., 2015). Recent drilling findings have revealed the remarkable potential of Eocene-Miocene strata in the PRMB, making it a focal point for hydrocarbon exploration (Xie et al., 2021; Fu et al., 2022). Previous studies (e.g., Xie et al., 2014; Liu et al., 2022a; Liu et al., 2022b; Wang et al., 2022) have extensively documented the complex structural evolution of the PRMB, spanning from the Eocene lacustrine environment to the Miocene marine environment. Within the basin, various depositional systems, including fan deltas, tidal flats, and lacustrine deposits, have been identified (Xie et al., 2014; Liu et al., 2022b). Notably, during this evolution, the early Miocene Zhujiang Formation experienced a significant long-term marine transgression, evident from the widespread development of onlaps in seismic profiles surrounding uplifted areas (Xie et al., 2014; Liu et al., 2022b). Consequently, this period witnessed a rapid evolution of depositional systems (Liu et al., 2022b). Therefore, the PRMB offers a highly valuable target for gaining deeper insights into the depositional evolution process during the global Miocene transgressive event.

It is crucial to understand how depositional systems evolve in the background of long-term marine transgression and their impact on the distribution of depositional facies during marine transgression. Although previous studies (e.g., Xie et al., 2014; Zeng et al., 2019; Quan et al., 2020; Liu et al., 2022b) have extensively investigated the depositional systems in the PRMB, the focus has mainly been on the Eocene and Oligocene strata. There is limited research on the Miocene Zhujiang Formation (Wang et al., 2021), and studies on its long-term evolutionary characteristics are scarce. Furthermore, the Miocene Zhujiang Formation has recently gained importance in hydrocarbon exploration, but the presence of oil and gas reservoirs in different types of depositional systems remains unclear (Xie et al., 2021; Fu et al., 2022). Hence, studying the depositional evolution process in the Miocene Zhujiang Formation can not only enhance the understanding of depositional evolution in response to marine transgressions but also provide valuable evidence for hydrocarbon exploration and development within the Miocene Zhujiang Formation.

To gain a better understanding of the internal stratigraphic architecture and depositional evolution process, a high-precision sequence framework scheme is essential (Shanley and McCabe, 1994; Zecchin and Catuneanu, 2015; Liu et al., 2022b). This study aims to investigate the early Miocene Zhuajiang Formation in the PRMB using newly acquired 3D seismic data and over 40 wells, alongside sequence stratigraphy theory. The main objectives are: (1) characterizing the depositional systems and their distribution in the early Miocene Zhuajiang Formation; (2) uncovering the long-term depositional evolution process during the early Miocene; (3) providing a new case study to comprehend the relationship between depositional evolution and long-term marine transgression.




2 Geological setting

The South China Sea is situated at the convergence point of the Eurasian, Pacific, and Indian Ocean tectonic plates, bordered by South China-Indochina blocks to the northwest and Borneo-Philippines blocks to the southeast (Figure 1). This region has undergone intricate structural and depositional transformations, encompassing multiple sedimentary basins (Hayes and Nissen, 2005; Franke, 2013). PRMB is a significant offshore petroleum-rich basin located in the central part of the northern South China Sea margin, covering an area of approximately 27×104 km2 (Figure 1). It consists of four sedimentary depressions: Zhu I Depression, Zhu II Depression, Zhu III Depression, and Chaoshan Depression (Figure 1), with its basement consisting of Paleozoic quartzite and metamorphic rocks. Acting as a Cenozoic continental margin extension basin, the PRMB has undergone three major tectonic phases: a syn-rift stage (49-30 Ma) during the Eocene, a transition stage (30-16.3 Ma) from the Oligocene to the early Miocene, and a post-rift stage (16.3 Ma to the present) from the middle Miocene to the Quaternary (Hayes and Nissen, 2005; Zhu et al., 2010; Xie et al., 2014; Clift et al., 2015) (Figure 2). These phases are associated with four Cenozoic tectonic events (i.e., the first and second episodes of the Zhuqiong Event, Nanhai Event, and Baiyun Event), marked by four regional unconformities (T90, T80, T70, T60) (Figure 2).




Figure 1 | (A) Geological map showing the regional setting of the PRMB (modified after Liu et al., 2022a). (B) Map showing tectonic elements of the Zhu III Depression and locations of seismic profiles. (C) Interpreted NE-trending profile in the Zhu III Depression and the location of the profile is shown in (B).






Figure 2 | Generalized stratigraphic framework, sedimentary facies, tectonic evolution, and source-reservoir-cap assemblages of the PRMB (modified after Xie et al., 2014 and Wang et al., 2018. The sediment rate curve is from Xie et al., 2014, and the sea level curves are from Haq et al., 1987. Zhao et al., 2001, and Ge et al., 2022.



Focusing on the target study area, the Zhu III Depression, located offshore in the western PRMB, spans 12,000 km2 and reaches water depths of 0 to 360 m (Figure 1). The syn-rift stage (49-30 Ma) can be divided into two phases: the deposition of the Wenchang Formation (49-39 Ma) and the formation of the Enping Formation (39-30 Ma) (Figure 2). These formations are characterized by deltaic-lacustrine deposits, such as fan deltas, braided river deltas, and beach bars, which serve as the main source rocks for hydrocarbons in the PRMB (Shao et al., 2016; Zeng et al., 2019; Quan et al., 2020; Liu et al., 2022b). The sediments were mainly eroded from nearby Shenhu Uplift, Qionghai Uplift, and Hainan Island (Liu et al., 2022a). The transition stage (30-16.3 Ma) is marked by the Zhujiang and Zhuhai Formations, which act as the primary reservoirs in the depression. The Zhuhai Formation (30-23.3 Ma) primarily features semi-enclosed bays, tidal flats, and deltas, while the early Miocene Zhujiang Formation (23.3-16.3 Ma) demonstrates the rapid evolution of depositional systems, including fan deltas, tidal flats, meandering river deltas, and shallow marine shelf sand bodies (Zhou et al., 2015; Shao et al., 2016; Wang et al., 2021; Liu et al., 2022b) (Figure 2). The sediments for meandering river deltas and shallow marine shelf sand bodies were provided by the Pearl River system (Liu et al., 2022a). During the deposition of the Zhujiang Formation, a substantial marine transgression occurred, leading to the influx of marine sediments (Haq et al., 1987; Mao et al., 2019; Ge et al., 2022; Liu et al., 2022a) (Figure 2). Sequence stratigraphy analysis divides the Zhujiang Formation into seven sedimentation units (Units 1 to 7) (Liu et al., 2022b). The lower and middle intervals (Units 1-5) are characterized by sandstone interbedded with limestone, while the upper interval (Units 6-7) consists mainly of sandstone interbedded with limestone (Zhou et al., 2015; Liu et al., 2022b) (Figure 2). Subsequent Miocene Hanjiang and Miocene Yuehai Formations, as well as Pliocene Wanshan Formations and Quaternary deposits, were all laid down in a marine depositional environment, dominated by siliciclastic interbedded fine-grained sandstones and mudstones (Zhou et al., 2015) (Figure 2).




3 Methods

The research methodology employed a combination of seismic data, drilling cores, logging data, and lithology data provided by China National Offshore Oil Corporation (CNOOC). These data sets were used to conduct sedimentological and sequence stratigraphic studies. The seismic data covered an area of approximately 2000 km2, with a peak frequency of around 40 Hz. The 3D seismic survey comprises regular spacing intervals, with a distance of 12.5 m along the inline direction and 25 m along the crossline direction. Calibrating the seismic data with well data was done using synthetic seismogram calibration. The sequence stratigraphic technique (Shanley and McCabe, 1994; Zecchin and Catuneanu, 2015) was applied to establish a framework across the depression and identify different stratal stacking patterns in various structural units. In total, eight sequence boundaries were identified using well-log and seismic data and were interpreted accordingly, dividing the Zhujiang Formation into seven depositional units, which are labeled Units 1-7 (Figure 2). Eight sequence boundaries (T60, T52, T51, T50, T41a, T41, T40a, T40 from base to top) were identified and regionally tracked (Figures 3, 4).




Figure 3 | (A) interpreted seismic section bb’ showing seismic reflection characteristics and the depositional evolution in the PRMB; (B) the types of depositional facies and their distribution ranges in the section bb’ showing the depositional evolution from the Eocene to the Miocene. The location of section bb’ is shown in Figure 1.






Figure 4 | Interpreted seismic profile showing seismic reflection characteristics and the depositional evolution in the Zhujiang Formation. The range of this region is shown in Figure 3.



The identification and categorization of depositional systems or elements mainly depends on the lithofacies associations and internal architectures or geometries of the depositional systems (Wang et al., 2021). Geological and geophysical methods were utilized to determine the types and ranges of depositional systems. Sedimentary facies and depositional characteristics were described using over 400 m of drilling cores obtained from 15 wells. As drilling cores were limited in the study area, logging and lithological association data from over 40 wells were also employed. This data includes natural gamma, true resistivity, and acoustic logging data, which help identify depositional facies and constrain their distribution ranges. In areas without drilling cores, the ranges of depositional systems were determined using 3D seismic data. Techniques such as seismic reflection, horizontal slice, and attributive analysis were performed on the Geoframe® software to extract this data. A comprehensive interpretation of depositional systems and facies architecture is conducted by analyzing the lithofacies associations and architectures, as well as the geometries observed in well logs, seismic sections, and RMS amplitude slices. The Palaeogeographic maps of Horizon T40 and T60 were generated using the Petrel® software.




4 Results



4.1 Lithofacies associations and depositional facies

Through a comprehensive analysis of core samples, well logs, and seismic sections, we have identified 13 types of lithofacies associations (FA1-FA13) within the Zhujiang Formation in the PRMB and outlined in Table 1. These lithofacies associations were interpreted as the deposits of six major depositional facies, including fan delta plain deposits (FA1-FA2), fan delta front deposits (FA3-FA4), meandering river delta front deposits (FA5-FA7), tidal flat deposits (FA8-FA10), shallow marine shelf sand deposits (FA11-FA12) and coastal-shallow marine shelf deposits (FA13) (Table 1).


Table 1 | Lithofacies associations and their characteristics in the Miocene Zhujiang Formation in the PRMB.





4.1.1 Lithofacies associations FA1-FA2: fan delta plain deposits



4.1.1.1 Description

FA1 comprises conglomeratic sandstones and coarse sandstones exhibiting fining upward patterns and infilling channelized erosion surfaces (Figure 5). It displays box-shaped forms and relatively high gamma values on the gamma logging curves (Figures 6, 7). FA2 is predominantly made up of sandy mudstones and siltstones with abundant bioturbation and deformation structures, characterized by a serrate gamma well-log pattern (Figures 6, 7).




Figure 5 | Typical sedimentary characteristics of the deposits in the early Miocene Zhujiang Formation. (A) 2092.8 m in Well W4, siltstone in Unit 6, interpreted as a shallow marine shelf sand body; (B) 2090.2 m in Well W4, fine-grained sandstone in Unit 6, interpreted as a shallow marine shelf sand body; (C) 1672.0 m in Well W4, siltstone interbedded with mudstone in Unit 3 interpreted as a sand flat; (D) 1668.2 m in Well W4, siltstone interbedded with mudstone in Unit 3 interpreted as a sand flat; (E) 2252.3 m in Well W5, fine-grained sandstone with normally graded bedding in Unit 1 interpreted as a underwater distributary channel; (F) 2253.2 m in Well W3, fine-grained sandstone with normally graded bedding in Unit 1, interpreted as a underwater distributary channel. (G-I) conglomeratic sandstones with normally graded bedding in Unit 2, interpreted as distributary channels; (J) 2251.3 m in Well W5, a siltstone in Unit 5 interpreted as a distal bar; (K, L) fine-grained sandstones with normally graded bedding interpreted as underwater distributary channels; (M) 2.0 m (2091.9-2092.9 m and 2093.9-2094.9 m, Unit 6) long core of the shallow-marine detrital deposits from Well 4, interpreted as shallow marine shelf sand bodies; (N) 3.6 m (1667.0-1670.6 m, Unit 3) long core of the tidal flat deposits from W9, interpreted as sand flat deposits; (O) 3.0 m (1708.2-1711.2 m, Unit 1) long core of the fan delta front deposits.






Figure 6 | Typical sedimentary characteristics showing the sedimentary architecture and depositional evolution process of the Miocene Zhujiang Formation. The well locations are shown in Figure 1B.






Figure 7 | Stratigraphic correlation section from Well W5 to Well W8 showing the sedimentary architecture and depositional evolution process of the Miocene Zhujiang Formation. The well locations are shown in Figure 1B.






4.1.1.2 Interpretation

FA1 is interpreted as distributary channels, with the fining-upward sandstone bodies representing channel deposits in the proximal reaches of the deltaic plain (Coleman and Wright, 1975; Galloway, 1975). FA2 is interpreted as interdistributary bay deposits (Coleman and Wright, 1975).




4.1.1.3 Distribution

Fan delta deposits were deposited in Units 1-3, with their sediments mainly sourced from the Shenhu and Qionghai Uplifts (Figure 8). They are primarily located on the downthrown block adjacent to the Zhusannan Fault in the northern region and around the Qionghai Uplift (Figure 8). In seismic profiles, fan delta deposits are characterized by wedge-shaped seismic reflections, variable amplitude, and low to medium frequency (Figures 3, 4). These fan delta deposits can be subdivided into two distinct parts: fan delta plain and front deposits (Figure 8). Fan delta plain systems mainly comprise distributary channels and interdistributary bay deposits (Figure 8).




Figure 8 | Planar distributions of depositional systems of Units 1-3 within the early Miocene Zhujiang Formation. (A) Distribution map of depositional systems of Unit 3. (B) Distribution map of depositional systems of Unit 2. (C) Distribution map of depositional systems of Unit 1.







4.1.2 Lithofacies associations FA3-FA4: fan delta front deposits



4.1.2.1 Description

FA3 consists of medium to thick-bedded fine to coarse-grained sandstones with poorly sorted and subangular grains (Figures 5, 6, 7). Low-angle cross-bedding, deformed mudstone shivers, and fining upward patterns are common in this lithofacies association. Erosion surfaces and gravels are also present at the bottom of FA3 (Figure 5). FA4 is composed of thick-bedded siltstones and fine to medium sandstones, exhibiting general upward coarsening patterns, with small-scale horizontal or wavy cross-bedding observed (Figures 5–7).




4.1.2.2 Interpretation

The lithofacies associations of FA3-FA4 are interpreted as fan delta front deposits (Zhang, 2019). FA3 is interpreted as subaqueous distributary channel deposits, as evidenced by the presence of erosion surfaces and fining upward patterns (Coleman and Wright, 1975; Galloway, 1975; Liu et al., 2014). FA4 is interpreted as an estuary bar deposit (Galloway, 1975; Orton and Reading, 1993).




4.1.2.3 Distribution

Similar to the fan delta plain, fan delta front deposits were deposited in Units 1-3 and were located in the downthrown block adjacent to the Zhusannan Fault and the periphery of the Qionghai uplift, but closer to the basin center (Figure 8).





4.1.3 Lithofacies associations FA5-FA7: meandering river delta front deposits



4.1.3.1 Description

This lithofacies associations group consists of FA5, FA6, and FA7. Unlike FA3-4, the grains in these lithofacies associations are well-sorted and well-rounded (Figure 5). FA5 is mainly composed of thick bedded, fine to medium-grained sandstones with bell- or box-shaped gamma curves (Figures 6, 7). It exhibits parallel bedding, low-angle cross bedding, and general upward fining patterns (Figure 5). FA6 is primarily made up of medium to thick bedded fine-grained sandstones and siltstones with a general upward coarsening pattern and parallel bedding, displaying a funnel gamma curve shape (Figures 6, 7). FA7 is characterized by thin bedded silty mudstones and siltstones interbedded with thin layers of mudstones, showing a medium funnel shape on the gramme curve (Figures 6, 7). It also exhibits ripple laminae, soft deformation structures, and horizontal bedding.




4.1.3.2 Interpretation

The lithofacies associations of FA5-FA7 are interpreted as meandering river delta front deposits (Galloway, 1975; Orton and Reading, 1993; Zhang, 2019). FA5 represents subaqueous distributary channel deposits, which are commonly stacked vertically. It is dominated by vertical accretion rather than erosion Tian et al., 2021). FA6 indicates estuary bar deposits, which are vertically associated with FA5. FA7 is interpreted as distal bar deposits, and the mudstone layers indicate a relatively lenticular environment (Galloway, 1975; Orton and Reading, 1993).




4.1.3.3 Distribution

Meandering river deltas were prevalent within the Zhujiang Formation, particularly in Units 4-5 (Figures 8, 9). The sediments for these meandering river deltas originated from the northwest and northeast, gradually filling the depression (Figures 8, 9). In seismic profiles, meandering river delta deposits are distinguished by their sheet-shaped seismic reflection configurations, medium to high amplitude, and strong continuity (Figures 3, 4). In stark contrast to the fan deltas located in the southern part of the depression, meandering river delta deposits exhibit a significantly finer grain size (Figures 6, 7). Delta front deposits were widely distributed and primarily consisted of subaqueous distributary channels, estuary bars and distal bars (Figures 8, 9).




Figure 9 | Planar distributions of depositional systems of Units 4-7 within the early Miocene Zhujiang Formation. (A) Distribution map of depositional systems of Unit 7. (B) Distribution map of depositional systems of Unit 6. (C) Distribution map of depositional systems of Unit 5. (D) Distribution map of depositional systems of Unit 4.







4.1.4 Lithofacies associations FA8-FA10: tidal flat deposits



4.1.4.1 Description

This group of lithofacies associations consists of FA8, FA9 and FA10. FA8 is composed of gray fine-grained sandstones with an average grain size of 0.25-0.4 mm, interbedded with cm-mm scale layers of dark gray mudstones to siltstones with a mean grain size of 0.06-0.23 mm (Figure 5). The thickness of a single layer of sandflat ranges from 3 mm to 2.2 cm, with an average of 7 mm (Figure 5). FA9 is characterized by interbedded thin layers of sandstones and mudstones, featuring tidal rhythmic bedding, ripple bedding, lenticular bedding, and bioturbation structures (Figure 5). FA10 mainly consists of thick layers of mudstones interbedded with thin layers of sandstones, displaying horizontal lamination and widespread strong bioturbation structures. In comparison to FA8, the sediments of FA10 were significantly finer, with a mean grain size of 0.03-0.12 mm (Figure 5).




4.1.4.2 Interpretation

The lithofacies associations of FA8-FA10 are interpreted as tidal flat deposits (Wang et al., 2014; Zhang, 2019). FA8, with a high sandstone content (>70%), represents sandy flat deposits (Wang et al., 2014). FA9 is interpreted as mixed flat deposits, while FA10, with a high content of mudstone (>50%), represents mud flat deposits (Wang et al., 2014).




4.1.4.3 Distribution

Tidal flat facies was the dominant depositional system in Units 1-3 (Figure 8). However, it disappeared in Units 4-7 due to subsequent marine regression. In seismic profiles, this facies is characterized by high to extremely high amplitude, strong continuity, and sheet-shaped seismic reflection configurations (Figures 3, 4). Tidal flat deposits exhibit significant zonation and consist of three facies associations: intertidal sandflat, subtidal sandflat, and subtidal mudflat (Figure 8). Sand flats were distributed in the sub-tidal zone and lower part of the intertidal zone, while mud flats occupied the upper parts of the intertidal zone and consisted mainly of dark gray mudstones (Figure 8).





4.1.5 Lithofacies associations FA11-FA12: shallow marine shelf sand bodies



4.1.5.1 Description

The lithofacies associations of FA11 and FA12 are characterized by distinct features. FA11 is mainly composed of gray fine sandstones, featuring fishbone-shaped cross bedding and wavy bedding (Figure 5). The gamma curve presents a bimodal box or bell-shaped pattern, and displays low-frequency strong amplitude lens-shaped reflections in the seismic section (Figures 6, 7). FA12 is primarily composed of grayish-white muddy sandstones interbedded with mudstones, exhibiting an upward coarsening pattern and commonly developed lens-shaped and ripple cross-bedding (Figure 5). It is characterized by a funnel shape with high natural gamma values on the natural gamma ray curve, and appears as medium frequency, medium amplitude sheet-like reflections in the seismic profile (Figures 3, 6, 7).




4.1.5.2 Interpretation

FA11-FA12 are interpreted as shallow marine shelf sand deposits. FA11 is interpreted as tidal sand ridge deposits, formed by the unloading of sediment carried by tidal currents (Bassetti et al., 2006; Zhang, 2019). FA12 represents offshore bar deposits, formed by the erosion, transport, and deposition of early sediments by waves and alongshore currents (Bassetti et al., 2006; Zhang, 2019).




4.1.5.3 Distribution

Shallow marine shelf sand deposits were distributed in Units 6-7 (Figure 9). They developed near ancient uplifts, such as the Qionghai Uplift and the Shenhu Uplift. These deposits exhibit good physical properties, making them favorable sedimentary facies for hydrocarbon accumulation.





4.1.6 Lithofacies association FA13: coastal-shallow marine shelf deposits



4.1.6.1 Description

FA13 mainly consists of thick-bedded gray to black mudstones with interbedded thin layer of siltstones and horizontal bedding, with the thickness of a single layer varying between 3 m and 52 m (Figures 5, 6). In seismic profiles, it is characterized by a continuous flat reflection pattern and low to high amplitude (Figures 3, 4).




4.1.6.2 Interpretation

FA13 is interpreted as coastal-shallow marine shelf deposits (Zhang, 2019). The interbedded siltstones are interpreted as deposits from meandering river delta formations (Figures 5, 6).




4.1.6.3 Distribution

The coastal-shallow marine shelf deposits can be divided into two types: the coastal mudstone deposits and the shallow marine shelf mudstone deposits. The coastal mudstone deposits were mainly developed in Units 4-5, with a larger range in Unit 4 than in Unit 5 (Figure 9). The shallow marine shelf mudstone deposits were mainly developed in Units 6 and 7, with their ranges gradually expanding from Unit 6 to Unit 7 (Figure 9).






4.2 Distribution of depositional systems in different depositional units



4.2.1 Unit 1

During the sedimentary period of Unit 1, a variety of depositional systems were formed in the study area, including tidal flats, fan deltas, and meandering river deltas (Figure 8). The dominant depositional environment was the tidal flat. Subtidal sediments were widely distributed, mainly composed of subtidal sand and mud flats. Fan deltas were found only in the northern region, positioned at the footwall of the Zhusannan Fault (Figure 8). Meandering river deltas were observed in the northwest and eastern parts of the study area, with only delta fronts present (Figure 8).




4.2.2 Unit 2

Unit 2 exhibited similar characteristics to Unit 1, with the presence of tidal flats, fan deltas, and meandering river deltas in the study area (Figure 8). However, the range of fan deltas was significantly smaller, while that of meandering river deltas was larger (Figure 8).




4.2.3 Unit 3

During the depositional period of Unit 3, tidal flats and meandering river deltas were formed in the study area, with the tidal flat being the dominant depositional environment (Figure 8). Fan deltas no longer developed in the study area, which is a stark contrast to Unit 2, indicating the disappearance of the southern source (Figure 8). The ranges of meandering river deltas in Unit 3 were slightly larger compared to those in Unit 2 (Figure 8).




4.2.4 Unit 4

During the depositional period of Unit 3, the predominant depositional environment in the study area shifted from the tidal flats to meandering river deltas (Figure 9). The meandering river deltas originating from the northwest experienced substantial expansion, now encompassing over half of the study area (Figure 9). Notably, this expansion led to the formation of thick layers of subaqueous distributary channels, which represent the most significant feature of Unit 4 (Figure 9). In contrast, the meandering river delta sourced from the west exhibited a more restricted range (Figure 9).




4.2.5 Unit 5

Unit 5 acquired the depositional traits of Unit 4, with the prevailing depositional environment being meandering river deltas (Figure 9). The extent of the meandering river deltas experienced a considerable reduction, whereas the coverage of the shallow marine shelf expanded (Figure 9). These modifications align perfectly with the swift increase in sea level. Furthermore, small-scale offshore bars were detected in the southern region.




4.2.6 Unit 6

Unit 6 represented a noticeable change in the depositional systems observed in the study area. The depositional environment shifted from a coastal environment in Units 4-5 to the shallow marine shelf system in Unit 6 (Figure 9). The meandering river deltas that originated from the northwest were no longer present in the study area, being replaced by thick layers of marine mudstones (Figures 6, 7). In the adjacent regions of the Qionghai Uplift and Shenhu Uplift, there were shallow marine shelf sand bodies on the continental shelf (Figure 9). These sand bodies consisted of storm sands, tidal sand ridges, and offshore sand bars (Figures 6, 7). Additionally, the range of meandering river delta originating from the west expanded, indicating an increased input of sediment from the Pearl River source (Figure 9).




4.2.7 Unit 7

Similar depositional characteristics were observed in Unit 7 as in Unit 6, with the predominant depositional environment being the shallow marine shelf system (Figure 9). The deposition of sand-rich systems was primarily contributed by shallow continental shelf sand bodies and meandering river deltas (Figure 9). The meandering river delta originating from the west continued to expand (Figure 9).






5 Discussion



5.1 The observation of long-term Miocene marine transgression in the PRMB

The Miocene period witnessed a global marine transgression event, which was observed in various regions, such as South America. Along the South American east coast, a long-term period of sea level fall between 25 Ma and 18 Ma is proposed, followed by another fall between 18 and 13 Ma (Mörner, 2004). During the early Miocene, southern Argentina and Chile were submerged by this long-term marine transgression. A contemporaneous marine transgression was also observed in northern Argentina (Bechis et al., 2014). Generally, the Miocene marine transgression can be divided into two phases: one in the late Oligocene-early Miocene and the other in the late Miocene (Rossetti et al., 2013). The early Miocene transgression is marked by the most widespread transgression, which is consistent with a global sea level lowstand during this period (Haq et al., 1987; Miller et al., 2005).

In the PRMB, a long-term marine transgression was observed during the sedimentary period of the early Miocene Zhujiang Formation. The locations of coastal onlap points in Figure 4 continued to rise, indicating a rapid increase in relative sea level in the PRMB. During the early Miocene (23.8 Ma), the Qionghai Uplift was exposed to the water surface and underwent minimal erosion (Figure 4). The dominant depositional facies during this period in the study area were fan deltas and tidal flats, with exposed fan delta plain deposits visible in the drilling cores (Figures 5–7). The shoreline was situated in the southern region of the Shenhu Uplift during this time (Figure 3), suggesting an extremely low sea level (< 10 m) in the early Miocene in the PRMB. Subsequently, the Qionghai Uplift submerged, initiating the marine transgression (Figure 4). The shoreline moved northwards during the sedimentary period of Unit 4, and large-scale delta fronts were deposited in the PRMB, indicating a rapid transgression process (Figure 9). The depositional system changed from a coastal to a shallow sea environment during the deposition of Units 6-7, indicating a continued rise in sea level (Figure 9). More importantly, the abundance and diversity of benthic foraminifera show a notable rise in the presence of Uvigerina, Lenticulina, and Martinottiella in the Zhujiang Formation (Figure 10), suggesting a gradual rise in sea level (Mao et al., 2019). According to the quantitative relationship between the percentage content of benthic foraminifera and ancient water depth described by Mao et al. (2019), the paleo-water depth in the late depositional period of Zhujiang Formation was estimated around 170 m (Mao et al., 2019), which aligns with a depositional background characteristic of shallow to outer-shallow marine environments. Therefore, this study suggests that the early Miocene Zhujiang Formation corresponds to a significant period of transgressive events in the South China Sea, ultimately leading to a sea-level increase of at least 100 m (Figure 10).




Figure 10 | Map showing the regional sea level changes in the PRMB. The regional sea level curve is from Qin, 2002 and Mao et al. (2019), and δ18O data is from ODP 1148 (Zhao et al., 2001). The shoreline migration trajectory is from Zhang, 2019.



The observation of long-term Miocene marine transgression in the PRMB is further substantiated by the changes in relative sea level in the PRMB (Qin, 2002) (Figure 10). Qin (2002) and Mao et al. (2019) demonstrate that the average sea level of the PRMB rose by at least 100 m during the deposition period of the Zhujiang Formation. This is consistent with the rapidly rising trend observed in global sea level changes in Haq et al. (1987), although there are some differences in the details of sea level fluctuations (Figure 10). The regional sea level demonstrates a rapidly rising trend between 21 Ma and 16.3 Ma, and the shoreline and deltaic depositional systems rapidly retreated landwards, representing a rapid marine transgression (Zhang, 2019) (Figure 10). Subsequently, the regional sea level reached its peak around 16.3 Ma, corresponding to the location of maximum marine transgression revealed by long-term shoreline migration tracks (Zhang, 2019) (Figure 10). The early Miocene δ18O increase of benthic foraminifera suggests that this long-term marine transgression is associated with a significant expansion of the Antarctic ice sheet (Zhao et al., 2001), suggesting it was genetically controlled by global climatic changes.

It is important to note that this long-term Miocene marine transgression does not mean a continuous rise in sea level, but rather a general upward trend in the overall sea level (Rossetti et al., 2013). This upward trend includes complex short-term fluctuations in sea level (Rossetti et al., 2013).




5.2 Depositional evolution in response to marine transgression in the PRMB

This study reveals the complexity of depositional evolution with the presence of four different types of depositional systems, which are closely related to the marine transgression process (Figures 8, 9). During the early Miocene marine transgression in the PRMB, the primary depositional system type underwent a remarkable shift (Figures 8, 9). The evolutionary process of depositional systems can be divided into three stages, including the early stage (Units 1-3), the middle stage (Units 4-5), and the late stage (Units 6-7). In the early stage, Units 1-3 featured a predominant tidal flat environment, which then transitioned into meandering river deltas in the middle stage (Units 4-5) (Figures 8, 9). Finally, in the late stage (Units 6-7), it evolved into a shallow marine shelf system. It can be concluded that the dominant depositional system type evolved from tidal flat in Units 1-3 to meandering river delta in Units 4-5, and finally to shallow marine shelf system in Units 6-7 (Figures 8, 9). This evolutionary progression was intricately tied to the overarching process of marine transgression. The water depth of tidal flat deposits in Units 1-3 was usually less than 10 m, while that of shallow marine shelf systems in Units 6-7 varied between 150 m and 200 m (Mao et al., 2019). These changing water depths further underscore the dynamic nature of marine transgression. Furthermore, shifts in sub-facies types also provide key insights into the unfolding marine transgression. As an illustration, the dominant depositional facies transformed from the intertidal zone in Unit 1 to the subtidal zone in Unit 3, a clear reflection of the rising sea level.

The Miocene marine transgression profoundly impacted the distribution patterns of depositional systems. As Unit 1 transitioned into Unit 5, we observed a gradual reduction in the deposition of proximal fan deltas originating from nearby uplifts, while the extent of distal meandering river deltas gradually expanded (Figures 8, 9). Subsequently, throughout the depositional stages of Units 6-7, the entire study area underwent a notable transformation as deltas disappeared, giving way to the dominance of shallow marine mudstone sedimentation (Figures 8, 9). This transformation aligns with the provenance evolution history reconstructed by zircon U-Pb geochronology and heavy mineral composition in the PRMB (e.g., Shao et al., 2016; Liu et al., 2022a). Liu et al. (2022a) suggested a significant shift in the source to sink system occurring in the early Miocene in the PRMB. The Eocene-Oligocene sediments display similar age patterns ranging from 100 Ma to 450 Ma, indicating that they were derived from nearby Shenhu and Qionghai Uplifts (Liu et al., 2022a). By contrast, the upper Zhujiang Formation sediments are marked by a significant increase of Paleozoic and Precambrian zircons, displaying similar age patterns to the sediments in the Pearl River (Liu et al., 2022a). This suggests that the upper Zhujiang Formation sediments were mainly derived from South China Block via the Pearl River system. During the depositional period of Zhujiang Formation, the contribution of nearby sources steadily decreased, while long-distance transported sediments from the South China Block gradually increased (Liu et al., 2022a) (Figures 8, 9). It is important to note that in the late stage (Units 6-7), deltaic deposits ceased to form within the study area, with only shallow marine mudstone deposition developed (Figure 9). The absence of deltaic deposits in the study area should be attributed to the ongoing marine transgression, resulting in deltas retreat from the study area. Likely, the deltaic deposits were situated outside the study area in this period, particularly to the north.

In addition to marine transgression, the depositional evolution in the PRMB was significantly influenced by sediment supply and paleo-geomorphology. During the deposition of the Zhujiang Formation, the sediment supply rate exhibited non-uniformity (Wang et al., 2021; Liu et al., 2022b), as evidenced by variations in the sandstone percentage in drilling cores. For instance, when compared to Unit 4, the sedimentation rate in meandering river deltas notably decreased, leading to a reduction in the sandstone percentage from 65% to 40% (Figures 6, 7). These findings align well with previous research conclusions in Liu et al. (2022b). In addition, paleo-geomorphology played a pivotal role in the spatial distribution of the deposition system (Liu et al., 2014; Xie et al., 2014; Wang et al., 2021). Notably, the paleo-geomorphic landscape underwent substantial changes during the deposition period of the Miocene Zhujiang Formation (Figure 11). In the early stage, the basin displayed distinct uplifts and depressions, with the elevated regions acting as sources through erosion, contributing to the development of small-scale fan delta deposits (Figures 11, 12). By contrast, in the late stage, the pattern of uplifts and depressions in the basin significantly diminished, and the deposition of proximal sources ceased. During this period, the Qionghai Uplift submerged, ceasing to serve as a source and instead becoming a submerged, restricted highland (Figures 11, 12). The sand bodies previously formed through tidal action upon the existing sediments within the uplifted area subsequently transformed into shallow marine shelf sand bodies. This formation process elucidates the enrichment of shallow marine shelf sand bodies around the Qionghai Uplift development region.




Figure 11 | The palaeogeographic maps of Horizons T40 (the top boundary of the Zhujiang Formation) and T60 (the bottom boundary of the Zhujiang Formation), showing the difference in geomorphic features. (A) The palaeogeographic map of Horizon T40. (B) The palaeogeographic map of Horizon T60.






Figure 12 | The three-stage depositional model showing the evolution process in response to marine transgression in the PRMB. It can be divided into three stages: (A) the late stage; (B) the middle stage; and (C) the early stage.






5.3 Sedimentological and exploration significance

This study presents a valuable opportunity to enhance our comprehension of the depositional evolution occurring during the long-term marine transgression from 23.3 Ma to 16.3 Ma. The findings of this study shed light on the following characteristics of the depositional system during the transgression process: (1) The continuous transgression process not only results in alterations in the extent of distribution of depositional systems but also noteworthy modifications in sediment types, thereby leading to increased complexity in the depositional system (Figure 12). (2) In the initial phase of transgression, characterized by low sea levels, intertidal flats predominantly govern the depositional systems (Figures 8, 12). (3) As the transgression persists, there are significant changes in paleogeography and provenance directions, consequently weakening the supply from nearby sources and intensifying the supply from distant sources (Figures 9, 12). (4) When the sea level reaches a certain depth, the deposition of shallow marine mudstone becomes prevalent (Figure 12). These sedimentary features exhibit substantial disparities from the depositional evolution process observed during short-period transgressions (e.g., Zhou et al., 2014; Tang et al., 2018; Zhang et al., 2023), which primarily impact the distribution of depositional systems rather than their types.

The marine transgression significantly influenced the depositional evolution, thereby impacting the distribution of hydrocarbon resources and the types of traps in the PRMB (Huang et al., 2003; Xie et al., 2021; Wu, 2022). Oil and gas reserves in the PRMB originated from the underlying Wenchang and Enping source rocks (Toc = 1.6~2.5%, HI = 233-332 mg/g TOC) (Quan et al., 2020; Fu et al., 2022; Yang et al., 2022). These hydrocarbons migrated from the deep lake through syn-sedimentary faults to the Qionghai Uplift. In the earlier Units 1-3, two types of traps were identified: up-dip wedge-out traps and fault traps (Figure 13). Up-dip wedge-out traps predominantly formed in the relatively elevated structural areas near the Qionghai Uplift (Wu, 2022) (Figure 13). In Units 4-5, in addition to the up-dip wedge-out and fault traps, stratigraphic onlap traps were observed at the top of the Qionghai Uplift (Figure 13).




Figure 13 | The type and distribution of oil and gas reservoirs across the representative section in the Zhu III Depression, PRMB.



Units 6-7 exhibited a different geological characteristic as shallow marine shelf sand bodies were prevalent, favoring the development of lithologic lenticular traps (Figure 13). The development of shallow marine shelf sand bodies is primarily influenced by several factors including geomorphology, sea level fluctuations, and sediment supply (Liu et al., 2022b). When marine transgression occurred, pre-existing sand bodies located in high geomorphic units were reworked by hydrodynamic conditions such as tidal currents and storm waves (Liu et al., 2022b). The scale and distribution of these sand bodies are further influenced by sediment supply. This formation process helps explain why shallow-sea shelf sand bodies are primarily located near the Qionghai and Shenhu Uplifts during periods of high sea level. These shallow marine shelf sand bodies have garnered significant attention for future exploration due to their high-quality reservoir properties, with average porosity and permeability values exceeding 18% and 140 mD, respectively (Liu et al., 2022b). Furthermore, compared to other types of traps, hydrocarbon exploration in the shallow marine shelf sand bodies presents fewer challenges. These advantages, including shallow burial, lower exploration costs, and good seismic data quality, have a profound impact on hydrocarbon enrichment and increase the success rate of hydrocarbon exploration in the region.





6 Conclusions

(1) A long-term marine transgression occurred between 23.3 Ma and 16.3 Ma in the Pearl River Mouth Basin, northern South China Sea, resulting in at least a 100 m rise in relative sea level.

(2) Within the early Miocene Zhujiang Formation, we have recognized thirteen types of lithofacies associations and identified four distinct depositional facies including tidal flats, fan deltas, meandering river deltas, and shallow marine shelf sand bodies. The progression of the marine transgression led to a significant shift in the types of depositional systems, transitioning from tidal flats in Units 1-3 to meandering river deltas in Units 4-5, and ultimately evolving into shallow marine shelf systems in Units 6-7.

(3) In the early stage (Units 1-3), the regional uplifts hindered sea level transgression and caused erosion, leading to the development of small-scale proximal fan deltas. In the middle stage (Units 4-5), these regional uplifts submerged, and meandering river deltas dominated with sediments derived from distant extrabasinal sources. During the late stage (Units 6-7), regional sea levels reached their peak, transforming the entire basin into a shallow marine shelf system.

(4) Our study highlights that the long-term transgression process not only alters the distribution of depositional systems but also leads to noteworthy modifications in sediment types, resulting in increased complexity in depositional systems. Furthermore, this marine transgression has a significant impact on the distribution of hydrocarbon resources and trap types. The shallow marine shelf sand bodies in Units 6-7 are recommended as the key targets for future exploration.
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The offshore wind farm industry has recently experienced significant global growth. This study presents a thorough site investigation and analysis of the cyclic resistance of marine clay for offshore foundation design, using the Shaba wind farm in southern China as a case study. In-situ cone penetrometer (CPTu) tests and borehole sampling are conducted to explore the geotechnical characteristics of the soils. However, the soil conditions are characterized by multiple layers and complex sedimentary components. The classification and mechanical properties, such as water content and cyclic resistances, are compared through CPTu interpretation and laboratory tests. The findings indicated that a single physical indicator cannot determine cyclic resistance. In addition, the well-established method in existing literature proved unsuitable for marine clay. Consequently, multiple regression analysis shows that a linear relationship exist between cyclic resistance and depth-corrected CPTu index [EXP(qE/fs)0.3/H], hence a new evaluation method is developed to predict the cyclic resistance of marine clay based on CPTu data. This research aims to provide more reliable guidance for geotechnical investigations, supporting the rapid expansion of offshore wind farms.
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1 Introduction

Wind energy, a sustainable and environmentally friendly energy source, offers an innovative path for global efforts in addressing energy shortages. The installed capacity of offshore wind turbines has shown consistent annual growth. These turbines are typically anchored to the seabed, often involving marine clay layers. Foundation costs, comprising approximately 25%–35% of total costs (Bhattacharya, 2014), necessitate various marine clay parameters for the geotechnical design of diverse foundation solutions. Under complex marine environmental loads, such as wind, waves, storms, and earthquakes, marine clay demonstrates notable stiffness degradation characteristics (Yang et al., 2018; Pan et al., 2021; Xiao et al., 2023) and can even lose strength entirely. Thus, understanding the cyclic resistance of marine clay is crucial for foundation design. However, its precise determination and rational design pose significant challenges in engineering construction (Lunne et al., 2006; Berre et al., 2022; Gao et al., 2024).

The predominant method to determine marine clay’s cyclic resistance involves laboratory cyclic tests, including cyclic triaxial tests, cyclic torsional shear tests, and cyclic direct simple shear tests. These tests demand high-quality soil samples and skilled testers. Nevertheless, soil sample disturbance during drilling and transport can compromise the accuracy of these tests in representing marine clay’s in-situ cyclic resistance. In addition, the requirement for a large volume of soil samples substantially increases the cost. Consequently, the engineering community urgently seeks effective methods to ascertain marine clay’s cyclic resistance with fewer tests.

Comprehensive in-situ and laboratory tests are indispensable in acquiring site geotechnical properties and soil parameters. Cone penetrometer (CPTu) tests are preferred for in-situ testing due to their high accuracy, convenience, and speed (Cai et al., 2012; Cai et al., 2016; Duan et al., 2017; Meng and Pei, 2023). CPTu data comprehensively represent soil strength and deformation capacity under static and dynamic loading. Over the past decades, CPTu-based undrained shear strength evaluation methods for soils have been extensively developed (Sandven, 1990; Eslami, 1997). Subsequently, researchers began developing cyclic strength evaluation methods based on in-situ and laboratory tests (Olsen, 1994; Robertson and Wride, 1998; Robertson, 2009). Juang et al. (2008) developed a deterministic CPTu-based cyclic resistance evaluation method applicable to various soil types. Juang et al. (2012) and Ku and Juang (2012) refined this model. Notably, these models were formulated using CPTu data for terrestrial soils. However, marine clays, influenced by factors like high salt content, low-temperature seawater environments, unique cementitious materials, and complex hydrodynamics, develop flocculated structures distinct from terrestrial soils. Thus, terrestrial clay cyclic resistance models are not directly transferable to marine clays. Limited research focuses on evaluating marine clay cyclic resistance. He et al. (2021) and Wang et al. (2022) explored the cyclic behavior of marine soils using CPTu tests, but they did not develop predictive models. Therefore, creating and refining a cyclic resistance evaluation method for marine clay based on in-situ and laboratory tests is essential.

This study conducts a case study involving CPTu tests at the Shaba offshore wind farm in southern China to establish a cost-effective method to evaluate marine clay cyclic resistance. Soil stratigraphy is delineated, highlighting the soil’s multilayered and complex sedimentation. In addition, consolidated undrained cyclic triaxial tests on marine clay are conducted to assess cyclic resistance, a vital parameter for foundation design. The well-established CPTu-based cyclic resistance evaluation methods in existing literature are not fully applicable to marine clays. Ultimately, this research develops a CPTu-based cyclic resistance evaluation method for marine clay at the Shaba offshore wind farm. The study’s findings will offer assistance and guidance for constructing offshore wind farms in China.




2 Site description

The Yangjiang Shaba Offshore Wind Farm is situated in the southern sea area of Shaba Town, Yangxi County, Yangjiang City, Guangdong Province, as illustrated in Figure 1. This wind farm lies approximately 20 kilometers offshore. The area’s sea is expansive, lacks islands, and features relatively flat terrain. Water depths vary from 23 to 27 meters, with an average tidal range of around 2.73 meters. Summer months bring significant typhoon impacts, leading to maximum wave heights near 8 meters.




Figure 1 | Site location (Base map data © 2023 Google).



The site is positioned at the Rudong River’s mouth, where the sedimentary environment is notably complex, shaped by the combined influences of river flow and ocean waves. Sediments primarily comprise marine, alluvial marine, and residual deposits, characterized by a swift sedimentation rate. Soil stratification will be elaborated upon based on CPTu and borehole sampling results. In addition, the sea area at this location is spacious, devoid of surrounding islands. The seafloor topography is predominantly gentle, showing a trend of higher elevation in the northwest and lower in the southeast. No potential submarine geological hazards, such as underwater landslides, have been identified.




3 CPTu tests and soil characteristic



3.1 CPTu test results

This project entailed offshore field investigations, encompassing 4 CPTu tests (CPTu1, CPTu2, CPTu3, and CPTu4) and four borehole samplings (Y1, Y2, Y3, and Y4), with each borehole sampling site situated about 1 meter from its corresponding CPTu test hole. The CPTu tests utilized the ROSON seabed digital CPT penetration equipment by Van Den Berg, Netherlands. This device operates at a penetration speed of 20 mm/s, boasts a maximum thrust of 50 kN, and can penetrate up to 40 meters deep. It can perform continuous CPTu tests in seabeds with water depths reaching 1500 meters. Borehole sampling employed hydrostatic pressure-driven methodology. Standard Shelby tube samplers were used for soft clay, while thick-walled tube samplers were applied for silty mud and sandy soil. The depths of CPTu1, CPTu2, Y1, and Y2 are 14 meters; CPTu3 and Y3 are 24 meters deep; and CPTu4 and Y4 are 28 meters.

Figure 2 displays the CPTu test results for the four boreholes. Notable fluctuations in qc (cone resistance), fs (sleeve friction), and u2 (pore water pressure) are evident with depth in each borehole, signifying multiple soil layers. Utilizing the CPTu data and laboratory test outcomes, the stratigraphic details of soil layers were determined following the ASTM D2487 (ASTM, 2017) standard. A simplified diagram representing this information accompanies the CPTu test results. Wu et al. (2023) comprehensively described soil stratification methods. The geological strata mainly consist of marine-terrestrial transitional sedimentary layers. The upper part includes Holocene marine deposits, encompassing sludge and medium sand mixed sludge. The lower part comprises the Holocene sea-land transitional sedimentary layer and the late Pleistocene sea-land alternating sedimentary layer, containing clay, silt, fine sand, medium sand, and coarse sand. This study focuses on clay; hence, emphasis is placed on CPTu data pertinent to clay layers. Compared to cohesionless soil and rock layers, the qc and fs values for clay layers are relatively low and show little depth dependence, while the u2 values are higher and typically increase with depth. In addition, an inverse relationship exists between u2 and qc, indicating that higher u2 values correspond to lower qc values. This aligns with the principles of effective stress.




Figure 2 | CPTu results and soil layer classifications. (A–D are four different boreholes).






3.2 Index properties of marine clay

The natural water content (w0), density (ρ), plasticity index (Ip), and initial void ratio (e0) of the clay samples (D1~D12, as shown in Figure 2) in the stratum were determined in accordance with ASTM D2216 (ASTM, 2019), D1556/D1556M (ASTM, 2015), and D4318 (ASTM, 2017), respectively. The results are depicted in Figure 3. The properties of the clay layers in the four boreholes exhibit considerable uniformity. The natural water content remains relatively consistent within each borehole, while Ip and ρ gradually increment with depth. Concurrently, e0 exhibits a steady decrease with increasing depth. The red points in Figure 3 symbolize the samples utilized for conducting undrained cyclic triaxial tests. Table 1 summarizes their fundamental physical properties, whereas Figure 4 depicts their positions on the plasticity chart. These clays are categorized as CH and CL based on ASTM D2487 (ASTM, 2017).




Figure 3 | Index properties of marine clay versus depth. (A–D are four different boreholes).




Table 1 | Basic physic properties and scheme of undisturbed marine clay.






Figure 4 | Soil classification lines.







4 Consolidated undrained triaxial test



4.1 Test program

The undrained cyclic triaxial tests were conducted using a dynamic triaxial system provided by GDS Instruments Ltd., UK. Chen et al. (2020) and Ma et al. (2023) offer more comprehensive details. Table 2 lists the primary technical specifications of the controller parameters, sensor range, accuracy, deviation, and other pertinent details. The following must be considered to conduct undisturbed marine clay cyclic triaxial tests following ASTM D5311 (ASTM, 2013): (1) Mold undisturbed marine clay samples into solid cylindrical specimens measuring 50 mm in diameter and 100 mm in height. (2) Situate the prepared specimens in a saturation vessel within a vacuum saturation chamber, initiating specimen saturation via the vacuum method (Lu et al., 2021). (3) Once vacuum saturation concludes, position the sample atop the pedestal in the dynamic triaxial system. (4) Implement backpressure saturation; after each stage, determine the B value, continuing until B exceeds 0.95, signifying complete saturation. (5) Apply uniform consolidation to the fully saturated specimen, selecting the confining pressure based on in-situ effective stresses. Based on ASTM D4767 (ASTM, 2020), consolidation is deemed complete when the average strain rate of the specimen falls below 1 × 10−3%/min. Assessing sample quality or disturbance degree prior to laboratory testing is crucial. Lunne et al. (1997) index, assessing sample quality based on void ratio alterations due to loading relative to in-situ effective stresses, was employed in this study, as indicated in Table 1. The findings categorize all examined samples as either “very good to excellent” or “good to fair,” with evaluation criteria detailed in Table 3.


Table 2 | The main technical specifications of the GDS dynamic triaxial test apparatus.




Table 3 | Criteria for evaluation of soil sample quality (Lunne et al., 1997).



Post-consolidation, sinusoidal wave loading at a frequency of 0.1 Hz is applied to the specimen. The specific test plan is listed in Table 1. Several tests involving three distinct cyclic stress ratio (CSR) levels are conducted on specimens sharing the same identification. As shown in Equation (1), the CSR is defined as follows:

 

where σd is the dynamic Stress Amplitude, σ′c0 is the initial effective consolidation stress.




4.2 Representative cyclic responses

Figure 5 displays typical results for the excess pore water pressure ratio ru, axial strain (ϵ) curves, cyclic axial stress, deviator stress-axial strain curve, and effective stress path for D11-2. In these results, the excess pore water pressure ratio (ru) is the ratio of excess pore pressure to initial confining stress. The double amplitude axial strain (ϵDA) is the difference between the maximum and minimum axial strains in each cycle. Nf is the number of cycles needed for the specimen to meet the failure criterion, with this criterion being ϵDA reaching 15% in this test. Figure 5A indicates that the development of ϵ exhibits progressive characteristics during the cyclic loading process. Initially, ϵ increases slowly in a linear manner. As the number of cyclic loading cycles N increases, ϵ grows rapidly, reaching the failure criterion after a relatively small number of cycles. Figure 5B shows that under cyclic loading, the rise in excess water pore pressure in the clay specimen is gradual, and it is challenging for ru to increase to 1.0. At failure, ru is only 0.48, attributed to the lower permeability of marine clay and the ongoing disruption of its cohesive structure due to cyclic loading. Figure 5C shows the relationship between the number of cycles and the axial stress. Figure 5D demonstrates that as N increases, the inclination of the hysteresis loop gradually diminishes, indicating a progressive decrease in the specimen’s stiffness and strength. The shape evolves from “elliptical” to “Z” type. Concurrently, the vertical effective stress decreases, reflecting the development of pore water pressure during the cyclic process. The effective stress path shifts to the left with increasing cycle numbers, as shown in Figure 5E.




Figure 5 | Undrained cyclic triaxial typical test results (A–E show five different typical test results).






4.3 Cyclic resistance in laboratory tests

Ishihara et al. (1980) proposed using a power function to describe the relationship between CSR and Nf. The relationship Equation (2) is as follows:

 

where a and b are the fitting parameters.

Figure 6 depicts the relationship curve between the CSR and Nf of the clay samples from the Shaba wind farm, with a dashed line representing the fitting curve. The results indicated that as CSR increases, Nf decreases, demonstrating that the marine clay is more prone to damage under high cyclic loading conditions. However, the change pattern in cyclic resistance for each specimen remains unclear.




Figure 6 | Dynamic strength curve of marine clay.



Nf directly correlates with the seismic moment. Based on Idriss and Boulanger (2008), an Nf of 15 typically corresponds to a seismic moment of 7.5. Hence, the CSR value corresponding to 15 cycles of uniform loading, extracted from the Nf vs. CSR correlation curve, represents its cyclic resistance (CRRlab), as displayed in Table 4. Figure 7 illustrates the correlations between H, ρ, w, Ip, and CRRlab of the tested sample. It indicates that CRRlab does not significantly correlate with H, ρ, w, and Ip. Thus, it cannot evaluate CRRlab by a single physical index of marine clay.


Table 4 | Cyclic resistance of marine clay.






Figure 7 | Correlation between H, ρ, w, Ip, and CRRlab. (A–D are four different factors).







5 CPTu-based evaluation method for cyclic resistance of marine clay

Considering cone resistance as an indicator of the failure strength of soils in situ (Yu, 2006) and sleeve friction fs as a measure of soil strength post-failure, Robertson and Wride (1998) proposed a complex cyclic resistance evaluation method. This approach considers in-situ vertical stress, soil behavior type index Ic, and modified cone resistance qt1N. Juang et al. (2008) simplified the parameters and developed a method using the soil behavior type index Ic,BJ and modified cone resistance qt1N. Compared to Robertson and Wride’s model, Juang et al.’s approach accounts for the influence of excess pore water pressure, offering insights into soil consolidation and permeability properties (Chai et al., 2011). In contrast, Olsen’s method (Olsen, 1994) does not consider soil type and excess pore water pressure. These three models, based on CPTu tests on terrestrial soils, are summarized in Table 5. Figure 8 presents the field cyclic resistance ratio (CRRfield) calculated using these three models for four borehole locations. It reveals generally consistent trends in results calculated by each model with depth, albeit with notable differences in numerical values. At borehole locations CPTu 1, CPTu 3, and CPTu 4, Olsen’s model yields the highest CRRfield, followed by the Robertson model, with Juang’s model providing the lowest values. In contrast, at borehole locations CPTu 2, Olsen’s model results in the lowest CRRfield, Juang’s model is intermediate, and the Robertson model calculates the highest values.


Table 5 | CRRfield calculation model based on CPTu.






Figure 8 | CRRfield calculation curve based on CPTu data.



The laboratory test conditions are a simplified representation of field conditions. Differences often arise when applying results from laboratory cyclic triaxial tests to field situations. Seed (1979) proposed a conversion factor, Cr, to modify CRRlab, yielding CRRfield, as demonstrated in the subsequent Equation (3):

 

where 0.9 is the correction factor for converting the laboratory cyclic resistance ratio under unidirectional loading to the cyclic resistance ratio under multiple-direction loading conditions in the field, Cr is taken as 0.7.

Comparisons of CRRfield, as calculated by various models at respective depths, with CRRfield-lab determined by the test results are depicted in Figure 9. This figure reveals that Robertson’s and Juang’s approaches exhibit comparable effectiveness, with most errors remaining under 30% relative to CRRfield-lab. However, Olsen’s method, which does not account for soil type and excess pore water pressure, shows the least accuracy, with errors surpassing 60%.




Figure 9 | Comparison of CPTu-based CRRfield calculation results with indoor results CRRlab. (A–C are three different methods).



Accordingly, while CRRfield models derived from CPTu data show some applicability, the overall errors are significant. In addition, these models lack a clear functional relationship, potentially limiting their utility in practical engineering projects. As detailed in Section 3, the geotechnical properties of soil layers vary considerably at different depths. Incorporating soil characteristics indicated by qt, u2, and fs, and amalgamating laboratory test outcomes with CPTu data, a discernible functional relationship emerges among the effective cone tip resistance qE (= qt − u2), fs, and CRRfield-lab. Thus, an empirical model to predict CRRfield-lab for marine clay was formulated, using qE, fs, and H as independent variables, with CRRfield-lab as the dependent variable, as delineated in Equation 4. Notably, H accounts for the in-situ stress of soils. Through multiple regression analysis, a new CRRfield-lab evaluation method based on depth-corrected CPTu index [EXP(qE/fs)0.3/H] was developed, as Equation (4) shown, and its application to assess CRRfield-lab for marine clay in the Yangjiang Wind Farm offshore area has demonstrated a robust fit, as illustrated in Figure 10.




Figure 10 | Dynamic strength evaluation method of marine clay based on CPTu data.



 

Noted that the CPTu-based CRRfield-lab prediction model proposed in this study can effectively predict the cyclic resistance of marine clay, which makes up for the difficulty of sampling and high testing costs in offshore engineering. Also, compared with the above three well-developed prediction models (Olsen, 1994; Robertson and Wride, 1998; Juang et al., 2008), the CRRfield-lab prediction model contains just only fewer basial physical parameters, i.e., if the depth H and CPTu data of marine clay are determined, then the CRRfield-lab can be evaluated quickly and efficiently, which provides a significant advantage in the evaluation of liquefaction triggering of marine soils in practice.




6 Conclusion

This study presents the site investigation and cyclic resistance of marine clay, utilizing CPTu tests and advanced laboratory tests, taking the Shaba wind farm in southern China as a case study. An evaluation method for the cyclic resistance of marine clay, grounded in CPTu data, is introduced. The key conclusions are as follows:

	1. The interpretation of CPTU data and index parameter tests depict the site conditions as having a multilayered and intricate sedimentary structure. The initial void ratio of clay layers shows a gradual increase with depth.

	2. Under cyclic loading, the marine clay’s hysteresis loop dip angle in the Yangjiang Sea region diminishes progressively, gradually reducing soil stiffness and strength. Concurrently, the maximum strain typically occurs post-peak stress, highlighting the delayed response between stress and strain in marine clay. In addition, the hysteresis curve’s expansion toward the stretching direction suggests an elevated risk of tensile failure in the sample.

	3. The CRRlab, derived from consolidated undrained cyclic triaxial tests, was converted to an in-situ CRRfield-lab. Notable discrepancies were observed between the calculated results of the existing prediction methods based on CPTu data and the actual CRRfield-lab. Utilizing the CPTu data qE, fs, and depth H, a linear relationship existed between cyclic resistance and depth-corrected CPTu index [EXP(qE/fs)0.3/H]. Then an alternative evaluation method to determine the CRRfield-lab of marine clay was proposed. This method yielded prediction results that align well with engineering practice requirements.
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The South China Sea (SCS) is the largest marginal sea in the western Pacific, fed by large Asian rivers, characterized by substantial volumes of sediment derived from surrounding Asian continents and islands. This study utilizes the rare earth elements (REEs), Sr isotopes (87Sr/86Sr), and Nd isotopes (ƐNd) in detritus fractions of MD05-2901 sediments in northwestern SCS, to evaluate the relative contribution among the Mekong River, the Red River, the Pearl River, and rivers in SW Taiwan over the last 32 ka. This deep-sea core is located off the coast of central Vietnam, an upwelling region with only minor continental inputs, and this study is important for a better understanding of the main sources of terrigenous material and their temporal variations in the region. In addition, potential particle exchange is examined using the same proxies in the Fe-Mn oxyhydroxide fractions. The obtained records are systematically compared with the available climatic archives in the region. The REEs in the Fe-Mn oxyhydroxides support the argument of water mass signature separation in bulk sediments by chemical leaching procedures. These 87Sr/86Sr in the Fe-Mn oxyhydroxides phase fall in a range between 0.709262 and 0.709313, deviating significantly from the modern seawater. ƐNd values vary >3Ɛ, being more radiogenic in the Fe-Mn oxyhydroxides, where the lowest value occurred in the Bølling/Allerød (B/A) and higher values occurred during the Younger Dryas (YD). The latter implies increased contribution of loess dusts or Taiwanese rivers under dry/cold climatic conditions, compared with the situation in modern times. The Red River and the Mekong River together may have contributed >60% during the Last Glacial Maximum (LGM) and YD. In contrast, the Pearl River components have increased sharply to ~60% during the warm B/A. These results demonstrate that the MD05-2901 sediments sensitively record changes in weathering intensity on land and transport pathways in the coastal regions in the Holocene.
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1 Introduction

The South China Sea (SCS) is the largest marginal sea in the western Pacific, and is located at the junction of the Eurasian, the Pacific, and the Indo-Australian plates (Li et al., 2015). Its central basin, >3,500 m deep, is surrounded by various lands and shallow straits, except the Luzon Strait, which is >2,500 m deep. There are large volumes of sediments discharged to the SCS from major Asian rivers, such as the Mekong River, the Red River and the Pearl River, delivering 160, 130, and 100 × 106 t/yr, respectively, to the slope region in the NW SCS, as well as rivers in SW Taiwan, the Choshui River (63.9 × 106 t/yr), and the Gaoping River (35.6 × 106 t/yr) (Milliman and Farnsworth, 2011). These accumulated sediments provide high-resolution archives for studying environmental changes in the SE Asian continent (Li et al., 2003; Boulay et al., 2005; Liu et al., 2007a; Liu et al., 2016; Gai et al., 2020). There are many small mountainous rivers that developed in middle Vietnam (Jonell et al., 2017; Sang et al., 2018). However, unlike the small mountainous rivers in Taiwan with large amounts of sediment discharge, e.g., 54.1 Mt/yr for the Choshui River and 49.0 Mt/yr for the Kaoping River (Dadson et al., 2003), the sum of the sediment discharge in middle Vietnam is only approximately 10.0 Mt/yr (Milliman and Farnsworth, 2011). The Ba River as the largest river in middle Vietnam supplies only 1.0 Mt/yr sediments to the SCS (Milliman and Farnsworth, 2011). Early studies have suggested that their contribution to the deep-sea sediment in the SCS is almost negligible (Tan et al., 2014; Liu et al., 2016). In addition, clay mineralogy investigations on the Ba River and nearby continental shelf show that they are very rich in kaolinite and smectite, strongly different from the richness in illite and chlorite for Core MD05-2901 Holocene sediments (Liu et al., 2007b; Sang et al., 2018; Sang et al., 2019). Instead, both clay minerals and major elements in Core MD05-2901 sediments are mainly derived from end-members of the Mekong River, Red River, and Pearl River, with minor contribution from the Sunda Shelf (Liu et al., 2007a; Liu et al., 2007b; Liu et al., 2016; Sang and Liu, 2021). Therefore, we are correct to exclude the contribution of middle Vietnam to the deep-sea sediment of the SCS in later calculation. However, the enhanced anthropogenic influence of the Pearl River and the Red River in late Holocene (Hu et al., 2013; Wan et al., 2015) may need to be focused on, particularly the near-coastal regions.

The rare earth elements (REEs) are a group of trace elements whose chemical properties gradually change with their decreasing ionic radii across the lanthanide series (lanthanide contraction), from lanthanum (La) to lutetium (Lu), causing slightly different behaviors for light REEs (La–Sm, LREEs) and heavy REEs (Dy–Lu, HREEs) during dissolution, precipitation, and adsorption. These REE patterns change because of water/rock interactions, sources, or redox conditions (Toyoda et al., 1990; Nozaki, 2000; Haley et al., 2004; Wyndham et al., 2004). However, this information can be evaluated after proper standard normalization (Yusof et al., 2001) in addition to specific isotopic analyses. Owing to the strong binding capability, low natural background, and low mobility, the sediment REE patterns are considered to be essentially uniform in rocks and are not significantly affected by weathering or diagenesis (Antonina et al., 2013; Chaudhuri and Cullers, 1979; Nance and Taylor, 1977). Therefore, the REE patterns are important tracers for the investigation of sediment deposition. On the other hand, 87Sr/86Sr provide information on hydrological conditions in various chemical/physical weathering regimes (Blum and Erel, 2003; Boulay et al., 2005; Liu et al., 2011; Meyer et al., 2011), and serve as a powerful tool in global climatic change (Brass, 1976; Burke et al., 1982; Denison et al., 1998). Sr is chemically and isotopically uniform in seawater due to its long residence time, 2–2.5 Myr, compared with the ocean mixing of ∼103 yr (Basu et al., 2001; Huang et al., 2011). 143Nd is a radiogenic product of 147Sm via alpha decay, half-life 1.06 × 1011 yr. The ƐNd is not fractionated during authigenic mineral formation as well as physical/chemical weathering; thus, it can serve as a reliable provenance tracer (Goldstein and O’Nions, 1981; Li et al., 2003; Shao et al., 2009; Meyer et al., 2011). The ƐNd in crust is rather heterogeneous. For example, the old granitic craton is less radiogenic, −10 to −56, compared with mantle-derived mid-oceanic ridge basalt of ~0 to +12 (Goldstein and Hemming, 2003; Jeandel et al., 2007). With this unique characteristic, ƐNd is a powerful tracer for water mass identification, because the major Nd input in the ocean is from continental weathering and there is no associated isotopic fractionation during evaporation/scavenging processes (von Blanckenburg, 1999; Rutberg et al., 2000; Frank, 2002; Amakawa et al., 2004). Its oceanic residence time is ~200–1,000 yr (Elderfield et al., 1988; Tachikawa et al., 1999), shorter than the oceanic turnover time (Broecker et al., 1982). Particularly, the ƐNd in the Fe-Mn oxyhydroxides can infer changes of bottom-water circulation in the past (Martin et al., 2010; Huang et al., 2014).

Three pathways of trace metal transportations to the ocean include dissolved, colloidal, and particulate, in addition to direct eolian inputs nearby dust sources. Seafloor seepages via hydrothermal vents at mid-ocean-ridge or seep sites are getting attention for the potential importance of their oceanic fluxes (Mottl et al., 2011). Frank (2002) suggested that ƐNd in seawater may change with water mass mixing, external eolian dusts input, riverine particle, and shelf sediment partial dissolution. The Fe-Mn nodules, therefore, may not necessarily record sole oceanic circulation due to Nd external sources (Tachikawa et al., 2003). Any shifted ƐNd values could be partially interpreted by flux changes associated with continental erosion or weathering.

In this study, we modify published leaching procedures for separation of the Fe-Mn oxyhydroxides in sediments. Subsequently, precise REEs, 87Sr/86Sr, and ƐNd in both the Fe-Mn oxyhydroxides and the detrital phases in 38 sliced sediments, separated from core MD05-2901 collected from the western SCS, were analyzed to evaluate controlling factors of sources, land/sea interactions, and climatic impacts over the past 32 ka. The observed co-variation of the geochemical compositions and the Sr-Nd isotopic proxies in this study supports a scenario that major sediment sources were derived from the Mekong River, the Red River, and the Pearl River, as well as the SW Taiwan rivers of the Choshui River and the Gaoping River, and the contribution of individual rivers has changed largely along with the climatic events in the past 32 ka.




2 Regional geological settings

The SCS offers an opportunity for studying fluvial sediment transportation mode among other global marginal seas (Liu et al., 2016). This region plays a critical role for chemical and heat exchange in the tropical Pacific. The high deposition rate of sedimentary cores in the SCS is capable of recording both glacial/interglacial oscillations and monsoonal climatic changes (Clift et al., 2014). The Calypso core, MD05-2901 (14°22.503’N, 110°44.6’E, 1,454 m water depth, Figure 1), is located in a summer upwelling region off middle Vietnam, a well-dated sediment core retrieved from the NW margin in the SCS during the R/V Marion Dufresne MARCO POLO IMAGES XII Cruise (Liu et al., 2007b). The core is located off the coast of central Vietnam and in the western SCS. In addition to being very close to the central Vietnam continent, only minor terrigenous material can be deposited (Liu et al., 2007a). The location of this core is far from other important terrigenous sources, such as the Mekong River, the Red River, and the Pearl River. Therefore, it is particularly important to understand the main sources of sediments and their temporal variations in this region.




Figure 1 | (A) A geographical map shows the study area in the northwestern SCS. The circle is the location of core MD05-2901 (14°22.50’N, 110°44.60’E), a well-dated core and provided with high-resolution climatic records. Some major rivers nearby Indochina such as the Mekong River, Red River, and Pearl River, as well as adjacent islands such as Borneo, Luzon, and Taiwan and marginal seas such as Celebes Sea, Sula Sea, and Luzon Strait are also included. (B). A combined ternary diagram of the major clay mineral groups illite + chlorite, kaolinite, and smectite, showing that the clay mineral assemblage of Core MD05-2901 Holocene sediments is strongly different from that of the Ba River, the representative river in middle Vietnam. See panel (A) for the locations of these samples. Plots of clay mineral end-members of Mekong River, Red River, Pearl River, and Sunda Shelf sediments for Core MD01-2901 are also indicated. Data sources of clay minerals: Mekong River, Red River, and Pearl River from Liu et al. (2007a); Ba River from Sang et al. (2018); Sunda Shelf from Liu et al. (2016); and Core MD05-2901 Holocene from Liu et al. (2007b).






3 Materials and methods



3.1 Core description and age model

The MD05-2901 sediments consist of olive green or green gray hemipelagic mud, enriched with well-preserved calcareous and siliceous microfossils without obvious disturbance and no turbidites (Laj, 2005). A total of 38 samples at depth intervals of 186–416 cm that avoided potential bioturbation and have obtained well-dated δ18O ages were selected for short-term high-resolution geochemical study. These analyses include REE patterns, 87Sr/86Sr, and ƐNd in both the Fe-Mn oxyhydroxides and the detrital phases of Core MD05-2901sediments (Appendix 1).

The age model in this core was established using high-resolution oxygen isotopic stratigraphy combined with the first and last occurrences of G. ruber at 3,337 cm/404 ka and 1,273 cm/120 ka, respectively (Liu et al., 2007b). Oxygen isotope compositions (δ18O) in planktonic foraminifera, G. ruber (white), were measured using a Finnigan MAT 252 mass spectrometer at the State Key Laboratory of Marine Geology, Tongji University. The isotopic values are expressed relative to the PDB standard with an external reproducibility of ±0.08‰.

In addition, to understand the sediment compositions in the nearby region, we have combined all literature results to form a ternary diagram of the major clay mineral groups illite + chlorite, kaolinite, and smectite, showing that the clay mineral assemblage of Core MD05-2901 Holocene sediments is plotted in Figure 1B for comparison; it is strongly different from that of the Ba River, the representative river in middle Vietnam (see Figure 1B for the locations of these samples). Plots of clay mineral end-members of Mekong River, Red River, Pearl River, and Sunda Shelf sediments for Core MD05-2901 are also indicated. The used data sources of clay minerals are as follows: Mekong River, Red River, and Pearl River from Liu et al. (2007a); Ba River from Sang et al. (2018); Sunda Shelf from Liu et al. (2016); Core MD01-2901 Holocene from Liu et al. (2007b).




3.2 Sequential leaching and digestion procedures

All sediments were treated with a sequential leaching protocol, modified from Chester and Hughes (1976). Approximately 200 mg of powder (≤63 μm) were sieved, weighted, and then soaked with Milli-Q water for 20 min to remove any residual porewater. Then, it was soaked with 30% H2O2 and 1 M sodium acetate (NaAc) to remove organic compounds and carbonates, respectively. Finally, the residual samples were soaked with 0.02 M hydroxylamine hydrochloride (NH2OH.HCl) in 25% acetic acid (HH) solution at 25°C for 4 h to extract the Fe-Mn oxyhydroxide fractions.

After the above sequential leaching procedures, all residual materials were pre-digested using a mixture of 3 mL of 10 M HNO3 and 2 mL of 60% HF at 100°C in a 15-mL PFA beaker for at least 24 h. It was dried once, and any residue was digested with a mixture of 0.5 mL of 7 M HNO3 and 3.5 mL of 60% HF at 190°C in a high-pressure bomb for at least 48 h. After drying, the sample was dissolved with 10 M HCl to get rid of potential CaF2.




3.3 Chemical separation for isotopic determination

For the isotopic analysis, Nd was purified following the method of Scher and Delaney (2010), which applied a single-stage separation column. Ln Resin (Eichrom), HDEHP [di-2ethylhexyl-orthophosphoric acid]-coated Teflon powder, 50–100 μm mesh, was used for ion exchange processes. Ln Resin was washed three times with 6 M HCl and 0.25 M HCl, and stored in 0.25 M HCl before used. Then, resin was packed and installed in a Bio-Spin column. The elution curves obtained show excellent separation of Nd from Ba and Sm, which may cause serious isobaric interference. Although Ce is not completely removed from the matrix, its potential isobaric interference effect was negligibly small (Huang et al., 2012; Huang et al., 2014). Two international reference materials, BHVO-2 and Nod P-1, were used as a standard of the detrital and the authigenic phases, respectively. In both cases, the total recovery of Nd was better than 90%.

The Sr in samples was purified, following procedures described in Liu et al. (2012). Acid-cleaned polypropylene columns, Eichrom Sr-Spec resins (50–100 mesh), were pre-washed three times using 3 M HNO3 and Milli-Q water. International reference materials, BHVO-2 and Nod P-1, were used to evaluate the Nd recovery, and showed average recovery of better than 95%. The elution results also indicated a good removal of Rb isobaric interferences.




3.4 Elemental concentration measurements

All elemental concentrations were determined using SF-ICPMS (Element 2, Thermo Finnigan) installed in the Isotope Geochemistry Laboratory (IGL), Department of Earth Sciences, National Cheng Kung University. Similar procedures were applied for prepared international standard materials (BHVO-2 and Nod P-1), diluted threefold and analyzed for calibration curve. An introduction system, Aridus II™, was applied to enhance analytic sensitivity (>3 times), and to minimize potential oxide production (238UO/238U ≤0.01%). Using Aridus II™, the interference of light REE (LREE) oxides on heavy REE (HREE) isotopes was found to be negligibly small (Aries et al., 2000).




3.5 Nd and Sr isotopic composition measurements

The measured 143Nd/144Nd ratios were normalized to 146Nd/144Nd = 0.7219 for instrumental mass fractionation correction. International standards, La Jolla Nd and JNdi-1, were run during each analytical session. The measured 143Nd/144Nd ratios for La Jolla Nd and JNdi-1 were 0.511832 ± 0.000008 (2SD, n = 15), and 0.512094 ± 0.000007 (2SD, n = 55), respectively. JNdi-1 was used as the bracketing standard and run before and after every five samples (Huang et al., 2012). The La Jolla Nd standard was applied as a secondary standard to ensure proper accuracy and precision. Nd concentrations in all loadings were adjusted to ~100 ppb for monitoring stability and consistency analyses. Two other working standards, BHVO-2 and Nod P-1, were included in the analytical procedures and obtained 143Nd/144Nd ratios of 0.512989 ± 0.00003 (2SD, n = 5) and 0.512472 ± 0.00004 (2SD, n = 5), respectively. All Nd isotopic compositions were expressed as Ɛ notation:

	

where CHUR stands for Chondritic Uniform Reservoir, and its present-day (143Nd/144Nd)CHUR is 0.512638 (Jacobsen and Wasserburg, 1980).

All measured 87Sr/86Sr ratios were normalized to 86Sr/88Sr = 0.1194. Instrumental performance was monitored by duplicated analysis of SRM 987 standard (0.710248 ± 0.00002 (2SD, n = 20). The Sr concentrations in all samples were adjusted to ~150 ppb. Additionally, two international standards, BHVO-2 and Nod P-1, were used for any bias correction and we have obtained consistent results as the certified values of 87Sr/86Sr of 0.703471 ± 0.00002 (2SD, n = 3) and 0.709186 ± 0.000023 (2SD, n = 2), respectively.




3.6 Source apportionment of the detrital sediments

In this study, a Bayesian mixing model, MixSIAR, was employed to conduct multi-source mixing calculation for relative provenance contributions of the down-core sediments over the last 34 ka (Stock et al., 2018). The model incorporates the uncertainties of the isotopic signatures for each source, and was successfully applied to trace sources of mineral dusts in the South Pacific (Longman et al., 2022) and the source of Pb in Roman-age mining artifacts (Longman et al., 2018). Error structure and Markov Chain Monte Carlo sampling in the performed model were set as “Process+Residual” and “Long”, respectively.

Four potential sediment sources that contribute to the sedimentary Sr-Nd isotope signals at our study site are the Pearl River (PR), Red River (RR), Mekong River (MR), and southwestern Taiwan River (SWTR). The end-member ranges of 87Sr/86Sr and ƐNd for the delta sediments of these rivers are as follows: PR (87Sr/86Sr: 0.7301 ± 0.0019; ƐNd: −11.9 ± 0.3), RR (87Sr/86Sr: 0.7253 ± 0.0018; ƐNd: −11.4 ± 0.3), MR (87Sr/86Sr: 0.7212 ± 0.0008; ƐNd: −10.1 ± 0.7), and SWTR (87Sr/86Sr: 0.71968 ± 0.00119; ƐNd: −12.4 ± 0.3) (Liu et al., 2007a), which are within the isotopic ranges of delta sediments recently compiled by Duan et al. (2023). The MixSIAR mixing model was then run by the following equations for calculating relative contributions for the four sources:

	

	

where f and X indicate the fraction and the isotopic composition, respectively. The subscript “M” denotes the measured signal for the mixture of the four sources.





4 Results and discussion

All isotopic compositions of Sr and Nd in the detrital and authigenic phases obtained are summarized in the Supplementary Table 1. Post-Archean Australian Shale (PAAS)-normalized Ce anomalies for the detrital fraction and the Fe-Mn oxyhydroxides are listed in Supplementary Tables 1, 2, respectively. It is critical to select a proper reference for REE normalization purposes (Nozaki, 2000), where PAAS represents average REEs in the upper continental crust and the shale-normalized REEs can be used to visualize fractionation derived from different continental sources (Taylor and McLennan, 1985; McLennan, 1989; Pourmand et al., 2012). The PAAS-normalized REE patterns for the authigenic and detrital fractions at different depths in MD05-2901 sediments are plotted in Figure 2. The REEs in the detrital fractions display a relatively flat pattern, average (La/Yb)PAAS = 0.911, average (La/Gd)PAAS = 0.863, and slight positive Ce anomaly Ce/Ce*average = 1.1 (Supplementary Table 1), implying similar REEs to the typical continental shale. The REEs in the authigenic phase display middle REE (MREE) enrichment [average (Gd/La)PAAS = 2.7] and slightly high heavy REE (HREE) [average (Yb/La)PAAS = 1.28]. The calculated Ce/Ce* ratio varies from 1.63 to 1.72, indicating a strong positive Ce anomaly in REEs. On the other hand, the detritus fractions show rather flat patterns with a small Ce anomaly (Figure 2). The detrital fractions in the SCS sediments are mainly aluminosilicates, almost no carbonate. Thus, the carbonate removed using the leaching methods is authigenic and marine carbonate. Then, the removal of REEs of carbonate will not affect the composition of REEs in detrital fractions.




Figure 2 | PAAS-normalized REE patterns for (A) the detritus fractions and (B) the Fe-Mn oxyhydroxide fractions, and HH-extractions at different depths of MD05-2901 sediments. Symbols: diamonds: detritus; squares: authigenic.



The measured Sr and 87Sr/86Sr as well as other parameters derived from mass balance calculations are summarized in Supplementary Table 3. The Fe-Mn oxyhydroxide fractions contain 1.6–2.5 μg/g Sr, and 87Sr/86Sr varied in a narrow range, 0.709262–0.709313, during the last 32 ka. The 87Sr/86Sr in Fe-Mn oxyhydroxides are significantly higher than the average seawater (~0.7092) in the Pleistocene–Holocene (Figure 3A), but much lower than the associated terrigenous detritus fractions (0.7232–0.7265); similar discordance was reported by Gutjahr et al. (2007).




Figure 3 | Temporal plots of 87Sr/86Sr (A) and ƐNd (B) variations in the Fe-Mn oxyhydroxides and the detrital phases of core MD05-2901 sediments over the last 32 ka. The box regions in (A) were zoomed in below for clear visibility purposes.



The ƐNd records of the detrital and the authigenic phases in MD05-2901 sediments over the last 32 ka were compiled in Figure 3B. During the period of 8.5–32 ka, the ƐNd values in the detrital fractions, residual after HH procedures, vary between −12.5 and −10.3; average = −11.4. The ƐNd values of both the detrital and the authigenic fractions are relatively stable (−11.2 or −8.0) during 32–23 ka. However, a sharp increased ƐNd, up to −10.3, was observed at early Last Glacial Maximum (LGM, 23–19 ka) and during Younger Dryas (YD, ~13–11.5 ka). In contrast, the ƐNd is low (−12.1) during the Heinrich 1 event (H1, 17.5–15 ka). Most of these ƐNd values display a strong correlation with the environmental changes/climatic events. These results display a similar trend within ~2ϵ variations in both fractions. The overall ƐNd is more radiogenic during the cold periods (e.g., YD and LGM) and shows less radiogenic values during the warm period (e.g., the Bølling/Allerød, B/A). The average ƐNd value in the detritus and the authigenic phase is −11.4 and −7.7, respectively.

Additional correlation plots among LREE, HREE, MREE/MREE*, 87Sr/86Sr, and ƐNd in the authigenic fractions are shown in Supplementary Figure 1, where there is no significant correlation for the authigenic fractions, except the ƐNd vs HREE plot shown in (b). In addition, HREE/LREE = (Tm+Yb+Lu)/(La+Pr+Nd) and MREE/MREE* = (Gd+Ty+Db)/[(Tm+Yb+Lu+La+Pr+Nd)/2] are defined, respectively. The data points deviated from the main trend of low ƐNd, with more abundant HREEs being consistent with the addition of river sediments from southwestern Taiwan in the Holocene and YD (Li et al., 2013).



4.1 REE patterns

The average PAAS-normalized REE patterns in the detrital fractions of the MD05-2901 sediments are rather flat, indicating similar REE pattern compositions to the upper continental crust. The MREE-enriched patterns in the Fe-Mn oxyhydroxides have been attributed to selective adsorption/incorporation of MREE (Haley et al., 2004; Gutjahr et al., 2007), probably generated by oxidation of Ce3+ to insoluble Ce4+ during the formation (Haley et al., 2004; Wyndham et al., 2004; Huang et al., 2014) and agrees with the assumption of bottom disturbance to enhance Ce3+ transferred from interstitial water (Alibo and Nozaki, 2000). Martin et al. (2010) presented robust procedures to evaluate if the water mass signature can be extracted from sediments using the HH-leaching method. A cross-plot of HREE/LREE and MREE/MREE* displays three typical groups (Figure 4): (1) 1.5< MREE/MREE*< 2 and 0.9< HREE/LREE< 1.3 in HH-extractions and Fe-Mn nodules (e.g., Nod P-1 standard); (2) 0.9< MREE/MREE*< 1.1 and 0.9< HREE/LREE< 1.4 in the detrital phase of MD05-2901 sediments; (3) 0.9< MREE/MREE*< 1.3 and 3.6< HREE/LREE< 4.3 in various seawaters collected from North Atlantic, South India, and the SCS, where HREE/LREE = (Tm+Yb+Lu)/(La+Pr+Nd) and MREE/MREE* = (Gd+Ty+Db)/[(Tm+Yb+Lu+La+Pr+Nd)/2] (Martin et al., 2010). Our results clearly show that the Fe-Mn oxyhydroxides can be separated from the detritus. These results strongly support the sequential leaching steps that effectively separated two phases in sediments if the boundary scavenging effects can be evaluated separately. Our preliminary results in Figure 2 further demonstrate small REE pattern variations in the SCS seawater over the last 32 ka.




Figure 4 | The comparison plots of PAAS-normalized HREE/LREE vs. MREE/MREE* for the HH-extraction, residues, and seawater in the South China Sea. Literature data including seawater from various oceans and sediment extractions and residuals (Bayon et al., 2002; Lacan and Jeandel, 2005; Gutjahr et al., 2007; Martin et al., 2010; Zhang et al., 2008; Alibo and Nozaki, 1999; Alibo and Nozaki, 2000). Symbols: diamonds: detritus; squares: authigenic.






4.2 Sr isotopic mixing

Bayon et al. (2002) found high 87Sr/86Sr (~0.7093), but similar deep seawater ƐNd in leachate in the youngest MD96-2086 sediments. Later, Piotrowski et al. (2004) proposed that 87Sr/86Sr in the Fe-Mn oxyhydroxides phase is a sensitive proxy for detritus contamination, because a large isotopic difference existed in the two phases. Even a small detrital Sr involved would cause a significant offset in the sequential leaching results. In addition, boundary exchange may complicate the issue as it may have occurred during the Fe-Mn oxyhydroxide formation. To examine possible detritus contamination, the measured Sr and 87Sr/86Sr in the Fe-Mn oxyhydroxides and the detrital fractions were utilized to perform a simple mass balance calculation. As Nd is highly enriched in the Fe-Mn oxyhydroxides, it is less prone to disturbance (Gutjahr et al., 2007). The detritus contribution (f) associated with the Fe–Mn oxyhydroxides in MD05-2901 sediments is estimated by assuming a present-day seawater 87Sr/86Sr of 0.70918 (Henderson et al., 1994). We found that the f values vary only 0.5%–0.8% (Supplementary Table 3). The total detritus Sr in the Fe-Mn oxyhydroxides, [Sr]detri.authi, can then be estimated, as well as the Sr leached (p) from the detritus (Supplementary Table 3).

The preliminary calculations based on the determined Sr isotopic compositions are listed in Supplementary Table 3, where p represents the total amount of leached detrital Sr (%); [Sr]detri.authi is the leached detritus presented in the authigenic fraction and [Sr]detrital is the Sr in the detritus fractions. The average p is ~0.02% in this core and provides useful information on detritus contamination. The Sr isotopic compositions in respective fractions, as well as the imprinted detritus contamination, can be estimated if seawater Sr is assumed. Our results suggest that the 87Sr/86Sr in the Fe-Mn oxyhydroxides have carried imprints from the detritus contamination, partially due to boundary exchange. This leads to the observed 87Sr/86Sr variations in authigenic fractions, 0.709262–0.709313 (Supplementary Table 3).




4.3 Nd isotopic signature

The co-variation in Nd isotopic compositions between the detritus and the Fe-Mn oxyhydroxide phases can be explained by either coincidence local events or boundary exchange processes. The former suggests that possible events may have occurred related to sediment source or weathering region. The latter supports the ƐNd distributions controlled by boundary exchange processes occurring at the continental/ocean interface.

The oceanic Nd budget, with consistent dissolved Nd fluxes into the ocean, was calculated in Tachikawa et al. (2003), assuming that partial Nd fluxes have exchanged between the dissolved ones and the particulates in sediments. The Nd flux estimated is 9 × 109 g/yr entering the ocean, yielding an oceanic Nd residence time of ~500 yr. Nd sources to the ocean may vary from region to region, where riverine and atmospheric eolian fluxes cannot explain the observed variability. Additional missing sources of Nd must be considered to balance the oceanic budget.

The particle exchange of Nd may have occurred in various areas, depending on lithology, water depth, climate, weathering regime, intensity of primary productivity, and hydrodynamics. These processes could have an importance similar to or greater than that of net terrigenous inputs into marine sediments globally and could be enhanced under high hydrodynamic conditions (Lacan and Jeandel, 2005). The study core MD05-2901 is located in the summer upwelling region offshore central Vietnam (Liu et al., 2007b). The ƐNd values show significant modification of the Fe-Mn oxyhydroxide signatures recorded in the sediments due to the particle exchange or modern seawater pollution. The high 87Sr/86Sr ratios in the Fe-Mn oxyhydroxides phases, as well as the calculation of Sr mass balance results, support the former hypothesis of potential particle exchange (Lacan and Jeandel, 2005) that may have occurred at this site.




4.4 Abrupt climatic changes

Abrupt climatic events may affect the ƐNd distribution in the authigenic phase. Significant changes in Nd isotope were reported in fish teeth from a core located in Baja California (Basak et al., 2010). The abrupt cooling of H1 believed to be caused by melting waters inflow at high latitude, such as the Laurentide Ice Sheet, and thermohaline circulation was slowed down or even shut down during H1 (McManus et al., 2004). More independent data are needed to pin down controlling mechanisms of sedimentary Nd in the shelf regions.

At the location of MD05-2901, large fluxes of particles may have imported from the continent and acted as effective media to scavenge dissolved elements along the land/sea interface, which could enhance the effect of boundary exchange at the study site. Based on the above-mentioned discussion, we propose that particle exchange has been intensively involved in the studied site over the last 32 ka, and our authigenic Nd isotope record can serve as a probe for continental/sediment input in the SCS.




4.5 Sediment provenance of Core MD05-2901

The Sr and Nd isotopic compositions in the detritus can be used as source fingerprint of sediments. During the period of 8.5–32 ka, the 87Sr/86Sr ratio in the detritus falls in a range of 0.72322–0.72656, with an average of 0.72515 (Figure 3A). There is no significant Sr isotopic composition change observed at the LGM or H1. A maximum 87Sr/86Sr ratio, 0.72656, was observed at the onset of B/A, 14.5–13 ka. The ratio tends to decrease through time after B/A, and reach a minimum, 0.72322, at YD. In the Holocene, the average value is ~0.72520, approximately the same as the average of the entire study period. It is believed that more enhanced chemical weathering was prevailing during a warm period, such as B/A.

The majority of seafloor sediments were derived from eolian dust and adjacent large river inputs. In particular, thick piles of riverine sediments accumulated in the northern and western SCS (Li et al., 2003; Boulay et al., 2005; Yang and Youn, 2007). Some previous studies did not include dusts as elemental sources in the northern and western SCS (Liu et al., 2003; Boulay et al., 2005; Liu et al., 2007a). Assuming an aerosol flux equal to or less than the modern value, 0.5 g cm−2 ka−1, dusts may account for ~5% terrigenous flux at most sites in the northern and western SCS (Duce et al., 1991). For this reason, we assumed that the dusts from Gobi and Junggar Basin would not be a major source in the following discussion.

Three major rivers (i.e., the Pearl, Red, and Mekong River) are adjacent to the MD05-2901 in the western SCS. Sediments from southwestern Taiwan were considered to be a minor source based on clay minerals (Liu et al., 2007a). Although Taiwan provides a large amount of sediments to the ocean (approximately 400 × 106 t/yr), only ~150 × 106 t/yr can reach the SCS (Dadson et al., 2003; Boulay et al., 2005). Moreover, based on a clay distribution study, it was proposed that the main sediment sources of the northern and western SCS were within the adjacent basins (Liu et al., 2007a). All these arguments are consistent with our MixSIAR modeling calculations (mean ± SD) (RR: 46% ± 20%, PR: 25% ± 10%, MR: 17% ± 7% and SWTW: 12% ± 4%) for the sediment samples used in this study.

The Mekong River sediments display a rather narrow range in 87Sr/86Sr (0.720–0.722) and ƐNd (−9.9 to −10.8). The Pearl and Red River have similar range of ƐNd (−10.4 to −13.3), but different 87Sr/86Sr, in a range of 0.728–0.742 and 0.716–0.734, respectively. Liu et al. (2007a) studied the clay distribution in SCS and found that clay minerals are sensitive to the types of environmental conditions clays produced, with more physical erosion in the Red and the Mekong River basins than that in the Pearl River (Liu et al., 2007a). Modern bulk river sediments show relatively low ƐNd (−12 to −15) and wide 87Sr/86Sr (0.720–0.730) in southern Taiwan (Chen et al., 1990). Our 87Sr/86Sr results reach similar conclusions, indicating more intense chemical weathering in the Pearl River, compared with those of the Red River and the Mekong River.

The 87Sr/86Sr and ƐNd were plotted in Figures 5A, B, which show a small range of distributions in MD05-2901 sediments, compared with available literature data in the Luzon basalt, East and SW Taiwan, and the Pearl, the Red, and the Mekong River regions. These results suggest limited changes in sediment sources at our study site over the past 32 ka. Moreover, the Red River and the Mekong River showed low 87Sr/86Sr, possibly indicating either high physical erosion condition or more intense carbonate weathering. On the other hand, the Pearl River data support a source region with enhanced chemical weathering. The similarity of the Nd isotopic variations between authigenic and detrital fractions has suggested that chemical signatures of authigenic phases are, to some extent, influenced by the detrital phases. We think that this is also the reason why the reconstructed Nd/Sr isotopic records were considered as an indicator for particle exchange, not for the seawater signals in this study. A slightly positive Ce anomaly (oceanic ferromanganese encrustation and nodules are also typically characterized by a pronounced positive Ce anomaly, Elderfield et al., 1981) in the authigenic phases observed in the SCS sediments likely reflects elevated dissolved Ce concentrations at around 2,000 m water depth (near the sill depth) in the SCS (Alibo and Nozaki, 2000). These authors attribute this anomaly of high dissolved Ce concentration around the sill depth to the release of Ce (III) (formed by a diagenetic process in the marine sediments under sub-anoxic conditions) from the interstitial water due to the disturbance of the sediments by strong bottom currents in the Luzon Strait.




Figure 5 | The sediment mixing plots of (A) a crossed plot of 87Sr/86Sr and ϵNd in the detritus fraction (diamonds). Circles represent the end-member proportion of Pearl River-derived components with 10% intervals, assuming only two major end-members mixing among Luzon Arc, Pearl River, and modern SW Taiwan sediments (for data sources of ƐNd-87Sr/86Sr, see Supplementary Table 1; Chen et al., 1990; Liu et al., 2007a); inserted dashed square box shows the zoomed-in range in (B). (B) A cross-plot of ƐNd values and 87Sr/86Sr ratios for the detrital fraction, as well as the distribution of the three major rivers; inserted dashed square box shows the zoomed-in range in (C). (C) A cross-plot of ƐNd-87Sr/86Sr in the detritus fraction. The isotopic ranges of three potential sources, Mekong, Red, and Pearl River, are shown by the dashed line; 87Sr/86Sr and ƐNd data are quoted from Liu et al. (2007a).






4.6 Climatic control on sediment provenance

The Sr and Nd isotopic results in detritus obtained suggest insignificant source region variation in the sediments of MD05-2901 over the last 32 ka. However, subtle changes in detrital Nd and Sr isotopic compositions were observed in coincidence with abrupt climatic events. In general, ƐNd values vary inversely to those of the Sr isotopes, with less radiogenic 87Sr/86Sr associated with more radiogenic ƐNd during the YD period. These data were subdivided into six climatic intervals for discussion: Holocene, YD (13–11.5 ka), B/A (14.5–13 ka), H1 (17.5–15 ka), the LGM (23–19 ka), and before the LGM (Figure 5C). In order to evaluate the source contributions through time, the MixSIAR model was applied for multi-variate mixing calculation. Although the uncertainty (~40% of the mean value) for the contributions from each source was relatively large compared to the overall variations, the model results provide useful information about changes in sediment provenance during the climatic intervals. The uncertainty may be significantly reduced by better constraints on the source compositions.

There are several YD and B/A data points that clearly deviated from the average values of 87Sr/86Sr (0.71459–0.72544) and ƐNd (−12.2 to −10.8). The shifted isotopic compositions detected in the YD are probably caused by increased sediment contributions from the Mekong River (17% ± 1% before YD vs. 21% during YD) and Taiwan rivers (13% ± 1% before YD vs. 17% during YD) based on the MixSIAR model outputs (Figure 6). In contrast, the high 87Sr/86Sr during the B/A may indicate increased inputs of the Red River and Pearl River sediments. It is evident that abrupt climatic changes sensitively affect the sediment provenances in the MD05-2901. In the cold periods, accelerated aridity enhances physical erosion, in contrast to that of increased monsoon rainfall, characterized by strong chemical weathering over the continent during warm periods (Boulay et al., 2005).




Figure 6 | A cross-plot of 87Sr/86Sr-ƐNd in the detritus fractions, as well as estimated distribution of major rivers in the study region. Black circle represents the proportion of each component; symbols: Mekong (circle), Red (triangle), Pearl River (square), and SW Taiwan (diamond), of 20% interval.



All available geochemical results in MD05-2901 obtained in this study are summarized in the age profile figure, including 87Sr/86Sr and ƐNd of the Fe-Mn oxyhydroxides and the detrital phases, as well as δ18O in foraminiferal shells (Liu et al., 2007b) to compare with the ice core NGRIP δ18O (Vinther et al., 2006). It should be noted that we have no specimens younger than 8.51 ka in this study and that there is a lack of precise dates due to potential bioturbation mixing. Therefore, the arguments of anthropogenic impacts in late Holocene is beyond the scope of this study (Hu et al., 2013; Wan et al., 2015). The narrow 87Sr/86Sr variations in MD05-2901 imply that an insignificant source changed in the past 32 ka. Moreover, the detectable 87Sr/86Sr variations found in the YD, B/A, and the LGM imply that the contributions of Red and the Mekong Rivers may have increased during YD and the LGM. In contrast, the Red River and Pearl River components have increased during the warm period in B/A. These results suggest that abrupt climatic changes can lead to shifts in weathering regions and affect the riverine sources in the SCS sediments (Figure 7). Although the sediment provenances may not be changed significantly, the sediment contributions of different sources varied over the last 32 ka according to the calculation present in this study.




Figure 7 | The integrated age profiles of 87Sr/86Sr, ƐNd in the Fe-Mn oxyhydroxides and the detritus phase in the core MD05-2901, compared with the δ18O NGRIP in Greenland ice core and δ18Oforam in MD05-2901 over the last 32 ka. The δ18O results were quoted from ice core and foraminiferal shells in SCS [see Vinther et al. (2006) and Liu et al. (2007b), respectively]. The error bar of each data point is smaller than the size of the symbols presented. Please note that the youngest sediments were 8.51 ka and any potential anthropogenic impacts in late Holocene cannot be considered in this study.







5 Conclusions

We have studied REEs, Sr, and Nd isotopic compositions in the authigenic Fe-Mn oxyhydroxides and the detrital fractions in MD05-2901 sediments in the SCS. The systematic ƐNd differences between the detritus and the Fe-Mn oxyhydroxide phases allowed us to examine issues related to the particle exchange in the ocean.

Moreover, high 87Sr/86Sr values (~0.7093) in the authigenic phase indicate potential Sr exchanges with the detritus in sediments. It is evident that particle exchange plays an important role in mass balance in the SCS over the past 32 ka.

There are potential end-members in MD05-2901 sediments based on 87Sr/86Sr and ƐNd, namely, the Pearl River, the Red River, the Mekong River, and rivers in SW Taiwan. The riverine sediments can account for 90% of sediments that accumulated at the study site. However, some of the detrital Sr and Nd isotopes at different time episodes fall outside the mixing trends among the Mekong River, the Red River, the Pearl River, and the SW Taiwan rivers, and need more in-depth investigation in the future; in addition, the potential anthropogenic impacts on continental weathering and near-coastal sediments in late Holocene, younger than 8.51 ka, need to be further explored, such as the Jonell et al. (2017) study in central Vietnam. This study is limited by the sampling resolution in this core and its lack of the uppermost recent sediments.
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values speed m/s speed ratio dB/m density g/cm® Y size ¢ size ¢
Maximum
1698.92 1122 13.68 201 0.51 5.80 527
value
Minimum
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152323 1.005 117 177 0.69 8.42 826
value
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(\[} Depth below Grain size
seabed (center)
Sand (%) = Silt (%) Clay? (%)

J12-1 9.20 265 | 4423 175 118 | 681 | 279 402 | 993 14 343 64.3 CH
J122 12.20 267 4364 1.76 118 679 | 288 391 | 987 11 373 616 CH
J12-3 1420 265 | 3858 1.80 104 682 | 285 397 983 11 36.1 62.8 CH
J12-4 16.20 265 3627 1.82 098 605 | 279 326 981 1.0 50.2 488 CH
J12-5 18.20 266 43.09 1.76 116 | 700 | 274 427 | 988 21 321 65.8 CH
J12-6 20.20 264 4111 174 L14 | 686 | 281 405 @ 952 05 397 59.8 CH
127 2220 266 49.22 1.70 133 651 252 399 | 984 22 370 60.8 CH
J12-8 2420 266 44.61 173 122 689 | 270 419 | 973 14 341 64.5 CH
J12:9 2620 265 3951 175 109 528 | 218 310 96l 04 542 454 CH
J12-10 2820 265 4538 1.74 121 610 | 281 329 | 994 11 59.3 396 CH
J7-1 7.70 266 @ 4222 175 L16 | 555 | 249 306 = 968 02 55.6 442 CH
J7-2 9.70 264 47.23 172 126 608 @ 280 328 990 0.3 521 176 CH
J7-3 11.70 255 4561 1.69 120 432 | 258 174 | 969 19 623 358 CL
J7-4 14.70 265 4364 1.76 116 598 | 253 345 997 1.2 54.0 448 CH
J7-5 18.70 263 | 4221 174 LIS 522 203 319 965 0.9 50.5 486 CH
17-6 2220 265 4551 174 122 562 | 234 328 | 989 14 54.1 445 CH
17-7 2420 264 49.62 1.70 132 559 | 230 329 992 16 58.1 403 CH
17-8 26.20 264 | 4081 177 110 436 250 186 = 979 14 65.2 334 cL
J7-9 28.70 265 3535 1.84 095 402 | 230 172 986 5.1 60.7 342 cL

wi: liquid limit; we: plastic limit.

“The size of clay particles is less than 0.005 mm.
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Depth below f €vol,c

ol e (H2) %) Ae/ey Specimen quality category  Specimen quality
J12-1 920 118 65 0.1 38 007 2 Good to fair
J12-2 12.20 118 85 =87 0.05 2 Good to fair
J12-3 14.20 1.04 100 31 0.06 2 Good to fair
J12-4 1620 098 110 35 007 2 Good to fair
J12-5 1820 116 125 21 004 2 Good to fair
J12-6 20.20 1.14 140 32 0.06 2 Good to fair
J12-7 2220 133 150 34 0.06 2 Good to fair
J12-8 2420 122 165 44 0.08 3 ' Poor
J12-9 2620 1.09 180 26 005 2 Good to fair
J12-10 28.20 121 190 49 009 3 Poor
J7-1 7.70 116 55 38 0.07 2 Good to fair
72 970 1.26 70 46 008 3 Poor
J7-3 11.70 1.20 80 53 0.09 3 Poor
J7-4 14.70 116 100 34 0.06 2 » Good to fair
17-5 1870 L15 130 49 0.09 3 Poor
17-6 2220 122 150 38 007 2 Good to fair
J7-7 24.20 132 165 23 0.04 2 Good to fair
J7-8 | 26.20 | 110 180 31 0.06 2 Good to fair
J7-9 28.70 0.95 200 55 0.12 3 Poor

€yol,ct Volumetric strain after consolidation.
The sequences of Y for each specimen were 0.015, 003, 0.075,.15, 0.75, 1.5, and 3%.
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1~2 <0.04 0.04~0.07 0.07~0.14 >0.14
2~4 <0.03 0.03~0.05 0.05~0.10 >0.10
Specimen quality category 1 2 3 4

Specimen quality Very good to excellent Good to fair Poor Very poor
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o/%a  Specimen quality b (%)  %a (%)

J12-1 40.2 0.044 0.035 1.26 Good to fair J7-1 306 0.037 0.023 1.61 Good to fair
J12-2 39.1 0.045 0.033 1.36 Good to fair 17-2 328 0.033 0.020 1.65 Poor
J12-3 39.7 0.048 0.034 1.41 Good to fair 17-3 17.4 0.017 0.009 1.89 Poor
J12-4 32.6 0.038 » 0.025 152 Good to fair J7-4 345 0.038 0.024 1.58 Good to fair
J12-5 4.7 0.047 0.034 1.38 | Good to fair J7-5 1 319 0.034 0.020 170 Poor
J12-6 40.5 0.046 ' 0.036 1.28 Good to fair J7-6 328 0.039 0.024 1.63 Good to fair
J12-7 399 0.046 0.034 1.35 Good to fair 17-7 329 0.037 0.022 1.68 Good to fair
J12-8 41.9 0.040 0.031 1.29 Poor ]7-8 18.6 0.019 0.012 1.58 Good to fair
J12-9 31.0 0.037 0.023 1.61 Good to fair 17-9 17.2 0.017 0.008 213 Poor
J12-10 329 0.034 » 0.021 1.62 Poor
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Soil

e or

Data from o Soil name D, for OCR Test type
yp sand/(%)
Sands Monterey No. 0 Undrained
Dobry et al., 1982 i Ng - 45, 60 1 26~192 0.011 - g
Nanjing fi Undrained
Chen et al,, 2019 AWIB Hne | op oM - 35,45,60,70 1 100 0.02 - ene
sand CTX
" Constant
Vucetic et al., 2021 Nevada sand P - 0.59~0.66 1 153,199 0.007~0.013 -
volume CDSS
Saathoff and Constant
N5 Quartz sand Sp - 85 1 50~600 0.007 0.02 +ilnme CDSS
Tabata and Vucetic, | Terrestrial Southern ML 12 055 1 280 - 0.015 Constant
2010 clays California clay" volume CDSS$
cL 26 075 1 37 - 0.04
CH 47 1.08 1 274 - 0.05
Ohara and Matsuda, b R 1,2, Constant
1985 Kaolinite clay - 25 = . 19 0.05~0.08 - S SlseDEs
Ichii and Mikami, CH, Undrained
| Tay” ? 11.9~97.2 - 1 - .038~0.14; -
s Japan clay’ o 9~97. 0.038~0.143 .
Hsu and Vucetic, Southern CH- 30 0.68 1 222 0.030~0.06 - Constant
2006 California clay® CL volume CDS$
058 1 666 0.030~0.05 -
¢l 231 0.684 1 504 0.022~0.032 Constant
CH : ) . : volume CDSS
Hsu and Vucetic,
ou and Fueete San Diego clay’ | CH 337 0.588 1 117 0.040~0.044 =
2004
Southern CH-
X 1 222 0700 =
California dlay® o 30 0.636 0.070~0.090
Mortezaie and Kaolinite clay® MH 28 - 1 218,680 = 0.014~0.034  0.012~0.014
Vucetic, 2016
- 1 212,210 0.016~0.017 0.013
Kaolinite-
N CH 55 - 1 220,668 = 0.052~0.078  0.013~0.016
Bentonite clay®
R
Parsa et al, 2022 Pisa clay” CH 45 - 113 » 0.002~0.003 ” esonant
column
Soralump and ® Undrained
Brnsometl, BITE - CL 17 0.398~0.465 1~4 | 100~460 0.022 - CHCTS
Matasovi¢ and Marine Cattas e CH, 20-60 14 86-1382 i Constant
Vucetic, 1995 clays E ¥ MH - volume CDS$
Likitlersuang et al., » Undrained
id Bangkok clay CH 45 0.5~2 1 50~250 - 0.03~0.07 p
: P hennai mari -
Banerjee and Balaji, Chennai 1l1)13nne C 55 _ | 105150 _ B Resonant
2018 clay column
Abdellaziz et al., Saint-Etienne Triaxial simple
2020 De- . 36 19 1 110 02 _ shear
Beauharnois
clay
Saini:Hiaite 38~40 19 1 7290 02 =
clay
Lile-P
e 28 17 1 120~150 03 &
clay
This paper Yangtze estuary CL 17 0.95~1.20 1 80~200  0.017~0.019 = 0.008~0.012 Undrained
clay” CTX
CH 32 0.98~1.32 1 55~190 | 0.033~0.039 = 0.020~0.025
40 1.04~133 1 65~165 | 0.040~0.048 = 0.031~0.036

€: natural void ratio; Ip: plasticity index; USCS: Unified Soil Classification System, according to ASTM (D2487 ASTM, 2017).

YUndisturbed clay.
RReconstituted clay.

-Cannot be determined from the data in the literature cited.
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gression equation for attenuation factor k
Density p/gcm™ k = 7E-08¢"7%" 0.8576
Porosity n k = 45.256¢71 214" 0.8853
Mean grain size Mz k = 4.0024¢70717Mz 0.9169
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Group Speed

15 cm/s 20 cm/s 25 cmls 30 cm/s 35 cm/s 40 cm/s
1 6263 g 14725 g 30557 g 37.623 g 55428 g 66.914 g
2 1963 g 12979 g 26978 g 36541 g 51202 g 65364 g

3 5965 g 13913 g 32627 g 43.129¢g 59746 g 68.305 g
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Physical properties Regression equation for the sound speed ratio R rvilinear correlation coefficient R?

Density p/gcm™ R =1.3891 - 0.6425 - p +0.2397 - p* 0.8621
‘ Porosity n R=1.4108-1.212-n +0.8394 - n* 0.8559
Mean grain size Mz R = 1.1503 - 0.0296 - Mz + 0.0009 - Mz 0.8478
‘ Median grain size Md R =1.1679 - 0.0503 - Md + 0.0034 - Md” 0.8732
Sand content Sc/% R =0.9834 +0.0007 - Sc + 0.000004 - S 0.8501

Clay content Cc/% R = 1.0962 - 0.0047 - Cc + 0.00005 - Cc* 0.7102
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Capture particle Capture particle Abnormal percentage(%)

size(max) size(min)
1 15 cm/s 0.212 mm 0.075 mm 83
2 20 cm/s 0.355 mm 0.063 mm 114
3 25 cm/s 0.66 mm 0.054 mm 14.1
4 30 cm/s 1.58 mm 0.045 mm 155

5 35 cm/s 2.5 mm 0.04 mm 152
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Test group ol variable
speed particle size Sediment weight
1 50 cm/s 0~0.1 mm 2kg
2 50 em/s 0~0.1mm/0.1~0.3mm 1kg/1 kg
3 50 cm/s °~°'l:;“~/g_‘5lx;?r'f"““/ 0.67 kg/0.67 kg/0.67 kg
4 50 cm/s %Tf;t]{';’;:};fj':": 0.5kg/0.5kg/0.5kg/0.5kg
: pmm sy
Fmm 4kg/0.4kg/
0~0.1om/0.1-0 3mm/ 0.33kg/0.33kg/0.33kg/
6 50 emfs 0'312‘25::://;;5;:“/ 0.33kg/0.33kg/0.33kg/
1 15 cm/s 0~ 3mm 10 kg
2 20 cm/s 0~3 mm 10 kg
3 25 cm/s 0~3 mm 10 kg
4 30 em/s 0~3 mm 10 kg
5 35 cm/s 0~3 mm 10 kg
6 40 cm/s 0~3 mm 10 kg
1 15 cm/s 0~3 mm 5kg
2 20 cm/s 0~3 mm 5kg
3 25 cm/s 0~3 mm 5kg
4 30 em/s 0~3 mm 5kg
5 35 em/s 0~3 mm 5kg
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ental factors Test setup

speed 15 cm/s 20 cm/s ‘ 25 cm/s 30 cm/s 35 cm/s 40 cm/s ‘ 50 cm/s
particle size 0~0.1 mm 0.1~0.3 mm ‘ 0.3~0.5 mm 0.5~1 mm 1~2 mm 2~3 mm ‘ particle size
depth 13 cm

Strainer aperture 100 mesh
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Major Major error Minor Minor error  Inclination Inclination Phase Phase

Constituents

(cm/s) (cm/s) (cm/s) (cm/s) ©) error (°) ) error (°)
& 8.61 0.10 616 0.11 4153 181 17.65 184
O, 7.22 0.10 -4.10 0.11 1.61 171 328.42 1.54
P, 271 0.09 -1.94 0.10 ‘ 41.53 53 2111 4.70
Q 139 0.11 -0.79 0.12 161 822 344.46 8.20
M, 252 0.08 0.19 0.10 48.42 235 192.28 2.09
Sz 210 0.09 1.06 0.10 72.79 4.54 280.76 4.05
N, 0.56 0.09 0.042 0.10 48.42 10.09 199.18 9.82
K 0.61 0.09 031 0.12 7279 17.77 280.44 15.55

Orientation is given in degrees counter-clockwise from the east and Greenwich phase lag in degrees. These 8 constituents contribute 75% of the tidal band variance.
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DEM Parameters
Particle diameter (mm) 0.1 Fluid density (kg/m’) 1000 Gravity (m/s?) 9.81

‘ Particle density (kg/m®) 1400 Fluid viscosity (Pa-s) 0.001 CED time step size (s) 5x10°°
Poisson’ s ratio 0.25 Mesh cell size (mm) 04 DEM time step size (s) 10°¢
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Restitution coefficient 0.6
Static friction coefficient 0.3

Rolling friction coefficient 0.01
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Pe1, Dy Higs, Tiss Hinao Tonave RNN, LSTM, Pos Pis, P
WD, WS GRU P35

Pe1, D, Hyyss Ty, Hinaxs Tnaxo Best model Pos, Pis, Pas,
WD, WS Pss

Puy, D, Hys Best model Pos: Pis, Pas,
P35

Prys Dy Hpas Best model Pos Pis, Pas,
P35

P.,, D, WS Best model Pos, Pis, Pas,

Pss

Py, Prs, Pys, Pys represent pore pressure at 0.5 m, 1.5 m, 2.5 m, 3.5 m below seabed,
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Hyperparameter

IR [0.001,0.005, 0.01, 0.05, 0.1]
Epoch [10, 30, 50, 100, 150, 200, 250, 300]

Batch_size [8, 16, 32, 64, 128]
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Reference mpirical formula

CRRjgq = 93 (152)° +0.08, (50 < gy, < 160)

CRRygq = 0.833 (%) +0.05, (@i < 50)

Gines = Kequy
K. =1.0,I, < 1.64
~0.4031% + 5.581% — 21.6312 + 33.75I, - 17.88
9t — O P \"
= (457) ()
N 5, o

n=03811, +0.05(,y/P,) —0.15 < 1.0

Robertson and Wride (1998)

\/(3.47 -1gQ,,)* +(1.22 + F,)*

Qu = @~ 60/ Pl [(Ba/ 00|
E, = [£/(q. - 0,9)] x 100%
CRRy1g = 0.05 + exp[A + B x (q,m/loo)C]
A= 1Iy(Guy/100) - 14.7
Juang et al. (2008) B =0.9091 5 —7.471 5 +19.28
C=0.059 +0.015I2

L/ (31601~ B)) + 1]}2+[15 + L3(IgF )" B, = ;1:::]

CRRgyg = 0.001284,; — 0.025 + 0.17R; — 0.02R} + 0.0016R}

Olsen (1994)
.
lel (6:,‘,)0‘7

Note

Ol = in-situ total vertical stress.
Oy, = in-situ effective vertical stress.
n = stress exponent.

Pa = atmospheric pressure.

qun = modified cone resistance

4, = total cone resistance

Qu Guinvess Fr = cone parameters.

f. = sleeve friction.

I, = soil behavior type index.

K_ is a function of I..

A, B, C = fitting parameter.
I.py = soil behaviour type index.
qc = modified cone resistance.
Qo ge1» F; = cone parameters.
B, = excess pore pressure ratio.

R; = friction ratio.
4 = modified cone resistance.
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Test number D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 D11 D12

CRRy, 0.161 0.185 0.322 0.366 0.204 ‘ 0.164 0.157 ‘ 0.161 0.166 0.177 0.120 0.267
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Ae/eq

Very good to excellent Good to fair Very poor
12 <0.04 0.04-0.07 0.07-0.14 >0.14

2-4 <0.03 0.03-0.05 0.05-0.10 >0.10

Ae is the change in void ratio reconsolidated to in-situ stress, and e is the initial void ratio.
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Pressure Volume
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FS (Full Scale) = Maximum Range.

Range
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+ 50 mm
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200 mm*
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Deviation
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0.15% FS

0.15% FS
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Accura

02N
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Physical properties Test scheme
Test number

w /% s € ec Aeley  Soilcode  d'o/kPa  CSR

D1-1 3.2-36 242 49.25 5232 32.3 0.960 0916 0.046 CH 50 0.12 341
Di1-2 0911 0.051 0.14 102
D1-3 0.923 0.039 0.15 40
D2-1 7.2-7.6 1.91 27.67 4215 185 0.707 0.679 0.039 CL 50 0.15 ‘ 114
D22 0.685 0.031 0.16 43
D2-3 0.688 0.027 0.18 26
D3-1 7.5-79 195 22.10 26.80 11.1 0.671 0.650 0.031 CL 50 0.3 237
D3-2 0.630 0.061 0.32 21
D3-3 0.638 0.049 033 6
D4-1 8.3-8.7 220 30.15 39.80 19.8 0.838 0813 0.030 CL 55 035 423
D4-2 0.800 0.046 0.36 10
D4-3 0.788 0.060 0.38 3
D5-1 9.7-10.1 1.89 36.00 66.65 50.73 0.614 0.589 0.041 CH 65 0.16 585
D5-2 0.578 0.059 0.18 151
D5-3 0.594 0.033 1 0.19 82
Dé-1 11.6-12.0 1.95 29.85 4851 25.1 1116 1.085 0.028 CL 80 0.13 1219
D6-2 1075 0.037 0.15 473
D6-3 1074 0.038 0.17 5
D7-1 12.0-124 1.87 44.85 5155 29.9 1119 1.068 ‘ 0.046 CH 80 0.13 587
D7-2 1.062 0.051 0.15 87
D7-3 1.074 0.040 0.16 8
D8-1 15.6~16.0 1.74 33.60 53.64 30.1 0.908 0.876 0.035 CL 105 0.14 486
D8-2 0.875 0.036 0.16 18
D8-3 1 0.867 0.045 0.17 ‘ 4
D9-1 16.0-16.4 ‘ 171 23.54 47.99 224 0.836 0.803 0.039 CL 105 0.13 440
D9-2 0.796 0.048 0.14 ‘ 215
D9-3 0.798 0.045 0.16 30
DI10-1 16.4-16.8 1.80 30.74 43.35 205 0.981 0.920 0.062 CL 110 0.12 530
D10-2 0.929 0.053 0.15 90
D10-3 0.933 0.049 0.17 80
D11-1 17.2-17.6 2.01 40.00 46.58 224 0.984 0.945 0.039 CH 115 0.08 223
D11-2 0.934 0.050 0.11 26
D11-3 0929 0.056 0.13 21
Di2-1 18.8-19.2 1.94 28.10 52.36 29.2 0.788 0.754 0.043 CH 125 0.19 213
DI12-2 0.735 0.067 0.23 40
DI12-3 0.736 0.066 0.29 20

H s the depth below the seabed, p is the natural density, w is the natural water content, w. is the liquid limit, I, is the plasticity index, ¢ is the initial void ratio, e, is the void ratio after
consolidation, and Ny is the number of cycles to failure.
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Foraminifera Biostratigraphy

Depositional Environment

Depositional Texture
Main components

C1 16.6413°N/110.9002°E Middle Miocene Shallow-water Carbonate platform Packstone of LBF and RA
c2 16.5653°N/110.7331°E Middle Miocene Shallow-water Carbonate platform Packstone of LBF and RA
C3 16.5761°N/110.7192°E No data Outer platform Floatstone of PF, RA and Halimeda

PF, Planktonic Foraminifera; LBF, Larger Benthic Foraminifera; RA, Red Algae.
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