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The strike-slip fault system in the southwestern margin of South China Sea (SCS) lies on the transition zone between the continental shelf and slope of SCS, which is an important ocean–continent boundary. By using submarine heat flow data, a seismic shear wave tomography model, and gravity potential field data, this paper investigates the distribution of submarine heat flow in the southwestern margin of SCS, the thermal–rheological structure of the crust and mantle, the temperature–viscosity characteristics of the upper mantle Vs low-velocity layer, the tangential stress field of the rheological boundary layer at the lithosphere base, and the convective velocity structure of the mantle asthenosphere. Our new results show that the deep geothermal activity in the southwestern margin of SCS is intense, and the high heat flow area of the mantle with Qm/Qs >70% is distributed along an NNE-trending strip. Moreover, both the east and west sides of the strike–slip fault zone correspond to two low-value areas with a viscosity coefficient of 1021–1022 Pa⋅s at Moho depth, and beneath the Nansha Block are strong and cold blocks with a viscosity coefficient of 1024–1025 Pa⋅s. The northward and eastward shear stress components τN and τE of the rheological boundary layer at the base of the lithosphere mantle decrease with depth. At 65-km depth, both τN and τE are greater than 5.5 × 108 N/m2. At 100-km depth, both τN and τE are less than 1 × 108 N/m2. The calculation results based on the seismic shear wave model of the upper mantle and the gravimetric geoid model indicate that the depth of 120–250 km is the low-velocity layer, and the average temperature of the mantle at 180-km depth can be up to 1,300°C. Moreover, the average effective viscosity coefficient is close to 1018 Pa⋅s, which satisfies the temperature and viscosity conditions for partial melting or convective migration of mantle material. The mantle convection calculation results show that the average flow rate is 8.5 cm/a at 200-km depth and 2.2 cm/a at 400-km depth.
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INTRODUCTION
The southwestern margin of South China Sea (SMSCS) lies on the transition zone from continental shelf to continental slope (Ding and Li, 2016; Dong et al., 2020), with direct geodynamic effect from the extrusion of Indosinia Block. It is the key region of plate convergence within the great circular subduction system of Southeast Asia (Lu et al., 2016) and also marks the tectonic termination where the oceanic crust of South China Sea (SCS) advances from east to west during “plate-edge rifting” (Wang et al., 2019). The southwestern margin of SCS is undergoing structural interactions between the strike–slip faulting and tectonic extrusion; thus, it has the most complicated tectonic elements but the lowest degree of geodynamic study in the periphery of SCS (Tapponnier et al., 1986; Yao et al., 1994; Liu, 1999; Ren and Li, 2000; Li et al., 2006; Li et al., 2012; Xu et al., 2016). Over the last decades or so, there are two major geodynamic questions that remain to be answered. The first is as follows: during the southward propagation of the strike–slip fault zone in the SMSCS, is there any continuity or connection between the Zhongjian Fault, Wanan Fault, Lupar Fault, and Tinja Fault? The second is also as follows: during the tectonic extrusion of the Indosinian Peninsula, the circular subduction of Southeast Asia, and the rifting-expansion of SCS, how do the tectonic forces interact with each other during different periods and at various directions?
These two major questions have been subjected to intensive study in association with the geodynamic history of SCS (Yao et al., 2004; Liu et al., 2015; Sun et al., 2006; Fyhn et al., 2009). It is necessary to “observe the SCS by stepping out of the SCS” and “observe the SCS by going deep into the SCS”. Substantial data and results have been obtained after many years of marine scientific research in SCS (Li et al., 2010; Xu et al., 2016; Xu et al., 2016; Dong et al., 2018). Since the 1980s, especially Guangzhou Marine Geological Survey has carried out a series of comprehensive geological and geophysical surveys on “oil and gas resources” and obtained significant gravity, magnetic, seismic, and heat flow data. In recent years, the Program for Marine Basic Geological Survey has enriched the geological understanding of the southwestern margin of SCS. With measured submarine heat flow data at the southwestern end of the Southwest Basin in the SCS (Xu et al., 2005; Li et al., 2010; Xu et al., 2016; Dong et al., 2018) and based on seismic and gravity data, this paper analyzes the thermal structure of the crust in the southwestern margin of the SCS, the rheological characteristics of the base of the lithospheric mantle, and the geodynamic background of the deep convective mantle, providing a reference for studying of the region and having important significance for understanding of the dynamic model of seafloor spreading of the SCS and reconstruction of the Asian tectonic framework in the geodynamic process and deep material circulation, tectonic deformation and dynamic mechanism.
GEODYNAMIC BACKGROUND
The study area is located at the center of the curved convergent system in Southeast Asia (Figure 1A). Seismological studies (Huang and Zhao, 2006; Zhao and Ohtani, 2009) indicate that the oceanic slabs on both the east and west sides of the annular subduction belt in Southeast Asia present opposite subduction directions (Fukao et al., 1992), which form a convergent system of subduction fronts with different depths and origins in three directions, i.e., east, west, and south. The convergence of multi-directional subduction slabs affects the circulation of deep mantle material, thermal-viscosity structure, and rheological property.
[image: Figure 1]FIGURE 1 | Regional map of the southwestern margin of South China Sea (SCS). (A) Tectonic map of the southwestern margin of SCS. (B) Map of the geothermal geology in the study area. (C–E) Vs map at depths of 65, 100, and 200 km (Chen et al., 2021).
Geology Setting
The southwestern margin of SCS (Figure 1B) represents the extensional area of the Southwest Basin in the SCS. It is bound by the Indosinian Peninsula in the northwest and by Kalimantan Island in the southeast, respectively. The fault zone in the western margin of SCS runs southward through the study area from the east side of the Indosinian Peninsula and then bends toward southeast into Kalimantan Island. It marks the western boundary of SCS and is primarily deformed by strike–slip faulting (Fyhn et al., 2009; Lin et al., 2009; Gao, 2011; Xu et al., 2016). Overall, the strike–slip fault zone is composed of a series of faults that trend roughly NNW–SSE. Its north termination starts from the Yinggehai Sea with connection to the Red River Fault and Yinggehai Fault. Towards the south, the fault zone comprises the Zhongjian Fault, Wanan Fault, Lupal Fault, and Tinja Fault. Moreover, the south termination runs deep into Borneo Island. In the study area, Zhongjiannan Basin, Wanan Basin, Nanweixi Basin, and Zengmu Basin are developed along this strike–slip fault zone (Zhan et al., 1995; An et al., 2012; Yao et al., 2013). Geomorphologically, the strike–slip fault zone is situated at the transition from the continental shelf to the slope in the west SCS; as such, the topographic and geomorphic features on both sides of the fault zone appear to be quite different. In the west side, the water depth at the outer shelf edge is 200–250 m, and the shelf itself is narrow, with a topographic slope of 10–22°. The landform from Da Nang to the south of Ho Chi Minh City in Vietnam is relatively broad and flat, with a topographic slope of 4.7°. In the east side, the continental slope has a water depth ranging between 200 and 4,000 m. The topography is complicated with distinct variations. From north to south, there are Xisha Trough, Xisha Islands, Zhongsha Islands, West Basin Ridge, West Basin Canyon, Southwest Basin Ridge, etc., with a topographic slope of 6.7–17.6°.
Since the Cenozoic period, the strike‐slip fault zone in the western margin of SCS has evolved into three distinct segments in the upper crust from north to south, i.e., the Ailaoshan-Honghe fault zone, the Yinggehai‐Zhongjian fault zone, and the Wanna‐Lupal fault zone. Spatially, these strike-slip fault zones show different sense of movements, such as left‐lateral slip and right‐lateral slip. Despite of this, these faults are geodynamically governed by the southeastward intrusion of the Indo‐China block induced by the collision between the Indian plate and the Eurasian plate, as well as the seafloor spreading of SCS (Liu et al., 2015).
Characteristics of Gravity Field
In the regional gravity Bouguer anomaly map (Figure 1A), it can be seen that the east, south, and west sides of the study area are dominated by high Bouguer anomaly with a value of up to 600 mgal, while the north side is characterized by low continental Bouguer gravity anomaly, with a value of ≤50 mgal. The strike–slip fault zone is marked by the boundary between the low gravity of the Indosinian Peninsula and the high gravity of SCS. For this gravity anomaly transition zone, the fault strike, dip, and slip can be estimated through a calculation of the change rate of the gravity gradient. Taken together, the gravity inversion results show (Figure 1B) that the overall Moho depth in the study area ranges between 8 and 32 km (Zhang et al., 2017). Specifically, the Indosinian Peninsula in the northwest and Kalimantan Island in the southeast belong to the continental crust whose Moho surface is deep, i.e., maximum of 32 km. In contrast, the Southwest Basin of SCS is part of the oceanic crust whose Moho is shallow, with a minimum value of 10 km. The rest of the area represents the geomorphic transition area. Its Moho depth appears to become deeper along the axis of the Southwest Basin at 16–28 km, forming a “mirror reflection” with the submarine topography.
Characteristics of Submarine Heat Flow
The submarine heat flow contains information such as the thermal state of the oceanic crust and the mantle as well as the thermal structure of the lithosphere, which lays the foundation for the dynamic analysis of marine geological structures. Many research progresses have been made in studying the submarine heat flow and its characteristics in SCS (Qian, 1992; Yao et al., 1994; Nissen et al., 1995; Shi et al., 2003; Xu et al., 2005; Li et al., 2010). With the advancement of basic marine geological survey and exploration of deep-water oil and gas and natural gas hydrate resources, the total number of submarine heat flow data in the SCS has exceeded 1,250. The submarine heat flow measurement sites in SCS are mainly located on the southern and northern continental margins of the SCS, and the data obtained from temperature measurement in oil drilling sites on the continental shelf are more than that taken from the submarine probes. According to a statistical analysis (Zhang and Wang, 2000), about 42.6% of heat flow data came from the southern margin of the SCS, with an average value of 80.8 mW/m2. The southern SCS can be divided into the east and west heat flow regions by the Beikuang-Tinja Fault, which correspond to the low-heat-flow region of Nansha Islands and the high-heat-flow region of Zengmu Basin, respectively. Due to the irregular distribution of heat flow measurement sites, especially the scarcity of heat flow data along the strike–slip fault zone, the reef area on Nansha Islands and Nansha Trough, an in-depth analysis of geothermal field and thermal state on the western margin of the SCS has been largely inhibited.
From 2015 to 2018, during the oceanic expedition of “Marine, 4th” HY4201508 of Guangzhou Marine Geological Survey, an additional 30 new submarine heat flow datasets were obtained in the southwest sub-basin of the SCS (Xu et al., 2016; Dong et al., 2018). The geographic range of the measurement sites of these data is between 112°22′43″–114°31′47″ E and 9°26′29″–12°24′01″ N (Figure 1B). The variation range of the thermal conductivity of sediments at the 30 measurement sites is at 0.77–1.07 W/(m⋅K), with an average of 0.86 W/(m⋅K). Based on the content of uranium, thorium, and potassium from 13 survey sites, the range of heat production rate is calculated to be 0.78–1.41 μW/m3, with an average value of 1.12 μW/m3. Thus, the distribution of the submarine heat flow at each survey site is estimated to be 75.9–126.1 mW/m2, with an average value of 94.1 mW/m2. The combined newly acquired and previously existing submarine heat flow data is able to well reflect the temporal and spatial distribution of the current geothermal field and deep thermal state in this study area.
Deep S Wave Velocity Characteristics
A recent study proposed the new generation of high-resolution 3D shear wave velocity model for SCS (Chen et al., 2021). The model presents 3D shear wave velocities across the SCS and its adjacent areas at the depth ranging between 15 and 250 km by joint inversion of ambient noise and surface wave dispersion. It has a high resolution of the crust–mantle structure and can provide accurate seismic wave depth anomalies. Therefore, the latest marine shear wave model is suitable for a deep dynamic analysis of the SCS.
Figures 1C,D,E are the 3D shear wave velocity model slices at 65-, 100-, and 200-km depth, respectively. At 65-km depth (Figure 1C), the tectonic characteristics of the SCS Basin gradually diminishes, while the characteristics of the strike–slip fault zone in the western margin of the SCS increasingly becomes obvious. Moreover, a low-velocity region consistent with the strike–slip fault is observed. The Zengmu Basin in the southwestern margin of the SCS shows a low Vs anomaly of ≤4.2 km/S, indicative of the upwelling of asthenospheric material, whereas the Nansha Block presents a high Vs anomaly of ≥4.4 km/S, suggesting the presence of cold strong blocks. At 100-km depth (Figure 1D), the N–S-trending low-velocity anomaly zone from the Zhongjiannan Basin to the Zengmu Basin is very obvious, implicating the existence of a low-velocity weak region in the upper mantle. The NW–NS–NE clockwise rotation gradually becomes distinct, which coincides with the clockwise rotation during the sinistral movement of the Indosinian Peninsula relative to the South China Block since Mesozoic. At 200-km depth (Figure 1E), the characteristics of the strike–slip fault appears to be gone, reflecting the material migration in the mantle asthenosphere and the deep dynamic process, whereas the Zengmu Basin still shows a low Vs anomaly, indicating that the upwelling channel of the deep asthenosphere material in the Zengmu Basin has the characteristics of continuity, which supports the continuous partial melting of the asthenosphere; however, a significant high-velocity anomaly of ≥4.4 km/S is observed beneath the Wanan Basin, indicating that the lithosphere base is cold and thick and might have to be squeezed into a rigid block during the strike–slip faulting. It reflects the dynamic evolution of the East Asian continental margin due to the subduction of the Pacific Plate as well as the great shear extrusion of the Tibet Plateau.
DEEP THERMAL-DYNAMIC STRUCTURE MODEL AND CALCULATION METHOD
Crust–Mantle Thermal Structure Model
Global seismological observations and studies showed that there is a low-velocity seismic layer caused by partial melting of the mantle material at 60-km depth beneath the sea or at 120- to 250-km depth beneath the continent, and the partially molten mantle material in the layer has formed a slow-flowing asthenosphere in a semi-viscous state. The mantle convection studies indicated (Doin et al., 1997; Dixon et al., 2004; Paulson et al., 2010) that there is a rheological boundary layer (RBL) with a certain thickness between the solid lithosphere (crust and solid mantle) and the fluid mantle. Above the RBL is the solid lithosphere dominated by heat conduction, beneath the RBL is the upper mantle asthenosphere dominated by thermal convection, and between the lithospheric mantle and the asthenospheric mantle is a RBL where heat conduction and heat convection coexist. Figure 2 shows the theoretical geothermal line (conduction geothermic), the melting temperature line of mantle material (peridotite solidus), and the adiabatic compression temperature line (adiabat) of mantle material calculated based on the one-dimensional Fourier heat conduction equation. The three lines meet at a depth of 120–250 km, which is the partial melting zone of the mantle material. The location of the seismic low-velocity layer in the southwestern margin of the SCS roughly corresponds to the partial melting depth zone of mantle material (Figure 2). Based on this, it can be inferred that there is material convection or migration activity at this depth range. Considering that the temperature and pressure state of the upper mantle material is close to the adiabatic compression process, the mantle convection may actually involve thicker layers, and the lower boundary can extend to 440 km.
[image: Figure 2]FIGURE 2 | Diagram of the crust–mantle thermal structure model.
Calculation Method

(1) Calculation method for crust and upper mantle temperature
The method of solving the steady-state heat conduction equation is mainly used for the calculation of crust temperature. The steady-state heat conduction equation can be expressed as:
[image: image]
In Eq. 1, the distribution of temperature T depends on the heat production rate A and thermal conductivity K, and its parameter range is shown in Table 1.
TABLE 1 | Thermophysical property parameters (Zhang et al., 2005; Meng and Zhang, 2014).
[image: Table 1]In real calculation, the steady-state conduction temperature field is obtained, while factors such as the unsteady-state lateral heat transfer caused by the submarine shallow structure are not taken into account.
The upper mantle lacks thermal constraints, and the rheological state does not meet the conditions of steady-state heat conduction, so the steady-state heat conduction equation cannot be used to calculate the mantle temperature. The upper mantle temperature can be calculated by using the relation between shear wave Vs inelastic component and temperature T and pressure P. In the depth range of 50–250 km, the lithological inelasticity is mainly affected by temperature, which is the main factor for controlling the seismic wave velocity (Sobolev et al., 1996; Goes et al., 2000; An and Shi, 2007). Under high temperature conditions, by means of inelastic correction of the quality factor Q, the calculation formula of temperature-dependent Vs wave velocity after inelastic correction can be obtained as follows:
[image: image]
In Eq. 2, A and a are inelastic constants, ω is inelastic effect frequency, E is activation energy, V is activation volume, and R is gas constant.
In real calculation, it is considered that, within the depth range of 50–250 km, the change of wave velocity caused by mineral composition is small, but the change of wave velocity caused by temperature is relatively large. If the shear wave velocity structure at each depth of the upper mantle is known, the difference value of ΔVs between the wave velocity and the observed wave velocity can be calculated through iterative inversion under given initial conditions, and the initial temperature model can be continuously corrected to decrease ΔVs (less than 0.1%) to obtain the 3D temperature field distribution of the mantle.
With the VS wave velocity model and the calculated temperature, the viscous structure of the crust–mantle material can be calculated by the following formula:
[image: image]
In Eq. 3, η is viscosity coefficient, E is activation energy, λ is adjustment coefficient, α is coefficient of thermal expansion, R is gas constant, and T is Kelvin temperature.
(2) Calculation method for shear stress field of the rheological layer of the crust and mantle
Deformation is the result of diffusion and transfer of viscous materials. This diffusion is carried out by means of pressure melting (pressure solution). Under the action of bearing deviatoric stress or tectonic stress, the rocks in the deformation region transfer the material from the high-intergranular-pressure-and-stress region to the low-pressure-and-stress region, resulting in creep. Both dislocation creep and diffusion creep can realize the “plastic” flow of solid matter. The dislocation (or power law) creep stress index n ≈ 2.5–3.5, and the diffusion creep n = 1. Laboratory studies support the dislocation creep at the shallow upper mantle (Turcotte, 2014). According to the spherical harmonic function coefficients Cnm and Snm provided by the satellite gravity and the spherical function Pnm, the shear stress field τ at different depths of the lithosphere can be calculated (Runcorn, 1964; Runcorn, 967) with the following formula:
[image: image]
In Eq. 4, U is the gravitational disturbance potential calculated based on Molodensky theory, σN and σE are north and east shear stress components generated by the rheological layer on the lithosphere base.
In actual calculation, the relation between the spherical harmonic order n at any point and the mass buried depth Dn at the corresponding equivalent point is taken as (Bowin, 1983) Dn = R / (n - 1), where R is 6,371 m.
(3) Calculation method for the flow field of asthenospheric mantle material
Supposedly the temperature variation only affects the density of asthenospheric material, and then this density change may lead to convective activity. The thermal convection equation that describes this density change is as follows:
[image: image]
In Eq. 5, V is convective velocity, P is pressure, g is gravity, η is viscosity coefficient, ρ is density, κ is thermal diffusion coefficient, A is heat production rate, c is constant pressure specific heat, T is temperature, and α is coefficient of thermal expansion.
In real calculation, the asthenosphere will be considered as a kind of high-viscosity fluid movement on a geological time scale. Viscosity is an important factor for controlling the viscous flow of the mantle. With the depth-dependent viscosity and seismic shear wave velocity Vs obtained by simulating the geoid height anomaly, the flow field of the asthenospheric mantle can be solved.
CRUSTAL THERMAL–RHEOLOGICAL STRUCTURE AND UPPER MANTLE DYNAMICS
Crustal Temperature and Viscosity
The submarine heat flow distribution (Figure 3A) drawn by Kriging interpolation using the new heat flow data (indicated with black five-pointed stars) and the existing heat flow data (indicated with red and blue circles) show that the submarine heat flow Qs in the study area shows an obvious NNE-trending strip-shaped distribution pattern. Along the axis of the Southwest Basin, the SSW-trending and strip-shaped high-value heat flow anomaly is observed. At the north and south terminations of the high heat flow strip, there are high heat flow areas in the Southwest Basin and the Zengmu Basin, respectively. On the east side of the high heat flow, a low heat flow anomaly is seen on the Nansha Block, while on its west side a high-value heat flow anomaly area is observed in the Wanan Basin.
[image: Figure 3]FIGURE 3 | Contour maps of the submarine heat flow and the Qm/Qs heat flow structure in the southwestern margin of South China Sea. (A) Submarine heat flow Qs: mW/m2. (B) Qm/Qs: %.
The submarine heat flow Qs is equal to the sum of the crustal heat flow Qc and the mantle heat flow Qm, and the ratio of the crust and mantle components Qm/Qs of the submarine heat flow is an important parameter for studying the heat flow distribution of the crust and the mantle. With the submarine heat flow data Qs (Figure 3A), the Moho depth obtained by gravity inversion, and the heat production rate (Table 1), the calculated Qm/Qs results (Figure 3B) indicate that the NNE-trending strip-shaped distribution pattern of Qm/Qs is very clear, and the area with Qm/Qs >70% shows a distinct strip shape, which extends to the southwest region along the axis of the Southwest Basin. The Qm/Qs on both the east and west sides of the strip is less than 60%, and the Qm/Qs in the local area is less than 40%. This crust–mantle heat flow ratio indicates that the heat from the mantle is much higher than that of the crust from the Southwest Basin to the Zengmu Basin, and it is a “hot mantle” zone. On both sides of this strip, especially in the Nansha Block, the mantle heat is relatively low, and it is a “cold mantle” zone.
After de-peaking to the submarine heat flow data in the study area (Figure 3A) (Qs >140 mW/m2, 140 mW/m2 is taken; Qs <40 mW/m2, and 40 mW/m2 is taken, in order to eliminate the non-conductive heat effect caused by hydrothermal activity), the steady-state heat conduction equation is solved with the crust–mantle structure of gravity inversion and thermophysical parameters (Table 1) (Zhang et al., 2005), and the temperature results of the profiles at N10°, N7°, and N4° (the location of the profiles is shown in Figure 3) are shown in Figures 4A–C. The results of the profile viscosity calculated from the temperature distribution and the Vs wave velocity distribution are shown in Figures 4D–F.
[image: Figure 4]FIGURE 4 | Temperature and viscosity coefficient profiles in the southwestern margin of South China Sea. (A–C) Temperature profiles at Line_N10, Line_N7, and Line_N4. (D–F) Viscosity coefficient profiles at Line_N10, Line_N7, and Line_N4. The position of the profiles is shown in Figure 3, and the earth surface is the starting point of depth.
The starting point for the depth of each profile (Figure 4) is the sea level, of which on the profile at N10° (Figure 4A), E108°, and E115°, there are two low-temperature zones at depth, with Moho temperatures of 390 and 180°C, respectively. However, high-temperature zones appear on the east and west sides of the strike–slip fault zone (at E110°), and the Moho temperature is higher than 600°C. Beneath the corresponding strike–slip fault zone, the Moho temperature is lower than 500°C. On the profile at N7° (Figure 4B), a clear low-temperature zone appears at E109°, which corresponds to the intersection area of the strike–slip zones in the southeastern margin of Wanan Basin, and in the western margin, the Moho temperature is lower than 350°C. To the east of E114°, there is also a low-temperature zone, with the Moho temperature being lower than 300°C. The low-temperature zone on the east side corresponds to the Nansha Block and Nansha Trough, which is caused by the abnormal cooling of the mantle (Zhang et al., 2017). On the profile at N4° (Figure 4C), the temperature distribution has changed significantly. This profile corresponds to the Lupal Fault Zone and the Tinja Fault Zone in which the strike–slip fault zone in the western margin bends to the southeast. The deep geothermal activity caused by tectonic activity is intense, and the Moho temperature is significantly higher than that of the N10° profile and N7° profile on the north side, of which the Moho temperature in the Zengmu Basin at E110° is as high as 900°C.
With the temperature profiles (Figures 4A–C) and based on the 3D shear wave velocity structure (Chen et al., 2021), the calculated viscosity coefficient profiles are shown in Figures 4D–F, of which on the profile at N10° (Figure 4D), at Moho depth on the east and west sides beneath the strike–slip fault zone in the western margin, these are characterized by two low-viscosity-coefficient regions, with a viscosity coefficient at 1021–1022 Pa⋅s. Beneath the Nansha Block is a high-viscosity-coefficient region that is vertically extended, with a viscosity coefficient at 1024–1025Pa⋅s. On the profile at N7° (Figure 4E), on both the east and west sides of the strike–slip fault zone are two separate low-viscosity-coefficient regions, but their separation distance is larger than that of the north side, and the viscosity coefficient on the east side is much lower, which can be as low as 1020 Pa⋅s at 110°C. However, the vertically extended high-viscosity-coefficient region beneath the Nansha Block shrinks upward, forming a “hard core” with a viscosity coefficient of greater than 1024 Pa⋅s at a depth of 5–10 km. On the profile at N4° (Figure 4F), due to the increase in temperature, the viscosity coefficient near the Moho surface is low, and a “weak rheological zone” with a viscosity coefficient of less than 1020 Pa⋅s is formed near the Moho surface, and partial melting may exist.
Upper Mantle Dynamics
Thermal–rheological analysis of gravity and seismic data is an important method for deep dynamic study. The comprehensive analyses of the gravity field EGM2008 model, the satellite gravity data, and the seismic shear wave model (Chen et al., 2021) indicated that, at 40-km depth or beneath the Moho in the southwestern margin of SCS, the influence of the tectonics of the SCS Basin is gradually decreasing, and the characteristics of the strike–slip structure in the western margin is becoming progressively clear; at 70-km depth or below, a low-velocity uplift consistent with the strike–slip structure trend is observed; at 100-km depth or below, the characteristics of the strike–slip structure in the western margin of the SCS are gradually weakening, and the NW–NS–NE clockwise rotation effect steadily becomes prominent, which coincides with the clockwise rotation during the sinistral movement of the Indosinian Peninsula relative to the South China Block after the Mesozoic; at 200-km depth or below, the clockwise rotation effect is gradually weakening, and the NE-trending structure becomes more obvious.
According to the crust–mantle thermal structure model given in Figure 2, there is a RBL in a specific thickness interval at the lithosphere base. The rheological boundary layer can transfer the tangential stress generated by the mantle flow to the lithosphere to form a lithospheric stress and to deform the lithosphere. If it is assumed that there is a Newtonian viscous laminar flow beneath the rheological boundary layer and an elastic lithosphere above the rheological boundary layer, then an equilibrium equation at r = r′ on the upper boundary of the mantle flow is constructed by the gravitational disturbance potential generated by Navier–Stokes equation and uneven density. Suppose the radial component of the velocity at r = r′ is zero. In this case, equilibrium equation can be solved with this equilibrium equation and the spherical harmonic function of the gravitational potential to obtain the north and east shear stress components at different depths in the rheological boundary layer τN, τE (Runcorn, 1964; Runcorn, 1967; Bowin, 1983; Wu and Liu, 1992; Fu et al., 1994). The depth at the lithosphere base fluctuates, and the thickness of the rheological layer is uneven. The stress distribution at a depth of 65 and 100 km in the study area (Figure 5) is calculated with Eq. 4.
[image: Figure 5]FIGURE 5 | Stress field at the rheological boundary of the upper mantle in the southwestern margin of South China Sea. (A) Northward shear stress τN at 65-km depth. (B) Eastward shear stress τE at 65-km depth. (C) Northward shear stress τN at 100-km depth. (D) Eastward shear stress τE at 100-km depth. τN—positive in the north and negative in the south; τE—positive in the east and negative in the west.
The southwestern margin of the SCS has experienced intense shear deformation and tectonic extrusion caused by the subduction of the Pacific Plate in the Mesozoic as well as the creeping, rifting, and drifting of the South China continent towards the southeast along with mantle convection, which left traces in the upper mantle. Therefore, an analysis can be carried out with the northward shear stress component τN and the eastward shear stress component τE at the depth of 65 and 100 km in the rheological boundary layer calculated from the gravity potential data (Figure 5). The northward shear stress component τN at 65-km depth in the rheological boundary layer is −5.78–6.32 × 108 N/m2 (Figure 5A). In the middle section of the strike–slip fault zone, τN is a “positive” value, whereas in the southern part of the strike–slip fault zone, the Zengmu Basin between the Lupal Fault Zone and Tinja Fault Zone is an NW-trending strip zone where τN is characterized by alternation of “positive” and “negative” values. The eastward shear stress component τE at 65-km depth in the rheological boundary layer of this area is at −11.09–8.66 × 108 N/m2 (Figure 5B). Overall, τE is distributed alternately in a long S–N-trending strip from west to east. The eastward shear stress component τE is a “positive” value zone on the west side of the strike–slip fault zone and a “negative” value zone on the east side. The northward shear stress component τN at 100-km depth in the rheological boundary layer of the study area is at −1–1 × 108 N/m2 (Figure 5C). The Zengmu Basin between the Lupal Fault Zone and the Tinja Fault Zone in the southern section of the strike–slip fault is a “negative” low-value shear stress zone, and this “negative” value area forms a long-axis NW–SE-trending ellipse. The “negative” stress zone in Zengmu Basin extends toward the northwest. After crossing the middle section of the strike–slip fault zone in the western margin, it forms a “negative” value zone in the long axis near the N–S-trending ellipse on the north side of Wanan Basin. This “negative” value zone and the “positive” value zone in the long axis near the NS-trending ellipse in Zhongjiannan Basin are distributed in parallel to each other in the west and east of the middle section of the strike–slip fault zone, forming a southward shear zone on the west side and a northward shear zone on the east side. The eastward shear stress component τE at 100 km depth in the rheological boundary layer of this area is at −1∼1 × 108 N/m2 (Figure 5D). At this depth, the southern section of the strike–slip fault zone in the western margin and Zengmu Basin between the Lupal Fault Zone and Tinja Fault Zone are all in a NW-SE-trending “positive” shear stress zone. This “positive” value zone extends towards the northwest and directly reaches beneath the eastern continent of Vietnam, forming an obvious eastward shear strip. On the south side of the Lupal Fault Zone, there is an NW–SE-trending “negative” shear stress zone. The Nansha Block is also an obvious “negative” shear stress zone.
With the 3D shear wave velocity model (Chen et al., 2021) (Figure 6A) and Eq. 2, the temperature distribution of the upper mantle at a depth of 50–250 km can be calculated (Figure 6B). It can be found that the seismic shear wave velocity corresponding to the strike–slip structure is in a low-velocity zone of less than 4.3 km/s (Figure 6A). This low-velocity zone is slightly bended from the NNW direction to the S–N direction from shallow to deep area, forming a low-velocity uplift beneath the Wanan Fault and the Wanan Basin, which is a high-temperature area of the mantle (Figure 6B). Overall, the seismic shear wave velocity reflects the tectonic characteristics formed during the mantle material migration and deep dynamic process, and the seismic shear wave velocity of 4.1–4.3 km/s varies from NNW to SSE considerably. The shear velocity reaches a maximum value beneath Borneo Island, indicating that shear stress is concentrated at a great depth.
[image: Figure 6]FIGURE 6 | Diagram of the S-wave velocity characteristics and dynamic analysis of the mantle in the southwestern margin of SCS. (A) S-wave velocity 3D model (km/s). (B) Temperature chart (50–250 km) calculated by wave velocity model (°C). (C) Average S-wave velocity structure varying with depth. (D) Logarithm of the effective viscosity coefficient of the mantle with variations at depth. (E) Mantle temperature varying with depth.
Theoretically, S wave velocity is determined by shear modulus and density, and it is related to temperature, pressure, mineral composition and structure, fluid, and other parameters (Nolet and Zielhuis, 1994; Sobolev et al., 1996). Due to the lack of measured data on the lithologic structure of the upper mantle in the western margin of SCS, it is assumed that the proportion of lithologic components in the upper mantle is, respectively, as follows: olivine—68%, orthopyroxene—18%, clinopyroxene—11%, and garnet—3% (Goes et al., 2000; An and Shi, 2007). According to the lithologic components, the temperature distribution of the upper mantle in the strike–slip fault zone can be inverted from the Vs wave velocity by means of Eq. 2 (Figure 6B). According to the results in Figure 6B and Eq. 3, the viscosity distribution corresponding to temperature can be calculated.
The new-generation 3D shear wave velocity model proposed by Chen et al. (2021) is only available for up to 250-km depth. Considering that its deep wave structure is similar to that proposed by Mei and An (2010), we integrated the Vs data at a depth of 250–400 km from the model of Mei and An (2010) into the model of Chen et al. (2021). The model is expanded to marine shear wave model available for a deep dynamic analysis of the southwestern margin of the SCS. The average velocity, effective viscosity coefficient, and temperature curve of the upper mantle that varied with depth are calculated (Figure 6C−E). Figure 4C shows the variation in the Vs shear wave velocity with depth obtained by averaging statistics layer by layer. It can be seen that, at a depth range of 50–200 km, the shear wave velocity VS gradually decreases with depth, and the average velocity decreases from 4.36 to 4.17 km/s. In the depth from 200 to 300 km, the Vs value gradually increases, and the average velocity gradually rises from 4.17 to >4.6 km/s. Figures 6D,E show the variation of the logarithm of effective viscosity coefficient η of the mantle with depth and the variation of the mantle temperature T with depth obtained by averaging the mantle temperature and viscosity layer by layer. By comparing Figures 6D, E, it can be found that η is “mirroring” and symmetrical with T in the depth range of 50–300 km. Near the depth of 150 km, the average temperature of the mantle reaches 1,200°C, and the average effective viscosity coefficient is 1019–1020 Pa⋅s; at 180-km depth, the average temperature of the mantle is 1,300°C, and the average effective viscosity coefficient is at 1018–1019 Pa⋅s; at 250-km depth, the average temperature of the mantle is 1,400°C, and the average effective viscosity coefficient is slightly less than 1018 Pa⋅s. Below the depth of 180 km, the temperature and viscosity can meet the temperature and viscosity conditions required for partial melting or convective migration of the mantle material (Milne G A, et al., 2001; Mitrovica J X, et al., 2004).
The convective activity in the upper mantle asthenosphere is an important element in the creation of lithospheric tectonic dynamics, magmatic activity, and material circulation. The asthenosphere is closely related to the seismic low-velocity zone, and the asthenospheric mantle convection controlled by the viscosity structure may cause the geoid to have positive and negative anomalies. Therefore, the geoid anomaly is an essential constraint for calculating the convective viscosity structure of the mantle. By constraining the velocity–density–temperature conversion factor with the geoid (WGM 2012) R-squared, the viscosity change of the upper mantle can be calculated. Note that this viscosity rheology is different from the above-mentioned lithospheric thermal rheology. Viscosity is the key parameter for controlling the mantle convection. Under the condition that the viscosity structure of the mantle is determined, the stress conditions that drive the mantle convection can be set up to calculate the convective velocity field of the mantle asthenosphere. The stress that drives the mantle convection can originate from density differences. Temperature change may affect the density of convective material, and density change may lead to convective activity. The heat convection equation describing this density change includes the following: the kinematic equation of a viscous fluid, the continuity equation under the assumption of incompressibility, and the heat transfer equation including the convection term, i.e., Eq. 5.
Based on the temperature model and thermal viscosity structure obtained from the seismic Vs analysis, the gravimetric geoid anomaly model (WGM 2012) was used to calculate the convection of the mantle asthenosphere (Figure 7). The global geoid anomaly map (Figure 7A) shows that the southwestern margin of the SCS is located between the negative anomaly zone of the Indian Ocean geoid and the positive anomaly zone of the Pacific geoid. The geoid height anomaly in the study area is at −15.56–58.86 m (Figure 7B). Overall, it is a geoid anomaly cascade that is low in NW and high in SE. The geoid height in the northwest corner is negative, while the geoid height in the southeast corner is positive. Figures 7C,D show the convective velocity field at 200–400-km depth in the mantle asthenosphere in the southwestern margin of the SCS as calculated by Eq. 5 under the constraints of the geoid model and seismic shear wave model. By comparing the convective velocity field of the mantle at the depth of 200–400 km, it can be found that the flow direction of the mantle asthenosphere varies greatly from shallow to deep area. At 200-km depth, the material flows toward the nearly south–north direction in the eastern continent of Vietnam. The flow changes to the east–south direction in the middle part and changes to nearly east–west direction beneath Borneo Island. The flow velocity is at 4.85–10.63 cm/a, which gradually decreases from northwest to southeast. At 200-km depth, the overall flow direction changes to east–west direction. The flow velocity is at 1.58–3.09 cm/a. There are two velocity zones, i.e., northwest and southeast. The northwest is a low-velocity zone, while the southeast is a high-velocity zone. The flow velocity at 400-km depth is not only greatly smaller than that at 200-km depth but also the distributions of high- and low-velocity zones are completely opposite. Figure 7E shows the variation of convective velocity of asthenosphere with depth. It can be seen that the material flow velocity gradually increases from 150 km below, and at 200-km depth, the flow velocity reaches a maximum value, which can reach an average of 8.5 cm/a. At 200-km depth or below, the material flow velocity gradually decreases. At 300-km depth, the average flow velocity decreases to 6.7 cm/a. At 400-km depth, the average flow velocity decreases to 2.2 cm/a.
[image: Figure 7]FIGURE 7 | Analysis of convection in the upper mantle asthenosphere of the southwestern margin of South China Sea (SCS). (A) Global geoid anomaly (m). (B) Geoid anomaly (m) in the southwestern margin of SCS. (C) Convective velocity of the mantle at 200-km depth (cm/a). (D) Convective velocity of the mantle at 400-km depth (cm/a). (E) Variation of convective velocity of the asthenospheric mantle with depth (cm/a).
DISCUSSION AND CONCLUSION
New and Old Heat Flow Data
In the area where 30 sites of new heat flow data were present (Figure 1B and Figure 3), there are also 23 sites of previous heat flow data (Yao et al., 1994; Nissen et al., 1995). Figure 8 shows the comparison of overall 53 heat flow data.
[image: Figure 8]FIGURE 8 | Comparison and analysis of new and old submarine heat flow data. (A) Submarine heat flow map with previous data. (B) Submarine heat flow map with the added new data. (C) Diagram of statistical distribution using the old data. (D) Diagram of statistical distribution using the added new data.
Figures 8A,C are diagrams of distribution and statistics of heat flow from 23 old data, while Figures 8B,D are diagrams of distribution and statistics of heat flow from the added 30 new data. The average heat flow value of 23 old data is 86.86 mW/m2, with a large difference between high and low heat flow values and a high dispersion (Figure 8C). After the inclusion of 30 new data, the average heat flow value in the study area is 91 mW/m2, and the distribution interval is relatively reasonable (Figure 8D). However, after a comparison between the results in Figures 8A,B, it seems that the addition of new data does not change the overall distribution pattern of submarine heat flow. Instead it only changes the detailed distribution of the heat flow in local areas. Therefore, in addition to making full use of the dynamic information obtained from the 30 new data, taking advantage of previous submarine heat flow data still lays an important foundation for geothermal analysis in the whole region.
Mantle Viscosity and Rheological Boundary Layer
The effective viscosity coefficient of the mantle depends on temperature, pressure, grain size, water content, etc. The higher the temperature, the lower the viscosity coefficient, and the higher the pressure, the higher the viscosity coefficient. In the uppermost mantle, the effective viscosity coefficient is mainly related to temperature, and the viscosity coefficient decreases with depth as temperature increases. However, in the deep mantle (below the asthenosphere and the lower mantle), due to the adiabatic (isothermal) compression effect, the pressure that increased with depth will make the viscosity coefficient increase with depth, which is greater than the effect that the temperature increase will have to make the viscosity coefficient decrease. Therefore, the viscosity tends to increase with depth, while the viscosity coefficient will not decrease gradually until the base of the mantle. Figure 9A shows the variation of the normalized mantle viscosity coefficient with depth calculated from different mineral physical constraint models (Steinberger and Arthur, 2006), from which it can be found that the viscosity of the mantle has a strong depth dependence, and the viscosity structure of the upper and lower mantles is very different.
[image: Figure 9]FIGURE 9 | Analysis of mantle viscosity and rheological boundary. (A) Normalized mantle viscosity model (Steinberger and Arthur 2006). (B), (C) Changes of rheological boundary layer with mantle viscosity (He, 2014).
The viscosity coefficient of the upper mantle based on the post-glacial rebound and gravity equilibrium is 4–10 × 1020 Pa⋅s (Mitrovica and Forte, 2004). The GPS space geodetic study has obtained the asthenosphere viscosity coefficient of 5–10 × 1020 Pa⋅s (Milne et al., 2001), and the viscosity coefficient of the asthenosphere obtained from GRACE satellite gravity data and relative sea level data is 5.3 × 1020 Pa⋅s (Paulson et al., 2010). The viscosity coefficient of the asthenosphere in the lower part of the oceanic lithosphere is about 7 × 1018 Pa⋅s (Doin et al., 1997), and the viscosity coefficient of the asthenosphere below the active tectonic region of the continental lithosphere is about 1018–1019 Pa⋅s (Dixon et al., 2004). The effective viscosity coefficient of the low-velocity layer in the upper mantle in the southwestern margin of the SCS is at 1018–1020 Pa⋅s (Figure 6D), which is consistent with the results of previous studies.
The effective viscosity coefficient of the mantle is not only the key parameter controlling the mantle convection but also the key factor controlling the thickness and the bottom boundary of the upper rheological boundary layer. According to the change characteristics of the geothermal gradient curve (Figure 2), the upper mantle can be divided into three layers: the upper is a pure conduction layer, the middle is a rheological boundary layer with a thickness of HRBL, in which heat conduction and heat convection coexist, and the geothermal gradient drops to below 4–5°C/km; the lower is a pure convection layer, in which the geothermal gradient is very small, and the adiabatic temperature gradient is 0.5°C/km. Due to the coexistence of conduction and convection, there is no obvious interface between the solid lithosphere and the fluid mantle in the RBL, and the bottom boundary is mainly affected by the effective viscosity coefficient of the mantle (He, 2014). The higher the effective viscosity coefficient of the mantle, the thicker the rheological boundary layer HRBL, and the lower the effective viscosity coefficient of mantle, the thinner the rheological boundary layer HRBL. Based on this, it is inferred that if the log10(η) of the asthenosphere in the southwestern margin of the SCS decreases from 20 to 18, the bottom of the rheological boundary layer (Figure 9B) or the thickness (Figure 9C) can be uplifted from 100 km or thinned to 65 km.
CONCLUSION
The southwestern margin of the SCS is located on the transition zone between the continental shelf and the slope. The strike–slip fault zone that runs through this zone has formed an important Cenozoic ocean–continent tectonic boundary. The strike–slip fault zone constrains the overall tectonic framework of the western margin of the South China Sea, and it is a key structural zone for understanding the geological evolution and continental margin dynamics of the SCS. The main study conclusions of this paper are as follows:
1. The newly acquired 30 submarine heat flow data have facilitated the study of geothermal field and thermal state in the western margin of the SCS. After the merging of new and old geothermal data, there is a series of submarine high-heat-flow areas along the strike–slip fault zone, of which the southern section of Zhongjiannan Basin, the southwestern margin of the Southwest Basin in the SCS, Wanan Basin, and Zengmu Basin are all at high-value areas with a heat flow of >90 mw/m2, whereas Nansha Island and Reef Area as well as Nansha Trough are at the low-value areas of submarine heat flow. The proportion of the crust and mantle components of the submarine heat flow in this area shows a clear NNE-trending strip-shaped distribution pattern. The southwest sea area along the axis of the Southwest Basin and the Zengmu Basin are of high-value areas of Qm/Qs >70%, in which the heat from the mantle is much higher than that of the crust, so it is a “hot mantle” strip, whereas Nansha Block has low mantle heat and is a “cold mantle” area with a low Qm/Qs value.
2. The Moho temperature calculated with the submarine heat flow data in this area is between 200 and 950°C. The Moho temperature in the Nansha sea area is the lowest, while the Moho temperature in the southern part of the Zengmu Basin is the highest, reaching >900°C. The Moho temperature in the Wanan Basin is also higher, which can reach over 800°C in some areas. The highest Moho temperature in the Zhongjiannan Basin is around 600°C. The strike–slip fault zone in the western margin of the SCS bends to the southeast into the Lupal Fault Zone and Tinja Fault Zone, beneath which the Moho temperature is obviously high, indicating that the deep geothermal activity caused by tectonic activity is intense. In the thermal–rheological structure of the lithosphere, there are two low-viscosity-coefficient regions at Moho depth on both the east and west sides of the strike–slip fault zone, with a viscosity coefficient at 1021–1022 Pa⋅s. Beneath the Nansha Block is a high-viscosity-coefficient region that is vertically extended, with a viscosity coefficient at 1024–1025 Pa⋅s. Beneath the Zengmu Basin is a “weak rheological zone” with a viscosity coefficient of less than 1020 Pa⋅s near the Moho, and partial melting magmatism may exist.
3. The new-generation high-resolution 3D shear wave velocity model for SCS can clearly reflect the tectonic characteristics at various depths. In the southwestern margin of SCS, if the Vs velocity structure is above the Moho, it mainly reflects the changes in ocean–continent tectonics; if the Vs velocity structure is beneath the Moho surface, it mainly shows the characteristics of the strike–slip fault structure in the western margin of the SCS. A low-velocity uplift from the mantle corresponding to the strike–slip structure appears to be beneath the study area. Below the depth of 100 km, the characteristics of the strike–slip structure are gradually weakening; below the depth of 200 km, the seismic shear wave velocity reflects the characteristics of material migration in the mantle asthenosphere and deep dynamic process. After entering the mantle, there is a low-velocity layer below the depth of 180 km. According to the conversion calculation of velocity–density–temperature constrained by a gravimetric geoid model, the average temperature of the mantle at 250-km depth can reach 1,400°C, and the average effective viscosity coefficient is close to 1018 Pa·s, which meets the temperature and viscosity conditions for partial melting or convective migration of mantle material.
4. The calculation results of the north and east shear stress components τN and τE in the rheological boundary layer show that the closer upward to the Moho surface, the greater the absolute value of τN and τE, and the closer the seismic shear low-velocity layer is, the smaller the absolute τN and τE. At 65-km depth, τN is at −5.78–6.32 × 108 N/m2, and τE is at −11.09–8.66 × 108 N/m2. At 100-km depth, both τN and τE are at −1–1 × 108 N/m2. The thickness and the bottom depth of the rheological boundary layer are mainly controlled by the effective viscosity coefficient of the lower convective mantle layer.
5. The partial melting depth zone of the upper mantle material in the southwestern margin of the SCS roughly corresponds to the location of a low-velocity layer of the seismic shear wave beneath the lithosphere. Based on this, it can be inferred that the depth zone where the low-velocity layer and the partial melting of the mantle overlap is the convective layer where the material of the upper mantle migrates. The convective velocity of the mantle varies greatly from 200 to 400 km at depth. At 200-km depth, the average convective velocity is 8.5 cm/a, gradually decreasing from northwest to southeast; at 400-km depth, the average flow velocity is 2.2 cm/a. The flow velocity at 400-km depth is not only smaller than that at 200 km depth but also the distributions of high- and low-flow velocity areas are also opposite.
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