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The Parker-Oldenburg method, as a classical frequency-domain algorithm, has been widely used in Moho topographic inversion. The method has two indispensable hyperparameters, which are the Moho density contrast and the average Moho depth. Accurate hyperparameters are important prerequisites for inversion of fine Moho topography. However, limited by the nonlinear terms, the hyperparameters estimated by previous methods have obvious deviations. For this reason, this paper proposes a new method to improve the existing Parker-Oldenburg method by taking advantage of the invasive weed optimization algorithm in estimating hyperparameters. The synthetic test results of the new method show that, compared with the trial and error method and the linear regression method, the new method estimates the hyperparameters more accurately, and the computational efficiency performs excellently, which lays the foundation for the inversion of more accurate Moho topography. In practice, the method is applied to the Moho topographic inversion in the South China Sea. With the constraints of available seismic data, the crust-mantle density contrast and the average Moho depth in the South China Sea are determined to be 0.535 g/cm3 and 21.63 km, respectively, and the Moho topography of the South China Sea is inverted based on this. The results of the Moho topography show that the Moho depth in the study area ranges from 5.7 km to 32.3 km, with more obvious undulations. Among them, the shallowest part of the Moho topography is mainly located in the southern part of the Southwestern sub-basin and the southern part of the Manila Trench, with a depth of about 6 km. Compared with the CRUST 1.0 model and the model calculated by the improved Bott’s method, the RMS between the Moho model and the seismic point difference in this paper is smaller, which proves that the method in this paper has some advantages in Moho topographic inversion.
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1 INTRODUCTION
The South China Sea (SCS) is located at the junction of the Eurasian, Philippine Sea and Indo-Australian plates, and has previously experienced a complete Wilson Cycle including Mesozoic plate subduction, Cenozoic continental rifting, seafloor spreading, subduction, and basin closure, which has led to numerous controversial scientific issues in the region, such as formation causes, dynamical mechanisms, and evolutionary processes (Dong et al., 2020; Wan et al., 2020). Moho topography and its features are one of the effective ways to understand the internal tectonics, formation mechanisms and related dynamical issues of a region (WU et al., 2017; Xu et al., 2017; Gozzard et al., 2019). Previously, based on seismic lines, numerous scholars have studied the Moho topography in the SCS. With 2D ray-tracing forward and inverse methods, Wei et al. (2011) fitted the profile of the OBS 2006–3 survey line and revealed the Moho topography in the north-central continental margin of the SCS. In conjunction with the time-depth conversion results of the NH973-2 survey line, Niu et al. (2014) re-conducted a forward and inverse study of the OBS973-2 survey line and obtained the Moho topography of Reed Tablemount in the SCS. Combined reflection and refraction seismic travelling time, Pichot et al. (2014) invert a 2D velocity model in the Southwest sub-basin of the SCS, and derive a Moho topography corresponding to the survey line. Piao et al. (2022) studied the continent-ocean transition zone in the northern part of the SCS based on deep-reflection seismic profiles, and identified an average Moho topography of 21.9 km for the thinned continental crust, and an average Moho topography of 12 km for the normal oceanic crust. As can be seen, the application of seismic lines has obtained numerous results in the study of the Moho topography in the SCS.
However, constrained by the relatively sparse OBS survey lines and the high cost of data collection, new methods are needed to obtain the Moho topography of the SCS. In recent years, with the development of satellite altimetry and satellite gravity technology, a large amount of high-precision and high-resolution gravity data have been generated, covering the entire SCS (Tapley et al., 2004; Floberghagen et al., 2011; Sandwell et al., 2014; Kornfeld et al., 2019). Previously, the Parker-Oldenburg method, as a representative gravity method, has been applied to Moho topographic inversion several times (Lei et al., 2016; Li and Wang, 2016; Xuan et al., 2020; Zhao et al., 2020). Based on the EGM2008 model, Lei et al. (2016) used the Parker-Oldenburg method to invert the Moho topography in the southern part of the SCS and its neighbouring areas. Wu et al. (2017) used control points to construct an initial interface undulation model, calculated interface corrections based on the difference between the forward gravity anomalies and observations, and inverted on this basis to obtain the Moho topography of the SCS Basin and its neighbouring areas. Using empirical linear relationship, Melouah et al. (2021) estimated the Moho depth in the Triassic province. Based on satellite potential field data, Eldosouky et al. (2021) calculated the Moho topography in the Arabian-Nubian Shield. Pham et al. (2022) proposed an improved algorithm based on a combination of spatial and frequency domain techniques and applied it to the study of the Moho interface in the Arabian Shield. Based on the EIGEN 6C4 gravity field model, Melouah et al. (2023) estimated the Moho depth in the Western Arabian Shield. Joint seismic and gravity data, Huang et al. (2023) used the Parker-Oldenburg method to invert the Moho topography of the SCS, and found that there is a significant asymmetry in the crustal thickness of the mid-ocean ridges in the Eastern sub-basin. Rao et al. (2023) proposed an improved Parker-Oldenburg method that inverted Moho topography in the SCS under the constraints of available geological data. Notably, the Parker-Oldenburg method is extremely dependent on two hyperparameters, the Moho density contrast and the average Moho depth. Therefore, in order to invert a more accurate Moho topography, there is an urgent need for a method of estimating hyperparameters at this stage, which in turn improves the existing Parker-Oldenburg method.
The invasive weed optimization (IWO) is a classical algorithm for finding globally optimal parameters (Mehrabian and Lucas, 2006; Yang et al., 2019). IWO has several advantages, the first one is that it fully takes into account the effect of nonlinear terms in the inverse problem, the second one is that it performs excellently computationally, and the third one is that it can be used to compute multiple parameters. Moho topographic inversion itself is a typical nonlinear inverse problem. Therefore, this paper proposes a new method to improve the existing Parker-Oldenburg method based on IWO and invert the Moho topography based on it. In addition, this paper applied this new method to the study of Moho topography in the SCS, which fully verified the validity of the method.
2 METHODS
2.1 Parker-Oldenburg method
Based on the fast Fourier transform, Parker (1973) proposed a frequency-domain method to forward the gravity anomalies due to the subsurface undulating interface. On this basis, Oldenburg (1974) proposed a related iterative inversion formula for the potential field, as shown in Eq. 1:
[image: image]
where [image: image] is the gravity anomaly, [image: image] is the Moho topography, [image: image] is the universal gravitational constant, [image: image] is the Moho density contrast, [image: image] is the modulus of the wave number field, [image: image] is the average Moho depth, and [image: image] and [image: image] are the two-dimensional Fourier transform and inverse transform, respectively. It can be seen that the two hyperparameters, the Moho density contrast and the average Moho depth, have an important influence on the Moho topographic inversion. Previously, a series of studies have used seismic data as constraints to obtain these two hyperparameters (Florio, 2020; Zhao et al., 2020; Florio et al., 2021). However, the hyperparameters estimated by previous methods have some bias, which can lead to inaccurate Moho topographic inversion.
2.2 IWO
In 2006, IWO was first proposed (Mehrabian and Lucas, 2006). The algorithm is inspired by the growth process of weed population expansion in nature and is a heuristic stochastic search algorithm based on mimicking the invasive behaviour of weeds. IWO has a wide range of applications and strong global search, and is suitable for many types of optimization solutions, including combinatorial optimization, sequential optimization, and multi-objective optimization problems. In this paper, IWO is applied to the optimal inversion parameter problem of the Parker-Oldenburg inversion method.
The target variables for IWO search are Moho density contrast [image: image] (in g/cm3) and average Moho depth [image: image] (in km), respectively, and the input parameters are as follows: 1) [image: image] and [image: image] represent the maximum and minimum values of the Moho density contrast, respectively, and [image: image] and [image: image] represent the maximum and minimum values of the average Moho depth, respectively, and the IWO will do a heuristic search within that range. 2) [image: image] is the maximum number of weed populations, which is taken according to the demand, and the default is 50. 3) [image: image] is the maximum number of weed population reproduction, which is taken according to the demand, and the default is 10. 4) [image: image] is the nonlinear adjustment factor in the IWO algorithm, which is taken in the range of [1,5], and the default is 3, which is generally a constant. 5) [image: image] is the maximum number of seeds generated by an individual weed, taking values according to demand, default is 6. 6) [image: image] is the minimum number of seeds generated by an individual weed, taking values according to demand, default is 2. 7) [image: image] is the iteration start threshold. 8) [image: image] is the iteration termination threshold, which satisfies [image: image]. If a weed with RMS less than [image: image] is found, it means that the optimal vector is found, and the whole IWO search process ends directly.
The process has a total of nine steps, as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Estimation process of hyperparameters.
Step 1. Initialize parameters and weed populations. The starting weed population is randomly generated. The population contains multiple weeds, and each weed consists of two variables, Moho density contrast and average Moho depth. The two variables were randomly generated for individuals within the search interval, and finally the initialization of a single individual was completed. The execution was repeated [image: image] times to finish the initialization of the population.
Step 2. Calculate the RMS of each current weed. Traversing each individual weed of the population, the two variables of the individual are used as inputs to obtain the corresponding Moho topography based on Equation 1. Based on this, comparing with the corresponding Moho depth of the seismic points, the RMS of the difference between the two is obtained.
Step 3. Traverse the RMS of weed individuals within the current population, if there exists an individual with RMS less than [image: image], it means that the optimal hyperparameter vector is found, go to step 9, and the whole process ends. Otherwise, turn to step 4.
Step 4. All weeds participate in the elimination competition. If the current number of weeds does not exceed [image: image], then there is no need to participate in the elimination competition. Otherwise, all weeds are sorted according to RMS from smallest to largest, and the top [image: image] weeds are taken to enter into the next-generation of reproduction, while all other weeds are eliminated. Because the smaller the RMS, the better the weed performs, weeds with larger RMS are eliminated. Turn to step 5.
Step 5. Next-generation seed count calculation. Traverse each weed and calculate the number of seeds [image: image] by using Eq. 2.
[image: image]
Where [image: image] denotes the RMS of the current weed, and [image: image] and [image: image] are the maximum and minimum values of the RMS in the current population, respectively. The larger [image: image] is, the larger [image: image] is, and vice versa, the less. That is, when the weed population is farther away from the optimal solution, more seeds need to be generated for searching, and when the weed population is closer to the optimal solution, it can be ensured that each weed has at least [image: image] seeds for searching. Turn to step 6.
Step 6. Generate next-generation seeds. Update [image: image] based on the current number of iterations [image: image], as shown in Eq. 3. Traverse each weed and execute Eqs 4, 5 to generate [image: image] seeds for the current weed. Until the traversal is completed, the next-generation seed is obtained. Turn to step 7.
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where [image: image] and [image: image] are the Moho density contrast and average Moho depth corresponding to the next-generation of seeds, respectively, [image: image] and [image: image] are the Moho density contrast and average Moho depth corresponding to the current weed, respectively, and [image: image] is a Gaussian distribution with mean [image: image] and standard deviation [image: image].
Step 7. Seeds grow into next-generation weeds. At this point the next-generation of seeds has grown into a weed and the population is made up of the parent weed and the offspring weed, iteration number [image: image]. Go to step 8.
Step 8. If [image: image], go to step 9, the optimal hyperparameter vector is the gene of the weed individual with the smallest RMS in the current population. Otherwise go to step 2.
Step 9. Find the optimal vector. When this step is reached, it indicates the end of the whole IWO process, when the optimal hyperparameter vector has been searched.
3 SYNTHETIC TESTS
3.1 Airy-isostatic model
To validate the method in this paper, we did synthetic tests in the SCS (110°E∼121°E, 9°N∼22°N). Firstly, an average mantle density [image: image] of 3.287 g/cm3 was obtained from the CRUST 1.0 model (Laske et al., 2013), and by subtracting the reference crustal density [image: image] (2.67 g/cm3), a Moho density contrast of 0.617 g/cm3 was obtained for the model. In order to reduce the marginal effects generated by the inversion later in the paper, all models in this paper are expanded by 5° in all directions (i.e., ranging from 105°E to 126°E, 4°N to 27°N). Based on the existing ETOPO1 terrain model (Amante and Eakins, 2009), we use Airy-isostatic theory to calculate the Moho topography [image: image] of the region, as shown in Eq. 1.
[image: image]
Where [image: image] is the average compensation depth, taken as 23.4 km (from the average Moho depth of the CRUST 1.0 model). [image: image] is the topographic load, taken as the topographic height. [image: image] is the topographic density, where [image: image] is 2.67 g/cm3 when [image: image] and [image: image] is 1.64 g/cm3 when [image: image]. It can be seen that the Airy Moho topography in the region is shown in Figure 2A, which has an average Moho depth [image: image] of 20.33 km. 100 Moho depth control points were randomly selected from Figure 2A, as shown in Figure 2B. In addition, based on Figure 2 a) and the available inversion parameters (Moho density contrast of 0.617 g/cm3 and an average Moho depth of 20.33 km), we forward its gravity effect using Parker’s method (Parker, 1973) as shown in Figure 2 c).
[image: Figure 2]FIGURE 2 | Synthetic data in the SCS. (A) Airy-isostasy model. (B) Synthetic seismic control points. (C) Synthetic gravity observations.
3.2 Parameter estimation
In order to compare the differences of different methods in estimating hyperparameters, the improved linear regression method (Li et al., 2022) and IWO are selected in this paper. Based on the synthetic gravity observations (Figure 2C) and the synthetic Moho depth of the control points (Figure 2B), the corresponding hyperparameters are estimated and compared with the true values, respectively, and the results are shown in Table 1.
TABLE 1 | Accuracy, efficiency statistics of different methods.
[image: Table 1]At first, the method used was the improved linear regression method. Based on the gravity observations and the Moho depth of the control point, the linear relationship between the two was calculated, as shown in Figure 3A. From its linear intercept (the Moho depth at the control point corresponding to a gravity observation of 0), an average Moho depth of 19.75 km can be obtained, which differs from the true value by 0.58 km. In addition, the corresponding Moho density contrast are estimated by robust linear regression, as shown in Figure 3B. The slope of Figure 3B is the reciprocal of the estimated Moho density contrast, which was calculated to be 0.606 g/cm3, with a difference of 0.011 g/cm3 from the true value. Overall, the Moho density contrast estimated by the method are closer to the true value, but the average Moho depth is still somewhat deviated from the true value.
[image: Figure 3]FIGURE 3 | Improved linear regression proposed by Li et al. (2022). (A) Estimation of mean Moho topography. (B) Estimation of Moho density contrast.
Next, the method used was IWO. based on IWO, this paper calculated the distribution of weeds for different generations as shown in Figure 4 (the horizontal coordinate is the Moho density contrast, the vertical coordinate is the average Moho depth, and the colours represent the RMS of the difference between the Moho depth and the seismic point depth). Figure 4A shows the first generation of weeds, the distribution of the population is relatively discrete, and the inversion parameters corresponding to each individual weed are significantly different from the actual true values. Figure 4B shows the second generation of weeds, the distribution of populations converges near the true value, and the corresponding average Moho depth is basically in the range of 17–22 km. In this paper, we find the optimal average Moho depth and Moho density contrast in the second generation weed population, which are 19.89 km and 0.623 g/cm3, respectively, with deviations from the true values of 0.46 km and 0.006 g/cm3. Compared with the improved linear regression method, the hyperparameters estimated by IWO are closer to the true values.
[image: Figure 4]FIGURE 4 | Population distributions at different generations. (A) first generation, (B) 2nd generation.
3.3 The influence of noise
Considering that the real gravity observation data and seismic data have noise, which will have a direct impact on the inversion of Moho topography. Therefore, in order to verify the anti-noise ability of IWO, this paper adds Gaussian noise with mean value 0 and standard deviation 2 km to the seismic data of Figure 2B, as shown in Figure 5A. Meanwhile, the gravity observation data of Figure 2C is also added with Gaussian noise with mean value 0 and standard deviation 5 mGal, as shown in Figure 5B. Based on these two noise added data, we use IWO to obtain the weed populations of different generations, as shown in Figure 6. Figure 6 shows the distribution of weed populations from the first to the eighth generation, respectively, and it can be seen that along with several iterations of weed populations, there is an increasing concentration of individual weeds. In the presence of noise, the optimal average Moho depth and Moho density contrast were found to be 19.92 km and 0.614 g/cm3, respectively, from the eighth generation of weed populations. A difference of 0.04 km was found in the average Moho depth and 0.009 g/cm3 in the Moho density contrast, compared to the previous results without noise. In the presence of noise, the deviations of the results in this paper from the true values are 0.41 km and 0.003 g/cm3, which are closer to the true values than the other results in Table 1. It can be seen that the IWO is still valid in the presence of noise.
[image: Figure 5]FIGURE 5 | Noise in synthetic data.
[image: Figure 6]FIGURE 6 | Population distributions at different generations under noise. (A) first generation. (B) 2nd generation. (C) third generation. (D) fourth generation. (E) fifth generation. (F) sixth generation. (G) seventh generation. (H) eighth generation.
4 MOHO TOPOGRAPHY IN THE SCS
4.1 Study area
The study area of this paper ranges from 110°E to 121°E and 9°N to 22°N, with a topographic height of −5,132 m–2,683.9 m, as shown in Figure 7. The region consists of three major sub-basins: the Southwest Sub-Basin (SWSB), the Northwest Sub-Basin (NWSB), and the Eastern Sub-Basin (ESB). In addition, there are the Pearl River Mouth Basin (PRMB), Southeast Hainan Basin (SEHB), Ligue Basin (LYB), Southwest Taiwan Basin (SWTB), Northwest Palawan Basin (NWPB), Zhongjiannan Basin (ZJNB), and Manila Trench (MT), among others. The SCS has experienced a complex evolutionary period in the Cenozoic era, ranging from continental margin rifting, seafloor spreading to subduction collision, leaving abundant traces of seafloor spreading evolution in the marginal seas. Studying the Moho topography in the SCS will help to understand the internal dynamical mechanism of the tectonic evolution in the SCS.
[image: Figure 7]FIGURE 7 | Topography of the SCS. The darkred solid line is the Manila Trench (MT); SWSB, Southwest Sub-basin; NWSB, Northwest Sub-basin; ESB, East Sub-basin; LYB, Ligue Basin; ZJNB, Zhongjiannan Basin; PRMB, Pear River Mouth basin; SWTB, Southwest Taiwan basin; SEHB, Southeast Hainan basin; NWPB, Northwest Palawan basin; LZ, Luzon Island.
4.2 Data
There are three main publicly available Datasets used in this paper: 1) The ETOPO1 model (Amante and Eakins, 2009) with a spatial resolution of 1′×1′was used for the topographic data, as shown in Figure 7. 2) Sediment thickness was adopted from the Globsed-v3 model (Straume et al., 2019) with a spatial resolution of 5′× 5′, as shown in Figure 8A. 3) The gravity data used is the XGM 2019e_2159 model (Zingerle et al., 2020) with a spatial resolution of 2′× 2′.
[image: Figure 8]FIGURE 8 | Sediment thickness (A) and corresponding gravitational effects (B). (C) Bouguer gravity anomaly. (D) Sediment-free gravity anomalies.
The seismic control point data in this paper are shown in Figure 9, which are mainly from the existing ocean bottom seismometer (OBS) data, including several survey lines such as OBS 2011, OBS973-1, OBS973-2, OBS 2006-2, OBS2013-ZN, OBS2014-ZN, OBS 2017-2, OBS973-3, OBSGS80 (Nissen et al., 1995; Pin et al., 2001; Qiu et al., 2001; Huang et al., 2005; Wang et al., 2006; Luo et al., 2009; Qiu et al., 2011; Wei et al., 2011; Ao et al., 2012; McIntosh et al., 2014; Pichot et al., 2014; Ruan et al., 2016; Zhang et al., 2016; Wu et al., 2017; Yu et al., 2017; Zhao et al., 2018; Huang et al., 2019; Li et al., 2020; Wang et al., 2020; Zhang et al., 2020; Li et al., 2021). In addition, some of the seismic control point data were derived from sonar data (Qin et al., 2011). In order to make effective use of the seismic data, this paper divided the seismic data into test points (circles in Figure 9) and validation points (triangles in Figure 9). Among them, the test points are used to estimate the average Moho depth and Moho density contrast in the SCS, and the validation points are used to evaluate the accuracy of the Moho topographic model.
[image: Figure 9]FIGURE 9 | Seismic control points in the SCS.
Circles are test points for the estimation of hyperparameters. Triangles are validation points for estimating the accuracy of the Moho topography. Different numbers in the figure represent different seismic lines. Among them, line 1 is OBS 2006-2 (Ao et al., 2012), line 2 is OBS 2011-1 (Yu et al., 2017; Huang et al., 2019), line 3 is OBS 2017-2 (Li et al., 2020; 2021), line 4 is OBS973-1 (Qiu et al., 2011), line 5 is OBS973-2 (Qiu et al., 2011), line 6 is OBS973-3 (Qiu et al., 2011), line 7 is OBS2013-ZN (Ruan et al., 2016), line 8 is OBS2014-ZN (Ruan et al., 2016), line 9 is DSRP 2002 (Huang et al., 2005), line 10 is ESP1985-E (Nissen et al., 1995), line 11 is ESP1985-W (Nissen et al., 1995), line 12 is MGL0908-3 (McIntosh et al., 2014), line 13 is OBH 1996-4 (Qiu et al., 2001), line 14 is OBS863 (Luo et al., 2009; Wu et al., 2017), line 15 is OBS 1993 (Pin et al., 2001), line 16 is OBS 2001 (Wang et al., 2006), line 17 is OBS 2006-1 (Wu et al., 2012), line 18 is OBS 2006-3 (Wei et al., 2011), line 19 is OBS 2011 (Pichot et al., 2014; Wu et al., 2017), line 20 is T1 from Wu et al. (2017), line 21 is T2 from Wu et al. (2017), line 22 is T1 from Zhang et al. (2016) and Zhang et al. (2020), line 23 is T2 from Zhang et al. (2020), line 24 is T3 from Zhang et al. (2020), line 25 is T4 from Zhang et al. (2020), line 26 is P1 from Zhao et al. (2018), line 27 is P3 from Zhao et al. (2018), and line 28 is P4 from Zhao et al. (2018).
We calculated the Bouguer gravity anomaly in the study area based on the free-air gravity anomaly corresponding to the XGM 2019e_2159 model and the ETOPO1 model, as shown in Figure 8C. Due to the consideration of the effect brought by the sedimentary layer, based on the Globsed-v3 model, this paper calculated the gravity effect corresponding to the sedimentary layer by using Parker’s method (Parker, 1973), as shown in Figure 8B. By subtracting the gravity effect corresponding to the sedimentary layer from the Bouguer gravity anomaly, we obtained the sediment-free gravity anomaly, as shown in Figure 8D.
In Figure 8D, the gravity anomalies in the study area range from −44.2 mGal to 361.2 mGal. Among them, the gravity anomalies of the SCSB as a whole are on the high side. Most of the SWSB and ESB are higher than 310 mGal, and the gravity anomalies of the NWSB are around 300 mGal. The upper left corner in the study area contains ZJMB, SWTB, SEHB, and ZJNB, and the area is dominated by continental shelf with relatively low gravity anomalies, most of the area is below 100 mGal. In addition, the gravity anomalies of LYB and NWPB are around 100 mGal.
4.3 Moho topographic inversion
In order to invert a finer Moho topography in the SCS, the first step that needs to be determined is the inversion parameters (Moho density contrast and average Moho depth) for the region. Here, the sediment-free gravity anomaly is assumed to be associated only with the undulation of the Moho surface, and based on this gravity anomaly and the seismic test points (circles in Figure 9), we calculated the distribution of weeds for different generations using IWO, as shown in Figure 10.
[image: Figure 10]FIGURE 10 | Population distributions at different generations. (A) first generation. (B) third generation. (C) fifth generation. (D) seventh generation. (E) ninth generation. (F) 12th generation.
In Figure 10, we showed the population distribution of the first a), third b), fifth c), seventh d), ninth e) and 12th f) generations, respectively. It can be seen that the population distribution of the first generation is more discrete, covering almost the entire search space. The population distributions of the third, fifth and seventh generations begin to cluster slowly, suggesting that the likelihood interval of the inversion parameters is decreasing. When iterating to the ninth and 12th generations, the RMS corresponding to the weed individuals is almost around 1.0 km, reaching a stable state. In this case, the optimal weed individual is selected from the population, which corresponds to the optimal parameters of Moho topographic inversion.
Under the constraints of seismic control points, this paper finds the optimal weed individual, whose corresponding Moho density contrast and average Moho depth are 0.535 g/cm3 and 21.63 km, respectively. Based on these two parameters, the Moho topography of the SCS is obtained by using Eq. 1, as shown in Figure 11.
[image: Figure 11]FIGURE 11 | Moho topography in the SCS.
Figure 11 shows that the Moho surface in the study area is distinctly undulating, ranging between 5.7 km and 32.3 km overall. Among them, the shallowest part of the Moho surface is close to 6 km, and there are two main areas, the first one is located in the southern part of SWSB, roughly ranging from 113.3°E to 114°E, 10.8°N to 11.5°N. The second one is located in the southern part of MT, roughly ranging from 118.8°E to 119.1°E, 13.9°N to 15.5°N. The deepest part of the Moho surface in the study area is mainly concentrated in the LZ, which roughly ranges from 120.5°E to 121°E and 14°N to 16°N, and its Moho surface is around 31 km. Compared to other regions, the SCSB has significant mantle uplift, with an overall Moho surface of less than 15 km. of which, with the exception of some seamounts, is essentially around 13 km in the ESB and NWSB. It is worth mentioning that there is a clear asymmetry in the Moho surface on the north and south sides of the SWSB, bounded by the spreading ridge. The Moho surface on the south side of the spreading ridge is shallower, with depths ranging from 6 to 10 km. On the other hand, the Moho surface on the northern side is deeper, with depths generally ranging from 10 to 13 km. The Moho surface in the continental shelf area, such as ZJMB, SEHB, NWPB, etc., is basically between 21 and 26 km. In addition, the Moho surface of LYB is around 23 km.
Previously, the CRUST 1.0 model was the internationally known Moho topography model (Laske et al., 2013), as shown in Figure 12 a). In this paper, a new Moho topographic model (Model A) is computed using the improved Bott’s method (Li et al., 2022), as shown in Figure 12 b). To verify the accuracy of the Moho topographic model in this paper, the seismic validation points (triangles in Figure 9) and all seismic points were used as a control group, and Table 2 demonstrated the differences between the CRUST 1.0 model, Model A, and the model in this paper. As can be seen, in comparison with the all seismic points, the RMS of the CRUST 1.0 model is 4.4 km, the RMS of model A is 1.9 km, and the RMS of the model in this paper is 1.4 km. In addition, in the comparison with the seismic validation points, the RMS of CRUST 1.0 model is 3.9 km, the RMS of Model A is 2.5 km, and the RMS of the model in this paper is 1.3 km. Compared with the CRUST 1.0 model and Model A, the RMS of the model in this paper has a significant reduction, which is closer to the real situation. Moreover, this also verified the reliability of IWO in Moho topographic inversion.
[image: Figure 12]FIGURE 12 | Moho topography from the CRUST 1.0 model (A) and the Model A (B).
TABLE 2 | Comparison of different Moho topography models and seismic Moho depth.
[image: Table 2]5 CONCLUSION
Based on the advantages of IWO in solving nonlinear problems, this paper proposed to improve the existing Parker-Oldenburg method with IWO. Under the constraint of seismic control points, more accurate Moho density contrast and average Moho depth are estimated, which in turn invert the fine Moho topography of SWSB. In the synthetic tests, the errors of Moho density contrast and average Moho depth estimated by IWO were 0.97% and 2.19%, respectively, each of which decreased compared to the improved linear regression method, indicating that the parameters estimated by this method are closer to the true values. This suggests that IWO has a clear advantage in estimating Moho density contrast and mean Moho depth, and this in turn provides a basis for estimating a more accurate Moho topography. In practical application, based on the XGM 2019e_2159 gravity field model and the seismic control point data, this paper estimated the Moho density contrast and the average Moho depth of the SCS to be 0.623 g/cm3 and 19.89 km, respectively, by using IWO, and then inverted Moho topography of the SCS. The Moho topography shows that the Moho surface in the study area ranges from 5.7 to 32.3 km, among which, the Moho surface in the South China Sea Basin is less than 15 km, with obvious mantle uplift phenomenon. By comparing with the seismic validation points, the RMS of the difference between it and the Moho topographic model in this paper is 1.3 km, which is more consistent with the actual situation compared with other Moho surface models. This depends on more precise Moho density contrast and average Moho depth, which also fully confirms that IWO is effective.
6 DISCUSSION
In order to show the difference between the Moho topographic model in this paper (Figure 11) and the seismic data (Figure 9), we extracted the Moho depths at the seismic points of the two and made the difference, and the results are shown in Figure 13. Figure 13A shows that the depth difference at seismic points in the study area ranges from −3 to 3 km, and most of the survey lines have depth differences within plus or minus 1 km (appearing as light green or light blue), which suggests that the Moho topographic model in this paper performs better and is close to the seismic data. Among them, the depth difference at seismic points in SCSB is small, ranging from −2 km to 2 km. Some seismic lines in the northern (e.g., PRMB) and southern (e.g., LYB) parts of the South China Sea have large differences from the Moho topographic model in this paper, with some seismic points having differences of about 3 km. In order to find the relationship between depth differences and sediments, we extracted the corresponding sediment thicknesses based on the distribution of points in Figure 13A, as shown in Figure 13B. In Figures 13A,A few lines have large depth differences. Combined with Figure 13B, it can be seen that these survey lines are mainly located in areas with thick sedimentary layers, and it is possible that the sedimentary layers are affecting the seismic results. Based on previous research (Holbrook et al., 1996; Loureiro et al., 2016; Wang et al., 2020), we consider that this effect stems from two sources. One is that complex sedimentary basins pose modelling challenges, which may lead to biases in interface depths due to systematic under or over estimations of propagation velocities. The second is that different OBS spacing changes the sensitivity of the detection technique to the sedimentary layers. If they are too far apart, it is not possible to extract propagation velocities from the topmost layers. Any lateral variation in propagation velocity in the sediment will propagate as uncertainty in the lower structures. Of course, this bias does not have a large impact on the estimation of the inversion parameters in this paper because multiple survey lines are used and most of them correspond to more accurate results.
[image: Figure 13]FIGURE 13 | (A) Difference between Moho topographic model and seismic data. (B) Sediment thickness corresponding to seismic points.
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