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Taiwan is located at the junction between the Philippine Sea Plate and the Eurasian Plate, with intense tectonic movements in the region. A more accurate Moho topography model is significant for the study of the intrinsic genesis within Taiwan’s orogenic movement and the subduction pattern of the Philippine Sea plate. Previously, there were two key issues in Moho topographic inversion that needed to be solved, i.e., extracting signals originating from Moho topography and estimating more accurate inversion parameters. To solve these two issues, we use wavelet multi-scale analysis to separate the gravity signals at different depths and extract the signals originating from Moho topography from them. Then, more accurate inversion parameters are estimated using simulated annealing with available seismic data as constraints. On this basis, a more refined Moho topography of Taiwan is inverted. The Moho topography shows that most of Taiwan has a Moho topography of about 28 km, with the highest point slightly above 30 km and the lowest point between 20 and 25 km. Based on the Moho topography contours, we estimate that subduction of the Philippine Sea plate ends at the 25 km contour, in the middle of the Coastal Range, near 23.5°N. This is one of the possible reasons for the high frequency of earthquakes in the region. Comparing with the existing seismic control points, the corresponding root-mean-square error of our Moho model is 4.98 km smaller than the CRUST 1.0 model, which indicates that our Moho model is more accurate and realistic.
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1 INTRODUCTION
Taiwan (TW) is located at the junction between the Eurasian Plate (EP) and the Philippine Sea Plate (PSP), formed by the collision and extrusion of the Luzon Island Arc with the Eurasian continental margin (Teng, 1990; 1996; Huang MH. et al., 2006). TW and its surrounding seas are tectonically active, where plate collisions are still in progress (Teng, 1990; Kao et al., 1998; Bos et al., 2003). This unique ‘arc-land collision’ is associated with two different directions of subduction, one in the eastern part of the TW and one in the southwestern part of the TW (Hsu, 1990; Rau and Wu, 1995; Ching et al., 2011). Among them, in the eastern part of the TW, the PSP subducts north-westward under the EP along the Ryukyu Trench, with a motion rate of 81.5 mm/yr (Yu et al., 1997; 1999). In the southwestern part of the TW, the EP subducts southeastward along the Manila Trench under the PSP (Yi-Ben, 1986; Pezzopane and Wesnousky, 1989). Plate activity has led to frequent earthquakes in TW. In the last decade, as many as 206 earthquakes of magnitude five or higher have occurred in TW. The mutual subduction between the PSP and the EP forms the unique orogenic belt in the TW, which also influences the Moho topography. Therefore, an accurate Moho topography model is the key to unravelling the unique plate motions of the TW, and is also significant for the study of orogeny.
Previously, several authors have used seismic methods to study the Moho topography of TW (Cheng et al., 1996; Wang et al., 2010a; 2010b; Hsu et al., 2011; Ustaszewski et al., 2012; Li et al., 2014; Van Avendonk et al., 2014; Goyal and Hung, 2021; Shih et al., 2023). Cheng et al. (1996) used a two-dimensional ray-tracing method to study the velocity structure in the eastern and northeastern parts of TW and inferred that the Moho topography in the eastern waters of TW is around 25 km. By analysing the teleseismic waveform data, Wang et al. (2010a) proposed two Moho topography models of TW, and the results showed that there is a significant crustal thickening in the central part of TW. Based on the results from 27 broadband stations, Wang et al. (2010b) estimated the average Moho depth of TW to be 30 km. Hsu et al. (2011) used the PmP-phase travelling time to study the Moho topography of TW, and deduced that the Moho depth distribution of TW is consistent with the topography, showing a NNE-SSW trend. Ustaszewski et al. (2012) used local earthquake tomography to map the Moho topography of TW and hypothesised that the PSP subducts in SE Taiwan. Based on earthquake and active source seismic data, van Avendonk et al. (2014) inverted the velocity structure across the central part of the TW. The results show that the Moho topography of Coastal Plain is around 35 km. Based on four multi-channel seismic profiles, Eakin et al. (2015) calculated that the Moho topography in the Huatung Basin (sea basin in the southwest of TW) is around 14 km. Goyal and Hung (2021) calculated the Moho topography of TW using the H-V stacking method, and suggested that the crustal thickening in central TW is due to its weak crust. Shih et al. (2023) identified Moho refracted P waves from seismic data recorded by a dense seismic array (Formosa Array) in northern Taiwan, and showed that beneath TW, strong Moho variations extend along the direction NE-SW. Although seismic methods have a wide range of applications in studying Moho topography of TW, there are still some drawbacks. Such as, due to the insufficiently dense distribution of seismic stations, it does not have an advantage in calculating Moho topography at large scales.
Accompanied by the development of satellite exploration technology, satellite gravity has covered the globe with high spatial resolution and accuracy. Therefore, compared with seismic methods, gravity methods can better invert the large-scale Moho topography. Based on the EGM2008 model, Xuan et al. (2020) inverted the Moho topography of the East China Sea and its adjacent areas. Among them, the Moho depth of TW is between 30 and 35 km. Li et al. (2022) inverted the Moho topography of the South China Sea and its surroundings using the improved Bott method, and the results showed that the Moho topography of TW is generally higher than 30 km. These results proved that the gravity method is reliable in inverting the Moho topography of TW.
The Parker-Oldenburg method, as a classical gravity method for Moho topographic inversion, has been applied many times before (Zhao et al., 2020; Xuan et al., 2020; Rao et al., 2023; Yu et al., 2024). However, the accuracy of the inverted Moho topography is not high due to the unreliable inversion parameters. To solve this problem, Yu et al. (2024) proposed an improved Parker-Oldenburg method, i.e., using the existing seismic data as constraints and applying simulated annealing to estimate more accurate inversion parameters, then inverted the Moho topography in the northern part of the South China Sea. Therefore, based on the existing seismic and gravity data, this paper adopted this improved Parker-Oldenburg method to invert the finer Moho topography of TW. Based on this Moho topography model, the tectonic features of TW are further revealed.
2 STUDY AREA AND DATA
The study area of this paper is TW and its surrounding seas, located between 21.5°N and 25.5°N and 119.5°E and 122.5°E. As the junction between the EP and the PSP, active geological movements have formed the complex tectonic features of TW, and Figure 1 illustrates its topographic distribution and major tectonic elements. From west to east, the orogeny divided Taiwan into Coastal Plain (CP), Western Foothills (WF), Hsuehshan Range (HR), Backbone Range (BR), Eastern Central Range (ECR), Coastal Range (CR). From TW to PSP, the topographic height ranges from the highest at 3,608.7 m to the lowest at −5609 m. The undulation of the topography can illustrate the intensity of the orogenic movement. In addition, there are two trenches, Ryukyu Trench (RT) and Manila Trench (MT), in the surrounding sea due to plate interaction.
[image: Figure 1]FIGURE 1 | The topography and primary tectonic elements of Taiwan. The solid dark red line is the Trench, the red dotted line is the boundary line of the tectonic block. CP, Coastal Plain; WF, Western Foothills; HR, Hsuehshan Range; BR, Backbone Range; ECR, Eastern Central Range; CR, Coastal Range; NLA, North Luzon Arc; RT, Ryukyu Trench; MT, Manila Trench; PSP, Phillippine Sea Plate; EP, Eurasian Plate; SCS, South China Sea; LZ, Luzon Island Arc. Red dots represent earthquakes of magnitude five or higher (The data site is https://www.usgs.gov/programs/earthquake-hazards).
The data used in this paper contain mainly topography, gravity field model, sediment thickness, and seismic station data (collected from earthquake observing stations). Of these, the topography is from the ETOPO1 model by Amante and Eakins (2009) (Figure 1), which has a spatial resolution of 1′× 1′. The gravity field model is the XGM 2019e_2159 model published by Zingerle et al. (2020) (http://icgem.gfz-potsdam.de/tom_longtime), which has a spatial resolution of 2′× 2′. Based on the ETOPO1 model and the XGM 2019e_2159 model, we solved the Bouguer gravity anomaly in the study area using the computational services provided by ICGEM (Barthelmes, 2009) (solved height of 0 km and spatial resolution of 1′× 1′), as shown in Figure 2a. The sediment thickness was adopted from the Globsed-v3 model from Straume et al. (2019), which has a spatial resolution of 5′× 5′, as shown in Figure 2b. Based on the Globsed-v3 model, we calculated the gravity effects corresponding to the sediment using Parker’s method (Parker, 1973), as shown in Figure 2c. Next, the gravity effects are resampled to a spatial resolution of 1′× 1′. Finally, the gravity effects corresponding to the sediment are subtracted from the Bouguer gravity anomalies to obtain Sediment-free gravity anomalies, as shown in Figure 2d. In addition, to prevent edge effects, the model used in this paper is extended by 2.5° in all directions (i.e., the range is 117°E to 125°E, 19°N to 28°N).
[image: Figure 2]FIGURE 2 | (a) Bouguer gravity anomaly. (b) Sediment thickness. (c) Gravity effects corresponding to sediment. (d) Sediment-free gravity anomalies.
Seismic data were collected from Wang et al. (2010a), Wang et al. (2010b) and Goyal and Hung, (2021), with a total of 40 seismic control points distributed throughout the TW (seismic control point are known seismic points used for constraints from earthquake observing stations, OBS, multichannel seismic data, etc.), as shown in Figure 3. The seismic data (longitude, latitude and Moho depth) used are shown in Table 1. Considering the estimation of optimal parameters and evaluation of the Moho topography model, we divided the seismic data into a test set (30 points, circles in Figure 3) and a validation set (10 points, triangles in Figure 3). The validation set is used to assess the accuracy of the Moho topography model in this paper and the CRUST 1.0 model, the test set is used to estimate the optimal inversion parameters, i.e., the average Moho depth and Moho density contrast.
[image: Figure 3]FIGURE 3 | Seismic control points in the TW. Circles are test points for the estimation of hyperparameters. Triangles are validation points for estimating the accuracy of the Moho topography.
TABLE 1 | Depth of seismic control points.
[image: Table 1]3 METHODOLOGY
Gravity anomalies are the combined signals of all the materials in the interior. In the previous section, we have already deducted the gravity effects from the sediment, but in order to extract the gravity signal corresponding to Moho topography, the gravity effects from the crust needs to be deducted as well. In this paper, the wavelet multi-scale analysis proposed by Mallat (1989) is used to separate the signals corresponding to different layers as shown in Equation 1.
[image: image]
Where, [image: image] is sediment-free gravity anomalies. [image: image] is the wavelet approximation, which represents the low-frequency part of the gravity signal. [image: image] is the wavelet detail, which represents the high-frequency part of the gravity signal. [image: image] is the maximum order, which is taken as eight in this paper (Generally, the fourth or fifth order wavelet approximation is the signal from the Moho topography. Therefore, to be conservative, we chose 8 as the maximum order, which ensures that the signal from the Moho topography can be extracted effectively).
Separating the wavelet details of different orders, the next step is to determine their corresponding average field source depths for later deducting the gravity effect due to the earth’s crust. Based on the radial power spectrum method proposed by Spector and Grant (1970), we estimate the average field source depths [image: image] corresponding to wavelet details of different orders, as shown in Equation 2.
[image: image]
where [image: image] is the variability, [image: image] is the power spectrum logarithm of [image: image], and [image: image] is the wave number.
Based on the average field source depth and the existing Moho topography model, we can extract the gravity signal [image: image] from Moho topography by deducting the gravity effect from the crust. Then, based on the seismic test points (circles in Figure 3), more accurate inversion parameters (average Moho depth [image: image] and Moho density contrast [image: image]) were estimated using the Simulated annealing method proposed by Yu et al. (2024). Finally, based on the gravity signal from the Moho topography and more accurate inversion parameters, the Parker-Oldenburg method was used to calculate the Moho topography [image: image] in Taiwan, as shown in Equation 3.
[image: image]
where [image: image] and [image: image] are the Fourier transform and Fourier inverse transform, respectively. [image: image] is the gravitational constant.
4 RESULTS
4.1 Wavelet multi-scale analysis
Xu et al. (2017) had done experiments on signal separation under different wavelet basis and confirmed that coif3 as the optimal wavelet basis. Therefore, in this paper, coif3 is adopted as the wavelet basis, and Equation 1 is used to separate the sediment-free gravity anomalies (Figure 1d), which gives the eighth-order wavelet details, as shown in Figure 4. On this basis, the average field source depths corresponding to these wavelet details are estimated using Equation 2, and the results are shown in Table 2. Among them, the average field source depths of D1∼D8 are 2.5 km, 6.4 km, 12.8 km, 28.2 km, 52.0 km, 71.5 km, 91.0 km, and 119.8 km, respectively.
[image: Figure 4]FIGURE 4 | Decomposed gravity anomalies D1-D8 in TW.
TABLE 2 | The average field source depth corresponding to different orders of gravity signals.
[image: Table 2]In Figure 4, the gravity anomalies of D1 to D3 range from −14 mGal to 16 mGal, and the gravity anomalies do not vary drastically numerically, suggesting that the tectonic is stable in this depth region. Among them, the average field source depth of D3 is 12.8 km, and comparing with the CRUST 1.0 model (Laske et al., 2013), we assume that D1∼D3 are located in the crustal part of TW. The gravity anomalies of D4 are between −39 mGal and 41 mGal, with the most drastic changes in the gravity anomaly value, and the traces of tectonic movement are obvious, and we presume that D4 is near the Moho interface of TW. The gravity anomalies of D5 to D8 range from −22 mGal to 23 mGal, and although there are occasional ups and downs in the values, the variations are limited, suggesting that the tectonics is relatively stable, and combined with the corresponding field source depths, it is possible to judge that D5 to D8 are located in the mantle portion of the TW.
Therefore, in order to extract the gravity signal originating from Moho topography, in this paper, the first three orders of wavelet details D1∼D3 (gravity signal corresponding to the crustal part) are subtracted and the remaining signal (the third order wavelet approximation A3) is selected as the gravity signal for Moho topographic inversion, as shown in Figure 5.
[image: Figure 5]FIGURE 5 | The 3rd-order wavelet approximation A3 of the sediment-free gravity anomalies.
The gravity anomalies in Figure 5 range from −92 mGal to 341 mGal. The high gravity anomalies are predominantly distributed in the PSP, decreasing outwards with North Luzon Arc and Ryukyu Trench as the dividing line. The low gravity anomalies are mainly distributed in TW, and most of the regions have gravity anomalies lower than 0 mGal. The gravity anomalies in TW show two high sides and a low centre, with the lowest gravity anomalies in Hsuehshan Range close to −92 mGal. In addition, the gravity anomalies in TS and EP are around 100 mGal.
4.2 Inversion parameters
After obtaining the gravity signal from the Moho topography, two parameters need to be determined next, the average Moho depth and the Moho density contrast. With the constraints of the existing seismic test points (circles in Figure 3), we used the method proposed by Yu et al. (2024) to search for the average Moho depth and Moho density contrast, and the search tracks is shown in Figure 6. At the beginning, we set a search starting point of 15 km and 0.35 g/cm3 From this starting point, the search proceeds roughly in the direction of decreasing RMS (RMS of the difference between the inverted Moho topography model and the seismic test points). After 4813 searches, we searched for the optimal average Moho depth and Moho density contrast of 20.35 km and 0.438 g/cm3, respectively (position of the red star in Figure 6).
[image: Figure 6]FIGURE 6 | Search tracks of optimal parameters. Red star represent search results.
4.3 Moho topography in the TW
Based on the estimated optimal average Moho depth and Moho density contrast, we used Equation 3 to invert the Moho topography of TW, and the result is shown in Figure 7.
[image: Figure 7]FIGURE 7 | Moho topography of TW. The white dashed line is the contour. From the bottom right to the top left, the contours are 10 km, 15 km, 20 km, 25 km, and 30 km, respectively. The blue line represents subduction direction of the EP and the yellow line represents subduction direction of the PSP.
In Figure 7, the Moho topography in the study area is in the range of 6.1 km–30.3 km, with a more pronounced overall undulation. The Moho topography in the PSP is the shallowest, with an overall depth of less than 10 km. TW has the deepest Moho topography, with most depths near 28 km. Notably, the Moho topography of Ryukyu Trench and Manila Trench is distinctly undulating, with depths ranging from 15 km to 25 km. In addition, Taiwan Strait and EP have Moho topography around 25 km and North Luzon Arc has Moho topography around 18 km.
The TW can be divided into six main sections, from west to east, Coastal Plain, Western Foothills, Hsuehshan Range, Backbone Range, Eastern Central Range, and Coastal Range. Of these, the deepest area of Moho topography (the white dotted line in the TW) lies mostly in the Hsuehshan Range, with a small portion in the Western Foothills, and depths within the area are higher than 30 km. Simoes et al. (2007) suggested that there is significant crustal thickening in the Hsuehshan Range as a result of wedge basement intrusion, which is confirmed by our Moho topography. Goyal and Hung (2021) suggested that the average Moho topography of the Hsuehshan Range is 33 km, which is not the deepest area of the TW. Unlike the result of Goyal and Hung (2021), our Moho topography showed that the Hsuehshan Range, at a depth of about 30 km, is the deepest area of the TW.
The shallowest area of Moho topography in the TW is mainly the Coastal Range, which is divided by the white dashed line into two parts, northeast and southwest. Moho topography is slightly above 25 km in the northeast and between 20 km and 25 km in the southwest. Goyal and Hung (2021) have suggested that the crust of the Coastal Range thickened significantly to the north near 23.5°N. This is in agreement with Angelier (1986) who suggested that this was the beginning of PSP subduction. The result in Figure 7 also showed that the Moho topography of the Coastal Range is drastically shifted around 23.5°N, but we do not think that this is the beginning of PSP subduction. From Figure 7, we can see that the direction of the PSP subduction is from south-east to north-west, and the starting point of the subduction may be the middle of North Luzon Arc and Ryukyu Trench, which is an increase of more than 10 km compared with the Moho topography of the PSP. The end point of the subduction may be Coastal Range, which is close to 23.5°N, 121.4°E.
In addition, the depth of Moho topography in Coastal Plain and Western Foothills is around 28 km.The results of Wang et al. (2010b), Hsu et al. (2011), Li et al. (2014), and Hsieh and Yen, (2016) showed that the Moho topography in Coastal Plain and Western Foothills is shallower in comparison with Hsuehshan Range, and the result in Figure 7 is in line with this view. The difference is that they believe there is a sharp Moho undulation between Coastal Plain, Western Foothills in the western part of TW and HR in the central part, while Figure 7 showed that this Moho undulation is not sharp.
Previously, the publicly available Moho topography model is mainly the CRUST 1.0 model, as shown in Figure 8a. In Figure 8a, the Moho topography in the study area ranges from 7.0 km to 39.9 km, and the overall distribution is “shallow in the southeast and deep in the northwest”, with obvious traces of plate subduction, but the specific boundary is not clear. The deepest part of Moho topography is located in the southern part of Coastal Plain and Western Foothills, and the shallowest part is located in PSP, while the exact location of the deepest and shallowest parts of Moho topography cannot be determined due to the lack of spatial resolution. Compared to Figure 7, the CRUST 1.0 model has obvious deficiencies in detail.
[image: Figure 8]FIGURE 8 | (a) Moho topography in CRUST1.0. (b) Moho model from Xuan et al. (2020).
To validate the accuracy of our Moho model, we chose the CRUST 1.0 model and Moho model from Xuan et al. (2020) in Figure 8 as the control group. These three Moho models were compared with all seismic points and seismic validation points, respectively, and the various statistics (Max, Min, Mean and RMS (Root Mean Square Error)) of the differences were shown in Table 3. In Table 3, when the comparison object is all seismic points, the RMS of the difference between CRUST 1.0 model and all seismic points is 7.47 km, the RMS of the difference between all seismic points and Moho model from Xuan et al. (2020) is 7.55 km, while the RMS of the difference between our model and all seismic points is 4.82 km. When the comparison object is seismic validation points, the RMS of the difference between CRUST 1.0 model and seismic validation points is 7.22 km, the RMS of the difference between seismic validation points and Moho model from Xuan et al. (2020) is 6.00 km, while the RMS of the difference between our model and all seismic points is 2.24 km. This indicated that our model is more accurate and realistic compared to the CRUST1.0 model.
TABLE 3 | Comparison of different Moho topography models and seismic Moho depth.
[image: Table 3]5 DISCUSSIONS
There are two main subduction in the vicinity of TW, the subduction of EP (blue arrow in Figure 7) and the subduction of PSP (yellow line in Figure 7). Based on the direction of the fastest uplift of the Moho topography, we hypothesized that the subduction angle of PSP is 36.9° northwest, and its ending position is the 25 km contour. Additionally, The subduction angle of EP is 45° northeast. Previously, Yu et al. (1997) used data from GPS stations to infer that the direction of subduction is northwest-southeast and that the ending position is in the Coastal Range. This is close to our hypothesis. This suggests that it is feasible to use Moho topography to determine the direction and location of subduction. Based on deep earthquake data, Lin (2015) proposed an eastward subduction beneath southern TW. In contrast to this result, we suggested that the subduction is oriented to the northeast and that its ending position is in the southwestern waters of TW, which explains the infrequent earthquakes in the southwestern part of TW.
As can be seen from Figure 7, the Moho topography located in the PSP subduction (southeast corner of the study area) changes from 10 km to 25 km, and the Moho topography located in the EP subduction (southwest corner of the study area) changes from 15 km to 25 km at a similar distance. This situation illustrates the point that the deformation in the PSP subduction is more significant compared to the deformation in the EP subduction. Although EP subduction has an effect on the orogenic motion of TW, this effect is not significant. Huang CY. et al. (2006) suggested that the orogeny of TW still has a tendency to expand to the south, but we consider that the probability of the orogeny expanding to the south is very low under the combined effect of EP subduction and PSP subduction, and on the contrary, the greater probability is to expand to the northwest.
In addition, it can be seen from Figure 7 that the overall Moho topography of TW varies within 5 km, which is not drastic, except for part of the Coastal Range. In this regard, we have an inference that the PSP subduction and EP subduction led to the thickening crust of TW, and since TW is located on a hard plate, similar to the Tibetan Plateau, this thickening plate force fuelled the orogenic movement of TW.
Previously, Xuan et al. (2020) calculated the Moho topography of the region using the Parker-Oldenburg method. In this paper, we use seismic data as constraints to obtain more accurate inversion parameters and invert more accurate Moho topography. In Table 3, compared with the model from Xuan et al. (2020), the RMS of our model decreases by nearly 3 km. This indicates that the accuracy of our model is significantly improved compared with other models. We believed that improving the limitations of the algorithm (e.g., curvature not taken into account, filtering parameters fixed, etc.) and including new seismic data, which will be possible to improve the results obtained in this work. On the one hand, the estimated two optimal inversion parameters may be biased, which is most directly attributed to the insufficient number of seismic points. In addition, we can see from Figure 6 that the RMS corresponding to the optimal inversion parameters is 5.42 km, which indicated that the estimation of the inversion parameters still has a large bias, and we speculate that this is likely to be caused by the low quality of seismic points (the corresponding Moho depth is inaccurate). On the other hand, the Parker-Oldenburg method used for Moho topographic inversion does not take into account the effect of curvature. Although the study area in this paper is small and the effect of curvature is not significant.
6 CONCLUSION
In this paper, wavelet multi-scale analysis is used to separate the sediment-free gravity anomalies and obtain gravity signals of different orders. Later, based on the results of power spectrum estimation and the signal strength, the third order is selected as the gravity signal for Moho topographic inversion. Based on this gravity signal and the available seismic points, we used simulated annealing to estimate more accurate average Moho depth and Moho density contrast. Finally, the Moho topography of TW is calculated using the Parker-Oldenburg method. The main improvements in this paper are two: one is the extraction of signals from Moho topography by taking into account and subtracting gravity effects originating from the Earth’s crust. The other is to estimate more accurate inversion parameters using the available seismic data as constraints. On this basis, we inverted a finer Moho topography of TW.
The results showed that most of the Moho topography in TW is around 28 km. Among them, the deepest Moho topography in TW is located in Hsuehshan Range and Western Foothills, with a depth of slightly more than 30 km, while the shallowest Moho topography in TW is located in CR, with a depth of between 20 and 25 km. In addition, the Moho topography of PSP is less than 10 km. Based on the contours of the Moho topography, we hypothesized that the subduction direction of the PSP is 36.9° northwest and it terminates at the Coastal Range (25 km contour).
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