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Luzon Island is a complex setting of seismicity and magmatism caused by the subduction of the South China Sea lithosphere and the presence of a major strike-slip fault system, the Philippine Fault. Previous studies of the structure of this subduction zone have suggested that a ridge subduction system resulted in a slab tearing along the ridge. On the other hand, the Philippine Fault plays an important role in understanding how major strike-slip faults deform and displace at a continental scale. To constrain the lithospheric geological structure in the area and refine the slab tearing model, we performed a P- and S-wave seismic tomography travel time inversion using local earthquakes. The dataset has been combined from seismic phases reported by the International Seismological Centre and new pickings from six broadband seismic stations in northern Luzon. The three-dimensional P- and S-wave velocity models in Luzon Island were analyzed by applying the LOTOS package with a one-dimensional velocity model obtained from the VELEST program. Our tomographic images indicate contrasting velocity structures across the Philippine Fault to a depth of 60 km. Therefore, we suggest that the Philippine Fault might be a lithospheric structure that displaces both the crust and the upper mantle. The results also indicate regions of low-velocity slab windows from a depth of 40 km, which are interpreted as the sites of slab tearing. Compared with focal mechanisms and earthquake occurrence in this region, we propose that slab tearing extends from the fossil ridge and creates regional kinematic perturbations. The tearing produces shallow upwelling magma to stay in the chambers beneath the crust, which is in contrast to the magmatic system observed in other regions.
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1 INTRODUCTION
Subduction zones are the most active tectonic boundaries on Earth’s surface, showing great variations of volcanism, earthquakes, arc curvatures, and slab properties (Ruff and Kanamori, 1980; Stern, 2002; Hayes et al., 2018). In some subduction zones, the nature of the subduction process is modified by preexisting fossil ridges, which were spreading centers before subduction (Vogt, 1973; Rosenbaum and Mo, 2011). One of the most controversial characteristics of these structures is the different behaviors of magmatism due to the interaction between the subducting slab, the mantle wedge, and the subducting ridge (Tatsumi, 1989). In some fossil ridge subduction zones, the cessation of volcanism appears and develops a volcanic gap zone. The Nazca and Juan Fernández Ridges were considered examples of volcanic gaps formed by the consumption of fossil ridges possibly by causing a flat slab event (Nur and Benavraham, 1983; Bertin et al., 2022); however, recent studies suggest that the passage of the Juan Fernández might cause a large scale eruption in the future (Bertin et al., 2022). In contrast, volcanism might be enhanced as a result of ridge subduction in some places where slab tearing occurs. A typical example is the enhanced volcanism of the Aleutian Ridges by the formation of a slab window beneath Kamchatka (Levin et al., 2002). The different behaviors of the volcanic systems related to ridge subduction might be explained by the different tectonic responses in each particular region, for example,: flattening of slab dip, subduction rollback, and formation of slab windows (Rosenbaum and Mo, 2011).
The Luzon island arc is a region in which the South China Sea oceanic lithosphere has been consumed along the Manila Trench since the Miocene (Defant et al., 1989). As a result, a system of active earthquakes and volcanoes is well developed (Figure 1A). Compared to other ridge subduction systems in the world, the South China Sea ridge subduction system has been less studied to date. The ridge subduction of the South China Sea along the Manila Trench was first proposed based on the distribution and characteristics of two magmatic systems in North Luzon: the active east volcanic chain and the extinct west volcanic chain (Yang et al., 1996). Further investigation of earthquake distribution and focal mechanism data suggests a change in dip angles of the slab caused by the subduction of an extinct spreading ridge—the Scarborough seamount accreted at North Luzon at 16oN (Bautista et al., 2001; Armada et al., 2020), which is consistent with a change in slab deep angle between latitude 16oN and 17oN observed from earthquake occurrences and the slab model (cross sections BB’ and CC’ in Figure 1B). Seismic tomographic studies in this region also support the slab tearing model by imaging the large-scale slab geometry and slab window using P-wave travel time seismic tomography (Fan et al., 2015; Fan et al., 2016). The global P-wave seismic tomography also shows possible images of the slab windows at a depth of less than 100 km at latitude 16oN to 18oN (cross sections AA’, BB’ and CC’ in Figure 1B). These studies have provided evidence for a discontinuity of the slab at depths deeper than 100 km at the extension of the fossil ridge. However, the shallow structure at a local scale, particularly the S-wave velocity in the Luzon island, has not been well constrained.
[image: Figure 1]FIGURE 1 | (A) Tectonic map of Luzon Island and the surrounding areas. The saw-toothed lines denote trench axes of subduction zones and solid lines denote faults. White triangles denote volacano unrest, red triangles denote active volcanoes, and red stars denote volcanoes with recorded eruptions. The locations of the trenches are modified from Bautista et al. (2001). The bathymetric and topographic data are from Smith and Sandwell (1997), and the location and activities of volcanoes are from Venzke et al. (2002). CVB: Central Valley Basin; CR: Central Cordillera Range; CGV: Cagayan Valley Basin; IT: Ilocos Trough; NSM: North Sierra Madre; SSM: South Sierra Madre; ZOC: Zambales Ophiolite Complex. (B) Earthquake distribution from the EHB catalog (Engdahl et al., 1998) in the selected profiles in (A) and the P-wave teleseismic tomography model from model UU-P07 (Amaru, 2007). Black lines indicate the surface of the subducting slab with depths from the Slab2 database (Hayes et al., 2018). SCS: South China Sea slab; PS: Philippines Sea slab.
Meanwhile, most previous studies on volcanic systems used geochemical methods to identify the characteristics of lavas and magmatic rocks in the region (Defant et al., 1989; Yumul et al., 2000; Castillo and Newhall, 2004; Jego et al., 2005; Hollings et al., 2011). However, despite various studies in the region, the connection between the ridge subduction structure and volcanic activities is not well resolved.
Another major question is the tectonic role of the Philippine Fault in this area. The Philippine Fault is a major left-lateral strike-slip fault that cuts along the whole Philippine Archipelago and extends from Mindanao to northern Luzon (Barrier et al., 1991; Aurelio, 2000). Previous studies were mostly focused on the present slip and stress regime at the crustal level of the fault (Barrier et al., 1991; Aurelio et al., 1997; Aurelio, 2000; Yu et al., 2013; Hsu et al., 2016), while very few studies have discussed the depth of the fault cut through, which is an important tectonic question considering the massive length of the Philippine Fault.
In this study, we performed a simultaneous P- and S-wave seismic tomography of the crust and upper mantle of Luzon Island from local earthquakes to obtain high-resolution tomographic images of subsurface structures. By using both P- and S-wave velocity models, we obtained independent results, which provided reliable evidence for the same structures. The tomographic results also verified the slab tearing caused by the ridge subduction of the South China Sea and identified the sources of regional magmatism. Based on those findings, we constrained the lithospheric geological structure in the area and refined the slab tearing model. We also observed considerable velocity contrasts at both crustal and upper mantle levels across the Philippine Fault to a depth of 60 km. This allowed us to estimate the depth of the Philippine Fault, which may have cut through the crust and reached the upper mantle.
2 TECTONIC SETTINGS
Luzon Island is part of the Philippines islands and is made up of assemblages of active and inactive terranes, metamorphosed rocks, sedimentary basins, and ophiolite complexes (Lee and Lawver, 1994). Luzon Island is governed by two subduction zone systems: the South China Sea subduction in the west along the Manila Trench and the Philippines Sea subduction in the east along the East Luzon Trough (Figure 1A). While the depths of earthquakes in the East Luzon Trough are rather shallow, up to 80 km (Defant et al., 1989), a well-defined Wadati—Benioff zone deeper than 200 km was used to construct the geometry of the subducting slab along the Manila Trench (Bautista et al., 2001; Hsu et al., 2012) (Figure 1B). The Scarborough seamount chain is identified as the result of post spreading volcanism in the time period of 13–3 Ma and marked the extinct mid-ocean ridge (Hung et al., 2021). The subduction of this fossil ridge has been proposed to cause a slab tear, evidenced by the change in the South China Sea slab angle (Bautista et al., 2001; Fan et al., 2015). However, the exact location of the slab tear is not well constrained, despite a detailed analysis of the earthquake location that revealed a change in the South China Sea slab angle at approximately 16oN within a depth of 200 km (Bautista et al., 2001), and the P-wave tomographic model showed a significant change in the slab angle at 17oN—17.5oN in a much deeper depth (from 200 km to 700 km) (Fan et al., 2015).
Located between the aforementioned two opposite subduction zones is the major 1300-km left lateral Philippine Fault (Figure 1A). The Philippine Fault is considered a trench-linked strike-slip fault behind a subduction zone—the Philippines Trench, particularly the East Luzon Trough in the North Luzon area, as a consequence of oblique subduction (Fitch, 1972; Aurelio, 2000). In this model, the fault accommodates the parallel convergence of oblique subduction while the perpendicular motion is absorbed along the East Luzon Trough. In the Luzon region, the Philippine Fault has been interpreted as the tectonic boundary separating the Zambales-Angat ophiolites from the Northern Luzon volcanic and Eastern Luzon metamorphic belt (Karig, 1983; Karig et al., 1986). Moreover, the fault is also considered to be the boundary between the preserved remnants of the proto-South China Sea and the proto-Philippine Sea Plate (Yumul et al., 2020). These studies suggest that the Philippines Fault can also be considered as a tectonic boundary separating multiple terranes that made up Luzon Island.
Volcanoes and magmatic systems are well developed on Luzon Island, which is interpreted to be related to the east-dipping subduction along the Manila Trench (Defant et al., 1989), while the slab in the East Luzon Trough is too shallow to generate melts (Hamburger et al., 1983). Intense volcanic eruptions have been observed in the area, most notably the 1991 Pinatubo eruption (Bluth et al., 1992) (location in Figure 1A). The active volcanoes are located in the north and south of Luzon Island (approximately 13oN to 15oN and from 18oN to 20oN), while in the central Luzon region, most of the volcanoes are inactive (Figure 1A) (Venzke et al., 2002).
3 DATA AND METHOD
3.1 P- and S-wave travel time data
The data used in this study are the P- and S-wave arrival times of regional earthquakes compiled from different sets of data, such as from the International Seismology Centre Bulletin (ISC) from 2000 to 2016 (86 stations) and the six broadband stations operated by the cooperation of the Philippine Institute of Volcanology and Seismology (PHIVOLCS) and Institute of Earth Sciences (IES), Academia Sinica from 2014 to 2016 (Figure 2). The locations and periods of the PHIVOLCS - IES stations are listed in the Supplementary Material (Supplementary Table S1). The events were selected within a maximum distance of 8o from a chosen center point of Luzon island (121oN, 16.5oE) with all depths and magnitudes. The data from the ISC bulletin are the first P- and S-wave arrival times of these earthquakes recorded from stations in Luzon Island and the Taiwan region. We handpicked the first P- and S-wave arrival times from the PHIVOLCS-IES station waveform and then calculated the travel times for each event-station pair. These readings obtained from broadband stations were used to improve the quality of the travel time database, especially the S-wave readings. The two databases were then combined to have a total of 92,950 P-wave readings and 49,087 S-wave readings from 21,134 events.
[image: Figure 2]FIGURE 2 | Distribution of (A) earthquake events and (B) seismic stations used in this study. The green triangles indicate stations in the ISC catalog, purple triangles indicate stations of the PHIVOLCS-IES network, and circles indicate earthquakes with colors indicating depth.
The ISC catalog data set is large but may contain data errors and poor-quality source locations (Koulakov, 2013). To improve the quality of the data set, we filtered the data using two criteria, namely, choosing only readings with a maximum of 2.0 s of travel time residual and a minimum of eight readings for each event to improve the quality of source relocation. The filtering resulted in a significant reduction of readings and events from the database. The final seismic tomography input included 40,163 P-wave readings and 20,328 S-wave readings from 4,926 events in which there were 1,389 P-wave readings and 1,287 S-wave readings from the PHIVOLCS-IES network, which accounted for 3.13% of the total P-wave readings and 5.75% of the total S-wave readings. The average P- and S-wave readings for each event were 8.15 and 4.12 readings, respectively. These P- and S-wave traveltimes were used to constrain the velocity structure and seismicity distribution of earthquakes in the region. The P-wave and S-wave ray paths of the source receivers are shown in Supplementary Figure S1, S2 for each horizontal section, respectively. The abundance of seismicity from the two subduction zones with a wide range of depths resulted in good coverage of crosscut ray paths. From the coverage of the ray path, we expect the models to be best estimated for the inland region of Luzon Island.
The workflow of this study included: 1) an 1D reference velocity model inversion using the program VELEST (Kissling et al., 1994), and 2) determining the three-dimensional (3D) P- and S-wave velocity models using the Local Tomography Software (LOTOS) (Koulakov, 2009). The results and quality of these velocity structures are herein justified and discussed.
3.2 1D velocity model
In a local tomographic inversion, an appropriate one-dimensional reference velocity model is required and is used as an input for the inversion (Kissling et al., 1994). To define a reliable one-dimensional P-wave velocity model, the VELEST program (Kissling et al., 1994), we first located the earthquake using Hypoinverse (Klein, 2002) to get the maximum azimuthal gap (GAP) and initial travel time residual of each event. We then selected events with GAP <180o and travel time residual <1.0s, which resulted in 526 events. To obtain the best estimation of the average velocity model and test its stability, we used 250 starting P-wave velocity models, in which variations in velocity and depth were added from the base velocity model of CRUST 1.0 (Laske et al., 2013) in the center of the Luzon region. The inversion results in a convergence of the output velocity models from a wide range of inputs, indicating a stable one-dimensional (1D) velocity model for the local structure. Figure 3A shows the results of VELEST inversion, in which the grey velocity models are the result of the inversion while the blue indicates the lowest root-mean-square (rms) travel time residual of 0.751 s. In the study area, various 1D velocity models have been obtained from previous studies including a mantle and transition zone seismic velocity model between the Philippines—Taiwan region (Wright and Kuo, 2007), a velocity model for earthquake relocation of Batangas earthquake sequences (Chen et al., 2020), and a velocity model of the Taal volcano (You et al., 2013). We chose the lowest rms model as the starting input for the tomographic inversion and describe the model in Table 1. Compared to these models, our chosen velocity model is most similar to the CRUST 1.0 model and the model from Wright and Kuo (2007), which represents the regional velocity structure. Furthermore, we calculated the Vp/Vs. ratio of each event using the Wadati plot (Wadati and Oki, 1933) for all the abovementioned events used in VELEST. After that, we took the average Vp/Vs. ratios of these events to get a final Vp/Vs. ratio of 1.73 (Figure 3B). Both the P-wave velocity model and the Vp/Vs. ratio were used as inputs in the LOTOS package to obtain the tomographic inversion.
[image: Figure 3]FIGURE 3 | (A) 1D velocity model showing results of VELEST inversion (gray line) from a wide range of input velocity models (dash line). The blue line indicates the chosen lowest RMS 1D velocity model. The references model used: CRUST 1.0 (Wright and Kuo, 2007; Laske et al., 2013; You et al., 2013; Chen et al., 2020); (B) histogram of the Vp/Vs. ratio of 526 events obtained from a Wadati diagram.
TABLE 1 | The starting 1D P-wave velocity model resulted from VELEST for seismic tomographic inversion.
[image: Table 1]3.3 3D seismic tomography
The 3D seismic tomography inversion was conducted using the LOTOS program for the whole data set (Koulakov, 2009). The LOTOS program is a 3D inversion package designed for local tomography inversion and has been applied to various tectonic settings (Koulakov, 2013; Koulakov et al., 2016; Koulakov et al., 2018; Hua et al., 2019) and different scales, from a small region of a volcano (Koulakov et al., 2016; Koulakov and Vargas, 2018) to a regional area (Raoof et al., 2017).
The input of the program includes a 1D reference model, P- and S-wave traveltimes and locations of selected earthquakes, and seismic stations. The 3D tomographic inversion starts with the initial source location from the inversion of travel time using the input 1-D velocity model. In this step, the source location is calculated based on calculating a goal function that reflects the probability of the event at a current point (Koulakov and Sobolev, 2006). A grid search method is then applied to get the preliminary locations with the extreme value of the goal function.
In the next step, the tomographic inversion was carried out in several iterations. In each iteration, earthquakes were relocated using a modified bending tracing method based on a previously updated 3D velocity model (Um and Thurber, 1987). This technique searched for a 3D ray path with minimum travel time in the parameterization units, which were the nodes. These nodes were constructed with different basic orientations (e.g., 0°, 22°, 45°, and 66°) and then were averaged to reduce the effect of node distributions on the tomographic results. A large sparse matrix including P- and S velocity anomalies, source parameters, and station corrections were simultaneously inverted using the LSQR algorithm (Paige and Saunders, 1982; Van Der Sluis and Van der Vorst, 1987). The input parameters included the number of iterations, damping parameters, weights, and grid size in horizontal, vertical, and depth dimensions. To get the optimal inversion results, we determined these free parameters by using different synthetic tests. After obtaining the optimal free parameters, we applied the 3D inversion to our data and obtained the tomographic images.
4 RESOLUTION VALIDATIONS OF THE TOMOGRAPHIC IMAGE
In seismic tomography inversion, assessing the validity of the inversion is a major challenge and different tests have been proposed that can be grouped into two types: sampling test and synthetic test. The usage and theory of these tests have been discussed in detail in previous studies (Koulakov, 2009; Rawlinson et al., 2014; Rawlinson and Spakman, 2016).
In the sampling test, different subsets of the whole data are used to do the tomographic inversion, then the individual resultant images are compared. There are different statistical resampling techniques used in seismic tomography, for example,: jackknifing, bootstrap (Rawlinson et al., 2014), and the odd/even test (Polat et al., 2016). An odd/even test is a method to divide the data into two-halves, where the two subsets are with odd and even numbers of events. This sampling test can be used to assess the effect of the random noises on the inversions, with a higher degree of differences between two results reflecting a higher level of noise effect and vice versa (Polat et al., 2016). We chose this method to test the degree of noise in our data because it is simple and easy to apply.
The synthetic test is another widely used tool in seismic tomography (Koulakov, 2009). In this test, a synthetic pattern of the anomalies is created and the travel times for each source-station pair are then calculated. These calculated travel times are then added noises to replicate the actual random noises in the picking process. In our study, the noise had a predefined average deviation of 0.1s for P-wave travel time and 0.15s for S-wave travel time, because, in reality, the S-wave picks are often less accurate than the P-wave picks. In this process, the synthetic pattern can take the form of an equal space 3D block of positive and negative values (checkerboard test), or an arbitrary form of positive and negative velocity anomalies (Koulakov, 2009). Subsequently, the velocity model and source locations are “forgotten” and then the same inversion processes are applied to the real data, including source locations and velocity model inversion. The resultant images are then compared with the initial models to determine the region that shows good restoration.
In this study, to have a detailed assessment of the quality of inversion, we considered different tests, including the odd-event test and two synthetic tests, namely, the checkerboard resolution test (CRT) and the freeform synthetic test (Koulakov, 2009). By performing these quality tests, we also calibrated the parameters including nodal size, smoothing, damping, and weight of the seismic tomography inversion.
4.1 Checkerboard resolution test
We applied a classic checkerboard resolution test by setting a synthetic model of alternating positive and negative anomalies for horizontal and vertical slices. The amplitude of the anomalies was ±7% with different block sizes of 40 km, 50 km, and 60 km to check the quality of the inverted model for structures with different sizes. In the vertical sections, we created blocks with a depth size of 50 km and defined a change of pattern at a depth of 20 km.
The results of horizontal CRT for a grid size of 50 km are shown in Figures 4, 5, while grid sizes of 40 km and 60 km are shown in Supplementary Figure S3, S4; CRTs for the vertical sections are shown in Supplementary Figure S5.
[image: Figure 4]FIGURE 4 | Results of the checkerboard resolution test for P-wave at depth layers with a lateral grid interval of 50 km in the longitudinal and latitudinal directions. The layer depth is shown below each map.
[image: Figure 5]FIGURE 5 | Results of the checkerboard resolution test for S-wave at depth layers with a lateral grid interval of 50 km in the longitudinal and latitudinal directions. The layer depth is shown below each map.
In general, the P-wave has a higher resolution quality than the S-wave because of the greater number of crosscut ray paths (Supplementary Figure S1, S2). In the horizontal sections, for the most part from depths of 0–50 km, the P-wave checkerboard could be well recovered in the whole region of Luzon Island, while the offshore region of Luzon Island (north of 19oN) was poorly recovered. For the S-wave, most regions of Luzon Island could be well recovered from 10 to 40 km, and poorly recovered in the deeper part.
In the vertical section (Supplementary Figure S5), the checkerboard test could be well recovered in the inland part to the depth of 70 km in most sections. The CRT results indicated that, for most regions of Luzon Island, the tomographic images could be considered reliable with the highest resolution from a depth of 20–50 km, while the deeper parts should be interpreted with caution. After some trial and error runs, we chose the optimal parameters to represent velocity perturbations, which are shown in Supplementary Table S2. We applied these model parameters to all the other quality tests and tomography inversions.
4.2 Odd-even test
In this test, we split real picking data (Figure 2A) into odd and even groups. Each group data was set as independent input data for inversion analysis. While the checkerboard test or freeform synthetic test are used to determine how the structures can be restored, the odd/even test is used to assess the effect of random noise on the tomographic results. If there are major differences between tomographic results from the odd and even datasets, the random noise may have a notable influence on the inversion, and the seismic tomographic may contain more uncertainties. The results of the odd/even test are shown in Figure 6 and show a horizontal section for P-wave and S-wave. Two layers of each test are presented: one for the shallow layer at 20 km and one for a deeper layer at 40 km. These results from odd/even events were then compared to each other.
[image: Figure 6]FIGURE 6 | Results of the odd/even test in horizontal tomographic images. The data are divided into two subsets based on the number of events and performed independent inversion.
For the P-wave results, the models showed a very high correlation for the inland area in both horizontal sections (the left two columns in Figure 6). Most of the structures with different sizes were preserved in odd and even data inversion. However, both the P- and S-wave results showed a lower degree of correlation for regions with less ray path coverage (Supplementary Figure S1, S2). This reflects a higher degree of randomness and requires caution when interpreting the structure there.
4.3 Freeform synthetic test
Finally, we performed a freeform synthetic test in horizontal and vertical sections (assuming the model with 2D variation and the medium was invariant along the third axis, or named as 2.5D model in explosion Geophysics) to verify the quality of the seismic tomography inversion with structures. The horizontal section freeform velocity model of this synthetic test was integrated from the information of the regional tectonic features in Figure 1 and previously reported tomographic images to design the model as shown in Figure 7. The proposed velocity anomalies were ±6% for P-wave and ±8% (higher amplitude) for S-wave to resemble the previous inversion results (Fan et al., 2015; Fan et al., 2016). The horizontal section model was uniformly extended in a vertical direction from the surface to a depth of 100 km. Using the above-defined velocity models, we calculated the travel times for the event-station pair of all selected events as the synthetic input data. Using this synthetic input data and grid design as used in the case of the odd-even test, the results of this test are shown in Figure 7. In the inverted horizontal slices (Figure 7), the structures from the synthetic setup (shown in black lines) were recovered well even at the depth of 60 km, while the areas outside of the initial structures (i.e., 0% anomalies) were overestimated by ±3%. In this study, the vertical section models were arranged to test several candidate subduction zone models that were modified from the previous inversion results (Fan et al., 2015; Fan et al., 2016) of this area as shown in Supplementary Figure S6. The vertical section model extended in the horizontal direction, with the same velocity distribution of the cross section to the entire model. Supplementary Figure S6 also shows the test results of five vertical section models. In the vertical slices, the recovered P- and S-wave velocity structures showed a high correlation with the synthetic model on the vertical sections with minor smearing. The same as with the horizontal slices, the structures from the synthetic setup (shown in black lines) were recovered well above the depth of 60 km. Based on this test, we concluded that the inversion results in the region of interest were reliable enough for geological interpretation. Combined with the CRT test, we concluded that our models are suitable for interpretation with a depth of up to 60 km, with the most reliable horizontal slices from depths of 20–50 km. At a depth deeper than 60 km, the degrees of smearing were higher, thus, these regions should be interpreted with caution.
[image: Figure 7]FIGURE 7 | Results of the synthetic test with the realistic configuration of patterns in horizontal sections. The proposed velocity structure of the synthetic test referred to the regional tectonic features of Fig.1 to design the model.
5 ANALYZED RESULTS
As stated in the synthetic test, the main model was obtained by inversion of data using five iterations. The tomographic inversion results in P-wave travel time misfit reduced from 0.523s to 0.441s (15.56% reduction) and S-wave travel time misfit reduced from 0.758s to 0.560s (26.1% reduction). The values of the mean residual and their reduction of P- and S-wave during each iteration are presented in Table 2, while Figures 8A,B show histograms of the P- and S-wave travel time misfit before and after the final iteration, respectively. Figure 8C shows the locations of the earthquakes before and after the inversion, which we will discuss in the next section.
TABLE 2 | The P-wave and S-wave residuals from tomographic inversion.
[image: Table 2][image: Figure 8]FIGURE 8 | Travel time residual histogram (A) before and (B) after the tomographic inversion. The blue and green bars indicate P-wave and S-wave; (C) map showing the earthquake locations change after the inversion, and the arrow indicates points from the original locations to the relocated locations.
The results of seismic tomographic inversion in Luzon Island are presented as horizontal slices of P-wave perturbations (Figure 9) and S-wave perturbations (Figure 10). These images show the velocity anomalies compared with the initial 1D velocity model at the depth of 10 km, 20 km, 30 km, 40 km, 50 km, and 60 km. In P- and S-wave tomographic results, red colors denote the slow velocity anomalies and blue colors indicate high-velocity anomalies. Although the LOTOS program inverts P- and S-wave velocity simultaneously, the link between them is relatively weak and can be considered as independent parameters (Koulakov et al., 2016). Therefore, the high correlations between these results indicate the robustness of tomographic inversion. The Vp/Vs. ratio was also calculated for the vertical cross section by dividing the absolute P-wave velocity by S-wave velocity.
[image: Figure 9]FIGURE 9 | Map view of P-wave tomography of different depths. The red and blue colors denote slow and fast velocity perturbations, respectively. Gray lines indicate the subducting slab from the Slab 2 model (Hayes et al., 2018). The symbols and abbreviations are the same as those in Figure 1.
[image: Figure 10]FIGURE 10 | Map view of S-wave tomography of different depths. The symbols and abbreviations are the same as those in Figure 9.
Some seismic velocity zones with high values of anomalies could be noted at the slice of shallow depth of 10 km–30 km, as shown in Figures 9, 10. This higher degree of anomaly level might be due to the presence of the high contrasting velocity structure, e.g., subducting slab and magmatic structures (volcanoes and magma chamber) in the study area. Both the absolute velocity of P- and S-wave were much lower in the shallow depth compared to the deeper depth, therefore, the velocity anomalies at the horizontal slice at 10–30 km were generally higher than at a depth of 40–60 km. As a result, we focused on the structures with higher velocity anomalies in the shallow portion.
In the northern Luzon region, the Central Cordillera Range appeared as a region of mostly high-velocity anomalies, except the eastern region near inactive volcanoes, which appeared as a low-velocity zone at the depth of 10 km (16oN-18oN, Figures 9, 10). However, at depths of 20 km and 30 km, contrasting velocity anomaly patterns in the mountain range across the Philippine Fault could be seen, with the western side appearing as a high-velocity zone while the eastern side showed prominent low-velocity anomalies up to 9%. The Cagayan Valley Basin appeared as a mostly high-velocity zone with some small zones of low-velocity in the north and west. To the east, the North Sierra Madre mountain range was characterized by high-velocity anomalies, while low-velocity zones could be found in the South Sierra Madre. To the south, the Zambales Ophiolite Complex consistently appeared as a high-velocity zone. The Central Valley Basin appeared as a high-velocity zone, which shows a sharp velocity contrast with the northeast Philippine Fault and southeast South Sierra Madre up to a depth of 40 km.
Horizontal P- and S-wave velocity models showed high-velocity anomalies of 8%–10% in the west of Luzon Island from a depth of 10 km up to 60 km (Figures 9, 10). These anomalies were interpreted as the subducting slab of the South China Sea lithosphere, which agrees with the relocated earthquake distribution and reference slab model (gray lines). In the east of Luzon Island, the high-velocity anomalies combined with relocated earthquakes parallel to the East Luzon Trough may represent the subducting Philippines Sea Plate slab.
Low-velocity anomalies of up to 8% of both P- and S-wave could be found in most areas of Luzon Island under both active and inactive volcanoes (Figures 9, 10). These low-velocity anomalies exhibited a very high Vp/Vs. ratio (>1.8), suggesting that these low-velocity regions might indicate the area of magmatic storage. The shallow magmatic storage from seismic tomography images characterized by low velocity, especially low S-wave anomalies, and high Vp/Vs. ratio are quite common in subduction zones settings (Tatsumi et al., 1983; Zhao et al., 2000; Wyss et al., 2001; Husen et al., 2003; Koulakov et al., 2009; Koulakov, 2013; Koulakov et al., 2016). Figure 11 shows the P, S perturbations, and Vp/Vs. ratio in vertical sections from 14oN to 18oN, while the dots indicate relocated earthquakes. The earthquake locations define a good image of the Wadati-Benioff zone up to a depth of 100 km. The most notable features were the low P- and S-velocity and high Vp/Vs. region, which is interpreted as regions of magma generation and migration. Because S-velocity is more sensitive to fluid, S-velocity has a higher degree of negative anomalies and results in a high Vp/Vs. ratio in this area. The significance of these magma sources will be further discussed in the next section. The high-velocity zones concentrated with earthquakes were interpreted as the subducting slabs. In these images, the South China Sea slab could be well defined based on the high-velocity anomalies and earthquake distributions, while the Philippine Sea Plate resolution was less clear.
[image: Figure 11]FIGURE 11 | P- and S-wave velocity perturbations and Vp/Vs. for selected profiles along 18oN, 17oN, 16oN, 15oN, and 14oN (A–E). The locations of these profiles are in Figure 1. The black arrows indicate the migration path of magmas or melts from the mantle wedge. Red triangles denote the active volcanoes and white triangles denote inactive volcanoes. Dots indicate the locations of the relocated earthquakes. Abbreviations: PF: Philippines Fault; BF: Bangui Fault; PV; Pinatubo volcano; TV: Taal volcano; other abbreviations are the same as Figure 1. See the text for more details.
6 DISCUSSION
6.1 Comparison with previous studies
Our tomographic results and relocation of earthquakes have provided new images of the velocity structures beneath Luzon Island. Compared with seismic tomographic studies that focused on the regional and global scales of Southeast Asia and the Taiwan region (Bijwaard et al., 1998; Lallemand et al., 2001; Li and van der Hilst, 2010), our results have a higher resolution, making it suitable to study the shallow tectonic structures in detail. Currently, the high-resolution tomographic studies for the North Luzon area only focused on the P-wave structure (Fan et al., 2015; Fan et al., 2016; Fan et al., 2017). Our P-wave velocity structures were consistent with their observations in both horizontal slices at the shallow depth (a depth of less than 100 km) and vertical profiles at 14oN to 18oN. The relocation of earthquakes will increase the quality of the data and can be used to trace the slab geometry of the subducted South China Sea slab (Figures 9–11). In our study, we provide a new P- and S-wave seismic velocity model, which delivers high resolution at shallow depth at a lithospheric scale. The tomographic images are suitable to provide new insights into the lithospheric structures of the study area.
6.2 Accreted terranes in the tomographic images
Different accreted terranes have been proposed as constituting Luzon Island, including ophiolites, continental fragments, and island arc elements (Karig, 1983). However, there is very little seismic evidence of these accreted structures. In both horizontal and vertical tomographic images, we could identify distinguishable velocity anomalies corresponding to the different accreted terranes that constitute Luzon Island. In a subduction zone setting, the observed velocity difference might reflect the geological properties (lithology and metamorphism grade) of the corresponding terranes (Eberhart-Phillips and Reyners, 2001; Kuo-Chen et al., 2012; Raoof et al., 2017).
From our results, we could observe the distinctive velocity anomalies corresponding to the surface geological structures. These showed similarities to the Taiwan region, which previous studies have referred to as the Mindoro-Luzon-Taiwan region (Stephan et al., 1986; Defant et al., 1989). Because our P-wave velocity models showed better quality, we interpreted the structure using mainly the P-wave tomographic images. The low-velocity anomalies under the Cordillera Central and the South Sierra Madre (Figures 9, 10 for horizontal sections and vertical cross sections BB’and DD’ in Figures 11B,D) might indicate that low-velocity roots resulted from the thickening of the crust, similar to the Central Range tomographic seismic velocity structure with low-velocity anomalies up to a depth of 54 km (Kuo-Chen et al., 2012). On the other hand, the high-velocity anomalies of the two valleys, namely, the Cagayan Valley Basin and the Central Valley Basin, in depths of 10–30 km, might indicate the metamorphic basement underneath the sedimentary layers (Karig, 1983; Stephan et al., 1986). The Zambales Ophiolite Complex exhibited a distinct high-velocity anomaly zone compared to the volcanic front in the east where active volcanoes are present (Figures 9, 10 and cross sections CC’ and DD’ in Figures 11C,D).
6.3 The depth of the Philippine Fault
The contrast in velocity anomalies of the accreted terranes can also be used to trace the fault systems in the area, in which the faults act as boundaries between the surface geological structures, namely, the Philippine Fault separates the Cordillera Central from Ilocos Trough in the north region (from 16oN—18oN) and from Central Valley Basin in the central region (15oN—16oN) (Figures 11A,B), and the Bangui fault separates the Cordillera Central and Cagayan Valley Basins (Figures 9, 10; Figure 11A). In this section, we examine the velocity contrast at the deeper depth to have a first order of estimation for the depth of the Philippine Fault.
In horizontal slices (Figures 9, 10), at the depth of 20 km–40 km, the Philippine Fault was well defined by the contrast velocity anomalies between the structures on two sides of the fault. In addition, the relocated earthquakes aligned clearly along the fault from the depth of 10–40 km, especially at the northern tip of the fault (15.5oN—18.5oN, Figures 9, 10). At the deeper depth, there were a few events aligned along the faults: scattered events at 16oN-18.5oN at 50 km, two events at 16oN, and six events at 18oN at a depth of 60 km (Figures 9, 10). In the vertical sections (Figure 11), it was clearer to see the Philippine Fault from velocity contrast in both P- and S-wave tomography and Vp/Vs. images in different segments of the fault. In all cross sections, we could observe the significant velocity contrast across the Philippine Fault from the surface to at least 60 km, while in cross sections CC’ and DD’ (Figures 11C,D), the velocity contrast might extend to the depth of 80 km. With the assessment that our tomographic models can be reliable up to 50 km in the horizontal section and up to a maximum of 70 km in the vertical section, we suggest that the observed velocity contrast across the Philippine Fault is reliable to a depth of at least 50 km. This observation of velocity contrast on two sides of the Philippine Fault is consistent with the tomographic images from joint inversion of P-wave local and teleseismic tomography (Fan et al., 2015; Fan et al., 2017).
Figure 12 shows the focal mechanisms of shallow earthquakes (Figure 12A) and their corresponding P- and T-axes with depths of less than 60 km (Figure 12B) overlapping the P-wave velocity anomalies at 40 km. These focal mechanisms corresponding to shallow earthquakes with hypocenter depths of less than 60 km were combined from NEIC (Sipkin, 1994) and CMT solutions (Dziewonski et al., 1981; Ekström et al., 2012) from 1981 to 2013, which contain 133 medium to strong events with the magnitude ranging from 4.7 to 7.7. The strike-slip earthquakes were well distributed along with the major strike-slip fault system with a maximum depth of 33 km, which is consistent with our relocated earthquakes, except for the northern part of the Philippine Fault where earthquakes along the fault were present even at a depth of 40 km (from 17oN to 18oN, Figures 9, 10). Along the fault, most of the earthquakes showed an east-west direction P-axis and a northeast-southwest direction T-axis (Figure 12B), which may imply a relatively homogenous stress pattern. The crustal thickness of the Luzon region was determined to be between 13 and 33 km (Parcutela et al., 2020), which implies that the strike-slip earthquakes related to the Philippine Fault occurred mostly at the crustal level, while at the deeper depth, the displacement was occupied by ductile deformation (Şengör et al., 2019). In other major strike-slip faults, the extension of the fault below the Moho was also revealed by the imaging technique, for example,: the San Andreas fault (Zandt, 1981; Zhu, 2000), North Anatolian Fault (Papaleo et al., 2017), and Altyn Tagh fault (Jiang et al., 2004). Therefore, from the analysis of earthquakes and heterogeneity of seismic velocity, we suggest that the Philippine Fault is a lithospheric scale structure that cuts through the crust and may offset the upper mantle structure along its displacement.
[image: Figure 12]FIGURE 12 | (A) Focal mechanism of the shallow earthquake overlying the 50 km depth P-wave anomalies in the study region. The focal mechanisms from earthquakes with hypocenter depths of less than 60 km, combined from NEIC and CMT solutions from 1981 to 2013; numbers indicate the depth in kilometers of selected earthquakes. The oblique stripe denotes the region of suspected slab tearing where earthquakes with normal faulting occur. (B) P- and T-axes of the same earthquakes in (A).
6.4 Slab tearing locations
The slab tearing along the fossil ridge of the South China Sea in the Manila Trench has been proposed using evidence of geochemistry, seismicity, and seismic tomography (Yang et al., 1996; Bautista et al., 2001; Fan et al., 2015; Fan et al., 2016). Our results also indicated two major low-velocity regions, high Vp/Vs. at 16oN to 17oN and around 17.5oN (Figures 11A–C and the grid region in Figure 12) that are separated by a thin high-velocity anomaly slab. These low-velocity anomalies were interpreted as results of high-temperature magmas upwelling through the slab tearing and forming a slab window. An abrupt disruption of earthquake continuity can also be noted in profile C-C’ at depths of 40–100 km, which may suggest a change in the geodynamic scenario in this area. Examples of a similar seismic gap and low-velocity anomalies resulting from slab tearing caused by ridge subduction can be found in the North Andean margin (Gutscher et al., 1999) and the Italian region (Rosenbaum et al., 2008).
The focal mechanism of the shallow earthquakes also supports our calculation of the place of slab tearing (Figure 12). In general, we observed the normal faulting at the outer trench, which shows an extension regime. On the other hand, thrust faulting is the dominant focal mechanism of the subducting slab. However, abnormal earthquakes, which have east-west strike normal focal mechanisms, are found in the extent of the larger proposed slab tearing region (Figure 12) with depths ranging from 15 km to 35 km. These events have a north-south T-axis and a nearly vertical P-axis, corresponding to a north-south extensional regime at the crustal level. This regime fits with our observation of seismic tearing and mantle upwelling in this region, suggesting that the slab tearing may cause the crust to extend in the northeast-southwest direction, thus producing these normal earthquakes in the lower crust. This pattern may imply a change in crust deformation and stress accumulation induced by ridge subduction and slab tearing.
From these observations of seismic tomography and focal mechanisms, we suggest that the fossil ridge of the South China Sea has been subducting beneath Luzon Island and creating slab-tearing regions at a depth of 40 km.
6.5 Subsurface magmatic feeding systems
To constrain the relationship between the volcanic system and the subduction of the South China Sea slab, S-wave velocity and Vp/Vs. ratio were used to trace the subsurface magmatic chamber and feeding veins because the S-velocity and Vp/Vs. ratio are relatively sensitive to the content of fluids and melts (Koulakov et al., 2016). Large veins of low S-wave velocity and high Vp/Vs. ratio were identified under the active volcanoes and regions of magmatic intrusion, allowing us to trace the ascending magmatic path in vertical images (black arrows on Figure 11). To correlate with the deeper structure, we combined our P-wave tomographic images at a depth of less than 100 km and P-wave global seismic tomography model UU-P07 at a depth deeper than 100 km (Amaru, 2007) for three cross sections, namely, along the 17oN, 16oN, and 15oN sections (Figure 13). The combined images showed a good fit of our model with the global model.
[image: Figure 13]FIGURE 13 | Tomographic images of the P-wave velocity model from this study (in the black frame) compared with the global teleseismic model UU-P07 for three profiles at 17°N (BB′-(A)), 16°N (CC′-(B)), and 15°N (DD′-(C)). Black dots indicate the earthquakes, small dots indicate the relocation observed in this study, and big dots indicate data from the EHB catalog. Thick black lines indicate the subduction slab from the Slab 2 model.
In our seismic tomography images, the slab tearing was identified in two regions, as seen in Figure 12. In the vertical section of these regions, the magmatism from slab tearing could be observed at cross sections AA’, BB’, and CC’ where low-velocity bodies ascended through the slab (Figures 11A–C). This observation fits the deeper structure from the model UU-P07 where low-velocity regions were present underneath the subducting slab (Figures 1B, 11A,B). These low-velocity regions can be interpreted as the ascendant of the asthenosphere to the continental crust (Rosenbaum et al., 2008). In a ridge subduction setting, magma may form and be unable to solidify, thus creating a slab window where magma continues to generate and rise (Thorkelson, 1996).
On the other hand, for the southern region, a deep source of magmatism was identified as the mechanism that feeds magma to the volcanoes. In vertical sections (DD’ and EE’ cross sections in Figure 11), the low-velocity anomalies fit well with the occurrences of active volcanoes (the Taal and Pinatubo). The magma resulting from the partial melting of the mantle wedge comes from a depth of at least 100 km (Figure 13C) and rises to accumulate in the magma chamber at a depth of 30–50 km before ascending to feed the surface volcanoes. A thermal model suggests the depth of partial melting by dehydration of subducted slab in the island arc system is likely to be deeper than 100 km (Gill, 1981; Tatsumi et al., 1983; Tatsumi, 1989). The deep source magmatism is widely observed from seismic tomography of the island arc region (Zhao et al., 2000; Nakajima et al., 2001; Husen et al., 2003; Koulakov et al., 2016). We interpret this magma source to be the partial melting of the mantle wedge by the dehydration reaction of the slab, ascending to the shallow magma chamber by interconnected magma veins.
The lack of low-velocity regions at a depth deeper than 100 km at the site of slab tearing regions (Figures 13A,B) might indicate an absence of magmatism from partial melting of the mantle wedge. Another observation is that the volcanoes in the regions related to the slab tearing (around 16oN to 18oN) are mostly inactive, in contrast to the very active volcanoes to both the north and south of these regions. In the subduction regions associated with high bathymetric relief, the phenomenon of reduced volcanism is quite common, which might be explained by the absence of a sufficiently deep slab to generate arc volcanism (Rosenbaum and Mo, 2011). This might also apply to the slab tearing region in our study area as the slab tear might cause a lack of deep slab, while the upwelling asthenosphere does not reach the surface. However, to have a more precise explanation of the area’s volcanism mechanics, further geophysical and geochemical investigations are needed.
7 CONCLUSION
In this study, we performed a P- and S-wave travel time seismic tomographic inversion on Luzon Island. The tomographic images resulting from the inversion were used to determine and interpret the major structures at the upper mantle level and crustal level.
Figure 14 summarizes the result of our study and proposes the tectonic model of the Luzon region. We identified the seismic velocity contrast corresponding to the different geological structures, which are separated by the Philippine Fault. The relocated earthquakes from this study combined with the reference focal mechanisms were used to trace the fault in the crust. Medium to large strike-slip earthquakes occurring in the crust may suggest a brittle mechanism. At the upper mantle level, we continued to observe the seismic velocity differences across the fault up to the depth of 60 km, where ductile deformation takes place. From these observations, we conclude that the Philippine Fault is a lithospheric structure that cuts through the crust and offsets the upper mantle.
[image: Figure 14]FIGURE 14 | Tectonic model of Luzon Island showing the magma formation source from both the mantle wedge melting and asthenosphere upwelling from slab tear sites. The slab tearing occurs in the region where the fossil ridge is subducted. In the central region, the Philippine Fault cuts through the whole crust and offsets the upper mantle.
The tomographic results confirm the presence of slab-tearing regions extended from the fossil ridges in the northern Luzon region. The observation is supported by the unusual extension regime from the focal mechanism in the suspected area in the crust. This slab tear causes the upwelling of the asthenosphere that ascends through the subducting slab. In addition, it also might create a deep slab absence, and hinder the formation of the magma at the mantle wedge. In regions outside of the slab tearing areas, the mantle wedge partial melting occurs and feeds melt material to the subsurface magma chambers and the active volcanoes.
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