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Abstract
The occurrence of faulting in subducting plates is a major process that changes the mechanical properties of the subducting lithosphere and carries surface materials into mantle wedges. Two ocean-bottom seismometer networks deployed on the frontal accretionary wedge of the northern Manila trench in 2005 and on the outer slope of the trench in 2006 were used to detect earthquakes in the subducting plate. All available P and S manually picked phases and the waveforms of 16 short-period, three-component stations were used. Relocation was performed using the double-difference method with differential times derived from the phase-picked data. Two intraplate earthquake sequences of small-to-moderate magnitudes in the northern Manila subduction system were investigated in this study. The results revealed distinct fault planes, but a contrasting seismogeny over the northern Manila Trench. The seismicity in the frontal wedge (as measured in 2005) was mainly contributed by a fluid overpressure sequence, whereas that in the incoming plate (as measured in 2006) was contributed by the aftershocks of an extensional faulting sequence. The obtained seismic velocity models and Vp/Vs ratios revealed that the overpressure was likely caused by high pore-fluid pressure within the shallow subduction zone. By using the near-field waveform inversion algorithm, we determined focal mechanism solutions for a few relatively large earthquakes. Through the use of data obtained from global seismic observations, we determined that stress transfer may be responsible for the seismic activity in the study area during the period of 2005–2006. In late 2005, the plate interface in the frontal wedge area was unlocked by the overpressure effect due to a thrusting-dominant sequence. This event changed the stress regime across the Manila Trench and triggered a normal fault extension at the outer trench slope in mid-2006. However, in the present study, a hybrid focal mechanism solution indicating reverse and strike–slip mechanisms was implemented, and it revealed that the plate interface locked again in late 2006.
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Introduction
Subducting slabs are considered the primary avenue through which fluid is transported into the Earth’s mantle. Lithological fractures in the incoming plate and that are filled with unconsolidated water-rich sediments are considered potential fluid carriers; these fractures cause the mineral hydration of subduction systems (e.g., Peacock 1990; Audet et al. 2009; Audet and Schwartz 2013; Obana et al. 2012; Han et al. 2016; Faccenda et al. 2009; Faccenda 2014; Grevemeyer et al. 2018). Insertion of fluid into the lithosphere may trigger crustal eclogitization or mantle serpentinization, changing the mechanical structure of these regions during subduction (Schlaphorst et al. 2016). The mechanical properties of lithospheric fractures in subduction zones—which are affected by the lithospheric thickness, chemical composition, and the tectonic evolution of the plate—are crucial for the consequent processes in the subducted slab and mantle wedge.
In this study, we conducted a near-field seismic observation in the northern Manila subduction system to investigate faulting around the trench. In the study area, the South China Sea (SCS) seafloor is actively subducting beneath the Philippine Sea (PS) plate (Fig. 1). The Manila subduction system is situated between Taiwan and Luzon, and the plate convergent rate is approximately 100 mm/year near North Luzon, but is reduced to 50 + mm/year near Taiwan due to the collision of the PS plate against the Eurasian plate (Yu et al. 1999; Galgana et al. 2007). The magnetic anomaly in the central basin of the SCS indicates that seafloor spreading took place during the Oligocene to early Miocene (32–10 Ma) periods in a north–south symmetric expansion (e.g., Taylor and Hayes 1983; Briais et al. 1993). Seismic profiles in the northern SCS reveal the relicts of the initial continental rifting, and continental crust thinning in the northern SCS can be further inferred (e.g., Wang et al. 2006; Cullen et al. 2010; McIntosh et al. 2013, 2014; Eakin et al. 2014). The continent–ocean boundary in the northern SCS has not yet been identified. On the basis of the time scales of the magnetic anomaly, the northeast SCS between the Eurasian continental margin and the Manila Trench has been determined to have the oldest crust in the SCS (i.e., 37 Ma from Hsu et al. 2004 and 32 Ma from Briais et al. 1993). Analyses of lithospheric mechanical strength by conducting flexural modeling have revealed significant variation in mechanical behavior for the subducting lithosphere (Zhang et al. 2018a, b; Li et al. 2019). The continent–ocean transition and weakening of the plate by flexural bending cause variation in lithospheric strength around the Manila Trench. Thus, the joint mechanism of basin spreading and plate subduction in the northeast SCS may generate local structures that indicate varied tectonic processes at different temporal and spatial scales.[image: ]
Fig. 1Morphological map of the features of the northern SCS with four seismic cross-sections (right column, S1–S4). The shading indicates the geological units of the accretionary wedge (yellow), forearc basin (purple), and volcanic arc (light-brown). The red and blue triangles are the locations of the ocean-bottom seismometer (OBS) stations comprising the 2005 and 2006 networks. The seismicity of the United States Geological Survey catalog is indicated by the circles outlined in blue on the map and the gray dots in the four cross-sections. The red and blue dots on the cross-sections are the C2005 and C2006 earthquake sequences, respectively. The blue curves on the cross-sections indicate the subducting slab sourced from Model Slab 2.0 (Hayes 2018). The magenta line on the map indicates the profile location of Fig. 8. SCS South China Sea, PS Philippine Sea, and COB continent–ocean boundary (Hsu et al. 2004; Briais et al. 1993)


We analyzed two earthquake groups occurring on opposite sides of the northern Manila Trench. Seismic data were acquired from seafloor networks of ocean-bottom seismometers (OBSs) independently deployed in 2005 and 2006. These networks are denoted Network 2005 and Network 2006, respectively. Network 2006 was located on the outer trench slope of the incoming SCS plate west of the Manila Trench (Fig. 1). Network 2005 was located northeast of the position of Network 2006, and it spanned the Manila Trench and the frontal area of the Taiwan accretionary prism (Fig. 1). Bathymetry for both networks indicated that their depths were approximately 4000 m on average.
Because of their limited battery capacity, the two OBS networks only recorded data for less than 1 week. Network 2005 was active from October 7 to 11, 2005, on the seafloor and comprised five short-period-response OBSs. Network 2006 was active from November 20 to 26, 2006, and had nine OBSs. Detailed station information is presented in Additional file 1: Table S1. Although the spatial aperture and duration of these experiments were limited, hundreds to thousands of earthquakes were recorded during the two experiments. The double-difference earthquake location method was used. The accuracy of the relocated catalog is of the order of a few hundred meters. The resolved seismicity demonstrates the distinct fault geometries that extend through the crust and lithospheric mantle within the subducting SCS plate. The ratio of P- to S-wave velocity, Vp/Vs, is sensitive to lithological strength and water content (e.g., Domenico 1984; Christensen 1996). The high Vp/Vs ratios retrieved from the earthquake groups detected by Network 2005 indicate high water content within the top layers in the frontal accretionary area. We further determined the focal mechanism solutions by using the near-field waveform inversion method (Delouis 2014) for a few of the larger events in these two sequences to investigate the stress regime. Our results provide a close look at the seismic properties of the upper portion of the lithosphere in the subduction zone. A sharp change in the seismogeny over the Manila Trench was discovered, and a triggering of earthquakes due to fluid overpressure in the frontal accretionary prism was identified.
Seismicity in the northern Manila subduction zone from global networks
The tectonic units in subduction between Taiwan and Luzon are, from west to east, the Manila Trench, the frontal wedge of the accretionary prism, the forearc basins, and the Luzon Volcanic Arc (Fig. 1). Approximately 3400 events are archived in the USGS global earthquake catalog (USGS: the United States Geological Survey, https://​earthquake.​usgs.​gov/​earthquakes/​search/​) for this area. Most are moderate earthquakes with magnitudes ranging from 3.0 to 5.0. The Wadati–Benioff zone corresponding to eastward subduction of the SCS can be identified to a depth of 200 km in northern Luzon, where it becomes shallower and less active as it approaches the Taiwan orogen (seismicity Profiles S1, S2, and S3 in Fig. 1). Apart from that in the Wadati–Benioff zone, most of the seismic activity between Taiwan and Luzon is in a few earthquake clusters distributed beneath the volcanic arc and in the forearc basin. These seismic clusters correspond to significant lateral shortening due to thrusting and strike–slip mechanisms.
Global earthquake catalogs indicate that the seismic activity over the northern Manila Trench is minor (Figs. 1 and 2 and Additional file 1: Figure S1). This may be the reason for the insufficient seismometer coverage for global seismic observation prior to 2000 and for the limited capacity of inland stations for offshore detection. A review of the USGS seismic catalog within the area in which Networks 2005 and 2006 were deployed was performed, and it indicated that only one of the sequences that occurred at the outer trench slope during the period from the middle to the end of 2006 was observable (the temporal evolution of the seismicity of the USGS catalog is detailed in Additional file 1: Figure S1). Figure 2 illustrates the focal mechanism solutions that were provided by the global CMT (GCMT https://​www.​globalcmt.​org/​; Dziewonski et al., 1981; Ekström et al., 2012) and Taiwan’s regional broadband seismic network (https://​tecws1.​earth.​sinica.​edu.​tw/​AutoBATS/​, hereafter termed as AutoBATS) for the period from July 2005 to December 2006. The GCMT mechanism solutions indicated that the 2006 sequence was caused by normal fault deformations involving fault planes that were parallel to the trench axis. This is consistent with other normal fault observations at the outer trench slope because the upper layer of the oceanic crust is under extensional stress caused by downward bending of the subducting lithosphere (e.g., Jones et al. 1978; Hilde 1983). The USGS catalog indicated that this earthquake sequence began in May 2006. The earthquakes detected by Network 2006 in November 2006 were the aftershocks of this outer trench slope sequence.[image: ]
Fig. 2Hypocenters and focal mechanism of the earthquakes in the global and regional earthquake catalogs for the study area. The GCMT events are indicated by green dots in a and by the color green in the compressional quadrants in c; the AutoBATS events are indicated by the color purple in a and d. b Presents the temporal evolution of the seismicity for the period from July 2005 to December 2006 in the study area. The circles outlined in blue indicate the United States Geological Survey earthquakes


However, within the coverage area of Network 2005, the GCMT results were not consistent with the AutoBATS results with respect to the mechanism of the sequence observed in 2005; the AutoBATS solution indicated a deformation in thrusting characterized by a strike–slip motion. In Fig. 2, Event 6 of the AutoBATS results was the mainshock of the sequence that started on October 9, 2005. Events 7 and 8 of the AutoBATS results were the two large aftershocks that occurred separately on October 11 and 21. These three AutoBATS solutions demonstrated a distinct thrusting mechanism in which the fault plane was in the NE–SW direction. However, Events 8 and 9 of the GCMT results revealed that another two aftershocks of the same sequence occurred on October 12 and 13, and a normal-faulting mechanism in which the fault plane was in the N–S direction was observed. In the results of our study and the data of the aforementioned two catalogs, all mainshocks and aftershocks occurred within a limited spatial regime. Therefore, the activation of the opposite seismic mechanism within a few days at a single specific site is a questionable phenomenon. Through the use of the data obtained from Network 2005, we generated results that were similar to those obtained through AutoBATS. The focal mechanism solutions of the 2005 sequence were a compound mechanism that comprised both thrusting and strike–slip deformations. In the following sections, we describe a distinct seismic pattern in the near-field OBS observations of the trench area.
Near-field OBS observations over the northern Manila Trench
The OBS instruments used in this study were short-period seismometers (MicrOBS) supplied by the L’Institut Français de Recherche pour l’Exploitation de la Mer. The MicrOBS data logger is stable and efficiently recorded ground motion in the frequency band of 1–100 Hz with a peak response at 4.5 Hz (Auffret et al. 2004). Seismic airgun shots proceeded OBS deployments to relocate the seafloor OBS stations and to retrieve the recording directions of the two horizontal components (Chang et al. 2008). Prior to the outer trench slope sequence that occurred in 2006, we had already deployed Network 2005 at the lower slope of the frontal wedge in 2005 to detect the seismicity in the trench area.
We used the standard seismic program HYPOINVERSE-2000 (Klein 2002) to determine the earthquake hypocenters with direct P- and S-wave arrivals. To obtain a clean seismic onset for phase picking, we performed basic preprocessing involving the removal of the mean from each seismic record and bandpass filtering of the data to remove long-period baseline drifting and high-frequency noise from the data. The frequency band of the bandpass filter was between approximately 0.1 and 30 Hz. For earthquake location, only the events that contained more than four clear seismic P- phases and one S-phase were located. This criterion was applied to screen out the numerous microseisms that were detected by fewer than four stations.
On the basis of the arrival times of seismic phases, we determined that the earthquake hypocenter was a trade-off for a velocity structure. The standard method is to iterate the process of accommodating a velocity structure and redetermining the location of an earthquake (Kissling et al. 1994). We adopted the model developed by Eakin et al. (2014; Profile T2, Fig. 11) for our initial P-wave velocity model (Fig. 3). The initial S-wave velocity was calculated by setting a Vp/Vs ratio of 1.74. On the basis of the hypocentral determination of the initial velocity model, we refined the P- and S-wave seismic velocities layer by layer from top to bottom by minimizing travel-time residuals and iteratively relocating the earthquakes. The program VELEST (Kissling et al. 1994) was employed to retrieve the optimized velocity model with each OBS experiment. After the earthquake locations and the velocity model were refined, events with a travel-time misfit of more than 0.3 s (approximately 5% of the events) were removed at this stage. Ultimately, the initial location that involved the routine process resulted in the identification of more than 400 and 2400 local earthquakes from the campaign records of Networks 2005 and 2006, respectively. In accordance with the spatial range of focal depths, the retrieved seismic models defined the velocity structures approximately 25 and 35 km below the seafloor for Networks 2005 and 2006, respectively. Because unconsolidated sediments are distributed across the seafloor, we allowed for, but did not preset, a low-velocity layer in the topmost kilometers when developing the velocity models. Figure 3 presents the layered seismic models that were generated from the data of Networks 2005 and 2006; Vp/Vs was evaluated in terms of depth. These two seismic velocity models appear to be consistent with oceanic crust rather than continental crust. The velocity model obtained from the 2005 sequence indicated the presence of a dipping, downgoing oceanic crust structure with low-velocity sedimentary rocks on the top layers. In this study, zero focal depth indicates sea level.[image: ]
Fig. 3Layered seismic wave (P- and S-waves) velocity models (a and b) and Vp/Vs ratio versus depth (c). The solid and dashed lines in the velocity models represent the P- and S-wave velocities, respectively. The red and blue lines in the Vp/Vs ratio plot represent the values from C2005 and C2006. Both the scales of depth from sea level and the seafloor are indicated. The gray-blue shadows along with the P- and S-wave velocity models indicate the uncertainties of the retrieved models. The velocity models for typical oceanic crusts are 
adopted from Laske et al. (2013); the models are indicated in a by brown lines. The initial velocity model (P-wave velocity) is adopted from Eakin et al. (2014); the model is indicated by the black line and black dashed line (modified by depth layers) in b



To further improve location identification, we employed the hypoDD algorithm to obtain accurate relative hypocenter locations. The hypoDD method allows for the simultaneous relocation of a large number of earthquakes, which is achieved by determining the distances between correlated events that form the multiples under the limit of the uncertainty (width) of the cross-correlation peak (Waldhauser 2001; Waldhauser and Ellsworth 2000). We obtained 388 and 1862 relocated events with the data of Networks 2005 and 2006, respectively.
Three statistical error estimates were applied to study location uncertainty, namely the root-mean-square (RMS) of travel-time residuals, the error in depth (ERZ), and the error in epicenter (ERH; Flinn 1965). The hypoDD relocation methods considerably reduced error estimates, and the RMS, ERZ, and ERH values following mitigation were less than 0.1 s and of the order of a few hundred meters. Figure 4 illustrates the location differences between the initial event location and the results of the hypoDD relocations. The relocated events exhibited a concentrated pattern in space, and some events in the initial location were located at very shallow depths, possibly due to the application of the layered velocity model at the location.[image: ]
Fig. 4Initial locations (a, b, c, g, h, i) and relocations (d, e, f, j, k, l) of the earthquake sequences detected in the present study. The circles outlined in red indicate the events of magnitude larger than 3.0. The OBS stations are presented in red triangles


The aforementioned two relocated earthquake groups are referred to as C2005 and C2006 in the subsequent sections of the present study. The hypocentral parameters of C2005 and C2006 are listed in Additional file 1: Table S2. The temporal evolution of these groups is presented in Fig. 5. We analyzed magnitude–frequency relationships (i.e., the Gutenberg–Richter power law; Gutenberg and Richter 1944) to examine the magnitude of completeness of C2005 and C2006, which were determined to have a magnitude of completeness of approximately 1.0 and 1.5, respectively (Table 1, Fig. 5). The magnitude–frequency curves of these two sequences both exhibited high b-values (1.56 for C2005 and 3.28 for C2006), indicating a predominance of small earthquakes. Notably, both the Mc and b-value of C2006 were higher than those of C2005. Because the station coverage of Network 2006 is denser than that of Network 2005, this difference is likely not due to any differences in seismic detection capacity. Rather, the differences indicate a seismogenic discrepancy at the opposite sites of the trench.[image: ]
Fig. 5a Temporal evolution of the seismicity detected in the present study; b the associated magnitude–frequency relationship curves. The main shock of C2005 is denoted by a red circle in a


The seismic parameters of these two groups of earthquakes are presented in detail as follows.
C2005: earthquakes in the frontal wedge of the overriding plate
C2005 comprised earthquakes occurring over a period of 5 days (October 7–11). A mainshock of magnitude 4.5 occurred on October 9 (Event 61 in Additional file 1: Table S2) and was recorded by Network 2005 at a depth of approximately 10 km. Before this event, microseisms were scattered within the shallow layers at approximately 5 km (Fig. 5). The seismicity increased simultaneously with the emergence of the mainshock, and the focal depth distribution of C2005 was dramatically extended to approximately 25 km from sea level (Fig. 5). The accurate hypocentral determination reveals that this sequence was distributed in a spatially vertical zone over a depth range of 20 km. This type of spatial pattern is not commonly detected in the subduction zone. In the frontal wedge area, seismicity usually indicates a regime of hydrologic and tectonic processes with active faults. However, the seismogenic zone was identified on the basis of the presence of a décollement dividing an upper brittle-fracture-dominated domain overlying a lower ductile domain. Pore-water geochemical evidence reveals that along-fault flow occurs specifically in the upper brittle domain but is hydrologically isolated from fluids in the underlying footwall sediments (e.g., Cello and Nurr 1988; Tobin et al. 2001; Lin et al. 2009). The C2005 data indicated vital seismic activity in which an upthrust faulting emerged at the top crust of the frontal wedge area.
The seismic velocity model constructed with C2005 indicated low velocity for the top layers within 4 km from the seafloor. The P- and S-wave velocities were approximately < 3.0 and < 1.8 km/s, respectively, and the corresponding Vp/Vs ratio was > 1.80. In particular, in the topmost layer (~ 1 km) the P- and S-wave velocities are as low as 1.9 and 0.6 km/s, respectively. Vp/Vs for this layer is 1.83. This low-velocity impedance is common in unconsolidated sediments at shallow accretionary prisms. Network 2005 was located in a field of widely distributed gas hydrate in southwest offshore Taiwan (e.g., Liu et al. 2006; Berndt et al. 2019). Thus, a high Vp/Vs ratio at the topmost layer was expected. At the depth of 4 km beneath the seafloor, the recorded P- and S-wave velocities were considerably higher at approximately 5.8 and 3 km/s, respectively. This substantial change in seismic velocity corresponded to the interface between accretionary sediments and the hard basement. However, the Vp/Vs ratio remains as large as 1.80 at the upper and lower layers of the sediment–hard rock interface (Fig. 3). We considered high fluid content at the interface as well as in the accretionary sediments in the frontal area. Notably, this is the depth level at which where we observed microseisms before the mainshock of Event 61; it is also the focal depth of the larger earthquakes (including the mainshock) of this sequence. We inferred, therefore, that the upper layers, comprising the sedimentary prism and the top crust, have high fluid content, and overpressure of this fluid is responsible for the earthquake sequence beginning on October 9.
Below 9 km, the seismic velocity increases and Vp/Vs decreases until approximately 16 km. At depths below 16 km, the seismic velocity is almost invariant; the P-wave velocity is approximately 7.8–8.0 km/s. However, Vp/Vs increases to 1.75 from 16 to 20 km. This may indicate a change in lithology from oceanic crust to lithospheric mantle. The Moho depth at the frontal wedge site should be approximately 16 km below the sea level, as revealed by the C2005 data.
C2006: earthquakes in outer trench slope of incoming plate
Network 2006 was located on the outer trench slope west of the Manila Trench, and earthquake magnitudes in C2006 ranged from 1 to 3.5 without temporal or spatial variation during the experimental period (Fig. 5). However, the seismicity rate in C2006 was as high as 400 events per day. Combining our result with the global seismic observations reveals that this bending–extensional sequence lasted for months—at least from the middle to the end of 2006.
The hypocenters of C2006 were categorized into two groups that formed two fault planes at different depth ranges, namely a high-angle north–south striking fault plane dipping to the northeast and extending from the seafloor to a depth of approximately 25 km and a flat fault plane at a depth of 20–35 km (Figs. 3 and 8). C2006 were the aftershock events of the extensional sequence initialized in the middle of 2006. Both GCMT and AutoBATS indicate a north–south striking normal fault for the large events of this sequence (Fig. 2). We recognize that the high-angle northeastward-dipping fault plane revealed by C2006 is the actual fault plane of this normal fault sequence. However, few clues regarding the formation mechanism for this low-angle fault with extensional deformation of the plate have been obtained. Based on the seismic velocities obtained in C2006, the Moho depth should be approximately 8 km below the seafloor (~ 12 km below sea level); at and below this depth, the P-wave velocity was as much as 7.6 km/s and invariant. This Moho depth reading is consistent with the previous active seismic surveys in this area (e.g., Wang et al. 2006; Eakin et al. 2014; Lester et al. 2014). That is, the flat-distributed seismicity in C2006 indicates deformation in the upper mantle.
Because the northeast SCS comprises relict structures from primitive basin spreading, we infer that the flat-distributed earthquakes of C2006 may be associated with a deep detachment fault, which is the lowest of the listric normal faults that are formed through hyperextension (Reston et al. 1996).
In addition to information about the Moho depth, the seismic velocity model from C2006 also indicates a relatively low lithological strength for the oceanic plate (Fig. 3). The P-wave velocity at the topmost layer was approximately 3.8 km/s, indicating the presence of solid materials at this level. However, the corresponding Vp/Vs ratio was greater than 1.80. This may indicate mechanical weakening or hydro fractures in the outer trench slope area caused by extensional fractures or indicate the filling of the fractures by sediments with high fluid content, or both (e.g., Tobin et al. 2014).
Furthermore, the Vp/Vs ratios of C2006 were lower than those of C2005 at the layers above 20 km, indicating the occurrence of substantial dehydration when the plate was subducted into the mantle.
Focal mechanism solutions determined by near-field waveform inversion
We used the FMNEAR program to determine the focal mechanism solutions for the 29 larger earthquakes detected by our OBS networks. FMNEAR implements a near-field waveform inversion scheme to obtain focal mechanism solutions when there are few seismic stations. The detailed FMNEAR algorithm was described by Delouis (2014; http://​source.​unice.​fr:​8080/​FMNEAR/​). In practice, seven focal parameters—the strike, dip, rake, slip velocity (Vr), dislocation (Δu), and relative coordinates of the hypocenter and rupture center of the fault plane—are used in FMNEAR. Because the earthquakes detected in our experiment were all of small-to-moderate magnitude, the focal energy was assumed to have been emitted from a single point source. We also assumed that the rupture propagated circularly with constant velocity on the fault planes and assumed that the source time function was a simple ramp defined by a constant rise time (τ) and slip. Although the focal mechanisms of the small events were not substantially affected by the rise time, we adopted the empirical relationship proposed by Somerville et al. (1999), [image: $$\tau =\Delta u/{V}_{r}$$], and used a simple Vr of 1 m/s. Combining the equation of seismic moment scaling (Hanks and Kanamori 1979) and the relationship of coseismic slip (Δu) with seismic moment, the slip Δu was determined as follows:[image: $$\Delta u = \frac{{10^{{\frac{3}{2}(M_{W} + 10.7)}} }}{{\mu L^{2} }},$$]

 (1)


where μ is the rigidity coefficient, equal to 3.5 × 1011 dyne/cm2, and L2 is the square of the rupture length. For all types of fault plane slipping, L2 was obtained from the empirical relationship of the moment magnitude from Wells and Coppersmith (1994):[image: $$\mathrm{log}{L}^{2}=-3.49+0.91{M}_{W}.$$]

 (2)



Therefore, the parameters Δu, L, and τ could be determined a priori for the inversion. The waveform segment covered a period of 3 s before the arrival of the P-wave to the end of the earthquake signal. The original waveform was integrated into the displacement and then treated using a bandpass filter of the remaining main motion signals. This process was then iteratively undertaken for various fault parameters (i.e., strike, dip, and rake). The waveform fittings were conducted using the optimal seismic parameters obtained through the near-field waveform inversion. Because the code FMNEAR is specifically used for data processing to ensure the final quality of the inversion, the filtering of the waveforms is of paramount importance (e.g., Boore 2001). Delouis (2014) argued that, depending on the length of a signal window, an adapted high-pass filter (cutoff frequency of ~ 0.05 Hz) must be applied to avoid bias with respect to the reconstruction of the displacement signal. In practice, full waveforms are inverted. The data segment in the present analysis was between 10 and 15 s, approximately covering the time period from the 2 s before the arrival of the direct P-wave to the 5 s after the onset of the S-wave. In addition to high-pass filtering, a low-pass filter (cutoff frequency at ~ 5 Hz) had to be applied to remove the high frequencies that could not be properly modeled with a simple velocity model. Synthetic seismograms were subsequently calculated, and we considered the relocated hypocenter and magnitude as well as the refined 1D velocity model that was adapted to the study area for the inversion.
Figure 6 presents the results pertaining to the mainshock of the 2005 sequence. This 4.51-Mw event was relocated at a depth of 11.06 km with a confidence of 98% through the use of a single point-source model and 21 channels of Network 2005. More examples of the FMNEAR analysis are presented in Additional file 1: Figure S3, which provides the statistics of the fitting residuals and the synthetic waveforms in inversion. The retrieved focal mechanism solutions are presented in Additional file 1: Table S3 and illustrated in Fig. 7.[image: ]
Fig. 6Typical results obtained using the FMNEAR. In this example, the 4.51-Mw event is the main shock of the sequence C2005

[image: ]
Fig. 7a Focal mechanism solutions determined in this study. The mechanical P- and T-axes are shown as blue and yellow dots on the beach balls and are projected onto the horizontal surface at their epicentral locations. b Mechanical classification diagrams


In this study, the focal mechanism solutions determined from C2005 are those of relatively large events located at a depth of approximately 10 km. Those determined from C2006 are those of earthquakes vertically distributed at a depth range of 5–30 km; no solutions were identified from the flat seismicity group. The compressive (P) and tensional (T) axes are presented with their projections on the surface in Fig. 7. We further determined the stress regimes by using these focal solutions. Álvarez-Gómez’s (2019) focal mechanism classification program was used to perform clustering analysis of the data and to generate a double-couple classification diagram through the Kaverina projection technique (Kaverina et al. 1996). The resulting mechanical classification is presented in Fig. 7.
Our results revealed that the seismic mechanisms of C2005 and C2006 included both thrusting failures and significant strike–slip deformations. As presented in Fig. 7, the P-axes derived from C2005 indicate an oblique-to-parallel orientation to the surface trace of the trench. Their principal direction follows the plate collision of the PS plate moving northwestward toward the Eurasian plate. However, these retrieved P-axes indicate a wide range of stress azimuths. This pattern may have been due to the uncertainty in our inversion.Table 1The statistical error estimates of the averaged ERH, ERZ, and RMS from the initial location and the relocations in this study for the earthquake sequences detected by Networks 2005 and 2006


	 	RMS (second)
	ERH (km)
	ERZ (km)

	Initial location of C2005
	0.28[image: $$\pm$$]0.08
	[image: $$0.85 \pm$$]0.85
	1.07[image: $$\pm$$]0.59

	Relocation of C2005
	0.12[image: $$\pm$$]0.04
	0.08[image: $$\pm$$]0.06
	0.15[image: $$\pm$$]0.12

	Initial location of C2006
	0.29[image: $$\pm$$]0.11
	[image: $$0.73 \pm$$]0.65
	1.54[image: $$\pm$$]0.63

	Relocation of C2006
	0.15[image: $$\pm$$]0.06
	0.27[image: $$\pm$$]0.11
	0.19[image: $$\pm$$]0.14




However, analysis of C2006 indicates that the stress regime in the approaching plate is a strong strike–slip failure with the reverse mechanism. The distribution of the P- and T-axes of these solutions does not correspond to the extensional mechanism pattern of the outer trench slope area. In fact, the P- and T-axes retrieved from C2006 vary in space. Some solutions are even oriented oblique-to-perpendicular to the Manila Trench.
Discussion and conclusion
Our results reveal that the seismic activity level in marine convergent boundaries is far beyond the monitoring capacity of terrestrial seismic networks. By contrast with the high-magnitude tsunamigenic earthquakes occurring on subducting plate interfaces, the earthquakes detected in our study were intraplate earthquakes with small-to-moderate magnitude. These events reveal the distinct seismotectonic properties of lithospheric deformation during subduction: the C2006 earthquakes were from a series of months-long aftershock events in the outer trench slope, whereas the C2005 earthquakes were primarily triggered by fluid overpressure in the frontal wedge area. Figure 8 presents the seismogenic patterns revealed in the above analyses as a schematic lithospheric cross-section of the subducting SCS plate (see the location indicated in Fig. 1). The spatial distribution of the C2006 events revealed that the high-angle fault plane at the outer trench slope developed through the crust and upper lithospheric mantle, whereas the flat-distributed seismicity formed a fault plane in the incoming plate in the lithospheric mantle. These two fault planes merge at a depth of approximately 30 km. In C2006, the Vp/Vs ratio indicates a weakening fracture in the topmost layer of the approaching plate. However, the hydrofracture effect did not appear to influence the lower crust or the upper mantle before the subduction of the plate into the mantle.[image: ]
Fig. 8Schematic of a cross-section through the subducting SCS plate. The red and blue dots are the C2005 and C2006 earthquakes, respectively. MT Manila Trench


The crustal thickness was determined from the velocity model over approximately 8 km for the approaching plate as well as for the subducted slab. The velocity structure in the frontal area corresponded with a downgoing, dipping slab of the sedimentary prism with a low velocity in the upper 4 km. The relatively large Vp/Vs ratio through the crust level and the vertically penetrating seismicity reveal substantial effects caused by fluid in the slab beneath the frontal area. However, the classification of the focal mechanisms in the two groups (mostly from shallow events) revealed a significant thrusting component in both the C2005 and C2006 events. The contrast in seismogeny of these two groups indicates possible temporal and fluid effects in this region; these are discussed separately in the following subsections.
Possible stress transfer within the northern Manila subduction system
The capacity of terrestrial stations to detect offshore seismic events is limited. Within the spatial frame of our two OBS networks, only one sequence (in 2006) was detected by the global seismic network in recent years. Combining the spatial and temporal seismogenic patterns from our result and the global catalog indicates that stress transfer may be responsible for the seismic activity in the study area in 2005–2006. In late 2005, overpressure in the frontal wedge unlocked the plate interface and triggered the thrusting-dominant sequence on October 9. This event changed the stress regime across the Manila Trench and triggered the normal fault extension at the outer trench slope in mid-2006. The hybrid focal solution for C2006 may have resulted from the plate interface having become locked again in late 2006, which restored the regional stress to laterally oblique convergence.
Notably, C2006 exhibited a change in the focal mechanism from the extension of the mainshock to the post-deformation lateral convergence. In fact, Obana et al. (2012) reported a similar observation for events on the outer slope of the Japan Trench. They discovered that the stress regime of the high-angle faults on the outer slope had temporal variation before and after the 2011 Tohoku earthquake. Variations in spatial and temporal stress range transferred between a subducted slab and approaching plate remain poorly understood in subduction zone research; more observations of offshore earthquakes should be performed to better understand this topic.
Dehydration in the warm Manila subduction zone?
In a subduction zone, fluids are released from subduction-related prograde diagenetic-geochemical reactions at different depths. The fluids may escape from the uppermost sediments through lithological compaction and may form mud diapirism in the accretionary complex, which occurs in the strata 5 km beneath the seafloor, as indicated by seismic reflection images (e.g., Brown 1990; Henry et al. 1996). At the depth of the mantle wedge, fluids are released by metamorphic dehydration and react with mantle peridotites to form hydrous minerals (e.g., Syracuse et al. 2010; Keken et al. 2011). Recent studies have further identified the location of fluids exert in the subduction zones. Worzewski et al. (2010) obtained magnetotelluric images of the Costa Rican subduction zone and identified the accumulation of fluids at 20–30 km in the frontal accretionary area. In a similar study, Hu et al. (2017) revealed that epidote dehydration of mantle wedges at depths of 70–120 km led to anomalously high conductivities, particularly in the hot subduction zone. Condit et al. (2020) developed thermodynamic models with varied lithologies of the plate interface; these models predicted that major dehydration reactions could occur at shallower depths (25–65 km) in relatively warm subduction zones. Condit et al. further inferred that the shallow dehydration reaction may be responsible for nonvolcanic tremors and episodic slow-slip earthquakes. From these studies, it appears that the pathway through which fluids are released in subduction cannot be ascribed to a single set of circumstances.
The mechanical characteristics of earthquakes may serve as a proxy, indicating the presence of fluids in the accretionary prism and at the plate interface. Our study demonstrated that the C2005 events were mainly triggered by fluid overpressure at the top of the crust. The Vp/Vs ratios of C2005 were considerably higher than those of C2006 at both the crust and uppermost mantle levels, indicating high pore-fluid pressure when plate subducting underlying the accretionary prism. Because the sediment–crust interface is too shallow to match the temperature and pressure condition where dehydration reaction occurs, the fluids may transport from an up-dip migration of fluids from deeper in the mantle wedge. This would also indicate that the northern Manila subduction zone may be a warm subduction zone in which the fluids resulting from dehydration could be easily up to shallower layers.
Another potential mechanism for the high pore-fluid pressure in the deep frontal wedge is anisotropic permeability in the accretionary sediments. Pore-pressure profiles obtained from ocean drilling data (i.e., Saffer et al. 2000; Skarbek and Saffer 2009) indicate that strongly anisotropic permeability can cause basal sediments to remain undrained. Under this circumstance, a considerable volume of pore water may accumulate at the top of the oceanic crust. However, the seismicity of C2005 includes vertical faulting through the entire crust and down to the lithospheric mantle not only along with the plate interface; attributing the occurrence of C2005 solely to anomalous permeability at the basal sediments may not be accurate.
Based on the seismicity patterns and seismogenic characteristics conducted in this study, the fluids at the basal sediments might be sourced from thermodynamically constrained metamorphic reactions at shallow depths (according to Worzewski et al. 2010, depth of < 30 km). This resulted in forming a fluid-oversaturated subduction channel at the base of the forearc crust, which was also demonstrated in the numerical modeling by Menant et al. (2019). Nevertheless, the anisotropic permeability can help to keep the basal sediments overpressured. We speculate that a warm subduction zone and anisotropic permeability of basal sediments may co-influence fluid distribution and seismogenic attribution in the northern Manila subduction zone.
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