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The 1994 Mw 7.1 Mindoro Earthquake and the 2017 Mw 5.9 Batangas Earthquake Sequence both occurred in offshore southern Batangas and devastated southern Luzon and Mindoro. These earthquakes exhibited NW-striking right-lateral slip in an area presumably defined by a WNW-striking left-lateral fault, therefore implying the existence of previously unmapped offshore faults. High resolution multibeam bathymetry grid and subbottom profiles revealed a conjugate strike-slip fault system under an approximately EW-directed extension. NW-striking right-lateral faults (F1 Faults: Central Mindoro Fault, Aglubang River Fault, and Batangas Bay Fault System) bound the western part of the study area. On the other hand, a series of almost parallel NE-trending left-lateral and normal faults (F2 Faults: Macolod Corridor, North Verde Fault System, Central Verde Fault System, South Verde Fault, and Northeast Mindoro Fault System) approach the F1 faults from the northeast. The distribution of the 1994 and 2017 earthquakes suggests that the possible rupture areas for these events are the Aglubang River Fault and the southwest Batangas Bay Fault System, respectively. These two traces appear to be connected and a restraining bend is suggested to have acted as a rupture barrier between the two events. Coulomb stress transfer modeling showed that the 1994 earthquake promoted the failure of the 2017 earthquake. Furthermore, results from the stress transfer models showed stress increase on the F1 faults (Batangas Bay Fault System and Central Mindoro Fault) and the northern F2 faults (North Verde Fault System and Central Verde Fault System). The newly recognized faults redefine the knowledge of the neotectonic structure of the area but are still consistent with the ongoing east-west extension in southern Luzon and the overall extension in northern Central Philippines. These faults pose seismic hazards, and more studies are needed to determine their seismogenic potential.
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INTRODUCTION
On November 11, 1994, 19:15 GMT, an Mw 7.1 earthquake struck south off Verde Island. An onshore ∼35 km-long rupture with right-lateral slip was observed along the Aglubang River Fault in northeast Mindoro. It was accompanied by a tsunami with a maximum vertical runup of 8.5 m (PHIVOLCS Quick Response Team, 1994). The focal mechanism solution of the mainshock exhibits an NNW-trending right-lateral fault which agrees with the observed onshore rupture. The mainshock epicenter and the aftershock distribution point to an offshore extension of the Aglubang River Fault (PHIVOLCS Quick Response Team, 1994). Almost 23 years later, on April 8, 2017 at 07:09 GMT, an Mw 5.9 earthquake event occurred in Batangas Bay, just around 30 km to the northwest of the 1994 mainshock. Relocated hypocenters (Chen et al., 2020) show an NW-trending distribution northeast of Maricaban Island, spanning from Calumpan Peninsula to the northwest down to the mouth of Batangas Bay to the southeast. There have been no reports of onshore rupture. Focal mechanism solution correlated to the northwest trend of the relocated events reveals a northwest-trending right-lateral fault (Chen et al., 2020). The fault solutions of these destructive earthquakes, however, contrast with what is expected in the area. The only known offshore fault is the WNW-trending Verde Passage Fault which moves in a left-lateral motion.
The proximity of the two earthquake events, the similarity of the focal mechanism solutions, and the disparity from known offshore faults suggest undocumented active structures in offshore southern Batangas. Here we examined the seafloor morphology of Verde Island Passage within the vicinity of Verde Island and of Batangas Bay using a high resolution multibeam bathymetry grid and subbottom profiles to identify potential active faults. We also assessed the coseismic stress transfer of the two earthquake events to the surrounding fault planes using Coulomb Stress Transfer modeling. Finally, the results of this work are used to evaluate the existing ideas on the seismotectonics of the region.
SEISMOTECTONIC SETTING
Regional Setting
The Philippine Mobile Belt is an actively deforming mosaic of terranes sandwiched between the Eurasian Plate/Sundaland Block to the west and the Philippine Sea Plate to the east (Gervasio, 1967; Aurelio et al., 2013) (Figure 1A). The northwestward movement of the Philippine Sea Plate at 88 mm/yr relative to Sundaland Block (DeMets et al., 2010) results in oblique convergence accommodated in a shear partitioning mechanism (Barrier et al., 1991; Aurelio, 2000). Displacement perpendicular to the boundary is accommodated by oppositely dipping subduction zones surrounding the Philippine Mobile Belt. To the west, the east-dipping Manila, Negros, Sulu, and Cotabato Trenches consume the oceanic basins at the margin of the Eurasian Plate while the west-dipping Philippine Trench and East Luzon Trough consume the Philippine Sea Plate in the eastern boundary of the Philippine Mobile Belt. In the central Philippines, the convergence is accommodated by the collision of a portion of Sundaland Block, referred to as the Palawan Microcontinental Block, with the Philippine Mobile Belt (e.g., Pubellier et al., 1997; Yumul et al., 2009; Aurelio et al., 2013). The remaining lateral component of the oblique convergence drives the northwestward translation of the tectonic blocks of the Philippine Mobile Belt mainly facilitated by left-lateral motion along strike-slip faults (Barrier et al., 1991; Aurelio, 2000). Most of the lateral motion is accommodated by the Philippine Fault which spans the entire Philippine archipelago from north to south (Pinet and Stephan, 1990; Ringenbach et al., 1990; Aurelio et al., 1991; Quebral et al., 1996; Tsutsumi and Perez, 2013). However, extensional (Pubellier et al., 1997; Sarewitz and Lewis, 1991; Pubellier et al., 2000) and compressional (Aurelio et al., 2017; Rimando et al., 2019; Rimando et al., 2020) features are also present within the Philippine Mobile Belt, signifying a more complex distribution of shear partitioning (Aurelio 2000; Rimando et al., 2020).
[image: Figure 1]FIGURE 1 | (A) Tectonic map of the Philippines. Black line indicates the boundary between the Palawan Microcontinental Block (PCB) and Philippine Mobile Belt (PMB) modified from Pubellier et al. (2018), Rangin. (1991), and Pubellier et al. (1991). Black arrows show GPS motion vectors fixed to the Sundaland Block (SU) (Rangin et al., 1999). The white arrow is the velocity of the Philippine Sea Plate relative to the Eurasian Plate (DeMets et al., 2010). Tectonic features are from the PHIVOLCS (2019). MT, Manila Trench; CZ, collision zone; NT: Negros Trench; ST, Sulu Trench; CT, Cotabato Trench; ELT, East Luzon Trough; PT, Philippine Trench; PF, Philippine Fault. (B) Regional seismotectonic setting. Instrumental earthquake data (in colored circles) are from the PHIVOLCS Catalog (1907–2019). Epicenters of the two most recent destructive earthquakes in the area are highlighted by a red star. The onshore rupture extent (white polygon) of the 1994 earthquake is from PHIVOLCS Quick Response Team (1994). Active faults in the region are the Verde Passage Fault (VPF), Aglubang River Fault (ARF), Central Mindoro Fault (CMF), and Valley Fault System (VFS). The volcanic regions in southern Luzon are the Macolod Corridor (MC), shaded in black, and the Southern Luzon Arc: Bataan Arc segment (BA) and Mindoro Arc segment (MA), both shaded in orange (Defant et al., 1991; Pubellier et al., 2000). Physiographic areas in northern Mindoro Island are the Mindoro Basin (MB), Mindoro Mountain Range (MMR), and Wawa-Mamburao Valley (WMV). Water bodies in between Mindoro Island and Luzon Island are the Verde Island Passage (VIP), Balayan (Bal.) Bay, and Batangas (Bat.) Bay. Topography is from ALOS World 3D–30 m (AW3D30) DEM while bathymetry is from the GEBCO_2020 grid.
Campaign GPS measurements reveal differential movements of several tectonic blocks within the Philippine Mobile Belt (Rangin et al., 1999; Aurelio, 2000; Yu et al., 2013). In general, displacement vectors from stations east of the Philippine Fault move faster to the northwest compared to those located to the west, with the slowest motions located in the central Philippines (Figure 1A). Convergence along the Manila Trench also decreases from north to south as it approaches Mindoro (Rangin et al., 1999; Yu et al., 2013). The slow motion in the central Philippines is attributed to the collision of the Palawan Microcontinental Block to the Philippine Mobile Belt in the Mindoro, Romblon, and Panay area (Rangin et al., 1999; Aurelio, 2000). Overall, these differences in motion can explain several tectonic features in PMB. The slow motion in central Philippines induced shortening, particularly in south-central Philippines. This is evidenced by geologic observations (e.g., young anticlines) and recent thrust/reverse faulting events (Aurelio, 2000; Rimando et al., 2019; Rimando et al., 2020). On the other hand, large differences in motion between the blocks create extension zones, such as in the Macolod Corridor. The extension zones are purported to act as relay zones between the major strike-slip faults that accommodate the northwestward translation (Pubellier et al., 1997; Pubellier et al., 2000).
Local Structures
The study area is in Batangas Bay and Verde Island Passage, in between southern Luzon Island and Mindoro Island (Figure 1B). Mindoro consists of accreted continental terranes (belonging to Palawan Microcontinental Block) and the South China Sea ophiolitic crust (Karig, 1983; Rangin et al., 1985; Marchadier and Rangin, 1990; Yumul et al., 2009; Aurelio et al., 2013) while southern Luzon is mainly underlain by Pliocene to Quaternary volcanics belonging to the Philippine Mobile Belt (Defant et al., 1988; Föerster et al., 1990; Mines and Geosciences Bureau, 2010), prompting Karig (1983) to propose an inactive suture in the Verde Island Passage. Focal mechanism solutions and GPS vectors point to a left-lateral movement of a WNW-trending fault within Verde Island Passage. This fault, which is treated as the suture zone based on previous studies (e.g., Karig, 1983), goes by several names (e.g., Verde Passage Suture, Verde Passage Fault, Sibuyan Verde Passage Fault, Lubang Fault), but is referred to here as the Verde Passage Fault. One of the latest traces of the fault from the Philippine Institute of Volcanology and Seismology (PHIVOLCS) starts from the easternmost Verde Island Passage, proceeding west to the south of Verde Island, where it splits into two. One strand continues to the northwest along the coast of southern Batangas while the other one goes in an east-west trend along the coast of northern Mindoro up to Lubang Island. Several works connect the Verde Passage Fault eastward to the Sibuyan Fault, crossing the central Philippines (e.g., Pubellier et al., 1997). Other works also connect Verde Passage Fault westward to the Manila Trench (e.g., Pubellier et al., 2000).
Surrounding onshore structures around Verde Island Passage (Figure 1B) are also thought to interact with the Verde Passage Fault. To the north, southern Luzon Island is marked by recent volcanism confined within a NE-trending zone of lineaments and volcanic centers called the Macolod Corridor (Föerster et al., 1990). It spans from the border of Southern Sierra Madre in the northeast and ends in the Maricaban Island in the southwest. The Macolod Corridor has been proposed to connect to the Verde Passage Fault (Pubellier et al., 2000). The southwestern end of the Macolod Corridor also divides the northwest-trending Southern Luzon Arc into the Mindoro Arc segment and the Bataan Arc segment (Defant et al., 1991). Of interest is the Mindoro Arc which consists of volcanic centers spanning from Verde Island up to eastern Mindoro. The age of the Bataan Arc ranges from Pliocene to Recent (Defant et al., 1991) while age dates from the volcanoes in northeast Mindoro range from 0.82 to 1.64 Mya (de Boer et al., 1980). On the other hand, to the south of Verde Island Passage are two active faults situated in onshore northern Mindoro (PHIVOLCS, 2019). The NNW-trending Central Mindoro Fault traverses the center of the island from north to south. The northern half separates the Mindoro Mountain Range from the Mindoro Basin while the southern half traverses through the mountain range. Movement is right-lateral with significant normal component (Mines and Geosciences Bureau, 2010). The Aglubang River Fault branches from the central part of the Central Mindoro Fault toward the northeast in Mindoro Basin which then eventually bends toward the north-northwest as it approaches the northern coast. A right-lateral motion was observed along a ∼35 km-rupture during the 1994 Mw 7.1 earthquake. The Aglubang River Fault is proposed to be connected to the Verde Passage Fault (PHIVOLCS Quick Response Team, 1994).
Seismicity
Offshore southern Batangas is prone to earthquakes owing to its proximity to major active tectonic features (Figure 1B). In addition to the discussed local structures, the Manila Trench is located more than 100 km to the west and southwest of Verde Island Passage. Most of the earthquakes in the region are thrust-type and come from the subducting slab which extends from the trench to around 80 km beneath Verde Island Passage (Chen et al., 2015). On the other hand, the shallow earthquakes in Verde Island Passage are of the left-lateral strike-slip type which is related to the Verde Passage Fault. Of interest are the 1994 earthquake and the 2017 earthquake sequence. Focal mechanism solutions from these events indicate the existence of NW-trending right-lateral faults which are unknown to the region. Furthermore, these two events exhibit a regional EW extension (Chen et al., 2020), similar to what is observed in the Macolod Corridor to the northeast (Pubellier et al., 2000). Although this active extension is manifested in the structures in the Macolod Corridor, tectonic-related earthquakes are very few within the corridor because of the high geothermal gradient (Pubellier et al., 2000; Chen et al., 2020).
DATA AND METHODS
Interpretation of Seafloor Morphology
For this study, bathymetry data was mainly used to characterize the seafloor morphology of the Verde Island Passage (within the vicinity of Verde Island) and Batangas Bay. An unpublished multibeam bathymetry dataset gridded at 10 m was provided by the National Mapping and Resource Information Authority (NAMRIA). This dataset is a compilation of several hydrographic surveys carried out by the agency. In addition, subbottom profiles were used to complement the interpretations from the bathymetry data. These were acquired using an Edgetech SB-216S, 3100 Portable Subbottom Profiler towed behind M/Y Panata in July 2019. The Edgetech unit operates at 2–15 kHz and achieved decimeter-scale resolution and penetration ranging from a few meters up to 30 m depending on substrate type. Subbottom data was visualized using Hypack 2016 Sub-bottom Processing Feature. Profiles were depth-converted using the standard water velocity of 1500 m/s.
Morphotectonic features were classified into two depending on the level of confidence on its recent activity. A feature is considered a fault when 1) a scarp is prominent, consistent, and continuous along a significant length on a specific trend, 2) there is the presence of offset features and other indicators of motion (e.g., Riedel shears), and/or 3) the feature cuts through sediment or other young morphological features such as submarine terraces. On the other hand, it is considered a lineament when 1) a linear feature is short and displacement cannot be properly discerned, 2) it is modified by erosional processes, and/or 3) the feature is on bedrock. The trends of the mapped structures were analyzed using rose histograms generated via OATools (Kociánová and Melichar, 2016). In addition to the identified structures in this work, the mapped onshore active faults of PHIVOLCS (2019) in Mindoro Island and the Macolod Corridor structures of Pubellier et al. (2000) were also included in the analysis.
Earthquake Data
Earthquake locations for M 4.0 and above were obtained from the PHIVOLCS Catalog (1907–2019). Relocated earthquakes from the 2017 event were taken from Chen et al. (2020). Aftershock distribution for the 1994 event was digitized from the report of PHIVOLCS Quick Response Team (1994). Focal mechanism solutions were from the Harvard GCMT Catalogue (Dziewonski et al., 1981) with revised locations using the PHIVOLCS Catalog.
Coulomb Stress Transfer Modeling
The static stress transfer of the two earthquake events in offshore southern Batangas was analyzed using Coulomb 3.3 (Toda et al., 2011). Coulomb stress change [image: image] is quantified as
[image: image]
where [image: image] is change in shear stress (positive in the direction of fault slip), [image: image] is change in normal stress (positive if the fault is unclamped), and [image: image] is effective friction coefficient (King et al., 1994; Harris, 1998; Stein, 1999). [image: image] is calculated in an elastic half-space (Okada, 1992) assuming Young’s modulus of 8 × 105 bar and Poisson ratio of 0.25. [image: image] is set to 0.4 to minimize uncertainty (King et al., 1994; Toda et al., 1998). A positive [image: image] value on a fault plane brings it closer to failure. In contrast, failure is discouraged if [image: image] is negative.
With no established rupture models for the 1994 Mw 7.1 event and the 2017 Mw 5.9 event, simple source fault geometry models with uniform slip were constructed using GCMT focal mechanism solutions and fault-scaling relationships (Wells and Coppersmith, 1994). The attitudes of the source faults were based on the NW-trending nodal planes from GCMT. The 1994 Mw 7.1 event has an attitude of 339°/70°/−178° (strike/dip/rake) while the fault plane for the 2017 Mw 5.9 event is defined as 314°/85°/176° (strike/dip/rake). The source faults were then positioned based on the locations of the interpreted rupture areas, mainshock depth, and aftershock distribution. Other earthquakes between 1994 and 2017 were also considered as source faults. Events were selected by matching the GCMT solutions with the improved locations of the events from the PHIVOLCS Catalog. Source faults were then constructed with the earthquake location as the fault center. The source fault parameters are available in the Supplementary Material.
Receiver faults were constructed based on known onshore faults from PHIVOLCS and the prominent offshore faults identified in this work. In the absence of subsurface data, receiver faults were assumed to have simple fault geometry with pure strike-slip or dip-slip motion. The following were the assumed dip/rake for each type of fault: normal = 60°/−90°, right-lateral = 90°/180°, and left-lateral = 90°/0°. The strike, dip, and rake for the source faults derived from the focal mechanism solutions were retained when they acted as receiver faults. Fault widths were assumed to start at 0 km and terminate at 5 km for the short faults and 15 km for the long faults. Fault planes were subdivided based on length and width to observe the variation of [image: image] across the fault plane. The receiver fault parameters are available in the Supplementary Material.
Coseismic stress changes of the 1994 earthquake and the 2017 earthquake were calculated on individual receiver faults with specified rakes to observe the stress imparted by each earthquake to the surrounding fault planes. The distribution of the relocated 2017 earthquakes was also evaluated in terms of static stress changes by correlating it to 1) the cumulative coseismic stress change of the earthquakes from 1994 to pre-2017, and 2) coseismic stress change from the 2017 earthquake. The receiver fault for both models was set to the fault plane of the 2017 mainshock and calculated at the depth of the mainshock (14.3 km).
Only coseismic stress change is considered in this study. It is acknowledged that other factors, such as postseismic stress change and interseismic loading, also contribute to the stress received by the fault planes. However, these types of analyses require data, such as crustal rheological parameters and long-term geodetic data (e.g., Wang et al., 2006; Li Y et al., 2020), that are absent in the study area, marking a major limitation in the analysis of stress changes.
RESULTS
Seafloor Morphology
The seafloor in the Verde Island Passage in the vicinity of Verde Island is divided into five physiographic regions (Figure 2A) based on its geomorphology and structures (Figure 2B). Bathymetric profiles across these regions and the interpreted neotectonic structure are also shown in Figures 2C–E. The regions and structures are herein referred to as the 1) West Verde Basin with the Aglubang River Fault and Central Mindoro Fault (Figure 3); 2) Northern Verde Region with the North Verde Fault System (Figure 4A); 3) Verde Island Shelf with the Central Verde Fault System (Figure 4B); 4) South Verde Trough with the South Verde Fault (Figure 5A); and 5) Northeast Mindoro Shelf with the Northeast Mindoro Fault System (Figure 5B). To the northwest, Batangas Bay hosts the Batangas Bay Fault System (Figure 6 and Figure 7). Subbottom profiles supporting the morphological interpretations are shown in Figure 8. Below, the seafloor morphology and interpreted faults per region are discussed.
[image: Figure 2]FIGURE 2 | Seafloor morphology of Verde Island Passage (VIP) in the vicinity of Verde Island. (A) Physiographic regions defined in VIP. The focal mechanism (GCMT) and location (PHIVOLCS) of the 1994 earthquake are shown for reference. Isobaths are every 25 m. Brackets show locations of succeeding figures. Subbottom profiles are in maroon. Bathymetric profiles for 2C and 2D are in blue. White lines indicate gullies. BSC, Baco Submarine Canyon; MSC, Malalay Submarine Canyon; WMSC: West Malalay Submarine Canyon; MaC, Main Canyon; swf: sediment wave field. (B) Interpreted faults, lineaments, and landslide scarps. The epicenter of the 1994 earthquake is shown as a red star. (C) and (D) are bathymetric profiles with scarp height values. The shaded region in (C) belongs to the Aglubang River Fault (ARF). (E) Simplified tectonic interpretation in VIP. CMF, Central Mindoro Fault; NVFS, North Verde Fault System; CVFS, Central Verde Fault System; SVF, South Verde Fault; NEMFS: Northeast Mindoro Fault System; BBFS: Batangas Bay Fault System; VPF, Verde Passage Fault; WVB, West Verde Basin; NEVB, Northeast Verde Basin; SVT, South Verde Trough.
[image: Figure 3]FIGURE 3 | Closeup of the southern (A) and northern (B) part of West Verde Basin. Filled black arrowheads indicate the trace of the Aglubang River Fault (ARF). Filled white arrowheads point to lineaments associated with ARF. Outlined black arrowheads represent Batangas Bay Fault System (BBFS) while outlined white arrowheads show the trace of the Central Mindoro Fault (CMF). Black half arrows show the direction of fault motion. The other surrounding faults are only labelled but with no arrowhead pointers. Other geomorphic features are also indicated such as landslide scarp (ls), mass transport deposit (MTD), and sediment wave field (swf). Subbottom profiles are in maroon. The location of the 1994 earthquake is shown as a red star. Please refer to Figure 2 for the location of the figures. SVF, South Verde Fault; NEMFS, Northeast Mindoro Fault; VPF, Verde Passage Fault. BSC, Baco Submarine Canyon; MSC, Malalay Submarine Canyon; WMSC, West Malalay Submarine Canyon; MaC, Main Canyon.
[image: Figure 4]FIGURE 4 | (A). Closeup of Northern Verde Region. Black arrowheads point to NE-trending lineaments while white arrowheads indicate EW to NW-trending lineaments of the North Verde Fault System. Subbottom profile is in maroon. ls, landslide scarp; MTD, mass transport deposit; swf, sediment wave field. (B) Closeup of the Verde Island Shelf and Verde Island. Black arrowheads point to NE-trending scarps of the Central Verde Fault System. Blue broken lines delineate submarine terraces. Roman numerals indicate each submarine terrace. Please refer to Figure 2 for the location of the figures.
[image: Figure 5]FIGURE 5 | (A) Closeup of the South Verde Trough. Black arrowheads show the trace of the South Verde Fault. White arrowheads point to the NE-trending structures of the Central Verde Fault System (CVFS) and Northeast Mindoro Fault System (NEMFS). Black half arrows indicate fault motion. The epicenter of the 1994 earthquake is shown as a red star. (B) Closeup of the Northeast Mindoro Shelf. Black arrowheads point to the longer faults of NEMFS. Smaller half arrows indicate the motion of shorter faults (Riedel shears). Please refer to Figure 2 for the location of the figures. ARF, Aglubang River Fault.
[image: Figure 6]FIGURE 6 | Seafloor morphology of Batangas Bay. (A) Bathymetry of Batangas Bay. The mechanism (GCMT) and location (PHIVOLCS) for the 2017 earthquake are shown for reference. Isobaths are every 25 m. Brackets show locations of succeeding figures. Subbottom profiles are in maroon. The bathymetric profile for 6C is in blue. White lines indicate gullies. swf: sediment wave field. (B) Interpreted faults, lineaments, and landslide scarps. The epicenter of the 2017 earthquake is shown as a red star. (C) A bathymetric profile in Batangas Bay with scarp height values. BBFS, Batangas Bay Fault System; ARF, Aglubang River Fault; MC, Macolod Corridor.
[image: Figure 7]FIGURE 7 | Closeup of the Batangas Bay Fault System (BBFS). (A) The northeast faults of BBFS. Black arrowheads point to scarps. Broken black lines indicate the displacement along gullies. (B) The southwest faults of BBFS. Filled black arrowheads point to BBFS. Outlined black arrowheads indicate northwest-trending faults cutting through Maricaban Islands. These could be related to BBFS. Black half arrows show the direction of interpreted fault motion. Subbottom profile is in maroon. White lines indicate gullies. The epicenter of the 2017 earthquake is shown as a red star. Please refer to Figure 6 for the location of the figures. ls, landslide scarp; MTD, mass transport deposit; swf, sediment wave field.
[image: Figure 8]FIGURE 8 | Subbottom profiles in (A) West Verde Basin, (B) Northern Verde Region, and (C,D) Batangas Bay. See text for discussion. Depth was calculated using a velocity of 1500 m/s. Locations of the profiles are in Figure 2 and Figure 6. ARF, Aglubang River Fault; CMF, Central Mindoro Fault; MTD, Mass Transport Deposit; NVFS, North Verde Fault System; BBFS, Batangas Bay Fault System.
West Verde Basin
The West Verde Basin is an NW-elongated depression situated in between Verde Island and the northernmost point of Mindoro Island (Figure 2A). A prominent NW-trending (N40°W to N10°W) steep linear bathymetric escarpment bordering the NE Mindoro Shelf and the Verde Island Shelf defines the eastern boundary of the West Verde Basin. To the west and to the south, the West Verde Basin is delimited by the arcuate insular slopes of northern Mindoro. To the southeast, the Baco River and the Malaylay River drains to the Baco Submarine Canyon, Malaylay Submarine Canyon, and West Malaylay Submarine Canyon (Sequeiros et al., 2019). The gullies of the three canyons mostly trend from N to NNE. Baco and Malaylay Submarine Canyons merge into the Main Canyon. The latter runs along the base of the NW-trending escarpment and exits to the West Verde Basin (Figure 3A). The West Malaylay Submarine Canyon, on the other hand, diverts to the NW before it joins the West Verde Basin. The southern part of the West Verde Basin is ∼8 km wide with depths ranging from ∼275 m in the south to around ∼425 m in the center of the basin. The basin narrows to ∼1 km and deepens to ∼450 m in its northernmost part. A small bathymetric relief (∼100 m-high, ∼1 km-wide) punctuates the basin in the northernmost end. Wide swaths of sediment waves (1–4 km) characterize the basin floor. A ∼2 km-wide sediment wave field is also found at the western border of the northern West Verde Basin. Meanwhile, the insular slopes bounding the West Verde Basin are indented with arcuate landslide scarps. Corresponding mass transport deposits were observed at the toe of the landslide scarps in the Verde Island Shelf (Figure 2B). Several sediment wave fields are located adjacent to the mass transport deposits or at the toe of the scarp and might indicate remobilization of mass transport deposits by bottom currents.
The right-lateral Aglubang River Fault terminates in Malaylay Island (PHIVOLCS Quick Response Team, 1994), in the vicinity of the Baco River, where it trends at around N25°W. Immediately offshore, the continuation cannot be properly observed because of the active sedimentary processes in the submarine canyons. The resolution of the bathymetry data also prevents accurate observation of scarps related to the 1994 rupture. However, the NW-trending escarpment bounding the West Verde Basin is just located less than 2 km to the northeast of the Aglubang River Fault (Figures 2B,E; Figure 3A). It is proposed here that this prominent escarpment is part of the Aglubang River Fault. Although no right-lateral movement was observed, the consistency of the trend and proximity to the mainshock makes it a likely candidate. Moreover, fault-scaling relationships (Wells and Coppersmith, 1994) for the 1994 Mw 7.1 earthquake suggest an additional ∼37 km rupture to the observed 35 km onshore rupture (PHIVOLCS Quick Response Team, 1994). The offshore escarpment reaches to around 25 km in length. A ∼12 km-long segment must then exist to complete the estimated additional ∼37 km rupture. This segment could be located in the southern onshore Aglubang River Fault, where rupture is proposed to have propagated but was not documented (PHIVOLCS Quick Response Team, 1994).
The right-stepping nature necessitates a releasing stepover zone in between the two right-lateral faults (Figure 2E). Lineaments define a depressed zone where the submarine canyons are located. NNW-trending lineaments bound the submarine canyons to the west. These lineaments continue to the West Verde Basin where a ∼45 m-high lineament separates the sediment wave field to the west and a deeper part of the West Verde Basin to the west. Lineaments were also observed in the submarine canyon area but are too modified (Figure 3A). The trends of the submarine canyons might also be structurally controlled. Overall, the structural pattern points to right-lateral shearing. Onshore, the rivers in the vicinity of the Aglubang River Fault might also have exploited pre-existing structures. If this is the case, the rivers drained toward the pull-apart zone where the submarine canyons developed.
Scarp heights along the offshore Aglubang River Fault vary along its length. Scarps along the border of NE Mindoro Shelf range from 20 to 130 m while the height is mostly around 400 m in the Verde Island Shelf. In between the two shelves is the South Verde Trough where the trace of the Aglubang River Fault at South Verde Trough’s western end is modified by erosional processes. Remnant scarps are around 25 m high.
Northwest of Verde Island Shelf, the trace of the Aglubang River Fault bends to a more northerly trend (N10°W) and is manifested by a ∼25 m-high scarp. As the Aglubang River Fault approaches the bathymetric relief at the northernmost end of West Verde Basin (Figure 3B), the trace bends to the NW (N45°W). The relief at the site of the change in trend probably is an uplift resulting from a restraining bend. This bathymetric relief could also be an old volcanic center. In any case, the change in trend is also reflected in the lineaments dissecting this feature. The Aglubang River Fault is proposed to end before the change in trend. The lineament with a more northwestern trend is proposed to belong to the Batangas Bay Fault System. This will be explained in the later section.
The Central Mindoro Fault also ends at the northern coast of Mindoro (Figure 2). Immediately offshore at roughly the same trend is the insular slope separating the Northern Mindoro Shelf and the West Verde Basin. This is consistent with the onshore Central Mindoro Fault which separates the Mindoro Mountain Range from the Mindoro Basin. Further north, a 15–25 m-high lineament bounds West Verde Basin and separates the basin from a sediment wave field to the west (Figure 2, Figure 3B, Figure 8A). This lineament could be part of the Central Mindoro Fault. Further to the west of the sediment wave field, a NE-trending lineament was observed which converges with the Central Mindoro Fault near the bathymetric relief at the northern end of the West Verde Basin. This feature could be related to the Verde Passage Fault or could be a new feature that deserves further investigation in the future.
Overall, both the Aglubang River Fault and Central Mindoro Fault bound the West Verde Basin. Considering that the Aglubang River Fault splits from the Central Mindoro Fault in a right-stepping manner in central Mindoro Island, this creates a pull-apart structure that includes the West Verde Basin and a part of the Mindoro Basin (Figure 2E). A nested pattern of pull-apart zones is recognized: 1) the West Verde Basin-Mindoro Basin in between the Central Mindoro Fault and Aglubang River Fault; 2) the Aglubang River Fault releasing stepover; and 3) the Baruyan Lake (PHIVOLCS Quick Response Team, 1994) along the Aglubang River Fault.
Northern Verde Region
The Northern Verde Region has a complex morphology primarily composed of a spur and a basin (Figure 2, Figure 4A). The North Verde Spur is 150–280 m deep and ∼6 km wide. It has a rough surface littered with mounds and linear ridges. It is attached to the Verde Island Shelf to the south and is separated by a narrow gap (<1 km) from the Batangas Shelf to the north. The western boundary of the spur is a NE-trending lineament which steeply drops to more than 400 m depth near the mouth of Batangas Bay. At the foot of the linear boundary is a moat and mounded drift pair typical of contourite systems (Figure 8B). Landslide scarps (0.1–1 km wide) are present in the spur and are largest in the western boundary (Figure 2B). Corresponding mass transport deposits are observed downslope and near the contourite drifts, implying reworking of mass transport deposits by bottom currents.
To the east, the North Verde Spur transitions to the Northeast Verde Basin (Figure 4A). This basin is delimited by the 300 m isobath and might extend further to the east. The basin floor has numerous circular depressions (100–300 m wide) which are probably products of bottom current processes. A sediment wave field is observed in the eastern part. The northern part of the basin is bounded by a rectangular bathymetric relief (∼50 m high) attached to the Batangas Shelf. To the south is the Verde Island Shelf.
Two main lineament trends dissect the Northern Verde Region (Figure 4A). The first main trends are at N40°E ± 10° while the other trends are at N60°W ± 30°. The NW lineaments cut through the whole Northern Verde Region while the NE lineaments dissect the spur more heavily than the basin. The lineaments are interpreted to have normal displacements (Figure 2D, Figure 8B) with a possible strike-slip component. The two main lineament trends might be conjugate structures. All lineaments are collectively referred to as the North Verde Fault System.
Verde Island Shelf
The Verde Island Shelf has an unequal width around the island (Figure 2, Figure 4B). The northern shelf is only around 0.5 km wide before it transitions to the Northern Verde Region. The western side is also <1 km wide along the Aglubang River Fault. In contrast, the eastern and southern side reaches up to ∼4 and ∼6.5 km, respectively. The shelf has a relatively gentle slope (∼5°), except around scarps, gullies, and localized mounds. Five submarine terraces were observed in the eastern shelf with the following depths of the terrace outer edge: I = 15–20 m, II = 50–60 m, III = 85–100 m, IV = 110–120 m, and V = 140–170 m.
NE-trending structures (N50°E ± 10°) dissect the shelf, particularly in the eastern and southern sides. These are collectively called the Central Verde Fault System. Structures cannot be observed in the northern and western shelves because of processing artifacts. On the eastern shelf, the Central Verde Fault System structures are short (<2 km long) and closely spaced (<1 km apart). They show normal displacement ranging from <10 m in the shallower parts to ∼40 m at the edge of the shelf. The faults cut through the submarine terraces, implying recent activity. The terraces become more fragmented with depth which might partly be due to fault activity. Moreover, the structures continue onshore Verde Island where they cut through the volcanic center and apron, with displacements ranging from <10 to 60 m. On the other hand, in the southern shelf, lineaments are shorter and less clear, except for a ∼9 km fault which spans from the eastern shelf boundary up to the South Verde Trough. This fault displays left-lateral motion.
South Verde Trough
The South Verde Trough is a ∼2 km-wide, EW-elongated depression separating the Verde Island Shelf and NE Mindoro Shelf (Figure 2; Figure 5A). The trough might continue to the east. Seafloor bathymetry is quite complex. Irregularly shaped depressions with depths up to 400 m are randomly distributed in the seafloor. Promontories from surrounding shelves protrude toward the trough. At the center of the trough is a 40–90 m-high EW-trending ridge. The fault associated with this ridge is referred to as the South Verde Fault. A left-lateral motion is inferred. NE-trending structures from the Verde Island Shelf and NE Mindoro Shelf converge toward the South Verde Fault. The structural pattern suggests that the NE structures are acting as R shears of a left-lateral fault. Other lineaments of varying trends projecting toward the South Verde Fault might be antithetic shears. South Verde Fault bends to a more NW trend as it approaches the Aglubang River Fault.
NE Mindoro Shelf
The NE Mindoro Shelf is a wide shelf that spans the entire area of northeast Mindoro and appears to be connected to the Mindoro Basin (Figure 2; Figure 5B). The Baco Islands, three small islands arranged in a northeast trend, are located at the center of the shelf. The study site is located between the Aglubang River Fault and the Baco Islands. Depth reaches up to 275 m. Plateaus (∼100 m depth) and mounds (∼50 m depth) dominate the northwest area. To the south, gullies drain from the coast toward a small NE-trending basin. This basin is delimited by the 175 m isobath and is only around 1–2 km wide. Depressions and sediment waves characterize the seafloor.
NE-trending structures dissect the whole shelf. The longer faults trend N55°E ± 5° and delineate the borders of the plateaus and the small basin. On the other hand, the shorter lineaments mainly trend N30°E ± 10° and approach toward the longer lineaments. The morphology suggests left-lateral motion with the shorter structures acting as R shears. Collectively, these structures are referred to as the NE Mindoro Fault System. This fault system continues to the South Verde Trough to the NE. To the SW, the NE Mindoro Fault System approaches Aglubang River Fault, where several of these structures bend to the NW.
Batangas Bay
Batangas Bay is a ∼14 km-wide and ∼18 km-long water body indented in southern Luzon Island (Figure 6A). It is bounded by land on its western, northern, and eastern sides. Maricaban Island is located on its southwestern side. A narrow waterway (∼3 km) in between Maricaban Island and Calumpan Peninsula connects Batangas Bay to Balayan Bay. A ∼7.5 km-wide mouth is located at the southern part of the bay, leading to Verde Island Passage.
The bay is around 100 m deep at the shelf edge and gently deepens (∼5° slope) up to around 450 m at the mouth of the bay. The shelves surrounding the bay are very narrow. It ranges from 0.1 to 1 km on the western, eastern, and southeastern sides. The northern side, on the other hand, is 1–3 km wide. A 4 km-wide delta of the Calumpang River is also present on the northeastern shelf. Subbottom profiles across the bay show sediment cover generally thinning toward the bay center where there are abundant gullies (Figures 8C,D). Small, closely spaced landslide scarps (<300 m wide), with occasional corresponding mass transport deposits, indent the northern, western, and southwestern shelves (Figure 6B, Figure 7, Figure 8D). A delta collapse feature (∼500 m wide) is also present in the northeastern shelf (Figure 6B). Larger landslide scarps (300–800 m) are observed on the southeastern shelf. Gullies heavily incise the bay, particularly at the vicinity of the delta. To the west, a northeast-trending channel (∼500 m-wide) connects to the passage to Balayan Bay. Sediment wave fields are present within the channel, at the toe of the delta collapse, and at the mouth of the bay.
Batangas Bay is mainly cut by faults trending N30°W ± 15° (Figure 6B). These faults are collectively called the Batangas Bay Fault System. The fault system is only located in the southern half of the bay. Parallel faults and lineaments (∼0.75–5 km long) cut through the southeastern insular slope and displace the gullies horizontally (∼20–100 m) (Figure 7A). Scarp heights range from 1 to 15 m. A subbottom profile crossing the southeastern shelf (Figure 8C) revealed shelf sediments displaced in a normal motion (<1 m). Two main faults straddle the southwestern part of the bay, along Maricaban Island (Figure 7B). One fault (∼N40°W) starts as a linear ridge (∼50 m high, ∼3 km long) at the mouth of the bay and then continues as smaller scarps (∼5–20 m high, ∼6 km long total) along the base of the insular slope. The other fault defines the shelf edge for about 5 km. The trace is obscured by numerous slope failures across its length. A subbottom profile across the Maricaban slope (Figure 8B) did not image the fault because of thin sediment cover. Two traces (∼1 km long) continue toward the Calumpan peninsula shelf. No onshore trace continuation was observed. The 2017 earthquake sequence plots near southwest Batangas Bay Fault System, implying that at least one of the traces corresponds to the fault rupture.
In the bay center, numerous lineaments are in between the main SW and NE fault strands (Figure 6B). Some of the lineaments correspond to the gullies. Parallel lineaments approach the SW faults, with the pattern suggesting these are Riedel shears of a right-lateral fault. It is therefore inferred that the lineaments in the bay center accommodate the shearing of Batangas Bay Fault System. Moreover, several structures (N75°W ± 5°) branch from the eastern edge of the Maricaban shelf toward the Maricaban island. These structures, along with SW Batangas Bay Fault System, appear to project toward the bathymetric relief at northern West Verde Basin. This implies that Batangas Bay Fault System connects to the bathymetric relief and Aglubang River Fault. The connection in between, however, is covered with sediment waves.
Several NE-trending lineaments (∼N55°E) are also present particularly in the northeastern part of the bay near the delta (Figure 6). The gullies in the delta and the channel southwest of the bay also trend to the northeast. Traditionally, Batangas Bay is considered part of the Macolod Corridor and the NE structures might be related to this tectonic zone.
Summary
Seven fault systems were defined in offshore southern Batangas with clear contrast in trend and motion (Figure 9). The overall pattern of the mostly left-lateral NE-trending fault systems (F2 faults), including the Macolod Corridor, and the right-lateral NW-trending fault systems (F1 faults) suggest a conjugate fault system in a WNW-ESE to EW-directed extension. Earthquakes from the PHIVOLCS Catalog (>Ms 4.0) show that most of the earthquakes in the region of interest are concentrated in the Aglubang River Fault and the southwest Batangas Bay Fault System, mostly corresponding to the 1994 earthquake and 2017 earthquake sequence, respectively (Figure 10A). A 1997 Mw 5.4 earthquake occurred near the restraining bend of the F1 faults (Figure 10A). Very few earthquakes are plotted in the other defined structures. The 1994 and 2017 events appear to be delimited by the interpreted restraining bend of the Aglubang River Fault and the Batangas Bay Fault System (Figure 10B).
[image: Figure 9]FIGURE 9 | Rose histograms of faults and lineaments showing a conjugate fault system in offshore southern Batangas. Inset shows simplified tectonic interpretation.
[image: Figure 10]FIGURE 10 | Correlation of interpreted structures to earthquake data. (A) Colored circles are instrumental seismicity from PHIVOLCS Catalog (1907–2019). GCMT solutions are also shown using locations from the PHIVOLCS Catalog. (B) The 1994 earthquake aftershocks (PHIVOLCS Quick Response Team, 1994) and 2017 earthquake sequence (Chen et al., 2020) show an apparent boundary where ARF and BBFS meet.
Static Stress Transfer
Coulomb stress transfer modeling for the 1994 Mw 7.1 rupture along the Aglubang River Fault showed stress increase in the northern and southern region of the source fault (Figure 11A). The fault plane along the 2017 Batangas Bay Fault System rupture area was brought >0.5 bars closer to failure. Other faults in the northern region with positive stress change are: Batangas Bay Fault System (∼6 bars), normal North Verde Fault System (>4.2 bars), and normal Central Verde Fault System (>0.8 bar). In the southern part, a small portion of the Central Mindoro Fault had a stress increase at >1.8 bars. The other receiver faults along the sides of the Aglubang River Fault showed stress decrease ranging from −0.02 to −12.9 bars. In general, stress change is largest near the ends of the source fault and decreases with distance.
[image: Figure 11]FIGURE 11 | Calculated Coulomb stress changes at μ’ = 0.4 on receiver faults in offshore southern Batangas during the (A) 1994 Mw 7.1 earthquake and (B) 2017 Mw 5.9 earthquake. Hotter colors indicate stress increase. ARF, Aglubang River Fault; CMF, Central Mindoro Fault; NVFS, North Verde Fault System; CVFS, Central Verde Fault System; SVF, South Verde Fault; NEMFS: Northeast Mindoro Fault System; BBFS, Batangas Bay Fault System. The letters in parenthesis indicate the fault geometry. R, pure right-lateral fault (dip/rake: 90°/180°); L, pure left-lateral fault (dip/rake: 90°/0°); N: pure normal fault (dip/rake: 60°/−90°); fms: derived from GCMT focal mechanism solution (ARF strike/dip/rake: 339°/70°/-178°; BBFS strike/dip/rake: 314°/85°/176°). The shorter fault models have downdip widths of 5 km while the longer faults have downdip widths of 15 km. Fault planes are divided based on their length and width to observe variations in stress received. Fault parameters are found in the Supplementary Material.
For the 2017 Mw 5.9 rupture on the Batangas Bay Fault System, stress change modelled was only up to ∼0.5 bars (Figure 11B). Aglubang River Fault had positive change (<0.27 bars), increasing from south to north, except for an area nearest to the source fault which had a negative change of −0.47 bars. The two nearest receiver faults to the source showed stress increase: Batangas Bay Fault System at <0.30 bars and northern Central Mindoro Fault at <0.26 bars. Southern Central Mindoro Fault had negligible change (<0.009 bars). In the North Verde Fault System, the stress change in the normal faults ranged from −0.1 to 0.07 bars. The normal faults of the Central Verde Fault System had negative change (<−0.06 bars) while the left-lateral fault mostly gained stress (<0.07 bars). The stress change in the South Verde Fault ranges from −0.02 to −0.07 bars. The Northeast Mindoro Fault System gained stress (<0.08 bars). In general, the 2017 rupture caused a positive increase in the region fronting the southeastern end of the source fault with values decreasing with distance. The receiver fault planes far from the source fault (i.e., east of Aglubang River Fault) experienced varying stress changes but within the same magnitude (mostly <0.1 bar change).
Coseismic coulomb stress changes for earthquake events from 1994 to 2017 were also correlated to the distribution of the relocated 2017 earthquake sequence (Chen et al., 2020). The first model (Figure 12A and Figure 12B) is a cumulative coseismic stress change after the 1994 earthquake and before the 2017 earthquake. Five earthquake events (1994–2001) were considered based on matching the GCMT events to the PHIVOLCS Catalog (1907–2019). The second model designated the 2017 mainshock as the source fault. Receiver faults for both models were set to match the fault plane of the 2017 mainshock. Results show that most of the 2017 earthquakes plotted in the positive lobe of the cumulative 1994–2001 stress change (Figure 12A and Figure 12B). In particular, the Mw 5.9 mainshock and most events belonging to the 2017 foreshock sequence concentrated in the positive lobe of the cumulative stress change. Very few foreshock events plotted in the negative lobe. These events are notably very close to the time of the mainshock and therefore might be triggered by the earlier foreshock events. The aftershocks of the Mw 5.9 earthquake are mostly clustered along the fault plane (Figure 12C). Several events plotted in the positive lobe, implying triggering. However, there are also a significant number of aftershocks that plotted within the negative lobes of the 2017 earthquake, but still within the positive lobe of the cumulative 1994–2001 stress change. Other factors might also influence the earthquake distribution, such as dynamic stress triggering, postseismic stress change, and interseismic loading. This could also be a product of the limitation of the designated source fault model and specified receiver fault.
[image: Figure 12]FIGURE 12 | Calculated Coulomb stress change at depth of 14.3 km with (A and B) cumulative 1994 to pre-2017 earthquakes and (B) 2017 Mw 5.9 Batangas Bay Fault System earthquake as source fault. The receiver fault for both calculations is specified as the same as the 2017 mainshock (strike/dip/rake: 314°/85°/176°) at μ’ = 0.4. The dots represent the relocated events from the 2017 earthquake sequence (Chen et al., 2020). White dots are the foreshock sequence while the black dots are the aftershocks. Dark gray lines are the interpreted faults. Green rectangles depict the source fault area. A purple star indicates the 2017 mainshock location.
DISCUSSION
A Conjugate Fault System in Offshore Southern Batangas and its Potential Seismic Hazard
Analysis of seafloor morphology revealed seven fault systems in Verde Island Passage and Batangas Bay (Figure 9). The F1 faults (Batangas Bay Fault System, Central Mindoro Fault, and Aglubang River Fault) define a long northwest-trending zone of semi-continuous right-lateral faults in the western part of the study region. In contrast, the F2 faults (Macolod Corridor, North Verde Fault System, Central Verde Fault System, and Northeast Mindoro Fault System) mainly consist of northeast-trending parallel left-lateral and normal faults approaching the northwest-trending zone of the F1 faults. The left-lateral South Verde Fault trends east-west and accommodates the motion between the Central Verde Fault System and the Northeast Mindoro Fault System. Overall, the patterns define conjugate fault systems forming under approximately EW-directed extension.
GCMT focal mechanism solutions also indicate EW extension (Chen et al., 2020). The events from the 1994 and 2017 earthquakes plot near the traces of the Aglubang River Fault and the Batangas Bay Fault System (Figure 10A). Accurate determination of the fault rupture was not possible because of data limitations but is inferred on the fault trace nearest to the mainshock and consistent with the focal mechanism solution. The earthquake distribution from the two events (Figure 10B) shows an apparent boundary in the bathymetric relief in northern West Verde Basin (Figure 2; Figure 3B) where the trend of the right-lateral faults changes in a restraining manner. This restraining bend might have acted as a rupture barrier for both earthquakes. Furthermore, the northwestern distribution of the 2017 aftershocks was limited by the Calumpan Peninsula. This area consists of volcanic centers belonging to the Macolod Corridor and has a geothermal resource controlled by faults of varying trends (Del Rosario and Oanes, 2010). Both the high geothermal gradient and the structures might have stopped the further propagation of the aftershocks to the northwest (Chen et al., 2020).
The apparent connectivity of the Aglubang River Fault and the Batangas Bay Fault System implies possible contribution of the 1994 event to the occurrence of the 2017 event. Coulomb stress transfer model revealed that the Batangas Bay Fault System was indeed brought closer to failure by 0.5–7.4 bars (Figure 11). Very few significant earthquakes occurred post-1994 and pre-2017 that might have influenced the occurrence of the 2017 earthquake sequence. Of the five significant earthquakes, the nearest to Batangas Bay is the 1997 Mw 5.4 event which occurred near the restraining bend of the F1 faults (Figure 12A). Cumulative stress change of the 1994 to pre-2017 earthquakes revealed that most events of the 2017 earthquake sequence plot within the positive lobe (Figure 12A and Figure 12B).
The question now is whether the other identified faults would also rupture in the future. Fault ruptures and stress triggering along conjugate faults are not rare and some of the most recent earthquakes are of this type, such as the 2019 Ridgecrest Earthquake Sequence (e.g., Li S et al., 2020) and the 2019 Mindanao (Cotabato) Earthquake Sequence (e.g., Li B et al., 2020). The coseismic stress transfer models show that some of the fault planes surrounding the 1994 and 2017 rupture areas have experienced stress increase. While triggering may require a minimum stress change value, the value of this threshold widely varies (Steacy et al., 2005). However, it has been previously shown that an increase of 0.1 bar can change the rate of seismicity, ergo, increase in earthquake probability. The 1994 event caused a stress increase of >0.5 bars to most fault planes located near the northern end of the Aglubang River Fault and a portion of the Central Mindoro Fault to the south. On the other hand, the 2017 event increased the stress of several fault planes fronting the southeastern end of the source fault by up to 0.3 bars. Overall, the fault planes of Batangas Bay Fault System, North Verde Fault System, Central Verde Fault System, and Central Mindoro Fault gained significant stress. In terms of earthquake probability, stress change is interpreted to alter the time of the next earthquake (Stein, 1999; Toda and Stein, 2002). That is, an increase in stress would hasten the occurrence of the next earthquake while a decrease in stress would delay the occurrence. It is also important to acknowledge that other factors, such as dynamic stress, long-term loading, and other natural and human processes, can also affect the promotion of earthquake failures (Harris, 1998; Steacy et al., 2005).
It is therefore important to resolve how active are the identified faults and determine their recurrence intervals. This is to properly assess the timing of the next rupture and the effect of Coulomb stress transfer in altering the earthquake probability. Unfortunately, this is one of the major limitations of this study. The faults in this work were only identified through its geomorphology. Aglubang River Fault is active and already ruptured in 1994. Onshore Central Mindoro Fault is designated active; however, the immediate offshore continuation coincides with an arcuate insular slope with no clear activity. The northernmost trace of the Central Mindoro Fault appears to be active which creates a scarp in the basin. Southwest Batangas Bay Fault System is associated with the 2017 rupture while the northeast Batangas Bay Fault System could be active, as evidenced by displaced gullies and offset reflectors. The NE-trending fault systems cut through crust belonging to the Mindoro Arc which has age dates from 0.82 to 1.64 Mya (de Boer et al., 1980), although the sample was from the volcanoes in northeast Mindoro coast. The Central Verde Fault System cuts through submarine terraces which makes it most likely to be active. Further studies must be done to constrain the seismogenic potential of these fault systems. Probable magnitudes were initially estimated from the longest surface fault trace from each fault system (Table 1) using fault-scaling relationships (Wells and Coppersmith, 1994). Several of these faults could still extend to the east, putting these estimates to a minimum.
TABLE 1 | Probable magnitude from each fault system estimated from longest surface trace observed using fault-scaling relationship (Wells and Coppersmith, 1994).
[image: Table 1]Implications to Local and Regional Tectonics
The newly documented fault systems redefine the previously known faults in the region. The Verde Passage Fault does not run through the whole Verde Island Passage. Instead, a conjugate fault system characterizes the region around Verde Island. The South Verde Fault corresponds to the previous Verde Passage Fault trace south of Verde Island. Further investigations are needed to properly define the two branches of the Verde Passage Fault to the west which has clear bathymetric expression from the GEBCO bathymetric grid. On the other hand, Macolod Corridor appears to loosely terminate at Batangas Bay instead of the Verde Island Passage.
Despite being newly mapped tectonic features, the structures are still consistent with the known tectonics of the region (Figure 13). Focal mechanism solutions and conjugate fault patterns point to an approximately east-west extension (Chen et al., 2020). This is similar to the extension observed in the structural features in the Macolod Corridor (Pubellier et al., 2000). As such, the formation mechanism of the two regions must also be the same. Previous tectonic models indicate that the extension in southern Luzon accommodates the differential northwestward motion of several tectonic blocks. Velocity generally decreases from east of the Philippine Fault toward the Central Philippines where the Palawan Microcontinental Block-Philippine Mobile Belt collision impedes motion. The conjugate fault system in offshore Batangas is another addition to the extensional zones present in northern central Philippines which accommodate the necessary extension in between the collision zone and the Philippine Fault. However, it is noted here that while the extension direction in southern Luzon is east-west, the same direction is not consistent throughout northern central Philippines, as can be observed from the T axes from GCMT solutions (Yoshida et al., 2016) in Central Philippines (Figure 13).
[image: Figure 13]FIGURE 13 | Ongoing extension in northern Central Philippines because of differential northwestward block motion. Basins are delineated in yellow. The direction of extension for the basins are from the structural interpretation in Macolod Corridor (Pubellier et al., 2000) and T axes from GCMT solutions in other areas (Chen et al., 2015; Yoshida et al., 2016; Chen et al., 2020). Black arrows show GPS motions from Yu et al. (2013) while green arrows are from Rangin et al. (1999), all fixed to Sundaland Block in mm/yr. A light blue arrow indicates GPS-derived slip (mm/yr) of Sibuyan Sea Fault (SSF) fixed to Masbate Island (Bacolcol et al., 2005). Faults are from PHIVOLCS (2019), and the blue half arrows show direction of fault motion. The black line is the boundary of the Palawan Microcontinental Block (PCB) and the Philippine Mobile Belt (PMB). The PCB in a darker shade is the relatively less deformed North Palawan Block which is currently colliding with PMB. On the other hand, the PCB in a lighter shade is already emplaced in PMB and undergoing PMB-related deformation. VFS, Valley Fault System; VPF, Verde Passage Fault; ARF, Aglubang River Fault; CMF, Central Mindoro Fault; SMF, Southern Mindoro Fault: TF, Tablas Fault; WPF, West Panay Fault; CMaF, Central Marinduque Fault; SSF, Sibuyan Sea Fault; PF, Philippine Fault; LBL, Lake Bato Lineament.
This extension represents the most recent tectonic event in the Philippine Mobile Belt. Pubellier et al. (1997) referred to this as the “post-docking” phase after the Palawan Microcontinental Block-Philippine Mobile Belt collision during the Middle Miocene (northern Philippines) to Pliocene (southern Philippines). The mapped conjugate faults straddle the Palawan Microcontinental Block-Philippine Mobile Belt boundary and affect both terranes. Some of the faults, like the F1 faults and the Verde Passage Fault, might have exploited and reactivated pre- and syn-collision structures. The Macolod Corridor and the other F2 faults cut through the NW-trending Southern Luzon Arc (with Mindoro Arc presumably inactive). Aglubang River Fault and Central Mindoro Fault, as well as South Mindoro Fault, displace the portion of the Palawan Microcontinental Block in Mindoro Island. Incidentally, other active structures that are not compressional (e.g., Wawa-Mamburao Valley extension, right-lateral Tablas Fault, other extensional basins in central Philippines) are also located within the Palawan Microcontinental Block near the collision zone. This means that the portion of the Palawan Microcontinental Block fronting the Philippine Mobile Belt, or the “emplaced” blocks, is also affected by the northwestward translation, as was noted by Pubellier et al. (1997). This implies that as the collision front migrated to its present position (i.e., south of Mindoro Island and west of Panay Island), the concurrently accreted crustal materials are subsequently affected by the existing stress regime within the Philippine Mobile Belt. Although the blocks belong to Palawan Microcontinental Block stratigraphically, the tectonic behavior of the emplaced blocks implies assimilation into the Philippine Mobile Belt.
Influence on Seafloor Morphology
The structures heavily influence the seafloor morphology in varying spatial scales. Localized extensions created basins and troughs while scarps and restraining beds are generated by uplift. Volcanic centers and aprons are displaced by normal faults. Linear ridges follow the general orientation of faults. Faults and lineaments dissect the shelves and slopes, and these are exploited by channels and gullies. Bottom current processes are evident in the basin floor (i.e., wide sediment wave fields, contourites). In the West Verde Basin, the sediment waves are in the uplifted parts of the seafloor. This suggests that the bottom current might experience velocity change as it encounters a significant bathymetric relief, thereby controlling the development of the sediment waves. Although in a deep-water fan environment, Maselli et al. (2021) demonstrated that active normal faulting triggered a hydraulic jump in the downslope evolution of turbidity currents, generating a stark contrast between the cyclic steps and antidunes in the footwall, and a featureless hanging wall. The bottom currents in the study region might experience a similar mechanism, and modeling must be done to prove this hypothesis. Meanwhile, the insular slopes have numerous landslide scarps. The oversteepening from long-term uplift creates unstable slopes which could collapse from gravity and/or additional triggering from coseismic ground motion from surrounding faults. For the 1994 Mindoro tsunamigenic earthquake, tsunami modeling suggested a submarine landslide source to augment the tsunami waves created by horizontal displacement (Tanioka and Satake, 1996). Several landslide scarps are found along the Aglubang River Fault and around the West Verde Basin (Figure 2B), and therefore could be candidate sources for the 1994 tsunami.
CONCLUSION
High resolution marine geophysical data allowed characterization of seven fault systems defining a conjugate fault pattern in offshore southern Batangas. The conjugate fault system is compatible with the east-west extension in southern Luzon. Fault patterns, earthquake distribution, and Coulomb stress transfer modeling point to the promotion of failure of the 2017 earthquake along the Batangas Bay Fault System by the 1994 earthquake along the Aglubang River Fault. The stress transfer models indicate that the F1 faults (Batangas Bay Fault System and Central Mindoro Fault) and the northern F2 faults (North Verde Fault System and Central Verde Fault System) experienced stress increase. The identified faults, therefore, pose seismic hazards and more studies are needed to properly constrain their seismogenic potential and their possible extension to the surrounding unmapped region. Furthermore, the extensive slump scars indicate unstable insular slopes, therefore presenting future hazards and they must also be studied for their tsunamigenic potential.
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