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Tsunamis have been known to result from a wide range of phenomena, such as earthquakes, volcanic eruptions, submarine mass failures, and meteorite impacts. Of earthquake-generated tsunamis, those arising from strike-slip mechanisms are less common, with the 1994 Mindoro tsunami in the Philippines among the few known examples. The 1994 Mindoro tsunami followed a Mw 7.1 earthquake along the right-lateral Aglubang River Fault. The tsunami affected the coasts surrounding the Verde Island Passage, one of the Philippines’ insular seas located between the islands of Luzon and Mindoro, and east of the West Philippine Sea margin. A total of 78 lives were lost due to the earthquake and tsunami, with 41 being directly attributed to the tsunami alone. Despite the close spatial and temporal association between the 1994 Mindoro earthquake and tsunami, previous numerical modeling suggests the need for other contributing mechanisms for the 1994 tsunami. In this study, we conducted submarine geomorphological mapping of the South Pass within the Verde Island Passage, with particular focus on identifying possible submarine mass failures. Identification of submarine features were based on Red Relief Image Map (RIMM), Topographic Position Index (topographic position index)-based landform classification, and profile and plan curvatures derived from high-resolution bathymetry data. Among the important submarine features mapped include the San Andres submarine mass failure (SASMF). The San Andres submarine mass failure has an estimated volume of 0.0483 km3 and is located within the Malaylay Submarine Canyon System in the Verde Island Passage, ∼1 km offshore of San Andres in Baco, Oriental Mindoro. We also explored two tsunami models (EQ-only and EQ+SMF) for the 1994 Mindoro tsunami using JAGURS. The source mechanisms for both models included an earthquake component based on the Mw 7.1 earthquake, while the EQ+SMF also included an additional submarine mass failure component based on the mapped San Andres submarine mass failure. Modeled wave heights from the EQ-only model drastically underestimates the observed wave heights for the 1994 Mindoro tsunami. In contrast, the EQ+SMF model tsunami wave height estimates were closer to the observed data. As such, we propose an earthquake-triggered, submarine mass failure source mechanism for the 1994 Mindoro tsunami.
Keywords: 1994 Mindoro earthquake and tsunami, submarine geomorphology, submarine mass failure, numerical modeling, Verde Passage, Philippines
1 INTRODUCTION
Tsunamis have been a ubiquitous phenomenon around the world, with several notable examples occurring within the past 2 decades. While most destructive tsunamis are generated by major to great megathrust earthquakes, such as the 2004 Indian Ocean and the 2011 Tohoku-oki tsunamis, more recent events arose from less common, non-seismic sources. These include the 2022 Hunga Tonga tsunami, which followed the eruption of the Hunga Tonga-Hunga Ha’apai submarine volcano, and the 2018 Sulawesi tsunami, which resulted from the combined effects of a Mw 7.5 earthquake along the Palu-Koro fault system in Indonesia (Heidarzadeh et al., 2018), associated submarine landslides (Gusman et al., 2019; Pakoksung et al., 2019), and coastal liquefaction (Sassa and Takagawa, 2018).
With exception to impact-generated tsunamis, tsunamis from strike-slip earthquakes are even much less common, as the resulting vertical seafloor displacements from such events are usually too small to initiate tsunamis (Tanioka and Satake, 1996; Heidarzadeh et al., 2017). Aside from the previously mentioned 2018 Sulawesi tsunami, the 1994 Mindoro tsunami in the Philippines is another example of a tsunami occurring after a strike-slip earthquake (Tanioka and Satake, 1996; Pakoksung et al., 2019).
The 1994 Mindoro tsunami was preceded by a Mw 7.1 earthquake along the Aglubang River Fault, within the South Pass of the Verde Island Passage in the Philippines. The tsunami produced wave heights at shore exceeding 7 m (Supplementary Table S1), despite the earthquake’s dominantly right-lateral, strike-slip mechanism. Tanioka and Satake (1996) suggested that the coseismic horizontal displacement of the coastal shelf, which is intersected obliquely by the right-lateral Aglubang River Fault, played an important role in producing the observed tsunami wave amplitudes. Contrary to this, numerical modeling by the same authors has shown that a source mechanism based on Mw 7.1 earthquake alone severely underestimates the wave height amplitudes and distribution compared to actual observations of the tsunami run-up and inundation.
The possible role of a submarine mass failure (SMF) in the generation of the 1994 Mindoro tsunami was then proposed by Tanioka and Satake (1996), and is explored in detail in this study. In general, SMF-generated tsunamis are characterized by much larger run-ups in the near-field compared to the far-field (Okal and Synolakis, 2004), which was also observed for the 1994 Mindoro tsunami (Imamura et al., 1995). Moreover, SMFs have been invoked as an important contributing mechanism for tsunamis similar to the 1994 Mindoro tsunami, wherein the estimated sea surface displacement derived from the associated earthquake is insufficient to account for the resulting run-ups. These include the 1946 Alaska (Fryer et al., 2004; von Huene et al., 2014), the 1998 Papua New Guinea (Synolakis et al., 2002; Satake and Tanioka, 2003), and the 2018 Sulawesi (Gusman et al., 2019; Pakoksung et al., 2019) tsunamis.
2 PHILIPPINE TECTONICS AND TSUNAMIS
The archipelagic nature of the Philippines, combined with its tectonic setting, makes it susceptible to tsunamis (Bautista et al., 2012). Most of the Philippine archipelago is within the Philippine Mobile Belt (PMB), which is bounded by oppositely-dipping subduction zones to its east and west, with the exception of the Palawan Microcontinental Block (PMCB) (Figure 1A; Gervasio, 1971; Rangin, 1991; Yumul et al., 2008; 2009; Lagmay et al., 2009; Mines and Geosciences Bureau, 2010). To the east, the Philippine Sea Plate (PSP) is subducting beneath the PMB along the Philippine Trench (Hamburger et al., 1983; Ozawa et al., 2004; Yumul et al., 2008; Mines and Geosciences Bureau, 2010). To the west, the oceanic lithospheres underlying the South China Sea, Sulu Sea, and Celebes Sea are subducting beneath the PMB along the Manila, Negros-Sulu, and Celebes trenches, respectively. (Hayes and Lewis, 1984; Mitchell et al., 1986; Rangin et al., 1999; Yumul et al., 2008; Mines and Geosciences Bureau, 2010). Of the 35 certain tsunami events in the Philippines with wave heights of at least 1 m (Table 1; Bautista et al., 2012; NCEI/WDS, 2022), three of the largest were generated by subduction-zone earthquakes. These are the 1897 Zamboanga tsunami, which was initiated along the Sulu Trench, and the 1918 Celebes Sea and 1976 Moro Gulf tsunamis which were initiated along the Cotabato Trench. The 1976 Moro Gulf tsunami (Badillo and Astilla, 1978; Bautista et al., 2012; Claro et al., 2021) is the most destructive of the known tsunami events in the Philippines.
[image: Figure 1]FIGURE 1 | Philippine tectonic setting and notable tsunamis. (A) The 35 positive tsunamigenic earthquakes in the Philippines since 1589 AD with recorded or estimated wave heights at shore of at least 1 m (Bautista et al., 2012; NCEI/WDS, 2022) are plotted with yellow circles, or with the corresponding focal mechanism solution (FMS) diagrams. The most significant tsunamis, with maximum wave heights at shore exceeding 4 m, are also labeled. Oceanic trenches are also shown and labeled, including active faults in red (PHIVOLCS). (B) Location of the South Pass within the Verde Island Passage, where the 1994 Mindoro tsunami occurred. (C) Tsunami wave heights (modified from Imamura et al., 1995; see Supplementary Table S1) and directions of wave inundation (PHIVOLCS, 1994). The trace of the offshore extension of the Aglubang River Fault is also indicated, as mapped from the analysis of high-resolution bathymetry data in this study. FMS diagrams are from the Global Centroid Moment Tensor catalog (GCMT; Dziewonski et al., 1981; Ekstrom et al., 2012). PMB = Philippine Mobile Belt; PMCB = Palawan Microcontinental Block; PSP = Philippine Sea Plate; MT = Manila Trench; NT = Negros Trench; ST = Sulu Trench; CT = Cotabato Trench; ELT = East Luzon Trough; PT = Philippine Trench; PF = Philippine Fault; SS = Sulu Sea; CS = Celebes Sea; KIG = Kalayaan Island Group; PR = Philippine Rise; ARF = Aglubang River Fault; CMF = Central Mindoro Fault; LVPF = Lubang-Verde Passage Fault; BR = Baco River; MR = Malaylay River.
TABLE 1 | The 35 tsunamigenic earthquakes in the Philippines, with recorded or estimated maximum wave heights at shore of at least 1 m.
[image: Table 1]Earthquakes along offshore intraplate and upper-plate faults have also produced tsunamis in the Philippines—the most notable of which are the 1970 Baler, 1992 Davao Oriental, and 1994 Mindoro tsunamis (Bautista et al., 2012). The 1994 Mindoro tsunami, which is the focus of this study, occurred within the Verde Island Passage (Figure 1B). Major tectonic structures in proximity to the Verde Island Passage include the southern terminus of the Manila Trench, and active strike-slip faults such as the WNW-trending left-lateral Lubang-Verde Passage Fault (Karig, 1983; Rangin et al., 1988), the NNW-trending Central Mindoro Fault (Karig, 1983; Rangin et al., 1988), and the NNW-trending right-lateral Aglubang River Fault (PHIVOLCS, 1994).
3 THE 1994 MINDORO TSUNAMI
In the early morning of 15 November 1994, at around 3:15 a.m. local time (GMT+8), a Mw 7.1 earthquake occurred underneath the South Pass of the Verde Island Passage in the Philippines (Figures 1B–D; PHIVOLCS, 1994). The earthquake is associated with the offshore extension of the right-lateral Aglubang River Fault, based on its epicenter (13.5 N, 121.1 E), focal mechanism solution, and surface rupture in Oriental Mindoro along the Aglubang River Fault (PHIVOLCS, 1994). Within a few minutes after the earthquake, tsunami waves hit the surrounding coastal areas of northern Oriental Mindoro, Baco Islands, Verde Island, and Batangas in Southern Luzon (PHIVOLCS, 1994; Imamura et al., 1995). Among the hardest hit is Barangay San Andres in the town of Baco, Oriental Mindoro, and the Baco Islands, which were inundated by tsunami waves exceeding 7 m and 5 m, respectively (Supplementary Table S1). A total of 78 lives were lost, with 41 directly due to the tsunami. The cost of repairing and rehabilitating the damages to infrastructure was estimated at around PHP 5.5 million (PHIVOLCS, 1994). The 1994 tsunami also left behind a 1-m high tsunami beach ridge along the coast of Barangay San Andres (PHIVOLCS, 1994), although it was not observed during fieldwork conducted in 2019 (Figure 2). The tsunami beach ridge was most likely eroded given that the Barangay San Andres coast has been subjected to at least 120 m of coastal erosion since 1992, as observed from multiple Landsat and Sentinel-2 satellite imagery (Supplementary Figure S1). An extreme wave event deposit, most likely a preserved section of the 1994 Mindoro tsunami, was also identified in a geoslicer sample obtained in Barangay San Andres (Figure 2C). The suspected 1994 tsunami deposit is characterized by the presence of large (>5 cm) mud clasts in a muddy, medium to coarse sand matrix, with a basal erosional contact with the underlying, mangrove swamp sediments.
[image: Figure 2]FIGURE 2 | Barangay San Andres in Oriental Mindoro, 25 years after the 1994 tsunami. (A) NNE-looking image overlooking Sitio Malaylay in Barangay San Andres, taken during low tide. The area is mostly a mangrove swamp, with Nypa fruticans as the most common mangrove. Note the dilapidated structures which were initially damaged by the 1994 tsunami. The location of Figure 2A is shown in Figure 1C. The exposed tidal bar in the foreground of B is also labeled. (B) SE-looking, along-the-coast view of Sitio Malaylay. Note the protruding trunks of drowned mangrove trees along the foreshore and the absence of the tsunami beach ridge that was deposited by the 1994 tsunami, both of which indicate post-1994 coastal erosion. The location of a geoslicer sample, MAL-G3, is also shown. (C) Visual stratigraphic interpretation of MAL-G3. The 1994 Mindoro tsunami deposit is partially preserved, overlying the older mangrove swamp sediments.
The 1994 Mindoro tsunami was initially assumed to be caused by the Mw 7.1 earthquake (PHIVOLCS, 1994; Bautista et al., 2012), due to the close spatial and temporal association between the two. However, as previously mentioned, results of previous numerical modeling of the 1994 tsunami based on the Mw 7.1 earthquake alone (Tanioka and Satake, 1996) are inconsistent with observed tsunami wave heights. As such, in this study, we explored the possibility of one or several submarine mass failures as a contributing mechanism for the 1994 tsunami.
4 SUBMARINE GEOMORPHOLOGY OF THE SOUTH PASS
4.1 Morphometric analysis and geomorphological interpretation of bathymetry data
The 20 m resolution digital bathymetry data for the Verde Island Passage (Supplementary Figure S2), obtained from multibeam surveys conducted by the National Mapping Resource and Information Authority (NAMRIA) in 2011, was used in the submarine geomorphological mapping. Geomorphometric analysis of the bathymetry data was performed through topographic position index (TPI)-based landform classification and derivation of land surface parameters (i.e., slope, openness, profile and plan curvature) in a GIS platform. These parameters were then used as basis in identifying submarine geomorphological features (i.e., gullies, ridges, fault line scarps, shelf breaks and scarps, seafloor bedforms, and submarine mass failures).
4.1.1 Delineation of linear features using red relief image maps
The Red Relief Image Map (RIMM; Chiba et al., 2008) is a pseudo-3D relief visualization technique that highlights both coarse- and fine-resolution surface features simultaneously across a wide variety of topographic positions, without the dependency on light directions, unlike shaded relief maps. It is generated by combining two land surface parameters: slope and differential openness. In RIMM, a red color ramp is used to visualize the slope angle, while its saturation is modified based on the differential openness. As such, convex features (e.g., ridges and crests) appear as bright areas; concave features (e.g., valleys and depressions) and steep slopes appear as red; and flat areas appear as gray.
The RRIM for the South Pass was generated in QGIS 3.22.4. The slope was calculated using the Slope terrain analysis module (GDAL/OGR contributors, 2020), following Horn’s algorithm. The positive (PO) and negative openness (NO) were calculated using the Topographic Openness module from the System for Automated Geoscientific Analyses (SAGA) (Conrad et al., 2015), following the definition of openness by Yokoyama and others (2002). We then calculated the differential openness (DO) from the PO and NO, using the formula from Chiba et al. (2008):
[image: image]
The slope was visualized using a red color ramp, while the differential openness used a black-to-white color ramp. The RRIM effect is achieved by overlaying the slope over the differential openness, using the blending mode Multiply. Prominent linear features were manually delineated from the RRIM (Figure 3A).
[image: Figure 3]FIGURE 3 | DEM-derived layers used in the submarine geomorphological mapping of the South Pass, Verde Island Passage. (A) Red Relief Image Map (RRIM) with manually delineated linear features. (B) Landform classification based on Topographic Position Index. (C) Profile curvature. (D) Plan curvature.
4.1.2 TPI-based landform classification
The topographic position index (TPI) is calculated by obtaining the difference between the elevation of the point of interest (Z0) and the mean elevation (ZC) around a neighborhood area with a predetermined size C (Guisan et al., 1999; Wilson and Gallant, 2000). By calculating the TPI using two neighborhood sizes (CS and CL), distinct small- and large-scale landform units can be defined based on the values of TPI and the standard deviation (SD) within C (Weiss, 2001; De Reu et al., 2013).
The TPI Based Landform Classification module in SAGA (Conrad et al., 2015) was used to derive the landform classes, using pixel (px), small (CS), and large neighborhood (CL) sizes of 20 m, 100 px, and 1000 px, respectively. The landform classes for submarine geomorphology were modified from those originally defined by Weiss (2001) for terrestrial landscapes (Table 2).
TABLE 2 | Landform classification based on TPI values.
[image: Table 2]The modifications include the use of appropriate submarine landform terms corresponding to each landform class. For example, additional landforms such as shelves and plateaus were added to the submarine landform class 3, since both are similar to plains in terms of their low relief. Moreover, Weiss’ landform classes 1, 2, and 3 were merged into a single class grouping together all narrow channel-like landforms (i.e., gullies, upland drainages, and canyons), as well as narrow valleys and depressions. This is to simplify the distinction of negative relief landforms into narrow (class 1) and wide (class 2) morphologies. Similarly, Weiss’ landform classes 8 and 9 were also merged into a single class, which includes both midlsope ridges and local ridges located within valleys. This again, allows for a simpler distinction versus prominent ridges (high ridges, or class 7 in this study).
The TPI-based landform classification for the South Pass is shown in Figure 3B. Violet and blue were used for landform classes with negative relief (1 and 2); yellow for low relief landforms (3); orange for open and upper slopes (4 and 5); and green for positive relief landforms (6 and 7).
4.1.3 Profile and plan curvatures
Profile and plan curvatures are measures of the rate of change (radians per m) of the slope and aspect of a topographic surface, respectively. Profile curvature is measured along the vertical direction. On the other hand, plan curvature is measured along the horizontal direction, parallel to elevation contours, and hence are also referred to as contour curvature. Positive and negative values for both plan and profile curvatures correspond to convex and concave morphologies in relation to the downslope direction (Wilson and Gallant, 2001). The profile and plan curvatures in 20-m resolution for the South Pass were also calculated in 20-m resolution using SAGA, as shown in Figures 3C,D.
4.1.4 Geomorphological classification of linear features
The linear features delineated from the analysis of RRIM for the South Pass were manually classified based on their interpreted geomorphology. The TPI-based landform classification, profile curvature, and plan curvature were also used as guides for interpretation. A summary of the submarine geomorphological features and their expressions in the RRIM, TPI-based landform classification, and profile and plan curvatures are shown in Table 3. The resulting submarine geomorphological map and bathymetric profiles of the South Pass are also shown in Figure 4.
TABLE 3 | Geomorphological classification of linear features.
[image: Table 3][image: Figure 4]FIGURE 4 | Submarine geomorphology of the South Pass, Verde Island Passage. (A) Map of submarine landforms and features. The headwall scarps of the 15 mapped probable SMFs (Table 4) are also labeled. The extent of the 3D rendering in Figure 5 is also shown. (B) Relief map of the South Pass, labeled with identified main submarine features and transects for the bathymetric profiles shown in (C). ARF = Aglubang River Fault; BIS = Baco Islands Shelf; CS = Calapan Saddle; MSCS = Malaylay Submarine Canyon System; NMS = Northern Mindoro Shelf; VBIS = Verde-Baco Islands Saddle; VIS = Verde Island Shelf; VPB = Verde Passage Basin; BR = Baco River; MR = Malaylay River.
4.1.5 Mapping of submarine mass failures (SMFs)
Particular focus was also given on the identification of probable SMFs which were primarily based on their morphological expressions as discussed by Scarselli (2020), such as headwall scarps, lateral margins, and toe deposits. Morphological criteria for the identification of terrestrial landslides from high-resolution digital terrain data (Van Den Eeckhaut et al., 2012; Pawluszek, 2018) were also used to supplement the identification of SMFs, based on the morphological similarities between submarine and terrestrial landslides. The head scarp length, transport direction, and area of each mapped SMF was also measured in QGIS.
Furthermore, we also identified the SMFs that have probably occurred after the 1950s, based on the comparison between the 2011 bathymetry with 1950s point depth sounding data. The point depth sounding data was obtained from NAMRIA topographic map of Calapan, Oriental Mindoro (3260 III), which was based on aerial photography and coastal surveys and offshore surveys from 1947 to 1953.
Both bathymetry data sets generally show minor differences with each other, with a coefficient of determination (R2) of 0.95 (Supplementary Figure S3). As such, we can use the two bathymetry datasets to reliably estimate the net erosion from 1956 to 2011. The net erosion for each point depth location was estimated based on the difference between the two datasets. Post-1956 SMFs were identified based on the occurrence of net erosion downslope of SMF scarps.
4.2 Main undersea features
The submarine geomorphological map and bathymetric profiles of the South Pass is shown in Figure 4. The South Pass (SP) is divided into two regions of distinct bathymetric levels by a ∼21 km long SW-facing slope, trending NW from the Northern Mindoro Shelf (NMS) towards Verde Island. The Verde Passage Basin (VPB) floors the SW region and further extends outside SP to the northwest, with its shallowest portions at the 300-m isobath. To its south, the VBP is bounded by the western Northern Mindoro Shelf (wNMS). The wNMS is composed of a gentle (<5°) upper shelf with a maximum width of ∼3 km, and a steeper (5–10°) insular slope transitioning into the VPB.
On the other hand, the NE region of SP is much shallower than VPB, and is divided into a series of insular shelves and saddles. The eastern Northern Mindoro Shelf (eNMS) is also composed of a gentle (<5°) upper shelf underlying the Calapan Bay, with a maximum width of ∼1.3 km, and a steeper insular slope extending to the 150-m isobath, where it transitions to the Calapan Saddle (CS). CS is ∼9-km long, ∼1.2-km wide, and has a maximum depth of less than 250 m. To its north lies the Baco Island Shelf (BIS). Between the BIS and the Verde Island Shelf (VIS) lies the deeper Verde-Baco-Island Saddle (VBIS). The VBIS is ∼6-km long, ∼1.2-km wide, and has a maximum depth of less than 350 m. Both CS and VBIS connect the waters of Verde Island Passage and the Tayabas Bay, which lies east of the South Pass.
4.3 The offshore trace of the Aglubang River Fault (ARF)
The previously described SW-facing, steep (10–45°) linear slope correlates with one of the nodal planes (Strike: N 21 W; Dip: 70) defined by the focal mechanism solution of the 15 November 1994 Mw 7.1 earthquake (Dziewonski et al., 1981; Ekstrom et al., 2012). This earthquake, associated with the Aglubang River Fault, resulted in a ∼35-km total onshore surface rupture in Oriental Mindoro (PHIVOLCS, 1994). As such, the NW-trending trough and scarp are interpreted as the approximate fault line scarp of the offshore extension of the Aglubang River Fault (ARF). This interpretation is in agreement with the mapped offshore extension of the ARF by Sarmiento and others (2022).
4.4 The Malaylay Submarine Canyon System (MSCS)
A prominent feature identified within the South Pass is the NW-trending, 8-km long Malaylay Submarine Canyon System (MSCS; Figure 5), eponymously named due to its proximity to Malaylay Island in Oriental Mindoro. The MSCS can be classified as a headless, shelf-incising canyon due to the absence of a shelf valley connecting it to the adjacent outlets of the Baco and Malaylay rivers. The eastern side of the MSCS is structurally controlled by the Aglubang River Fault (ARF) fault line scarp described in the previous section.
[image: Figure 5]FIGURE 5 | Three-dimensional view of the offshore Aglubang River Fault and the Malaylay Submarine Canyon System (MSCS). The red dots show the location of depth comparisons with the thickness of eroded material in meters. KnC = Kanan Submarine Canyon; KlC = Kaliwa Submarine Canyon.
The MSCS is divided into a lower and upper course. The ∼4.5-km wide upper course is composed of two canyons, namely, the Kaliwa (KlC) and Kanan (KnC) canyons. These canyons are respectively equivalent to the Malaylay and Baco canyons described by Sequeiros and others (2019), with the names modified to avoid confusion with the MSCS.
Both the Kaliwa and Kanan canyons exit into the ∼6-km long, ∼1-km wide lower course dubbed as the Main Canyon by Sequeiros and others (2019). The Main Canyon eventually exits into the Verde Passage Basin at depths of ∼350 m.
4.5 Submarine mass failures in the South Pass
A total of 15 probable submarine mass failures (SMFs) were identified within the South Pass, based on the occurrence of bight-shaped headwall scarps (Figure 4). Their corresponding head scarp lengths, areas, transport directions, and relative ages are also listed in Table 4. These SMFs were identified along the shelf edges of the eastern Northern Mindoro Shelf (eNMS), and within the Malaylay Submarine Canyon System (MSCS), the Verde Island Shelf (VIS), the Baco Island Shelf (BIS), the Calapan Saddle (CS), and the Verde–Baco Islands Saddle (VBIS).
TABLE 4 | The 15 mapped probable SMFs in the South Pass.
[image: Table 4]The largest of the probable SMFs in terms of area are SMF 8 (0.822 km2), SMF 5 (1.430 km2), and SMF 7 (1.969 km2). Of the three, only SMF 5 can be reliably considered as having occurred after 1950s, with net erosion ranging from 24 to 105 m, based on nine measurements (Figures 5, 6). SMF 6 (0.056 km2) also shows significant net erosion of 31 m, although based only on one measurement. SMFs 1 to 4 show insignificant net erosion (<10 m), which may indicate their relatively older age. On the other hand, no comparison points were available for SMFs 7 to 15.
[image: Figure 6]FIGURE 6 | Initial sea surface displacement, tsunami propagation, and maximum wave height distribution of the EQ-only model. The Aglubang River Fault is shown in red, segmented into two sub-faults as described in Table 5.
Aside from its size and availability of net erosion measurements, SMF 5 is particularly notable due to its proximity to Barangay San Andres in Baco, Oriental Mindoro, which received the most damage from the tsunami. We therefore focus the following discussions on SMF 5, which we formally refer to as the San Andres SMF (SASMF).
4.6 The San Andres submarine mass failure (SASMF) and the 1994 Mindoro tsunami
The proposed occurrence of the San Andres SMF (SASMF) has been based on the net erosion derived from the comparison between two, widely spaced bathymetry datasets. The question, therefore, is whether the observed net erosion was a product of a single, catastrophic event (e.g., submarine mass failure) or a series of smaller and/or gradual processes (e.g., turbidity currents).
The occurrence of erosional events within the MSCS since 1997 has been documented and studied by Sequeiros and others (2019), in relation to the destructive effects of erosion on a gas pipeline installed in 2001. Throughout a 21-year duration (January 1997 to September 2018) with a total of 27 pipe and aerial surveys, only two significant erosional events were documented within the MSCS, both of which were attributed to typhoon-triggered turbidity currents. Of the 11 typhoons that have passed over or within the vicinity of the MSCS, only typhoons Reming (Durian) in 2006 and Nina (Nock-Ten) in 2016 caused turbidity currents, resulting in pipe displacements and damage to protective rock berms. Seabed erosion due to these turbidity currents occur within established gullies and canyons of the MSCS. Erosion thickness generally does not exceed 5 m, except in some localized zones where it may reach up to 10 m. Moreover, the likelihood of turbidity currents within the MSCS due to hyperpycnal outflows from the Baco and Malaylay rivers has been ruled out, owing to insufficient sediment concentration even during annual monsoon floods.
We can then reasonably constrain the occurrence of the SASMF between the 1950s and 1997. Also, by extrapolating the frequency of typhoon-triggered turbidity currents within the MSCS as discussed above (∼1 in 11.5 yrs), we estimate four to five erosional events between the 1950s and 1997. Assuming a 5-m average thickness of eroded material per event, the cumulative erosion thickness is roughly 20–25 m. This estimate is on the lower end of the net erosion observed for the SASMF, which ranges from 24–105 m. Note that the simple estimate presented above assumes a negligible sediment input from the Baco and Malaylay rivers, which is unlikely as sediment yields of 0.336 and 0.351 MT/yr are estimated for both rivers, respectively (Sequeiros et al., 2019). Furthermore, in contrast to the much wider extent of the SASMF (∼1.43 km2), the extent of the turbidity currents’ influence is restricted within existing gullies and canyons within the MSCS.
While further constraints on the timing of the SASMF are unavailable at present, we hypothesize that the SASMF was likely triggered by the Mw 7.1 1994 Mindoro earthquake. This idea is premised on the following: 1) the 1994 Mindoro earthquake is within the possible window of occurrence for the SASMF, as already established above; and 2) modeling the 1994 Mindoro tsunami with the SASMF as an additional source mechanism approximates the observed wave height distribution better than the model based on the 1994 earthquake alone. We further elaborate on the second point in the following sections.
5 NUMERICAL MODELING OF THE 1994 MINDORO TSUNAMI
5.1 Modeling methods
The two models (EQ-only and EQ+SMF) for the 1994 Mindoro tsunami were calculated using JAGURS (Baba et al., 2015). JAGURS is a numerical code that calculates the propagation and inundation of tsunami waves over gridded terrain, based on the linear and nonlinear Shallow Water Equations (SWE), and Boussinesq Equations to account for wave dispersion (Baba et al., 2015).
5.1.1 Preparation of terrain data
The 20-m digital bathymetry and the 5-m IFSAR topography data from NAMRIA were used as terrain inputs for both models. Merging of the two datasets and interpolation for areas with unavailable data were done in QGIS3, using the tension spline interpolation method in the SAGA raster terrain module Close Gaps. Final preparation of the terrain data for JAGURS was done using GDAL and GMT.
5.1.2 EQ-only model source mechanism
The source mechanism for the EQ-only model was based on the 15 November 1994 Mw 7.1 Mindoro earthquake along the right-lateral Aglubang River Fault (ARF). The initial sea surface displacement was calculated in JAGURS, based on the surface deformation due to a finite rectangular source (Okada, 1985). The effects of horizontal displacement (Tanioka and Satake, 1996) were also included in the calculations.
The fault parameters used in the calculations are shown in Table 5. We decided to segment the ARF into two sub-faults to reflect both the mapped offshore fault line scarp in this study and the mapped onshore fault rupture by PHIVOLCS (1994). As such, the strike of the sub-faults followed the general trends of the offshore fault line scarp and onshore fault rupture, while the downdip width is calculated using the scaling relationship equation based on moment magnitude by Wells and Coppersmith (1994). The dip angle (70°) is based on the GCMT focal mechanism of the Mw 7.1 earthquake (Dziewonski et al., 1981; Ekstrom et al., 2012). This dip angle generally coincides with the mapped offshore fault line scarp when projected from the hypocentral location (13.5 N, 121.1 E, 7–12 km depth) of the earthquake as reported by PHIVOLCS (1994). The slip amount was based on the maximum vertical displacement (1.9m) observed onshore at Baruyan Lake (PHIVOLCS, 1994).
TABLE 5 | Fault parameters for the Aglubang River Fault as used for the earthquake source mechanism. The two sub-faults are based on the geomorphological expression of the offshore extension (this study), and the mapped onshore rupture (PHIVOLCS, 1994) as labeled in Figures 6, 7.
[image: Table 5]5.1.3 EQ+SMF model source mechanism
A combined source mechanism is modeled based on the 1994 earthquake and SMF identified from submarine geomorphological mapping. For the earthquake component, the initial sea surface displacement from the EQ-only model was also used, as described in the previous section.
For the SMF component, we used the semi-empirical predictive equation by Sabeti and Heidarzadeh (2022), which was tested for the 1994 Skagway, Alaska and the 1998 Papua New Guinea submarine landslide-generated tsunamis. The equation relates the SMF volume (V) in km3 and the initial submergence depth (d) in m to the maximum initial wave amplitude (ηmax) in m, as follows:
[image: image]
The parameters used in the calculation of the SMF-generated wave are shown in Table 6. The initial sea surface displacement from the earthquake and SMF-generated wave were added to produce the EQ+SMF model initial conditions, based on the assumption that the tsunamigenic SMF was coseismic.
TABLE 6 | SMF parameters used in this study.
[image: Table 6]5.1.4 Parameters for tsunami propagation and inundation modeling
The numerical models used a terrain grid resolution of 0.00015° (∼15 m), with model bounds (NW and SE corners) of 13.65015 N, 120.9000 E and 13.4000 N, 121.19970 E. Total model duration was set at 15 min, with a calculation time step of 0.05 s. Snapshots of the model results were taken every 20 s. The effects of Coriolis motion and seawater compressibility were assumed negligible. The models used the linear shallow water equations to calculate the tsunami propagation.
5.1.5 Calculation of modeled wave height statistics and error
We obtained modeled wave height statistics (i.e., mean, median, minimum, maximum, first quartile, third quartile, standard deviation) for 22 shoreline sections (SS1—SS22) around northern Oriental Mindoro, Baco Islands, and Verde Island.
We also compared the modeled wave heights (Wm) with 11 observed wave height measurements (Wo; see Supplementary Table S1) by calculating the root mean squared error (RMSE). The root mean squared error (RMSE) for both models was calculated using the equation, where the number of observations (n) is 11:
[image: image]
5.2 The EQ-only and EQ+SMF tsunami models
5.2.1 Tsunami propagation
As previously described, we modeled two scenarios (EQ-only and EQ+SMF) for the 1994 Mindoro tsunami. We used the San Andres SMF as basis for the SMF component of the EQ+SMF model. The initial sea surface displacement, snapshots of tsunami propagation, and maximum wave height distributions for the EQ-only and EQ+SMF models are shown in Figures 6, 7, respectively.
[image: Figure 7]FIGURE 7 | Initial sea surface displacement, tsunami propagation, and maximum wave height distribution of the EQ+SMF model. The Aglubang River Fault is shown in red, segmented into two sub-faults as described in Table 5. The amplitudes of the SMF-generated wave crests and troughs are also labeled accordingly. In the last panel, note the focused distribution of extreme wave heights (>4 m) at Baco and Baco Islands, which is consistent with observed data, and is absent in the EQ-only model.
For the EQ-only model, initial sea surface displacements (Figure 6) ranged from -0.57 to 0.50 m. The sea surface displacements coincide with the locations of the insular slopes surrounding Verde Island, Baco Islands, and Calapan, which moved coseismically with the 1994 earthquake.
According to the EQ-only model, the movement of the ARF fault line scarp generated tsunami waves to the southwest, eventually reaching the coasts of Baco in 1 min; Puerto Galera in 2 min; and San Teodoro in 3 min. Meanwhile, Verde Island, Baco Islands, and Calapan were hit by tsunami waves within the first minute after the earthquake. Tsunami wave refraction around the northwestern point of Verde Island can also observed prominently 4 min after the earthquake. At least two distinct tsunami waves hit the coasts of Oriental Mindoro (Supplementary Figure S4), consistent with anecdotes from post-tsunami field surveys (PHIVOLCS, 1994; Imamura et al., 1995).
On the other hand, the EQ+SMF model is dominated by the SMF-generated wave, which is expected given its considerably larger amplitude (±8.27 m) compared to the earthquake-generated waves (Figure 7). The SMF produced a leading-depression wave towards Baco, consistent with eyewitness accounts (PHIVOLCS, 1994; Imamura et al., 1995). The SMF-generated wave spread out in all directions, with significant refraction towards the Baco Islands as it hit the Baco Island Shelf to the northeast. Focusing of tsunami waves were also observed leeward of the largest of the Baco Islands, as was similarly inferred from post-event runup measurments (Imamura et al., 1995).
Arrival times within the South Pass for both models are very short (<1–3 min), due to the near-field nature of the tsunami sources considered. However, the EQ+SMF model also shows farther propagation of tsunami waves north of Verde Island and towards Southern Luzon, as shown by the maximum wave height distributions (Figures 6, 7).
5.2.2 Wave heights at shore
Figure 8 shows the comparison between modeled and observed wave heights at shore for 22 selected shoreline sections. The wave height statistics from the EQ-only and EQ+SMF models for the 22 selected shoreline sections are also listed in Supplementary Table S2.
[image: Figure 8]FIGURE 8 | Comparison between observed and modeled (EQ-only and EQ+SMF) wave heights. The upper panels show the locations of the shoreline sections, while the lower panels show the box plots of modeled wave heights for the EQ-only and EQ+SMF tsunami models. Observed wave heights are derived from run-up measurements by Imamura and others (1995), based on the wave-height-at-shore and run-up empirical relationship equation by Smart and others (2016).
For the EQ-only model, the predicted median wave heights for San Andres (SS9) and Baco Islands (SS20) are 0.63 m and 0.70 m, respectively. On the other hand, the predicted median wave heights from the EQ+SMF model are 9.78 m for San Andres, and 2.00 m for Baco Islands.
Furthermore, calculated RMSE values (Table 7) are consistently lower for the EQ+SMF model versus the EQ-only model. Using median wave heights at shore values, the RMSE for the EQ-only and EQ+SMF models are 3.21 m and 1.60 m, respectively. Using mean wave heights at shore values, the RMSE for the EQ-only and EQ+SMF models are 3.19 m and 1.72 m, respectively. Finally, using all wave heights at shore values, the RMSE for the EQ-only and EQ+SMF models are 3.20 m and 2.34 m, respectively.
TABLE 7 | Root mean squared error (RMSE) calculations for EQ-only and EQ+SMF models using mean, median, and all predicted wave heights at shore values.
[image: Table 7]5.3 The Mw 7.1 earthquake alone is not enough to produce the 1994 Mindoro tsunami
The results of our EQ-only model produced higher wave heights than those predicted by the earlier model of Tanioka and Satake (1996). Their model predicted wave heights of 0.07 m, 0.09 m, and 0.09 m for Baco, Wawa, and Calapan, respectively. Meanwhile, our EQ-only model predicted median wave heights at shore of 0.63 m (SS9), 0.74 m (SS12), and 0.98 m (SS16), respectively. These higher wave heights are likely due to the use of bathymetry data with a higher resolution. Lower resolutions smooth out bathymetric features such as insular shelves and slopes. This likely results in lower predicted wave amplitudes due to horizontal displacement of the seafloor, which is a significant contributor to initial tsunami wave heights. On the other hand, both models also predict higher wave heights for Calapan than in Baco, which is contrary to observed wave heights (2.83 m and 7.61 m, respectively).
More importantly, the EQ-only model severely underestimates the observed wave heights at shore for the 1994 Mindoro tsunami. For the EQ-only model, the predicted median wave heights for San Andres (SS9) and Baco Islands (SS20) are 0.63 m and 0.70 m, respectively. In contrast, observed wave heights at shore for San Andres and Baco Islands are 7.61 m and 5.32 m, respectively. Overall, the results of the EQ-only model clearly show that the Mw 7.1 1994 Mindoro earthquake alone is not enough to produce the wave height magnitudes and distribution observed for the 1994 Mindoro tsunami.
5.4 The 1994 Mindoro tsunami has a combined earthquake and submarine mass failure source mechanism
The comparison between both modeled (EQ-only and EQ+SMF) and observed data wave height at shore distributions (Figure 8) shows that the EQ+SMF model approximates the observed data better than the EQ-only model. Quantitatively, this is also indicated by the lower RMSE values for the EQ+SMF model compared to the EQ-only model.
Considering the sample of the modeled wave height at shore measurements as a whole (n=341), the EQ-SMF model has a RMSE of 2.34 m versus the EQ-only model with a RMSE of 3.20 m. While this already indicates better predictions of the EQ+SMF model over the EQ-only model, the RMSE calculations for EQ+SMF are drastically affected by the large spread of predicted wave height at shore values specifically at SS9 (San Andres), with a standard deviation of 4.68 m. In contrast, the maximum spread of wave height at shore values for the EQ-only model is at SS12, with a standard deviation of 0.57 m. The larger spread observed for the EQ+SMF model is likely a function of the higher predicted wave heights compared to the EQ-only model. Moreover, constructive interference of waves would result in very high wave amplitudes at certain locations. The most extreme example is at SS9, which has predicted maximum and median wave heights at shore of 22.03 m and 9.78 m, respectively.
Furthermore, the RMSE of the EQ+SMF model improves if only the median or mean wave heights at shore values are considered in the calculation. RMSE values considering median and mean wave heights are 3.21 m and 3.19 m, and 1.60 m and 1.72 m, respectively. The two-fold increase in RMSE values between the EQ+SMF and EQ-only models clearly supports our hypothesis that the 1994 Mindoro tsunami is an earthquake-triggered, submarine mass failure tsunami.
6 CONCLUSION
In this study, we combined submarine geomorphological mapping and numerical modeling to constrain and describe a more probable mechanism for the 1994 Mindoro tsunami. We have identified and mapped a previously undescribed submarine mass failure within the Malaylay Submarine Canyon System (MSCS), which we refer to as the San Andres submarine mass failure (SASMF). Furthermore, we have established evidence that constrains its occurrence between the 1950s and 1997, and ruled out turbidity currents as triggering mechanisms for extensive submarine mass failure. We therefore infer that the San Andres SMF is concurrent with the Mw 7.1 1994 Mindoro earthquake, and as such, is an important contributing mechanism to the resulting 1994 Mindoro tsunami.
To test this hypothesis, we modeled two scenarios for the 1994 Mindoro tsunami; the first was based on the Mw 7.1 quake alone (EQ-only model), while the second one included a submarine mass failure component based on the San Andres SMF (EQ+SMF model). The results of the numerical modeling show that the EQ+SMF model predicted wave height at shore values closer to observed data, compared to those predicted by the EQ-only model. As such, the results of our numerical modeling support the likelihood of a combined earthquake and submarine mass failure mechanism for the 1994 Mindoro tsunami.
On the other hand, significant improvements on the EQ+SMF model can and should still be made, as evident from the RMSE values, which are still in the same order of magnitude as the wave height measurements. Such discrepancies are expected given the limitations of how we calculated the submarine mass failure (SMF) component of the source mechanism. The calculations for the SMF component, based only on the volume and initial submergence depth, do not take into account the transport mechanics (i.e., translational, slumping, debris flow, turbidity flow) and dynamic aspects (i.e., velocity, acceleration) of the submarine mass failure (Harbitz et al., 2006; Masson, et al., 2006; Løvholt et al., 2015). Constraining these parameters requires a more detailed characterization of the San Andres SMF, which is beyond the scope of this work. Moreover, because bathymetry data obtained close to the 1994 tsunami is unavailable, we have opted to use the 2011 bathymetry data in the numerical modeling. This simplification has introduced another source of error, as changes in the bathymetry due to erosional and depositional processes would have definitely occurred between 1994 and 2011.
While past research on Philippine tsunamis have been focused on earthquake-generated mechanisms, our findings highlight the importance of including SMF-generated tsunamis in assessing the country’s coastal hazards. With the increasing availability of high-resolution bathymetry data not just for the inland and territorial seas of the Philippines but also globally, our methods on submarine geomorphological mapping and numerical modeling can be replicated to map and identify past and potential SMFs and estimate the magnitude and extent of the resulting tsunamis. This is particularly important for SMFs forming along shelves proximal to populated coastal areas like the San Andres SMF, which render conventional tsunami warning systems insufficient due to very short tsunami arrival times.
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