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Abstract

The subduction megathrust under the Manila Trench has been accumulating strain over
a period of 440 years or more, and could be the source for a giant earthquake of M, ~
9. We present a plausible earthquake rupture model constructed from seismic and
geodetic data, together with hydrodynamic simulations of the potential tsunami with
COMCOT (COrnell Multi-grid COupled Tsunami model). Results indicate that this
megathrust poses a risk of devastating tsunami for the Philippines, southern China,

Vietnam and other population centers bordering the South China Sea.
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1. Introduction

The 2004 Aceh-Andaman tsunami created unprecedented devastation to coastal
communities on the rim of the Indian Ocean, killing more than 225,000 people in
eleven countries and displacing over a million people. Of a similar length to the 1,500
km-long Aceh-Andaman megathrust, the active subduction zone stretching between
southern Taiwan and the central west coast of the Philippines (Fig. 1) is one of the
potential tsunami sources that could devastate communities bordering the South China
Sea. The submarine topographic expression of the megathrust, referred to as the
South China Sea megathrust hereafter, is the Manila Trench. GPS geodesy
measurements show that the convergence rate across the megathrust is about 8 cm/year.

The exposure of large population centers bounding the South China Sea to tsunami
hazard cannot be understated. Luzon Island, which lies just east of the Manila Trench, is
the site for intensive agriculture, industry, tourism, with a number of key sea and air
ports and power stations exposed to the threat of tsunami. Over eleven millions people
live in the city of Manila alone, with a further 10 million people inhabiting the nine
western coastal provinces. Facing the trench, Vietnam’s long north-south profile renders it
acutely vulnerable to tsunamis from the southern section of the megathrust (Fig. 1).
Population density along the southern coast of mainland China is 100-200 people/km?.
Any effect to Hong Kong, one of the busiest seaports in the world and one of the main
gateways to and from China, would cause significant impact to the economy of Asia
and the world. Kaohsiung in southern Taiwan, the major port through which most of
Taiwan’s oil is imported, would paralyze economic activities in Taiwan if it were

devastated by tsunami.

In this study, plausible models of earthquake rupture on the megathrust are
constructed and the ensuing tsunami events are simulated using well-tested
hydrodynamics model. The resulting maximum water-level rise along the coasts of

the South China Sea is discussed in view to the impact on coastal communities in the



South China Sea. The possibility of a mega earthquake to occur along the trench is

discussed based on historical tsunami records in southern China.
2. Regional tectonics

The Manila Trench is the 1500 km-long submarine expression of the east-dipping
South China Sea subduction zone, which initiated in the early Miocene (22-25 Ma)
and remains active to the present day (Fuller et al., 1983; Bellon and Yumul, 2000;
Yumul et al., 2003; Queano et al., 2007). Along this subduction zone, the oceanic crust
of the South China Sea descends eastward beneath the Philippines, southernmost
Taiwan and the intervening ocean floor (Fig. 1). The broadly convex-westward shape of
the Manila Trench is due to the westward migration of Luzon over the subducting
oceanic slab, while the southern and northern ends of the trench are pinned at
collisions at the latitudes of Palawan Island (~12<N, 120 <E) and southern Taiwan
(~23N, 120 <E) (Bautista et al., 2001).

3. Parameters of the megathrust

To characterize the South China Sea megathrust, we first considered the geometry
of the potential rupture area. Between 13N and 22.5<N, the distribution of trench-
related earthquakes shows the dip of the subducting slab varies from less than 20 <in
the shallow part to greater than 50 <at greater perpendicular distances (Bautista et al.,
2001). Notably, the slab profile shallows considerably over the region of 20-20.5<N.
The Wadati-Benioff zone does not extend north of 23 <N, as a result of the transition
from subduction of oceanic lithosphere to collisional tectonics (Shyu et al., 2005).
However, P-velocity tomograms at 23.5N appear to indicate deformation of the
oceanic slab beneath Taiwan (Wu et al., 2007). At the southern extremity of the
megathrust, the micro-continent of Palawan is in collision with the rest of the
Philippine archipelago, and the Wadati-Benioff zone is not apparent beyond 12.5N
(Rangin et al., 1999). At these pinned ends of the megathrust, where the morphology

of the down-going slab becomes indistinct, we infer steeply dipping profiles.

Fig. 2 shows the surface of the rupture model, which was obtained by interpolation



passing through ten seismic cross sections between latitude 12.5<N and 23.5N from
the studies by Bautista et al. (2001) and Wu et al. (2007). The nine cross sections from
Bautista et al. (2001) are indicated as A—A", B-B",...,I-I", whereas the single section
from Wu et al. (2007) is marked as W-—W". The upper boundary of the megathrust is
naturally delineated by the Manila Trench, which reaches a depth of 4 km below sea-
level and is broadly convex towards the west. Second-order irregularities in its shape
appear to be due to uneven topography of the subducting oceanic slab. The trace of the
Manila Trench was derived from 2 min resolution bathymetry data (ETOPO2), and

thereafter smoothed using polynomial spline fitting.

The eastern, downdip extent of the rupture model was defined by the lower limit of
seismicity. This appears to lie between 40 and 60 km depth, demarcating the brittle-
plastic transition zone. We discriminate from earthquakes associated with internal
deformation of the slab, by only considering thrust-mechanism hypocenters located close
to the interpreted surface of the slab. The closeness of fit to the surface of the rupture

model is illustrated in Fig. 2.

Next, we placed constraints on possible coseismic slip, via analysis of geodetic data
for Luzon relative to stable Eurasia. To avoid using data contaminated by complex
deformation, only GPS vectors east of the Philippine Fault Zone were considered. Yu
et al. (1999) used 35 GPS stations on Luzon Island and southern Taiwan to calculate
the relative motion between Luzon arc and Eurasia. The observation was conducted
for two years, from 1996 to 1998. Relative motion is greatest in northern Luzon at
19N, moving 86-90 mm/yr northwestward. The velocities taper gradually towards

the north and south as collision regimes pin both ends of the megathrust (Fig. 3).

The velocity vectors were decomposed into trench-normal and trench-parallel
components (Fig. 3), allowing us to infer that the former are related to slow
accumulation of strain along the plate, while the latter are accommodated by strike-
slip motion across the Philippine Fault Zone and slip on other geological structures.
This would be analogous to the partitioning of trench-normal and trench-parallel

strain across the Sunda megathrust and the strike-slip Sumatran Fault (McCaffrey et



al., 2000).

It is significant that since the Spanish colonization of Luzon in the 1560s, no
earthquake exceeding magnitude 7.8 has been observed (Repetti, 1946).
Conservatively, it can be postulated that very large events on this megathrust have a
recurrence interval exceeding 440 years. Taking a trench-normal convergence velocity
of 87 mml/yr, strain of ~38 m would have accumulated over this period. Though large,
this slip magnitude remains within the range of plausible scenarios. It is comparable to the
1960 M,y 9.5 Chilean earthquake, in which coseismic slip reached 40 m (Barrientos and
Ward, 1990), and larger than the 2004 Aceh-Andaman event, which produced 20 m
of coseismic slip (Chlieh et al., 2007).

In our rupture model, we set slip values in the area of greatest relative motion to 40 m,
and apply the same geometric scale to the rest of the vector data points, smoothing the
variation between them. Slip is taken to be constant approximately perpendicular to
the trench axis. This is a necessary simplification as we have inadequate data to
constrain the downdip variation in locking. Fig. 4 illustrates the projected slip model

of the megathrust.

In order to find the vertical seafloor displacement for hydrodynamic modeling, the
megathrust interface was discretized into 33 rectangular elements as shown in Fig. 5.
Along-strike variation and the dip angle were matched closely to the continuous slip
model. Two rows of elements were used, where the first row, starting from element No. 1
to 18, covers the megathrust interface from the surface up to a depth of 15 km, whereas
the second row (element Nos. 19-33) covers the interface from 15 to 55 km deep. Slip
magnitudes were assigned directly such that the value for each rectangular element
conforms to the value at its centroid position on the continuous model. The orientation
(strike and dip angles), size (length and width), and slip magnitude of each element are

summarized in Table 1. This rupture model would produce an earthquake with M,y 9.0.

The thrust interface was assumed to be fully locked, i.e. the coefficient of coupling
was assigned as 1. A source point was placed at the centroid of each element to

simulate dislocation, and the surface deformation with that geometry was computed



using an elastic half-space dislocation algorithm (Okada, 1992). The resulting vertical
seafloor deformation (Fig. 6) was sampled to 1 min (0.016<} and 2 min (0.033< grid
resolutions over an area within 99 E/140<E/10<5/40N. Large uplifting of up to 9 m
occurs along the trench, whereas down-going movement of up to 4 m occurs about 150

km east of the trench, mostly on Luzon Island.
4. Regional water-level rise

Tsunami generated by the rupture of the South China Sea megathrust is simulated
using COMCOT (COrnell Multi-grid COupled Tsunami model), developed by Liu et al.
(1998). COMCOT uses a finite difference scheme to solve linear/non-linear shallow-
water equations (Wang and Liu, 2005, 2006, 2007; Gica et al., 2007). The detailed
modeling of the problem and characteristics of tsunami propagation throughout the
South China Sea are discussed in the companion paper (Huang et al., 2009). Here,
we focus on the resulting water-level rise in the region. Water waves were

propagated to within 10 m off the shore, thus no effects of inundation are considered.

Fig. 7 shows maximum simulated water-level rise at shorelines bordering the South
China Sea, over 40 h of physical time. Note that they are considered to be offshore
waves as we used grids with a course resolution of 2.4 min, which could not fully
resolve the shoaling process (Huang et al., 2009). Naturally, the western coast of
Luzon Island is the hardest hit area with waves of more than 8 m due to its proximity
to the source. Waves of more than 8 m are projected to strike the islands of Batan
and Babuyan (~20<N, 122 <€) lying between the Philippines and Taiwan. The western
coast of Palawan Island (~11 <N, 119.5<E), south of Luzon Island, is hit by waves of 4 m
high.

Southern China, including Hong Kong and Macau, being on the other side of the
Manila Trench is exposed to tsunami waves of 6— 8 m high. The focusing effects of
the tsunami source and local bathymetry are oriented northwest, resulting to southern
China being as badly hit as the Philippines although the former is located farther from
the subduction.



The western coast of Vietnam is struck by waves of 4-5 m, showing that it is not
fully shielded by the Paracel Islands (~16 N, 112<E). The western coast of Borneo
receives waves of 2 to 3 m, whereas the eastern coast of Malay Peninsula is hit by
waves of up to 2 m. Singapore, on the southern tip of the Malay Peninsula, is well
shielded and hardly affected.

Farther in the north, Taiwan receives the impact of reflections from mainland China,
and the central western coast appears to suffer waves of up to 3 m in height. The
southern Japanese islands of Ishigaki, Miyako and Okinawa (~25<N, 125<E) also suffer
from reflective waves and may experience waves of about 2 m. It appears that the
reflective waves travel to, as far as, northern Papua (~2<5, 137 E), which may be hit

by waves of up to 2 m.
5. Discussion and conclusion

The degree to which the convergence on the South China Sea megathrust is
accommodated by aseismic versus seismic slip is poorly constrained. The only
attempt to model the extent of the seismic coupling was carried out by Galgana et
al. (2007), using a system of elastic blocks delimited by major trenches and strike-
slip faults in the Philippines. Regional geodetic data and focal mechanism data were
jointly inverted to derive plate rotations and fault-locking parameters for their
tectonic model. They concluded that, with an assumed locking depth at 25 km, the
coupling ratio of the Manila Trench was low, implying that the potential for the
megathrust to generate giant earthquake was low. However, spatial resolution of
the crustal model was limited by paucity of GPS data in northern Luzon (Galgana
et al., 2007), and results for the Manila Trench were dependent on the stability of
the entire modeled system. This means that large uncertainty still exists on the actual
coupling on the mega-thrust. Therefore, there is a need for increased coverage in future
geodetic surveys, particularly in northern Luzon. The presence of the strike-slip
Philippine Fault Zone and secondary tectonic structures should be taken into
account. The Luzon Strait between 18 <N and 22 <N is currently void of data. Ocean-

bottom seismometry and geodesy are vital in tracking the dynamics of deformation



offshore.

The South China Sea megathrust would be the first suspect source for any large
historical tsunamis on the shores of the South China Sea. Observations of natural
phenomena in China begin from as early as 47 B.C., and the Philippine record begins in
1589 A.D., some time after the archipelago came under Spanish colonial rule. We find
that two events are of particular significance. These are marked in Fig. 1, along with

significant tsunamis mapped on the west coast of Luzon (Besana et al., 2005).

The first possible megathrust tsunami dates from 1076 A.D. Official Chinese
records describe flooding of the cities of Haiyang and Chaoyang (on the mainland,
east and west of modern-day Hong Kong). The intervening area was sparsely
populated, but some 500 km of coastline may have been flooded (Yang and Wei, 2005).
If caused by tectonic activity, the earthquake that caused it would have been huge,
and its likely source could have been the South China Sea megathrust. Unfortunately,

the 1076 event pre-dates the Philippine record.

The second suspected tsunami inundated Kaohsiung, southwestern Taiwan, in 1781
(Wang et al., 2006). Besides appearing in a contemporary Chinese travelogue and a
Japanese historiography, it was also recorded by Dutch colonists in the 18th-century
Taiwan. Flooding lasted upwards of 8 h and many villages were swept away,
resulting in more than 40,000 casualties (Wang et al., 2006). Despite the severity of
this event, no inland or near-shore earthquake was identified as the cause. This would
be consistent with the theory that the tsunami was generated by a far-field earthquake

from off the Philippines.

The identification of palaeotsunami deposits on the coastlines of the Philippines,
southern China and Vietnam would place constraints on pre-historic activity of the
megathrust. Suspected tsunami events in the region require correlation with as
many lines of evidence as possible. There is a strong case for renewed examination of
extant historical documents, which may reveal the magnitude and frequency of

hitherto unknown events.



The segmentation of the South China Sea megathrust is currently an area of active
research. Earthquake hypocenters cluster in the area where the Scarborough Sea
Mounts are being subducted under Luzon (at ~16.5<N). These sea mounts may act as

asperities, changing the nature of rupture propagation at this juncture.

The rupture model may thus be qualitatively subdivided into northern and
southern segments, with the hinge point at ~16.5<N. In these instances, different
focusing effects of the tsunami would arise, due to the sinuosity of the rupture model.
If the northern segment ruptures, the tsunami would be directed towards southern
China, with an impact not be much lower than for the full-rupture scenario. If rupture
takes place along the southern segment, the tsunami would be directed towards Vietnam

and the rest of Southeast Asia.

For now, the South China Sea megathrust presents the serious possibility of a

catastrophic tsunami and every effort must be made to refine our understanding of it.
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Table 1 The orientation (strike and dip angles), size (length and width), and slip
magnitude of each subfault of the South China Sea megathrust.
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Figure 1

Figure 2

Figure 3

Figure 4
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Figure 7

The South China Sea megathrust, together with population centers

bordering the sea and areas affected in historical tsunami events.

The sinuous rupture interface of the South China Sea megathrust,
together with ten seismic cross sections between latitude 12.5<N and
23.5N from the studies by Bautista et al. (2001) and Wu et al. (2007).
Epicenters of thrust-faulting earthquakes are plotted to mark the
downdip boundary of the rupture interface.

GPS data (Yu et al., 1999) indicating motion of the converging
Eurasian plate and the Philippines Sea plate, where the blue arrows and
numbers show raw velocity values (mm/yr) taken from Yu et al. (1999),
the red arrow and numbers indicate velocity values (mm/yr) resolved in
the direction perpendicular to the trench front, and the black numbers

give the rounded values (mm/yr) used for slip estimation.

The resulting slip model, where the color bar indicates slip in meters.
The discretized model for computation of seafloor displacement.

The resulting vertical seafloor displacement.

The maximum water-level rise.



Table 1

Element MNo. Srike () Dip (%) Rake (*) Depth range (km) Length (km) Width (km) Slip (km)
1 32446 21.78 90 0-15 40.41 1930 5
2 325.20 11.26 90 0-15 54.19 38.68 5
3 318.66 6.55 90 0-15 54.09 66.93 12
4 332.40 579 90 0-15 54.00 75.68 12
5 0.26 6.47 90 0-15 53.89 67.52 25
6 7.39 11.50 90 0-15 80.59 37.51 28
7 5.85 10.01 90 0-15 53.56 4313 28
8 35599 846 90 0-15 53.43 51.06 28
9 358.34 718 90 0-15 5328 60.09 30
10 2.50 6.16 90 0-15 53.14 69.93 30
11 16.26 652 90 0-15 5299 65.93 35
12 40.34 593 90 0-15 105.57 7215 40
13 35.93 536 90 0-15 52.60 79.67 40
14 21.46 570 90 0-15 78.62 74.61 35
15 35223 3.28 90 0-15 78.24 129.36 30
16 33243 625 90 0-15 103.81 67.36 25
17 339.52 7.62 90 0-15 51.68 54.86 12
18 341.26 9.89 90 0-15 46.82 4197 5
19 326.63 28.87 90 15-55 37.50 37.27 5
20 351.15 2545 90 15-55 54.14 4311 5
21 33350 30.86 90 15-55 134.88 3422 12
22 35794 2098 90 15-55 53.76 53.11 28
23 11.30 2422 90 15-55 13384 45.09 28
24 930 1822 90 15-55 53.29 61.36 28
25 10.90 15.85 90 15-55 53.15 70.96 30
26 47.78 12.76 90 15-55 105.90 88.63 40
27 3091 14.73 90 15-55 131.68 7592 40
28 37.06 16.31 90 15-55 52.41 67.88 35
29 2475 2379 90 15-55 104.39 4485 30
30 302.02 31.89 90 15-55 51.99 31.66 25
31 340.64 19.63 90 15-55 103.67 55.05 25
32 320.54 16.07 90 15-55 7733 67.83 12
33 326.04 2496 90 15-55 21.26 41.86 5
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