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1. Introduction

ABSTRACT

We use GPS data, trench parallel gravity anomaly (TPGA), and bathymetry to infer plate coupling patterns
along the Manila subduction zone. Using a block model and a fault geometry constrained by seismicity,
we simultaneously solve for the location of Euler pole and angular velocity between the Sunda and Luzon
blocks as well as the slip-deficit rate on plate interface. Our estimates show that the Euler pole between
the Sunda and Luzon blocks is situated at southern Palawan near 8.3°N and 119.4°E with the angular
velocity of 4.6 Myr~'. The estimated convergence rate along the Manila Trench continuously decreases
southward from 91 mm/yr at the northern tip of Luzon to 55 mm/yr north of Mindoro. The inversion
of GPS data reveals partially locked fault patches extending from the West Luzon Trough to the east of
Scarborough Seamount chain. The slip-deficit rate in this region is in the range of 20-30 mm/yr corre-
sponding to a coupling ratio of 0.4. However, the fault slip behavior is not well resolved near the North
Luzon Trough. Based on a good correlation between locations of large subduction zone earthquakes and
areas possessing gravity low, we investigate a variety of TPGA-based plate coupling models assuming dif-
ferent scaling between TPGA values and plate coupling ratios. The TPGA-based plate coupling models
offer plausible rupture scenarios which are not constrained by current GPS data. The partially locked fault
zone near 15-16.5°N may be associated with the subducted Scarborough Seamount wherein oceanic floor
is highly fractured. The great subduction zone earthquake propagates beneath the Scarborough Seamount
seems to be unlikely. The densification of GPS network in central Luzon and seafloor geodetic observa-
tions close to trench axis are crucial to distinguish the detailed fault coupling patterns and the role of sub-
ducted seamounts.

© 2012 Elsevier Ltd. All rights reserved.

tinct entity and rotates clockwise with respect to the Eurasian
plate (Chamot-Rrooke and Le Pichon, 1999). The convergence rate

The most devastating earthquakes and tsunamis in the world
occur in subduction zones. However, the seismogenic behaviors
of many subduction zones remain poorly understood owing to
the limited spatial coverage of seismic and geodetic data. The Man-
ila subduction zone located at the plate boundary wherein the Phil-
ippine Sea Plate converges obliquely toward the Sunda Plate/
Eurasian Plate with a rate of 80-100 mmy/yr in the region between
offshore southern Taiwan to northern Luzon of Philippines (Seno
et al,, 1993; Yu et al., 1999; Sella et al., 2002). Recent data derived
from GPS (Rangin et al., 1999; Simons et al., 1999; Kreemer et al.,
2000; Bacolcol et al., 2005) and earthquake slip vectors (Chamot-
Rrooke and Le Pichon, 1999) showed that the Sunda Plate is a dis-
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between the Sunda Plate and Philippine Sea Plate tapers gradually
towards to the south as collision tectonic pins on the southern end
of the Manila subduction zone (Rangin et al., 1999). The oblique
convergence is partitioned into a 40-90 mm/yr trench normal
component on the subduction thrust and a ~25 mm/yr component
of sinistral slip along the Philippine fault (Fig. 1a-b) (Barrier et al.,
1991; Aurelio, 2000; Megawati et al., 2009; Yu et al., 2011).
Convergence also exists to the east of Luzon along the East Luzon
Trough but it is insignificant as this trough is nearly entirely shifted
by the arrival of the Benham plateau (Karig, 1983; Lewis and
Hayes, 1984). To the south of Luzon, the convergence flips to the
eastern side of Luzon and transfers to westward subduction along
the Philippine Trench (Fig. 1b).

Historic records indicate large tsunamis have hit the China coast
and western Luzon in the past three centuries (Wang and Zhang,
2005; Megawati et al., 2009). The two most suspicious events
which could have been occurred on the Manila subduction zone
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Fig. 1. Plate boundary deformation and trench parallel gravity anomaly along the Manila subduction zone. (a) Black vectors are GPS station velocities in the Sunda fixed
reference frame. Error ellipses indicate 95% confidence intervals of GPS velocities. Blue vectors are velocities corrected for fault locking effect on the Philippine Fault (PHF in
(b)). The yellow-red color scale indicates plate convergence rate. Bathymetry is shown in grey scale. The inset shows the regional geography with a red box indicating the
study area (b) The seismicity is in the time period between 1973 and 2010 from NEIC (the US Geological Survey National Earthquake Information Center). The moment
magnitude is in the range between 4.6 and 7.7. Color scale indicates focal depth. (c) The shaded relief topography and estimated free-air TPGA on the Manila subduction zone
(Sandwell and Smith, 2009). The color bar indicates the amplitude of TPGA values. The black barbed and dashed lines denote the Manila Trench and 50 km slab iso-depth,
respectively. (d) The Bouguer TPGA at the Manila subduction zone.
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are the 1076 and 1781 events (Megawati et al., 2009). However, no
large earthquakes with moment magnitude (M,,) larger than 8
have been observed since the Spanish colonization of Luzon in
the 1560s. The seismicity between 1973 and 2010 also indicates
that large earthquakes (M,, ~ 7) are not very frequent on the Man-
ila subduction zone (Fig. 1b). A paucity of large earthquakes may
imply either a predominately aseismic subduction along the Man-
ila Trench or a seismically active subduction in a stage of quies-
cence period before giant earthquakes. If the characteristics of
Manila subduction zone fall into the second case, the seismogenic
behavior could be similar to the Sunda-Andaman subduction zone
before the occurrence of the 2004 M,, 9.3 Aceh-Andaman earth-
quake (Chlieh et al., 2007). No great earthquakes (M,, > 8) is known
to have occurred between Sumatra and Myanmar in the historic re-
cord. Modeling from the tsunami record only reveals large earth-
quakes with magnitudes between 7.5 and 7.9 (Ortiz and Bilham,
2003; Bilham et al., 2005). The M,, ~ 9 giant earthquakes had never
been anticipated for the Sunda-Andaman subduction zone before
the 2004 earthquake. It appears that our knowledge of seismogenic
process of giant subduction earthquakes is insufficient at present.
Since a large population live in coastal areas of the South China
Sea, it is important to examine the possibility of giant earthquakes
on the Manila subduction zone.

Previous studies have shown some parameters varying along the
trench may influence seismogenic behaviors and mechanical prop-
erties on the plate interface. Important parameters include the age
of subducting seafloor, plate convergence rate (Ruff and Kanamori,
1980; Kanamori, 1986), sediments (Ruff, 1989), and back-arc
spreading (Uyeda and Kanamori, 1979). The great earthquakes tend
to occur in subduction zones with faster convergence, younger lith-
osphere, and excess trench sediments; while the relative aseismic
subduction zones are characterized by slower convergence and old-
er lithosphere. In the Manila subduction zone, the age of subducting
seafloor decreases from 32 Ma offshore northern Luzon to about
17 Ma near the Scarborough Seamount (part of an extinct mid-oce-
anic ridge, Fig. 1) (Hayes and Lewis, 1984). A similar trend of a
southward decrease of plate convergence rate from 85 mm/yr at
Batanes to 49 mm/yr north of Mindoro is also observed from GPS
data (Fig. 1a and Yu et al. (2011)). The Manila trench sediments
can be divided into two sections; a sediment-filled section
(~5 km thick) that extends from offshore SW Taiwan to 16.5°N
wherein the Scarborough Seamount is being subducted and a sedi-
ment-free section from 16.5°N to Mindoro (Ludwig et al., 1979).
Additionally, no active back-arc spreading is shown on the overrid-
ing Philippine Sea Plate suggesting that the plate motion is seismic.
These features are similar to the Sumatra-Andaman subduction
zone wherein the age of seafloor and the sediment thickness de-
crease southward (Chlieh et al., 2007), whereas the plate conver-
gence rate on the Sumatra-Andaman subduction zone increases
southward, opposite to that at the Manila subduction zone. More
recent studies have shown no significant correlations between
these subduction zone parameters (Pacheco et al., 1993). The ob-
served variations in plate coupling may be attributed to the subduc-
tion of bathymetric features (Cloos, 1992; Scholz and Small, 1997;
Bilek et al., 2003), mechanical and material properties of subducted
sediments (Hyndman et al., 1997; Peacock and Hyndman, 1999),
and some other factors (Stern, 2002). Understanding these varia-
tions is crucial to evaluate seismic hazards at subduction zones.

This study aims to give a better estimation of plausible rupture
sources along the Manila Trench using GPS data. We also explore
possible plate coupling models using the trench-parallel gravity
anomaly (TPGA) and bathymetry (Fig. 1). The GPS velocity mea-
surements allow for direct estimation of the degree of plate cou-
pling during the time period of observation (Savage, 1983).
However, plate coupling ratio is not well constrained by GPS data
alone due to the limited spatial coverage of GPS sites close to the

trench axis (Fig. 1a). Previous studies have documented that great
subduction earthquakes occur predominately on the plate inter-
face beneath forearc basins (Song and Simons, 2003; Wells et al.,
2003) and in areas possessing a strongly negative TPGA, whereas
regions with strongly positive TPGA are relatively aseismic (Song
and Simons, 2003). The study on the relationship between the spa-
tial extent of great subduction earthquakes and the TPGA also
show an increase in TPGA between the earthquake centroid and
the limits of the rupture (Llenos and McGuire, 2007). Based on a
good correlation between areas possessing negative TPGA, forearc
basins, and the locations of megathrust rupture zones, we develop
a variety of models assuming different scaling between plate cou-
pling ratio and TPGA values. We then compute surface velocities at
GPS sites from this model and compare them with GPS observa-
tions. This approach allows us to explore if locked asperities de-
fined by strongly negative TPGA are able to reproduce geodetic
measurements and provide some plausible coupling patterns for
the Manila subduction zone. Additionally, we test three uniform
plate coupling models with various coupling ratio as well as for-
ward models with coupling ratios exhibiting a Gaussian decay
function on the fault zone. Our work provides several candidates
of plate coupling models with satisfactory fits to GPS observations.
The predicted velocity variations from these models would benefit
future GPS site selection in Luzon and further clarify the validity of
present models.

2. Data
2.1. GPS

The campaign-mode GPS network in Luzon was established in
late 1995 and first measured in 1996 by the Institute of Earth Sci-
ences, Academia Sinica, Taiwan in collaboration with the Philip-
pine Institute of Volcanology and Seismology, Philippines (Yu
et al., 1999). The network was initially composed of 15 stations
and additional 16 stations were added into the network in central
and southern Luzon between 1998 and 1999. Succeeding GPS sur-
veys were done annually until 2000. Three more campaigns were
conducted in 2004, 2006, and 2008, respectively (Yu et al., 2011).
For each campaign, most sites were observed continuously for 2-
3 days using dual-frequency, geodetic GPS receivers, in a 30-s sam-
pling rate.

The collected GPS data are processed with GAMIT/GLOBK soft-
ware packages, version 10.3 (Herring et al., 2002) using the dou-
ble-difference phase observable and tropospheric and ionospheric
modeling. To obtain a more accurate and consistent regional defor-
mation pattern of the Luzon Island, we use GPS data from 30 Luzon
sites, 17 permanent IGS sites in the Asia-Pacific region, and six
sites from Taiwan continuous GPS Array in southern Taiwan. Four-
teen IGS sites with long observation history surrounding the study
area are constrained to their 2005 International Terrestrial Refer-
ence Frame (ITRF2005, Altamimi et al., 2007) coordinates in GLOBK
processing, together with the parameters from GAMIT solutions to
produce ITRF2005 coordinates of other GPS sites. A least squares
linear fit is used to estimate station velocity from station position
time series. The ITRF2005 velocities are transformed into the Sun-
da fixed reference frame (Yu et al., 2011). The station velocities
with respect to the Sunda Plate are about 49-85 mm/yr, in the
west-northwest (WNW) to northwest (NW) directions and gradu-
ally decrease from north to south (Fig. 1a).

2.2. Bathymetry

The Sunda Plate subducts beneath the Philippine Sea Plate along
the 5 km-deep Manila Trench. The trench is N-S trending from
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14°N to 18°N and bends to NE trending to the north of 18°N and SE
trending to the south of 14°N (Fig. 1). The subduction process is re-
placed by collision tectonics on the northern tip of the Manila
Trench near Taiwan (Bowin et al., 1978; Page and Suppe, 1981)
and on the southern tip of the trench between Palawan and Mind-
oro (Rangin et al., 1999). On the eastern side of the Manila Trench,
there are two major forearc basins called the North Luzon Trough
from 18°N to 21°N and the West Luzon Trough from 14°N to
16°N (Fig. 1c). The sediment thickness in troughs can be up to 4-
5 km thick (Ludwig, 1970; Hayes and Lewis, 1984). The Scarbor-
ough Seamount chain, a bathymetric high, can be traced from
115°E to 119°E at 16°N (Fig. 1c), and it is related to the subduction
of a NE trending extinct ocean ridge of the South China Sea spread-
ing center on the western side of the Manila Trench. These sea-
mounts have being subducted obliquely along the Manila Trench
(Pautot and Rangin, 1989).

2.3. Gravity

We construct TPGAs near the Manila subduction zone using glo-
bal marine gravity grids (Sandwell and Smith, 2009) and the meth-
od proposed by Song and Simons (2003). An average regional
trench-normal gravity profile was subtracted from the original
free-air gravity (Sandwell and Smith, 2009) because that the
trench-normal gravity is predominantly controlled by mantle rhe-
ology, slab buoyancy, and stress conditions on the plate. In this
study, we only consider TPGA values over the location of the plate
interface where megathrust earthquakes occur (less than 50 km
depth). The resulting TPGA for the Manila subduction zone is
shown in Fig. 1c. Two forearc basins, North Luzon Through and
West Luzon Trough, are characterized by strongly negative TPGA
values of about —100 and —50 mGal, respectively. The Cordillera
Centrale and the Zambales Range show positive TPGA values of
about 50-100 mGal. The north-south trending Cordillera Centrale
is composed of plutonic rocks and is part of the volcanic arc related
to the subduction at the Manila Trench. The Zambales Range con-
sists of ophiolite assemblage and represents uplifted crust associ-
ated with both oceanic basin and island arc affinities (Hayes and
Lewis, 1984). To investigate the influence of seamount or aseismic
ridge on plate coupling, we also construct TPGA using the Bouguer
gravity anomalies based on the assumption of local compensation
(Fig. 1d). The negative Bouguer anomalies usually correlate with
sedimentary basins, the roots of mountains, seamounts, or ridges.
The TPGA values constructed from Bouguer anomalies are less neg-
ative in the two forearc basins and less positive in the Cordillera
Centrale and the Zambales Range compared to those from free-
air anomalies (Fig. 1c-d). Note that the gravity data near the Zamb-
ales Range are relative sparse.

3. Method

We construct the slab geometry based on earthquake focal
mechanisms in the time period between 1973 and 2010 from NEIC
(the US Geological Survey National Earthquake Information Center)
and the curvature of Manila Trench (Fig. 2). The trench normal
cross sections of seismicity indicate that the slab dips eastward
to about 10-20° at shallow depths and steepens to around 30° at
depths greater than 30 km in offshore northern Luzon. The slab
dip steepens in the Luzon area, as shown in focal depths and
high-angle thrust faulting mechanisms. The slab changes dip from
30° to 50° at a depth of 50 km at latitude 15°N. Our model fault
approximately follows the curvature of the 5-km deep trench
and has a dimension of 1100 km in length and 230 km in width
(Fig. 2). The fault geometry is consistent with the 3D geometry of
the plate interface delineated from seismicity and focal mecha-

Depth (km)
B

100 75 50 25

Depth (km)

Longitude 122 16 Latitude

124 14

Fig. 2. The fault geometry of the Manila subduction zone. Color scale indicates the
depth of the fault plane. Black dots denote the seismicity is in the time period
between 1973 and 2010 from NEIC. The fault dip steepens from north to south.

nisms based on first motion solutions and Global CMT solutions
(Bautista et al., 2001). We divided the fault into 104 patches with
26 and 4 patches in the along-strike and down-dip directions,
respectively. The patch size is about 45 km by 45 km and the
Green’s function of each fault patch is calculated using an elastic
half-space model (Okada, 1985).

The effect of interseismic strain accumulation can be repre-
sented as the sum of the long-term block motion across the plate
boundary fault and slip on the locked fault zone (Savage, 1983).
Here we use a similar approach but for a three-dimensional elastic
block that interseismic GPS velocities can be decomposed into a ri-
gid block rotation and fault slip at block boundaries. To define
block boundaries, we first examine early studies of plate models
based on geological, geomagnetic, and geodetic data (Seno et al.,
1993; Sella et al., 2002; Kreemer et al., 2003). We compute plate
convergence rate between the Philippine Sea Plate and the Sunda
Block using these models and find that the convergence rate falls
in the range of 80-100 mm/yr between Taiwan and Luzon and in-
creases southward. However, GPS velocities indicate a southward
decrease from northern to southern Luzon, disagrees with rates
predicted by aforementioned plate models. We then consider Lu-
zon as an elastic block as proposed in Rangin et al. (1999), except
for areas near the Philippine fault. Rangin et al. (1999) shows that
the convergence rate between the Luzon and the Sunda blocks de-
crease from 100 mm/yr at northwestern tip of Luzon to a rate of
50 mm/yr near the latitude of 15°N at southern Luzon.

In this study, we do not consider the motion of the Luzon block
with respect to the Philippine Sea Plate, which is mainly accommo-
dated by the East Luzon Trough, East Luzon Transform fault, and
the northern part of the Philippine Trench (Fig. 1b). The westward
subduction along the East Luzon Trough may have ceased as indi-
cated on seismic profiles (Lewis and Hayes, 1984). Only a small
amount of E-W convergence was seen to its southern extremity.
Since most of convergence at the latitude of Luzon is absorbed
along the Manila Trench (Rangin et al., 1999) and our GPS sites
in eastern Luzon are located about 100 and 250 km to the west
of the East Luzon Trough and the Philippine Trench, respectively,
presumably have a little effect from the westward subduction of
the Philippine Sea Plate (Fig. 1b).

Here we consider the Luzon forms a relatively uniform block
and determine its kinematics with respect to the Sunda block.
We take the initial values of the Euler pole (9.3°N, 118.3°E,
5.5 Myr~!) between the Luzon block (LU) and Sunda block (SU)
from Rangin et al. (1999) and remove interseismic strain
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accumulation along the Philippine fault from Yu et al. (2011). They
show that the geodetic long-term slip rates on the Philippine fault
increase from 24 mm/yr in northern Luzon to 40 mm/yr in south-
ern Luzon. The inferred slip-deficit rate from GPS data is close to
long-term slip rate suggesting that the Philippine fault is nearly
fully locked. We subtract the interseismic fault locking effect on
the Philippine fault from original GPS velocity field. Fig. 1a shows
that the corrected GPS vectors are more perpendicular to the
trench. After this correction, we simultaneously solve for the Euler
pole location, the rotation rate of LU/SU, and the slip deficit rate at
the Manila subduction zone.

We use a weighted least square approach to invert for the opti-
mal slip deficit distribution which minimizing the weighted resid-
ual sum of squares (%?) and preserving some degree of smoothness
in the model slip distribution. We impose the smoothness con-
straint on slip distribution using the finite difference approxima-
tion of the Laplacian (Harris and Segall, 1987). The damping
parameter which characterizes the weight put on the model
smoothness and data misfit, is determined by cross validation
(Matthews and Segall, 1993). The fit to the data is quantified from
the mean of the normalized square residuals. A value of 1 of 2
means that the model fits the data within uncertainties on average.
The plate coupling ratio is given by the slip deficit rate divided by
the block motion.

While we attempt to compute plate coupling ratio based on GPS
data, finer details of slip on the megathrust is not resolved because
of the scarcity of GPS sites near the Manila Trench. Song and Si-
mons (2003) found a good correlation among negative free-air
TPGA, topographic depression, and seismic moment. About 80%
of the cumulative moment since 1900 has been released in 30%
of total area of subduction zone with free-air TPGA less than
—30 mGal. In this study, we construct TPGA both from free-air
gravity and Bouguer gravity anomalies assuming that the plate
coupling pattern resembles the distribution of TPGA such that
the slip-deficit rate is linearly proportional to negative TPGA val-
ues. We also explore an inverse scaling between the free-air TPGA
and plate coupling. In other words, positive free-air TPGA will cor-
respond to strong coupling. Since the location of seamount is nor-
mally associated with positive free-air TPGA. The threshold used
for the normalization of TPGA values is determined according to
Song and Simons (2003). They divided the total area of subduction
zone interface into four bins of approximately equal area. Areas
with strongly negative TPGA (<—40 mGal) are fully locked (cou-
pling ratio=1) and with positive TPGA (>40 mGal) are creeping
at plate convergence rate (coupling ratio = 0). The coupling ratios
in the regions with TPGA values between —40 and 40 mGal are
normalized to the range between 1 and 0. The slip-deficit rate is
equivalent to the product of the normalized TPGA value and plate
convergence rate. In order to find the best TPGA-based plate cou-
pling model, we also apply different scaling between TPGA and
slip-deficit rate. The predicted surface velocities from these models

Table 1

are used to compare with GPS velocities and provide plausible rup-
ture scenarios based on TPGA-based plate coupling model. Addi-
tionally, we also test three uniform plate coupling models by
assuming that the plate interface is fully-coupled, half-coupled,
and decoupled and three models with coupling ratios exhibiting
as a Gaussian decay function from the top, middle, and bottom of
the fault plane. The model results are listed in Table 1, Figs. 3
and 4, and discussed in the following paragraph.

4. Results

The block model inverted from GPS data produces a 2 of 3.9 as
shown in Fig. 3a. We determine the best Eulerian pole between LU
and SU is situated in southern Palawan near 8.3°N and 119.4°E
with the angular velocity of 4.6 Myr~!. The estimated convergence
rate along the Manila Trench continuously decreases from 91 mm/
yr at the northern tip of Luzon to 55 mm/yr at 14°N (Fig. 3a). In the
region near Northern Luzon Trough, the average slip-deficit rate is
about 10 mm/yr (Fig. 3a), indicating a partially locked fault zone
located to the west of the Batanes Islands. However, there is only
one GPS site, BTS3, situated about 200 km away from the trench
axis (Fig. 3b), the resolution of plate coupling near the North Luzon
Trough is poor. To the south, a partially locked fault segment ex-
tends from latitude 15°N to 20°N. The area at latitudes 14.5-
17°N from the West Luzon Trough to the east of Scarborough Sea-
mount shows the slip-deficit rate in the range of 20-30 mm/yr
with a predominately dip-slip motion. Given the plate convergence
rate of 70 mm/yr, the coupling ratio is equivalent to 0.4. For the re-
gion south of 14°N, the plate coupling ratio is not well constrained
due to the scarcity of GPS observations.

Limited by insufficient GPS data, we also explore different sce-
narios of interseismic slip-deficit rate along the Manila Trench. We
consider five versions of scaling between TPGA and plate coupling
ratio and assume that negative free-air TPGA is proportional to
strong coupling (Table 1). The first model assumes a liner correla-
tion between negative free-air TPGA and slip-deficit rate and pro-
duces a y? of 14.1. In the rest models, we assume slip-deficit rates
are proportional to square, cubic, square root, and cubic root of
negative free-air TPGA values and compute the fits to GPS observa-
tions (Table 1). The values of 2 is close to 10 in the first two mod-
els; while the y? values increase to 20 for the last two models. The
slip-deficit model based on the cubit of free-air TPGA values gives
the best fit with a y? of 10.9. This model shows a strong coupling
beneath the North Luzon Trough, the West Luzon Trough, and
the downdip edge of the fault plane near 14°N and 16°N
(Fig. 3d). Since the subducted Scarborough Seamount chain is a dis-
tinct feature at the Manila Trench, we used two approaches to
demonstrate the influence of seamounts on plate coupling. We first
assume that positive free-air TPGA is proportional to strong cou-
pling. Thus the coupling pattern (Fig. 3e) is opposite to the previ-
ous model where the negative free-air TPGA is proportional to

Elastic dislocation model results for a variety of plate coupling models. Bold texts show best models from different approaches.

Model GPS inversion  Uniform coupling TPGA-based plate coupling models, plate coupling ratio (c) oc (TPGA)"

Plate Spatial Zero Half Fully Linear Square Cubic Square root Cubic root

coupling variable c=0 c=0.5 c=1 (n=1) (n=2) (n=3) (n=0.5) (n=0.33)

2 39 13.2 15.4 61.4 (FAY™ 144 11.5 10.9 18.8 21.8
(FA)™ 238 171 144 31.8 36.2
(BAY™ 129 10.9 10.6 17.5 209

y2: reduced chi-square.

c: plate coupling ratio, defined as the ratio of backslip rate to the plate convergence rate.

(FA)™: plate coupling ratio is proportional to negative free-air TPGA.

(FA)™": plate coupling ratio is inversely proportional to negative free-air TPGA, meaning strong coupling corresponding to positive free-air TPGA.

(BA)™: plate coupling ratio is proportional to negative Bouguer TPGA.
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Fig. 3. Plate coupling models derived from GPS inversion, uniform coupling, and TPGA values. (a) Black and blue vectors indicate GPS observed and predicted interseismic
velocities from inversion of GPS data. Error ellipses indicate 95% confidence intervals of GPS velocities. Color scales indicates fault slip rate. (b) Black vectors show residuals of
horizontal velocities in (a). Color scale indicates coupling ratio. A-A’ and B-B’ show the locations of profile illustrated in Fig. 6 (c) GPS residuals computed from a zero coupling
model. (d) The model with strong coupling proportional to the cubic of negative free-air TPGA. Black vectors are residuals of horizontal velocities. Color scale indicates
coupling ratio. (e) The model with strong coupling proportional to the cubic of positive free-air TPGA. (f) The model with strong coupling proportional to the cubic of negative
Bouguer TPGA. (g) The model with coupling ratio varies from 1 at trench axis to 0 at the bottom of the fault (D = 30 in Fig. 4a). (h) The coupling ratio varies from 1 in the
middle of the fault to 0 at both sides of fault (D =30 in Fig. 4b). (i) The coupling ratio varies from 0 at trench axis to 1 at the bottom of the fault (D = 50 in Fig. 4c).

strong coupling (Fig. 3d). A prominent asperity is shown beneath we constructed TPGA using the Bouguer gravity anomalies because
the Zambales Range. This model gives a y? of 14.4 and provides a negative values usually correlate with roots of seamounts or
reasonable fit at latitudes 14-16°N (Figs. 3e and 6b). Secondly, ridges. The best plate coupling model obtained from the cubic of



104 Y.-J. Hsu et al./Journal of Asian Earth Sciences 51 (2012) 98-108

70

—
Q
'

60

coupling ratio (¢ )
Reduced chi-squares

10

0 40 80 120 160 200 0 40 80 120 160 200
D values (km)

Distance from trench (km)

G

coupling ratio ( ¢)

Reduced chi-squares

0 40 80 120 160 200 0 40 80 120 160 200
Distance from trench (km) D value (km)
(c)
0.8 |
(2]
-~ i g
[&]
- —— D=30 \ 3
le) 06 - T S - — . o
= — 50 €D
o i
=] 70 O
£ o
S 04H 90 3
3 3
3 110 B
Y| ——— 130 ¥
0.2 | =——150
170
% 40 80 120 180 200 0 40 80 120 160 200

Distance from trench (km) D values (km)
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squares from all models given a wide range of the distance-decaying constant (D). The optimal model is shown as a red dot.

Bouguer TPGA shows locked patches near the trench at latitude 14-18°N (Fig. 3f). This model results in a y? of 10.6 and a satisfac-
20°N, 15-16°N, and along the down-dip boundary of the fault near tory fit at latitudes 14-17°N (Figs. 3f and 6).
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To find plausible rupture scenarios which are not constrained
by GPS data, we also explore three uniform coupling models by
assuming that the plate interface is fully-coupled, half-coupled,
and decoupled and three models with coupling ratios exhibiting
a Gaussian decay function from the top, middle, and bottom of
the fault plane. The values of y? from uniform coupling models
are listed in Table 1. The decoupled and half-coupled plate models
give similar values of y? between 13 and 15, comparable with 10-
14 obtained from the best TPGA-based plate coupling models (Ta-
ble 1). The reduced-chi-square significantly increases to 61.4 for a
fully-coupled model suggesting this scenario is not likely to hap-
pen at the Manila subduction zone. Fig. 4 shows the values of y?
from models with plate coupling ratios vary as a Gaussian function,
¢ = exp(—d*/D?), where c is the coupling ratio, d is the distance,
and D is the distance-decaying constant. The coupling ratio varies
from 1 at trench axis to 0 in inland area (Fig. 4a), from 1 in the mid-
dle of the fault to 0 at both sides of the fault (Fig. 4b), from 0 at
trench axis to 1 in inland area (Fig. 4c). The smallest value of y?
is ~10 in these three models, comparable to the decoupled and
half-coupled plate models and the best TPGA-based coupling mod-
els (Table 1). The model with locked fault zone in the middle
(Fig. 3h) provides a slightly better fit compared to others (Figs.
3g and i). These forward models suggest the plate interface is par-
tially coupled; while the spatial extent of the locked area is not
well resolved everywhere.

Fig. 3 shows a schematic of the comparison of plate coupling
models based on different approaches. We examine residuals of
GPS horizontal velocities and plate coupling patterns and evaluate
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Fig. 5. Earthquake focal mechanisms with depths less than 50 km between 1973
and 2010 from NEIC. Color denotes different fault types shows in bottom left corner.
The inset indicates that aseismic subduction causes extension near the outer rise.

seismogenic behaviors from north to south along the Manila sub-
duction zone. Two plate coupling models at latitudes 19-21°N
(Fig. 3d and h) provides satisfactory fits to the observed GPS veloc-
ity at BTS3 and suggests the possibility with locked fault patches
beneath the North Luzon Trough is higher than the rest coupling
models. At the NW corner of Luzon (17-19°N), the smaller residu-
als in Fig. 3b and d compared to others, suggest that fault is par-
tially locked between the trench axis and the west Luzon coast;
while the spatial extend is not well resolved. The GPS stations lo-
cated between 14.5°N and 16.5° N are closest to the trench axis
compared to stations at other sections of the Manila subduction
zone. The plate coupling patterns from the GPS inversion
(Fig. 3b) and from a forward model (Fig. 3g) gives similar values
of misfit near the subduction of Scarborough Seamount while the
distributions of locked patches are fairly different. The results sug-
gest that the fault is likely to be locked with a uniform coupling ra-
tio of about 0.3-0.4 as indicated from GPS inversion (Fig. 3b) or
locked at shallow depths (Fig. 3f). If the future seismic rupture oc-
curs on the shallow portion of subduction megathrust as suggested
in Fig. 3f, a reassessment of current tsunami hazard is needed in
this region. Most previous tsunami models are computed assuming
the entire fault rupture along the Manila subduction zone (Liu
et al.,, 2007; Megawati et al., 2009; Wu and Huang, 2009). Addition-
ally, the seismicity offshore western Luzon indicates more frequent
earthquakes at latitudes 14.5-16.5°N. Two M ~ 7 earthquakes oc-
curred in 1999 but did not generate significant tsunamis (Figs. 1b
and 5).
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Fig. 6. The east-west cross sections of interseismic velocity predicted by GPS
inversion and three TPGA-based plate coupling model at latitude 16.5°N (A-A’") and
15.5°N (B-B'). The location of profile is shown in Fig. 3b and the width of the profile
is 1°. Vertical line denotes the location of the Manila Trench. Black dots with error
bars are observed GPS velocities. The black solid line with cross shows the GPS
inversion result. FA* and FA~> represent the models with coupling ratios
proportional and inversely proportional to the cubic of negative free-air TPGA,
respectively. BA*> indicate the model with coupling ratio proportional to the cubic
of Bouguer TPGA (Table 1).
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5. Discussion

Studies have reported that great subduction zone earthquakes
are spatially correlated with the locations of forearc basins and
gravity lows (Song and Simons, 2003; Wells et al., 2003). While
we are not able to obtain reliable relationship between asperities
and gravity lows, the preliminary tests offer possible coupling pat-
terns along the Mania Trench based on GPS data and the TPGA
maps at other subduction zones. Our results infer a partially locked
fault patch extending from the Western Luzon Trough to the north-
west coast of Luzon, whereas the fault slip behavior beneath the
North Luzon Trough is not well constrained. We find that models
with a locked fault patch beneath the North Luzon Trough provides
a reasonable fit to GPS data at BTS3 (Fig. 3d and h) and the seismic
activity is high at the depth range of 20-50 km near the North Lu-
zon Trough (Fig. 1b). The normal faulting earthquakes are more
frequent at the northern part of the Manila subduction zone com-
pared to other sections (Fig. 5). This may suggest that part of accu-
mulated strain is released by aseismic subduction near the North
Luzon Trough, thereby causing extension near the outer rise region
as indicated in Fig. 5.

Our model infers that plate interface is partially locked with
slip-deficit rate of 20-30 mm/yr, equivalent to a coupling ratio of
0.4, in the region between the West Luzon Trough and the east
of the subducted Scarborough Seamount chain. Recent studies
have shown that the subduction geomorphology features such as
ridges, seamounts (Cloos, 1992), and horst and graben structures
(Tanioka et al., 1997) affect the seismogenic behavior and rupture
dynamics (Kanamori and Kikuchi, 1993). The studies on seamount
subduction suggest that seamounts can act as either asperities
(Cloos, 1992; Scholz and Small, 1997; Abercrombie et al., 2001)
or barriers (Kodaira et al., 2000) to earthquake ruptures. For in-
stance, Abercrombie et al. (2001) suggests that the 1994 Java tsu-
nami earthquake ruptured the bathymetry high corresponding to
the location of subducting seamount. Some studies have shown
that seamount could be a seismic barrier as observed in the Nankai
subduction zones (Kodaira et al., 2000; Cummins et al., 2002). Our
model is not able to distinguish whether inferred partially locked
patches at latitudes 15-17°N are on the top of subducted sea-
mounts (asperities) or surrounding the seamounts. We speculate
that if future earthquakes occur in this region, the structural com-
plexity is likely to influence the size of earthquake. For instance,
Cummins et al. (2002) shows that the two subevents of the 1946
Nankai earthquake is bounded by a tear and a subducting sea-
mount on the Philippine Sea Plate. The seismicity in the Japan
Trench shows that subducting seamounts have produced repeating
earthquakes of magnitude M ~ 7 and the width of the seamount
may influence the area of the rupture (Mochizuki et al., 2008). If
the Scarborough Seamount acts as a barrier, it may locally increase
the normal stress and resist the seismic rupture propagation be-
neath the Scarborough Seamount. On the other hand, the Scarbor-
ough Seamount may act as an asperity for a future earthquake.
Given a coupling ratio of 0.4 and the area of 800km
(200 km x 40 km) affected by the seamount, the earthquake mag-
nitude is possibly in the range of 7-8 according to the empirical
relationships (Wells and Coppersmith, 1994).

It is possible that shallow earthquakes near the Manila trench at
latitude 14.5-16°N may occur as suggested by the coupling models
in Fig. 3f and g. Historic records indicate large tsunamis have hit
the China coast and western Luzon (Wang and Zhang, 2005;
Megawati et al., 2009). The investigation of recent shallow subduc-
tion zone earthquakes finds that the regions wherein ocean floor is
highly faulted near the trench are more likely to produce shallow
earthquakes. In addition, the ocean survey shows that the seafloor
near the Scarborough Seamount is highly fractured and the trench

is filled with sediments (Hayes and Lewis, 1984; Pautot and Ran-
gin, 1989). Seismic rupture propagates in sediments at shallow
depths will not only make the earthquake source slow but also
cause great seafloor deformation and increase tsunami potential
(Polet and Kanamori, 2000).

Early work on tsunami scenarios resulting from earthquakes
along the Manila Trench assume that the rupture break the whole
plate interface from 13°N to 21°N (Liu et al., 2007; Megawati et al.,
2009; Wu and Huang, 2009). Our model infers that fault patches
extending from the West Luzon Trough to the east of Scarborough
Seamount chain is possibly aseismic. We also speculate that the
seafloor roughness associated with the Scarborough Seamount is
likely to disrupt the megathrust rupture along the Manila Trench.
Our study provides different rupture models from previous rupture
scenarios used in tsunami hazards (Liu et al., 2007; Megawati et al.,
2009; Wu and Huang, 2009). To better assess the seismic hazard in
the South China Sea region, a new generation of tsunami simula-
tions along the Manila Trench is required.

Limited by geographically configuration and insufficient instru-
mentation, the seismogenic behaviors offshore northern Luzon re-
main poorly constrained. The region near the Zambales Range is
the most closest to the trench axis at the Manila subduction zone.
If more GPS sites can be installed in this area (14-16°N), we may be
able to investigate the role of the Scarborough Seamount in the
seismogenic behavior of the Manila subduction zone and evaluate
various plate coupling patterns at this section. Assuming that
TPGA-based plate coupling model is a good approximation for fu-
ture earthquake ruptures, we can compute interseismic GPS veloc-
ities from these models. Fig. 6 shows predicted GPS velocities from
three TPGA-based coupling models (Fig. 3d-f) along two east-west
profiles at latitudes 16.5°N (A-A’) and 15.5°N (B-B'). The model
with strong coupling corresponding to the cubic of negative Bou-
guer TPGA gives the smallest misfit in A-A’ (Fig. 6a). The fits to
the GPS velocities at B-B' are similar for three TPGA-based plate
coupling model (Figs. 3d-f and 6b). In order to distinguish these
models and explore other possible rupture scenarios in this region,
we will densify GPS network in central Luzon. This study shows
that the detailed plate coupling pattern is not able to obtain with-
out geodetic observations close to the Manila Trench (Fig. 6). Re-
cent studies of the 2011 M,9.0 Tohoku-Oki, Japan earthquake
and several offshore subduction earthquakes have demonstrated
the importance of seafloor geodetic observations to assess the spa-
tial relationship between interseismic coupling and coseismic slip
as well as fault rupture behaviors (Baba et al., 2006; Fujita et al.,
2006; Matsumoto et al., 2008; Sato et al., 2011a,b). The seafloor
geodetic data is substantial to investigate seismogenic behaviors
close to the trench.

6. Conclusion

Our model infers that the plate interface between the Manila
Trench and the western Luzon is predominately aseismic. The high
slip-deficit rate of about 20-30 mm)/yr, equivalent to a coupling ra-
tio of 0.4, is found from the West Luzon Trough to the east of the
Scarborough Seamount. The seafloor roughness and subducted
sediments may complicate the seismogenic behavior at this section
such that the entire rupture along the Manila trench seems to be
unlikely. We examine a variety of plate coupling patterns based
on GPS data, free-air and Bouguer TPGA, as well as forward models.
Although we cannot find conclusive relationship between locked
fault patches and gravity lows, these alternative coupling models
provide plausible rupture scenarios which are not constrained by
GPS data. To further explore the role of subducted Scarborough
Seamount in seismogenic behavior along the west Luzon coast
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and examine plate coupling patterns in details, the densification of
GPS network and the seafloor geodesy are required.
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