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A tomographic travel-time inversion has been applied to trace the subducted slab of the South China Sea (SCS) beneath the
Manila Trench. The dataset, taken from the International Seismological Centre (1960-2008), is composed of 13,087 P-wave
arrival times from 1401 regional earthquakes and 8834 from 1350 teleseismic events. The results image the different
morphology of the subducted SCS slab as a high-velocity zone. The subducting angle of the slab varies along the trench: at
16° N and 16.5° N, the slab dips at a low angle (24° ~ 32°) for 20-250 km depth and at a moderate angle (50°) for ~250—
400 km depth. At 17° N, the slab dips at a low angle (32°) to near 400 km depth, and at 17.5° N and 18° N the slabs are near
vertical from 70 ~ 700 km depth, while at 20° N the high-velocity anomalies exhibit features from horizontal abruptly to
near vertical, extending to 500 km depth. The dramatic steepening of the slab between 17° N and 17.5° N may indicate a
slab tear, which is coincident with the axis of a fossil ridge within the SCS slab at around 17° N. In addition, low-velocity
zones in the three profiles above 300 km depth may represent the formation of the slab window, induced by ridge
subduction and slab tear, initiating upward mantle flow and resulting in the partial melting of the edge of the slab. The
slab tear could explain the volcanic gap and geochemical difference between the extinct Miocene and Quaternary volcanoes
in the Luzon Arc, the much higher heat flow around the fossil ridge, and the distribution of most of the adakites and the
related porphyry Cu-Au deposits in the Luzon area. Based on the geometry and morphology of the subducted slab and
certain assumptions, we calculate the initial time of ridge subduction, which implies that ridge subduction and slab tear

possibly started at ~8 Ma.
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Introduction

The Philippine Archipelago probably resulted from pro-
cesses of accretion, collision, subduction, arc volcanism,
and ocean basin closure. It is located between two oppos-
ing subduction systems (Figure 1): to the west are the
early Miocene Manila Trench, middle Miocene Negros
Trench, and Cotabato Trench (e.g. Hayes and Lewis
1984; Mitchell et al. 1986; Rangin et al. 1999a; Yumul
et al. 2008) and to the east are the Philippine Trench and
East Luzon Trough, which are connected through an E-W-
trending transform fault.

The Luzon Arc was generated by subduction of the
SCS slab along the Manila Trench (Taylor and Hayes
1983). The Eurasian Plate collides directly with the arc
at the northern and southern tips of the Manila Trench (e.g.
Stephan et al. 1986; Suppe 1988; Teng 1990). The volca-
noes in the Luzon Arc are divided into two volcanic chains
by Yang et al. (1996): the Western Volcanic Chain
(WVC), which continues along the western coast of the
Luzon Island from Taiwan to Mindoro, and the Eastern
Volcanic Chain (EVC), extending offshore in southeastern
Taiwan to north of about 17.8° N (Figure 2). The two

volcanic chains are separated by about 50 km at around
17.8° N and converge into a single volcanic chain north-
ward. They are also diverse in age and chemical composi-
tion, and specifically the EVC volcanics are younger and
more mantle-enriched. Yang et al. (1996) interpreted these
variations as the effect of buoyancy of the subducted mid-
oceanic ridge (MOR) within the SCS slab and a slab tear
along the Continental-Oceanic Boundary (COB) of the
SCS near 22° N (Figure 1). However, a refinement of
Yang’s model was presented by Bautista et al. (2001),
who mainly used hypocentral and focal mechanism data
to suggest that the tear occurs along the axis of the MOR
of the SCS rather than the COB in Yang's model, and that
the collision and subsequent partial subduction of a buoy-
ant plateau at the margin near 20° N explains the abrupt
change of the dip angle, the gap in the strain energy
release, and the geochemical differences between the two
volcanic chains in the Luzon Arc.

The abundance of earthquakes in this region resulting
from the subduction at the trenches has allowed various
seismic tomographic studies to be carried out (e.g. Fukao
et al. 1992, 2001; Widiyantoro and Van der Hilst 1997).
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Figure 1. Tectonics in and around the Philippine region. The bathymetric data are from Smith and Sandwell (1997). The South China
Sea (SCS) slab is a deep-water area enclosed by the dotted line and the Manila Trench. Black dots are the locations of the probe heat flow
provided by Shi et al. (2003). Saw-toothed lines are subduction zones, dashed lines are collision zones, solid lines are faults, the double-
dashed line is the inferred location of the fossil ridge of SCS, and red dashed lines are the location of profiles through the P-wave
tomography model shown in Figure 10. The rectangle, indicating the inset location, represents the main study area imaged in the
tomographic inversion and shown in Figures 3(A-B), 6, 8, and 9. NLT, North Luzon Trough; WLT, West Luzon Trough; COB,
Continent-Ocean Boundary; SCS, South China Sea. The arrows and numbers denote the convergence rate (mm/year) along the

subduction zone, which are from Rangin et al. (1999a).

However, these authors mostly concentrated on the Izu—
Bonin—Mariana subduction zones, the eastern boundary of
the Philippine Sea Plate. There are only a few papers
involving the Manila subduction zone, the western

boundary of the Philippine Sea Plate. By imaging the
low-attenuation features, the subducted slabs related to
the Manila and Philippine Trenches are estimated to
extend to depths of 230 and 290 km, respectively
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Figure 2. Volcano distribution in the Luzon Arc, on Luzon
Island, and in the offshore to the north (modified from Yang
et al. 1996). Saw-toothed lines are subduction zones, dashed
lines are collision zones, solid lines are faults, and the double-
dashed line is the inferred location of the fossil ridge of SCS.
MT, Manila Trench; PT, Philippine Trench; PF, Philippine Fault;
ELT, East Luzon Trough; WVC, west volcanic chain; EVC, east
volcanic chain.

(Besana et al. 1997). Rangin et al. (1999b) and Lallemand
et al. (2001) used the tomographic results of Bijwaard
et al. (1998) to suggest that a vertical SCS slab, beginning
at a depth of 100 km, could be overturned in the transition
zone at 20° N. Beneath a profile normal to the Manila
Trench at 18° N, Lallemand ef al. (2001) also inferred that
the SCS slab is disconnected from the surface at about
70 km depth, and at greater depths it dips shallowly east-
ward until about 300 km depth. They interpreted this as
the subduction of the proto SCS slab, which was probably
twice its present size.

Previous studies on the two opposing subduction sys-
tems examined the subducted SCS slab using geomorpho-
logical, geochronological, geochemical, and geophysical
data, plus limited tomographic evidence. The most recent
model focusing on the structure of the Luzon arc Bautista

et al. (2001) was mainly based on detailed profiles of
earthquake distribution, but did not incorporate tomo-
graphic interpretations. To carry out the seismic tomogra-
phy in this paper, we utilized a P-wave arrival time data
set collected over the last five decades, which is larger
than that used in previous works. We focused on the
morphology of the subducted SCS slab and integrated
the results with other geological, geophysical, and geo-
chemical data to verify the slab tear along the fossil ridge
of SCS. Our results provide new insight into the interac-
tion between the SCS slab and Philippine Sea Plate, and
help in understanding the tectonics and evolution of the
Eurasian Plate and Philippine Sea Plate.

Data and methods

The data used in this study are P-wave arrival times, which
are an edited version (EHB bulletin) from the International
Seismological Centre (ISC) (Engdahl et al. 1998) for
earthquakes occurring between 1960 and 2008. The aver-
age mislocation vector of the data set is 9.4 + 5.7 km,
which was achieved by using the ak135 1D travel-time
model, iterative relocation with dynamic phase identifica-
tion, first-arriving P, S, and PKP phases, the teleseismic
depth phases pP, pwP, and sP, ellipticity corrections for the
ak135 model, and empirical teleseismic station patch cor-
rections (for 5° x 5° patches).

The data set was composed of two parts: the regional
earthquakes and the teleseismic events. The criteria for
selecting the earthquakes used in this study were as fol-
lows: (1) each earthquake was recorded by over five sta-
tions located in the study area; (2) the absolute value of the
travel-time residuals was lower than 5 s; (3) the arrival
time reading precision was lower than 0.1. Also, the dis-
tance from the centre of the study area to a teleseismic
event was restricted to the range 30°-100°, in order to
avoid the influence of the complex structures in the low-
ermost mantle and in the upper mantle outside the study
region (Zhao et al. 1994, 2013). After selection, there was
a total 13,087 arrival times from 1401 regional earth-
quakes and 8834 arrival times from 1350 teleseismic
events. Figure 3 shows the distribution of the earthquakes
and the 51 seismic stations used in this study.

For the teleseismic events, relative travel-time resi-
duals were used to avoid the effects of hypocentral mis-
location and origin times, and the complex structures
outside the study region (Zhao et al. 1994). First, the
TIASP91 Earth Model (Kennett and Engdahl 1991) was
utilized to calculate the theoretical travel times between
the hypocentre and the recording stations, and the raw
travel-time residuals were subsequently computed by
eliminating the theoretical travel times from the observed.
After that, we obtained the relative travel-time residuals
for each event from the raw ones by removing the mean
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Figure 3. (A) Distribution of the stations (red triangles) used in this study. (B) Regional earthquakes (dots) used in this study. Colours denote
earthquake focal depth. (C) Teleseismic events (black crosses) used in this study. Saw-toothed lines are subduction zones, dashed lines are
collision zones, and solid lines are faults. MT, Manila Trench; PT, Philippine Trench; PF, Philippine Fault; ELT, East Luzon Trough.

residual, which was calculated by averaging over all
recording stations.

The seismic tomographic method of Zhao et al. (1992,
1994) for local and teleseismic joint inversion was used to
obtain the P-wave velocity perturbations beneath Luzon
Island. Travel times and ray paths were computed using
an efficient 3D ray tracing technique, within which the
pseudo-bending technique (Um and Thurber 1987) and
Snell’s law were introduced. Velocity discontinuities, such
as Conrad, Moho, and 410 km discontinuities, were also
introduced into the initial model, which can effectively
reduce travel-time residuals. For local events, their raw
travel-time residuals were used in the tomographic inver-
sion while the relative travel-time residuals were used for
the teleseismic events. The tomographic inverse problem
was solved by iteratively applying the damped least-squares
routine (LSQR; Paige and Saunders 1982) to solve the large
and sparse system of observation equations.

Model parameterization and inversion

A one-dimensional (1D) initial model (Figure 4) was
derived from the models CRUST2.0 (Bassin et al. 2000),
IASP91 (Kennett and Engdahl 1991), and WPSPO1P
(Wright and Kuo 2007; Wright 2009). Inversion for both
oceanic and continental crustal structure resulted in dra-
matic undulations in Moho depth, and therefore the crustal
thickness and velocities from the CRUST2.0 model were
introduced into the starting velocity model, which signifi-
cantly reduced the travel-time residuals. The Conrad depth
ranged from 4 to 22 km, whereas the Moho depth ranged
from 8 to 33 km. The WPSPO1P model depicts the velo-
city of the upper mantle and transition zone below the
Luzon region, defined by the earthquakes south of Taiwan
as recorded by seismic stations within and around Taiwan.
Wave speeds above 130 km in the WPSPO1P model were
lower than those in the IASP91 model, and they increased
linearly rather than remaining mainly constant. Our initial
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Figure 4. Initial P-wave velocity model used in the study (red

line), TASP91 (blue line) (Kennett and Engdahl 1991), and
WPSPO1P model (green line) (Wright and Kuo 2007; Wright
2009).

model used the upper mantle wave speeds of WPSPO1P to
210 km depth, and the IASP91 model for velocities at
depths over 210 km.

A three-dimensional (3D) grid was set up in the model-
ling space to express 3D velocity variations. Grid intervals in
the longitudinal, latitudinal, and depth directions affect the
resolution of the tomographic image; 0.5° was found to be
the optimal grid interval in the longitudinal and latitudinal
directions for our data set after many tests. In the depth
direction, the grid node meshes were at depths of 5, 20, 50,
100, 150, 200, 250, 300, 400, 500, 600, and 700 km.

The final tomographic results are heavily affected by the
values of the damping and smoothing parameters, which can
be obtained by conducting many tomographic inversions with
different values of the damping and smoothing parameters to
compare the relationship between the variance of velocity
perturbations and root mean square (RMS) travel-time
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residuals. The optimal values of the damping and smoothing
parameters were selected as 5.0 and 500.0, respectively
(Figure 5), in order to balance the reduction of travel-time
residuals and the smoothness of the 3D velocity model
(Eberhart-Phillips 1986). The final velocity model and the
travel-time residuals did not change significantly after the
third iteration. At this point, the RMS of travel-time residuals
was reduced from 1.46 s in the initial model to 0.72 s in the
final model.

Resolution and results
Checkerboard resolution test

To confirm the main features of the tomographic results,
we conducted a checkerboard resolution test (CRT) with
grid spacing of 0.5°. In the CRT, we first added perturba-
tions of +3% to the 3D grid nodes to construct a perturbed
model that served as the input model, then calculated the
synthetic arrival times with the same source-receiver geo-
metry. Finally the synthetic arrival times were inverted for
the output model starting at the initial model, without any
perturbations. By comparing the input with the output
model, we can determine the resolution in the model
space. Figure 6 shows the results of a CRT with a grid
spacing of 0.5° x 0.5° at different depths. At 5 km depth,
the resolution is good only on Luzon Island due to the
absence of earthquakes and stations in the oceanic region.
From 20 to 300 km depth, most of the study area has good
resolution, especially beneath Luzon Island and its off-
shore area just to the west. In most of the oceanic areas
east of Luzon Island, the resolution is poor due to the
absence of sufficient ray paths. Deeper than 400 km, the
resolution is good for the eastern part of the study area,
which corresponds to the region with good ray coverage,
in contrast to the region from 118° to 122° E, where ray
coverage is poor (Figure 7(B)). Lévéque et al. (1993)
showed that in CRT, larger-size structures are poorly
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recovered even though there is good resolution at small
scales. Therefore we also conducted a CRT with a grid
spacing of 0.7° x 0.7°, and the result is consistent with that
using a grid spacing of 0.5° x 0.5°, showing that the
checkerboard pattern is recovered very well for most
parts of the modelling space (Figure 8).

Results

Velocity perturbations with the grid of 0.5° x 0.5°
obtained by our tomographic inversion are presented in
Figures 9 and 10, in which the location of six profiles is
shown in Figure 1.

The tomographic results are similar at both 5 and
20 km depth (Figure 9(A-B)). The most striking feature
is the existence of a large area of low-V anomalies, most of
which lie precisely beneath the volcanoes in the Luzon
Arc from south of Taiwan to Mindoro. Distinct from the
above results, high-V anomalies are prominent below
50 km depth (Figure 9(C-F)), and are believed to be
related to the subducted plate along the trenches. At
50 km depth (Figure 9(C)), most of the high-velocity
anomalies are situated in the vicinity of the trenches (i.e.
the Manila Trench, East Luzon Trough, and Philippine
Trench). The high-velocity anomalies beneath the west
coast of Luzon Island belong to the subducted SCS slab
along the Manila Trench, with those beneath the east coast
of Luzon Island belonging to the subducted Philippine Sea
Plate along the East Luzon Trough and Philippine Trench.

From 100 to 200 km depth (Figure 9(D-E)), the high-
velocity anomalies belonging to the subducted SCS slab
are divided into several parts. North of the fossil ridge of
the SCS, the high-V anomalies are far from the Manila
Trench, while in contrast, the high-V anomalies south of
the fossil ridge are still adjacent to the Manila Trench.

Profile FF' (Figure 10(F)) at 16° N shows a high-velo-
city zone dipping east initially at a low angle of about 24°
and then at a higher angle of about 50° to about 400 km
depth, coincident with the tendency of most of the seismi-
city beneath the forearc region of Manila Subduction Zone.
Another high-velocity zone, located from 121.5° to
123.5° E above 100 km depth, is interpreted as the sub-
ducting Philippine Sea Plate along the East Luzon Trough.
The shallow subduction depth may indicate that the present
East Luzon Trough is a relic of the proto-East Luzon
Trough (Hamburger et al. 1983).

Similar to profile FF’', profile EE’ (Figure 10(E)) at
16.5° N shows that the SCS slab subducts initially along
the Manila Trench to 250 km depth at a low angle of about
30°, and then the dip changes to a higher angle (~50°) to
about 450 km depth, which is consistent with the trend of
the earthquake foci. However, there is only a hint of a
high-velocity anomaly representing the subducted
Philippine Sea Plate along the East Luzon Trough, which
suggests that the East Luzon Trough is active only at the
southern tip.

Different from profiles EE’ and FF’, profile DD’
(Figure 10(D)) at 17° N shows that the high-velocity
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zone representing the subducted SCS slab with a low
angle of ~32° is discontinuous, which may be attributed
to the low-velocity zone beneath the high-velocity zone
(the region outlined in red in Figure 10(D)), as discussed
below.

In profiles CC’' and BB’ (Figure 10(B—C)), the high-
velocity anomalies extend to about 700 km depth at a
near-vertical angle, suggesting that the SCS slab sub-
ducted vertically downwards to the transition zone. The
subducted SCS slab is divided into two high-velocity
segments, and between these are wide, low-velocity
anomalies. High-velocity anomalies associated with the
subducted PSP along the East Luzon Trough vanish in
profiles BB’, CC’, and DD’, consistent with the northward
termination of seismicity at around 17°-18° N.

In profile AA’ (Figure 10(A)), the high-V anomalies
exhibit a horizontal feature above 100 km depth, and then
abruptly vary to near vertical, extending to near 500 km
depth. Our tomographic results in this profile are consis-
tent with other previous tomographic results at the same
latitude (Lallemand et al. 2001; Koulakov et al. 2014).

To further confirm our inversion results, we conducted
synthetic tests. We first modified the inversion results to pro-
duce a much simplified input model, mainly including a dip-
ping, slab-like high-velocity zone and an adjacent,
approximately circular, low-velocity zone (Figure 10(A'-F")).
We then calculated the synthetic arrival times using this input
model with the same source-receiver geometry as the final
model. Subsequently, we inverted the synthetic arrival times
for an output model starting at the same 1D initial model as in
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our real inversion. The results of this synthetic test (Figure 10
(A'-F")) show that the geometry and amplitude of both the
high- and low-velocity features are reproduced remarkably
well. As might be expected, there is some smearing of the
boundaries of the features, and the amplitudes of the features
are reduced from the true values of 6% velocity perturbation to
3-4%.

Discussion
Seismic velocity structure indicating slab tear

Ridge subduction is very common in the Pacific margin
region. Usually, the occurrence of ridge subduction is
associated with interpretations of slab tear or the formation
of a slab window (e.g. Thorkelson and Taylor 1989;
Madson et al. 2006; Zandt and Humphreys 2008; Russo
et al. 2010). Based on body-wave travel-time tomography,
the P-wave structure of the subducted Chile Ridge
between the Nazca and Antarctic plates shows a distinct
low-velocity zone relative to surrounding asthenospheric
mantle. It is inferred as being filled by unusually warm
asthenosphere, consistent with subduction of the Chile
Ridge (Russo et al. 2010). In addition, aseismic ridge
subduction has been linked with other considerable
changes in the geometry and kinematics of both the sub-
ducting and overriding plates, such as reduction of the slab
dip or a gap in arc volcanism (Rosenbaum and Mo 2011;
Martinod et al. 2013).

Our tomographic results depict the 3D geometry and
morphology of the subducted SCS slab along the Manila
Trench. Our results beneath three east-west profiles from
16° to 17° N image the subducting slab as a distinct high-
velocity zone dipping eastwards from the Manila trench to
near 400 km depth. However, between 17° and 17.5° N,
the dip angle changes abruptly from low values of
24° ~ 32° to near-vertical. This dramatic change in dip
angle can be interpreted as indicating a tear of the sub-
ducted SCS slab at ~17° N (Figure 11). These images of
velocity structure provide independent support for a simi-
lar slab structure interpreted by Bautista et al. (2001),
based on the detailed distribution of regional earthquake
hypocentres. The occurrence of a possible slab tear is
consistent with the subduction at 17° N of a fossil ridge
at the Manila trench, as suggested by Bautista et al.
(2001). In addition, the dip angle of the subducted slab
generally decreases northward from 16° to 17° N
(Figure 10(D-F)). Some geodynamic models (e.g.
Pilger 1981; Martinod et al. 2005, 2013; Espurt et al.
2008) have discussed the effect of the subduction of
high bathymetric relief, including aseismic ridges,
which can lead to shallowing of the subducting dip
angle, and even to flattening of the slab at characteristic
depths of ~100 km if the convergence velocity is very
high (Figure 10(A), Gutscher ef al. 2000; Van Hunen
et al. 2002; Martinod et al. 2013). The low angle sub-
duction of the SCS slab around the fossil ridge could be
attributed to the buoyancy of the ridge.



Downloaded by [Institute of Oceanology] at 18:10 14 May 2015

1006 J.-K. Fan et al.

118°E 120°E 122°E 124°E 126°E 118°E 120°E 122°E 124°E 126°E

20°N " 20°N

14°N P R Y g 14°N

12°N 12°N =
118°E 120°E 122°E 124°E 126°E 118°E 120°E 122°E 124°E 126°E

20°N

16°N

14°N

12°N &
118°E 120°E 122°E 124°E 126°E 118°E 120°E 122°E 124°E 126°E

14°N

[ — ]
6% -3% 0% 3% 6%

Figure 9. P-wave velocity perturbations relative to the initial model of Figure 4 at different depths, each of which is shown at the top
right corner of each map. Red and blue denote slow and fast velocity perturbations, respectively. The velocity perturbation scale is shown
at the bottom. Subduction zones, collision zones, and faults are expressed by saw-toothed, dashed, and solid lines, respectively; the
double-dashed line is the inferred location of the fossil ridge of SCS. MT, Manila Trench; PT, Philippine Trench; PF, Philippine Fault;
ELT, East Luzon Trough; ELTF, East Luzon Transform Fault; SCSs, South China Sea slab; PSP, Philippine Sea Plate.



Downloaded by [Institute of Oceanology] at 18:10 14 May 2015

International Geology Review 1007

Images Input model Output model

A MT A’

118° 122° 124° 118° 120° 122° 124° 118° 120° 122° 124°
5 T

100 2 i 100
200 200

100
200

=3
S

B
£
=3 w

Depth (km)

500
600
700

500
600

Depth (km)
gEgss
S S O
Depth (km)
P
=33
L= =] w

=
=3
S

118° 120° 122° 124° 118° 120° 122° 124°
5 D

100
200 200

500 500
600

700

Depth (km)

9 o s oW -
g 8 8 8 8
Depth (km)
= Bw —_
S D S o =3
o o S o =3
Depth (km)
g2 888
S © © S

3 18° 120°  122°  124° 118°  120°  122°  124°

- 5 5

100 100

_ ‘ 200 200

g 0 £ 300
= =

£ 0 2 400
8 -3

500 500

N 600 600

700 700

18° 120° 122* 124° 118° 120° 122° 124°

1
5
100

500

Depth (km)
22 £ 88 3
8 =3 S © © ©
Depth (km)
~N & U s W
8888288

118° 120° 122° 124°

118° 120° 122° 124°
5

100

Depth (km)
855
Depth (km)

P T Y S S Y
E§8838¢8¢8u
Depth (km)

S U s W D
8 8 8 8 8

700

118° 120° 122° 124° 118° 120° 122° 124°
5 5

100 100

W
=1
=3

Depth (km)
~ s o )
288888

g £ 300
= =
£ 400 £ 400
5 s
a a

v
=1
1=3

500

3
S

700

6% 3% 0% 3% 6%

Figure 10. P-wave velocity perturbations relative to the initial model of Figure 4 along the profiles shown in Figure 1. The left-hand
panels (A—F) show the tomographic images obtained in six profiles. For synthetic models shown in the middle panels (A'-F’), travel times
were calculated using the same source-receiver geometry as in the real data. These travel times were inverted to give the output models
shown in the right-hand panels (A'—F’). The velocity perturbation scale is shown at the bottom. White dots represent the projection of
earthquakes occurring within 15 km of each profile. The black dashed lines denote the speculated morphology of the subducted SCS slab,
and the red solid lines outline the region of a speculated slab window containing hot mantle from the slab tear. MT, Manila Trench; ELT,
East Luzon Trough; PF, Philippine Fault; PT, Philippine Trench; SCSs, South China Sea slab; and PSP, Philippine Sea Plate. The
locations of profiles A—F are at 20°, 18°, 17.5°, 17°, 16.5°, and 16°, respectively. The vertical exaggeration is 1:1.



Downloaded by [Institute of Oceanology] at 18:10 14 May 2015

1008 J.-K. Fan et al.

Continental-Oceanic Boundary

fossil ridge Buoyant Plateau

Manila Trench

i

[Chinal =

Figure 11. Schematic map of the morphology of the subducted South China Sea slab along the Manila Trench.

In profiles BB’ and CC’ (Figure10(B—C)), there is no
obvious high-velocity anomaly representing the subducted
SCS slab above 100 km depth. We suggest that this
implies flat subduction of the fossil ridge of SCS slab
above 100 km from 119° to 121° N (Gutscher et al.
2000; Van Hunen et al. 2002; Martinod et al. 2013) due
to the buoyancy of the ridge at 17° N and the buoyant
plateau at around 20° N (Figure 10(A)). No high velocities
are seen, since the ridge would allow hot upper mantle
material to infill this shallow region, as indicated by the
low-velocity zone at 17.5° and 18° N (the regions outlined
in red in Figure 10(B-C)). Similarly, at 17° N
(Figure 10(D)), our tomographic results reveal that the
high-velocity anomalies are discontinuous at around
120° E, which may be due to the influence of the ridge.
The fossil ridge itself may be very fragile, which is sug-
gested by the low coupling ratio derived from the trench
parallel gravity anomaly at around 17° N (Hsu et al
2012), so that the fossil ridge in general may be a stress
weak zone that can easily tear.

Slab tear, slab windows, and geochemistry of volcanics

Another dramatic response to ridge subduction is the for-
mation of volcanic gaps (Rosenbaum and Mo 2011), such
as those recognized in Peru and central Chile. Besides the
volcanic gap recognized by Yang et al. (1996), we also
note that there is a volcano gap among the Quaternary
volcanoes located between 15.5° and 17.5° N (Figure 2),
precisely the location of the subducted fossil ridge of SCS.
Therefore, the volcanoes since the Quaternary can be
divided into a northern and a southern segment. The dis-
tance between the northern segment (i.e. Eastern Volcano
Chain) and the trench is greater than that between the
southern segment and the trench. This may be attributed
to the subduction of the fossil ridge and the buoyant
plateau at around 20° N, in agreement with our tomo-
graphic results, which show that in general the dip of the
subducted SCS slab decreases northward.

The tearing of the lithospheric slab in response to
aseismic ridge subduction can develop slab windows,

producing a series of magmatic centres along tear faults
where magmatism is generated by asthenospheric upwel-
ling. The result is considerable heating in the forearc region
and near-trench magmatism. The heat flow data provided
by Shi et al. (2003) (Figure 1) reveal that the heat flow is
much higher (>100 mW m?) along the axis of the MOR of
the SCS east of the Manila Trench than that at the adjacent
two troughs (<50 mW m ™ at both the West Luzon Trough
and North Luzon Trough). This high-heat flow region, plus
the low-velocity zones from the seismic tomography in the
same area (Figure 10, red-outlined regions), are consistent
with the existence of the slab window.

Examples from the Mediterranean region (e.g.
Rosenbaum et al. 2008; Gasparon et al. 2009) show that
the magmas produced in slab windows will have transi-
tional geochemical signatures between arc type and ocean
island basalt type (Maury et al. 2000; De Astis et al
2006). The magmas of the extinct Miocene volcanoes of
the Luzon arc have low K, large ion lithophile element,
light rare earth element, and Th/U ratios (Defant et al.
1989; Defant and Drummond 1990), while the Quaternary
volcanoes have higher ratios, especially in the EVC. We
suggest that the slab tear of the SCS slab along the extinct
MOR and the subduction of the buoyant mass at around
20° N affect the geochemistry of the volcanoes since
Quaternary.

Adakite and adakitic rocks, as defined by Defant and
Drummond (1990), are regarded as the partial melting of
young subducted slab (<25 Ma). However, thermal models
suggest that melting a of subducting slab in modern sub-
duction zones is only likely to occur when it is very young
(<5 Ma; Peacock et al. 1994) (i.e. the active mid-ocean
ridge; Pe-Piper and Piper 1994; Thorkelson 1996;
Thorkelson and Benoit ef al. 2002; Breitsprecher 2005).
Adakites are very common in the Luzon Arc, and most are
believed to be related to plate subduction of the SCS, the
Sulu Sea, the Celebes Sea, and the Philippine Sea
(Figure 11). Nevertheless, the relatively old age of the
subducting SCS slab makes it difficult to melt except at
the edge of a torn subducting plate. Equivalent examples
of older plates producing adakites are found in New
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Zealand’s South Island (Reay and Parkinson 1997), Costa
Rica (Johnston and Thorkelson 1997), and Kamchatka
Peninsula and the Aleutian Islands (Yogodzinski et al.
2001). The adakites in Northern and Central Luzon, asso-
ciated with the eastward subduction of the SCS slab (34—
17 Ma), have previously been interpreted as originating
from partial melting of the lower Luzon crust (Yumul et al.
2000; Bellon and Yumul 2001). In our interpretation of
the seismic velocity results, slab tear along the fossil
ridge produces low-velocity zones from the surface to
200 km depth (red-outlined regions in Figure 10(B-D)),
which are associated with hot mantle flowing upwards
and producing partial melting of the edge of the slab and
lower crust. This interpretation is consistent with pre-
vious explanations for the existence of adakites landward
of the fossil ridge.

Most porphyry Cu—Au deposits globally are consid-
ered to be related to adakites (Oyarzun et al. 2001; Reich
et al. 2003) and hence to the subduction of ridges (Cooke
et al. 2005). This has also been proposed for Cu—Au
deposits in the Philippines (Sajona and Maury 1998). As
moderately incompatible elements, Cu and Au are
enriched much more in the oceanic crust than in the
continental crust and the mantle. When the partial melting
of young (<5 Ma) oceanic crust occurs during subduction,
Cu and Au are then involved in mantle convection and
concentrate in the ore formation, similar to the process and

conditions that formed the adakites. In Northern Luzon,
there are two giant porphyry Cu—Au deposits formed at ca.
1-1.5 Ma, which are located in the subduction axis of the
extinct MOR of the SCS slab, where adakites have been
enriched since the subduction of the MOR at around 2 Ma
(Figure 12). Therefore, there is a relationship between the
Cu—Au deposits and the adakites, both of which are gen-
erated by tearing of the SCS slab along the axis of the
MOR during ridge subduction.

Timing for subduction of fossil ridge region

The Luzon block has undergone a counterclockwise rota-
tion resulting from the northwestward movement of the
Philippine Sea Plate, the collision of the Palawan micro-
continental block with the Philippine Mobile Belt, and the
collision of the Luzon arc with the Eurasian Plate margin
(Rangin et al. 1999a). With current structure based on
tomographic results, Lallemand et al. (2001) assumed
oblique convergence between the north-northeast extinct
MOR and the Philippine Sea plate and showed that the
original size of the SCS plate was about twice its present
size. Thus, subduction of the SCS slab accompanying the
northwestern movement of the Philippine Sea Plate also
supports retreat of the Manila Trench.

In the light of our tomographic results, we propose
some refinements to the geodynamic models of Yang ef al.
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L is the distance from the trench to a certain depth of the subducting
slab, H is the vertical distance from the surface to a certain depth,
while X is the horizontal distance of the subducting slab.

(1996) and Bautista et al. (2001) to calculate the subduc-
tion time of the fossil ridge region, which is constrained by
the subducted time of the low-angle (24° ~ 32°) pattern of
the subducted plate (L, as illustrated in Figure 13).
According to Martinod et al. (2013), because of buoyancy,
the subduction of a ridge will affect a region to subduct at
a lower angle around the ridge. The initial time of ridge
subduction can be calculated according to the lower-angle
subduction segment at different latitudes. According to the
Pythagorean theorem, we can obtain the length of the
subducted slab affected by the subduction of the fossil
ridge followed by L = /X x X + H x H, which is about
300, 420, or 640 km at 16°, 16.5°, or 17° N, respectively.
The convergence rate at the Manila Trench, provided by

105°E 110°E 115°E 120°E

25°N

e

Rangin et al. (1999a), is assumed to increase linearly from
~52 mm/year at 15° N to ~98 mm/year at 18.2° N
(Figure 1), so convergence rates at 16°, 16.5°, and 17° N
are interpolated to give values of 66, 74, and 81 mm/year,
respectively. If the convergence rate is constant during
subduction, then the ridge subduction times at 16°,
16.5°, and 17° N are ~4.5, ~5.6, and ~7.9 Ma, respec-
tively. At 17.5° N, the slab is subducted horizontally
above 100 km depth, and the length and convergence
rate are about 220 km and 88 mm/year, respectively.
Then, the ridge subduction time at 17.5° N is ~2.5 Ma,
coinciding with the time of subduction of the buoyant
plateau proposed by Bautista et al. (2001). Yang et al.
(1996) argued that at around 6 Ma the fossil ridge was
approaching the Manila Trench, and at 4 ~ 5 Ma, the fossil
ridge had already accreted to the Manila Trench and
caused the cessation of slab subduction. Then, at around
2 Ma, subduction of the slab resumed. However, our ridge
subduction times suggest that ridge subduction has been
sustained since ~8 Ma, merely at different latitudes. Yang
et al. (1996) did not consider the retreat of the Manila
Trench, the northwestward movement of the Luzon Arc,
and the size of the SCS slab before subduction.
Consequently, we argue that the fossil ridge of SCS may
have been subducted along the Manila Trench since 8 Ma.
Due to the collision between the Palawan block and Luzon
Island and the northwestward movement of the Philippine
Sea Plate, the Manila Trench rotates counterclockwise
accompanying Luzon Island. Supposing that the sub-
ducted ridge extended NE-SW as it is now, then ridge
subduction began from the northeastern part and propa-
gated to the southwest (Figure 14). Once the ridge
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Figure 14. Schematic map of the evolution of the South China Sea slab and Philippine Sea Plate at ~6 Ma.
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subducted, our tomographic model suggests that the SCS
slab may have torn along the axis of the ridge and melted
partially at the edge of torn slab, consistent with the
existence of adakites. At ~3 Ma, the buoyant plateau
collided with the Manila Trench and subducted, possibly
leading to flat subduction of SCS slab and formation of the
East Volcanic Chain (Figure 11).

Conclusions

The tomographic results obtained from inverting 1401
regional earthquakes and 1350 teleseismic events in and
around the Luzon area depict the three-dimensional geo-
metry and morphology of the subducted SCS slab along
the Manila Trench. The dip angle at 17.5° N is signifi-
cantly different from that at 17° N, indicating that the slab
tore along the axis of the fossil ridge of the SCS. Ridge
subduction results in low-angle subduction of the SCS
slab near the ridge and the formation of a volcanic gap.
The slab window, induced by slab tear, is indicated by
low-velocity anomalies in three profiles through our tomo-
graphic model. A region of high heat flow in the forearc,
adakites, and porphyry Cu—Au deposits in Northern Luzon
is attributed to the tearing of the SCS slab along the fossil
ridge, initiating the upward mantle flow and resulting in
the partial melting of the edge of the slab and lower crust
Based on the geometrical character of the subducted slab,
we calculated the time of ridge subduction, which implies
that the ridge subduction and slab tear possibly started at
~8 Ma. We propose a geodynamic model to explain the
evolution of the slab tear, which suggests that the fossil
ridge of the SCS slab subducted beginning at ~8 Ma, and
ridge subduction propagated from northeast to southwest.
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