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In order to better understand the mode of subduction polarity reversal in the Taiwan–Luzon arc-continent
collision zone, we mapped its crust–mantle boundaries using local earthquake tomography. By contouring
surfaces of constant Vp=7.5 km s−1, we identified three Moho discontinuities and the plate interface that
juxtaposes Eurasian lower crust against mantle lithosphere of the Philippine Sea plate. The plate interface
dips to the east under southeastern Taiwan and steepens progressively towards north until it becomes ver-
tical at 23.7°N. From there it continues northward in a vertical orientation, until the limit of the tomographic
model inhibited further mapping. For the Moho, additional depth constraints were derived from 1D models
using P-wave arrivals of local earthquakes. The Mohos of the Eurasian and Philippine Sea plates are discon-
nected across the plate interface. Beneath southern Taiwan, the Eurasian Moho dips to the east at 50–60°, fol-
lowing the orientation of the plate boundary and continuous with the Benioff zone. Towards north, the
Eurasian Moho steepens into subvertical, again together with the plate boundary. The Philippine Sea plate
Moho exhibits a synform-like crustal root, interpreted as the base of the magmatic Luzon arc. Towards the
north, this root deepens from 30 to 70 km underneath the Ryukyu trench. In northernmost Taiwan, the
hinge of the vertically subducting Eurasian slab steps westward out of the thrust belt, leaving the deforma-
tion front to the east inactive and giving way to the north-dipping Philippine Sea plate. A subhorizontal
Moho at 30–35 km depth overlies the north-dipping Philippine Sea slab and is interpreted as a newly formed
Moho, established after westward rollback and delamination of the subducting Eurasian slab. In combination,
these data support a model of progressive subduction polarity reversal, in which a tear within the Eurasian
lithosphere propagated southwestward, deactivating the deformation front.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

The along-strike reversal of subduction polarity introduces sub-
stantial geometric complexities to the tectonics of a mountain belt
at the lithosphere scale. Such polarity reversals are known from
subduction-related orogens (New Zealand: e.g., McKenzie and
Morgan, 1969; Taiwan: Angelier, 1986; Ernst, 1983; Suppe, 1984; Tsai
et al., 1977) as well as collisional mountain belts (Pamir-Hindukush:
Burtman and Molnar, 1993; Pegler and Das, 1998; Central and Eastern
Alps: Kissling et al., 2006; Lippitsch et al., 2003). In Taiwan, where
two subduction zones meet quasi-orthogonally (Fig. 1), contrasting
models have been proposed for themode of the subduction polarity re-
versal. While one model suggests instantaneous flipping across a
wski).

rights reserved.
trench–trench transform fault between the Ryukyu and Manila
trenches (Chemenda et al., 1997; Lallemand et al., 2001; Malavieille et
al., 2002; Sibuet and Hsu, 2004; Suppe et al., 1981; Teng, 1990;
Fig. 2a), another model invokes that subduction flip occurs by the
southwestward propagation of a tear in the Eurasian lithosphere
along the continental margin (Clift et al., 2003; Suppe, 1984; Fig. 2b).
The secondmodel experienced numerous variations, e.g., involving pro-
gressive breakoff of the subducting Eurasian slab during subduction flip
(e.g., Molli and Malavieille, 2011; Teng et al., 2000).

In order to better understand how subduction polarity flips under-
neath Taiwan, we used a local earthquake tomographic model to con-
struct 3D geometries of the various crust–mantle boundaries, i.e., (1)
the plate interface separating Eurasian and Philippine Sea lithosphere,
(2) the Eurasian and (3) the Philippine Sea plate Moho. Our structural
model reveals, from south to north, a progressive steepening of the
eastward subducting Eurasian slab into vertical. We consider this
the response to the northwestward motion of the Philippine Sea

http://dx.doi.org/10.1016/j.tecto.2011.12.029
mailto:kamilu@gfz-potsdam.de
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Fig. 1. (a) Plate tectonic setting around the Taiwan–Luzon arc-continent collision. The
transition from active to inactive deformation front in northern Taiwan is after Teng et
al. (2001), its offshore continuation after Hsiao et al. (1998). (b) Simplified tectonic
map of Taiwan. Converging arrows labeled ‘LV’ depict the Longitudinal Valley.

Fig. 2. Models of subduction polarity reversal proposed for Taiwan. (a) Instantaneous
polarity reversal at a trench–trench transform, and (b) progressive polarity reversal
by propagating a tear in the Eurasian lithosphere along the edge of the continent.
See text for references.
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plate as it subducts underneath Eurasia at the Ryukyu trench. In addi-
tion, rollback and delamination of the subducting Eurasian slab
operate under northern Taiwan, progressively deactivating the de-
formation front and triggering post-collisional magmatism. In com-
bination, these observations support a model of progressive
subduction polarity reversal propagating along the Eurasian conti-
nental margin.
2. Tectonic setting

The collision between the passive margin of the Eurasian plate and
the Luzon island arc of the overriding Philippine Sea plate formed an
actively growing mountain belt since about 4 to 5 Ma (Chang and Chi,
1983; Chi et al., 1981; Suppe, 1984; Yu and Chou, 2001). The parts
emerging above sea level form the island of Taiwan (Fig. 1a and b).
To the south of Taiwan, Eurasian lithosphere subducts underneath
the Philippine Sea plate. This geometry is inherited from the intrao-
ceanic subduction of South China Sea lithosphere underneath
the Philippine Sea plate, which commenced after the end of spreading
in the South China Sea at around the early Middle Miocene (c. 16 Ma;
Taylor and Hayes, 1983; Sibuet et al., 2002). Intraoceanic subduction
still prevails south of Taiwan along the Manila trench (e.g., Malavieille
et al., 2002; McIntosh et al., 2005; Reed et al., 1992). Teleseismic p-
wave tomography suggests c. 800 km of South China Sea lithosphere
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subducted underneath the Philippine Sea plate (Fig. 6 in Lallemand et al.,
2001; Li et al., 2008). The estimated Philippine-Eurasia plate convergence
velocity of 70–90 mm/yr in a northwest direction (305°, Seno, 1977; Yu
et al., 1997) implies a minimum of 10 Ma of plate convergence, corrobo-
rating the estimates on the onset of intraoceanic subduction. To the
northeast of Taiwan, the Philippine Sea plate subducts underneath the
Eurasian plate along the Ryukyu trench (Fig. 1). The highly oblique sub-
duction of the north-dipping Philippine Sea slab (towards 305°, Seno,
1977) is accompanied by westward propagation of the Okinawa back-
arc trough and southward retreat of the Ryukyu trench (Letouzey and
Kimura, 1986), likely controlled by southward rollback of the subducting
Philippine Sea plate (Sibuet and Hsu, 2004; Teng, 1996; Fig. 1). The west-
ward propagation of the Okinawa back-arc trough led to extensional
reactivation of compressional structures in the northeastern part of the
Taiwan fold-and-thrust belt (Teng et al., 2001), leaving the deformation
front in northernmost Taiwan and its offshore continuation to the north-
east inactive (Hsiao et al., 1998; Wageman et al., 1970; Fig. 1a and b).

2.1. Constraints on the plate interface

Both the eastward dipping Eurasian slab and the northward dip-
ping Philippine Sea slab are unambiguously imaged by a large num-
ber of earthquakes illuminating both Wadati-Benioff zones (Chou et
al., 2006; Kao and Rau, 1999; Kao et al., 2000; Kim et al., 2005; Ma
et al., 1996; Rau and Wu, 1995; Tsai, 1986; Tsai et al., 1977; Wu et
al., 1997, 2009a). However, north of 23°N under central Taiwan
there is little seismicity at depths >50 km (Lin and Roecker, 1993;
Ma and Liu, 1997; Rau and Wu, 1995; Roecker et al., 1987; Tsai,
1986). This renders earthquake distribution useless for imaging the
plate interface in an area that is very critical for understanding the
mechanism of subduction reversal. The absence of deep earthquakes
north of 23°N was attributed to a larger amount of continental litho-
sphere subducted (Lin, 2002) and hence insignificant slab dehydra-
tion (Chen et al., 2004). Alternatively, it has been proposed that
lower yield stresses (Ma and Song, 2004) and a shallower depth of
the 350 °C isotherm, corresponding to the brittle-ductile transition
(Lin, 2000), could explain the absence of deep earthquakes under
Central Taiwan.

There is seismological evidence for an east-dipping slab under-
neath Central Taiwan despite the absence of deep earthquakes.
Chen et al. (2004) noticed an azimuthal dependence of the amplitude
patterns of teleseismic p-wave arrivals, which they attributed to an
east-dipping, 400–500 km long aseismic slab of continental litho-
sphere under Central Taiwan. An azimuthal dependence of ampli-
tudes and travel times of direct p-waves and those refracted at the
Moho was also observed for local earthquakes (Lin, 2009), compatible
with an eastward subducting Eurasian slab under central Taiwan.
Using P-wave tomography from both local and teleseismic arrivals,
Wang et al. (2006, 2009) also imaged an eastward dipping Eurasian
slab underneath Taiwan, steepening at about 24°N.

2.2. The Moho underneath Taiwan

Numerous studies aimed at determining depth and geometry
of the Moho discontinuity beneath Taiwan, based on various
data and methods: gravity (Yen et al., 1998), Pn studies (Chen
et al., 2003; Liang et al., 2007; Ma and Song, 1997), P- and S-
wave tomography (Chen and Shin, 1988; Cheng, 2009; Kim et
al., 2005, 2006; Ma and Liu, 1997; Ma et al., 1996; Rau and Wu,
1995; Roecker et al., 1987; Wu et al., 2007), active source wide-
angle seismics (McIntosh et al., 2005; Yeh et al., 1998), travel
time inversion of passive mantle reflections (PmP, SmS and
SmP, Lin, 2005; PmP, Hsu et al., 2011) and receiver functions
(Kim et al., 2004; Wang et al., 2010). The different studies
produced at times conflicting results. From modeling of gravity data,
Yen et al. (1998) concluded that the Eurasian Moho has a depth of
26–28 km under the western Coastal Plain and Western Foothills
(Fig. 1b), reaching 33 km beneath the Central Range. Pn studies placed
the foreland Moho at a depth of about 35–40 km, and at 45 km under
the Central Range (Chen et al., 2003; Ma and Song, 1997). However,
the Pn method generally assumes that the Moho surface is planar;
therefore it is of limited applicability in Taiwan, where reflectors are
strongly dipping. In tomography, a 3D griddedmodel is used to interpo-
late the velocity structures and the depth of the Moho is usually esti-
mated from an arbitrarily assigned Vp contour (e.g., Kim et al., 2005;
Wu et al., 2007). The average Moho depth estimated from tomography
is 30–35 km belowwestern Taiwan (e.g., Ma et al., 1996), deepening to
50–70 kmunderneath the Central Range (e.g., Kimet al., 2005;Ma et al.,
1996; Wu et al., 1997). This approach also has its shortcoming in that it
disregards the possibility of lateral velocity variations at Moho depth.
Wide-angle deep seismic profiling may provide information on thick-
ness and velocities of the crust through direct, PmP and Pn waves. Cur-
rently, there are only two such transects across Taiwan (McIntosh et al.,
2005; Yeh et al., 1998), which is insufficient to retrieve the Moho struc-
ture at greater distance from the transects. Yeh et al. (1998) suggested a
Moho depth of about 40 km below the Coastal Plain andWestern Foot-
hills, deepening to 56 km below the Central Range and substantially
shallowing towards east. From passive seismic mantle reflections
(PmP, SmS and SmP) recorded by a linear seismic array in theWestern
Foothills, Lin (2005) inferred an eastward deepeningMoho, reaching at
least 50 km depth beneath the Longitudinal Valley. Receiver function
studies make use of teleseismic arrivals with high incident angles that
convert part of their energy into new phases at distinct velocity inter-
faces within the lithosphere. Such studies have the advantage that the
incoming rays actually penetrate the discontinuities one aims to
model. Using the P-to-S converted phase, Wang et al. (2010) con-
strained the depth of the Moho underneath Taiwan to range between
11 and 53 km.

Despite methodological differences, most studies revealed a pro-
gressive deepening of the Eurasian Moho from the foreland towards
the Central Range, shallowing again underneath the Coastal Range
to about 20 km depth (Cheng, 2009; Kim et al., 2006; Liang et al.,
2007). Numerous studies have also demonstrated a systematic east-
ward offset of the deepest position of the Moho with respect to the
topographic crest of the mountain range under the Central Range,
suggesting that the orogen has not yet attained isostatic equilibrium
(Kim et al., 2004; Lin, 2005; Yeh et al., 1998). However, most studies
depicted the Moho merely along few 2D transects. Given the complex
plate tectonic configuration around Taiwan, it is unclear which of
these transects can be considered representative. Likewise, studies
relying on arrays with larger coverage, depicting a contiguous Moho
surface under Taiwan (e.g., Hsu et al., 2011;Wang et al., 2010) neglect
the fact that the Eurasian and Philippine Sea plates are juxtaposed
along a plate interface, across which each Moho is offset. Therefore,
they presumably do not adequately portray all complexities.

3. Methods and results

The aim of the present study was to define 3D geometries of all
crust–mantle boundaries (i.e., both the Mohos and the plate boundary)
in the Taiwan–Luzon arc collision zone, addressing particularly the
issue how their geometry is affected by the subduction polarity reversal.
We made use of several datasets that offer increased spatial resolution
in this region. Wu et al. (2007, 2009b,c) obtained a 3D model of the
Vp, Vs and Vp/Vs structure of Taiwan by combining a large dataset of
P- and S-wave arrival times of local earthquakes from theTaiwan Strong
Motion Instrumentation Program (TSMIP) with those of the Central
Weather Bureau Seismic Network (CWBSN), permanent stations of
the Japan Meteorological Agency as well as temporarily deployed
ocean bottom seismometers (OBS). This dataset includes more than
800 stations throughout the island as well as in offshore areas. It im-
proved the source to station path coverage and provided much better
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constraints and resolution on the velocity structure. It also provided
constraints to conduct 3D relocations of earthquakes (Wu et al.,
2008a) as well as focal mechanisms determination (Wu et al., 2008b).
For the purpose of this study, we combined the above datasets with
layered P-wave velocity models that offered additional insights on
the crustal velocity structure.
Table 1
Parameters of the CWBSN stations and depths to the crust–mantle boundary deter-
mined by the 1D models.

Station Latitude
(°N)

Longitude
(°E)

Elevation
(m)

Readings Residuala

(sec)
CMBb

depth
(km)

Vp at
Moho
(km s−1)

ALS 23.508 120.813 2413 24449 0.0703 47.1 7.78
CHK 23.098 121.373 34 12312 0.1037 28.8 7.73
CHN1 23.185 120.529 360 11377 0.1017 39.2 7.90
CHN2 23.532 120.474 45 6856 0.0546 37.9 7.72
CHN4 23.351 120.594 205 10625 0.0645 49.0 7.91
CHN5 23.597 120.677 840 15796 0.0589 48.9 7.67
CHN8 23.347 120.223 6 2038 0.1241 28.9 7.77
CHY 23.496 120.433 27 8333 0.0542 28.7 7.60
EAS 22.381 120.857 445 3253 0.1959 44.3 7.67
3.1. Layered P-wave velocity (1D) modeling with a genetic algorithm

3D tomographic velocity models do not contain information on
any crustal discontinuities across which seismic velocities change. In
order tomodel horizontally layered crust containing such discontinuities,
wemade use of the fact that P-wave travel times at each seismic station
carry information about the crust below it. We hence determined one-
dimensional layered velocity models of the crust using P-wave travel
times at each station (termed 1Dmodels from now on). The 1Dmodels
provide information about the change of Vpwith depth, fromwhich the
crust–mantle boundary depth at a given location can be estimated. We
used P-wave arrivals from the CWBSN catalog, which employs 71 tele-
metered stationswith 3-component S-13 Teledyne Geotech seismome-
ters (Wu et al., 2008a, Fig. 3). The P-wave travel times underwent a 3D
earthquake relocation process (Wuet al., 2008a). In order to offer veloc-
ity information beneath each station, we used only the P-wave travel
times of events with an epicentral distance equal to or less than two
times the focal depth (Fig. S1a in the supplementary dataset to this ar-
ticle). The P-wave travel times were assigned values from 0, 1, 2, to 3,
with 0=good and 3=poor (Lee and Lahr, 1975) and used with a
Fig. 3. Distribution of CWBSN seismic stations used for obtaining layered Vp (1D)
models. Bold, underlined stations are those shown in Fig. 4.
weighting of 1.5, 1.0, 0.5 and 0.125, respectively, for calculating travel
time fit. In total, 52 stations with more than 2000 P-wave travel times
per station were used (Fig. 3 and Table 1). Stations that do not meet
this requirement are usually at the periphery of the network (Fig. 3).

A genetic algorithm was used for determining 1D models. The ge-
netic algorithm is a technique inspired from the biological process of
evolution by means of natural selection and has become an estab-
lished tool for search and optimization problems. Proposed by
Holland (1975), it had developed to approach nonlinear optimization
(e.g., Goldberg, 1989). It has been applied to numerous scientific
problems including seismology (cf. Wu et al., 2008b and references
therein). The genetic algorithm adopted in this study is that of
Goldberg (1989). The algorithm involves three operators of the
ECL 22.596 120.962 70 5131 0.2040 32.3 7.73
EHC 24.265 121.740 11 4209 0.1139 58.1 7.75
EHY 23.504 121.328 237 7918 0.2099 28.8 7.60
ELD 23.187 121.025 1040 8094 0.1055 31.6 7.56
ENA 24.426 121.749 113 19938 0.1202 70.9 7.85
ENT 24.637 121.574 280 16477 0.1537 59.0 7.84
ESL 23.812 121.442 178 14129 0.1574 30.1 7.81
HWA 23.975 121.614 16 10110 0.1017 32.1 7.81
ILA 24.764 121.756 7 3872 0.1440 45.8 7.57
NNS 24.438 121.381 1140 11259 0.1557 67.7 7.93
NSK 24.674 121.367 682 12936 0.1240 40.8 7.68
NST 24.630 121.009 164 9495 0.1351 42.1 7.53
NSY0 24.415 120.769 311 7461 0.0843 51.4 7.73
NWF 25.072 121.781 765 4996 0.1669 38.4 7.72
SCZ 22.370 120.628 74 3555 0.1214 42.0 7.90
SGS 23.080 120.591 278 9865 0.0987 40.3 7.57
SML 23.882 120.908 1015 17679 0.0972 60.5 7.60
SSD 22.744 120.640 148 8026 0.0875 45.9 7.75
STY 23.161 120.766 640 13463 0.0930 58.4 7.85
TAW 22.356 120.904 8 2708 0.2082 41.7 7.86
TCU 24.146 120.684 84 7500 0.1214 47.8 7.70
TTN 22.752 121.155 9 3425 0.1589 77.0 7.68
TWA 24.978 121.592 260 6015 0.1575 37.9 7.68
TWB1 25.007 121.997 130 7361 0.1461 40.6 7.69
TWC 24.608 121.860 20 21684 0.1421 56.9 7.77
TWD 24.081 121.605 30 19170 0.1113 37.3 7.92
TWE 24.718 121.683 20 16349 0.1485 43.8 7.88
TWF1 23.351 121.305 260 10360 0.1773 30.9 7.93
TWG 22.818 121.080 195 12380 0.1637 26.8 7.58
TWL 23.264 120.502 590 10766 0.0930 33.8 7.58
TWM1 22.822 120.431 340 2749 0.1286 33.7 7.59
TWQ1 24.347 120.781 231 12056 0.0822 31.6 7.51
TWS1 25.102 121.423 60 4781 0.1635 27.1 7.55
TWT 24.252 121.184 1510 9719 0.1045 65.6 7.86
TWT0 24.252 121.184 1510 5826 0.1785 59.8 7.86
TWU 24.876 121.542 330 3362 0.1227 41.0 7.80
TWY 25.273 121.607 20 2118 0.1647 36.1 7.54
TYC 23.905 120.870 20 15295 0.1140 54.6 7.68
WDT 23.754 121.141 2550 7475 0.1522 32.8 7.61
WGK 23.685 120.570 75 7750 0.0670 46.4 8.00
WHF 24.144 121.273 148 14318 0.1980 64.0 7.99
WNT 23.877 120.693 110 8441 0.0953 39.1 7.66
WTP 23.244 120.622 560 10397 0.0874 48.2 7.98
YUS 23.487 120.959 134 13849 0.0793 68.1 7.94

a Average and weighted travel time residuals.
b CMB = crust–mantle boundary.

image of Fig.�3


Fig. 5. Crust–mantle boundary contour map constrained solely from 1D models, with-
out consideration of the plate tectonic association. Major tectonic lines in this and all
consecutive maps correspond to Fig. 1.
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natural selection, namely the reproduction, crossover andmutation. A
FORTRAN computer program was used for the simultaneous determi-
nation of Vp and layer thickness in the 1D models. For each model a
maximum of 50 layers is allowed. Each parameter of Vp and thickness
is designed in binary code with 10 digits. In total, each model has
1000 digits. In considering large searching ranges, a high mutation
rate at 69% is used in this study based on a previous one (Wu et al.,
2008b). Reproduction rate is given for 1% and 30% for crossover. We
randomly produced the initial models and a 1D model routinely
used by the CWBSN for earthquake localization (Chen and Shin,
1988) is used as one of the initial models for quick convergence. Fig.
S1b shows the reduction of averaged and weighted travel time resid-
uals versus genetic algorithm generations. The travel time residuals
are drastically reduced after the first 100 iterations (or generations,
Fig. S1b). After c. 500 generations, further residual reduction becomes
insignificant. Hence, the models were terminated after 1000 genera-
tions (Fig. S1b).

In total, 52 1D models were determined. The crust–mantle bound-
ary was defined at a depth where Vp≥7.5 km s−1 was first reached
in the layered model. This value is in agreement with geophysical def-
initions of a seismic Moho (e.g., Giese et al., 1999; Jarchow and
Thompson, 1989; Mooney, 2007) and represents a global average
on the lower bound of P-wave velocities of most ultramafic rocks
(Christensen and Mooney, 1995; Press, 1966). Fig. 4 shows the 1D
models determined from stations CHN2, TAW, and EAS. Of all models,
CHN2 and TAW show the minimum andmaximum residuals between
calculated and observed travel times, respectively. Generally, the 100
best models are close to the best model, with station EAS showing the
poorest fit. Table 1 and Fig. S2 show the crust–mantle boundary depth
determined with this approach at all 52 stations. Fig. 5 shows a con-
tour map of the crust–mantle boundary derived exclusively from
the 1D models, i.e. without considering a plate boundary. Its depth
ranges between 50 km beneath the Central Range (at a latitude of
about 23°N) and 70 km south of the Ilan plain (at a latitude of
24.5°N). In western Taiwan and beneath the Coastal Range it shallows
to c. 30 km. Fig. S3 shows the variation of Vp at the crust–mantle
boundary depth as determined from the 1D models. The misfit (L1
norm) of the travel times (i.e., the travel time residuals of each
Fig. 4. 1Dmodel results for three stations (see Fig. 3 for their locations). Stations CHN2 and TAW gave the smallest and largest travel time residuals after 1000 iterations. Station EAS
yielded the largest misfit in calculated velocities between the first 100 model generations and the final iteration. The crust–mantle boundary was arbitrarily defined at a depth at
which Vp reaches ≥7.5 km s−1 in the layered model. The solid line depicts Vp determined by the best model; the dashed lines show the Vp range obtained by the 100 best models.
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station, Fig. 6) range from 0.055 s (station CHN2) to 0.208 s (station
TAW, see Table 1).

If interpreted as the Moho, the general pattern in Fig. 5 agrees
with previous studies (Section 2) up to the point of portraying a shal-
lower Moho underneath both western Taiwan and the Coastal
Ranges. However, Fig. 5 is not yet an adequate representation of the
Moho, because the 1D modeling approach does not take account of
the plate interface separating the Eurasian and Philippine Sea plates.
Fig. 5 suggests contiguous contours, where we expect the plate
boundary between Eurasian and Philippine Sea plates (compare
Figs. 1a and 5). We suspect that the actual Moho geometry implies
the existence of two topologically unconnected surfaces separated
by the plate interface. This required a more refined approach that
combined 1D models, velocity information from tomography and
earthquake distribution.

3.2. 3D contouring using local earthquake tomography

The tomographic dataset of Wu et al. (2007) was converted into a
3D volume for treatment in gOcad, a software for advanced structural
modeling (Mallet, 1992). The 3D volume contained the properties Vp,
Vs, Vp/Vs and the number of P-readings (corresponding to the ray
coverage per tomographic cell). The tomographic cells are spaced by
7.5 and 12.5 km in the horizontal plane for all onshore parts of Taiwan,
and 20×20 km in the offshore areas. The vertical cell spacing ranges
from 2 km between 0 and 6 km depth to 60 km between 140 and
200 km depth (Wu et al., 2007). Animation S1 (see supplementary
data to this article) shows horizontal slices through this tomographic
dataset, depicting Vp together with the seismicity within the corre-
sponding depth slice (dataset of Wu et al., 2008a). We mapped points
Fig. 6. Travel time residuals at the depth of the crust–mantle boundary constrained
from 1D modeling.
of constant Vp=7.5 km s−1 onto a total of 68 vertical cross sections
through the tomographic dataset. The sections were oriented N110°E,
parallel to the local coordinate frame of the tomographic dataset, and
regularly spaced at 10 km.We thus obtained sections through every to-
mographic cell. Signals with a wavelength below the dimension of the
tomographic cells were disregarded in order not to pick potential arti-
facts introduced by the interpolated tomographic dataset. Also, we re-
stricted our interpretations to areas with a ray coverage of at least 500
readings per tomographic cell. This ensured that we did not merely
pick information from the horizontally layered input velocity model.
With this approach we defined several point sets in 3D. By triangula-
tion, each point set was subsequently converted into a surface corre-
sponding to a constant value of Vp=7.5 km s−1. These triangulated
‘isovelocity’ surfaces are all topologically disconnected. In the following,
we describe how we attributed these surfaces to the Eurasian and
Philippine Sea plate Moho as well as to the plate interface separating
them. The final geometries of the 3D surfaces are illustrated by Anima-
tions S2, S3 and S4 (supplemental material to this article).

3.2.1. Plate interface
The first isovelocity surface discussed represents the plate inter-

face, which separates the Eurasian lower crust (Vpb7.5 km s−1) from
the overlying Philippine Sea plate mantle lithosphere (Vp≥7.5 km s−1,
color-coded contours in Fig. 7a). A Vp=7.5 km s−1 contour could
only be mapped at depths greater than c. 15–20 km. We nevertheless
extended the isovelocity surface up to the topographic surface, making
use of the fact that the plate interface is exposed in the Longitudinal Val-
ley (‘LV’ in Fig. 1b). This valley hosts the suture separating Eurasia-
derived units in the eastern Central Range from the arc- and forearc-
derived units in the Coastal Range (Fig. 1b). In the southeast, the plate
interface dips towards east (Fig. 7a). At depths greater than 50 km, it co-
incides with an east-dipping Benioff zone underneath southeastern
Taiwan (Wu et al., 2008a; Fig. 7b). Assuming a thickness of the overly-
ing Philippine Sea plate of c. 100 km, the contoured surface is no longer
a plate interface at depths greater than 100 km, but represents the top
of the subducting Eurasian slab that is directly juxtaposed against as-
thenosphere. However, this could not be determined from the Vp to-
mography. Towards north, the plate interface steepens progressively
until it becomes vertical at 23.7°N. From there it continues northward
in an essentially vertical orientation, until the limit of the tomographic
model at the northern tip of Taiwan inhibited further mapping. North
of the Ryukyu trench (i.e., north of 24°N), this plate interface abuts
the western edge of the north-dipping Benioff zone, which is confined
to the subducting Philippine Sea plate (black contours in Fig. 7a). This
Benioff zone (Fig. 7b) represents the plate interface between the Eur-
asian and Philippine Sea plates, but with reversed polarity compared
to above. The contours of the north-dipping plate interface were con-
structed by fitting a regression surface through the average distribution
of earthquakeswithin the Benioff zone (dataset ofWu et al., 2008a), i.e.,
independent of the tomography. Topologically, the color-coded and
black contours (Fig. 7a) hence depict the bottom and top of the Philip-
pine Sea plate, respectively (and not one and the same overturning
plate interface).

3.2.2. Eurasian and Philippine Sea plate Mohos

In addition to the triangulation, the isovelocity surfaces represent-
ing the Eurasian and Philippine Sea plate Mohos (Figs. 8 and 9)
underwent a smoothing procedure using the discrete smooth inter-
polation technique (Mallet, 1992) with 5 iterations. This technique al-
lows using a set of ‘control points’ to which the depth of the
triangulated surface will be adjusted during the interpolation,
depending on how much weighting is put to these constraints.
Weighting is controlled by an arbitrarily chosen fitting factor; the
lower this factor, the less weight is given to the constraints. In our
case, the crust–mantle boundary depths obtained from the 1Dmodels

image of Fig.�6


Fig. 7. (a) Color-coded contours indicate an isovelocity surface of Vp=7.5 km s−1 from the tomographic grid, corresponding to the plate interface separating the Eurasian lower crust (Vpb7.5 km s−1) from the Philippine Sea lithosphere
(Vp≥7.5 km s−1). At depths greater than c. 100 km the plate interface continues as the top of the subducting Eurasian slab. The surface changes its dip direction along-strike from east-dipping in the south to essentially vertical in the north.
The 0 km contour follows the Longitudinal Valley. Black contours depict the north-dipping Philippine Sea plate slab, constructed from fitting a regression surface through the Benioff zone (shown in b). Contours in this and all consecutive
maps are labeled in km. (b) Earthquakes with M≥3.0 and a hypocenter depth≥40 km (Wu et al., 2008a). The clear-cut western edge of seismicity is confined to the northward dipping Philippine Sea plate and abuts the plate interface as
constrained from tomography.
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Fig. 8. Map of the Eurasian Moho, (a) color-coded for depth, (b) color-coded for the number of readings of p-wave arrivals (transparent where b500), and (c) same as in (a), ad-
ditionally showing the “mismatch”, i.e. the vertical distance between the interpolated surface and the 1D model constraints.
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served as control points, as described in the following. For this pur-
pose, it is pivotal to remind ourselves that these models provide
only first-order estimates at which depth a crust–mantle boundary
may be located; they do not distinguish the nature of this boundary
(i.e., Moho or plate interface). Therefore, we assigned each of the 1D
model constraints on the depth of the crust–mantle boundary
(Fig. 5) to either (a) the Eurasian Moho, (b) the Philippine Sea
Moho or, (c) the plate interface separating the Eurasian crust and
the Philippine Sea mantle lithosphere, depending on their position
with respect to the inferred plate boundary (Fig. 7a; see Fig. S4 and
Table S1 for the resulting assignments). Stations assigned to category
c were not used as control points for constraining the plate interface
(Fig. 7a) owing to its overall steep dip in vicinity of the stations. For
the interpolation, we used an empirically derived fitting factor of 1,
which, by experience, constrained the depth of the smoothed surfaces
within a range of c. 10% of the initial isovelocity surfaces. A fitting fac-
tor higher than 1 minimized the vertical distance between triangulat-
ed surface and the 1D models (termed “mismatch” in the following),
but introduced high-frequency roughness (or rugosity) to the inter-
polated surfaces, which we considered geologically not realistic. A
surface with a minimized mismatch is shown for the Eurasian
Moho (Fig. S5). It features a narrow N–S trending upward bulge
under central Taiwan, in which the Moho shallows from 60 to
45 km depth before dipping eastwards (Fig. S5). Given the overall
subduction setting of the Eurasian slab, this geometry is considered
highly unlikely. Hence, for geological reasons we gave preference
to smooth interpolated isovelocity surfaces that in places retained
considerable mismatch over highly rugose surfaces with a mini-
mized mismatch.

Two interpolated isovelocity surfaces are interpreted as the
Eurasian Moho (Fig. 8a). In the western foreland, the Eurasian Moho
is between c. 35 and 40 km deep. At the latitude of 24°N under Central
Taiwan, it exhibits a roughly E–W trending depression reaching c.
50 km depth. From about 121°E eastwards, the Eurasian Moho dips to-
wards east underneath the upper plate. Northwards, the Moho
steepens. A subhorizontal Moho, topologically disconnected from the
one just described, is confined to northeastern Taiwan (Fig. 8a).
Fig. 8b shows the contoured surfaces of Fig. 8a, color-coded for the
number of p-readings at each point of the surface. This criterion
shows qualitatively how particular areas of the surface are constrained
by the input seismic data. Parts of the Eurasian Moho constrained by
less than 500 readings are uncolored (Fig. 8b). The mismatch between
the interpolated isovelocity surface and 1D models is depicted in
Fig. 8c.

The interpolated isovelocity surface representing the Philippine
Sea plate Moho lies east of the plate interface (Fig. 9a). It displays a
NNE-trending crustal root associated with the deformed arc and
fore-arc units of the Coastal Range. A few km east of Taiwan's coast,
this crustal root is at a depth of c. 30 km. To the west and east of it,
the Philippine Moho shallows to 20–15 km depth. Along-strike north-
ward, the root can be traced for almost 200 km. It deepens towards
north underneath the Ryukyu trench, reaching 65 km at the limit of
the contoured surface. Fig. 9b depicts the contoured surface of the
Philippine Sea plate Moho, color-coded for number of p-readings. In
order to account for the poor station coverage offshore eastern
Taiwan (and hence lower tomographic resolution), we raised the
lower threshold of p-readings at each point of the Philippine Sea
plate Moho surface to 5000 (Fig. 9b). Fig. 9c shows the mismatch be-
tween the interpolated surface and 1D models.

4. Discussion

We first discuss the retained mismatch between the 1D models
and interpolated isovelocity Moho surfaces before focusing on the
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geometry of all mapped crust–mantle boundaries, comparing with
previous studies. Subsequently, we discuss the possible tectonic sig-
nificance of the travel time residuals from the 1D models, as well as
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Fig. 9. Map of the Philippine Sea plate Moho, (a) color-coded for depth, (b) color-coded for
in (a), additionally showing the mismatch.
the crustal thickness of the Philippine Sea plate. Eventually, we discuss
our data in the light of amodel of progressive subduction polarity rever-
sal underneath Taiwan.
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4.1. Mismatch between isovelocityMoho surfaces and 1Dmodel constraints

Interpreting the Moho from tomographically defined isovelocity
surfaces disregards the possibility of velocity variations introduced,
e.g., by temperature (cf. Hyndman and Peacock, 2003, and references
therein) or compositional changes in the lower crust. Under conti-
nents, compositional variations between lower crustal and upper
mantle rocks may define a transitional zone up to 8 km thick rather
than a sharp Moho (cf. Brown et al., 2009, and references therein).
However, in the case of Taiwan we expected the Moho depth to
vary by an order of magnitude more because of the subduction set-
ting. Therefore we considered it viable to neglect Moho depth varia-
tions due to compositional changes. With this in mind, we now
discuss possible reasons for the mismatch between 1D models and
the interpolated isovelocity Moho surfaces.

32 1Dmodels were used as constraints for the interpolated surface
of the eastward-dipping Eurasian plate Moho (Fig. S4 and Table S1).
Most of them constrain the Eurasian Moho deeper than the isovelo-
city surface mapped from tomography (Fig. 8c). A possible explana-
tion for this is that Vp signals are assumed to arrive at the station at
high incident angles, whereas the existence of dipping interfaces is
not considered in these models. Velocity signals arriving from in-
clined reflectors are treated as if they emanated from horizontal re-
flectors directly underneath the station. This will tend to constrain
the Moho surface at a given station deeper than it actually might be.
This phenomenon is comparable to the problem of unmigrated reflec-
tion seismic data (cf., Stein and Wysession, 2003).

Of the 32 constraints used for the Eurasian Moho, 11 show a mis-
match of less than 5 km (from north to south and from west to east
stations TWQ1, TYC, WHF, CHN2, TWL, CHN1, SGS, TWM1, SCZ,
TAW and EAS). 11 show a mismatch between 5 and 10 km (stations
NST, TCU, WNT, SML, WGK, CHN5, ALS, CHY, CHN8, SSD and ECL).
The models with a mismatch b5 km show a sharp Vp contrast of
≥0.5 km s−1 at Moho depth. The remaining ten models exhibit a mis-
match between 10 and 24 km, out of which seven constrained the
Moho deeper than the modeled surface (stations NSY0, TWT0, TWT,
YUS, CHN4, WTP and STY), while three models (stations WDT, ELD
and TWG in the Central Range) lie above the surface modeled from
tomography. Numerous of the models with a mismatch >10 km
show low Vp gradients at Moho depth below 0.5 km s−1 and/or
large depth increments at sub-Moho depths (particularly stations
WDT, YUS, STY and ELD that yielded the largest mismatch). This
makes these models very susceptible to a large variability of Moho
depth with only small changes in Vp. We presume that stations
WDT and ELD, lying along-strike, represent outliers and that the actual
Moho is deeper, i.e., where constrained from the tomography. Possibly,
the layeredmodels for these stations received Vp arrivals from the east-
erly adjacent plate interface. Alternatively, the Central Range in these
areas could be underlain by lower crustal rocks with Vp≥7.5 km s−1,
representing, e.g., accreted eclogitic units. A distinction of eclogites
and peridotites is not possible based on the Vp value (Christensen and
Mooney, 1995; Press, 1966).

The subhorizontal Eurasian plate Moho in northeasternmost Tai-
wan was constrained by only six 1D models (stations TWA, TWY,
TWS1, NWF, TWB1 and TWU). All models are characterized by a
sharp Vp gradient at Moho depth and small depth intervals. This
Moho is hence relatively well constrained. In the case of the Philip-
pine Sea plate Moho, only six 1D models could be used as constraints
(stations TWC, ENA, EHC, TWD, HWA and CHK, Fig. S4 and Table S1).
The mismatch ranges between 22 km and less than 1 km. Six out of
seven constraints lie below the contoured surface (Fig. 9c). The two
stations with the large mismatch (EHC and ENA) reveal rather low
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Vp gradients at Moho depth, whereas the other four stations show
stronger Vp gradients. This suggests that the same criteria apply as
with the constraints for the Eurasian Moho above.
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Fig. 10. (a) Map of the Eurasian Moho (same as Fig. 8a) and (b) the Philippine Sea plate Moh
surface and Moho depth constrained by receiver functions (Wang et al., 2010).
We also compared our interpolated Moho surfaces with Moho
depths estimated from receiver functions using the P-to-S converted
phase (Wang et al., 2010). For most parts of the eastwards subducting
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Moho, this mismatch is generally less than 10 km (Fig. 10a). The mis-
match is much larger for the subhorizontal Moho identified under-
neath northeastern Taiwan. There, Wang et al. (2010) suggest a
Moho depth between 17 and 24 km, about 5 to 10 km shallower
than that constrained from tomography (Fig. 10a). Fig. 10b shows
mismatch of the receiver function-derived Moho depth of Wang et
al. (2010) with respect to the Philippine Sea plate Moho derived in
this study.
4.2. Cross-sections across the Moho surfaces

The plate interface and Moho surfaces modeled in this study are
shown in several cross sections together with the 1D model con-
straints, the seismicity distribution (Wu et al., 2008a), as well as re-
sults from previous studies (Fig. 11). Section A–A′ (Fig. 11a)
coincides with the wide-angle seismic profile Line 16 of McIntosh et
al. (2005). Section B–B′ (Fig. 11b) is parallel to a geophysical transect
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provided by Lin (2005), extending further to the west and east. Sec-
tion C–C′ (Fig. 11c) coincides with yet another wide-angle seismic
profile (McIntosh et al., 2005; Yeh et al., 1998). In Section C–C′we no-
tice good agreement between the Eurasian Moho derived in this
study with that of Yeh et al. (1998) under the western foreland and
the Central Range. East of the Longitudinal Valley, the Eurasian
Moho mapped in our study continues to dip further to the east,
whereas that of Yeh et al. (1998) rises towards the Philippine Sea.
The Eurasian and Philippine Sea Mohos derived by McIntosh et al.
(2005) are roughly compatible with our results. However, the east-
dipping part of the Eurasian Moho of McIntosh et al. (2005) is slightly
more to the east. We give preference to our model of the Eurasian
Moho and the plate interface, because they better correlate with the
location of subduction-related earthquake hypocenters below a
depth of 50 km, projected onto the section from a 30 km wide
swath (Fig. 11c). The east-dipping part of the Philippine Sea plate
Moho in Section C–C′, immediately east of the plate interface, is
well constrained by a pronounced Vp contrast. In addition, it is delin-
eated by a plane of seismicity known as the Chihshang or Chengkung
fault (Ching et al., 2007; Kim et al., 2006; Kuochen et al., 2007; Lee et
al., 2006). Possibly, this plane of seismicity (‘CF’ in Fig. 11c) marks a
lithosphere-scale fault delimiting a sliver of fore-arc lithosphere,
which subducts underneath the island arc (Boutelier et al., 2003;
Chemenda et al., 1997, 2001), towards east. At greater depth, we fur-
thermore notice anomalous p-wave velocities as low as 7.6 km s−1

within the upper plate mantle lithosphere, overlying the plate inter-
face between c. 30 and 80 km depth (Fig. 11c). Owing to this anoma-
ly, the Vp gradient across the plate interface in this transect is low
compared to, e.g., Sections A–A′ and B–B′. This subjects the position
of the plate interface to some uncertainty if judged from Vp alone.
However, the fact that the plate interface aligns with the Benioff
zone earthquakes (Fig. 11c, see above) makes our interpretation
seem viable. It is conceivable that the described low Vp anomaly rep-
resents a partly serpentinized fore-arc mantle wedge (cf. Hyndman
and Peacock, 2003, and references therein), which is being subducted
underneath the island arc. However, it was beyond the scope of our
study to explore this any further.

Comparing Sections A–A′ to C–C′ (Fig. 11a–c), we make the fol-
lowing major observations: (1) The Eurasian Moho steepens from
50° dip in Section C–C′ to 70° dip in Section A–A′. (2) Similarly, the
plate interface also steepens into vertical (and locally overturns) to-
wards north. (3) The east-dipping portion of the Eurasian Moho and
the plate interface (which together form the subducting Eurasian
slab) step back towards the west, i.e., into a more external position
with respect to the thrust belt structures exposed at surface. This be-
comes clearer when we consider the Longitudinal Valley and the de-
formation front as reference points in all three sections (‘LV’ and ‘DF’
in Fig. 11a–c, respectively). Between Sections A–A′ and C–C′, all sur-
face geological units trend c. NNE-SSW and are mutually parallel
(Fig. 1b). By contrast, the Eurasian Moho trends N–S from 23.5°N
northwards (Fig. 8). This means that the thrust belt orientation de-
parts increasingly from that of the hinge of the subducting Eurasian
slab (compare Figs. 1b and 8). This suggests a progressive rollback
and decoupling of the subducting slab from its original crust and lith-
osphere. The rollback hence assists in the polarity reversal in that it
creates the space required for the Philippine Sea slab to subduct
northwards underneath the Eurasian plate. Section D–D′ (Fig. 11d)
is located where the subduction polarity is already reversed. Here,
the magmatic crustal root, interpreted as the base of the Philippine
Sea plate Moho, overlies the Benioff zone, suggesting that the island
arc was accreted to the base of the Ryukyu wedge on the upper
plate rather than to become subducted with the rest of the Philippine
Sea plate. Such accretion requires decoupling of the island arc crust
from the rest of the subducting Philippine Sea plate, which could pos-
sibly be favored by lower bulk densities of intermediate to felsic arc
material in comparison with oceanic crust. Accretion could have
occurred either during initial collision, while Eurasia subducted un-
derneath the arc, or later when the arc began subducting underneath
the Ryukyu trench.

Section E–E′ (Fig. 11e) runs along-strike the Western Foothills
thrust belt in close proximity to the deformation front and parallels
a series of geological sections constrained by surface and subsurface
data (Sections N1 to N4 in Huang et al., 2004) and will be discussed
in the following.

4.3. Travel time residuals

The travel time residuals obtained from the 1D models (Fig. 6)
generally increase eastward. They either represent (a) actual lateral
velocity variations along the Moho discontinuity, or (b) indicate
where the crustal structure departs from a simple horizontally layered
crust as specified by the initial velocity model. We have no arguments
to support or disregard lateral velocity variations at theMoho. Indepen-
dent of that, evidence presented in Sections 2 and 3 suggests that the
EurasianMoho significantly departs from a simple horizontal structure,
dipping eastwards underneath the Philippine Sea plate (Figs. 8, 9 and
11), i.e., where the largest residuals occur. By contrast, the crust can
be inferred to represent a fairly horizontally layered structurewhere re-
siduals are low, i.e., under western and southwestern Taiwan. The min-
imal travel time residuals of about 0.05 sec in central Taiwan define a
circular area of c. 50×70 km. Interestingly, this area roughly coincides
with the Peikang High (e.g., Cheng et al., 2003; Huang et al., 2004; Lin
andWatts, 2003; Mouthereau et al., 2002; Yang et al., 2006), a foreland
area marked by a slight recess of the thrust belt front and reduced sub-
sidence during theNeogene comparedwith northerly and southerly ad-
jacent areas (see along strike Section E–E′, Fig. 11e). The near-surface
parts of Section E–E′ show the thickness of the Neogene sediments up
to the top of the Chinshui Shale, that is, disregarding the sediments re-
lated to flexural foreland subsidence since about 2.6 Ma (Chen et al.,
2001). Stratigraphic successions repeated along thrust faults have
been removed. The sediment interval depicted by the black outlines
(Fig. 11e) thus represents the sediments deposited on the passive mar-
gin of the South China Sea before the onset of arc-continent collision.
Discrete along-strike thickness changes of this sediment layer are due
to faults, which were omitted for reasons of legibility. There is a slightly
deeper Eurasian Moho, where the Neogene pre-collisional sediment
thickness is reduced, i.e., on the PeikangHigh. It seems reasonable to as-
sume that there is a relation between a deeper Moho and reduced Neo-
gene sedimentation (and vice versa) in conjunction with the formation
of the South China Sea passivemargin, whichwas accompanied by lith-
ospheric thinning through normal faulting (e.g., Ho, 1988; Lin and
Watts, 2003; Teng and Lin, 2004). Following this line of reasoning, the
Peikang High, unaffected by lithospheric thinning, likely retained its
original crustal thickness. Lithospheric extension during passivemargin
formation possibly altered the velocity structure of the Eurasian crust
underneath the foreland. In turn, this means that the crustal structure
underlying the Peikang High possibly matches the input velocity
model (Chen and Shin, 1988) best.

4.4. Crustal thickness in the western Philippine Sea plate

A velocity model along-strike the Ryukyu accretionary wedge
(McIntosh and Nakamura, 1998), north of the Ryukyu trench,
reported a crustal thickness of c. 30 km. This is in agreement with
our results, which possibly also suggest the basal accretion of island
arc crust and, correspondingly, crustal thickening (Fig. 11e). Howev-
er, our tomography-derived isovelocity surface for the Philippine
Sea plate Moho suggests a depth between 25 and 35 km also in the
area south of the Ryukyu trench and east of the Luzon arc (Fig. 9).
Given that crustal thickening of the oceanic crust by accretion is not
expected there, this value is anomalously high. Deschamps et al.
(2000) reported Early Cretaceous 40Ar/39Ar ages on dredged gabbros



Fig. 12. Position of the post-collisional North Taiwan volcanic province (after Wang et
al., 1999; 2004) in relation to the deformation front and some crust–mantle boundaries
derived in this study. The volcanoes terminate at the western confinement of the
north-dipping Philippine Sea slab and are underlain by a subhorizontal Moho. The
transition from the active to the inactive segment of the deformation front (after
Hsiao et al., 1998) coincides with the hinge of the subducting Eurasian slab at the
level of the Moho. In combination, this suggests a progressive deactivation of the defor-
mation by the westward encroachment of the Philippine Sea slab.
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from the Western Philippine Sea between 115 and 125 Ma. These au-
thors also noticed that the basin, with an average water depth around
5000 m, is about 400 m shallower than theoretically expected for oce-
anic basement of such age. Shallower water depth is expected if the
crust is anomalously thick, making the lithosphere more buoyant.
Such an interpretation is in conflict with results of McIntosh et al.
(2005), who, based on a wide-angle seismic survey (their Line 23),
reported a thickness of the Philippine Sea plate of merely 10 to
15 km east of the Luzon arc. The discrepancy between their model
and our tomography-derived Moho depth is particularly clear in Sec-
tion C–C′ (Fig. 11c). We presume that the geometry of the Philippine
Sea plate Moho east of Taiwan is less well constrained by the tomog-
raphy due to much sparser station distribution and low number of Vp
readings per tomographic cell. Possibly, also the input velocity model
(Chen and Shin, 1988), optimized for the crust and lithosphere un-
derneath mainland Taiwan, is partly inadequate. Hence, we consider
the geometry of the tomography-derived Philippine Sea plate Moho
in regions constrained by less than 5000 Vp readings (Fig. 9b) as
poorly constrained.

4.5. Indications for progressive subduction polarity flip along the Eurasian
margin

We noticed that the eastward subducting Eurasian slab (imaged
by the Eurasian Moho and the plate interface) rolls back towards
the autochthonous foreland in more northerly transects (Fig. 11).
Here, we further explore the implications arising from this. The Eur-
asian slab is essentially vertical and trends c. N–S from about 24°N
northwards (Fig. 12). North of 25°N, the hinge of the slab intersects
the deformation front, implying its rollback towards the autochtho-
nous foreland. The position of the hinge coincides with the transition
from an active to inactive thrust front (Hsiao et al., 1998; Figs. 8 and
12). East of the subducting Eurasian slab, i.e. along the inactive seg-
ment of the thrust front, a subhorizontal Eurasian plate Moho was
mapped, overlying the north-dipping Philippine Sea slab (Figs. 7a,b,
Fig. 13. Schematic lithosphere-scale block diagrams illustrating along-strike changes in the
margins of the block domains trend N–S and E–W, respectively. Depth is given in km. (a) Geo
interface progressively steepens from south to north. (b) Section through central Taiwan at c
for both the Eurasian and Philippine Sea plates. (c) Section at the northern tip of Taiwan,
creates the space required for the Philippine Sea plate to subduct northward. The deactivatio
asian lithosphere. The shallow asthenosphere wedge east of the delamination front provide
8a and 12). The inactive parts of the thrust front coincide with a
NE-SW-trending chain of volcanic islets and a few onshore volcanoes,
referred to as North Taiwan Volcanic Province (Wang et al., 1999;
Fig. 12). Magmatic activity within this province is post-collisional,
commencing at 2.8–2.5 Ma and lasting into the Quaternary (Wang
et al., 1999; 2004). A progression of volcanic activity from northeast
to southwest was suggested (Teng et al., 1992; Teng, 1996), but ques-
tioned more recently (Wang et al., 2004). Independent of this, the
magmas show systematic compositional variations from low-K over
calc-alkaline to shoshonitic affinities from NE to SW. This was
explained by variable degrees of partial melting of an ascending as-
thenospheric mantle (Wang et al., 2004), triggered by post-
collisional, extensional collapse of the northern Taiwan mountain
belt (Teng, 1996), and interaction with the overlying, metasomatized
lithospheric mantle. For some magmas (Mienhuayu island, Fig. 12),
Wang et al. (2004) argued that asthenospheric upwelling was as shal-
low as 60 km, implying an abnormally thin lithosphere. More impor-
tantly still, the Mienhuayu lavas are not depleted in high field
strength elements, suggesting magma generation in an intraplate
rather than a subduction setting (Wang et al., 2004). In this context,
the subhorizontal Moho identified underneath the inactive thrust
front in northeastern Taiwan (Figs. 8a and 11d) possibly represents
a new, subcontinental Moho that formed after substantial lithospher-
ic thinning and/or asthenosphere upwelling. Conceivably, the original
Eurasian lithosphere underneath northeastern Taiwanwas thinned or
removed by rollback and delamination, leaving the thrust front to the
east inactive (Fig. 12) and triggering non-subduction related magma-
tism within the North Taiwan Volcanic Province.

In summary, our structural model reveals a gradual steepening of
the subducting Eurasian slab along-strike the mountain belt towards
north (Fig. 13a). Rollback was possibly facilitated once the subducting
Eurasian slab had steepened into vertical (Section A–A′, Figs. 11a and
13b). Underneath northernmost Taiwan, rollback and delamination of
the Eurasian slab have advanced into the foreland, leaving the thrust
front east of the hinge of the subducting slab inactive. In addition,
delamination has triggered the post-collisional magmatism by leav-
ing a shallow asthenosphere wedge behind the delamination front
(Fig. 13c). The northward steepening of the subducting Eurasian
slab and its subsequent rollback and delamination towards west pro-
vide the space that is required for the Philippine Sea plate to subduct
northwards underneath Eurasia (Fig. 13a–c). Westward rollback of
the delaminating Eurasian lithosphere, deactivation of compressional
thrust belt structures and the migrating front of post-collisional mag-
matism in the North Taiwan Volcanic Province therefore all appear
interrelated with the northward subduction of the Philippine Sea
plate. We think that, in combination, these observations support a
model of progressive subduction polarity flip, achieved by migrating
a tear in the Eurasian lithosphere along the edge of the passive mar-
gin (Clift et al., 2003; Suppe, 1984; Fig. 2b).

5. Conclusions

Based on local earthquake tomography, 1D models and seismicity
distribution, several important crust–mantle boundaries were
mapped in the Taiwan–Luzon arc-continent collision zone.

(1) The eastern limit of the Eurasian lower crust against the litho-
spheric mantle of the Philippine Sea plate represents the plate
boundary interface. This interface dips steeply to the east un-
derneath southeastern Taiwan. It steepens progressively
geometry of various crust–mantle boundaries under Taiwan, mapped in this study. The
metry of the plate interface separating the Eurasian and Philippine Sea plates. The plate
. 24°N, where the subducting Eurasian slab is vertical. A thickness of 100 km is assumed
illustrating the rollback and delamination of the subducting Eurasian lithosphere. This
n of the deformation front occurs at the hinge of the subducting and delaminating Eur-
s the source for the north Taiwan volcanoes (in gray).
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towards north and becomes vertical at 23.7°N. From there it
continues northward in a vertical orientation, until the limit
of the tomographicmodel at the northern tip of Taiwan inhibited
further mapping. Towards east, the plate interface abuts the
north-dipping Benioff zone of the Philippine Sea slab. Topologi-
cally, these two planes define the bottom and top of the Philip-
pine Sea plate, respectively.

(2) The tomographically defined Eurasian Moho dips to the E at
50–60° in southeastern Taiwan, following the trend of the
plate boundary. Towards the north, this Moho steepens into
subvertical, again mimicking the orientation of the plate
boundary. At the same time, it steps westward into a more ex-
ternal position underneath the thrust belt, giving way to the
north-dipping Philippine Sea plate. Parts of northeastern
Taiwan hence lack their Eurasian lower crustal and lithospher-
ic underpinning, but are underlain by the Philippine Sea plate.

(3) The tomographically defined Moho of the Philippine Sea plate
is substantially shallower than the Eurasian Moho across
much of Central Taiwan, and in an upper plate position south
of the Ryukyu trench. It shallows towards the surface along
the Longitudinal Valley suture and exhibits a crustal root paral-
lel to the trend of surface geological units. The root is inter-
preted as the deformed Luzon arc and fore-arc. Towards
north, the Luzon arc/fore-arc root progressively deepens from
30 to about 70 km depth underneath the Ryukyu trench. The
base of the crustal root lies above the Benioff zone, suggesting
its possible accretion to the base of the overlying Eurasian
upper plate.

(4) Underneath northernmost Taiwan, the subducting Eurasian
slab has advanced into the foreland by rollback and delamina-
tion, leaving the thrust front behind the hinge of the subduct-
ing slab inactive. A subhorizontal Moho at 30–35 km depth
formed behind the delamination front and overlies the north-
dipping Philippine Sea slab. In addition, rollback and delamina-
tion have triggered post-collisional magmatism by leaving a
shallow asthenosphere wedge behind the delamination front.
In combination, these data support a model of a progressive
subduction polarity flip by progressing a tear in the Eurasian
lithosphere along the former edge of the passive margin.

Supplementary materials related to this article can be found on-
line at doi:10.1016/j.tecto.2011.12.029.
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