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Serpentinized peridotite in the fore-arc has been observed in a number of subduction zones, including the north-
ernManila subduction zonewhich terminates northward in the Taiwan arc-continent collision. How this zone of
serpentinization changes northward from the subduction of thinned continental lithosphere to full arc-continent
collision in the Taiwan orogeny is not well known. In this paper we present 2-D gravity modeling along three P-
wave (Vp) transects across the Taiwan orogeny. Two of these transects were collected with ocean-bottom seis-
mometers. These two transects provide good constraints on the velocity structure to the west of, and on land,
southern Taiwan. Conversion of Vp to density in this area allows us tomodel the gravity anomaly with very little
misfit. Along the subduction zone, however, the velocity models are poorly constrained in the upper mantle,
where an anomalous density unit has to be used in order to model the short wavelength gravity anomaly in
this area. A third transect across central Taiwan that is derived from the TAIGER local tomography data, provides
good control on the crust and upper mantle Vp structure that we use to place provide density constraints for
modeling the gravity anomaly in this part of the collision zone. In order to model the short wavelength gravity
anomaly across the Longitudinal Valley and the southern Longitudinal trough, an anomalous density block is re-
quired beneath the fore-arc region. We interpret that the source of this anomalous density material could be
serpentinized fore-arc mantle, similar to what is interpreted for the northern Manila subduction zone farther
south. Water released from the subduction of the extended crust of the continental margin results in the
serpentinization of the fore-arc area and may be driving the uplifting of the high-pressure rocks.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

A wide range of geophysical and geological data indicate that
serpentinization of the fore-arc mantle wedge is a common feature of
many subduction zones worldwide (Bostock et al. 2002; Hyndman
and Peacock 2003). To identify serpentinization in the fore-arc mantle
region of subduction zones, velocity and density modeling provide use-
ful tools for determining both the presence and the amount of serpen-
tine that is present (e.g., Xia et al. 2015; Zhao 2012; Hacker et al.,
2003). This is aided by laboratory measurements that illustrate a signif-
icant reduction in the seismic velocity and density of peridotite with an
increase in the modal abundance of serpentine (Christensen 1966,
2004; Horen et al. 1996; Hyndman and Peacock 2003) (Fig. 1).

In the northern Manila subduction zone, where the thinned conti-
nental crust of the Eurasia Plate (EUP) margin is subducting below the
northern Luzon arc on the Philippine Sea Plate (PSP), forward gravity
modeling along two TAIGER transects (T1 and T2) led Doo et al.
(2015) to interpret an area of relatively high density materials in the
fore-arc region. The relatively higher density of this area compared to
the overlying fore-arc and its lower density compared to the adjacent
mantle led Doo et al. (2015) to interpret this observation as a partly
serpentinizedmantle that is being exhumed along the subduction inter-
face. Farther north, where the full thickness of the continental crust is
now in the subduction zone (Chen et al. 2004; Lin 2009), an area of rel-
atively high Vp below the fore-arc has also been interpreted to be
serpentinized mantle (Van Avendonk et al. 2014) or a combination of
this lithology and mafic eclogite that are being exhumed along the
subduction zone (Brown et al. 2015). This area of high Vp is also
marked by a short wavelength low in the free-air anomaly that extends
from the northern part of the Longitudinal Valley into the southern Lon-
gitudinal trough offshore southeast Taiwan (Fig. 2). 2D forward gravity
modeling across the Taiwan arc-continent collision adds new con-
straints to the interpretation of the material in the fore-arc region that
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Fig. 1. Free-air gravity anomalymap (Hwang et al. 2014) of the Taiwan region. The black arrow indicates the relative platemotion. The locations of 2-D gravitymodeling transects shown in
Figs. 2, 3 and 4 are indicated by thick white lines labeled T2933, T4A and C1. Abbreviations - CR: Central Range; COR: Coastal Range; EUP: Eurasia Plate; LA: Luzon arc; LV: Longitudinal
Valley; MS: Manila subduction zone; RS: Ryukyu subduction zone; PSP: Philippine Sea Plate; SLT: southern Longitudinal trough; SCS: South China Sea.
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is causing this low and strengthens the interpretations based on the ve-
locity structure.

In this paper we present the results of 2-D gravity modeling along
three velocity transects that cross the central and southern Taiwan
(Fig. 2) with the goals of better constraining the shallow lithological
structure of the fore-arc region in eastern Taiwan and subsequently in-
vestigating the possible implications of serpentinite in the exhumation
ofmantle and high-pressure rocks from the northernManila subduction
zone to the Taiwan arc-continent collision.

2. Tectonic background

The Taiwan orogen is forming as a result of the subduction of the
EUP continental margin beneath the Luzon arc on the PSP along the
northernmost part of the Manila Subduction zone (Fig. 1). The conver-
gence between these two plates is roughly northwestward. Of interest
to this paper, the contact between the two colliding plates in eastern
Taiwan is a zone of oblique faulting, with the exhumation of high-
pressure rocks, parts of the volcanic arc, and partially serpentinized
mantle taking place since the Late Miocene (Beyssac et al. 2008). In
the geophysical data sets, this is marked by a velocity high that extends
eastward to at least 50 km beneath the Luzon arc (Huang et al. 2014). A
tight clustering of seismicity is observed along the upper margin of this
velocity high that extends to the Moho beneath the arc. In addition, a
short wavelength gravity low is found across this area. Modeling this
low can provide further insights into the possible composition of the
rocks along the shallow part of the subduction interface as well as the
processes occurring there.

A number of studies have used either active-source or earthquake
seismic data to produce P-wave seismic velocity images of Taiwan and
its surrounding oceans (Hetland and Wu 1998; Kim et al. 2006;
McIntosh et al. 2005; Wu et al. 2007; Kuo-Chen et al. 2012; Huang et
al. 2014). Several tomography studies (Lin et al. 1998; Kuo-Chen et al.
2012; Van Avendonk et al. 2014; Huang et al. 2014) have shown that
there is a high-velocity zone present in the crust of the Central Range
and in the crust and upper mantle beneath the Luzon arc. Lin et al.
(1998) and Lin (2002) interpreted these high-velocity zones to be the
same feature and to be related to crustal exhumation. This feature was
interpreted by McIntosh et al. (2013) to be accreted transitional crust
(ATC)within the Central Range of the orogen. However, due to poor res-
olution of the velocitymodel in the deeper part of the Central Range and
fore-arc region, McIntosh et al. (2013) could not interpret the structure
in these areas. In other interpretations, Cheng (2009), for example,
found two prominent high-velocity areas in the middle to lower crust



Fig. 2. 2-D gravitymodeling of the transect T2933 across south Taiwan. The profile location is shown in Fig. 2. (a) Velocity structures along the profile (modified fromMcIntosh et al. 2013).
The black dashed line indicates basal detachment between the accretionary prism and subducting continental crust. (b) Observed (Hwang et al. 2014) and synthetic gravity anomalies.
Synthetic I is the result of the slightly revised density model. Synthetic II an anomalous-density unit (red block) is placed in the fore-arc region. (c) Topography variation along the
profile and (d) gravity modeling result. ATC: accreted transitional crust; CR: Central Range; FB: fore-arc block; HP: Hengchun peninsula; MT: Manila Trench; NLA: North Luzon Arc;
SLT: southern Longitudinal trough.
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beneath the offshore area (interpreted as the LA and fore-arc blocks)
and the upper to middle crust beneath the Central Range (interpreted
as uplift material from the oceanic crust scraped from the Luzon fore-
arc). More recently, Van Avendonk et al. (2014), using TAIGER transect
T5, which crossed eastern Taiwan where the Ryukyu subduction zone
interacts with it, interpreted the presence of serpentinized mantle
rocks beneath eastern Taiwan to explain their observations. Further-
more, Brown et al. (2015) used petrophysical modeling of the high-
velocity zone to suggest that the deeper part of the may be comprised
of serpentinized mantle rock types and/or mafic eclogite.

3. Gravity and seismic velocity data of central and south Taiwan

In recent years two international experiments have been carried out
to explore the geological processes taking place in the deep crust and
upper mantle of the Taiwan arc-continent collision: TAICRUST, which
was carried out in 1995, and the TAIGER projects, which were carried
out in 2009. In this study, we use transects T2933 and T4A from the
TAICRUST and TAIGER experiments and transect (C1) taken from the
TAIGER local tomography model of Kuo-Chen et al. (2012). Transects
T2933 and T4A were acquired using ocean-bottom seismometers
(OBS) data offshore and land instruments that cross southern Taiwan
(Fig. 1). Both transects show that the hyper-extended continental
crust of the Chinese continental margin is subducting at the Manila
Trench (Figs. 2a and 3a) and that a high-velocity rise exists roughly be-
tween km200–240. These data provide good constraints on the P-wave
velocity structure of the crust (McIntosh et al. 2013); however, because
of resolution problems, they do not provide clear images of the deeper
structure, especially along the subduction zone in eastern Taiwan. Pro-
file C1, across central Taiwan, provides a P-wave velocity structural
image that clearly reveals the high velocity zone that extends eastward
beneath the Luzon arc. Newly obtained gravity anomaly data around
Taiwan have been compiled by Hwang et al. (2014). This dataset en-
hances data resolution onland in Taiwan. In the 2D gravity modeling
that follows we use these Vp profiles to place constraints on the density
structure of the crust and upper mantle.

4. Gravity modeling

Gravity modeling was carried out by converting the P-wave velocity
models for transects T2933 and T4A and transect C1 (Figs. 2a, 3a, 4a)
using the P-wave to density Eq. 1 of Brocher (2005).

ρ g=cm3� � ¼ 1:6612Vp−0:4721V2
p þ 0:067V3

p−0:0043V4
p

þ 0:000106V5
p ð1Þ

This equation is valid for Vp between 1.5 and 8.5 km/s.We first con-
structed the layer geometries according to the velocity contours. In
areaswhere the resolution of the velocitymodels area poor, we extend-
ed the velocity contours smoothly to be the layer boundaries and then
adjusted the densities until the synthetic anomaly was fitted to the
measured gravity anomaly (Figs. 2 to 4). For example, we selected the
Vp velocity 5.0 and 6.0 km/s contour lines to be the top and bottom
depths of the upper-crust, respectively. Thus, the initial density of this
block is 2.62 g/cm3 (average Vp = 5.5 km/s) according to Eq. 1. Next,



Fig. 3. 2-D gravity modeling of the transect T4A across south Taiwan. The profile location is shown in Fig. 2. (a) Velocity structures along the profile (modified fromMcIntosh et al. 2013).
(b) Observed (Hwang et al. 2014) and synthetic gravity anomalies. Synthetic I is the result of the slightly reviseddensitymodel. Synthetic II an anomalous-density unit (red block) is placed
in the fore-arc region. (c) Topography variation along the profile and (d) gravitymodeling result. ATC: accreted transitional crust; CR: Central Range; FB: fore-arc block; NLA: North Luzon
Arc.
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to fit the observed gravity anomaly, we slightly adjusted this density
(we allow±1.5% density variation for each layer). Although the gravity
modeling is non-unique, the constraints placed crustal structure, and
hence the densities of the gravity model, help to reduce the non-
uniqueness of the model. This, then, provides possible solutions for
the structure of the deeper fore-arc area that is poorly resolved in the
velocity models. In Figs. 2 and 3, the density models are roughly the
same (layering and its relative density). Synthetic model I is the result
of a slightly revised density model (considering the material of the red
block is normal mantle), whereas in synthetic model II, an anomalous-
density unit (red block) is placed in the fore-arc region.

Overall, our density models coincide very well with the velocity
models. We find that if there is no anomalous density material present-
ed in the fore-arc region, then the maximum misfit between synthetic
model I (green dashed line shown in Figs. 3 and 4) and the observed
gravity anomalies (Hwang et al. 2014) can reach 40 and 130 mGal in
transects T2933 and T4A, respectively. To achieve make a better fit
with the observed gravity data, in synthetic model II, areas with a den-
sity of 3.06 and 2.94 g/cm3 for transects T2933 and T4 A, respectively,
have been added. In profile C1, if the high velocity zone beneath the
fore-arc region, between km 135–153 (Fig. 4) does not exist, then a
maximum misfit occurs between synthetic model I (green dashed line
shown in Fig. 5) and the observed gravity anomaly of up to 55 mGal.
To reduce this misfit, in synthetic model II, a high-density (high seismic
velocity) material of 3.16 g/cm3 is necessary (Fig. 4). This suggests that
rocks present in this part of the fore-arc must have densities that are
higher than those for the average continental crust that is subducting
and lower than that for the average mantle peridotite beneath the
Luzon arc.

5. Discussion

Because of the arc-continental collision, the slab dip becomes steep-
er from south to central Taiwan (Kuo-Chen et al. 2012). TheMohodepth
from the receiver function reveals a typical continental crust of 30 km in
western Taiwan and becomes thicker eastward to the Central Range
(53 km) (Wang et al. 2010). Oneof the key questions thatwe seek to ad-
dress in this paper is how this anomalous zone in the velocity and
density structure of the fore-arc region changes northward as increas-
ingly thicker continental crust enters the subduction zone. Using for-
ward gravity modeling along transects T1 and T2 (Fig. 5) farther
south, where the thinned continental crust is being subducted, Doo et
al. (2015) found that a relatively high density material must be present
in the fore-arc region to fit the observed free-air gravity anomaly. They
interpreted this relatively high density material to be serpentinized
mantle peridotite in the fore-arc region. The pronounced short wave-
length low in the free-air gravity anomaly across the fore-arc region
modeled by Doo et al. (2015) continues northward in the southern



Fig. 4. 2-D gravity modeling of the profile C1 across central Taiwan. The profile location is shown in Fig. 2. (a) Velocity structures along the profile (Kuo-Chen et al. 2012). (b) Observed
(Hwang et al. 2014) and synthetic gravity anomalies. Synthetic I considering the density of the red block is 2.88 g/cm3. Synthetic II is the result of the direct conversion Vp to density.
(c) Topography variation along the profile and (d) gravity modeling result.
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Longitudinal trough to the southeast of Taiwan (Fig. 5). Here, in tran-
sects T2933 and T4A, this low gravity can be modeled with a density
of 3 g/cm3 (±0.06). This anomalous density block is found only in the
fore-arc region, at a depth of between 15–35 km. Considering the den-
sity and the location of this block, we interpret the source of this anom-
alous density material to be the serpentinized mantle.

In the case of C1, where the full thickness of the continental crust is
now in the collision zone, the density required to fit the free-air gravity
anomaly in eastern Taiwan is 3.16 g/cm3. Because of the appropriate ge-
ometry of this block, we can estimate the degree of serpentinization
from the density variation. On average, unaltered peridotite with a den-
sity of about 3.29 g/cm3 (Christensen 1966) indicates that these rocks
have undergone approximately 18% serpentinization. Alternatively,
the Vp velocity (7.5 km/s) of this block could represent a level of
serpentinization of approximately 24% (Christensen 1966). This is in ac-
cordance with petrophysical analyses of the high-velocity zone in east-
ern Taiwan performed by Brown et al. (2015), who showed that a
number of possible rock types can fit the velocity structure; however,
if mantle rocks are present, they must be partly serpentinized. They
showed that the degree of serpentinization decreases with depth: at
20 km depth, mantle rock types with 20%–30% serpentinization fit the
velocity structure, whereas at 30 km and deeper only 10% to 20%
serpentinization is required.

The red bodies in transects T1 and T2 (Fig. 5b) have a completely dif-
ferent location than the other transects (T2933, T4A and C1) we pre-
sented in this study (Fig. 5). It is interesting and important. Here, we
provide a possible reason to explain it. In the case ofweakplate coupling
status, the overriding plate is detached from the subducted plate, and
then asthenospheric material can upwell into the plate contact zone
(Gvirtzman andNur 1999). In the northernManila subduction zone, be-
cause of the weak plate coupling status (Lo et al. 2015), plate detach-
ment can yield space, and then positive buoyancy force leads the
serpentinized materials to be uplifted to the plate contact zone auto-
matically. The gravity modeling for transects T1 and T2 from Doo et al.
(2015) have demonstrated this phenomenon (Fig. 5). Thus, weak
plate coupling status and positive buoyancy are the main factors to
cause the serpentinized materials uplifting in the northern Manila sub-
duction zone.

Gravity modeling results (Figs. 2 to 4) reveal that the serpentinized
materials are roughly located beneath the Longitudinal Valley and its
southward extending region (southern Longitudinal trough) (Fig. 5).
Onland Taiwan, a rifted continental margin that was accreted in the
early stage of the collision formed a new backstop. The collision of the
EUP continental crust with overriding Luzon arc formed a broad crustal
root beneath central Taiwan, possibly with a thickness of 55 km
(Kuo-Chen et al. 2012; Van Avendonk et al. 2014). Thickening of the
Central Range crust results in the relatively lowdensity crustalmaterials
going down and not only resisting serpentinized materials to uplift but
also compressing the underlying serpentinized materials, leading these
materials to move laterally. Simultaneously, the creation of the Coastal
Range and its root occur when the PSP and the EUP are colliding while
the PSP subducts to the north (Kao and Jian 2001;Wu et al. 2009). Fur-
thermore, the serpentinization process can reduce the mechanical
strength of the rocks (Hyndman and Peacock 2003). Between the PSP



Fig. 5. (a) Overview map of the Taiwan region. The locations of 2-D gravity modeling transects are indicated by thick blue lines. Pink lines indicate the distributions of serpentinized
materials. Thick black lines indicate the boundary of different tectonistratigraphic unit. (b) Density structure of the 2-D gravity modeling transects. Abbreviations - CR: Central Range;
COR: Coastal Range; EUP: Eurasia Plate; LA: Luzon arc; LV: Longitudinal Valley; MS: Manila subduction zone; RS: Ryukyu subduction zone; PSP: Philippine Sea Plate; SLT: southern
Longitudinal trough; SCS: South China Sea.
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and the EUP, the Longitudinal Valley indicates the suture zone, i.e., a
zone of weakness that is hence easy to deform. Geodetic data show
82 mm/yr of NW-SE convergence between the PSP and EUP at present
(Yu et al., 1997). In eastern Taiwan, approximately 30–40 mm/yr of
this convergence is accommodated near the Longitudinal Valley
(Yu and Kuo 2001) between the Coastal Range and the Central Range.
The deformation may be a direct result of convergence. Thus, we inter-
pret that the initial distribution of serpentinized materials could be
wider (deeper part), caused by the dehydration of the subducting
EUP. Compressional force results in the serpentinization materials
being constrained and rising along the Longitudinal Valley, i.e., the su-
ture zone. In addition, the velocity model of Kuo-Chen et al. (2012)
also revealed a clear image of high-velocity rise under the Longitudinal
Valley between the Central Range and the Coastal Range (Fig. 6). The 2-
D gravity modeling results are consistent with their result.

6. Conclusion

In all transects (T2933, T4A and C1) we found that anomalous den-
sity blocks are needed to fit the observed gravity anomaly (Hwang et
al. 2014). According to the characteristics of serpentinization and the
formation of serpentinized fore-arc mantle, we interpret the source of
this anomalous density material as the serpentinized mantle rocks.
The degree of serpentinization could be about 18% for transect C1. The
serpentinized peridotite onland Taiwan is roughly constrained along
the Longitudinal Valley, i.e., the suture zone, between the PSP and the
EUP.

Geological studies combined with numerical modeling have shown
that serpentinization of the fore-arc mantle plays an important role in
the uplifting of high-pressure terranes along subduction zones (Gerya
et al. 2002; Gerya 2011; Hacker and Gerya 2013; Erdman and Lee
2014). In this study, we proposed that the major mechanisms causing
the uplifting of serpentinized materials in the subduction and those in
the arc-continent collision in Taiwan region are different. In the north-
ern Manila subduction zone, weak plate coupling creates the space to-
gether with positive buoyancy that facilitates the uplifting of the
serpentinized materials. Otherwise, compressional force is the key fac-
tor to cause this phenomenon to be constrained in eastern Taiwan.

The transition from subduction of thinned continental lithosphere to
full arc-continent collision left significant tectonic features of eastern
Taiwan. Doo et al. (2015) have interpreted the uplifting serpentinized
mantle rocks in the fore-arc region in the northern Manila subduction



Fig. 6. The depths of the P-wave velocity 7.5 km/s isosurface from Kuo-Chen et al. (2012) velocity model. The presence of the high-velocity rise between the Eurasian Plate side and the
Philippine Sea Plate side. Pink lines indicate the distributions of serpentinized materials. LVF: Longitudinal Valley Fault; SLT: southern Longitudinal trough.
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zone. On the other hand, Van Avendonk et al. (2014) and our gravity
modeling results as shown in this study suggest that this process also
exists in eastern Taiwan. Considering the continuity of the convergent
plate boundary between the South China Sea and thePSP, the integrated
observation results frommarine and onland studies show that the phe-
nomenon of serpentinization of fore-arc mantle can be extended from
the northern Manila subduction zone to onland eastern Taiwan (Fig. 5).
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