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The joint inversion of different geophysical datasets is an effective means to reduce the non-uniqueness and
improve the reliability of geophysical inversion. In this study, seismic arrival time and Bouguer gravity datasets
are jointly inverted to obtain an image of 3-D velocity structures in the Taiwan orogen. The model obtained
from joint inversion fits the arrival time observations at least as well as when inverted individually, and the
gravity observations aremuch better fit when included in the inversion, implying a reduction in ambiguity by si-
multaneously modeling the disparate datasets. Moho depth variations estimated by the 3-D P wave velocity
model suggest a maximum Moho depth of 56 km located beneath the Backbone Central Range, and the trend
of the Moho is largely consistent with the topography of the Central Range with eastward, asymmetric crustal
thickening. The root beneath the Central Range appears to be smaller in lateral extent than previously imaged,
and the velocity gradients into the uppermost mantle are significantly higher. The lack of evidence for a signifi-
cant amount of Eurasian crust in the mantle supports geodynamical models of accreted, rather than consumed,
continental crust in a collisional environment.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The Taiwan orogen is the result of oblique collision between the
Eurasian plate (EAP) and the Philippine Sea plate (PSP) that
commenced about 5 Ma ago (e.g., Wu et al., 1997) (Fig. 1). The fast
convergence rate (~9 cm/yr) across the plate boundary between the
EAP and PSP is responsible for the oceanic and continental plate
collision and the significantly thickened crust of the Taiwan orogen
(e.g., Sella et al., 2002). The EAP subducts eastward under the PSP in
the south along the northern Luzon arc and the PSP subducts north-
westward under the EAP along the Ryukyu trench in the north of
Taiwan. This bidirectional subduction results in one of the most active
and complex orogens in the world. The high rate of seismicity and
dense seismological and geodetic networks make Taiwan an excellent
place for investigating ongoing orogenic processes in an arc–continent
collision environment. Studies based on gravity anomalies (Hsieh
et al., 2010; Yen et al., 1998), seismic arrival times (Kim et al., 2005;
Kuo-chen et al., 2012; Lin et al., 1998; Ma et al., 1996; Rau and Wu,
1995; Roecker et al., 1987; Wang et al., 2006; Wu et al., 1997, 2007),
Moho reflection and refraction phases (Hsu et al., 2011; Liang et al.,
2007), receiver functions (Kim, et al., 2004; Wang et al., 2010a,b) and
active source seismic sounding (McIntosh et al., 2005, 2013; Wang
et al., 2004) have been conducted to investigate the crustal structure be-
neath the Taiwan orogeny. A key objective of these studies has been to
determine the depth of theMoho, as variations in crustal thickness pro-
vide important boundary conditions on mass balance at a convergent
boundary, including the ultimate fate (e.g., consumption vs. accretion)
of Eurasian crust as it encounters the Luzon arc. To first order, the thick-
ening of the crust beneath the Taiwan orogeny, and the participation of
the lower crust and upper mantle in the orogenic process, have been
well established by both seismic arrival time tomography (Kim et al.,
2005; Kuo-chen et al., 2012;Ma et al., 1996; Rau andWu, 1995; Roecker
et al., 1987; Wu et al., 1997, 2007) and 2-D and 3-D gravity modeling
(Hsieh et al., 2010; Mouthereau and Petit, 2003; Wang et al., 2004;
Yen et al., 1998; Zhang et al., 2004). However, the depth of theMohobe-
neath Taiwan remains controversial and significant discrepancies exist
from the analyses of different datasets using different techniques.
While most studies agree that the crust is thickest beneath the Central
Range, estimates of maximum Moho depth range from 33 km from
gravity data inversion (Yen et al., 1998), 38 km from PmP traveltime in-
version (Hsu et al., 2011), less than 54 km from receiver functions
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Fig. 1. Topographic map and themajor tectonostratigraphic belts of Taiwan orogen. The Central Range is composed of the Backbone Range and the Eastern Central Range. Location ofmap
is shown in the inset at the lower right.

152 Z. Li et al. / Tectonophysics 632 (2014) 151–159
(Wang et al., 2010a,b), 55 km from joint earthquake and active source
tomography (Kuo-Chen et al., 2012), and 50–70 km from traveltime
tomography (Kim et al., 2005; Ma et al., 1996; Wu et al., 1997).
Additionally, two Moho discontinuities for the EAP and PSP related
to the subduction polarity reversal were inferred beneath the
Taiwan orogen from local earthquake tomography (Ustaszewski
et al., 2012).

Because of differences in sampling and sensitivity, joint inversion
of disparate geophysical datasets often can reduce model non-
uniqueness when compared to independent inversion (e.g.,
Gallardo and Meju, 2011). Previous investigators have shown that
gravity data can provide additional constraints on the subsurface
structure when combined with seismic data. Examples include
joint inversion of gravity data with local earthquake arrival time
data (Roecker et al., 2004; Roy et al., 2005; Wang et al., 2014),
teleseismic arrival time data (O'Donnell et al., 2011; Tiberi et al.,
2003), active source seismic data (Tondi et al., 2000; Vermeesch
et al., 2009), and surface wave dispersion curves (Maceira and
Ammon, 2009). Since Bouguer gravity data are sensitive mostly to
density inhomogeneities of the crust and variations in the depth of
the Moho (e.g., Grad et al., 2009), a better subsurface model can be
achieved by fitting both seismic arrival time and gravity observa-
tions. In this study, we jointly invert seismic arrival time and
Bouguer gravity data in the Taiwan orogen, and obtain a 3-D crustal
velocity model that can fit both sets of observations.

2. Method and data

The travel times used in the seismic forward problem are calculated
using a finite difference eikonal equation solver in an earth-centered
spherical coordinate frame (e.g., Zhang et al., 2012), that has been
implemented previously in other tomographic studies (e.g., Kuo-chen
et al., 2012; Li et al., 2009, 2013; Roecker et al., 2004, 2006). Following
Roecker et al. (2006), hypocenters are determined via a grid search ap-
proach to ensure a globalminimum in variance of arrival time residuals,
but are still included explicitly in the normal equations and determined
simultaneously with velocity perturbations. The damped LSQR algo-
rithm (Paige and Saunders, 1982) is used for solving the systemof linear
equations. A coarse sphericalmeshwith approximate spacing of 6 km in
horizontal and 4–20 km in vertical directions is used for specifying the
model and accumulating partial derivatives, and an interpolated fine
mesh of ~2 km grid spacing is used for the finite difference traveltime
calculation. Bouguer gravity observations are included in the inversion
by presuming a functional relationship between P wave velocity and
density. In this study we adopt the velocity–density relationships
determined by Gardner et al. (1974) and Christensen and Mooney
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(1995) for sedimentary, basement and mid-lower crustal rocks of con-
tinental lithologies. Specifically, these are ρ = 9.89.3 + 289.1 ∗ VP for
VP N 6.0 km/s, and ρ = 0.23 ∗ VP

0.25 for VP b 5.5 km/s. A polynomial is
used to obtain density in a smooth fashion between 5.5 and 6.0 km/s.
The forward calculations of gravity and its partial derivatives are made
directly in spherical coordinateswith an adoptive numerical integration
of the Gauss–Legendre quadrature (Asgharzadeh et al., 2007; Li et al.,
2011). The strategy for simultaneous inversion of seismic arrival time
and gravity data follows that of Roecker et al. (2004). All observations
are included in each iteration, and a scalar factor is used to weight
the relative sensitivities of arrival time and gravity data. An a
posteriori moving window average smoothing of perturbations
with 3 × 3 × 3 grids is applied prior to model updates to mitigate
possible artifacts appearing only at 1–2 grids. Finally, we assess the
reliability and resolution of the results by conducting synthetic
checkerboard tests.

The seismic arrival time data used in this study were recorded by 98
permanent and temporary stations between 1991 and 2010.Most of the
arrival time picks are taken from International Seismological Center
(ISC), with some of them prior to 1998 provided by Prof. Futian Liu of
the CAS Institute of Geology and Geophysics. As our focus is the crustal
structure beneath Taiwan, only earthquakes near land are selected
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Fig. 2. Distributions of seismic stations (red tr
(Fig. 2). To improve the reliability of the velocity model we use arrival
timedata only fromevents that have been recorded at least by 6 stations
and for which traveltime residuals are within ±3.0 s (approximately 3
times the standard deviation of the residuals). After selection, 568215 P
and 443706 S arrivals from 45003 earthquakes are used in the tomo-
graphic inversion. Good ray path coverage is achieved in the crust and
uppermost Moho beneath most of Taiwan. Bouguer gravity data used
in the joint inversion are taken from 603 readings with ~10 km spacing
or less (Yen et al., 1995), which cover most areas of the Taiwan orogen
(Fig. 3).

3. Results

We conduct two independent inversions with the same parameters
(i.e., model parameterization, starting model, damping, smoothing) in
order to compare the images derived from arrival time only inversions
with those from joint arrival time/gravity inversions. The starting VP

and VS models for both cases (Fig. 4) are based on one-dimensional
models used by Kim et al. (2005) and Wu et al. (2007), slightly
adjusted to reduce arrival time residuals. In both inversions, no sig-
nificant residual variance reduction was achieved after 7 iterations.
For the arrival time only inversion, the root-mean-square (RMS) of
122˚ 123˚

iangles) and earthquakes (closed circles).
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arrival time residuals decreased from 0.73 s to 0.43 s for P arrivals
and from 0.89 s to 0.50 s for S arrivals. For the joint arrival time/
gravity inversion, the RMS of arrival time residuals decreased from
0.73 s to 0.42 s for P arrivals and from 0.89 s to 0.50 s for S arrivals.
The similarity in misfit shows that both models explain the seismic
arrival time data equally well. However, while the RMS of the gravity
residuals increased from 31.6 mGal to 34.8 mGal for the arrival time
only model, it decreased from 31.6 mGal to 13.0 mGal for the arrival
time/gravity model.

We evaluate the resolution of the images using checkerboard tests
with grid spacing of 6 km and approximate anomaly sizes of 12 km,
18 km, 24 km and 30 km (Fig. 5). The patterns and amplitudes of check-
erboard models are well recovered under most of Taiwan at depths less
than about 50 km depth, with the best recovery in themiddle to north-
ern Central Range. At depths greater than about 60 km, the anomalies
near the Central Range are well recovered, largely because of the ray
paths from the many deep earthquakes in this area.
4. Discussion

Velocity models derived from arrival time/gravity data and from ar-
rival time data onlyfit the arrival time observations equallywell, but the
forward gravity anomalies show significant discrepancies (Fig. 6).
Since the P wave velocity is related to the gravity observation through
the VP-density relations, differences in the P wave velocities are more
pronounced than S wave velocities (Fig. 7). The main features of the
Pwave velocity models from joint inversion and arrival time only in-
version are virtually the same in the upper 40 km (Fig. 7), with dif-
ferences increasing at depths greater than 50 km. While the
patterns of velocity anomalies are similar below 50 km, the scale
and amplitude of the low P wave velocity anomalies beneath the
Central Range are smaller and the gradient to the high P wave
velocities east of the Taiwan orogen becomes larger in the arrival
time/gravity model. The primary reason for these differences is that
these regions are relatively poorly sampled by the arrival time data.
Hence these velocities can change without much effect on the arrival
time misfit.

Comparing the arrival time only and joint arrival time/gravity im-
ages (Fig. 7), it is clear that the main advantage of including Bouguer
gravity data in a joint inversion is that it significantly improves the def-
inition of the Moho, particularly at depths greater than about 40 km.
Choosing a contouring surface of VP = 7.5 km/s as a means to estimate
theMohodepth beneath the Taiwan orogen (Kuo-Chen et al., 2012), the
main difference is that the root under the Central Range is narrower,
and the gradients in the upper mantle sharper, than the relatively
deeper and broader root in the arrival timemodel. Note that the arrival
time only model suggests the presence of low wavespeed material
extending both to the base of the model at 60 km depth and to the
east at depths between 40 and 60 km depth. One might infer from
this image the subduction of the Eurasian continental crust as a means
to obtain these low wavespeed anomalies. The joint inversion model,
however, shows that this extended lowwavespeed zone is largely an ar-
tifact that results in themisfit in the gravity observations along the east
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coast of Taiwan (Fig. 6). This joint inversion model therefore argues
against the subduction of significant amounts of Eurasian crust into
the mantle, as has been suggested for continental collisions in central
Asia (e.g., Roecker, 1982; Schneider et al., 2013; Sippl et al., 2013), but
supports geodynamical models for crustal accretion.

The main features of velocity structure that we find in the upper
40 km are similar to those reported in previous local earthquake tomog-
raphy studies (e.g., Kim et al., 2005; Wu et al., 2007). These include the
low-VP, low-VS and high-VP/VS anomalies found in the Coastal Plain at 0
and 4 km depth, which extend eastward to the Western Foothills at 8
and 12 km depth, and the low-VP, low-VS and normal-to-low VP/VS be-
neath the Central Range that become more predominant at 16 to
40 km depth.

Previous studies also have suggested that the crust has thickened to
more than 50 km beneath the Central Range (e.g., Kim et al., 2005; Rau
and Wu, 1995; Wu et al., 2007). The asymmetrically thickened crust
shown clearly in the near E–W profiles (Fig. 7a–d) is similar to that
obtained from joint local and teleseismic tomographic results (e.g.,
Kuo-Chen et al., 2012). The Moho depth from the arrival time/gravity
model (Fig. 8) is close to the estimated Moho depth obtained by Kuo-
Chen et al. (2012) using the denser seismic stations and active sources
of TAIGER project, although we note that, as with our arrival time only
model, their model does not fit the Bouguer gravity data particularly
well (their model misfits the east–west trend in gravity by a total of
about 100 mGal). Comparison with the crustal thickness results from
H–κ stacks of receiver functions (Wang et al., 2010a,b) gives Moho
depths within a few kilometers for most stations in the central part of
the Taiwan orogeny (Fig. 8). Note that the large differences are located
mostly in the eastern and northern margin of Taiwan, where the crust
and uppermantle appear to be complicated by the history of subduction
in this area— for example, twoMoho discontinuities of the EAP and PSP
were proposed to exist here as a result of the change in subduction
polarity (Ustaszewski et al., 2012). Such complications could make the
identification of interfaces producing mode conversions problematic.
Finally, the Moho map determined by joint inversion is similar to that
obtained by Zhang et al. (2004), who carried out a crustal structure in-
version using gravity datawith a 3-D seismic velocitymodel as an initial
model, but it is not clear how compatible theirmodel is with the seismic
observations.

5. Conclusions

We have carried out a joint inversion of seismic arrival time and
gravity data in the Taiwan orogen. The 3-D velocity model obtained
from the joint inversion fits both seismic arrival time and gravity
observations at approximately the noise level of the observations.
Comparisons between the models from joint inversion and arrival
time only inversion show that the well resolved velocity structures
remain almost the same for regions with good ray path coverage.
Gravity data provide additional constraints on the velocity structure
near the Moho and in the uppermost mantle where seismic ray paths
are relatively sparse. Hence, the reliability of the Moho depth esti-
mated from the velocity model is improved by the joint inversion
of seismic arrival time and Bouguer gravity data. The main result
from the image generated by this study is that the root under the
Central Range is narrower, and the gradients in the upper mantle
sharper than previously determined. This model therefore favors
the accretion of Eurasian crust, as opposed to subduction of signifi-
cant amounts of lower crust into the mantle.
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