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S U M M A R Y
The largest compilation of seismological and gravimetry data are combined in a sequential
inversion to shed light on unresolved crustal structures in Northern Taiwan and Southernmost
Ryukyu area. Our density and seismic velocity models reveal a NW–SE trending Transfer Zone
(TZ) between 23.25◦N and 24◦N. This primary TZ delimits major changes in the Eurasian
Plate (EP) slab geometry and dynamics, as well as first order crustal structure variations. North
of this TZ, the EP slab is breaking off from north to south as a result of (1) the extreme EP
bending favouring plastic deformation, (2) the stretching of the plate caused by the downward
pull of the oceanic part of the slab versus the buoyancy of continental part of the plate still
deforming in the Taiwan orogen and (3) the indentation of the EP slab by the western slab
edge of the Philippine Sea Plate (PSP).

The change of EP slab dip angle is clearly observed in the density profiles. The subvertical
northernmost tip of EP slab allows asthenospheric upwelling through slab tear and subsequent
invasion of the region beneath the Longitudinal Valley. This process is migrating southward up
to the TZ, which marks the transition to a different rheological behaviour. The combination of
deep arc-continent collision, clockwise asthenospheric toroidal flow and westward propagation
of the southern Okinawa rift results in a 100◦ clockwise rotation of the northernmost tip of the
Central Range. The eastward extrusion of this crustal block (∼90 km in diameter) overlays
and deflects the PSP slab.

The indentation of the EP by the PSP (Luzon Arc) thus results in complex lithospheric
accommodation processes and structures.

Key words: Gravity anomalies and Earth structure; Joint inversion; Crustal imaging; Seismic
tomography; Subduction zone processes.

1 I N T RO D U C T I O N

Seismicity and topography in a tectonically active region reflect
the complex interaction between tectonics (fault activity, flexure,
crustal and mantle flows) and surface processes. Geophysics offers
ways to investigate the crustal or lithospheric structure in order
to identify those processes and to determine their relationships.
However, because of the sparse data coverage (both in space and
time) or the parameter dependence to several factors, the obtained
models are non-unique (Tarantola 2004). In order to reduce the
model space solutions and better constrain the sources of crustal
anomalies, one can use independent complementary data sets in a
joint inversion scheme (e.g. Lines et al. 1988; Parsons et al. 2001;

Basuyau & Tiberi 2011). This cooperative inversion procedure has
long been proved, for several decades, to bring more constraints
for geodynamical interpretations and to tackle tectonic questions
in various environments (e.g. Lees & VanDecar 1991; Julia et al.
2000; Tiberi et al. 2003; Roecker et al. 2004). We develop here
a new sequential inversion for gravity and local tomography and
apply it to the NE Taiwan area, where active deformation results
from the interaction between two opposite-verging subductions and
the related arc-continent collision environment.

The convergence between the Eurasian Plate (EP) and the Philip-
pine Sea Plate (PSP) creates the Taiwan orogeny, and the associated
complex deformation pattern at the surface. Although morphology
of the PSP and EP has long been studied through local tomography
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(e.g. Wu et al. 2009; Theunissen et al. 2012b), their interaction and
effect on crustal deformation under Taiwan Island remains a matter
of debate, particularly as a result of the non-unique interpretation
of seismic velocities (Chou et al. 2009; Huang et al. 2014a).

We take advantage of a recent gravity data compilation (Hwang
et al. 2014) and a high-resolution local seismicity data set (modified
from Theunissen et al. 2012b; Lallemand et al. 2013) to obtain
a crustal image of coherent density and velocity contrasts at the
southern termination of the Ryukyu Arc near Taiwan. Those two
data sets cover offshore and onshore regions and offer a unique
opportunity to widen the area of investigation compared to previous
joint inversion studies (Masson et al. 2012; Li et al. 2014). Our new
model helps to probe the interaction between the PSP and the EP and
to constrain the 3-D structural model of this complex geodynamical
area.

In this study, we jointly inverted the two data sets to obtain quan-
titatively related 3-D velocity and density models fitting both sets of
observations. This coherence helps us to discriminate between al-
ternative natures of processes involved in the kinematics and defor-
mation of NE Taiwan Island. We discuss the resulting well-resolved
images in the frame of regional tectonics. We particularly enlighten
the change of the EP slab dip angle, its tearing, and the role of a
NW–SE trending Transfer Zone (TZ) beneath Taiwan.

2 G E O DY NA M I C A L S E T T I N G

Taiwan orogen results from the oblique collision of the Luzon vol-
canic arc (LVA) with the Chinese continental margin (e.g. Suppe
1984; Angelier 1986) (Fig. 1). The LVA ceased to be active south
of Taiwan, as the forearc basement was underthrusted beneath the
arc in response to the increasing compression between converging
plates (Chemenda et al. 2001; Malavieille et al. 2002). The LVA is
carried by the PSP, which subducts northward beneath the south-
ernmost Ryukyu Arc. The western edge of the Philippine Sea slab
can be traced beneath northeastern Taiwan at least down to a depth
of 250 km, based on intraslab seismicity (e.g. Wu et al. 2009). The
8–9 cm yr−1 of convergence between the PSP and the EP are en-
tirely accommodated along the Manila Trench southwest of Taiwan,
and along the Ryukyu Trench east of Taiwan. In between these two
orthogonal subduction zones, the convergence is distributed over
several lithospheric thrusts, the major one being the Longitudinal
Valley Fault (LVF) separating the Central Range (CR) of Taiwan
from the Coastal Range (Fig. 1). Another one develops offshore at
the foot of the LVA slope off Hualien and propagates to the south
off Taitung (Malavieille et al. 2002; Lallemand et al. 2013). As a
result of the trending and vergence of both subductions zones (N–
S & east vergent and E–W & north vergent) with respect to the
oblique convergence direction (NW–SE), the collision between the
LVA and the Chinese platform started in the north about 3–5 Ma
and propagated to the south (Suppe 1984; Malavieille et al. 2002).
Today, the collision is paroxysmal in the middle of the island, where
the extinct LVA forms the Coastal Range, as attested by the height
culmination of the orogeny (Fig. 1). The LVA acts as an inden-
ter or a buttress south of Hualien (Lu & Malavieille 1994). As it
disappears northward beneath northeast Taiwan, the stress regime
changed from compression to extension and the oldest part of the
orogen collapses (Lallemand & Tsien 1997). The southern Okinawa
rift developed synchronously with the westward propagation of the
southern Ryukyu Trench (Lallemand et al. 2001a). The Ryukyu
arc sliver thus moved south since 2–3 Ma, as the southern Oki-
nawa Trough widened (Sibuet et al. 1998). The rift propagated at

an angle into the Taiwan orogen facilitating the clockwise rotation
of the northernmost Central Range (Rau et al. 2008). Finally, both
the subducting, and colliding, PSP and the overriding EP severely
deformed but the precise geometry of the converging plates imbri-
cation is still unknown.

3 DATA A N D M E T H O D

3.1 Seismological data

The seismic network is composed of 134 short period stations dis-
tributed between 120.8◦E and 124.4◦E of longitude and 22◦N and
25.3◦N of latitude (Fig. 2a). Records from 1974 to 2014 for sta-
tions belonging to CWB (Central Weather Bureau of Taiwan), JMA
(Japan Meteorological Agency) and RATS campaign (Theunissen
et al. 2012a,b) networks now supply the largest compilation of seis-
mological data in Taiwan encompassing 520 123 earthquakes with
Mw magnitude in the range 2–7.6.

Among this huge database, we restricted our selection to events
recorded after 1993 by the newer and more consistent CWB net-
work for the Taiwan region. We selected events with a minimum of
8 P-wave picking phases and 2 S-wave ones according the three net-
works. The azimuthal gap should be less than 300◦, the epicentral
distance was restricted to 0–150 km range, and the depth limit was
set to 150 km. Those criteria led to a catalogue of 153 120 earth-
quakes including 2603 631 P-wave and 2075 319 S-wave arrival
times.

In a first step, we precisely relocated those events using a 1 × 1 × 1
km3 P- and S-wave velocity model extending 370 km north from
22◦N, and 350 km east from 120.9◦E. The a priori P-velocity model
is extrapolated from Theunissen et al. (2012b). The corresponding
initial S-velocity model is directly obtained from the P-velocity dis-
tribution assuming a VP/VS ratio of 1.75 deduced from a Wadati
diagram. We used the Non-Linear-Location software (NLLoc, Lo-
max et al. 2000) to absolutely relocate our catalogue earthquakes
in this fine velocity model. Traveltimes between stations and nodes
are computed using the Eikonal finite difference equation (Podvin
& Lecomte 1991), and the earthquake location is searched using
the Oct-Tree method (Lomax et al. 2000).

Over the 153 120 relocated earthquakes in this 3-D velocity
model, we finally selected the 34 080 best localized ones based
on error-ellipses and residuals produced by NLLoc software, while
maintaining a good spatial coverage (Fig. 2a). It results in 910 941
P-wave and 675 310 S-wave arrival times.

3.2 Gravity data

Gravity data set is taken from Hwang et al. (2014) and combines
land, airborne and shipborne data between 119◦ and 123◦ of lon-
gitude, 21◦ and 26◦ of latitude. Those three types of gravity data
were assembled into a coherent data set to obtain a final 1′ gridded
complete Bouguer anomaly [CBA, see Hwang et al. (2014) for data
treatment].

Because the shortest wavelengths of CBA correspond to the up-
permost crustal structures, which are not sampled by seismic sta-
tions, we filter the CBA with a low-pass Butterworth filter at 25 km,
which corresponds to the mean seismic station spacing (Fig. 2b).
The resulting CBA was then decimated to 2′ in order to reduce
the computing time without depreciating the velocity-density co-
herency. The final gravity database gathers 18 271 points. Because
the gravity data set does not cover the exact same area as seismic
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Figure 1. Structural and kinematic framework of the study area (EP, European Plate; PSP, Philippine Sea Plate; SRA, Southern Ryukyu Arc). Major structural
units and places used in the text: CF, Choshui Fault; HB, Hoping Basin; HR, Hoping Rise; NB, Nanao Basin; TF, Toucheng Fault; TI, Turtle Island; LF, Lishan
Fault. Black rectangles delimit the boundaries for Fig. 2.

data (Fig. 2), and to preserve the consistency of the cooperative
method, we restricted our gravity zone to the common well resolved
area: 23◦N–25.5◦N in latitude and 120.8◦E–123.0◦E in longitude.
We finally invert 5106 gravity data in total.

The gravity data have already been extensively described and first
analysed in Hwang et al. (2014). The CBA shows huge contrasting
values between –80 and +400 mGal. The highest values correspond
to the oceanic crust west of the Manila trench, to the Huatung basin
east of the Luzon Arc and south the Ryukyu trench, and the central
part of the Southern Okinawa Trough. The Longitudinal Valley Fault
(LVF) and the Coastal Range are marked by a relative high in the
CBA (+60 mGal). The lowest values coincide with the Hsuehshan

Range of Taiwan (–80 mGal). Laterally, the Hoping Basin and the
Ilan Plain are also associated with a negative CBA (–50 mGal) off
the northeastern part of Taiwan.

4 M E T H O D

Local seismicity traveltime inversion is highly non-linear, because
it simultaneously inverts for velocity, hypocentres and origin time
(Pavlis & Booker 1983; Nolet & Moser 1993). When the local
seismic data is combined with gravity in a joint scheme, the non-
linearity increases and requires additional smoothing ad hoc con-
straints (Parsons et al. 2001; Vernant et al. 2002; Li et al. 2014). In
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Figure 2. (a) Seismicity map showing the 34 080 M > 4 selected events used in this study and relocated in a 3-D velocity model, with the seismic stations
(triangles) used for the tomography. (b) Complete Bouguer gravity data (filtered for wavelength >25 km) used in the sequential inversion.

order to limit the use of arbitrary factors in the inversion process,
we do not consider hypocentre relocation and invert for velocity
and density contrasts only. We use previously relocated events (see
Section 3.1). Finally and following Masson et al. (2012), we adopt
a sequential scheme to stabilize the inversion process and to itera-
tively converge towards a common velocity and density solution.

4.1 Tomographic inversion process

We use the linearized delayed traveltime tomography method de-
scribed in Gautier et al. (2006, 2008) and Priolo et al. (2012) that
originally inverts the velocity distribution and the hypocentre pa-
rameters simultaneously. Normalization or scaling of the derivative
matrix is performed for better reconstruction of the different param-
eters. This operation removes influences of the different parameters
and takes into account the sensitivity of the data to each class of pa-
rameters. This inversion method provides a smooth velocity model
estimated on a 3-D, regularly spaced, rectangular grid. The inversion
is based on a least square process using the LSQR method (Paige
& Saunders 1982). The travel-times are first estimated through a
wavefront calculus on a fine grid (Podvin & Lecomte 1991) and
are then a posteriori re-evaluated along each ray path using a time
gradient approach. The inversion process is iterative and updates
the 3-D velocity distribution at each iteration.

Following synthetic tests using the real event-station geometry we
fix both the grid spacing and the parametrization of the inversion to
optimize the resolution. Finally, the velocity model is composed of
37 × 38 × 55 nodes in EW, NS and vertical directions respectively.
The node spacing is 10 km in horizontal and 3 km in vertical in order
to optimize the station spacing that ranges between 5 and 20 km.
The velocity starting model is extrapolated from Theunissen et al.
(2012b) in order to ensure a rapid and adapted convergence of the
inversion (Kissling et al. 1994). The scaling factor was set to 1 for
P wave, 2 for S wave and 0 for both the location and the origin time
of earthquakes in order to only consider the velocity distributions
in the inversion process. We set the damping values to 0.4 and 0.8

for P and S wave, respectively. We applied no smoothing constraint.
We check the good convergence and result of the inversion through
the final rms decrease.

4.2 Gravity inversion process

The gravity inversion follows the technique of Widiwijayanti et al.
(2004). The method is extracted from the joint inversion iterative
scheme of Tiberi et al. (2003) and extensively described there. The
direct problem is solved following the formulation of Blakely (1995)
and the inversion is performed by weighted damped least square
solution. The convergence of the gravity inversion is controlled
through the decrease of the RMS. As the gravity inversion problem
is very linear (Blakely 1995), the RMS misfit reaches a minimum
value after only two iterations. The density model is divided in
22 × 27 × 20 parallelepipedic blocks in X, Y, Z (east, north, vertical)
directions, respectively. The boundary effects are absorbed by one
additional block in X- and Y-axes on each edge of the 3-D model.
Each density block corresponds to one velocity node in order to
respect full cooperative process. The maximum depth of cooperative
inversion is 60 km, assuming that deeper bodies will result in longer
wavelength and smaller amplitude than those actually present in the
gravity signal.

4.3 Density–velocity relationship

The sequential inversion requires a mathematical link between ve-
locity and density. Various empirical laws exist depending on rock
type, composition and considered depth (e.g. Nafe & Drake 1963;
Christensen 1996). However, the initial Birch’s Law (1961) seems
to be a general good approximation. The widespread success of it is
due to its linear approximation of a power law derived from lattice
dynamics over the density range [2.5–4.0], within which our model
densities vary (Chung 1972). We tested three different relationships
previously used in similar contexts (Masson et al. 2012; Li et al.
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Figure 3. Representative results of the checkerboard tests for the velocity model. The left-hand panel indicates the true checkerboard anomaly added to the 3-D
final velocity model and the retrieved patterns after tomographic inversion are shown on the right-hand side. The irregular shape of the retrieved checkerboard
pattern accounts for the ray distribution (see text for details).

2014; Lo et al. 2018): a Gardner’s type (ρ = 0.31 Vp0.25), Chris-
tensen’s type (ρ = 0.2891 .Vp + 0.9893) and Birch’s type (Vp = 2.5
ρ–1.67). Our preferred solution is obtained with the last equation,
for which the lowest global RMS and difference with the velocity
model are reached during the joint inversion process. Besides, this
relationship gives the most realistic density and velocity values.

4.4 Sequential inversion process

The sequential inversion scheme consists of running successive
tomographic and gravity inversions. Birch’s law guarantees the co-
herency between the velocity and density models. Because this
relationship implies only P-wave velocity, we will only consider
hereafter the P-velocity model in the tomographic process, even if
S-wave velocity perturbations are also inverted during the tomo-
graphic loop.

We start with a tomographic inversion that leads to a 3-D ve-
locity model. The P-velocity model is turned into a 3-D density

distribution via Birch’s law, which we insert as an initial con-
straint for a gravity inversion. This second inversion gives an up-
dated density model that we transform into a new P-velocity model
through the Birch’s law. This new 3-D P-velocity model can then
be in turn used as a starting model for a new tomographic in-
version, making a loop in our sequential inversion. The following
loops used the same process, that is using the final velocity model
from tomographic inversion as a starting model for the gravity
inversion.

The sequential process is stopped when the difference between
observed and calculated data (RMS) converges towards a stable
value.

4.5 Joint inversion convergence and resolution

We first perform a delay-time inversion alone and we compare the re-
sults with a real sequential delay-time/gravity inversion. Those two
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Figure 4. Calculated gravity anomaly for tomography inversion only (top panel), and after five loops of sequential inversion (bottom panel). The gravity
residuals relative to the observed Bouguer anomaly are displayed on the right part for each case.

independent inversions have the same parametrization (i.e. start-
ing model, grid parametrization, damping and smoothing) to be
fully comparable. In both schemes, no significant residual variance
reduction was achieved after 16 iterations for the delay-time inver-
sion, and five loops for the sequential inversion (<0.1 per cent).
For the delay-time inversion only, the RMS of arrival-time residuals
decreases from 0.54 to 0.305 s. The final calculated model corre-
sponds to a gravity RMS of 64.9 mGal. For the sequential joint
inversion scheme, the RMS decreases from 0.54 to 0.29 s for the
arrival-time residuals, and from 64.9 mGal down to 5.0 mGal for
the gravity residuals. The similarity in misfit value is most likely
coming from the use of the 3-D initial extrapolated velocity model
of Theunissen et al. (2012b), which highly constrains the resulting
models, in particular in areas with dense ray coverage.

Before discussing the results, we investigated the resolving power
of the inversions. The resolution of the gravity signal is quite easy

to estimate as data with a good accuracy are evenly distributed over
the study area. In contrast, the velocity image resolution is highly
dependent on the stations-sources distribution. To assess the reso-
lution of final velocity model, we performed checkerboard tests on
final tomographic data using the real events and stations distribu-
tion. Checkerboard test is an a posteriori procedure that provides a
global and quick insight of the local resolution length by looking
at the smearing of the velocity patterns. This procedure requires
first a reference model obtained by adding a velocity perturbation
to the final tomographic model. This velocity perturbation is strong
compared to the numerical noise level and yet small enough to
avoid noticeable disturbances in the ray coverage. Traveltimes are
computed in the reference model and a noise term is added to this
synthetic data set from a uniform distribution between –0.05 and
0.05 s. This simulates errors in the arrival times such as for example
picking errors. The resulting synthetic data set is then inverted using
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