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S U M M A R Y
We study internal deformation of the Taiwan orogen, a young arc-continental collision belt,
which the spatial heterogeneity remains unclear. We aim to ascertain heterogeneity of the
orogenic crust in depth when specifying general mechanisms of the Taiwan orogeny. To reach
this goal, we used updated data of continuous GPS (cGPS) and earthquake focal mechanisms
to reassess geodetic strain-rate and seismic stress fields of Taiwan, respectively. We updated
the both data sets from 1990 to 2015 to provide large amount of constraints on surficial and
internal deformation of the crust for a better understanding. We estimated strain-rate tensors
by calculating gradient tensors of cGPS station velocities in horizontal 0.1◦-spacing grids via
Delaunay triangulation. We determined stress tensors within a given horizontal and vertical grid
cell of 0.1◦ and 10 km, respectively, by employing the spatial and temporal stress inversion. To
minimize effects of the 1999 Mw 7.6 Chi–Chi earthquake on trends of the strain and stress, we
modified observational possible bias of the cGPS velocities after the earthquake and removed
the first 15-month focal mechanisms within the fault rupture zone. We also calculated the
Anderson fault parameter (Aφ) based on stress ratios and rake angles to quantitatively describe
tectonic regimes of Taiwan. By examining directions of seismic compressive axes and styles of
faulting, our results indicate that internal deformation of the crust is presently heterogeneous in
the horizontal and vertical spaces. Directions of the compressive axes are fan-shaped oriented
between N10◦W and N110◦W in the western and mid-eastern Taiwan at the depths of 0–20 km
and near parallel to orientations of geodetic compressional axes. The orientations agreed with
predominantly reverse faulting in the western Taiwan at the same depth range, implying a brittle
deformation regime against the Peikang Basement High. Orientations of the compressive axes
most rotated counter-clockwise at the depths of 20–40 km, coinciding with transition of styles
of faulting from reverse to strike-slip faulting along the depths as revealed by variation of
the Aφ values. The features indicate that internal deformation of the upper crust is primarily
driven by the same compressional mechanism. It implies that geodetic strains could detect the
deformation from surface down to a maximal depth of 20 km in most regimes of Taiwan. We
find that heterogeneity in orientations of compressive axes and styles of faulting is strong in
two regimes at the northern and southern Central Range, coinciding to areas of the orogenic
thinned/thickened crust. Conversely, the heterogeneity is weak in the central Western Foothills
at surrounding area of root of the overthickened crust. This observation, coupled with regional
seismological observations, may imply that vertical deformation from crustal thickening and
thinning and thinning-related dynamics from mantle flows may have joint influence on degree
of stress heterogeneity.

Key words: Plate motions; Satellite geodesy; Earthquake source observations; Kinematics
of crustal and mantle deformation.

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

Plate convergence concerns continental or continental-oceanic
lithospheric collision in complex orogeny then creates orogens along

the plate boundaries. The Taiwan orogen is a young arc-continental
collision product has been created since 3–5 Ma (Teng 1990).
The collision resulted from convergence between the Eurasian and
Philippine Sea plates at a rapid rate of ∼82 mm yr−1 in 310◦
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Figure 1. Station distributions, plate kinematics and tectonic settings of the study area. Integrated cGPS and seismic networks are coloured in different
triangles. cGPS: continuous GPS sites; CWBSN: Central Weather Bureau Seismic Network and TSMIP: Taiwan Strong Motion Instrumentation Program.
Major geological provinces on the Taiwan orogen are marked by black curves and labeled from A to G. The yellow star and the black beach ball represent
epicentre and nodal planes of the 1999 Chi–Chi earthquake, respectively.

orientation (Yu et al. 1997; Hsu et al. 2009, Fig. 1) which is con-
sumed by the orogeny and two nearby subductions. To the south of
the Taiwan orogen, the Eurasian plate subducts eastward beneath
the Philippine Sea plate. In contrast, to the east, the Philippine Sea
plate subducts northward beneath the Eurasian plate. Regarding
the orogen as a collision zone, debate associated with internal de-
formation of the orogenic crust is homogeneous or heterogeneous
remains unresolved. In the past three decades, the Taiwan orogeny
is considered that the kinematic mechanism may be explained by
two end-member models. The thin-skinned model (Suppe 1981)
defined the entire orogeny as above a pre-existing lithospheric de-
tachment, and the deformation did not include materials below the
detachment. Another view, the thick-skinned model (Wu et al. 1997)
proposed the full lithosphere participates in the orogeny without a
required detachment. To date, the rapid convergence rate across the
two plates in Taiwan has created several geological provinces (see
Supporting Information), over 3 km mountain ranges from the sea
level and frequent seismic activity. The active orogeny provided a

best place for the establishment of geodetic and geophysical moni-
toring systems to investigate internal deformation of the orogen and
verify the end-member models.

Over the last two decades, a large amount of continuous GPS
(cGPS) observations in Taiwan region (Fig. 1) have enabled quantifi-
cation of surface deformation (Yu et al. 1997; Hsu et al. 2009; Ching
et al. 2011b). At the same time, dense seismic networks (Fig. 1)
from the Central Weather Bureau Seismic Network (CWBSN) and
the Taiwan Strong Motion Instrumentation Program (TSMIP) have
enabled inversions of seismic deformation in the orogen. Recent
states of geodetic strain and seismic stress at Taiwan have been es-
timated from gradients of GPS station velocities (Bos et al. 2003;
Lin et al. 2010) and principal axes of earthquake focal mechanisms
(Kao & Jian 2001; Wu et al. 2008b; Wu et al. 2010b), respec-
tively. Few studies have jointly analysed the states of geodetic strain
and seismic stress (Chang et al. 2003; Hsu et al. 2009) to know
relationship between the surface deformation and internal defor-
mation of the crust. The both studies shown the two deformation
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Figure 2. East component of position time-series of the FLNM cGPS site. Purple dots show the raw data and the corrected data without coseismic displacements.
Black thick solid lines show the regression. The dashed line represents the velocity after 2007, indicating a possible observational bias in the trend (see the
main text).

fields are azimuthal agreement and suggested a homogeneity of the
crust is independent of depth. However, the agreement had a major
deficiency of lack of vertical resolution because an average defor-
mation field in the entire seismogenic crust was available at that
time. The deficiency in resolution resulted from the early data set
did not have sufficient amount of earthquake focal mechanism to
determine stress tensors at depths.

The inferred homogeneity of the crust during the Taiwan orogeny
was supported by the results from seismic anisotropy derived from
teleseismic shear waves (Rau et al. 2000) and regional earthquake
P waves (Kuo-Chen et al. 2013). Seismic anisotropy of crust may
reflect aligned cracks or layered bedding in sedimentary rocks, or
highly foliated metamorphic rocks. The aligned structural fabrics
can help us determine state of stress in the crust, which are aligned
with their flat faces oriented in direction of the minimum com-
pressive stress. However, results from seismic anisotropy may be
strongly rely on depth-dependent resolution capabilities. Recent
seismic anisotropy studies (Huang et al. 2015; Koulakov et al. 2015)
indicated that the Taiwan orogeny is layered deformation in the main
collision zone (central to southern Taiwan), and the deformation is
considered a product of two different kinematic mechanisms (Huang
et al. 2015). The findings have provided progressive insights for the
arc-continental collision and also motivated us to reassess internal
deformation of the orogenic crust. We aim to ascertain the internal
deformation whether the homogeneity is independent of depth when
specifying general mechanisms of the Taiwan orogeny. To reach this
goal, sufficient geodetic and seismic observations is crucial to the
data coverage on the surface and in the entire crust.

2 DATA A N D M E T H O D S

Thanks to well-developed cGPS and seismic networks in the Taiwan
region, we are able to use abundant data of the positions and the
P-wave first arrivals. Large amount of the data can quantitatively es-
timate geodetic velocity field and nodal planes of earthquake focal
mechanisms and obtain the strain-rate and stress fields, respectively.
To obtain a high-resolution geodetic velocity field, we used the ob-
servations from 425 cGPS sites around the Taiwan region (Fig. 1)
from 1994 to 2015 that were collected by the Institute of Earth Sci-
ences, Academia Sinica. We processed the cGPS data with Bernese
software, version 5.0 (Dach et al. 2007) using the double-difference
phase observable and the tropospheric and ionospheric modeling.
In Bernese v5.0 processing, seven surrounding International GPS
Service (IGS) sites and twelve local cGPS sites of the Taiwan region
(Fig. S1, Supporting Information) with sufficiently long observa-
tions are constrained to their 2008 International Terrestrial Refer-
ence Frame (ITRF2008, Altamimi et al. 2011) coordinates produce
the coordinates of the other cGPS sites. To accurately estimate the
trend of station velocity, we corrected displacements of the position
time-series associated with the antenna changes and the co- and
post-seismic movements. This study included longer cGPS obser-
vations and many more sites of Taiwan than the previous studies
(Yu et al. 1997; Hsu et al. 2009; Ching et al. 2011b), which have
enabled uncertainty minimization in the velocity field. However,
the long observations may have involved a possible observational
bias in some of station velocities (Fig. 2) resulted from the 1999
Mw 7.6 Chi–Chi earthquake at Taiwan (Fig. 1). The Chi–Chi earth-
quake ruptured along the Chelungpu fault and resulted in significant
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Figure 3. (a) cGPS velocity field of a 21 yr average in the Taiwan region. cGPS velocities refer to the S01R station (see Fig. S1, Supporting Information).
Blue vectors are station velocities with a 95 per cent confidence ellipse. (b) Principal axes of geodetic strain rates. Amplitudes and orientations of the principal
strain rates are shown in blue solid (compression) and hollow (extension) bars, respectively.

co- and post-seismic slips in the central Taiwan (Yu et al. 2003).
Rousset et al. (2012) have modeled the post-seismic cGPS observa-
tions in the near- and far-field sties, but their results cannot explain
well the later post-seismic observations. Our latest observations
might reveal a linear velocity change (Fig. 2) which was considered
a tectonic velocity change after main shock (e.g. Nikolaidis 2002);
this change cannot be simply excluded by only considering the af-
terslips or relaxation (Rousset et al. 2012). Because the previous
studies (Yu et al. 1997; Hsu et al. 2009) only used data of Taiwan
before the Chi–Chi earthquake, this effect does not exist in their
results. Ching et al. (2011b) used data of Taiwan from 1999 to 2005
but they used the data from the central Taiwan before the earth-
quake to avoid this regional effect. To minimize the effect on cGPS
station velocities, after removing the post-seismic movements, we
examined 17 cGPS sites recorded prior to the Chi–Chi earthquake.
We found that seven of them may have the bias where are mostly
located in the central Taiwan, and modified their post-seismic veloc-
ities by contrasting with their pre-seismic velocities. Additionally,
we quantitatively estimated distribution of time-correlated noises on
position time-series (Chen et al. 2014) and minimized the annual
and semi-annual movements to obtain the station velocities. Taking
all of the procedures into account, the standard deviations of cGPS
velocities of a 21 yr trend are from 0.1 to 0.8 mm yr−1 (Fig. 3a). By
using the updated cGPS velocity field, we estimated the plane strain

tensors (Fig. 3b) by the approaches of Hsu et al. (2009). To know
detailed variation of the strain field, we employed the Delaunay tri-
angulation, a different method from Hsu et al. (2009), to interpolate
the velocity by considering the observed horizontal velocities and
data covariance. We interpolated the horizontal velocities to calcu-
late gradient tensor of horizontal 0.1◦-spacing grids and thus the
gradients can be used to estimate strain-rate tensors (Hsu 2004).
We excluded the strain-rate tensors where have been estimated in
poorly constrained areas to avoid misleading interpretations. To ver-
ify the stability of strain-rate tensors, we used random removal of
10 per cent of station velocities that is conducted independently of
each geological province to avoid irregular coverage in the horizon-
tal areas. The tests over 50 iterations show the cGPS site coverage
influenced the amplitude of strain rate more than the orientation
but not very significant. We provided three examples of the tests
for the verification (Fig. S2, Supporting Information). Taking the
above procedures into account, the standard deviations of estimates
of the amplitudes and orientations are 0.27 μ strain yr−1 and 5◦,
respectively.

Due to strain data of Taiwan at the depths is presently few, it is
being substituted for stress data can be determined simply by earth-
quake focal mechanisms (Kao & Jian 2001; Chang et al. 2003; Wu
et al. 2008b, 2010a,b; Hsu et al. 2009). To know how directions
of stresses vary in depth, data sets of focal mechanism in Taiwan
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region are updated from 1991 to 2015 to increase the data coverage
in the crust. We determined focal mechanisms by a genetic algo-
rithm (Wu et al. 2008b) using data of P-wave first-motion polarities
derived from the CWBSN, the TSMIP and Japan Meteorological
Agency (JMA). However, as aforementioned, effect of the Chi–Chi
earthquake on states of geodetic strain should be considered here.
States of stresses in the seismogenic crust could vary significantly
due to the coseismic stress change and afterslip. The variations
in time, after the Chi–Chi earthquake, have been reported by sev-
eral studies (Hsu et al. 2009, 2010; Wu et al. 2010b; Chan et al.
2012), and it was also observed after great earthquakes worldwide
(e.g. Wesson & Boyd 2007; Hasegawa et al. 2012; Yoshida et al.
2012). We found that the stresses within the fault rupture zone (Lee
et al. 2006) have changed the pre-seismic directions in the early
post-seismic period and then gradually switched themselves back
to the pre-seismic directions. To minimize this effect, we removed
the first 15-month focal mechanisms following the Chi–Chi earth-
quake within the fault rupture zone. We selected the interval of
15 months because it has included a majority of the amplitude of
cumulative afterslip (Hsu et al. 2007) and the observational after-
shock amount (Wu & Chen 2007). After removing the regional focal
mechanisms, a total of 7939 events are reserved (Fig. 4) and the pa-
rameters are listed in Table 1. We highlighted the key parameters
below: standard deviations of the strike, dip and rake are about 15◦,
14◦ and 20◦, respectively. Quality factor (Qfp) are 1.52 and 1.89
in the mean and standard deviation, respectively. Depth range of
the focal mechanisms is between 0.5 and 275 km with a majority
less than 20 km and the most less than 40 km (Fig. S3, Supporting
Information).

We determined stress tensors from the surface to 40 km depth
by considering earthquake location uncertainty in our data set to
provide suitable grid size for the stress tensor inversion. By com-
bining the P- and S-wave arrival times from the CWBSN, TSMIP
and JMA sites, Wu et al. (2008a) provided an earthquake relocation
catalogue have enhanced accuracy and reliability in the locations by
comparing to the normal CWB locations. The location errors in lon-
gitude, latitude and depth were estimated approximately 3.1 ± 2.7,
1.3 ± 1.6 and 4.6 ± 3.9 km, respectively, for the inland locales (Wu
et al. 2013). Based on data set of focal mechanisms in this study
was updated from that earthquake relocation catalogue (Wu et al.
2008a), we determined the stress tensors within a given horizontal
and vertical grid cell of 0.1◦ and 10 km, respectively. We em-
ployed the spatial and temporal stress inversion (SATSI) algorithm
(Hardebeck & Michael 2006) to invert the stress tensors. We per-
mitted at least 10 focal mechanisms within the given grid cell for
the inversion and searched focal mechanisms within an area twice
the grid cell for grid nodes where focal mechanisms are insufficient.
If the numbers of focal mechanism are still below the threshold, the
grid nodes will be excluded from the inversion. We display the num-
bers within each grid cell in Fig. S4 in the Supporting Information.
To verify results from the inversion are reliable in each grid cell,
we applied a bootstrap algorithm to resample the observed focal
mechanisms (Hsu et al. 2009). The 95 per cent confidence inter-
val of principal stress axes at each depth are generally similar to
the previous results derived from an earlier focal mechanism data
set (Wu et al. 2010b). In addition, we used the Anderson fault pa-
rameter, Aφ (e.g. Hardebeck & Hauksson 2001), to quantitatively
describe tectonic regimes based on stress ratios and rake angles.
Aφ = (n + 0.5) + (−1)n × (R − 0.5), where n = 0, 1 and 2 for
normal, strike-slip and reverse types, respectively. R is the stress ra-
tio [R = (σ 1 − σ 2)/(σ 1 − σ 3)]. Aφ increases gradually from 0.0 to
1.0 for normal faulting, 1.0–2.0 for strike-slip faulting and 2.0–3.0

Figure 4. Final data set of earthquake focal mechanisms from 1991 to 2015
in the Taiwan region (see the main text). The magnitudes range from ML 0.9
to 7.3. The nodal plane solutions and parameters are provided in Table 1.

for reverse faulting. To simplify the stress tensors in the horizontal
0.1◦-spacing grids, we solely show horizontal projection of the σ 1

and σ 3 axes in each grid cell and mainly describe directions of the
σ 1 axes.

To probe into heterogeneity in directions of the principal stress
axes at depths and how the directions correlate to directions of
geodetic strain axes, we compare orientations of stress axes to strain
axes under an assumption. Since geodetic strain only constrained
the surface and cannot be assumed to be constant at all depths
(0–40 km), a direct comparison between strain and multilayered
stresses is impracticable. We assume that internal deformation of
the uppermost crust is a major signal in geodetic strain-rate ob-
servations. We thus compare orientations of compressive axes in
the top layer (0–10 km) with orientations of compressional axes
to examine their level of agreement. Orientations of compressive
axes in the deeper layers are compared to the top layer to verify the
orientations whether the heterogeneity is depth-dependent. For the
agreement between orientations of the two axes, we give a threshold
of within 20◦ divergence based on estimates of the strike, dip and
rake have one standard deviation of 15◦, 14◦ and 20◦, respectively.
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Table 1. Summary of the earthquake data used in this study and the uncer-
tainties within stress tensor inversion.

Time period covered 1991 January 1–2015 December 31

Number of events 7939
ML range 0.9–7.3
Longitude range 119.2◦–124.7◦
Latitude range 20.6◦–25.5◦
Depth range 0.5–275 km
Average standard deviation of strike 15.70
Average standard deviation of dip 14.37
Average standard deviation of rake 20.61
Average and standard deviation of Qfp 1.52 ± 1.89
Standard deviation of strike at depths 15.61, 15.47, 16.03, 15.12
Standard deviation of dip at depths 15.75, 14.02, 13.60, 13.77
Standard deviation of rake at depths 22.24, 19.36, 18.97, 19.57
Average Qfp at depths 1.36, 1.67, 1.51, 1.57

Note: Order of the values follows 10 km depth bins from surface to the depth
of 40 km.

3 R E N E W E D G E O D E T I C S T R A I N A N D
S E I S M I C S T R E S S F I E L D S O F TA I WA N
A N D T H E I R S PAT I A L R E L AT I O N S H I P

In Fig. 3(b), we display a more precise geodetic strain-rate field than
the previous studies (Bos et al. 2003; Chang et al. 2003; Hsu et al.
2009; Lin et al. 2010). The field shows general agreement with those
studies on types of strain and orientations of strain axes. The agree-
ment includes a predominantly strong compressional strain in the
Western Foothills (WF) and Coastal Range (CoR), a predominantly
extensional strain in the Central Range (CeR), a weak compressional
strain in the Coastal Plain, a compressional to extensional strain
transition in the Hsuehshan Range (HR) and a fan-shaped orienta-
tion of compressive axes towards 310◦ in most regimes (Fig. 3b).
Our result has few disagreement with those studies as to regional
features, for example, amplitudes of strain rates from this study
are positive lower in the southernmost WF and CoR and negative
lower in the southern CeR than from some of those studies. The
disagreement may result from different station distributions in each
study and the advantages and disadvantages of different methods.
In Fig. 5, we display principal stress axes in four layers above the
40 km depth in the Taiwan region. In Fig. 6, we present first layered
tectonic regimes of Taiwan in the corresponding stress grid cells of
the Fig. 5. Map views of the principal stress axes show directions
of the σ 1 axes at 0–10 km depths are fan-shaped oriented in the
western Taiwan from N10◦W to N110◦W (Fig. 5). The fan-shaped
orientations are like to extend to the 10–20 km depth, which are
generally consistent with the directions of σ 1 axes estimated by
using focal mechanisms in different depth ranges (Wu et al. 2008b,
2010a,b; Hsu et al. 2009). Coincidently, the orientations are near
parallel to orientations of geodetic compressional axes in the west-
ern Taiwan; it was explained by brittle deformation regime where
the orogenic crust goes against a Peikang Basement High (e.g. Hu
et al. 1996; Wu et al. 2007) located on the edge of the western-
most Taiwan orogen. A barrier of the Peikang High resulted in a
fan-shaped oriented deformation field are perpendicular to trends
of geological provinces on the surface. Result from the Anderson
fault parameter show the Aφ values are predominantly larger than
2.0, that is, reverse faulting, at the depths of 0–10 km in the western
Taiwan (Fig. 6). Most of the Aφ values are still larger than 2.0 when
the depths go down to 20 km but they have no sufficient solutions
in the northern areas. The pattern is similar to the previous result
from the ratio of principal stress difference (φ) of Taiwan (Hsu et al.
2009), implying that σ 1 axes are horizontally directed in the western

Taiwan at depths due to plate convergence. Our results agreed with
structural evolution of a brittle part of the crust which is caused by
the barrier of the Peikang High under plate convergence. Further-
more, we can identify the brittle part of the crust with a probable
20 km depth from the surface in the western Taiwan that was unsure
before. Note that we need to highlight a region of predominantly
reverse faulting in the central WF. The region includes at least from
the surface to the depth of 30 km (Fig. 6) and in an area with the
size of 50 km × 30 km. This feature is unlikely an observational
bias and will be discussed in the next section.

To the eastern Taiwan, directions of the σ 1 axes are general
agreement at the depths of 0–20 km but they are heterogeneous in
the horizontal space (Fig. 5). The directions show strong hetero-
geneity in the CeR, especially, in the northern to central segment.
The σ 1 axes are near N45◦E orientation in the northernmost CeR
where are thought to be influenced by the rifting of the Okinawa
Trough (e.g. Wu et al. 2008b; Huang et al. 2012). The axes rotated
counter-clockwise from the latitude of N24.5◦–N24◦ southward to
near N50◦W orientation at the end of northern CeR (Fig. 5). The
rotation agreed with orientations of the regional compressive axes
(Wu et al. 2009) and compressional axes (Chen et al. 2014). At
here, the Aφ values also show strong heterogeneity in the horizontal
space, revealing a mixture of strike-slip and reverse faulting along
the coast and a predominantly normal faulting far from the coast
(Fig. 6). In the central CeR and the entire CoR (the mid-eastern
Taiwan), directions of the σ 1 axes predominantly kept the N50◦W
orientations, as same as the 310◦ plate convergence, in the 0–20 km
depths (Fig. 5). The Aφ values revealed a predominantly normal
faulting in the central CeR and a mixture of strike-slip and reverse
faulting in the entire CoR (Fig. 6). The features indicate the oblique
collision zone beneath the east coast of Taiwan as revealed by the
previous seismotectonic studies (e.g. Wu et al. 2008b; Huang et al.
2012). In the southern CeR, we found that directions of the σ 1 axes
and the Aφ values at the depths of 0–20 km are strong heterogeneity
in the horizontal and vertical spaces. The directions approximately
oriented in the 310◦ plate convergence but they are not in well
azimuthal agreement (Fig. 5), and the values revealed a mixture
of normal and strike-slip faulting and a predominantly strike-slip
faulting at the depths of 0–10 and 10–20 km, respectively (Fig. 6).

However, we find that the directions of the σ 1 axes most rotated
in the depths of 20–40 km. In the western Taiwan, the directions
of σ 1 axes rotated counter-clockwise over 20◦in the southern HR
(Fig. 5). The variation in orientations of the overall stress axes at the
20 km depth may imply that a possible change of styles of faulting in
depth. We find that the Aφ values gradually reduce to near and less
than 2.0, that is, strike-slip faulting, in the southern HR below the
20 and 30 km depth, respectively (Fig. 6). The values may reveal the
tectonic regimes in depth are mainly characterized by a transition
from reverse to strike-slip faulting. To the eastern Taiwan, the NE-
oriented σ 1 axes in the northernmost CeR counter-clockwise rotated
significantly to NW/EW-oriented (Fig. 5). The depth-dependent het-
erogeneity in the orientations is also visible to the Aφ values along
the coast, revealing a transition from predominantly reverse faulting
(0–20 km) to a mixture of reverse and strike-slip faulting (20–40 km;
Fig. 6). Our results show another counter-clockwise rotation of σ 1

axes in the mid-eastern Taiwan (Fig. 5), but the rotation and hetero-
geneity in depth is not as significant as at the northernmost CeR. The
rotation is consistent with the previous results from principal com-
pressive axes (Wu et al. 2010b), suggesting the stress partitioning
at depth is caused by rheological change. The Aφ values revealed
that the transition of styles of faulting, from a mixture of reverse
and strike-slip faulting to predominantly strike-slip faulting, seems
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Figure 5. (a)–(d) Map view of orientations of principal stress axes from a 25 yr average in the Taiwan region. The layered depth is shown at the top-left corner
of each map. The hollow grid nodes denote regimes with insufficient data for stress tensor inversion. Lengths of the stress axes projected to the surface are
largest and close to zero when the plunges are 0◦ and 90◦, respectively.

to occur at a deeper depth of 30 km (Fig. 6). Additionally, we find
that directions of the σ 1 axes also seem to rotate counter-clockwise
over 20◦ in the southern CeR (Fig. 5). The Aφ values at the depths
of 20–30 and 30–40 km revealed a transition from a mixture of
reverse and strike-slip faulting to predominantly strike-slip fault-
ing, respectively (Fig. 6). The heterogeneity in directions of stress
and styles of faulting at the southern CeR is as significant as at the
northernmost CeR. We will discuss the new features and possible
implications in the next section.

In Fig. 7, we display a comparison of orientations of compressive
axes in the top layer to orientations of compressional axes and to
orientations of compressive axes in the deeper layers. Agreement is
up to 71 per cent in terms of their overlaps. Agreement of orienta-
tions of compressive axes between orientations of compressive axes
in the 0–10 km layer and compressional axes between the layers of
0–10 and 10–20 km in terms of the overlaps is 66 per cent which
is similar to the level of Fig. 7(a). However, the agreement between
the layers of 0–10 and 20–30 and 30–40 km dropped to the level of
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Figure 6. (a)–(d) The same as Fig. 5, but for tectonic regimes described by the Anderson fault parameter (Aϕ). The regimes of reverse, strike-slip and normal
faulting are shown in red, yellow to green and blue grids, respectively (see the main text).

42 and 21 per cent, respectively. Conversely, disagreement between
orientations of compressive axes in the 0–10 km layer and com-
pressional axes is limited in two areas: the northern and southern
CeR (Fig. 7a). To verify the drop of levels of agreement in depth is
not caused by the increase in data uncertainties with depth, we have
examined the uncertainties in nodal plane solutions. In Table 1, we
show the values of one standard deviation from strike, dip, rake and
the values of average Qfp in all depth bins. The standard deviations
and Qfp are larger and smaller, respectively, in the depths of 0–10 km
and do not increase with depth. The result confirmed that the drop
in depth is independent of data uncertainties; it may be due to the
directions of stress axes at greater depths are spatially more distant
from the shallowest depth, thus resulting in its more diversity. More

importantly, variation of level of the azimuthal agreement in depth
revealed the stress heterogeneity in vertical space of Taiwan that
was unknown before. Our results indicate that internal deformation
of the orogenic crust of Taiwan is spatial heterogeneity that is depth-
dependent, and are unlike to agree with inference of homogeneity
of the crust (Chang et al. 2003; Hsu et al. 2009).

4 D I S C U S S I O N

Worldwide studies have shown similar orientations of geodetic
strain axes and seismic stress axes, for example, studies of southern
California (Becker et al. 2005), Central Japan (Townend & Zoback
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Figure 7. Comparison of orientations of (a) geodetic compressional and seismic compressive axes and (b) layered seismic compressive axes in the crust. The
geodetic compressional axes are marked in black, and seismic compressive axes at various depths are shown in different colours.

2006), the Italian Peninsula (Palano et al. 2011, 2015), Iceland
(Keiding et al. 2009) and the Tibetan Plateau (Wang et al. 2008).
They inferred that both earthquakes and surface deformation are
presently driven by the same tectonic mechanism. The inference
is the same as the previous studies of Taiwan (Chang et al. 2003;
Hsu et al. 2009) that lacked the vertical resolution resulting in a
doubt of the same mechanism in the crust. Regarding recent studies
of seismic anisotropy in Taiwan, a layered anisotropy is observed
in the main collision zone by using ambient noise surface waves
(Huang et al. 2015). The layered anisotropy shows near NS- and
EW-orientated above and below the 10 km depth and is interpreted
as collision-related compression and subduction-related shearing
in the upper and lower crust, respectively. The proposed layered
mechanism is supported by another 3-D anisotropy model derived
from regional P-wave traveltimes (Koulakov et al. 2015). In the
main collision zone, the P-wave azimuthal anisotropy are similar to
that of Huang et al. (2015), but the perpendicular of NS- and EW-
orientated anisotropies is proposed at the 20 km depth. In the eastern
Taiwan, the P-wave azimuthal anisotropy are strongly NS-orientated
below the 30 km depth where it is unresolved by the layered model
(Huang et al. 2015). It is interpreted as a product of mantle dis-
placements resulted from the oblique collision of the Philippine Sea
plate (Koulakov et al. 2015). Our results demonstrated a similar
pattern to the layered deformation in the main collision zone. In
that upper crust, EW-oriented compressional and compressive axes
agreed with NS-orientated anisotropy implying brittle deformation
regime due to collision-related compression. To the lower crust, ori-
entations of compressive axes are most rotated and styles of faulting
transited from reverse to strike-slip faulting. The variations agreed
with EW-orientated anisotropy and the implications of subduction-
related shearing. The layered mechanism is not opposed to our
basic observations even if the transition was inferred at two differ-
ent depths from Huang et al. (2015) and Koulakov et al. (2015).

Our observations suggest that geodetic strains could detect internal
deformation of the crust from surface down to a maximal depth of
20 km in the western and mid-eastern Taiwan. However, variation
of orientations of stress axes and styles of faulting in depth implies
that deformation below the upper crust is unable to be captured by
geodetic strains.

Out of the main collision zone, disagreement between orienta-
tions of strain and stress axes in two regimes at the northern and
southern CeR is of interest. We found that orientations of stress axes
and styles of faulting are both strong heterogeneity in the horizontal
and vertical spaces. The heterogeneities may be caused by vertical
deformation associated with crustal thickening and thinning (Yang
& Hauksson 2013); degree of the heterogeneities may be influenced
by variation in the thickness of crust resulted in different dynamics
of mantle flows (Lin & Kuo 2013). The Taiwan orogeny is cur-
rently experiencing crustal thinning, overthickened and thickening
in the northern, central and southern regimes of Taiwan, respectively
(Teng 1990; Wu et al. 1997). To the northern Taiwan, crustal thin-
ning is driven by the horizontal lengthening associated with backarc
rifting of the Okinawa Trough (Teng 1990; Wu et al. 1997). The
rifting of the Okinawa Trough has affected styles of faulting in the
northern Taiwan as a horizontally eastward transition from reverse
to normal faulting (Hu et al. 2002; Wu, Kao et al. 2010). A thinned
crust at about 30 km thickness within the northern Taiwan orogen
has been inferred from seismic velocity structures (Kuo-Chen et al.
2012; Huang et al. 2014). Crustal thinning is apparent to normal
faulting regime in the NE Taiwan at the 0−20 km depths (Fig. 6). In
this depth range, strong heterogeneity in orientations of stress and
styles of faulting in the horizontal space agreed with the thought
of as a product of the vertical deformation of crust in crustal thin-
ning regimes (Yang & Hauksson 2013). However, directions of the
stress axes in the depths of 20−40 km rotated counter-clockwise
toward NW/EW-oriented seem unlike a product of rifting of the
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Okinawa Trough. The EW-oriented compressive axes are similar to
regional shear wave azimuthal anisotropy (Kuo et al. 2012) that is
considered a deformation field resulted from upper-mantle flows.
The flows may come from a high Q-value mantle wedge with low
viscosity and high temperature beneath the offshore NE Taiwan (Ko
et al. 2012). The wedge may create different circulations to guide
regional dynamics depend on thickness of the Eurasian crust de-
rived from a scenario of 3-D mantle flow (Lin & Kuo 2013). Due
to the wedge is bounded by the subducting Philippine Sea plate and
a Eurasian thinned crust, it may have provided a channel for the
mantle flow toward the west beneath the thinned crust. Westward
intrusion of the mantle flow resulted from thinning-related dynam-
ics by considering that scenario (Lin & Kuo 2013) might give rise
to degree of the heterogeneity in styles of faulting on the overriding
thinned crust. The westward intrusion can also explain a mixture
of reverse and strike-slip faulting at the depths of 20–40 km. The
regional observations may imply that vertical deformation from
crustal thinning and thinning-related dynamics from mantle flows
may have joint influence on stress heterogeneity.

To the southern Taiwan, crustal thickening is driven by the hori-
zontal shortening associated with subduction of the Eurasian plate.
Results from the thermokinematic model of the Taiwan orogen
suggest that the underplating beneath the CeR sustain crustal thick-
ening and exhumation (Simoes et al. 2007). Crustal exhumation in
the southern CeR was verified by the rapid uplift rates, for exam-
ple, an average of 9 mm yr−1 during the last 0.6 Ma (Liu 1982)
and a maximum of 8 mm yr−1 at present (Ching et al. 2011a).
The exhumation may be explained by gravitational collapse of the
uppermost crust (Teng 1990; Hsu et al. 2009) and gravitational
sinking of the Eurasian plate (Huang et al. 2015). Normal faulting
regime in the depths of 0−10 km of the southern CeR (Fig. 6) and
reverse faulting regime in the depths (20−30 km) may reveal the
gravitational collapse and sinking, respectively. The pattern is sim-
ilar to a recent study of focal mechanism analysis in the southern
CeR (Chiang et al. 2016) implying the thickening of crust. Root
of the thickened crust corresponding to the uplifted topography is
inferred from different seismic-wave velocity structures (Wu et al.
2007; Kuo-Chen et al. 2012; Huang et al. 2014) and gravity-based
density structures (Hsieh & Yen 2016). These studies suggest that
the thickened crust reached an average depth of 30 km which is
much shallower than the depth of 50 km in the central Taiwan as an
overthickened crust. The not thick crust may be similar to the case
in the northern CeR where the heterogeneity in orientations of stress
axes and styles of faulting is strong at the regime of orogenic thin
crust. Limited by few study associated with the underplating beneath
the southern CeR, more observations are crucial for a better under-
standing of the heterogeneity. Additionally, regional agreement on
reverse faulting in the central WF is obvious between the surface
and the depth of 30 km. The agreement of a wide depth range co-
incided with a surrounding area of root of the overthickened crust
inferred from seismic velocity structures (Kuo-Chen et al. 2012;
Huang et al. 2014). It may imply that the overthickened crust have
blocked mantle flows under the Philippine Sea oceanic crust toward
the west (Lin & Kuo 2013), thus the flows may change toward the
north. The change in direction of the mantle flows is supported by
a strong NS-oriented anisotropy at depths near the eastern coast of
Taiwan (Koulakov et al. 2015).

Our observations provide new features for two possible factors
in degree of heterogeneity of the crust during the Taiwan orogeny.
One is the vertical deformation associated with crustal thickening
and thinning (Yang & Hauksson 2013) and another is variation in
thickness of the crust resulted in different dynamics of mantle flows

(Lin & Kuo 2013). By considering their joint effects on thickened
and thinned crust, it may explain that agreement on orientations of
stress axes and styles of faulting at the two regimes is not as apparent
as in the western Taiwan. The variation of degree of heterogeneity
in the vertical space might imply that the brittle part of crust has
different strength or thickness depend on evolution of the orogeny.
We propose the brittle part of crust could not be considered as con-
stant in strength or depth that was ignored in the layered mechanism
(Huang et al. 2015). The brittle part of crust is generally regarded
as a key constraint for estimate of the characteristic earthquakes
on fault segments. In case of the thickness or strength is spatially
variable, potential seismic hazard assessments of the earthquakes
may be over/underestimated significantly by using geodetic strain
rates and seismic stress tensors. We attributed this interpretation
to directions of strain and stress axes provide physical meaning is
independent of seismic anisotropic structures. Further exploration
of our updated data sets and results from strain and stress tensors
may reveal more heterogeneity in vertical space of the crust. We
highlighted importance of vertical deformation in the orogeny that
was difficult to be estimated due to insufficient focal mechanisms at
depths for stress inversions. Advanced methods for geodetic strain
estimates and seismic stress inversions should be applied to directly
understand vertical strain and stress deviations in crustal thickening
or thinning orogenies.

5 C O N C LU S I O N S

This study reassessed geodetic strain-rate tensors of the Taiwan
orogen as well as seismic stress tensors from the surface to the
depth of 40 km. We estimated the strain-rate tensors in horizontal
0.1◦-spacing grids by using updated data of cGPS station velocities
of a 21 yr trend. We determined the stress tensors and calculated the
Aφ values in a 3-D grid of 0.1◦ × 0.1◦ × 10 km based on an updated
data set of 25 yr earthquake focal mechanisms. We first minimized
effect of the Mw 7.6 Chi–Chi earthquake on estimate of trends of the
strain and stress by correcting the cGPS velocities recorded prior to
the earthquake and removing the first 15-month focal mechanisms
within the fault rupture zone. Our results indicate that internal de-
formation of the orogenic crust of Taiwan is spatial heterogeneity
that is depth-dependent. Directions of the seismic compressive axes
are fan-shaped oriented toward 310◦ in the western and mid-eastern
Taiwan at the depths of 0−20 km. The orientations show near par-
allel to orientations of geodetic compressional axes but most of
them have rotated counter-clockwise at the depths of 20−40 km.
The variation in orientations of compressive axes coincided with
observed transition of styles of faulting from reverse to strike-slip
faulting along the depths. The evidences indicate that internal de-
formation of the orogenic crust is not presently driven by the single
mechanism, and geodetic strain field could explain the deforma-
tion within the upper crust. Heterogeneity in orientations of seismic
compressive axes and styles of faulting is founded to be strong and
weak in or near areas of the thickened/thinned and overthickened
crust, respectively. The variation in thickness of the crust imply
that vertical deformation in the orogeny is crucial to degree of the
heterogeneity.
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