Available online at www.sciencedirect.com

sc.ENCE@D.“w EPSL

- =
ELSEVIER Earth and Planetary Science Letters 214 (2003) 115-127

www.elsevier.com/locate/epsl

Strain and stress field in Taiwan oblique convergent system:
constraints from GPS observation and tectonic data

Chung-Pai Chang®*, Tsui-Yu ChangP®, Jacques Angelier ¢, Honn Kao9,
Jian-Cheng Leed, Shui-Beih Yu¢

& Center for Space and Remote Sensing Research, National Central University, Chungli 320, Taiwan
b Institute of Geophysics, National Central University, Chungli 320, Taiwan
¢ Laboratoire de Tectonique, Université P. et M. Curie, 4 place Jussieu, 75252 Paris Cedex 05, France
4 Institute of Earth Sciences, Academia Sinica, P.O. Box 1-55, Nankang, Taipei 115, Taiwan

Received 20 January 2003; received in revised form 18 June 2003; accepted 25 June 2003

Abstract

This paper focuses on the stress and strain rate field of the Taiwan area. The strain rate field in the Taiwan region is
studied qualitatively and quantitatively, based on the GPS observation in 1990-1995. It reflects the accommodation of
the ongoing lithospheric deformation within the seismogenic portion of lithosphere and exhibits zones with
contrasting deformation modes and amounts. We then compare the obtained strain rate field with the tectonic
information provided by studies of borehole breakouts and earthquake focal mechanisms for the Present, and by fault
slip data analyses for the Quaternary period. In the first approximation, the stress and strain rate fields show spatial
similarity. The orientation of principal shortening is generally consistent with the compressive stress orientation that
reflects the oblique indentation of the Luzon Arc into the Eurasian continental margin. In more detail, significant
anomalies in the deformation pattern deserve consideration in that they may reveal ongoing stress accumulation.
Despite the short-term variations related to the earthquake cycle, some major features of the strain rate field,
including the distribution of extension and compression, highlight the long-term tectonic behavior of the mountain
belt at the lithospheric scale. The time and space variations of strain should be a function of local heterogeneity and
be transferred between interseismic and coseismic periods.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction Chinese continental margin (Fig. 1). The present-
day collision process in Taiwan is vigorous, as

The island of Taiwan is a product of the revealed by the high seismic activity [1,2], the rap-
oblique collision between the Luzon arc and the id contraction [3], and mountain building-related
uplift [4]. The deformations in the Taiwan con-

vergent system have been largely studied based
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Fig. 1. Geodynamic framework around Taiwan. The DEM (Taiwan Digital Bathymetry Model) used in this figure is after Na-
tional Center for Ocean Research, Taiwan. Displacement of the Philippines Sea plate relative to southeast Eurasia is indicated by

the large black arrow at the right-lower corner with velocity
boundaries with the triangle on overriding side. Black star
units: CCF, Chaochu Fault; CeRE, eastern Central Range;

according to GPS studies [3]. Thick solid lines indicate subduction
: Epicenter of Chi-Chi earthquake. Abbreviated terms of tectonic
CeRW, western Central Range; CLPF, Chelungpu fault (main sur-

face rupture of the Chi-Chi earthquake); CoR, Coastal Range; CP, Coastal plain; DF, deformation front; HR, Hsiliehshan

Range; IP, Ilan plain; KYH, Kuanyin High; L, Lutao; LH,
kang High; WF, Western Foothill.

sequence of plate convergence, within the frame
of a unique system from eastern collision to west-
ward propagation of stress and strain (e.g. [5,6]).
To some extent, numerical models of stress—strain
relationships throughout Taiwan have supported
such views [7]. In this paper, we do not aim at
addressing such general aspects of Taiwan geody-
namics. Instead, we analyze the type, amplitude
and distribution of the present-day deformation
throughout the Taiwan island. It is worth noting

Lanhsu; LV, Longitudinal Valley; PHI, Penghu island; PHK, Pei-

that this deformation is far from being homoge-
neous, or even continuous.

We take advantage of the numerous relative
displacement data issued from the ‘Taiwan GPS
Network’ established in 1989 by the Institute of
Earth Sciences, Academia Sinica. The results of
GPS surveys for the whole island from 1990 to
1995 (Fig. 2) were published in 1997 [3]. Although
it is conceivable that crustal deformation process-
es are too complex to be defined by a single meth-
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od of observation, the GPS geodetic surveys pro-
vide the most accurate information about the
present-day movement. It should be noted, how-
ever, that the data considered herein do not in-
clude the coseismic deformation related to major
earthquakes of Taiwan like the Chi-Chi earth-
quake, which occurred in central Taiwan with
moment magnitude 7.6 on 20 September 1999
(Fig. 1). These data rather illustrate the rate of
deformation of the interseismic period. Concern-
ing the coseismic deformation related to the de-
structive Chi-Chi earthquake, the reader can be
referred to the studies on coseismic accelerometric
record and GPS surveys (e.g. [8-10]).

Our aim is two-fold: we first reconstruct a re-
fined strain rate field of Taiwan based on the GPS
measurements. We then compare this strain rate
field with the tectonic information provided by
studies of borehole breakouts and earthquake fo-
cal mechanisms for the Present, and by fault slip
data analyses for the Quaternary period. Our
goal, therefore, is to evaluate the degree of con-
sistency between the independent reconstructions
of the present-day and recent tectonic patterns in
Taiwan.

2. Geological background

The island of Taiwan is located at the junction
between two subduction systems. East of Taiwan,
the Philippine Sea plate (PH) subducts northward
beneath the Eurasian plate (EU) along the Ryu-
kyu subduction system. South of Taiwan, the
Philippine Sea plate overrides the crust of the
South China Sea at the Manila trench, which ex-
tends northward from the Philippines to a latitude
of about 21.5°N (Fig. 1). In the Taiwan area, the
convergent rate between the northern Luzon vol-
canic arc, which is located on the Philippine Sea
plate, and the southeast Eurasian continental
margin is about 8.2 cm/yr in the azimuth of
310° as determined by the GPS observations [3]
(Fig. 2). This rate is about 15% faster than that
of the PH-EU relative motion predicted from
global plate models [11,12].

The general structural trends of the Taiwan
mountain belt show an elongate S-shape (Fig.

1). The presence of two major basement highs
on the Eurasian plate, the Kuanyin High to the
north and the Peikang High to the south, is con-
sistent with this particular shape because it re-
sulted in the indentation of the foreland fold-
and-thrust belt. These basement highs originated
from the continental lithosphere experiencing nor-
mal faulting prior to collision, and show in situ
tectonic stability, in strong contrast with the ad-
jacent mobile belt [13,14].

As a result of regional compression, the Taiwan
island consists of several provinces [15] with a
main structural grain that trends NNE (Fig. 1).
From west to east, they are: the Penghu island
group, the Coastal Plain, the Western Foothills,
the Hsiiehshan Range, the Central Range, the
Longitudinal Valley, and the Coastal Range.
The Penghu island group in the Taiwan Strait is
covered with Pleistocene flood basalt. The Coastal
Plain, Western Foothills and Hsiiechshan Range
are composed of thick sequences of Cenozoic
shallow-marine siliciclastics. These sequences are
deformed by a combination of folds and thrust
faults, which trend mainly northeast or north
and dip toward the east or southeast [15,16].
The Central Range is divided into two parts.
The western flank is underlain by weakly meta-
morphosed Cenozoic argillite-slate series, while
the eastern flank is composed of the pre-Tertiary
basement complex affected by Neogene greens-
chist facies and higher grades of polyphase Meso-
zoic—Cenozoic metamorphism.

Although significant convergence occurs at the
front of the mobile mountain belt, the Longitudi-
nal Valley (LV in Fig. 1), the suture zone between
the eastern Central Range and the Coastal Range
is also one of the most active deformation zones
in Taiwan [2,3]. The straight and narrow Longi-
tudinal Valley is bounded at the east by the Lon-
gitudinal Valley Fault (LVF). This LVF is a very
active thrust with left-lateral strike-slip compo-
nent (e.g. [17-19]). East of the LVF, the Coastal
Range is mainly composed of Neogene andesitic
volcanic units and associated flyschoid and turbi-
dite sediments. Whereas the geological provinces
west of the Longitudinal Valley originated as part
of the underthrust Eurasian continent, the Coast-
al Range belongs to the Philippine Sea plate [15]



118 C.-P. Chang et al. | Earth and Planetary Science Letters 214 (2003) 115-127

T
25°N |-
0 50mm/yr
VELOCITY
0 50km
MAP SCALE
24°N
qr SO01R
f@
R ) $004 )P
*
$002
23°N |-
22°N |-
]

120°E

Fig. 2. Horizontal displacement rate, assumed to be steady in a period of 5 years (1990-1995), measured with 131 mobile and
nine permanent GPS stations (after [3]). The 95% confidence interval of the error ellipse is shown at the tip of each velocity vec-

tor.

and represents a section of the Luzon arc that
is being accreted onto the Eurasian continent

(Fig. 1).
3. The 1990-1995 strain field of Taiwan
3.1. Data and analysis

The Taiwan GPS Network is composed of 131

annually surveyed mobile stations and nine per-
manent or semi-permanent continuously record-
ing stations. The relative displacement data used
in this study were collected during 5 years (1990-
1995). Within this network the variations in base-
line length show a generally constant rate [3]. All
available temporary and continuous GPS data
were processed with the Bernese GPS software
v.3.4 (Astronomical Institute of the University
of Berne, Switzerland). The average rates of
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length change between nearby stations are deter-
mined by linear regression in time domain. The
individual values of the average length are
weighted by the reciprocal square of the standard
error in the rate. Ultimately, dgw and dngs are the
derived velocity measures in east and north direc-
tions, with positive values representing the east-
ward and northward motions, respectively (Fig.
3a). The observed horizontal velocity field in Tai-
wan (Fig. 2) shows a fan-shaped pattern. There is
no need to discuss in detail the GPS data process-
ing, which has been thoroughly described else-
where [3]. We rather emphasize below the princi-
ple and results of our analysis.

The main goal of this study is to characterize a
continuous deformation field of Taiwan through
the determination of local two-dimensional sur-
face strain rate tensors in the horizontal plane,
inside a square-based grid. As the GPS measures
are irregularly distributed in geography, it was
necessary to re-calculate the velocity at each
node of the grid, using a linear interpolation algo-
rithm (Fig. 3b). The algorithm involves adjustable
tension with continuous curvature, in order to
prevent undesired oscillation and occurrence of
false local maxima and minima [20]. This interpo-
lation process puts strong emphasis on the nearby
measurement point as compared with distant
ones, which allows better characterization of local
variations in the rate of deformation field. In our
study, the gridding interpolation was implemented
from 120°E to 122°E in longitude and 21.5°N to
25.5°N in latitude (Fig. 4). The interval was chos-
en as small as possible (0.1° on the sphere, that is,
about 11 km), within realistic bounds that depend
on the density of the GPS network. It should be
noted that highly localized deformation related to
short active faults cannot generally be reconsti-
tuted based on the scattered GPS data points be-
cause the station spacing is large. A remarkable
exception, however, is that of the Longitudinal
Valley in eastern Taiwan, where the narrow
E-W spacing of many stations allows better res-
olution than our grid spacing permits ([3]; see
Fig. 2).

The strain rate tensor of unit area is determined
by spatial derivatives of velocity measurement in
the N-S and E-W directions, as mentioned above.
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Fig. 3. Schematic diagram showing m meas%d components
and our geometrical approach. (a) dew jnd dns are the mea-
sured vectors from one GPS station; d is the resulting vec-
tor. (b) Deformation of a small square in the horizontal
plane, named unit k. k is bounded with corners at points O,
P, and Q which are placed to new positions according to the
— T — —

velocity vectors dy, d;, and d,, respectively. The devia-
tions among these three displacement vectors define the de-
formation of unit £.

Remembering that the velocity data used in this
study deal with the average ground movement in
a period of 5 years without significant coseismic
movement, we consider that the ground surface is
subject to deformation. This assumption implies
that even where velocity discontinuities are present
(e.g. fault creep) we determine the equivalent
average deformation rate within each square
mesh. Because the meshes are small with respect
to the size of the whole studied area, the possibil-
ity to characterize the deformation related to large
shear zones is maintained. Under this assumption
of continuously distributed deformation, we can
define mathematical functions for strain as the
continuous spatial derivatives.
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Fig. 3b presents the scheme of velocity of a

small unit. For block x, the strain rate tensor is
derived from three displacement vectors that cor-
respond to the mean motions previously calcu-
lated at nodes O, P and Q (SW, SE and NW
mesh corners, respectively). The three displace-
ment vectors are noted as follows:

N
di

= Ui + v (1)

where u;, V; are the velocities measured along the
Cartesian axes X ag)d Y (east and north direc-
tions, respectively), d; is the motion vector at cor-

ne

ri, i (i=0, 1, 2) being the index defined accord-

ing to the scheme of Fig. 3b. Except in particular
cases (e.g. three identical velocity vectors implying
block translation without deformation), each
block k is subject to two-dimensional simple shear
and pure shear in variable proportions. The de-
formation rate of the block is derived from the
displacement deviations with respect to a refer-
ence vector, which by convention is that of the
SW corner of the space unit, dy. The normal
strains are thus defined as:

— —  —
u Uy —up

Eaxx = E o AX (2)
Loy _ww
Yooy Ay

Accordingly, the shear strains are:
Lfow ovN\ 1fw—ug vi—v
Ew=5(—+—]=5 +
2\ dy = Ix 2\ Ay Ax

10V 0w\ 1(vi—v w—uy
i) 45

(3)

2\ dx (9_)/ 2\ Ax Ay

Note that &, = ¢,,. These four terms, given by

Egs. 2 and 3, constitute the strain rate tensor of
the block k, a symmetric tensor with three inde-
pendent quantities expressed as the following
strain tensor matrix:

Er =

ow 1/0w 67)

ax 2\ dy = dx
1/07V 0w v )
2\ dx  dy dy

Two eigenvalues are determined as the roots of
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Fig. 4. Resultant strain rate field of Taiwan. Bars indicate ei-
genvectors and eigenvalues of the horizontal deformation
field. Solid bars refer to shortening, and open bars refer to
extension. The strain pairs derived from the extrapolation
outside of the GPS network are faded. The gray rectangular
zone in central Taiwan indicates the NW-SE trending Sanyi—
Puli seismicity zone. PKH, Peikang High; KYH, Kuanyin
High; OT, Okinawa Trough; DF, deformation front.

Eq. 5, where A is the scaling constant of Eq. 5,
while T refers to the identity matrix. The same
equation is used to determine the corresponding
two eigenvectors:

lex—AXl =0 (5)

The resultant eigenvalues and eigenvectors de-
rived from each unit block can therefore compose
the strain rate field for the Taiwan region, whose
features are introduced in the following context.

3.2. Resultant strain rate field

Fig. 4 shows the strain rate field derived from
the 1990-1995 average motion surveyed by the
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Taiwan GPS network. At each node, two perpen-
dicular bars indicate the orientations and amounts
of principal strain in the horizontal plane; the
black solid bar represents shortening deformation,
whereas the open bar corresponds to extensional
deformation. The bar length is proportional to
the strain rate magnitude.

At the first approximation, the strain rate of
Taiwan presents a fan-shaped distribution, espe-
cially for the north and west. In more detail, the
spatial variation of the resultant strain rates re-
flects the heterogeneity of local geology. The max-
imum deformation occurs in eastern Taiwan, in
the Longitudinal Valley (Fig. 4), where the max-
imum shortening orientation approximately corre-
sponds to the collision direction, well documented
from previous studies (e.g. [3,11,12]). This is con-
sistent with the high-angle reverse faulting with
left component that actively occurs along the
Longitudinal Valley [17,18]. Further to the north-
east, the Ilan plane also reveals a high strain rate,
but consistent with its extensional behavior re-
lated to the Okinawa Trough opening (e.g. [21,
22)).

In western Taiwan, the Peikang High, an east-
northeast trending horst composed of continental
crust, appears to separate the compressive defor-
mation pattern of the foreland belt in two parts,
with very small rates to the north and higher rates
to the south (Fig. 4). The orientations of defor-
mation in the north and south of the Peikang
High also slightly differ in types of both compres-
sive and extensional strain (Fig. 4). In the north-
ern part, lots of the resultant strain rate patterns
exhibit compressive deformation in two strain
axes (Fig. 4), while one remarkable feature in
the middle of this northern part (gray zone in
Fig. 4) is a strike-slip mode of deformation shown
at the location consistent with the Sanyi—Puli seis-
mic zone, which is reported as a transfer fault
zone that constrained the structural development
of central Taiwan [23].

To the south of the Peikang High, the large
strain magnitudes and the strike-slip and even ex-
tensional nature of the deformation are presented
(Fig. 4). The direction of extension is generally
from central Taiwan to the southwest, which is
quite different with that in the Central Range.

This feature may be constrained by the tectonic
partition of a large N-S trending fault, for exam-
ple the activity of the Chaochu Fault (see location
in Fig. 1), and can review the southwestward es-
cape process reported in this area [24,25].

4. Recent and present-day stress field of Taiwan

To understand the tectonic activity in the Tai-
wan mountain belt, one should also take into ac-
count the stress data, which refer to the most
recent step in the geodynamic evolution of the
collision zone (Fig. 5). The present-day and recent
distribution of tectonic stress in Taiwan discussed
below was obtained from three principal sources
of data: borehole breakout analyses, earthquake
focal mechanism analyses and stress inversions of
fault slip data collected in the field.

The map of maximum compressive stress trends
obtained from borehole breakout data provides
insights into the stress state in the uppermost
crust of Taiwan [26]. The bars shown in Fig. 5a
describe the inferred trends of the maximum com-
pressive stress in the horizontal plane, Opmax, as
revealed by borehole breakout experiments in the
Taiwan area. Because the deformation is generally
corresponding to strike-slip faulting or reverse
faulting in western Taiwan, one of the principal
stress axes, 0, or o3, should be vertical or nearly
vertical, and the axis of maximum compressive
stress (o1) is generally near-horizontal. As a con-
sequence, the direction of Opmax derived from
the borehole breakout data approximately corre-
sponds to the direction of oy in this area. The
map of Fig. 5a shows that in western Taiwan
the compression trends NW on average.

In 1992, the Institute of Earth Sciences, Aca-
demia Sinica, initiated the Broadband Array in
Taiwan for Seismology (BATS). At present,
broadband waveforms are retrieved from BATS
stations on a regular basis, resulting in the deter-
mination of earthquake focal mechanisms. The
description of the inversion algorithm is given in
previous studies [27,28]. We summarize the results
from 1995 to 2000 in Fig. 5b,c. The focal depth of
earthquakes used in this study is less than 25 km,
so that all the results refer to upper crustal levels.
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Fig. 5. Stress axes compiled from various tectonic sources. (a) Maximum horizontal stress orientation (Gymax) from borehole
breakout data (after [26]). (b,c) P and T axes derived from the BATS/CMT focal mechanism solutions, earthquakes detected
from 1995 to 2000. (d) Compressive paleostress related to Quaternary collision (reconstructed from fault slip data in Quaternary
formations, after [33-37]). (e,f) Quaternary paleostress reconstructed from fault slip data in southeastern Taiwan.

Rather than carrying out extensive inversion of
the focal mechanism data (e.g. [29,30]), we simply
show the trends of the P and T axes where these
axes have plunges less than 45°. It follows that a
reverse-type earthquake is represented by a solid
bar in Fig. 5b, a normal-type earthquake is rep-

resented by an open bar in Fig. 5c, whereas for a
strike-slip-type earthquake there are bars in both
Fig. 5b and Fig. 5c. The stress significance of the
P and T axes is of course questionable, because
these axes do not correspond to stress axes unless
particular conditions are fulfilled. The stress ori-
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entation would be better constrained with more
elaborate graphical [31] or numerical methods
[32]. However, as far as one simply aims at ob-
taining a rough picture of regional stress orienta-
tions, considering the orientations of P and T
axes of focal mechanisms is acceptable in the
very first approximation provided that many
dip-slip-type focal mechanisms are present, which
is the case. Not surprisingly, these P axes (Fig.
5b) and T axes (Fig. 5c) respectively trend ap-
proximately parallel and perpendicular to the
average NW-SE direction of opmax indicated by
the borehole breakout analysis in western Taiwan
(Fig. Sa).

The distribution of the Quaternary paleo-
stresses also deserves consideration. It was studied
in detail based on fault slip data analyses [33-37],
as summarized in Fig. 5d in terms of the trends of
compression (o7). Most of these studies concen-
trated on the western part of Taiwan. Some un-
published results have been added in Figs. Se (o
trends) and Figs. 5f (o3 trends), because they fill
some gaps in the previously reconstructed pattern,
especially in southern and southeastern Taiwan.
The analysis of the fault slip data sets collected
in the field involved inversion to obtain the stress
tensors, according to methods described and dis-
cussed in previous papers [38,39]. Not only do the
results shown in Fig. 5d-f confirm the importance
of the NW-SE directed compression throughout
Taiwan, but also they reveal a fan-shaped pattern
of o7 trajectories. Effectively, WNW-ESE and
NW-SE average trends of compression respec-
tively prevail in southwestern and northwestern
Taiwan (Fig. 5d).

To summarize, the stress results of various ori-
gins shown in Fig. 5 concur to highlight the im-
portance of a compressive stress orientation that
reflects the oblique indentation of the Luzon Arc
into the Eurasian continental margin (Fig. 1).
This compression approximately trends NW-SE,
and does not markedly differ from the direction of
plate convergence. In more detail, the perturba-
tions of stress are far from being negligible, and
involve a fan-shaped pattern that was described
elsewhere (e.g. [33]) and is well accounted for by
numerical modeling [7]. In the next section, we
compare the tectonic information obtained from

(a) strain field

(b) stress field

Fig. 6. Strain and stress trajectories for the Taiwan region.
The trajectories derived from the extrapolation outside of the
real measurements are faded. The gray arrow presents the di-
rection of collision. (a) Strain field trajectories, this study.
(b) Stress field trajectories, various sources (Fig. 5).

all the stress studies summarized in Fig. 5 with the
rate of deformation field that we reconstructed
from the GPS data.

5. Discussion

5.1. Trajectory maps of stress and strain fields in
Taiwan

The two trajectory maps of Fig. 6 were recon-
structed using a simple linear interpolation meth-
od [40]. The map of Fig. 6a refers to the GPS-
based contraction trajectories (this paper). The
map of Fig. 6b refers to the compression trajecto-
ries derived from all sources cited above. The
first-order feature of both these maps is the fan-
shaped trajectory pattern with a NW-SE trending
axis, especially for northern and western Taiwan.
Concerning the eastern Longitudinal Valley and
the Costal Range, the trajectory trend is in good
agreement with the direction of collision, as illus-
trated from both the stress and strain fields. Such
a similarity might seem unexpected, because de-
formation rate and stress differ in principle. How-
ever, keeping in mind the small average amount
of deformation per year (that is, between 1078
and 107°), one remembers that the difference be-
tween stress and strain orientations is small when
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Fig. 7. Type and amplitude of the horizontal deformation of Taiwan, this study. The documented active faults are indicated in
each sub-figure. (a) Deformation types, derived from the ratio of the extension and shortening components for each strain pair.
(b) Differential strain, as the absolute difference between the two eigenvalues.

the deformation is minor and penetrative. For this
reason, the resemblance between the two maps of
Fig. 6 should not be considered surprising.

It is worth noting that the strain pattern refers
to a S5-yr period (1990-1995), whereas the stress
pattern is reconstructed from results that cover a
variety of time spans, from a few years or decades
(borehole breakouts and focal mechanisms) to
about one million years (Quaternary paleostress
data). However, the distribution obtained for the
1990-1995 period that belongs to the interseismic
stage resembles the distribution obtained for lon-
ger periods that incorporate both the interseismic
and coseismic stages, as Fig. 6 suggests. More
accurately, this observation is supported by inver-

sion analyses of the Chi-Chi earthquake sequence,
which revealed coseismic and postseismic stress
patterns that did not markedly differ from the
preseismic stress pattern [30]. It is interesting to
note that despite the well-known differences re-
lated to elastic strain—stress accumulation during
interseismic periods and discharge during major
seismic events, the deformation reconstructed
over a limited time span (5 years, Fig. 6a) is rep-
resentative of the permanent tectonic behavior of
the collision zone (Fig. 6b), in terms of type and
orientations. Nonetheless, this conclusion cannot
extrapolate relative stress—strain magnitudes,
which may dramatically vary among different seis-
mic cycles.
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5.2. Spatial distributions of deformation type and
intensity

Based on the resultant strain rate field, we im-
plemented two analyses to highlight the spatial
distribution in terms of deformation type and in-
tensity (Fig. 7). The resultant patterns show that
the Taiwan orogeny includes zones with contrast-
ing deformation modes and amounts. Fig. 7a
summarizes the deformation of Taiwan with three
principal types: shortening, extension, and trans-
current. We define the type of deformation from
the ratio of contraction and extension for each
pair of strain rates. A 100% extension implies
that both strain rates correspond to extensive de-
formation, whereas a 100% contraction implies
that both eigenvalues represent compressive de-
formation. The ideal transcurrent situation is de-
fined by strain rates with equal absolute values
but with opposite signs of deformation. We thus
defined a complete scale of deformation types in
the horizontal plane. Fig. 7a shows that extension
dominates in the Central Range. Areas of exten-
sion may reflect major thickening near the colli-
sion boundary according to the bulldozer theory
[41], or it may reflect body forces related to the
negative buoyancy of the hot and weak Central
Range lithosphere (e.g. [42]). In contrast, both the
Coastal Range to the east and the foreland belt to
western Taiwan present a deformation dominated
by shortening. Likewise some significant sections
separated by transcurrent mode are observed
along the direction of Taiwan’s main trunk (Fig.
7a).

Fig. 7b presents the deformation intensity, in
terms of differential horizontal strains. Our study
thus reveals a maximum intensity of differential
deformation in the Longitudinal Valley, which is
the suture zone (Fig. 7b). In western Taiwan, this
map shows diffuse zones that resemble the pattern
observed in Fig. 7a. It is noticeable that the co-
seismic rupture area of the 1999 Chi-Chi earth-
quake shows little deformation (Figs. 1 and 7b),
and a considerable deformation exists north of
this rupture area, which geographically corre-
sponds with the Sanyi-Puli seismic zone (Figs. 4
and 7b). Fig. 7b also shows that a pattern of high
deformation intensity in southwestern Taiwan

more or less overlaps with the presence of the
major active faults, suggesting that the largest de-
formation usually takes place along the major ex-
isting structures.

Taking into account that these analyses are re-
ferred to the GPS data collected in an interseismic
period, an area with little deformation deserves
consideration in that it may reveal either a situa-
tion with low stress and little deformation, or a
situation of increasing strain—stress accumulation.
The occurrence of the Chi-Chi earthquake is ap-
parently consequent on the latter. Looking at Fig.
7b, the epicentral and central rupture trace area
of the Chi-Chi earthquake is consistent with a low
deformation intensity, whose pattern is centered
near 24°N, 120.7°E (central western Taiwan,
dark blue and purple in Fig. 7b). In the neighbor-
ing east, a zone with low strain rates, extending
from 23.5°N, 121.5°E to 24°N, 120.5°E, is ob-
served to connect the Chi-Chi rupture area to
the west and the Longitudinal Valley to the east.
The orientation of this zone consists with the
main contraction direction of Taiwan. In the Cen-
tral Range, this zone cuts across the otherwise
continuous belt-parallel domains where strike-
slip type and normal-type deformations prevail
(Fig. 7a).

The significance of this zone is certainly ques-
tionable because of both the poor records of ver-
tical displacement data, which preclude accurate
three-dimensional reconstruction of the deforma-
tion, and the small number of stations in the Cen-
tral Range. However, from the seismological
point of view, ongoing deformation with domi-
nating contraction can accumulate efficient com-
pressive energy during a certain period without
significant stress drop, and may suddenly cause
a great event like the Chi-Chi earthquake.

To summarize the results shown in Fig. 7a.,b,
the general pattern is that there is compressional
high strain rate in the east (in particular SE),
compressional low strain rate in the west, and
extensional moderate strain rate in the middle of
Taiwan (the Central Range). Among these great
divisions, some northwest trending zones with
compressive mode and low strain rates can also
be delineated across the Central Range (Fig.
7a,b). Nevertheless, in the absence of stress infor-
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mation it is still difficult to extrapolate the rela-
tionship between all these deformation features
and the occurrence of large earthquakes. A good
example of such ambiguity comes from the NW-
SE elongated low-deformation area that extends
from 24°N, 121.7°E to 25°N, 121°E in northern
Taiwan (dark blue and purple in Fig. 7b). This
zone shows a similar deformation feature as the
one east of the Chi-Chi rupture area, while there
are no large earthquakes documented for this area
so far. One contrasting interpretation can be pro-
posed depending on whether the compressive
stress is accumulating on land in western Taiwan
or dissipated offshore eastern Taiwan near 24°N,
122°E.

6. Conclusions

For a convergent system like Taiwan, our study
shows that the stress field and strain rate fields
reflect perceptively the collision mechanism. The
maximum deformation is located along the litho-
logic suture zone — the Longitudinal Valley, in
eastern Taiwan (Figs. 4 and 7b). In western Tai-
wan, the strain field reflects the accommodation
of the ongoing lithospheric deformation within
the seismogenic portion and exhibits zones with
contrasting deformation modes and amounts in
different geological settings. It can support the
inference that the inherited structure in western
Taiwan, for example the Peikang High, plays a
role in redirecting the stress—strain orientation
and influences the regional accumulation of com-
pressive stresses.

In this article, the strain field derived from the
GPS steady motion has been compared with the
tectonic information provided by studies of bore-
hole breakouts, earthquake focal mechanisms and
fault slip data. This comparison reveals a very
consistent pattern in terms of compressive orien-
tations. Despite the short-term variations related
to the earthquake cycle, which affect to a large
extent the distribution of magnitudes and to a
smaller extent the distribution of type and orien-
tation, some major long-term features of the de-
formation field are well highlighted by the GPS
surveys. This concept can provide useful insights

into temporal and spatial variations of strain,
which is as a function of local heterogeneity and
transition between interseismic and coseismic pe-
riods.
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