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ABSTRACT

Taiwan is known as a strongly anisotropic region observed from SKS 1 - 2 s delay time and other teleseismic phases. An
estimate of the crustal contribution to the total anisotropy from the foliated Central Range is essential to understanding the
overall teleseismic results. We used P wave arrivals from the dense seismic arrays deployed during the TAIGER active source
experiments and the permanent broadband seismic stations to determine the crustal anisotropy. From the arrival time analysis
as a function of azimuth, we detected a clear cos(20) pattern. The strength of the crustal anisotropy (0 - 15 km depth) reaches
8 - 10% and the fast direction azimuth is around 35 - 43° for the overall mountain ranges. The anisotropic variations from the
central to the north are found in detail. The results could indicate that the upper crustal delay time contribution of teleseismic
shear waves reaches up to 0.45 s. The geological data at the surface and geophysical observations imply a coherent deforma-

tion from the surface to the lower crust or even down to the upper mantle.
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1. INTRODUCTION

Young Taiwan orogeny (~6.5 Ma; Chai 1972) is brack-
eted by two subduction systems: the Eurasian plate subducts
eastward under the Philippine sea plate along the Manila
trench in the south, whereas, the Philippine sea plate sub-
ducts northwestward beneath the Eurasian plate along the
Ryukyu trench in the north (Fig. 1). The Longitudinal Val-
ley Fault (LVF) as a suture zone separates these two plates.
In the mountain ranges, the Central Range (CR) is formed by
the pre-Tertiary basement of the continental margin and the
Miocene to Eocene slates and the Hsuehshan Range (HR)
is composed of the Eocene and Oligocene continental shelf
sediments. These two ranges (CR and HR) are metamorphic
rocks exposed at the surface with a general NNE direction
of foliation (green segments of Fig. 1) (Ho 1988). In the
mountain belts, the intensively deformed crust is disclosed
by a thickened crustal root (e.g., Kuo-Chen et al. 2012) with
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a rapid uplift rate of ~20 mm yr! at the surface (Ching et
al. 2011).

Teleseismic S wave splitting measurement studies
show that the fast directions are parallel to the foliation and
structural trends of the mountain belts with 1 - 2 s delay time
(Rau et al. 2000; Huang et al. 2006; Kuo-Chen et al. 2009).
The results indicate the crust and upper mantle deformed
coherently at least down to 100 km depth if we assume an
averaged 4% anisotropy, as proposed by Silver (1996). Al-
though from the rock measurements of the slate belt in the
Central Range, those rocks could be highly anisotropic, as
high as 15% for P wave (Wu et al. 2007). Studies of local
shear wave splitting measurements in the southern Central
Range have recorded 0 to 0.3 s delay time, but mostly less
than 0.1 sec for paths mostly in the southern Central Range.
These delay times correspond to 0 - 6% anisotropy in the
upper 30 km of the crust (Chang et al. 2009). However,
the rock property from local shear wave splitting measure-
ments was obtained at sparse sites, which cannot repre-
sent the anisotropy of the crustal scale in whole mountain
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Fig. 1. Tectonic setting of Taiwan. CP: Coastal Plain; WF: Western
Foothills; HR: Hsuehshan Range; CR: Central Range; CoR: Coastal
Range; IP: Ilan Plain; LVF: Longitudinal Valley Fault. Green segments:
foliated trends of the Central Range. Red triangles: seismic station.
Blue stars: shot locations. Rectangular area: study region.

ranges. Because of the lack of vertical resolution from the
teleseismic shear wave splitting results, the crustal anisot-
ropy estimate is critical for obtaining a reliable estimate of
the anisotropy in the upper mantle. Sroda (2006) reported
the upper crustal anisotropy based on the P wave arrivals
from an active source experiment in the mountain ranges of
southeastern Poland that can provide the overall magnitude
and pattern of anisotropy in the crust. In 2006 and 2008 the
TAIGER (Taiwan Integrated Geodynamic Research) proj-
ect conducted 11 explosions and large amount of dense seis-
mic arrays deployed along two EW and NS transects across
the mountain ranges (Fig. 1). This data offered a good op-
portunity to map the crustal anisotropy from the P wave in
the Central Taiwan Range for the first time.

2.DATA

The TAIGER project executed 10 explosions in 2008
along two EW transects (southern and northern lines) with
two NS transects and two small patches of EW arrays in
central Taiwan to study the crustal structures. One-com-
ponent, 4.5 Hz geophones, were deployed along the EW
transects with 200 m spacing. Four hundred fifty-five and
6009 stations were deployed along the northern and southern

lines, respectively. Fifty-six and 109 stations were deployed
in the east and west of the NS transects with 2 km spacing,
respectively (Fig. 1). The permanent broadband stations in
the mountain ranges are also included in this study (blue
triangles, Fig. 2a). The southern and northern lines record-
ed only 5 in-line shots for imaging 2D crustal structures.
However, two NS transects recorded 10 shots, including the
off-line shots. Besides those 10 shots, we also include the
records from 1 shot in 2006 in central Taiwan (Fig. 1). With
those four transects we can analyze the crustal anisotropy
of P wave arrivals with wide azimuthal coverage of the ray
paths across the mountain ranges.

Eight shots and 1293 of Pg recordings in the 30 - 150 km
offset range within the mountain belts are used (Fig. 2a). A
minimum of 30 km and a maximum of 150 km offset are ap-
plied to exclude the local-scale effects (low velocity layer)
and Pn arrivals, respectively (Figs. 2b and c¢). In Fig. 3, from
the travel time diagram of the refracted arrivals, we are able
to see a dependence on azimuth with a trend of cos(26) form.
The amplitude of the periodic trend is significantly larger
than the travel time variations for the velocity inhomogene-
ities. The travel time minimum is at about 30°, which is sub-
parallel to the structural trend of the Central Range.

3. ANISOTROPIC DELAY-TIME INVERSION

Several algorithms for seismic active source data
anisotropic tomography were recently developed that allow
detailed 3-D model parameterization. However, the data set
used in this study was obtained in an experiment oriented to
record mainly 2-D seismic sections and was not focused on
obtaining full azimuthal coverage with high fold for each
receiver. Therefore, we limited this study to obtaining the
most robust and reliable result assuming a simple model of
the medium for the travel time inversion of the delay-time
method anisotropic variant. In this algorithm, originally pre-
sented by Willmore and Bancroft (1960), the medium con-
sists of an upper layer with varying velocity and thickness
and a lower layer of unknown, constant, isotropic velocity
V. The modification of this method for an anisotropic lower
layer [used e.g., by Song et al. (2001)] assumes weak azi-
muthal slowness variability according to the Backus (1965)
formula. The resulting expression for the travel time of a
refracted ray has the form:

tij =a;+ b_] + Dij [SO + Acos (26) + BSln(Ze) +

Ccos (40) + Dsin (40)] (D

where D;; is the distance from the i-th source to the j-th re-
ceiver, S, is unknown P wave slowness (1/V) below the re-
fractor, a;, b; are unknown time delays for the i-th source
(source corrections) and the j-th receiver (receiver correc-
tions), respectively, and A, B, C, and D are small unknown
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Fig. 2. Ray paths of the selected explosion arrivals (a), back-azimuthal coverage (b), and the mean velocity (c). Black lines: ray paths. Red triangles:
seismic stations. Blue stars: shot locations.
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Fig. 3. Azimuthal diagrams of Pg travel times for
30 - 150 km offset. (a) Polar diagram of travel
times. (b) Azimuthal diagrams of Pg travel times

from different shots. Reduced time is 5.6 km s™'.
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coefficients which are the elastic parameters defining weak
anisotropy. Equation (1) is valid for weak anisotropy, i.e.,
for elastic parameters (A, B, C, and D) smaller than 0.1
(Song et al. 2001). The delays depend on both the refractor
depth and velocity above it. The anisotropic strength can be
defined as

M X 200% )

AN - Vmax + Vmin

where V. and V,,;, are the maximum and minimum propa-
gation velocities, respectively. The set of linear Eq. (1) can
be expressed in matrix form as d = Am (m - model vector,
d - data vector) and solved using, for example, damped least
squares (DLS) inversion for a;, b;, Sy and anisotropic param-
eters. For crustal anisotropic studies this method has been
successfully used by Razek et al. (2003) and Sroda (2006).
However, this method does not impose any smoothing con-
straints on the time delays at neighboring locations and
requires high fold recordings. Due to the initial TAIGER
experimental design for 2D seismic sections, some of the
receivers recorded only one or two shots. If we include the
receiver corrections (b;) in the inversion, the results might
show low RMS residuals but unrealistic delay times and
anisotropic parameters as well. Therefore, we decided to
invert for the shot corrections (a;) only.

In order to verify if the anisotropic model is necessary
to explain the data and to evaluate the significance of add-
ing new model parameters, the inversion was performed
in two variants: for isotropic and for anisotropic velocity.
The uncertainties of the obtained parameters were calcu-
lated using the bootstrap method (Efron 1979). However,
these uncertainties mainly reflect the random data errors
effect and cannot be used to evaluate the inaccuracy result-
ing from assuming a simple model that may not be able to
adequately image the inhomogeneous structure. This factor
is hard to estimate reliably and therefore the actual errors
are likely to be larger. The Backus (1965) formula is valid
for near-horizontal rays in a weakly anisotropic medium
and is not constrained to any particular symmetry. How-
ever, the only parameters that can be obtained from sub-
horizontal ray paths and from the measurements confined
to a horizontal plane are the mean velocity, anisotropy, and
Omax. Therefore, it is realistic to assume a model with the
simplest anisotropic symmetry for the medium - transverse
isotropy (TI) with a horizontal symmetry axis, which can
be uniquely defined using these parameters. Such approach
is justified by the fact that layered or fractured rocks often
exhibit transversal isotropy. It should be noted that a study
based on the described method could hardly discriminate
between horizontal and (more likely) tilted axis TT medium.
The observed magnitude of the anisotropy depends both on
the rock properties and a symmetry axis dip, so they can-

not be determined uniquely. Another approximation is due
to the representation of a large, geologically complex crust
fragment using constant parameters for the whole area.

4. RESULTS

Three inversion variants, assuming isotropy (ISO), 20
anisotropy (ANI260) and 26 + 46 anisotropy (ANI26, 40),
were performed with different offset ranges to examine the
robustness and reliability of the anisotropic inversion results
(Fig. 4). ANI20 solves only the 20 terms (A and B) of the
elastic parameters of Eq. (1) instead of solving the 26 and
40 terms (A, B, C, and D) of the equation. The coefficients
C and D are generally much smaller than A and B, therefore
most studies will ignore the 40 terms to solve for fewer un-
knowns in inversion. However, here we inverted using both
ANI20 and ANI20, 40 variants to test the stability of those
coefficients. This inverse problem is linear with respect
to the shot corrections (8 parameters for the dataset from
shots) and with respect to the parameters defining isotropy
(1 parameter), ANI20 (3 parameters) and ANI260, 40 (5 pa-
rameters). The inversion results are summarized in Table 1.

In the inversion of the arrivals from 30 to 150 km off-
set results the final RMS residuals are 0.281 and 0.275 s
for the ANI20 and ANI20, 40 models, respectively. They
are significantly smaller than the residual for the isotropic
model, 0.485 s (~43% reduction compared to the isotropic
model). The calculated anisotropic magnitude is 10.4% with
35.5° fast Vp direction for the ANI260 model. The mean shot
corrections of those three inversions are insignificant, which
are 0.015s,0.002 s,0.002 s for ISO, ANI26 and ANI26, 40
models, respectively. The coefficients of A and B are simi-
lar for both ANI20 variants and ANI20, 40 (Table 1 and
Fig. 4). This justifies removing the station corrections from
the inversions as they are expected to have similar magni-
tude. The mean velocity of the modeled anisotropic layer is
5.59 km s’ for the ANI20 model.

In order to resolve more detailed anisotropic pattern
variations in space we performed inversions of the arrivals in
the near (30 to 60 km) and far (60 to 150 km) offsets and the
arrivals central and north of the Central Range (Figs. 4 to 6
and Table 1). The strength of the anisotropy and the fast di-
rection in the near and far offsets in the ANI20 model are
7.8 and 10.5% and 34.7 and 43.3°, respectively. The main
sampling depths of the near and far offsets from the isotropic
tomography ray paths of Kuo-Chen et al. (2012) are around
0 - 8 and 8 - 15 km, respectively (Fig. 5). The differenc-
es in the anisotropic strength and fast direction among the
inversion results of the near, far offsets and 30 - 150 km
offsets are within 3% and 8° (Table 1). These slight differ-
ences show more detailed variations in anisotropy at differ-
ent depths and the results of the 30 - 150 km offsets reveal
the overall anisotropic pattern in the Central Range. Based
on previous studies of local and teleseismic shear splitting
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Fig. 4. Results of the isotropic, 20 anisotropic, and 20 + 40 anisotropic delay-time inversions with different offset ranges of arrivals. Blue dots:
observed arrival. Red lines: inversion results.

Table 1. The Inversion Results.

Method qulflns_, Vlel(i:; . Vx;fl's_, AN% Oy A B C D Nuw Nu DF  RMS dT sec

Arrivals from 30 to 150 km offset

1SO 573 - - - - - - - - 1293 9 1284 0.4385

ANI20 5.59 531 5.89 104 355 -0.00303 -0.00832 - - 1293 11 1282 0.281

ANI20, 40 5.58 5.34 593 10.5 337 -0.00356 -0.00850 0.00067 -0.00124 1293 13 1280 0.275
Arrivals from 30 to 60 km offset

1SO 543 - - - - - - - - 696 9 687 0211

ANI20 5.52 5.32 5.75 7.8 347 -0.00246 -0.00657 - - 696 11 685 0.140

ANI20, 40 5.54 529 572 78 31.6 -000299 -0.00593 -0.00152 0.00076 696 13 683 0.137
Arrivals from 60 to 150 km offset

1SO 5.77 - - - - - - - - 597 9 588 0.494

ANI20 5.60 532 591 105 434 -0.00054 -0.00945 - - 597 11 586 0.320

ANI20, 40 5.61 537 5.94 10.1 43.1 -0.00052 -0.00784  0.00101 -0.00235 597 13 584 0.298

Note: AN - strength of anisotropy, O, - fast direction of Vp, Ny, - number of data points, N,,,, - number of parameters, DF - number of degrees of freedom.
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(Kuo et al. 1994; Kuo-Chen et al. 2009), the fast directions
turn from NNW in the south to almost EW at the northern
tip of the Central Range. We conducted separate inversions
for the northern and central mountain ranges for testing the
observations from previous studies. The results from the fast
directions in the northern and central mountain belts coin-
cide with the foliation pattern at the surface and the local
and teleseismic shear wave splitting measurements as well,
which are 18.0 and 42.4° in the central and northern moun-
tains (Fig. 6). The anisotropic strength increases from 5.8%
in the central to 9.7% in the north.

5. DISCUSSION AND CONCLUSION

In the slate belts of the Central Range, rock measure-
ments show the average P wave velocities are 5.6 - 6.0 km s™!
(Wu et al. 2007) and the 3D tomographic model shows
5.5 - 5.8 km s of P wave velocities in the upper crust
(0 - 15 km) in the Hsuehshan and Central Ranges (Kuo-Chen
et al. 2012). The data from the explosion experiments used
in this study mainly sampled the upper crust (0 - 15 km)
of the mountain belts according to the ray tracing results for
those arrivals from the isotropic tomography (Kuo-Chen et
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al. 2012) and the average P wave velocity is ~5.68 km s!
(Fig. 2c). If we consider the errors produced from lateral
velocity variations in the inversions from the different vari-
ants of inversions we performed, for example, the average
Vp of the ANISO26 models with different offsets (Fig. 4)
and with different regions (Fig. 6), a range between 5.46
and 5.60 km s, which could represent the vertical and
horizontal velocity variations and the contribution of those
lateral and vertical velocity variations to the uncertainty of
the anisotropy is within 2%. Those studies all show that a
simple homogeneous crustal model is a good approximation
and assumption for the upper crust (0 - 15 km) for the inver-
sions. In this study we were able to show that the azimuthal
variations of the delay times are due mainly to the anisotro-
pic effect and can be described using a transverse isotropic
model with a horizontal symmetry axis (HTI).

Several anisotropic studies at different scales in the
mountain belts, the foliation trends at the surface (Fig. 1),
rock measurements (Wu et al. 2007), crustal P wave anisot-
ropy (this study) and local and teleseismic shear wave split-
ting measurements (Rau et al. 2000; Huang et al. 2006;
Chang et al. 2009; Kuo-Chen et al. 2009), all consistently
show the NNE fast directions. This phenomenon can be
explained by the WSW orientation of the main compres-
sional axis between the Eurasian and Philippine Sea plates
- perpendicular to the fast directions. On the other hand,
the strength of the anisotropy beneath the slate belts of the
Central Range is 8 - 20%, as known from laboratory rock
measurements (Wu et al. 2007) and the results from this
study show the upper crustal anisotropy (0 - 15 km) in the
mountain ranges is 8 - 10%. The similarities between the
anisotropic parameters from rock measurements and from
this study reveal coherent deformation from the surface
to the upper crust. The strength of the crustal anisotropy
(0 - 30 km) from local shear wave splitting measurements
of one seismic station in the southern Central Range varies
from 0 to 6% (Chang et al. 2009), but these results only
represent the local effect beneath the seismic stations. The
crustal anisotropy obtained in this study shows the overall
upper crustal anisotropic pattern in the mountain ranges. In
addition, the upper crustal anisotropy could contribute sig-
nificantly to the delay times observed by teleseismic shear
wave splitting measurements. Assuming 3.3 km s' S wave
velocity and 10.4% anisotropy for the average upper crust
[by assuming the anisotropic strength of Vs similar to Vp,
(Lloyd et al. 2009, 2010)], the delay time can reach ~0.45 s
for the upper crust (15 km). As the total delays from SKS
splitting in Taiwan mountain ranges reaches 1 - 2 s, the
delay time contribution from the middle/lower crust and
the upper mantle could be around 0.55 - 1.55 s, which still
shows high anisotropy at greater depths as well. Therefore,
the anisotropic data analyses from lab measurements (Wu et
al. 2007), Pg in the upper crust (this study), and teleseismic
shear wave splitting (Rau et al. 2000; Huang et al. 2006;

Kuo-Chen et al. 2009), reveal the vertically coherent defor-
mation in the Taiwan orogen.
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