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ABSTRACT

Magnetic data collected from 1989 to 1994 off eastern Taiwan were
analyzed for tectonic interpretation. Unlike what was previously believed,
the magnetic features indicate that the northern Luzon Arc extends to the
east of the Coastal Range. Accordingly, most of the Coastal Range and its
southward extension (the Huatung Ridge) could be regarded as a compressed
subduction complex. The northern Luzon Arc has changed in direction from
NNW-SSE to NNE-SSW at the Taitung Canyon between the Lutao and
LLanhsu Islands. The collision between the Luzon Arc and the Tananao
Complex, which occurs north of 23.5°N, corresponds to a hard collision
(with little or without buffered material in between) as evidenced by the
intensive occurrence of earthquakes. South of 23.5°N, the collision between
the Luzon Arc and the Tananao Complex is a soft one, buffered by the
compressing subduction complex. The magnetic boundaries of the north-
ern Luzon Arc divide the earthquakes into two main provinces, correspond-
ing to hard collision and soft collision. North of 22.7°N, the Luzon Arc has
been subsiding, which is probably associated with the northwestward sub-
duction of the Philippine Sea plate beneath the northeastern Taiwan area.

(Key words: Magnetic anomaly, Northern Luzon Arc, Arc-arc collision)

1. INTRODUCTION

The Eurasian and the Philippine Sea plates are actively interacting in the Taiwan region
(Figure 1). In the south of Taiwan, the lithosphere of the South China Sea subducts eastward
beneath the Philippine Sea plate along the Manila Trench and creates the Luzon Arc. In the
northeast of Taiwan, the Philippine Sea plate subducts beneath the Ryukyu Arc and creates the
Okinawa Trough backarc basin. So tar, two principal models have been put forth to explain
the formation of Taiwan: the arc-continent collision (Suppe, 1981, 1984; Teng, 1990; Lu and
Hsu, 1992) and the arc-arc collision (Hsu and Sibuet, 1995:; Hsu er al., 1996a). Between these
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Fig. 1. Tectonic setting of Taiwan and its environs (after Hsu and Sibuet, 1995;

Hsu eral., 1996a). 1 = Tananao Complex; 2 = Hualien; 3 = Longitudinal
Valley; 4 = Chengkung; 5 = Huatung Ridge; 6 = South Longitudinal
Trough.
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two models, however, a major contradiction as to the location of the suture exists between the
Philippine Sea plate and the Eurasian plate. Teng (1990) concluded that the suture 1s located in
western Taiwan and corresponds to the deformation front. Lu and Hsu (1992}, on the other
hand, proposed that the main suture is along the Lishan Fault and the Laonungchi Fault to the
south. Hsu and Sibuet (1995) later suggested that the proto-Taiwan was located 1n a system of
backarc basins that were younger and more active oceanward trom the Late Cretaceous to Late
Miocene (Sibuet and Hsu, 1996); the Tananao Complex corresponds to a portion of the former
Ryukyu Arc before i1t collided with the Luzon Arc. Thus, according to Hsu and Sibuet's model,
the suture between the Eurasian and the Philippine Sea plates or more exactly between the
former Ryukyu Arc (Tananao Complex) and the Luzon Arc i1s located along the Longitudinal
Valley. In fact, both the petrology (Kizaki, 1986) and seismic velocity structures (Cheng er al.,
1996) do demonstrate simzilarities between the Tananao Complex and the south Ryukyu Arc.
Furthermore, the direction of the Lishan Fault 1s continuously in the prolongation of the Okinawa
Trough axis. Accordingly, the Longitudinal Valley may well be more suitable as the suture of

the plate boundary. However, the outline ot the indenter (Luzon Arc) has not yet been clearly
defined.

The Luzon Arc, south of 23.2°N, was not identified until 1991 (Shyu and Chen, 1991).
The most obvious feature from their magnetic interpretation was the location of the Lutao-
Lanhsu Ridge (a portion of the Luzon Arc) (Figure 2). However, this could lead to the conclu-
sion that the northern portion of the Luzon Arc extends into the coast near Chengkung (Fig-
ures 1 and 2). Since 1991, more magnetic data have been collected 1n the eastern and north-
eastern offshore areas of Taitwan, which allows to detine a more complete location of the
northern portion of the Luzon Arc. The tectonic features of the northern Luzon Arc are dis-
cussed later n this paper.

2. BATHYMETRIC AND MAGNETIC MAPS

The bathymetric maps (Figures 3 and 7) were made available trom the US National Geo-
physical Data Center (NGDC) and the Institute of Oceanography of National Taiwan Univer-
sity data banks. Magnetic data were compiled from cruises of the R/V Ocean Researcher I
from 1989 to 1994 and two cruises of the R/V Professor Gagarinsky in 1994 (Figure 4). Track-
ing of the ships through the survey area were extended out from the eastern coast of Taiwan
with the track spacing typically 6-8 km. Some tracks along the coast and in the north-south
trend proved useful for cross-over correction. Magnetic field measurements were conducted
by a proton magnetometer towed 200 m behind the ship. Navigation employed the Global
Positioning System (GPS) and magnetic results were reported as magnetic anomalies in reter-
ence to the 1995 International Geomagnetic Reference Field model (Figure 5).

3. MAGNETIC FEATURES AND THEIR INTERPRETATIONS

The framed area of Figure 5 shows the total magnetic anomalies of the study area. A
conspicuous feature of the magnetic anomaly, with trends changing from NNW-SSE to NNE-
SSW at 22.5°N, is distributed along offshore eastern Taiwan from 21.2°N to 24 N. A positive
correlation generally exists between the magnetic anomalies, bathymetric relieves and
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Fig. 4. Magnetic data along the ships’ tracks and on the dotted positions which
were used in this study.

volcanic rocks, the elongated positive magnetic anomaly off eastern Taiwan suggests that the
Luzon Arc probably extends into the ottshore region of the Coastal Range. In other words,
from south to north the NNW-8SE trending magnetic anomaly of the Luzon Arc has turned to
NNE-SSW at the place where the Taitung Canyon turns toward east.

The enhanced analytic signal technique developed to analyze potential field data (Hsu et
al., 1996b) was used 1n this study. It demonstrates the following advantages: 1) the interfer-
ence effect between close anomalies 1s reduced; 2) the determined locations of maximum
amplitudes of the analytic signal, corresponding to geological boundaries such as faults or
contacts, are independent ot ambient parameters such as inclination and declination of magne-
tization; and 3) the determination of maximum amphitudes can be automatically achieved by
examining every 9-point grid-cell (Blakely and Simpson, 1986). The amplitudes of the sec-
ond-order analytic signal for the study area are shown 1n Figure 6. The details of the used
analytic signal technique 1s described 1n Hsu et al. (1996b).

With the automatically detected boundaries as revealed by the maximum amplitudes in
Figure 6 as well as the morphological features in study area, several major faults or contacts
(Figure 7) can be traced. Comparing the detected boundaries with the distribution of total
magnetic intensity (Figure 5), the outline of the northern Luzon Arc (the gray areas in
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Fig. 6. Contours ot amplitudes of the second-order enhanced analytic signal.

Taiwan. North of the Taitung Canyon, the arc 1s more or less along the continental slope with

121.77°E where a major lineation trending NE-SW is detected (Figt

1ts northernmost portion impinging upon the Hualien coast and terminating near 24.18 N and

re 7). Theretore, most of

the Coastal Range and its southward extension (the Huatung Ridge) can be regarded as a
compressed and uplifted subduction complex (the hatched area in Figure 7). In other words,
the Longitudinal Valley 1s suitable for the suture along the former Manila Trench, as proposed
by Hsu and Sibuet (1995). The suture can also be extended southward along the South Longi-
tudinal Trough 1n which a major magnetic boundary i1s detected (Figure 7). Farther south, the

compressed subduction complex suffers probably a right-lateral fault

. which 1s consistent with

the analyses of GPS geodetic data (Yu er al., 1995) and marine gravity data (Fuh ef al, 1994).
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The distribution of earthquake epicenters with magnitudes greater than 4 from 1991 to
1996 1n the Taiwan region 1s shown in Figure 8. Except for the earthquake distribution around
the southernmost Ryukyu Arc and Okinawa Trough which are subduction-related, the earth-
quakes located to the east of the Longitudinal valley are pronounced (Figure 8). This directly
implies that the Tananao Complex exhibits greater strength than the Luzon Arc. In fact, Sibuet
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Fig. 8. Distribution of earthquake epicenters with magnitudes greater than 4 from
1991 to 1996. Note that the magnetic boundaries (black lines) determined
by the analytic signal technique (Figure 7) are consistent with those of
the distinctive earthquake provinces. The northwestward prolongated
boundary from one of the determined boundaries across Taiwan is paral-
lel to the direction of convergence ot the Philippine Sea plate.

and Hsu (1996) and Cheng et al. (1996a) have demonstrated that the LLuzon Arc 1s probably
weaker than the Tananao Complex. A comparison of several magnetic boundaries with earth-
quake distribution (Figure 8) reveals that the proposed boundaries separate the earthquakes
into several distinctive provinces surprisingly well. One of the detected boundaries may be
related to the strike of an earthquake belt located in western Taiwan because its strike is in the
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same direction and 1s parallel to the direction of convergence ot the Philippine Sea plate rela-
tive to the Eurasian plate (Figure 8). It 1s worth noting that the two northernmost blocks of the
Luzon Arc closely collide with the Tananao Complex (Figure 7), which implies a hard arc-arc
collision as evidenced by the intensive occurrence of earthquakes in that area (Figure 8). A
collisional bending effect (Wang, 1988) might in tact be associated with such a hard collision.
To the south of the hard collision area, the collision between the Tananao Complex and the
Luzon Arc 1s butfered by the compressed subduction complex and may correspond to a soft
collision.

Since the Luzon Arc and the Tananao Complex generally exhibit stronger competence
with respect to the compressed subduction complex in between (Figure 7), the compressed
subduction complex could be regarded as an incompetent stripe. Due to the left-lateral motion
between the Luzon Arc and the Tananao Complex, the compressed subduction complex may
have been dragged so that the matn geological structures of the Coastal Range orient NE-SW.

4. DEPTHS OF THE MAGNETIC BASEMENT

Based on the assumption that the shape ot the power-density spectrum of the magnetic
anomaly produced by a buried uniformly magnetized rectangular prism 1s in large part con-
trolled by the average depth of the ensemble, Spector and Grant (1970) found that the spec-
trum decays exponentially with wavenumber at a rate of decay proportional to the average
depth of the ensemble. Typical examples of the application surprisingly indicate that this
stmple and straightforward method could provide geologically reasonable solutions (e.g.. Smith
et al.. 1974; Blakely, 1988). Garcia-Abdeslem and Ness (1994) tfurther moditied the above
interpretational scheme by proposing that other parameters ot the magnetic ensemble (like
thickness and horizontal dimension other than depth) also contribute to the overall shape of
the spectrum and should be used 1n the interpretation. They veritied the approach with numeri-
cal examples and concluded that the estimation of the average depth to the source may be
incorrect it only the depth tactor 1s considered , particularly when the low-wavenumber part of
the spectrum i1s used. They applied the proposed method to magnetic data collected trom off-
shore of the Yucatan Peninsula, Mexico and found it satisfactory.

Following this approach and assuming that the crustal magnetic anomaly 1s caused by an
ensemble of vertical-sided and uniformly magnetized prisms, we selected six regions to esti-
mate the depths to the top of the northern Luzon Arc by using the power spectrum method of
Garcia-Abdeslem and Ness (1994) (Figure 9). Each selected region is 0.5°x0.5" (containing
SOx50 grids). For modeling the spectrum. a Gaussian (normal) distribution was used to de-
scribe depth to the source top and a uniform distribution to describe the horizontal dimensions
and the thickness function. Figure 10 shows the natural logarithm of the radially averaged and
normalized power spectrum obtained from the magnetic anomaly shown in Figure 5 (in circles)
and that from the iteratively inversed source model (in solid lines) for each of the six regions.
The results of the previous experimental examples show that the technique has a better control
on the solution of the depth and its standard deviation. Only the depth results are indicated 1n
Figure 10. In general, the fitting 1s better in the low-wavenumber part of the spectrum which 1s
better for depth estimation. On average, the magnetic basement associated with the Luzon Arc
in the northern portion off eastern Taiwan 1s about 2 km 1n depth. The top ot the magnetic
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Fig. 10. Discrepancy between the natural logarithm of the radially averaged and
normalized power spectrum (circles) from the magnetic anomaly shown
in Figure 5 and that from the iteratively inversed source model (solid
lines) for the six regions 1n Figure 9. The estimated depth to the mag-
netic source top of each region 1s indicated.
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5. CONCLUSIONS

Magnetic data collected between 1989 and 1994 in the offshore area of eastern Taiwan
were compiled. The outline of the magnetic sources was delineated with the help of the sec-
ond-order enhanced analytical signal technique (Hsu ez al., 1996b) and the depths to the top of
the magnetic source were estimated by the power spectrum method of Garcia-Abdeslem and
Ness (1994).

[t was found that the magnetic features corresponding to the existence of the northern
Luzon Arc extend to the further east ot the Coastal Range than previously considered and
extend northward up to 24.18°N and 121.77°E. The northern Luzon Arc changes in orientation
from NNW-S8SE to NNE-SSW at the Taitung Canyon between Lutao and Lanhsu Islands.
When the magnetic basement boundaries were compared with earthquake distribution 1n east-
ern Taiwan and 1ts offshore area, the earthquakes could be separated into several distinctive
regions limited by the detected magnetic boundaries. The collision at the northernmost Luzon
Arc corresponds to a hard collision between the LLuzon and the Tananao Complex, while to the
south of 23.5°N, the collisional region corresponds to a soft collision. Most of the Coastal
Range and the Huatung Ridge could be regarded as a compressed subduction complex (in-
competent material between the Luzon Arc and the Tananao Complex).

The average depth to the top of the magnetic basement of the northern Luzon Arc 1s about
2 km. North of 22.7°N the magnetic basement of the Luzon Arc generally deepens towards

the north, which suggests that the northernmost portion of the Luzon Arc has probably been
subsiding.
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