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ABSTRACT

The tectonic stress in the Ilan Plain (IP), NE Taiwan region is complex. Because
the Philippine Sea plate converges and subducts beneath the Eurasian plate, and the
Okinawa trough is rifting westward. We adopt the focal mechanisms collection dur-
ing the period 1996 - 2016 to invert the stress field in the crust with grid of 0.1° by
0.1°. Most of the focal mechanisms in the crust occurred in the shallow 15-km depth.
The stress inversion result shows that the dominant stress in this region is of exten-
sion (03) in the NW-SE direction and with a clockwise rotation in the southeast part.
On the contrary, the compressional stress (0,) is relatively complex in the same IP
region and can essentially be divided into three parts: (1) offshore the IP, mostly east
of 121.95°E, the 0, is quite stable in the about N-S direction; (2) it behaves unstable
and large uncertainty in the NW-SE direction in the northern flank of the IP; and (3)
the 0, remains stable in the southern wing of the IP and is oriented in the NE-SW
direction, except for two W- and E-end. The different states and stability distribu-
tions of the 0, stress axis between the north and south IP is clear, which implies that
this could be caused by some potential structures or stress divisions. The left-lateral
strike-slip Choshui crosscutting through the middle IP may be the corresponding
structure in line with the preceding stress barrier.

1. INTRODUCTION

The Ryukyu subduction zone extends from Japan to
eastern Taiwan, where the Philippine Sea plate (PSP) sub-
ducts beneath the Eurasian plate (EU) and the Okinawa
trough (OT) rifts behind the Ryukyu arc (Letouzey and
Kimura 1986; Sibuet et al. 1987; Liu 1995). Tectonics in
northeastern Taiwan region is therefore complex. Morpho-
logically, the westernmost end of the OT stops at east of
123°E, and there is little evidence showing that the OT ex-
tends westward. The Ilan plain (IP), in northeastern Taiwan,
is generally considered as the result of westward continu-
ous opening of the OT. An evident observation is the low
gravity anomaly signal elongated from the IP on land to its
northeastern offshore (Doo et al. 2018). This phenomenon
is attributed to the thinning of the crust and thickening of the
sediment in the IP area. Besides, the series of active micro-
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seismicity and volcanism in the southwestern OT has also
been reported from ocean bottom seismometer experiments
(e.g., Lin et al. 2007, 2009). The seismicity in this region
concentrates at two parts: (1) mainly normal faulting with
some strike-slip earthquakes in the shallow depth (< 15 km)
(Fig. 1), and (2) thrust faulting with some strike-slip earth-
quakes along with the subducting slab in depths (> 50 km)
(Wu et al. 2010b). In this study, we focus on the crustal
stress field so that the deep seismicity associated with the
PSP slab subducting will not be included for discussion.
The Lanyang River flows through the whole IP from
west and into the sea to the east and separates the IP into
north and south parts. Several faults were developed in the
plain. Amongst, the Choshui fault (CF) in the south central
part of the IP, close to the Lanyang River, is the longest
and cuts through the plain (Fig. 1). It is believed extending
from the Lishan fault in the west, a boundary between the
Hsuehshan Range (HR) and the Central Range (CR) (Biq
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Fig. 1. The seismicity distribution in the Ilan Plain, northeastern Taiwan and the westernmost Okinawa trough. Most of the seismicity occurred
mainly within 15 km of depth, and less and less focal mechanism becomes available deeper than 15 km. Cyan dots are the background seismicity.
Blue solid lines indicate the buried faults derived from Jhiang (1976): (1) the Yaichein fault; (2) the Ilan fault; (3) the Kengssu fault; (4) the Sansing
fault. CF: Choshui fault; CR: Central Range; GI: Guishan Island; HR: Hsuehshan Range; IP: Ilan Plain; OT: Okinawa trough; RA: Ryukyu arc.

1971; Tsan 1971) (Fig. 1). However, the seismicity along
the CF is not obvious, while the seismicity at its southern
Sansing fault (SF) is more active. Some shorter and minor
faults are in the north IP, their seismicity is not so active
(Jhiang 1976).

In previous studies, the GPS observations in Taiwan re-
gion help a lot for crustal deformation estimation (e.g., Yu et
al. 1997; Bos et al. 2003; Chang et al. 2003; Hsu et al. 2009;
Chen et al. 2017). The induced stress or strain rate field in
the IP area presented one general consistent NW-SE exten-
sion orientation. Rau et al. (2008) and Rateb et al. (2017)
used blocks model constrained by major faults to describe
the crustal deformation kinematics, they have the similar re-
sult and both provide the clockwise crustal rotation in the
south IP blocks. A better resolution of strain rate and rotation
rate fields were obtained that benefits from the local “Ilan
GPS network” observation between 2002 and 2006 by the
Central Geological Survey, Ministry of Economic Affairs
(Hou et al. 2009). An evident deformation of crustal dila-
tation, with NW-SE extension and orthogonal contraction,
was investigated in the south IP and strengthened close to
the southeast corner of the IP. The crustal dilatation becomes
minor westward and northward, and almost insignificant in
the north IP. The rotation rate field displays a pronounced
clockwise rotation pattern at the southeast tip of the IP and

at the northern end of its neighboring CR. The crustal rota-
tion pattern becomes counterclockwise and is prominent in
the E-W central-axis banding of the IP. At the north edge of
the IP, the rate of crustal rotation is reduced to insignificant
(Hou et al. 2009).

In view of variant crustal deformation patterns ob-
served in the IP, the corresponding stress field should be
evaluated to verify such behaviors. Wu et al. (2010a) have
proposed the stress field along the Ryukyu Subduction zone
through Taiwan collision zone to the Manila subduction
zone using the seismic stress inversion method. Their re-
sult shows that the o5 is in NW-SE direction in the IP and
offshore areas while the o, is in NE-SW and E-W direction.
The similar stress field in the IP and offshore region is also
acquired, e.g., by Wu et al. (2010b) and Huang et al. (2012)
from seismic data, and strain field by Chang et al. (2003)
and Hsu et al. (2009) from geodetic data. The stress inver-
sion estimation with gridding size of 0.25° for the whole
Taiwan region is good enough in resolution reported in Wu
et al. (2010a), but for the IP local area is relatively large and
cannot distinguish the stress variation. In order to solve a
more detailed stress field, the study area will be divided into
finer grid size as 0.1° by 0.1°. It will help better understand
the joint stress regime exerted by the convergence between
the PSP and the EU, and the OT rifting.
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2. EARTHQUAKE DATA AND THE STRESS
INVERSION METHOD

Two earthquake data sets during 1990 to 2016 that
resolved by Wu et al. (2008) (downloaded from http://
seismology.gl.ntu.edu.tw/download .htm) are used in this
study. One is a high-resolution seismicity catalog which is
relocated by 3D velocity model and used to illustrate the
seismogenic structures. Another is the first-motion focal
mechanism catalog used to perform the stress tensor inver-
sion. This focal mechanism catalog provides not only the
smaller-size earthquakes but also reliable relocated location
(Wu et al. 2008).

Because our target is to study the crustal-scale stress
field and we find that the most earthquakes occurred shal-
lower than 15 km, the focal depth of 15 km is used to select
crustal earthquakes. In total, 258 events were used for fur-
ther analysis (Fig. 2).

The method used to determine the crustal stress field
is the damped stress inversion method that introduced a
damping parameter to minimize the difference between the
stress tensors at two neighboring grid nodes (Hardebeck and
Michael 2006). The major advantage of using the damped
stress inversion algorithm is to prevent from the subjective
data selection. The procedures to determine the stress tenors
in practice follow the works in Wu et al. (2010a, 2017). By
additional examinations on dataset, we can provide more
robust stress inversion result. The studied area was divided
into 0.1° by 0.1° grid, and each focal mechanism solution
was assigned to the nearest grid node (Fig. 2a). The number
of events for each grid node is shown in Fig. 2b, and grid
nodes with at least eight events were used for the stress ten-
sor inversion. There are more than eight events in a grid
node, which is enough for the needed number of used events
in the stress inversion algorithm and provides the robust in-
version result. The average focal depth for each grid node
is between 7 and 14 km (Fig. 2c¢). It is well known that a set
of appropriate focal mechanisms (i.e., the focal mechanism
diversity) is necessary to offer the promise of performing
the stably stress inversion (Hardebeck and Michael 2006).
The focal mechanism diversity is determined by calculating
the average focal mechanism for a set of fault plane solu-
tions and computing the root-mean-square value of angular
differences between the average focal mechanism and each
fault plane solution (Hardebeck and Michael 2006). Hard-
ebeck and Michael (2006) also demonstrated that the focal
mechanism diversity must be large enough (= 45°) for the
focal mechanisms with 20° uncertainty so that the stress in-
version result will be more reliable. The average error of our
input focal mechanisms is about 17°, we marked the grid
nodes with different colors to present the focal mechanism
diversity (Fig. 2d).

For the damped stress inversion, we first tested a series
of damping parameters to obtain the L-curve that represents

the trade-off between the model length and the data vari-
ance. As shown in Fig. 3, the optimal damping value is a
value of 1.0 which is at the corner off the L-curve and has
minimum values of both model length and data variance.

3. SEISMIC STRESS INVERSION RESULT

The outputs of the damped stress tensor inversion are
the azimuths and plunges of the three principle stress axes,
0,1, 0, and 05 (0, = 0, = 0;), the stress ratio [¢ = (0, - 03)/
(0, - 03)] and the corresponding 95% confidence level from
1000 bootstrap re-samples for each grid node. Convention-
ally, the maximum principle axis (0,) is defined as the com-
pressional stress axis, and the minimum stress axis (03) is
the extensional stress axis (Angelier 1979).

Our inverted stress results, as shown in Fig. 4, provide
the resolution as high as 0.1° for delineating the spatial vari-
ations of the stress tensors in the westernmost OT and the IP
in northeastern Taiwan. Figure 4a illustrates that the stress
state of the inverted stress orientations in terms of the equal-
area projections of the lower hemisphere of the focal sphere.
Overall, our results show that the stress state is dominated by
the NW-SE extension normal faulting in most areas of the IP
and its offshore with high confidence (Figs. 4a and c), while
it is governed by the left-lateral strike-slip mechanisms in
the southeastern IP and its offshore areas (Fig. 4a). It also
indicates that the IP undertakes a quite stable dominant ex-
tensional stress field. This result should correspond to the
westward extension of the OT rifting (Liu 1995), and im-
plies that the rifting of the OT is obviously the fundamental
driving force. Besides, the azimuth of the 0; with clockwise
rotation is more evident from inland approaching to offshore
in southeastern corner (Fig. 4¢).

To the o, (see Fig. 4b), it is not as identical as the o,
component, but complicated actually. Prominently, the o,
displays a discrepancy between the northern and southern
IP close to ~24.7°N. In northern part, the 0, direction shows
unstable and variant while it becomes a stable NE-SW di-
rection in southern part. As preceding mentioned, the in-
verted stress state (Fig. 4a) shows a different stress regime
on both sides at ~24.7°N. In addition, in most areas, the o,
direction has high angle plunge to the surface, except that
it is close to horizontal in the southern IP (south of 24.7°N)
(Fig. 4a). Consequently, the inconsistent stress direction
and different stability on the north and south sides of the IP
indicate that the stress o, is different on both sides. Another
distinct o, difference displays on both sides along 121.95°E
and extends to the Guishan Island to the north. On the east
side, the 0, direction is in a steady ~N-S trending and totally
different from that on its west side. This indicates that the
situation of different stress on both sides of the IP may stop
at 121.95°E and no longer extend eastward. The distribution
of focal mechanism in shallow depth (< 15 km) also shows a
clear gap in the corresponding area (Fig. 1). The segmented
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Fig. 2. (a) Distribution of grid node and selected focal mechanisms used in the stress inversion; (b) the event density (numbers) meets the criteria;
(c) distribution of average focal depth; (d) distribution of focal mechanism diversity in each grid.
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Fig. 4. The stress inversion result displays in (a) the inverted stress status; (b) the 95% confidence interval for the o, directions; (c) same as (b) but

for the o3.

stress pattern distribution in this area implies that this could
be caused by some potential structures or stress divisions.

4. DISCUSSION AND CONCLUSION

In previous studies, the stress status in the IP all shows
the NW-SE extension and contraction in the NE-SW direc-
tion (Hsu et al. 2009; Wu et al. 2010a, b). They have a com-
mon stress state compared to our results, but they can only
show a general feature in a larger range. Chen et al. (2017)
showed more details using the same grid size as ours (0.1° x
0.1°). Except for the large uncertainties of seismic 0, were
observed in the northern IP, the 0, axes are stable in the NE-
SW direction in the southern IP, which is similar to the com-
parison result between the geodetic and seismic compres-
sional axes (< 20 km) in Chen et al. (2017) (Figs. 4a and b).
This comparison also suggests that the results in the southern
IP from two different independent dataset are compatible. In
addition, the advantage of using the seismic data to perform
the seismic stress inversion method can make up the lack
of the marine geodetic observations in the offshore IP area.

For the north side of the IP, a discrepancy is displayed
between our inverted seismic stress results and the previ-
ous geodetic observations (e.g., Hsu et al. 2009; Chen et al.
2017). Large uncertainty of the inverted seismic 0, indicates
that there should be underwent multiple driving force in this
segment. In other words, there should be at least two driv-
ing force or a stress barrier separating the IP into north and
south parts. As previous mentioned, the stress state result
(Fig. 4a) have shown that the different stress mechanisms
is divided by ~24.7°N. The location of stress division co-
incides with the CF. The obvious separation feature of two
different types of stress state extends eastward and stops at
~121.95°E implying that the CF could be terminated there.
Due to the lack of evidence, the continuity of the CF from
land to sea is unknown and needs further exploration.

In addition, this stress boundary is also emphasized by
the stress rotation of the o3 in the right panel in Fig. 5. Tak-
ing 121.7°E, 24.7°N as the reference point, it is between the
two most consistent points of azimuth of the o5 at the west-
ern edge in this study. The azimuth of the o; of the reference
point is ~130°. Overall, the stress axis of the 05 in the IP and
offshore region behaves clockwise rotation, and becomes
apparent across 24.7°N from north while it approaches to
the southeastern offshore. The largest rotation angle is ~31°
at 122°E, 24.55°N. Consistent dominant NW-SE extension
stress associated with the stable o; in southern IP and its
adjacent areas, which indicates that the clockwise stress ro-
tation may be led from the total effects of the OT rifting and
the northern CR lateral extrusion (Hou et al. 2009; Huang et
al. 2012; Wu et al. 2014).

A clear spatial variation of crustal deformation is re-
markable in the IP. Hou et al. (2009) proposed the evident
crustal rotational difference via the observed GPS velocity
field (Fig. 5). In the southern part of the IP and northern-
most part of the CR show the great clockwise rotation, which
agrees well with our result. However, the seismic stress rota-
tion of the o; is different from that the surface rotates coun-
terclockwise in the central-axis banding of the IP from west-
ern tip to the coast end (Fig. 5). To the northern corner of the
IP, the status of the crustal rotation becomes minor and in-
significant, but reverts to clockwise deformation again. The
position of the two seismic linear activities entering the IP
is in good agreement with the permutation of crustal defor-
mation from geodetic observation (Fig. 1 and the left panel
in Fig. 5). A linear seismicity extended from the Guishan
Island swarm cuts through into the central IP from offshore.
It divides the northern flank of the IP crust with insignificant
clockwise deformation from the anticlockwise deformation
in the central-axis banding of the IP (Fig. 5). Another shorter
linear seismicity cuts through the southern IP that confines
the crust anticlockwise rotation in the central-axis part of
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Fig. 5. The strain rate and rotation field observed from GPS (data adopted from Hou et al. 2009) in left panel. Fan-shape wedges in white represent
clockwise rotation while that in green rotate counterclockwise. Thin white arrows represent extension and black thin arrows are for contraction. In
the right panel, it shows the rotation of the o; from Fig. 4c. The rotation result takes reference to the point at 121.7°E, 24.7°N (yellow point with a
thin bar), which is between the two most consistent points of azimuth of the o; at the western edge in this study. The azimuth of the o; at the refer-

ence point is ~130°.

the IP. This linear seismicity corresponds to the location of
the Sansing fault (Figs. 1 and 5). To the south of SF, the
evident clockwise rotation of crustal deformation appears.
This observation represents that the SF is a left-lateral strike-
slip structure and results in an anticlockwise rotation in the
middle IP segment and clockwise rotation in the south IP
flank (Jhiang 1976). In terms of the surface deformation, the
Sansing fault is a deformation boundary. For stress bound-
ary, the Choshui fault could be regarded as the correspond-
ing structure. The different boundaries between the strain
(rotation) and the stress field are limited by the position of
the calculating grid.

Using the 1990 - 2016 seismic data catalogue with
fine grid of 0.1° by 0.1°, the crustal stress field in the Ilan
Plain and its offshore areas was estimated by the seismic
stress inversion method. The seismicity in the crust mainly
occurred shallower than 15 km in depth and are of exten-
sional faulting types. The stress inversion result shows that
the dominant stress in this region is of extensional state in
the NW-SE direction stably, apparently dominated by the
rifting force of the Okinawa trough. Moreover, it is accom-
panied by a clockwise rotation to the southeast offshore. In
contrast, the compressive stress 0, orientation in this region
is more complicated. Close to the Guishan Island and to the
east side of 121.95°E, the o, direction is evident and ba-
sically in the N-S direction. To the north of the Choshui
fault, the uncertainty of the o, orientation becomes large,
and basically in the average NW-SE direction. To the south-
ern Ilan Plain and the northernmost Central Range (south of
the Choshui fault), the o, restores stable NE-SW orienta-
tion suggesting that a constant lateral extrusion deformation
works here. Consequently, the abrupt change of the seismic

0, orientation between the northern and southern part of the
Ilan Plain indicates that the left-lateral strike-slip Choshui
fault plays a corresponding important stress division bound-
ary. Overall, the seismic stress inversion result is well con-
sistent with the GPS observation in the southern part of the
Ilan Plain and its adjacent areas. The stable stress state of
the 0; and its clockwise stress rotation may come from the
combination effect, which is the lateral extrusion by the
compressed Central Range due to the convergence between
the PSP and the EU, and involving with the rifting force of
the Okinawa trough.
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