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ABSTRACT

The offshore area of northern Taiwan is currently in an extensional regime, known for a post-collision area of the
Taiwan mountain belt that has formed due to the oblique collision of the Philippine Sea Plate against the
Eurasian continental margin since the late Miocene. The active collision has undergone a progressive migration
of the Taiwan mountain belt from the northeast to the southwest direction. After the relaxation of the
compressional stress due to the westward subduction of the Philippine Sea Plate, the northern Taiwan orogen has
collapsed together with the opening of the southern Okinawa Trough. Here, we show the transitional process
from compressional to extensional regime in the area off northern Taiwan and reconstruct the tectono-
sedimentary evolution by using multi-channel reflection seismic data. We process and interpret multi-channel
seismic profiles and use borehole data to determine the ages of sedimentary units and stratal surfaces/un-
conformities. Based on the seismic facies, we have recognized two distinctive domains separated by the Offshore
Shanjiao Fault (OSF): a shelf basin to the northwest and a collapsed zone to the southeast. The tectono-
sedimentary evolution off northern Taiwan since the late Miocene can be described in 4 stages. (1) The
compressional structures off northern Taiwan were formed during the collision period starting around 6 Ma, a
series of folds-and-thrusts aligned in the NE-SW direction. (2) Due to the oblique collision, some NW-SE-trending
strike-slip faults were developed across the collision belt to accommodate the differential displacements between
two adjacent segments of the folded belt. (3) During the transition from compressional to extensional regime at
about 2.7 Ma, a post-collisional erosion and subsidence occurred in the collapsed zone to form the basal un-
conformity. This post-collisional collapse is associated with the opening of the southern Okinawa Trough, a back-
arc basin, due to the westward migration of the Philippine Sea Plate subduction beneath the southern Ryukyu
arc. (4) The offshore area of northern Taiwan has subsided continuously with sediment accumulation since the
early Pleistocene (~2.0 Ma), accompanying the rifting of the southern Okinawa Trough.

1. Introduction

arc opening of the southern Okinawa Through; collisional Taiwan oro-
gen; and the pre-collisional area in the northernmost Manila subduction

Taiwan mountain belt is known as a result of the oblique arc-
continent collision between the Luzon arc of the Philippine Sea plate
and the Eurasian continental margin since the late Miocene (e.g. Teng,
1990; Sibuet and Hsu, 2004). Due to the oblique collision, the Taiwan
orogen has been interpreted to migrate in a southwestward direction
(Suppe, 1984; Teng, 1996; Sibuet and Hsu, 2004). The Taiwan mountain
belt has evolved through time and its tectonic regime can be described
from north to south as the following stages: the post-collisional area in
offshore northern Taiwan and this tectonic regime is linked to the back-

zone off southern Taiwan (Teng et al., 2000, Teng and Lin, 2004;
Malavieille et al., 2002; Sibuet and Hsu, 2004). There are several models
to explain the formation of Taiwan orogen as well as the early stage of
collision in the offshore area of northern Taiwan, such as the migrating
arc-continent collision (Suppe, 1984; Sibuet and Hsu, 2004), the flipping
of subduction polarity and resulting extensional tectonics in northern
Taiwan (Teng, 1996, Teng et al., 2000; Chang et al., 2017), the collision
and opening of the southern Okinawa Trough (Hsu and Sibuet, 1995,
Hsu et al., 1996; Sibuet et al., 1995, 1998; Kong et al., 2000), or a
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simultaneous mountain building for the Taiwan orogenic belt (Lee et al.,
2015).

Although most of the Taiwan island is still under a compressive
regime, the northernmost of Taiwan and its offshore area has undergone
continental rifting due to the inversion of tectonic stress from
compression to extension (Suppe, 1984; Teng, 1996; Hsu and Sibuet,
1995; Sibuet and Hsu, 2004; Chang et al., 2017). In consequence, some
of the NE-SW-trending thrust faults formed during the compressional
stage may have inverted as normal faults (Hsiao et al., 1998; Sibuet
et al.,, 1998; Tsai et al., 2018). The normal faulting has caused the
development of a series of half-grabens filled with Quaternary sediments
(Kong et al., 2000). Although the extensional tectonism in northern
offshore Taiwan is generally agreed, a holistic understanding of its
geological evolution is lacking. We interpret multi-channel seismic data
and well-log data to reconstruct the tectonic history from compressive to
extensional stages of the area off northern Taiwan.

2. Geological background

Taiwan island is located in the transition zone where the north-
westerly moving Philippine Sea Plate is subducting beneath the Eurasian
Plate beneath the Ryukyu arc-trench system but it overrides the Eurasian
Plate along the Luzon arc-trench system in the south (Fig. 1) (Hall, 2002;
Seno et al., 1993, Sibuet and Hsu, 2004). Due to this northwesterly plate
motion, the northern tip of the Luzon arc started to collide with the
Eurasian margin at ~9 Ma, creating the northern Taiwan mountain belt
(Sibuet et al., 2002). The initial collision point of the Luzon arc against
the Eurasian margin could be at about 400-500 km off NE of Taiwan
(Teng, 1990; Hsiao et al., 1998; Sibuet and Hsu, 2004). With the present-
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Fig. 1. Tectonic and topographic/bathymetric map of Taiwan and adjacent
areas. In northern Taiwan and its offshore area, fault behavior changes grad-
ually from thrust faults in the south to normal faults in the north. The defor-
mation front, Manila Trench and Ryukyu Trench are inferred from previous
studies (Sibuet and Hsu, 2004; Yu, 2005; Lin et al., 2008; Hsu et al., 2013). The
convergence rate (8 cm/yr) is proposed by Yu et al. (1997). The red dashed
lines indicate faults or trenches. The blue rectangle indicates our study area.
NMHC: North Mienhua Canyon, MHC: Mienhua Canyon, and KLV: Keelung
Valley. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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day convergence rate (8 cm/year, Yu et al., 1997) as a reference, the
initial collision may start at 9 Ma or 6 Ma, assuming the rate of plate
convergence of 5.6 cm/year or 7.1 cm/year, respectively (Sibuet and
Hsu, 2004).

The East China Sea shelf basin is the largest Cenozoic sedimentary
basin of the continental margin to the east China (Fig. 1) (Zhou et al.,
1989). It is divided into a series of sub-basins, separated by basement
highs or paleo-uplifts (Hsu et al., 2001). In the southern part of the East
China Sea shelf basin, several Paleogene sub-basins bounded by NE-SW-
trending normal faults are filled with syn-rift sediments and draped by
Neogene post-rift strata (Sun, 1985; Wang et al., 2019). The offshore
area of northern Taiwan was a part of the East China Sea shelf basin
before the collision in the late Miocene (Teng, 1990; Kong et al., 2000;
Wang et al., 2019). The rifted-margin strata were strongly folded-and-
thrusted to become a mountain belt during the collision (Kong et al.,
2000). After the inversion of compressive to extensional stresses, the
area has undergone extension, linked to the development of the rifted
southern Okinawa Trough (Teng, 1996).

Located in the area between the Kyushu and Taiwan islands, the
Okinawa Trough is an active back-arc basin (Sibuet et al., 1998; Tsai
et al., 2021) (Fig. 1). Its early rifting phase was dated as late Miocene in
the northern Okinawa Trough while the southern Okinawa Trough
started to open in the Pleistocene (Letouzey and Kimura, 1985; Kimura,
1985; Sibuet et al., 1998). In the southern Okinawa Trough, the initial
phase of the opening corresponds to the reactivation of the NE-SW-
trending thrust fault system which was previously formed during the
collision of the Luzon arc against the Eurasian margin, as suggested by
previous studies (e.g. Hsiao et al., 1998; Sibuet et al., 1998). Some
volcanic rocks thus intruded along the active NE-SW-trending normal
faults during the Pleistocene (Sibuet et al., 1998; Wang et al., 2004).

In addition to the NE-SW-trending fault systems, there are some NW-
SE-trending morphological features such as the Keelung Valley, Mien-
hua Canyon and North Mienhua Canyon which are obvious on the
bathymetric map (Fig. 1). Based on bathymetric lineaments and reflec-
tion seismic data, Song et al. (2000) suggested that the Keelung Valley is
situated at a set of right-lateral strike-slip faults. Other NW-SE-trending
strike-slip faults are also interpreted from data sets of bathymetry,
magnetic and gravity anomalies, earthquakes, and reflection seismic by
Hsu et al. (1996) and Kong et al. (2000). The NW-SE-trending strike-slip
faults probably developed during the collision between the northern tip
of the Luzon arc and the Eurasian continental margin (Hsu et al., 1996).

3. Multi-channel seismic data processing and borehole data

The data used in this study include 68 lines of 2D multi-channel
seismic (MCS) profiles which have a total length of about 100 km long
(Fig. 2). The MCS data were collected during the surveys from 2006 to
2019. The acquisition configurations are not always the same due to the
different purposes of the cruises, especially the streamer lengths. In
total, there are 18 profiles collected with a long streamer (about 1500 m
long) in 2013 and 2019, but the rest cruises used a short streamer (about
180 m long). The reflection seismic data constitutes a good data
coverage in our study area.

We have processed all the 68 MCS profiles using ProMAX, Landmark
Graphics Corporation, then included them in our analysis and results. A
brief description of the processing steps is as follows. Firstly, the bad
shots and excessively noisy channels were removed. A predictive
deconvolution was performed to compress the source wavelet and a
band-pass filter was applied to reduce the low-and high-frequency noise
signals boosted after deconvolution. The data were sorted into the
common mid-point domain (CMP) by assuming the straight-line geom-
etry of the streamer; CMP spacings of 12.5 m and 6.25 m, respectively,
were defined for the long and short streamers. Velocity analysis was
performed on selected groups of CMP gathers and spatially interpolated
to apply a normal-move-out correction. True amplitude recovery was
used to enhance the amplitude data at depth and to effectively improve
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Fig. 2. A topographic/bathymetric map with locations of the seismic profiles
and borehole data were used in this study. The MCS data were acquired by
several research cruises onboard R/V Ocean Researcher 1, R/V Ocean
Researcher 2 and R/V Legend from 2006 to 2019. Borehole data of W1 and W2
are from well reports of Blackie et al. (1975) and Yang et al. (1985), respec-
tively. A-A’ is the position of Fig. 4. NMHC: North Mienhua Canyon, MHC:
Mienhua Canyon, KLV: Keelung Valley, HPI: Huaping islet, MHI: Mienhua islet,
PJI: Pengjia islet.

the quality of the MCS images, especially for the deeper sections. The
data were stacked to enhance the true stratal signal and reduce the
random noise. Finally, the data were migrated by using the most satis-
factory root mean square velocities and interpreted in the time domain.
Only the top 3 s two-way travel time (TWT) of the MCS data are shown
in seismic profiles because no clear coherent reflections are recognized
below 3 s TWT. Additionally, stratigraphic information and well-logs are
obtained from W1 and W2 boreholes (Blackie et al., 1975; Yang et al.,
1985) (Fig. 2). The depth domain of well-log data is converted into the
time domain using borehole check-shot information and the drilled
borehole stratigraphy is tied to seismic profiles.

4. Results

Based on the principles of seismic stratigraphic interpretation (e.g.
Vail and Mitchum, 1977; Mitchum et al., 1997), well-log and seismic
reflection data are used to identify seismic facies and seismic units in our
study area. We define four stratigraphic units and four unit-boundaries
with references to previous studies (Blackie et al., 1975; Yang et al.,
1985; Hsiao et al., 1998; Kong et al., 2000; Chang et al., 2017) (Fig. 3).
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We focus on the Miocene and younger units because we aim to recon-
struct the evolution model in the offshore area of northern Taiwan since
the late Miocene.

4.1. Seismic to borehole correlation

There are two deep boreholes, W1 and W2, available for this study
(Fig. 4). The wireline logs from boreholes W1 and W2 are converted into
time domain by using sonic logs from respective wells in order to carry
out borehole-to-seismic correlation. The results are shown in Fig. 4,
where for each well, the gamma ray log (GR) is shown at the left and the
sonic log (DT) and resistivity log (ILD) are shown at the right.

Located in the East China shelf basin, well W1 has a total depth of
4029 m (Blackie et al., 1975) (Figs. 2 and 4). The drilled stratigraphy
from bottom to top is as follows (Blackie et al., 1975): (1) syn-rift strata
spanning from Paleogene to Eocene (~NP9-NP16, below 2076 m), (2)
post-rift strata with ages ranging from late Oligocene to Pleistocene
(above 2076 m to the seafloor). The above two stratigraphic packages
are separated by the post-rift unconformity at 2076 m. The post-rift
strata are further divided into late Oligocene to Miocene Series
(2076-745 m), Pliocene Series (745-620 m), and Pleistocene Series
(620 m to the seafloor) according to Blackie et al. (1975). Seismic profile
across W1 well shows that parallel or semi-parallel strata overlying the
post-rift unconformity (PRU) (Fig. 4), impling that the sediments were
gradually accumulated from Oligocene to Quaternary without major
faulting. It suggests that the area was not incorporated in the orogenic
processes during the collision of the Luzon arc with the Eurasian margin
in the late Miocene. The PRU, separated the underlying Paleogene syn-
rift and the overlying Oligocene to Quaternary post-rift sediments, is
dated as probably late Eocene to early Oligocene in age (Blackie et al.,
1975, SP ~350, Fig. 4).

Located in the area between the continental shelf and continental
slope of the East China Sea, well W2 reaches a depth of about 3492 m
(Yang et al., 1985) (Figs. 2 and 4). An angular unconformity, named as
the basal unconformity (BU) at about 1.2 s TWT at W2 borehole is
observed (SP ~1850, Fig. 4). The drilled stratigraphy from bottom to top
as reported in Yang et al. (1985) is as follows: (1) Miocene Series
(3492-1152 m), (2) Pleistocene Series (1152 m to the seafloor). The
above two stratigraphic packages are separated by an angular uncon-
formity (BU) as reported in Yang et al. (1985) and seen from reflection
seismic profiles as shown in Fig. 4.

In the southeastern part of the seismic profile (SP 1300-2300, Fig. 4),
the tilted and folded strata beneath the BU is of Miocene in age, sug-
gesting that this area was a part of fold-and-thrust belts during the
collision. The Pleistocene sediment overlies directly on top of BU and a
lack of Pliocene strata indicates that the collision process may continue
until the Pliocene.

Age Unit Unit boundary
Epoch Tectonic event
e (Ma)|'shB [ Coz | ShB | Coz
t E - Rifting and volcanic activities,
Quaternary (F) Fa Fb R6 BU opening of the southern OT
2.6
a L
glicesnele) = rs O - Collision of the Luzon arc with
53 the Eurasian continent
Miocene - Da Db - Opening of the central-north OT
Oligocene? (D) - Subduction of the PSP under
339 ERY the RA in the northern part
Eocene (C) Ca - Continental rifting

Fig. 3. Seismic units and tectonic events in the offshore area of northern Taiwan. Wavy lines indicate unconformity and diagonal lines indicate missing strata. PRU:
Post-Rift Unconformity, BU: Basal Unconformity, R5: Miocene-Pliocene boundary, R6: Pliocene-Quaternary boundary, CoZ: Collapsed Zone, ShB: Shelf Basin, OSF:
Offshore Shanjiao Fault, OT: Okinawa Trough, PSP: Philippine Sea Plate, RA: Ryukyu Arc.
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Fig. 4. Seismic to well correlation showing the seismic units, age and major stratal surfaces in the offshore area of northern Taiwan. Wells W1 and W2 are adapted
from Blackie et al. (1975) and Yang et al. (1985), respectively. GR: Gamma-ray, DT: Sonic log, ILD: Induction resistivity, SP: Shot point, TWT: Two-way travel time,
OSF: Offshore Shanjiao Fault. Refer to Fig. 3 for symbols of seismic units and Fig. 2 for profiles and well locations.

4.2. Multi-channel seismic data interpretation

The seismic profiles show that normal faults are the predominant
structures, particularly in the southeast corner of our study area (herein
referred as the collapsed zone) (Figs. 4 to 6). Along the NW-SE-oriented
seismic profiles, MCS-1048-a04 and MCS-960-e05 (Fig. 5), the devel-
opment of NE-SW-trending and tilted block faulting suggest that the
collapsed zone is under extension. The western boundary of the
collapsed zone is defined by a normal fault with large offset (SP ~ 350 in
Fig. 5a and SP ~800 in Fig. 5b) that delimits the semi-parallel seismic
configurations of the Oligocene-Miocene strata (Da) in the shelf basin
from those oblique or folded strata (Db) in the collapsed zone. Based on
the NW-SE-oriented seismic data (e.g. Figs. 4 and 5) and the different
stratal configurations on both sides of this large offset fault, we connect
the offshore segments of this fault and consider it as the Offshore
Shanjiao Fault (OSF) (Fig. 2). On the seismic profile, MCS-960-e05 (SP
500-1000, Fig. 5b), when comparing the top boundary of Unit D on both
sides of the OSF, the strata surface (R5) on the footwall is deeper than
the BU surface on the hanging wall. It implies that the OSF was a thrust
fault during the collision process, and then it has been reactivated as a
normal fault during the later extensional stage.

Besides, the bathymetric data have been used as a reference for
tracking the strike of active faults. Based on the integrated analysis, the
normal faults align mostly in the NE-SW direction in the collapsed zone.
There are, however, some faults trending in NW-SE directions developed
as seen from seismic data (Fig. 6). These NW-SE-trending fault systems
occur mostly beneath submarine channels such as the Keelung Valley
and the Mienhua Canyon. Along the NE-SW-oriented seismic profile
MCS-1048-b05 (SP 200-400, Fig. 6b), there is a NW-SE trending normal
fault along the Keelung Valley. This normal fault links to an old positive

flower structure in the seismic profile from 0.7 to 2.0 s TWT. It may
indicate that an NW-SE-trending strike-slip fault was formed by trans-
pressional stress in the late Miocene. In the MCS-1048-b06 (SP
700-1300, Fig. 6b), an array of NW-SE-trending normal faults also exist
beneath the Mienhua Canyon.

On the seismic profile, MCS-1048-a04 (SP 900-1100, Fig. 5a), the BU
has obscured due to seafloor multiples and no clear stratal reflections
appear on the seismic image. We suggest that this is due to indurated
rocks near the seafloor, possibly volcanic rocks, similar to the observa-
tion near the submarine volcanoes in profile MCS-960-e5 (SP 650-800,
Fig. 5b) or the volcanic Mienhua and Pengjia islets (Chang et al., 2021).
The magmatic activities might have occurred since the early Pleistocene
as suggested by regional magmatic activities (Wang et al., 2004).

4.3. Seismic units

Seismic Unit C is the syn-rift sediments deposited in the eastern part
of the shelf basin during the Eocene (Blackie et al., 1975). The seismic
facies shows reflections of semi-continuous and moderate amplitude.
The Paleogene syn-rift sediments were interpreted as deltaic to
marginal-marine sediments (Wang et al., 2019).

Seismic Unit D is possibly of Oligocene-Miocene in age with re-
flections exhibiting semi-continuous and moderate amplitude. The
isopach of Unit D in the shelf basin (Da) is almost uniform in thickness,
around 800-1000 ms TWT (Fig. 7a), suggesting stable tectonics of the
area during sediment accumulation of this seismic Unit. Nevertheless,
the reflection configurations of Unit D across the OSF changes abruptly
from semi-parallel pattern in the shelf basin (Da) to tilted and/or folded
pattern in the collapsed zone (Db) (Fig. 5). The existence of Unit Db
implies that the collapsed zone is part of the East China shelf basin
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Fig. 5. NW-SE-oriented multi-channel seismic profiles MCS-1048-a04 (a) and MCS-960-e05 (b) and their corresponding interpretations. These two profiles run from
the shelf basin to the collapsed zone and perpendicular to the Offshore Shanjiao Fault. SP: Shot point, TWT: Two-way travel time, OSF: Offshore Shanjiao Fault. Refer
to Fig. 3 for symbols of seismic units and Fig. 2 for locations.
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Fig. 6. NE-SW-oriented multi-channel seismic profiles MCS-1048-b06 (a) and MCS-1048-b05 (b) and their interpretations. These two profiles run along the eastern
side of the Offshore Shanjiao Fault. SP: Shot point, TWT: Two-way travel time, OSF: Offshore Shanjiao Fault. Refer to Fig. 3 for symbols of seismic units and Fig. 2
for locations.
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before the collision. Therefore, we suggest that the OSF was the thrust
front of the Taiwan mountain belt in the late Miocene. The PRU sepa-
rates the underlying Unit C and its overlying Unit D (Fig. 8a). However,
PRU could not be identified in the collapsed zone due to the intensively
folded strata and ambiguous reflection signals.

Seismic Unit E is of Pliocene in age. It shows seismic reflection with
semi-continuous and low to moderate amplitude. Sediment isopach of
this unit exhibits a thin layer (i.e., less than 300 ms TWT) and only
occurs in the shelf basin (Ea) (Fig. 7b). The Unit Ea is separated from
Unit Da by unit boundary R5 (Fig. 8b).

Seismic Unit F is of Quaternary in age. It shows continuous and high
amplitude seismic reflections in the shelf basin (Fa), and semi-
continuous and moderate to high amplitude reflections in the
collapsed zone (Fb), respectively. In the shelf basin, Unit Fa shows
parallel strata with thickness up to 900 ms TWT (Fig. 7c) and it is
separated from the underlying Unit Ea by unit boundary R6 (Fig. 8c). In
the collapsed zone, the thickness of Unit Fb is controlled by tilted fault-
blocks and shows a wedge shape of westward divergent strata (SP
350-900 and 1200-2200, Fig. 5a). It shows that Unit Fb consists of
grabens or half-grabens-infilled sediments due to normal faulting. The
Unit Fb is floored by an angular basal unconformity, BU (Fig. 8d). The
BU surface shallows gradually from the NE to SW, indicating that the
extensional regime has propagated from NE to SW in the offshore area of
northern Taiwan.

5. Discussion
5.1. The OSF and features of faults off northern Taiwan

The characteristics of the faults in the offshore area of northern
Taiwan were discussed in previous studies (e.g., Hsiao et al., 1998; Song
etal., 2000). The NE-SW-trending faults were identified by using seismic
imaging and bathymetric data. Based on our multi-channel seismic data
(e.g., Figs. 4 and 5), we connect the NE-SW-trending OSF to the onshore
Shanjiao Fault by using the stratigraphic correlation on both sides of the
fault. The OSF is considered as the thrust front during the former colli-
sion stage in the study area and it has become a large-offset normal fault
during crustal extension. Therefore, the projection of the OSF provides a
good constraint on constructing the tectonic evolution model off
northern Taiwan. In the collapsed zone, a series of NE-SW-trending
normal faults with large offsets can be seen on the seismic profiles
(Figs. 4 and 5). We suggest that these large-offset normal faults are
reactivated along pre-existing thrust faults. Although the reactivation of
NE-SW-trending faults was mentioned by Hsiao et al. (1998), Sibuet
et al. (1998) and Tsai et al. (2018), the obvious evidence of the reac-
tivation of OSF and its projection is firstly proposed base on our new
seismic interpretation (Fig. 5) and distribution map of the seismic units
(Figs. 7 and 8).

The oblique collision between the northern tip of the Luzon arc and
the Eurasian plate produced a curved collisional belt off northern
Taiwan (Sibuet and Hsu, 2004). Within the curved thrust belt, the NE-
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Fig. 8. Time contour maps of the depths to the unit boundaries (unit: millisecond). (a) Depth to PRU (Post-Rift Unconformity). (b) Depth to R5 (Miocene-Pliocene
boundary). (c) Depth to R6 (Pliocene-Quaternary boundary). (d) Depth to BU (Basal Unconformity). The contour interval is 200 ms TWT.

SW-trending thrusts could be separated by some NW-SE-trending strike-
slip faults due to differential compressional stresses on the reverse faults
as observed in other examples (e.g., Twiss and Moores, 1992). Song et al.
(2000) indicated a flower structure beneath the Keelung Valley, which
implies that the NW-SE-trending strike-slip fault was formed by trans-
pressional stresses (SP 200-400, Fig. 6b). After the relaxation of
compressional stress, a few branches of strike-slip faults continue to
develop as normal faults which are found beneath the Mienhua Canyon
(SP 700-1300, Fig. 6a) and Keelung Valley (SP 300-400, Fig. 6b). Those
NW-SE-trending faults have separated several segments of the exten-
sional structures during the Quaternary. The development of the NW-SE-
trending Keelung Valley and Mienhua Canyon was possibly influenced
by the existence of the strike-slip faults. Therefore, the locations of the
submarine channels off northern Taiwan might provide a constraint on
the geometry of NW-SE-trending strike-slip faults during compression
period.

5.2. Reconstruction of the tectonic evolution off northern Taiwan

In this study, we follow the model of Sibuet and Hsu (2004) to discuss
the tectonic development in the offshore area of northern Taiwan
(Figs. 9 and 10). They proposed that the collision started at ~9 Ma
farther to the NE of the study area, assuming a constant convergence rate
of 5.6 cm/yr between the Eurasian Plate and the Philippine Sea Plate.
We thus suggest that the study area may start to experience compression
at ~6 Ma due to the southwestward migration of collision.

5.2.1. Reconstruction at 6 Ma

Before 6 Ma, the offshore area of northern Taiwan was a rifted
Eurasian continental margin (Teng, 1990; Kong et al., 2000; Wang et al.,
2019), where Units C and D appeared as semi-parallel configurations. At
6 Ma, the northern tip of the Luzon arc collided with the Eurasian
continental margin off northern Taiwan, forming the proto-Taiwan

mountain belt (Sibuet and Hsu, 2004). As a result of the compres-
sional stress, Units C and D were folded, becoming thrust sheets (Unit
Db). A series of thrust faults were also formed within the thrust sheets
during the period. Among the thrusts, the OSF is the northwestern-most
thrust fault and is known as the thrust front of the proto-Taiwan
mountain belt.

5.2.2. Reconstruction at 4 Ma

To the southeast portion of OSF, the Eurasian continental margin
continued to be shortened and thickened by the converging Philippine
Sea plate (Teng, 1996). Unit Db and its underlying strata were folded-
and-thrusted to form the proto-Taiwan thrust belts in the study area
(Sibuet and Hsu, 2004). Whereas, to the northwest of OSF, Unit Ea was
accumulated in the foreland basin and in front of the deforming and
uplifting compressional belt. Due to the oblique collision process (Teng,
1996; Sibuet and Hsu, 2004), the compressional stress gradually
migrated from the NE to SW direction, leading to various segments of
thrusted faults. In consequence, NW-SE-trending dextral strike-slip
faults were formed to accommodate the differential stresses on both
sides of the belt segments. The pre-existing thrust faults could have been
cut into fault segments and display offsets along the NW-SE-trending
dextral strike-slip fault. This process might explain the wavy projec-
tion of the OSF.

5.2.3. Reconstruction at 2 Ma

When the collisional orogen continued to migrate from the NE to SW
direction, the crust has lost its compressional support and become an
area of crustal stretching (Teng, 1996). The top of the folded Unit Db
was eroded to form the BU surface. The southwestwardly shallowing of
BU surface toward Taiwan implies that the extensional regime has
propagated from NE to SW offshore northern Taiwan (Fig. 8d). Because
of a lack of Pliocene strata above the BU surface and the initiation of
magmatic activities in northern Taiwan is suggested to be around
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2.6-2.8 Ma (Wang et al., 2004), we suggest that the thrust belts offshore
northern Taiwan started to collapse during the late Pliocene - early
Pleistocene. The pre-existing NE-SW-trending thrust faults became tilted
block faulting in the collapsed zone, forming a series of half-grabens.
These normal faults probably also provide conduits for magma extru-
sion since the early Pleistocene (Wang et al., 2004), especially along the
OSF. The NW-SE-trending dextral strike-slip faults could become
transtensional zones, facilitating the development of the submarine
canyons. The offshore area of northern Taiwan started to collapse
probably at the same time when the southern Okinawa Trough back-arc
basin started to open. Both two tectonic events could be closely related
to the change of the westernmost Philippine Sea plate convergence from
collision to subduction at ~2 Ma.

5.2.4. Present-day configuration

Due to both post-collisional subsidence and rifting of the southern
Okinawa Trough, the extensional regime continues to propagate to
present-day northern Taiwan. The extensional stress formed the Taipei
Basin at around 0.8 Ma (Teng et al., 2001). Thick sediments of Unit F on
both the shelf basin and the collapsed zone indicates that the sediments
have accumulated rapidly (Fig. 7c-d). In the collapsed zone, the exten-
sional regime not only enhances the NE-SW tilted block faulting but also
creates new NE-SW-trending normal faults. In the shelf basin, several
active faults occur near the OSF (SP 150-350, Fig. 5a), which indicates

that the active rifting not only exists in the back-arc basin of the southern
Okinawa Trough but also in its northern continental margin.

6. Conclusions

We integrate drilled borehole stratigraphy and seismic data collected
in the offshore area of northern Taiwan to understand the tectonic
evolution off NE Taiwan in the late Cenozoic. Our reflection seismic data
reveals that the Offshore Shanjiao Fault (OSF), a large offset and NE-SW-
trending normal fault, is the offshore continuation of the onshore
Shanjiao Fault. The OSF delimits the flat-lying shelf basin in the west
and the blocked faulted collapsed zone in the east. The OSF was the
thrust front during the collisional stage and has become a normal fault
after the change of the stress regime from compression to extension at
~2 Ma.

The Oligocene-Miocene strata can be observed in both the shelf basin
and the collapsed zone, indicating that the East China shelf basin
extended to the east of the present collapsed zone prior to the collision.
In other words, the collapsed zone was a part of the East China shelf
basin before 6 Ma. In the collapsed zone, many large-offsets, NE-SW-
trending normal faults could be reactivated from pre-existing thrust
faults. However, these NE-SW-trending faults could not connect from
onshore to offshore easily because their structures have been affected by
the existence of NW-SE-trending strike-slip faults. The NW-SE-trending
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strike-slip faults probably favor the development of the submarine
channels across the continental margin.

The Oligocene-Miocene strata in the collapsed zone were folded and
their tops were eroded and formed the angular basal unconformity (BU).
The SW-shallowing of the BU surface and thinning of the Quaternary
strata toward the Taiwan island indicate that the extensional regime has
propagated from NE to SW off northern Taiwan since the early Qua-
ternary. We suggest that the offshore area of the northern Taiwan orogen
started to collapse in the early Pleistocene, probably coeval with the
early back-arc extension of the southern Okinawa Trough.
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