
See	discussions,	stats,	and	author	profiles	for	this	publication	at:	https://www.researchgate.net/publication/308034275

Zhang	et	al-2016-Geological	Journal	SI	(pp490-
512)

Data	·	September	2016

CITATIONS

0

READS

110

11	authors,	including:

Some	of	the	authors	of	this	publication	are	also	working	on	these	related	projects:

Geochemical	debris	survey	method	in	shallow-covered	areas	in	east-central	Inner	Mongolia	and	its

application	in	ore	target	screening	View	project

Global	study	of	the	Mississippian	corals	(taxonomy,	biostratigraphy,	paleoecology,	biogeography).

View	project

Zhang	Yong

23	PUBLICATIONS			188	CITATIONS			

SEE	PROFILE

Li	Su

China	University	of	Geosciences	(Beijing)

209	PUBLICATIONS			2,770	CITATIONS			

SEE	PROFILE

Shan	Yu

The	University	of	Hong	Kong

46	PUBLICATIONS			283	CITATIONS			

SEE	PROFILE

Ian	D.	Somerville

University	College	Dublin

179	PUBLICATIONS			1,857	CITATIONS			

SEE	PROFILE

All	content	following	this	page	was	uploaded	by	Ian	D.	Somerville	on	13	September	2016.

The	user	has	requested	enhancement	of	the	downloaded	file.

https://www.researchgate.net/publication/308034275_Zhang_et_al-2016-Geological_Journal_SI_pp490-512?enrichId=rgreq-ca7293d85e39adf660351b3c998f5fef-XXX&enrichSource=Y292ZXJQYWdlOzMwODAzNDI3NTtBUzo0MDU4MjYxMTczNTc1NzBAMTQ3Mzc2Nzg5NDU2Mg%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/308034275_Zhang_et_al-2016-Geological_Journal_SI_pp490-512?enrichId=rgreq-ca7293d85e39adf660351b3c998f5fef-XXX&enrichSource=Y292ZXJQYWdlOzMwODAzNDI3NTtBUzo0MDU4MjYxMTczNTc1NzBAMTQ3Mzc2Nzg5NDU2Mg%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/Geochemical-debris-survey-method-in-shallow-covered-areas-in-east-central-Inner-Mongolia-and-its-application-in-ore-target-screening?enrichId=rgreq-ca7293d85e39adf660351b3c998f5fef-XXX&enrichSource=Y292ZXJQYWdlOzMwODAzNDI3NTtBUzo0MDU4MjYxMTczNTc1NzBAMTQ3Mzc2Nzg5NDU2Mg%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/Global-study-of-the-Mississippian-corals-taxonomy-biostratigraphy-paleoecology-biogeography?enrichId=rgreq-ca7293d85e39adf660351b3c998f5fef-XXX&enrichSource=Y292ZXJQYWdlOzMwODAzNDI3NTtBUzo0MDU4MjYxMTczNTc1NzBAMTQ3Mzc2Nzg5NDU2Mg%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-ca7293d85e39adf660351b3c998f5fef-XXX&enrichSource=Y292ZXJQYWdlOzMwODAzNDI3NTtBUzo0MDU4MjYxMTczNTc1NzBAMTQ3Mzc2Nzg5NDU2Mg%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Zhang_Yong38?enrichId=rgreq-ca7293d85e39adf660351b3c998f5fef-XXX&enrichSource=Y292ZXJQYWdlOzMwODAzNDI3NTtBUzo0MDU4MjYxMTczNTc1NzBAMTQ3Mzc2Nzg5NDU2Mg%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Zhang_Yong38?enrichId=rgreq-ca7293d85e39adf660351b3c998f5fef-XXX&enrichSource=Y292ZXJQYWdlOzMwODAzNDI3NTtBUzo0MDU4MjYxMTczNTc1NzBAMTQ3Mzc2Nzg5NDU2Mg%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Zhang_Yong38?enrichId=rgreq-ca7293d85e39adf660351b3c998f5fef-XXX&enrichSource=Y292ZXJQYWdlOzMwODAzNDI3NTtBUzo0MDU4MjYxMTczNTc1NzBAMTQ3Mzc2Nzg5NDU2Mg%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Li_Su5?enrichId=rgreq-ca7293d85e39adf660351b3c998f5fef-XXX&enrichSource=Y292ZXJQYWdlOzMwODAzNDI3NTtBUzo0MDU4MjYxMTczNTc1NzBAMTQ3Mzc2Nzg5NDU2Mg%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Li_Su5?enrichId=rgreq-ca7293d85e39adf660351b3c998f5fef-XXX&enrichSource=Y292ZXJQYWdlOzMwODAzNDI3NTtBUzo0MDU4MjYxMTczNTc1NzBAMTQ3Mzc2Nzg5NDU2Mg%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/China_University_of_Geosciences_Beijing?enrichId=rgreq-ca7293d85e39adf660351b3c998f5fef-XXX&enrichSource=Y292ZXJQYWdlOzMwODAzNDI3NTtBUzo0MDU4MjYxMTczNTc1NzBAMTQ3Mzc2Nzg5NDU2Mg%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Li_Su5?enrichId=rgreq-ca7293d85e39adf660351b3c998f5fef-XXX&enrichSource=Y292ZXJQYWdlOzMwODAzNDI3NTtBUzo0MDU4MjYxMTczNTc1NzBAMTQ3Mzc2Nzg5NDU2Mg%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Shan_Yu16?enrichId=rgreq-ca7293d85e39adf660351b3c998f5fef-XXX&enrichSource=Y292ZXJQYWdlOzMwODAzNDI3NTtBUzo0MDU4MjYxMTczNTc1NzBAMTQ3Mzc2Nzg5NDU2Mg%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Shan_Yu16?enrichId=rgreq-ca7293d85e39adf660351b3c998f5fef-XXX&enrichSource=Y292ZXJQYWdlOzMwODAzNDI3NTtBUzo0MDU4MjYxMTczNTc1NzBAMTQ3Mzc2Nzg5NDU2Mg%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/The_University_of_Hong_Kong?enrichId=rgreq-ca7293d85e39adf660351b3c998f5fef-XXX&enrichSource=Y292ZXJQYWdlOzMwODAzNDI3NTtBUzo0MDU4MjYxMTczNTc1NzBAMTQ3Mzc2Nzg5NDU2Mg%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Shan_Yu16?enrichId=rgreq-ca7293d85e39adf660351b3c998f5fef-XXX&enrichSource=Y292ZXJQYWdlOzMwODAzNDI3NTtBUzo0MDU4MjYxMTczNTc1NzBAMTQ3Mzc2Nzg5NDU2Mg%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Ian_Somerville?enrichId=rgreq-ca7293d85e39adf660351b3c998f5fef-XXX&enrichSource=Y292ZXJQYWdlOzMwODAzNDI3NTtBUzo0MDU4MjYxMTczNTc1NzBAMTQ3Mzc2Nzg5NDU2Mg%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Ian_Somerville?enrichId=rgreq-ca7293d85e39adf660351b3c998f5fef-XXX&enrichSource=Y292ZXJQYWdlOzMwODAzNDI3NTtBUzo0MDU4MjYxMTczNTc1NzBAMTQ3Mzc2Nzg5NDU2Mg%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/University_College_Dublin?enrichId=rgreq-ca7293d85e39adf660351b3c998f5fef-XXX&enrichSource=Y292ZXJQYWdlOzMwODAzNDI3NTtBUzo0MDU4MjYxMTczNTc1NzBAMTQ3Mzc2Nzg5NDU2Mg%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Ian_Somerville?enrichId=rgreq-ca7293d85e39adf660351b3c998f5fef-XXX&enrichSource=Y292ZXJQYWdlOzMwODAzNDI3NTtBUzo0MDU4MjYxMTczNTc1NzBAMTQ3Mzc2Nzg5NDU2Mg%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Ian_Somerville?enrichId=rgreq-ca7293d85e39adf660351b3c998f5fef-XXX&enrichSource=Y292ZXJQYWdlOzMwODAzNDI3NTtBUzo0MDU4MjYxMTczNTc1NzBAMTQ3Mzc2Nzg5NDU2Mg%3D%3D&el=1_x_10&_esc=publicationCoverPdf


Origin of transform faults in back-arc basins: examples from Western Pacific
marginal seas
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R. H. GUO1,2, Y. B. ZANG1,2, Q. L. ZHENG1,2 and D. L. MU1,2

1College of Marine Geosciences, Ocean University of China, Qingdao, China
2Key Lab of Submarine Geosciences and Prospecting Techniques, Ministry of Education, Qingdao, China

3Laboratory for Marine Geology, Qingdao National Laboratory for Marine Science and Technology, Qingdao, China
4School of Earth Sciences, University College Dublin, Dublin 4, Ireland

Transform faults in back-arc basins are the key to revealing the evolution of marginal seas. Four marginal basins in the Western Pacific, i.e. the
South China Sea (SCS), Okinawa Trough (OT), West Philippine Basin (WPB) and Shikoku-Parece Vela Basin (SPVB), were studied to re-
define the strikes and spatial distribution of transform faults or fracture zones. Based on high-resolution tectonomorphology, gravity and mag-
netic anomalies, pattern of magnetic lineations, seismic profiles, geometry of basins and palaeomagnetic data, together with analyses of
regional geological setting, plate reconstruction and geodynamic analysis, this paper suggests that all the transform faults in the four marginal
basins are in general NNE-trending. Moreover, by comparing with the contemporary structural framework of the East Asian Continental Mar-
gin, we propose new models concerning marginal seas spreading and have revised the previous Cenozoic plate reconstruction models related
to the East Asian Continental Margin and the Western Pacific marginal seas. There are three possible origins of these NNE-trending transform
faults. 1. Inheriting the orientation of the strike-slip faults at the rifting continental margin (e.g. the SCS and OT). The real strike of transform
faults should not be NW but NNE. The large-scale NNE-trending dextral strike-slip faults distributed in the continental shelf of the SCS con-
trol a series of pull-apart basins of the SCS. Due to a higher degree of pull-apart, oceanic crust began to open. Then they evolved into the
NNE-trending transform faults in the SCS and could also be regarded as a natural extension of the NNE-trending strike-slip faults in the South
China Block (SCB). The geodynamic mechanism of the OT is similar to that of the SCS. Consequently, transform faults of the OT should also
be NNE-trending, which is not perpendicular to the spreading axis but instead displays oblique spreading. 2. Izu-Bonin-Mariana (IBM)
Trench retreat to the NNE and NE. Subduction rollback to the NE and NNE produced the NE- and NNE-striking horizontal tensile stress,
resulting in the rifting of the Kyushu-Palau Ridge (KPR), controlling the spreading of the SPVB and forming the NE- and NNE-trending
transform faults. This also involves oblique spreading. 3. The later overall rotation of the Philippine Sea Plate (PSP). Since 25Ma, the
WPB has rotated clockwise about 40°. Therefore the NW- and NNW-trending transform faults that formed at the later spreading stage have
rotated to be the near-N–S- or NNE-striking faults. These transform faults are almost perpendicular to the spreading axis. Copyright © 2016
John Wiley & Sons, Ltd.

Received 19 November 2015; accepted 10 March 2016

KEY WORDS Western Pacific; marginal sea; transform fault; dextral strike-slip fault; plate reconstruction; plate rotation; subduction rollback

1. INTRODUCTION

The origin of transform faults has not been yet explained
completely by the plate tectonics theory. Nonetheless, with
the rapid progress of computer technology, some numerical
simulation methods have been adopted to investigate the for-
mation of the transform faults in recent studies (Gerya, 2010,
2012; Püthe and Gerya, 2014). However, most of these re-
searches still focused on the formation mechanism of

transform faults in the mid-oceanic ridge. The formation
and evolution of transform faults in the back-arc basins are
still unclear. The back-arc basin transform faults play a crit-
ical role in understanding the evolution of marginal seas, and
the mechanism of its formation has always been problematic
and a hotspot issue in geosciences. The strike of transform
faults generally represents the direction of plate motion,
which thus can be used to study the dynamics of the
evolution of marginal sea basins. This will be helpful in
understanding the interaction between the continental
plate and oceanic plate at the oceanic-continental
transition/subduction zone, and also helpful in
reconstructing the tectonic framework and evolution of the
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East Asian Continental Margin, the Pacific Plate (PP) and
the India-Australia Plate since the Cenozoic.
Since the concept of back-arc basins was proposed in the

1970s (Karig, 1971; Packham and Falvey, 1971; Sleep and
Toksoz, 1971), the origin of transform faults in the back-
arc basins has always been a focus in earth science (Lee
et al., 1980; Mrozowski and Hayes, 1982; Taylor and
Natland, 1995; Okino et al., 1998; Deschamps and
Lallemand, 2002; Hall, 2002). However, little attention has
been paid to the formation of transform faults in the back-
arc basin and their roles in the tectonic evolution of the
ocean-continent transition zone until very recently. Liao
and Gerya (2014) proposed that the splitting history of con-
tinental breakup and seafloor spreading was related to the
formation of transform faults, and that one possible and
widely-proposed mechanism of transform fault formation
was related to the inheritance of pre-existing lithospheric
weakness. Honza (1995) found that the direction of the
spreading axis was usually not traced to the Euler pole and
was oblique to the trend of the transform faults in the
back-arc basins, which is different from that in the mid-
oceanic ridges where ridges were on great circles perpendic-
ular to the trend of the transform faults. Moreover, the
phenomenon universally exists in the Western Pacific mar-
ginal basins, as well as some intercontinental seas that are
spreading, such as the Red Sea, Gulf of Aden and Gulf of
California (Bellahsen et al., 2003; ArRajehi et al., 2010).
This indicates that the transform fault formation in back-
arc basins is greatly constrained by the tectonic background
of the palaeo-plate and the original tectonics or the basement
structures. Moreover, this also provides a new insight into
the formation of transform faults in the back-arc basins of
the Western Pacific, where their formation in different mar-
ginal basins may be similar and can be compared.
Aimed at this important scientific problem, and based on

the available materials, such as seismic profiles, gravity
and magnetic anomalies, magnetic lineations, submarine
geomorphology, basin structural geometry and combined
with region geological settings, we redefine the distribution,
especially the trend, of transform faults in the SCS, OT,
WPB and SPVB. From this we speculate on the possible for-
mation mechanism, and to restore the formation and evolu-
tion process of marginal seas in the Western Pacific during
the Cenozoic through the insight provided by transform
faults according to the previous reconstruction models.

2. GEOLOGICAL SETTING

The Western Pacific active continental margin is in a unique
tectonic position, located at the intersection of the three
major plates, i.e. the Eurasian Plate (EP), PP and India-
Australia Plate, and is one of the most active areas of modern

tectonic activity (Li et al., 2012; Niu et al., 2015). Since the
Cenozoic, it has been simultaneously affected by a series of
complicated tectonic superposition that formed the world’s
most significant trench-arc-basin system under the tectonic
setting of seaward subduction retreat from west to east.
These activities include the following: the indentation of
the Indian Plate to the EP, the subduction rollback of the
PP and the indentation of the PSP along the Taiwan Oro-
genic Belt (Maruyama et al., 2009; Dai et al., 2014). It con-
centrates about 75% of the marginal seas in the world
(Tamaki and Honza, 1991), from north to south, or from
west to east, and includes the following: the Okhotsk Sea
(50-14Ma), Japan Sea (28-15Ma) and OT (2Ma-present-
day) and SCS (34-16Ma), Sulu Sea (20-15Ma), Celebes
Sea (48-35Ma), WPB (54-33Ma) and SPVB (30-17Ma),
and Caroline Sea (38-27Ma) (Fig. 1). This paper focuses
on transform faults in the WPB, SCSB, SPVB and OT to
carry out some further work.

2.1. The SCS

The SCS is surrounded by the China mainland to the north,
Philippines to the east, Kalimantan (Borneo) to the south and
Indochina Peninsula to the west. The total area of the SCS is
about 350×104 km2, and the maximum depth reaches
5559m (Luan and Zhang, 2009). It is known as the largest
and deepest marginal sea around the East Asian Continental
Margin (Fig. 1).

The SCS is enclosed by four different types of continental
margins. The northern margin has been generally considered
to be a passive continental margin since the Miocene. The
southern part is the subduction-collision belt along the
Nansha Trough. The eastern part is the Manila Trench
(MT) which is still active currently, and the western part is
the N–S-trending large-scale strike-slip fault zone (Red River
Fault Belt) (Fig. 1). According to the water depth data and the
characteristics of submarine topography and geomorphol-
ogy, the SCS can be divided into three sub-basins: the NW
Sub-basin, the Central Sub-basin and the SW Sub-basin,
which display a roughly SW-trending extensional ‘V’ shape.

The SCS was greatly controlled by the Tethyan tectonic
domain in its geological history, experiencing the compli-
cated tectonic evolutionary processes. The continental crust
collapsed and was dismembered in its northern margin,
and then the southern part involved exotic terrain amalgam-
ation and continental accretion. Oceanic crust was generated
in the middle part of the SCS and then subducted beneath the
MT to the east (Fu et al., 2007).

2.2. The OT

The OT is an elongated crescentic depression oriented in a
general NE–SW direction, which is located between the
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Ryukyu Arc and the East China Sea Shelf Basin (ECSSB),
about 1200 km in length (Fig. 1). To the west of the OT is
the Taiwan–Sinzi Belt separating the OT from the ECSSB

(Suo et al., 2015). The PSP is subducting northwestwards
beneath the EP (Li et al., 2013; Liu et al., 2013, 2014),
and the OT represents an initial back-arc basin formed

Figure 1. Tectonic units of the Western Pacific and East Asian Continental Margin. Abbreviations: PP, Pacific Plate; NT, Nankai Trench; SB, Shikoku Basin;
IBM, Izu-Bonin-Mariana Trench; BB, Bonin Basin; MR, Mariana Ridge; MB, Mariana Basin; PVB, Parece Vela Basin; CP, Caroline Plate; CAS, Caroline Sea;
AT, Ayu Trough; PLT, Palau Trench; YT, Yapu Trench; PB, Palau Basin; PSP, Philippine Sea Plate; BP, Benham Plateau; FR, Fossil Ridge; PHT, Philippine
Trench; CBSC, Central Basin Spreading Centre; WPB, West Pacific Basin; LT, Luzon Trench; ODR, Oki-Daito Ridge; DR, Daito Ridge; KPR, Kyushu-Palau
Ridge; RT, Ryukyu Trench; RA, Ryukyu Arc; OT, Okinawa Trench; JB, Japan Sea Basin; TSB, Taiwan-Sinzi Belt; ECSSB, East China Sea Shelf Basin; EP,
Eurasian Plate; RRFB, Red River Fault Belt; SCB, South China Block; SCS, South China Sea; PWT, Palawan Trench; NST, Nansha Trough; SS, Sulu Sea;
CES, Celebes Sea; MT, Manila Trench; PA, Philippine Arc. Fault name: 1. Binhai Fault; 2. Changle-Nanao Fault; 3. Zhenghe-Dapu Fault; 4. Shaowu-

Heyuan-Yangjiang Fault; 5. Wuchuan-Sihui Fault; 6. Chenzhou-Bobai-Hepu Fault.
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behind the Ryukyu Trench and Ryukyu Arc. The OT can be
divided into three segments: the northern Tokara Depres-
sion, the central Iheya Depression, and the southern Trough
Depression (Liu et al., 2016). Linear magnetic anomalies
were tracked in the axial section of the central segment of
the OT (Liang et al., 2001). Meanwhile, tholeiitic basalts
were found in the middle and southern segments of the OT
(Shinjo and Kato, 2000). This suggest that there is ridge
spreading in the central rift zone in the middle and southern
segments of the OT, with new oceanic crust growth and
magma arising. In addition, by comparing the initial oceanic
crust thickness, heat flow and hydrothermal activity in the
global passive continental margins and marginal seas in the
Western Pacific with those in the OT, Liu et al. (2016) pro-
posed that the southern and central parts of the OT were at
the initial stage of seafloor spreading, while the northern part
was still in the continental breakup stage and had the charac-
teristics of transitional crust.

2.3. The PSP

The PSP has a roughly diamond-like shape, long in a N–S
direction and short in an E–W direction, consisting of the
WPB and the SPVB, covering an area of about
54×106 km2. It is sandwiched between the EP and the PP,
almost entirely surrounded by a deep trench, and to the south
is the India-Australia Plate (Qu et al., 2007; Wu et al., 2013)
(Fig. 1). The eastern boundary comprises, from north to
south, the IBM Trench, Yap Trench, Palau Trench and
Ayu Trough, successively. The PP is subducting beneath
the PSP along the IBM Trench (Takahashi et al., 2007).
The Yap Trench, Palau Trench and Ayu Trough are the tec-
tonic boundaries separating the Caroline Plate from the PSP
(Fujiwara et al., 1995). The western boundary comprises,
from north to south, the Nankai Trough, Ryukyu Trench,
MT and Philippine Trench, successively. Along the Nankai
Trough, the Ryukyu Trench and the Philippine Trench, the
PSP is subducting beneath the EP (Tokuyama, 1995).
The SCS is subducting beneath the PSP at the MT. The
Philippine Fault and its secondary faults are well developed
and run through the whole Philippine Arc, displaying a left-
lateral strike-slip property, regulating the transitional rela-
tionship between the two subduction zones (Xue et al.,
2012). The southern boundaries are made up of the
Philippine Trench, the Molucca Fault Zone, the Halmahera
Trench and the Saorong Fault Zone.
Based on the new seafloor topography data and available

K/Ar and Ar/Ar ages, Deschamps and Lallemand (2002) re-
examined Hilde and Lee’s (1984) model and proposed that
the WPB is a back-arc basin where seafloor spreading
occurred from 54 to 33Ma, with a possible later magmatic
activity at the ridge axis between 28 and 15Ma. Data and
models by Hall et al. (1995a, b), which were subsequently

modified by Deschamps and Lallemand (2002) and Queano
et al. (2007), amongst others, and recent palaeomagnetic
data by Yamazaki et al. (2010) suggested an up to 90° clock-
wise rotation of the PSP since the Middle Eocene, with
about 15° northward migration of the WPB. The ridge orien-
tation of the Shikoku Basin (SB) underwent a gradual transi-
tion from NNW to NW, and there is a seamount chain in the
central SB, namely the Kinan Seamount Chain. There is a
central rift named the Parece Vela in the Parece Vela Basin
(PVB), and the rift is supposed to be a spreading centre
(Wu et al., 2013). Studies indicated that the SB, PVB and
Mariana Trough all propagated from west to east succes-
sively (Karig, 1971, 1975; Uyeda and McCabe, 1983; Seno
and Maruyama, 1984).

3. NNE- OR NEAR-S–N-TRENDING TRANSFORM
FAULTS IN THE WESTERN PACIFIC MARGINAL

SEAS

The strikes of transform faults can directly represent the
plate motion direction, which has a very important kinematic
significance in revealing the formation and evolution of mar-
ginal seas. Therefore, to realize the opening direction of
marginal seas, we must first redefine the strikes of the trans-
form faults.

3.1. Revision of transform faults in the SCS

Transform faults of the SCS cut through the Moho surface.
They are reformed by the later massive intraplate volcanism
and the giant NW-trending strike-slip fault sets. Submarine
geomorphology, gravity and magnetic anomalies, and mag-
netic lineations are applied to redefine the strikes of trans-
form faults in the SCS, although there are few seismic
profiles across the three sub-basins.

3.1.1. Analysis of the fine submarine geomorphology in
the SCS
Analysis of the submarine tectonomorphology is an impor-
tant approach to exploring the characteristics of the young
seafloor tectonics. Since the 1990s, the high-resolution
multi-beam seafloor topography and geomorphology detec-
tion technology has been widely applied in the study of sea-
floor spreading. By comparing submarine topography with
the deep geological information obtained by the gravity
and magnetic anomalies, and seismic profiles, many
achievements have been made in the study of mid-oceanic
ridge spreading. Loureneo et al. (1998) introduced this
method to geodynamic research on the triple junction in
the Azores of the Atlantic Ocean amongst the American,
European and African plates.

BACK-ARC BASINS IN THE WESTERN PACIFIC 493

Copyright © 2016 John Wiley & Sons, Ltd. Geol. J. 51(S1): 490–512 (2016)
DOI: 10.1002/gj



The geometry of marginal seas is not only restricted by
small structures inside the basin but also controlled by the
large-scale faults in the basin margin. The SCS is a wedge-
shaped basin, which is wide in the NE and narrow in the
SW, like a NE-axial rhombus in plan view (Fig. 2). From
simple kinematic analysis, the opening and spreading of
the SCS as a pull-apart basin were strongly influenced by
the NNE-trending dextral strike-slip faults (Li et al., 2012),
which were similar to the opening and spreading of the
Japan Sea (Yin, 2010). Their spreading is asymmetric,
which is wide in the east and narrow in the west. The spread-
ing rate in the east was significantly larger than that in the
west. A large number of NE-trending linear structural belts,
such as cliffs and broken-walls, were recognized by the
high-resolution multi-beam submarine geomorphology.
These structural belts were concentrated between 17° and
14°N and were greatly reformed by the later NW-trending
strike-slip faults. From the statistical results, a strike of NE
67° is the dominant strike of these strike-slip faults (Li
et al., 2002). These NE- and ENE-trending linear structural
belts are discontinuous along strike, with a clumped and
zonal distribution of numerous minor secondary faults con-
trolled by the major NNE-trending dextral strike-slip faults.
The comparison results between the linear submarine
tectonomorphology and deep geological information by
seismic profiles show that submarine surface structures, such
as cliffs and broken-walls, have a good correlation with
faulted block configuration. In fact, the submarine surface
structure was a reflection of basement-involved faults during
the spreading. This eliminated the possibility that surface
structures developed in the neotectonics after spreading
(Taylor and Hayes, 1983).

In addition, there are many isolated submarine volcanoes
along the NNE-trending linear structural belts as shown in
Figure 2. The mantle-derived basaltic melts could migrate
along the lithosphere-scale faults to the upper oceanic crust
(Hui et al., 2016b), which is the most direct geological re-
cord for the oceanic crustal evolution. These volcanoes
developed probably under the intraplate volcanism along
the strikes of transform faults after the cessation of spreading
of the SCS (Yan et al., 2008; Shi and Yan, 2013). Therefore,
the NNE-trending fault belts are the transform faults of the
SCS.

3.1.2. Gravity and magnetic anomalies in the SCS
The characteristics of basement faults can be clearly distin-
guished by the gravity and magnetic anomaly features. The
third-order details of Bouguer anomalies by the wavelets
(Fig. 3) can reflect the whole characteristics of gravity anom-
aly. Therefore, gravity and magnetic anomalies are signifi-
cantly important pathways to reveal the deep-seated faults
in the sea area.

A series of NE- and NNE-trending strike-slip faults are
distributed in the SCB and continue to extend southwards
to the northern continental margin of the SCS (Fig. 1). Then
they become the basin boundary of the northern continental
shelf of the SCS, or separated the secondary depressions in-
side the basin (Ma et al., 2014; Wang et al., 2014). Some of
them cross the nearly equiaxial high gravity anomalies, and
some are situated in the boundary between positive and
negative gravity anomalies with amplitudes from �10 to
+10mGal. A few are located in the boundary of the NE-
trending long-axis gravity anomaly, which indicated the
strike of faults. The positive and negative gravity anomalies
alternate from west to east, consistent with the alternating ar-
rangement of the uplifts and depressions in the northern SCS
and with the fault pattern in the northern SCS and the SCB
(Li et al., 2012).
In the oceanic crust of the SCS, most of the fault zones

pass through the equiaxial high gravity anomalies. Some
are along the linear gradient belt of the gravity anomaly,
which is the boundary between the high and low gravity
anomalies. The NE- and NNE-trending strike-slip faults are
all clearly reflected in the boundary of the positive and neg-
ative magnetic anomalies. There exists numerous long-axis
gravity anomalies closely parallel to the spreading axis.
The horizontal offset of these long-axis gravity anomalies
shows that the NE- and NNE-trending faults are dextral.
The NE- and NNE-trending strike-slip faults correspond
well to gravity and magnetic anomalies (Figs. 3 and 4).
In the southern SCS, the string of beads or bullseye posi-

tive gravity anomalies are very obvious along the fault
zones, with the NNE-trending arrangement and the highest
positive anomaly up to 20mGal, which are well distinct
from the whole negative anomaly in this area (Fig. 3). After
the cessation of spreading of the SCS, the later massive in-
traplate volcanism in this sea area was active and strong,
and the magma migrated to the seafloor along the earlier
formed lithosphere-scale faults (Hui et al., 2016b), resulting
in the disordered magnetic anomaly that has obvious fluctu-
ations in the positive and negative magnetic fields.
In summary, the NE- and NNE-trending strike-slip faults

in the SCB extend to the northern slope of the SCS, pass
through the oceanic crust of the SCS and further develop
in the southern margin of the SCS (Fig. 3). Furthermore,
the NE- and ENE-trending strike-slip faults are widely dis-
tributed in the whole of the SCS and also are consistent in
strike of the transform faults at the SCS spreading.

3.1.3. Magnetic lineations in the SCS
Significant obvious magnetic lineations exist in the SCS
(Figs. 1 and 2). Magnetic lineations used in our study are ob-
tained from the Earth Byte Team in the University of Sydney
(http://www.earthbyte.org/). Magnetic lineation in the Cen-
tral Sub-basin of the SCS is nearly E–W-trending in strike,
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Figure 2. Precise submarine geomorphology in the SCS (revised from Chen and Wen, 2010) and distribution of faults (see Fig. 1 for abbreviations).
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Figure 3. Third-order details of Bouguer anomalies by the wavelets (gravity data form Chen and Wen, 2010) and the fault distribution in the SCS. Abbrevi-
ations: PRMB, Pearl River Mouth Basin; QDNB, Qiongdongnan Basin; YGHB, Yinggehai Basin; SCS, South China Sea; RRFB, Red River Fault Zone. For

other abbreviations, see Figure 1.
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Figure 4. Magnetic anomaly (magnetic data from Zhu and Mi, 2010) and fault distribution in the SCS (see Fig. 3 for abbreviations).
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almost parallel to the spreading axis, while magnetic
lineations in the SW Sub-basin are slightly oblique to the
spreading centre (Fig. 2).

The vertical distance between the adjacent magnetic line-
ations is not the same, indicating the different spreading ve-
locities at different stages. The magnetic lineation as a whole
was curved or offset at intervals at the intersection between
the magnetic lineation and a transform fault. It is discontin-
uous in strike. The orientation of the line collecting the
nearest nodes at the adjacent magnetic lineations is NNE-
trending, showing the strike of the transform fault (Fig. 2)
and indicating the spreading direction of the SCS. The mag-
netic lineation between the adjacent transform faults still has
good correlation and continuity in space and is horizontally
offset into several sections by the NNE-trending transform
faults. By comparing the magnetic lineations, we can pre-
cisely analyse the differences in spreading rate between the
SW Sub-basin and the Central Sub-basin. In addition, the
previous NE- and NNE-trending dextral strike-slip faults
are the predecessors of transform faults.

In conclusion, all kinds of features point out that the true
strikes of the transform faults in the SCS are NE or NNE, in-
cluding the NE- and NNE-trending linear fault zones, the in-
traplate volcanism along the lithosphere-scale faults, the
NNE-trending gradient zones of gravity and magnetic anom-
alies, the string of beads or bullseye anomalies, and the
structures of magnetic lineation.

3.2. The characteristics of transform faults in the PSP

Extensive investigations concerning the transform faults of
the WPB and the SPVB in the PSP have been made in the
past decades. Based on magnetic lineation, gravity and mag-
netic anomalies, tectonic geomorphology in the seafloor and
other methods, it was recognized that the early spreading di-
rection of the WPB was NE-trending, while the late spread-
ing stage was nearly N–S- or approximately NNE-trending,
and that the transform faults of the SPVB were NNE-
trending at the late spreading stage.

3.2.1. Transform faults in the WPB
Many cruises of the Ocean Drilling Program (ODP) have
been conducted in the vicinity of the Central Basin spread-
ing centre of the WPB since 1984, and a good deal of data
about the bathymetry, magnetic and gravity anomalies have
been collected (Oshima et al., 1988; Lallem and Liu, 1997;
Deschamps et al., 1999; Fujioka et al., 1999; Okino et al.,
1999; Fujioka et al., 2000; Okino and Fujioka, 2003). Based
on these data, extensive and detailed researches were carried
out concerning the spreading history of the WPB.

The strikes of the fracture zones are believed to be parallel
to the spreading direction at the time of formation for most
spreading ridges (Wilson, 1965). Abyssal hills were usually

perpendicular to the strike of the fracture zones (Luyendyk,
1969; Andrews, 1976). According to the tectonic geomor-
phology provided by the long-distance side-scan sonar map-
ping (Swathmap), Andrews (1980) confirmed the linear
abyssal hills south of the Central Basin Fault in the WPB
are parallel or subparallel to the extinct or fossil spreading
centre, known as the Central Basin Fault Zone. Therefore,
the spreading direction of the WPB could be judged by the
distribution of the abyssal hills. The early seafloor spreading
direction of the WPB was NE-SW initially and reoriented
later to near-N–S-trending (Andrews, 1980).
Analysing the magnetic lineations and the seafloor

spreading structures, Hilde and Lee (1984) proposed that
the WPB developed in two stages. The first stage was be-
tween 58 and 45Ma, and the spreading was in a NE–SW di-
rection with a half spreading rate of 44mm/yr, and the
second stage was from 45 to 33Ma and characterized by a
N–S-directed spreading at a rate as slow as 18mm/yr. In ad-
dition, the former NW–SE Central Basin spreading centre
was separated into numerous, short, nearly E–W-trending
spreading segments by N–S-trending transform faults or
non-transform discontinuities. These preliminary works on
magnetic lineations were widely adopted in researches
concerning the spreading process of the WPB (Hall et al.,
1995a, b, c; Deschamps and Lallemand, 2002; Hall, 2002;
Sasaki et al., 2014).
Based on the analysis of the tectono-magmatic processes,

Deschamps et al. (2002) pointed out that the initiation of the
PVB E–W-trending spreading took place 30Ma later than
the termination of the WPB spreading and that extensive
stresses within the PVB were probably transmitted to the
hot and easily deformable rift valley of the WPB and thereby
formed a NE–SW-trending extension stress field. This led
to the creation of a new NW–SE axis in place of the former
E–W-trending spreading system, that is, the spreading centre
in the late nearly N–S spreading stage of the WPB was
almost in an E–W direction (Fig. 1).

3.2.2. Transform faults in the SPVB
Sdrolias et al. (2004) achieved much work on the SPVB, de-
termining the strikes of spreading ridges, and confirmed the
tectonic geomorphology of the spreading centre and subma-
rine fault zones utilising the available bathymetric and grav-
ity anomaly data. The spreading axis strike of the SB
switched from NNW-trending in the north to NW-trending
in the south, connecting the NW-trending spreading ridges
in the PVB. The change in the strikes of the magnetic linea-
tions and fracture zones can indicate a change in the strikes
of transform faults, which reflects that the spreading was
reorientated. About 20Ma ago, the spreading direction of
the PVB switched from E–W to NE–SW, while the SB
changed from ENE–WSW to NE–SW or NNE–SSW. This
conclusion was widely accepted.
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According to the distribution of magnetic lineations
(Fig. 1) and characteristics of free-air gravity anomalies
(Fig. 5) in the PSP, combined with the seafloor spreading
structures, this paper also reaches the same conclusions as
the earlier study (Sdrolias et al., 2004). Therefore, there
are two spreading stages in the WPB: the first in a NE–SW
direction and the later stage changed to NNE–SSW.

4. THE MODELS AND BACKGROUND OF
TRANSFORM FAULT FORMATION IN MARGINAL

SEAS

4.1. The SCS and OT: the model of inheriting the
orientation of strike-slip faults at the divergent continental
margin and adjacent regions

4.1.1. The two popular models of the opening of the SCS
There are a variety of controversial plate reconstruction
models about the opening of the SCS. But the two main
models are called the subduction model (Holloway, 1982;
Hall, 2002) and extrusion model (Briais et al., 1993).
In the subduction model, the proto-SCS subducted under

the Kalimantan Block with a low angle, and the drag effect
resulted in the opening of the SCS. The Kalimantan Block
rotated counter-clockwise, the subducting oceanic crust of
the proto-SCS vanished and ultimately the continent-
continent collision occurred between the Dangerous Block
and the Kalimantan Block. The existence of the proto-SCS
oceanic crust has provided a reasonable explanation for the
evolution of the Rajang-Crocker accretionary wedge, the
volcanic activity of the Sabah-Cagayan Ridge and the space
for the spreading of the SCS. However, this model has some
major problems. It cannot explain the phenomenon of the
nearly E–W-trending magnetic lineation that exists in
the Central Sub-basin of the SCS (Fig. 2). In addition, the
proto-SCS is very narrow, and its subduction amount is
not sufficient to drive the SCS to open (Xu et al., 2014).
Moreover, it also does not explain the fact that rifting occurs
concurrently in the ECSSB adjacent to the SCS (Zhou et al.,
2002), which does not favour a unified dynamic mechanism
of the marginal seas widely distributed in the Western
Pacific.
In the extrusion model of Briais et al. (1993), there was no

proto-SCS subduction zone on the northwest side of the
Kalimantan Block, the collision between the Indian Plate
and the EP accelerated the extrusion and escape of Indochina
and other blocks on both sides of strike-slip faults, accompa-
nied by a rotational motion. The related left-lateral pull-apart
effect eventually led to the SCS to open and expand, and the
clockwise rotation of the Kalimantan Block developed
coevally. However, this model created a huge controversy;
the basic theory and the physical model were not in

conformity with the facts. The SCS is a wedge-shaped basin;
it is not consistent with the left-lateral pull-apart mechanism
of the southeastern end of the NW-trending Red River Fault
Zone (RRFZ) (Zhou et al., 2002; Fig. 1). Li et al. (1998)
pointed out that the Yinggehai Basin was formed by the
RRFZ extending at the SCS, and that the RRFZ had been
not left-lateral but right-lateral since the Eocene. This indi-
cates that the Ailaoshan-RRFZ did not affect the SCS.
According to the new 40Ar/39Ar data, Wang et al. (2000)
proposed a sinistral motion of the Ailaoshan-RRFZ that oc-
curred at 27.15Ma, later than the opening time of the SCS,
indicating that the extrusion tectonics cannot be the true
cause for the initial opening of the SCS. Dewey et al.
(1989) believed that the huge energy that the Indian Plate in-
dented into the EP was mainly consumed by the uplift of the
Tibetan Plateau, while the Indochina Block slipped only a
short distance. In addition, palaeomagnetic studies showed
that coeval clockwise rotation rather than counter-clockwise
rotation had taken place in the Kalimantan Block
(Hutchison, 2010).

In summary, we don’t believe that these two models are
reasonable explanations for the spreading of the SCS.

4.1.2. The pull-apart effect of the NNE-trending
right-lateral strike-slip faults in the formation mechanism of
the SCS
There are many disputes in the distribution and direction of
the magnetic lineation of the SCS. Li (2011) considered that
the SCS experienced two different stages of spreading with
distinct directions: the early NNW–SSE-directed spreading
occurred between 33.5 and 25Ma, forming the older oceanic
crust of the NW Sub-basin and somewhere away from the
Central Sub-basin, with the nearly E–W- and ENE-trending
magnetic lineation, while the late NE–SW-directed spread-
ing occurred between 23.5 and 16.5Ma, forming the new
oceanic crust of the SW Sub-basin and somewhere nearby
the Central Sub-basin with the approximate NE-trending
magnetic lineation. However, most studies suggested the
magnetic lineations in the Central Sub-basin were nearly
E–W-trending during 25-16Ma (Taylor and Hayes, 1983),
in which the SW Sub-basin and the Central Sub-basin were
spreading meantime. Apparently, it is impossible for two
different stress fields to exist simultaneously at the same
stage in the same region under the same geodynamic setting.
That is to say, it is out of the question that the SW Sub-basin
of the NW–SE-directed spreading could not occur coevally
along with the Central Sub-basin of S–N-directed spreading.
Moreover, the equally-spaced, NW- and NNW-trending si-
nistral strike-slip faults that penetrated throughout the whole
region later (Yeh et al., 2010) were well preserved and easily
identified. These strike-slip faults were often misunderstood
as the transform faults cutting off the spreading axis of the
SCS, which led to some researchers concluding that the
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Figure 5. Free-air gravity anomaly of the Philippine Sea Plate. Abbreviations: CBSC, Centre Basin Spreading Centre. For other abbreviations, see Figure 1.
White lines in the Philippines and Taiwan represent faults. Gravity anomaly data from Bureau Gravimétrique International (BGI); the resolution is 2′ × 2′.
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SCS experienced two spreading stages under different
spreading directions of two successively different spreading
events or gradual propagation spreading to explain the open-
ing process of the SCS. Furthermore, if the transform faults
of the SW Sub-basin were NW-trending, the way how the
mid-oceanic ridge broke through the constraints of transform
faults to grow up progressively southwestward should be
studied further. It is also worth considering further how dif-
ferent segments of the spreading centre are connected.
Therefore, the current research results did not neglect the
scissor-like opening model of the SCS. Thus, the SW Sub-
basin and the Central Sub-basin are possibly under the same
unified geodynamic mechanism.
The evolution of the SCS (Fig. 1) was significantly influ-

enced by the right-lateral strike-slip faults, similar to those of
the Japan Sea. The dextral strike-slip pull-apart effect was
characterized as intensive in the east, weak in the west and
acting earlier in the north and the east than in the south
and the west, in a different shearing extent. Then, the differ-
ence in the degrees of shearing in the same period in differ-
ent tectonic domains can explain the inconsistency of the
magnetic lineations between different right-lateral strike-slip
faults, and also interpret the inconsistency of the magnetic
lineations belonging to the same mid-oceanic ridge segments
in different periods. Furthermore, the formation mechanism
of the SCS is similar to the Late Cretaceous basins in the
SCB, the northern shelf basins of the SCS and the ECSSB.
Jolivet et al. (1994) found that there existed one large

right-lateral strike-slip shear fault zone at the eastern and
southwestern edges of the Japan Sea, respectively. Their dis-
placements reached 400 km and 200 km, respectively. The
eastern side of the shearing displacement is much larger than
the left one. These two giant dextral strike-slip shear zones
were active during the Late Oligocene to Middle Miocene,
coeval to the opening time of the Japan Sea. The Japan
Sea was located in a local extensional area at the southern
segment of the eastern shear fault zone. Most of the subse-
quent displacement in the extensional area was accommo-
dated by the spreading of the oceanic crust. Tamaki (1995)
believed that it is a common process of back-arc spreading
that the lithosphere along the giant strike-slip shear fault
zone was torn to trigger seafloor spreading.
The back-arc basin has its own independent spreading

system similar to the ocean. Because of the unique location
of the continent margin between oceanic and continental
crusts, and the complex tectonic settings, the back-arc basin
can undergo dramatic changes at a short time, especially in-
fluenced easily by the motion of the subducting plates and
the pre-existing tectonic framework of the continental mar-
gin. Therefore, the complexity and spatial heterogeneity is
a common feature of back-arc spreading. In fact, it was be-
cause of the constraint of a complex tectonic background
that the SCS was not the orthogonal spreading of normal

mid-oceanic ridges, but oblique spreading, similar to the
Red Sea-Gulf of Aden. The true strike of the SCS transform
faults should be NNE-trending, which was the extensional
direction since the late Late Cretaceous, accompanied by
the NNE-trending right-lateral strike-slip faults in the SCB
and the northern SCS (Jolivet and Tamaki, 1992).

A series of NE- and NNE-trending strike-slip faults were
widely distributed in the East Asian Continental Margin,
along which a large-scale, intensively active, NE- and
NNE-trending Andean-type continental magmatic arc devel-
oped during the Late Jurassic to early Late Cretaceous. A set
of NNE-trending volcanic formations developed from the
Okhotsk Sea to the northwestern margin of the SCS (Zhao
and Ohtani, 2009). Since the India-Australia Plate and the
EP did not collide at this stage, the fault system and
magmatic arc might have been caused by the intensive sub-
duction of the palaeo-PP to the EP. The NE- and NNE-
trending strike-slip faults in the SCB were more obvious,
extending hundreds of kilometres, some even up to several
thousand kilometres, cutting through the lithosphere.
The main faults from west to east were the Wuchuan-Sihui,
the Shaowu-Heyuan-Yangjiang, the Zhenghe-Dapu, the
Changle-Nanao, the Binghai and other fault zones (Fig. 1).
Due to the influence of the NW-trending oblique subduction
of the palaeo-PP in the Early Cretaceous, the NE-trending
fault system showed a sinistral transpressional property
(Lin, 1999). Maruyama et al. (2009) and Suo et al. (2012)
considered that it was converted to a tensile stress field be-
cause of the steepening subduction angles of the PP in the
Late Cretaceous and the initial subduction rollback, the na-
ture of the NE-trending fault system changed from
transpression to transtension. The NE- and NNE-trending
strike-slip faults performed obvious transtension in the Early
Paleogene, forming a series of pull-apart basins in the East
Asian Continental Margin.

According to gravity and magnetic anomalies, as men-
tioned above, there existed an extensive series of long and
straight NE- and NNE-trending dextral strike-slip faults in
the SCS. Based on the focal mechanism solutions and their
characteristics, and the tectonic geomorphology, Wang
et al. (2014) found that the NE- and NNE-trending strike-
slip faults in the SCB could be compared with those in the
northern SCS. They extended naturally to the continental
margin of the northern SCS. The NE-trending fault system
in the SCB extended into the sea and continued to grow in
the continental margin of the northern SCS, since these
faults in the SCB and SCS developed under the same unified
geodynamic setting and by a similar formation mechanism.
Karig (1971) also proposed that the deep-seated faults in
the SCB, such as the Wuchuan-Sihui Fault, extended into
the continental margin of the northern SCS. Lin et al.
(2006) considered that the NE-trending granite uplift zone
in Hainan Island was an extension of the tectonic-magmatic
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belt in the SCB to the SCS, and that the Xisha Uplift,
Zhongsha Uplift and Dongsha Uplift and others were also
controlled by the NE-trending fault system. Cheng et al.
(2012) supposed that the Binhai Fault Zone had no change
in strike and its extension to the sea area was the fault
boundary between the Pearl River Mouth Basin and the
Southwest Taiwan Basin. The seismic profile is the most
useful tool to reveal fault type. From the seismic profiles
across the continental shelf of the northern SCS (Fig. 6), it
is easy to determine that the NE-trending fault zones are
all negative flower structures, indicating that the fault zones
are transtensional and cut down to the Mesozoic basement
(T7 interface), up to the Quaternary sediments (over the T1
interface). These characteristics are consistent with those
of the Zhenghe-Dapu, Shaowu-Heyuan-Yangjiang and
Changle-Nan’to fault zones in the SCB, which indicates that
there is a connection amongst their origins. On the basis of
the above analysis, the NE- and NNE-trending fault zones
in the continental margin of the northern SCS are the natural
extension of the NE- and NNE-trending strike-slip faults in
the SCB.

Before the Oligocene, the southern SCS was also located
in the continental margin of South China based on plate re-
construction (Hall, 2002). Basin-controlling faults in the
southern SCS were consistent with those present in the
northern SCS. The NE- and NNE-trending strike-slip faults
were distinct in terms of gravity and magnetic anomalies,
cutting thought the Late Cretaceous strata in the seismic pro-
files. They were consistent with the NE- and NNE-trending
fault zones in the SCB, derived from the NE-trending struc-
tures since the Yanshanian Movement (Xiong et al., 2012).
Based on the gravity and magnetic anomalies (Figs. 3 and
4), the NE- and NNE-trending strike-slip faults originated
from the SCB extended and cut the northern continental
margin of the SCS, across oceanic crust of the SCS as trans-
form faults or fracture zones, and further to the southern
SCS. Consequently, the widely distributed NE- and NNE-
trending strike-slip fault zones, which extend far and cut
through the basement of the continental shelf in the SCS,
might control the rifting, opening or spreading process of
the SCS, and switched into the transform faults of the SCS.

Marginal basins generally undergo a long-term extension
before spreading. The collision between the Indian and Eur-
asian plates started in the Early Eocene and became more in-
tense in the Mid-Eocene about 42Ma. Meanwhile, the
motion direction of the PP changed from NNW to WNW
(Fig. 7A-7B). All of the above strengthened the large-scale
NE- and NNE-trending dextral strike-slip faulting, which re-
sulted in stretching, splitting and thinning of the SCB litho-
sphere. Eventually, the Dangerous Block and the Zhongsha
Block were successively separated from the SCB. The SCS
opened in the Early Oligocene and then converted into a pas-
sive continental margin at the south and north margins until

the Mid-Miocene. The comparison of the spreading times of
marginal seas in the Western Pacific with the uplift stages
of the Qinghai-Tibet Plateau revealed that the spreading time
of most marginal seas was in the Oligocene, which was also
the second peak in uplift of the Tibetan Plateau. Therefore,
both of them have a direct and close correlation. In addition,
P-wave seismic tomography (Huang and Zhao, 2009) has
been carried out to explore the mantle structure under the
EP. It showed that a large number of lithosphere materials
were continuously injected into the mantle along the colli-
sion zone of the India-Australia Plate and the EP (Liu
et al., 2004) and that low-velocity asthenosphere as mantle
flow extruded eastward from the Qinghai-Tibetan Plateau
to East China (Li et al., 2013).
Compared with that of the Japan Sea, the model of the

SCS by dextral pull-apart rifting of the continental margin
has the main difficulty of determining how the subduction
convergence zone developed along the MT rather than the
large-scale dextral strike-slip faults in the near-N–S-trending
eastern margin of the SCS (Zhou et al., 2002). However,
palaeomagnetic evidence suggests that the Philippine Archi-
pelago migrated along the sinistral strike-slip faults from the
equator to the present-day location. The strike-slip faults in
the eastern margin of the SCS might be destroyed by the
following obduction of the Philippine Archipelago, or
subducted under the OT with the northward migration of
the PSP (Zhou et al., 2002). Xu et al. (2014) also proposed
that the large-scale dextral strike-slip faults possibly existed
in the near-N–S-trending eastern margin of the SCS.
There exists another distinct NW- and WNW-trending

fault set in this region. The majority of them cut through
the early NE- and NNE-trending faults. Their formation
was generally considered to be related to the later oblique
collision between the Philippine Arc and the SCB, or the gi-
ant NW-trending strike-slip indentation and adjustment in
the conjunction area of the PP and the EP. However, these
NW-trending faults are easily misunderstood as the trans-
form faults of the SCS.
Above all, the transform faults of the SCS are actually

NNE-trending, as a portion of the NE- and NNE-trending
strike-slip faults widely distributed in the continental shelf
of the SCS (Ma et al., 2014). In fact, they are also a natural
extension of the NNE-trending right-lateral strike-slip faults
in the SCB (Fig. 7). The pre-existing NE- and NNE-trending
right-lateral strike-slip faults were reactivated by the
collision between the Indian Plate and the EP in the Early
Cenozoic, resulting in the opening of the SCS, and then
the spreading process of the SCS, which was an oblique
spreading, similar to the Red Sea. When the new oceanic
crust emerged, the pre-existing faults evolved into the
NNE-trending transform faults of the SCS. Moreover, Liu
et al. (2016) identified a series of the dominant NE- and
NNE-trending right-lateral strike-slip faults in seismic

Y. ZHANG ET AL.502

Copyright © 2016 John Wiley & Sons, Ltd. Geol. J. 51(S1): 490–512 (2016)
DOI: 10.1002/gj



Figure 6. Basin-controlling strike-slip faults in the northern continental margin of the SCS and seismic profiles (modified from Wang et al., 2014). T7 interface
represents the boundary between the pre-Mesozoic basement and the Cenozoic strata.
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profiles of the OT, which controlled the stratigraphic succes-
sion and structural framework of the OT, inducing breakup
of the volcanic island arcs and resulting in back-arc opening.
Since the new oceanic crust emerged, the NE- and NNE-
trending faults evolved into the transform faults of the OT.
This directly indicates that the spreading of the OT and the
opening of the SCS have the same geodynamic setting and
a similar formation mechanism. They are all attributed to
the right-lateral strike-slip process of the NE- and NNE-
trending faults.

4.2. The SPVB: model of the IBM Trench NE- and
NNE-trending retreat

A number of drilling cruises have been carried out since the
start of the Ocean Drilling Program (ODP). The drilling re-
sults showed the KPR running through the middle of the
PSP from north to south was the residual arc. Before about
30Ma, the KPR and IBM island arcs were a unified island-
arc system, without being separated. The DSDP 448 found
that the volcanic activity of the KPR and adjacent area
ceased in the period 32-31Ma. The unified island-arc system
began to break up at about this time (Jin, 1995).

Since the late Mesozoic, the main geodynamics of the
PSP was driven by the motion of the PP (Li et al., 2013).
Now the known oldest oceanic crust, about 150Ma, in the
Western Pacific was located to the east of the IBM Trench
(Sdrolias et al., 2004). Corresponding to the palaeo-IBM
Trench, the SPVB was a back-arc basin spreading during
30-17Ma. The east of palaeo-IBM Trench has the older,
colder, denser oceanic crust at that time than at present. So
the subduction at the ancient trench can be compared with
the present-day subduction. Shi and Wang (1993) argued,
due to the older, colder and denser Western Pacific oceanic
crust, the PP was easier to sink, resulting in high-angle
subduction. The subducting plate further drives the trench
to retreat, inducing the upwelling mantle flow and back-arc
spreading. Their calculation results showed the trench
retreating, and high-angle subduction contributed to induce
the upwelling mantle flow and back-arc spreading. Mean-
while, they predicted by calculation that there should be
the obvious upwelling mantle flow and back-arc spreading
behind the IBM Trench, which was consistent with the cur-
rent observations. Molnar and Atwater (1978) also made the
point that the old oceanic crust was easier to sink with neg-
ative buoyancy, causing the trench to move seaward and
leading to back-arc spreading. Zhong and Gurnis (1997)
did a non-Newtonian fluid convection model with numerical
simulation under the cylindrical coordinate, showing that it
is possible to appear subduction rollback, and also described
in detail the possible process of the subduction rollback.

Many plate reconstructions of the Western Pacific tecton-
ics clearly demonstrate a large-scale NE- and NNE-trending

slab rollback along the IBM Trench (Seno and Maruyama,
1984; Jolivet et al., 1989; Hall, 1997; Nichols and Hall,
1999; Honza and Fujioka, 2004; Sdrolias et al., 2004;
Maruyama et al., 2009; Niu et al., 2015; Suo et al., 2015).
Moreover, the IODP results also favour the triple junction
of the Japan Trench, the Ryukyu Trench and the IBM
Trench migrated from SW to NE-ENE (Haston and Fuller,
1991), which also confirmed that the IBM Trench did indeed
move seaward to the PP (Zang and Ning, 2002).
Since the northern and western margins of the PSP sepa-

rated from the EP with a subduction zone, the remote effect
of the collision between the Indian Plate and the EP could
not affect the PSP apparently. The SPVB developed parallel
to the subduction zone, of which the magnetic lineations are
substantially parallel to the residual arc of the KPR, indicat-
ing that the cause of the SPVB was back-arc rifting related to
the PP subduction (Ren and Li, 2000; Honza and Fujioka,
2004). The most remarkable feature of the PP subduction
was trench retreating in the Cenozoic (Zhang et al., 2016).
Zhang and Shi (2003) pointed out that in the subduction roll-
back process, the underlying plate moved backward with the
trench retreating, the stress state of the overlying plate
shifted from compression to tension. The shifted stress state
might lead to back-arc rifting. Based on the changed posi-
tions of the trench in the plate reconstruction of the marginal
seas of the Western Pacific and nearby plates at four critical
periods (45Ma, 25Ma, 15Ma, present) (Jolivet et al., 1994),
Ren and Li (2000) found that the extensional component of
the deformation increased towards the back-arc zone, thus
believing that the subduction rollback is one of the main for-
mation mechanisms of back-arc spreading.
The transform fault is actually the movement track of the

lithosphere on the surface of the Earth. According to the
plate tectonics theory, the direction of transform faults of
the back-arc basin resulting from subduction should be con-
sistent with the direction of relative motion of the subducting
plate. The back-arc spreading direction was approximately
parallel to the direction of relative movement of oceanic
plates (Honza and Fujioka, 2004). The NE- and ENE-
directed retreat of the IBM Trench indicated the PP relative
to the PSP moving northeastward and ENE-ward. According
to the free space gravity anomalies and previous studies, the
strikes of transform faults during the late spreading of the
SPVB were NE- and ENE-trending, parallel to the relative
motion sense of the PP to the PSP. This was in accordance
with the plate tectonics theory.
The origin of the NE- and NNE-trending transform faults

in the SPVB was the possible model of NE- and NNE-
directed retreat of the IBM Trench. Because the older,
colder, heavier Western Pacific oceanic crust was located
to the east of the IBM Trench, there existed a high-angle
subduction zone at the IBM Trench, driving the NE- and
NNE-directed trench retreat due to wedge suction, inducing
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the upwelling mantle flow and resulting in the tensile stress
on the surface of the overlying plate, named the PSP, further
controlling the manner of the back-arc spreading. With the
action of tensile stress, the palaeo-IBM Island Arc split,
the back-arc basin began to spread and develop the NE-
and NNE-trending transform faults. The transform faults
were not perpendicular to the spreading ridge in the SPVB,
on average about 26° to normal of the ridge (Table 1). It
was another oblique spreading, not like the orthogonal
spreading in a normal mid-oceanic ridge. This is a non-
uniform spreading manner, with the emergence of complex
magnetic lineation, nor progressive spreading.
In order to display the differences of the spreading in dif-

ferent segments of the back-arc basin, we have undertaken
further work, separately measuring the angles between the
transform faults and the normal of the ridges in the SB and
the PVB (Table 1), and then calculated the mean value.
Our results show that the measured average value (21.71°)
in the SB was less than that (30.25°) in the PVB. This may
be explained by the following two reasons: 1. The IBM
Trench NE- and NNE-trending retreat may have had a dif-
ferent impact on the two basins. 2. The influence of the sec-
ond (25Ma-present) overall rotation of the PSP. It also
highlights the complexity and the non-uniformity of the
back-arc spreading.

4.3. The WPB (42-33Ma): late-stage overall rotation
model of the PSP

Due to the tectonic complexity of the PSP, the spreading
process of the WPB was still not clear (Seno and Maruyama,
1984; Sasaki et al., 2014). Since the palaeo-IBM Trench
subducted at about 54Ma, the WPB developed on the south-
ern side of the KPR.
According to whether there was an overlapping spreading

centre in the projection of two contiguous rift valleys, Honza
(1995) proposed three possible ideal modes for the marginal
sea spreading. The first type has no overlapping spreading
centre between two contiguous rift valleys. In contrast to
the first type, the second has one overlapping spreading

centre. The third was that the transform faults were perpen-
dicular to the spreading axes of mid-oceanic ridges. Based
on the angle between the transform faults and the normal
line of the ridges, we tried to explore the spreading manner
of the WPB and the formation mechanism of the current
N–S-trending transform faults.

By measuring and calculation, the angles between the
nearly N–S-trending transform faults and the normal lines
of the ridge at the early spreading stage (42-33Ma) in the
WPB were 7.35° on average (Table 1). The four measured
values are close to each other, without much difference be-
tween them. The angle is very small. The near-N–S-trending
transform faults were perpendicular to the E–W-trending
spreading centre, similar to the normal mid-oceanic ridge.
Concerning the probable impact of the second rotation stage
since 25Ma of the PSP, and the measurement method on the
angle, this paper proposes that the spreading pattern at the
late spreading stage of the WPB was similar to the normal
mid-oceanic ridge, which was orthogonal spreading. It also
coincides with the third type proposed by Honza (1995)
(described above). Even the seafloor spreading occurred at
normal mid-oceanic ridges, nor is it entirely orthogonal
spreading. Nevertheless, some oblique spreading is sug-
gested in most mid-oceanic ridges (Honza, 1995).

By comparing the different behaviours of the palaeo-IBM
Trench retreat in the late spreading of the WPB and the
SPVB, the oceanic crustal age differences of the subducting
PP, whether the palaeo-KPR was parallel to the retreating
trench, it indicated that the late spreading of the WPB also
resulted from the palaeo-IBM Trench retreating. Seno and
Maruyama (1984) also considered that the palaeo-IBM
Trench retreating seaward led to the formation of the WPB
and the SPVB. The formation and evolution of marginal seas
in the Western Pacific show that the back-arc spreading was
closely related to the motion of the surrounding plates
(Honza, 1995). At about 42Ma, the motion sense of the PP
changed from NNW to WNW. To adjust to this change,
the tectonic migration of the spreading centre of the WPB
took place, and the spreading direction adjusted from N–S
to NW–SE or NNW–SSE. All the above-mentioned evi-
dence implies that WPB spreading was closely associated
with the PP subduction and the retreat of the palaeo-IBM
Trench. On the basis of the palaeomagnetic data, Hall
(1996, 2002) carried out a plate reconstruction of the conti-
nental margin of Southeast Asia and the Western Pacific
marginal seas, showing that the PSP did not rotate in the pe-
riod 40-25Ma while it proceeded about 40° clockwise rota-
tion after 25Ma. The WPB rotated together with the PSP.
The near-N–S-trending transform faults that occurred at the
early spreading stage of the WPB were rotated to become
the current NE-trending, and the later NW- and NNW-
trending transform faults were rotated to the present-day
near-N–S or NNE trend.

Table 1. The angles between the transform fault strikes and the
normal of the ridge in the back-arc basins

Location

The angle between the transform
faults and the normal of the ridge (°)

Measured value Average value

SPVB SB 17.63 26.70 21.71 25.98
24.09 18.40

PVB 27.56 33.34 30.25
28.50 31.59

WPB 9.75 6.83 7.35
7.09 5.72
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The angles between the transform faults and the normal
lines of the ridges can somehow reflect the marginal sea
spreading manner. Therefore, by comparing these angles
in different back-arc basins, we can explore the similarity
and difference of the formation mechanism in different
back-arc basins under a unified geodynamic setting. The
back-arc spreading of the WPB and the SPVB was both re-
lated to the palaeo-IBM Trench retreat, which indicated the
similarity of their formation mechanism. The angle (7.35°)
between the near-N–S-trending transform faults and the
normal lines of near-E–W-trending spreading axis was far
less than that (25.98°) (Table 1) in the SPVB, reflecting
the differences between their genetic mechanism. The
small angle (7.35°) indicates that the late spreading stage
(42-33Ma) of the WPB was similar to that of the normal
mid-oceanic ridge. It might be the case that the palaeo-
IBM Trench retreated at the same rate relative to the
palaeo-KPR. Moreover, it might reflect that the
geodynamic setting of the whole PSP was relatively simple,
without the obvious influence of the surrounding plates dur-
ing the time after the spreading reorientation and before the
spreading ceasing. This differed from the SPVB. The IBM
Trench was not parallel to the KPR rifting in 30Ma. The
breakup of the KPR was non-uniform when the trench
retreated.

4.4. Plate reconstruction: tectonic setting on the origin of
transform faults in marginal seas of the Western Pacific

Some of most active marine research projects in the world at
present are as follows: the International Ocean Discovery
Program (IODP), International mid-oceanic ridge Project
(InterRidge), International Continental Margin Program
(InterMargins) and the Geodynamic Processes of Rifting
and Subducting MarginS (GeoPRISMS), each of which
focuses on the formation and evolution mechanism of mar-
ginal seas (Cawood, 2005; Li, 2008; Li et al., 2009a, b).
These programmes are devoted to undertaking research on
the time of opening, the closure time and the evolutionary
processes of marginal seas, but seldom are they concerned
with the genesis of transform faults. It is because of the
unclear origin of transform faults that leads to the chaotic
evolutionary history of marginal seas. So far, there have
been plenty of plate reconstruction models about the forma-
tion and evolution of the Cenozoic marginal seas in the
Western Pacific and the East Asian Continental Margin
(Uyeda and Miyashiro, 1974; Hilde et al., 1977; Lee and
Lawver, 1995; Sengor and Natalin, 1996; Yin and Nie,
1996; Maruyama et al., 1997; Hall, 2002, 2012; Honza
and Fujioka, 2004; Sdrolias et al., 2004; Whittaker et al.,
2007; Yin, 2010; Seton et al., 2012). Substantial foundation
work has been done already, and relatively reasonable plate
reconstruction models have been put forward from the

insights gained from studies of palaeomagnetism, magnetic
lineation, geochemistry, sedimentary formation, structural
connections, etc. However, each plate reconstruction had
its own limitations. These reconstructions relied mostly on
a single geophysical method; the geological evidence was
insufficient, and thus different conclusions might be reached
from different perspectives because of the multiplicity of
geophysical inversion. In addition, the geomagnetic anom-
aly in the back-arc basin was especially weak and rather
disorganized for the reasons of asymmetric spreading, mid-
oceanic ridge transition and the intraplate volcanism after
the spreading, which created a major challenge for the most
precise redefinition of the magnetic lineation, reducing the
accuracy of the marginal sea spreading process judged by
magnetic lineation. Differences in these plate reconstruc-
tions showed not only the complexity of the formation and
evolution of marginal seas in the Western Pacific but also
the great controversies and contradictions.
Based on the preliminary results and understandings men-

tioned above, and the many previous studies on the Western
Pacific marginal seas (Hall et al., 1995a, b, c; Hall, 1996,
1997, 2002; Honza and Fujioka, 2004; Sdrolias et al.,
2004), this paper modified their previous plate reconstruc-
tions from the point of transform faults to make them more
reasonable.

4.4.1. Early Eocene (51Ma) (Fig. 7A)
In the Early Eocene, the Oki-Daito Ridge and the Amami
Plateau in the northern PSP and the Halmahera Island in
the southern PSP in their present-day positions were the
old residual oceanic crust in the Western Pacific region
(Hall, 1996, 2002). Based on palaeomagnetism and
palaeolatitude data, the PSP was in a sub-equatorial
position (Louden, 1977; Kinoshita, 1980; Hall et al.,
1995a, b, c), showing the subsequent rotation process and
the change of palaeolatitude (Hall, 2002). At this time,
there was a spreading centre between the Indian Plate and
the Australian Plate, which showed the relative indepen-
dence of each other. At the same time, the Indian Plate be-
gan to collide with the southern margin of the EP. Also,
there was a west-dipping subduction zone along the East
Asian Continental Margin, extending southward to the
Luzon Arc, and the northern and western Sulawesi Arc
(Hall, 2002). At about 54Ma, the massive boninitic volca-
nic rocks intruded into the present-day eastern margin of
the PSP, initiating the IBM Arc (Hall, 2002). The WPB be-
gan to spread behind the arc and rotated clockwise, produc-
ing the rudiment of the PSP. The island of Borneo might
have formed in the Late Cretaceous, and it was in its
present-day geographic location from the Early Eocene fol-
lowing a clockwise rotation of 40° (Fuller et al., 1999;
Zheng et al., 2016).
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4.4.2. Middle Eocene (42Ma) (Fig. 7B)
In the Middle Eocene, the Wathon mid-oceanic ridge
spreading ceased, and the Indian Plate and the Australian
Plate became one single plate, named the India-Australia
Plate, moving northward rapidly (Hall, 2002). The WPB be-
came wider, and its spreading system propagated through
the Celebes Sea into the Makassar Strait (Hall, 1996). Be-
cause the WPB was surmised to have had an approximately
50° clockwise rotation in the 50-40Ma interval, there might
be enormous strike-slip faults between the PP and the
Australian Plate, and the western margin of the PSP. At
the eastern margin of the PSP, extensive island arcs were ex-
posed, and the southern part of KPR continued to develop
southward due to the subduction of the PP (Honza and
Fujioka, 2004). At ca. 45Ma, the proto-SCS started to
subduct southward, producing a new and important
accretion-type active continental margin extending from
Sabah (Borneo) via the Sulu Arc into the Luzon Arc (Hall,
2002). The latter author considered that the slab-pull forces
from the proto-SCS resulted in the spreading of the SCS.
This conflicts with the observed geological facts in the East
Asian Continental Margin. In contrast, we consider the
spreading of the SCS was mainly due to the pull-apart ef-
fects controlled by the NNE-trending dextral strike-slip
faults. At ca. 42Ma, the strike of the Hawaii-Emperor Ridge
changed, indicating a change of motion sense of the PP from
NNW to WNW (Suo et al., 2012; Li et al., 2013). As a re-
sult, approximately 42Myr ago, there was a major period
of plate reorganization in this area. The subsequent ridge
jump in the WPB might also be associated with this change.
In the Late Eocene, the subduction of the PP was supposed
to have resulted in the breakup of the eastern IBM Arc to
generate the Caroline Sea at the eastern margin of the PSP
(Hall, 2002), as proposed in Karig’s model (Karig, 1974)
for arc evolution. Because of the little knowledge
concerning the Caroline Plate, the spreading direction of
the Caroline Sea is very controversial.

4.4.3. Early Oligocene (34Ma) (Fig. 7C)
The plate tectonic framework in the Early Oligocene was
similar to that in the late Middle Eocene (40Ma). At about
35Ma, the spreading of the WPB ceased (Hilde and Lee,
1984; Honza and Fujioka, 2004; Li et al., 2013). The sub-
duction at the northern margin of the Borneo-Luzon Arc
continued to consume the oceanic crust of the proto-SCS
and formed the massive accretionary complex in northern
Borneo (Hall, 1996, 2002). Honza and Fujioka (2004) sug-
gested that the opening of the SCS was possibly activated
by the approach of the spreading axis of the WPB, which
was also different from our model. The SCS began to spread
at about 34Ma. On account of the subduction rollback, the
palaeo-IBM Arc began to split and form the SPVB at ap-
proximately 30Ma. Moreover, there was a north-dipping

subduction zone all along the SE Asian margin in the earliest
Oligocene or the latest Eocene.

4.4.4. Early Miocene (23Ma) (Fig. 7D)
It was in the Late Oligocene or Early Miocene, at ca.
25Ma, that the plate boundaries had the most significant
changes (Hall et al., 1995b, c; Sdrolias et al., 2004). The
PSP started its second clockwise rotation at this time (Hall,
2002). Many island arcs became effectively coupled to the
PP. It started to become an intra-oceanic subduction zone at
the eastern margin of the PSP, at which the PP subducted
rapidly, and the rapid rollback of the trench hinge from this
time (Hall, 2002). Hall also argued that the SPVB opened
in a similar way with the Caroline Sea, which was a pro-
gressive spreading, and the SPVB was parallel to the sub-
duction zone. However, according to the previous
analysis, we believe that the NE- or NNE-directed subduc-
tion rollback at the IBM Trench led to the opening of the
SPVB. The spreading stage of the Japan Sea was confirmed
during the period 24-17Ma, based on the ages of the sea-
floor rock (Tamaki et al., 1992). We adopted the opinion
of Jolivet et al. (1994) and Yin (2010) that the opening of
the Japan Sea was controlled by the dextral strike-slip mo-
tion and further believe that the spreading of the SCS was
also related to the giant dextral strike-slip faults (Xu
et al., 2014). The two marginal seas were similar in their
formation.

4.4.5. Middle Miocene (16Ma) (Fig. 7E)
In the Middle Miocene because of the rotation of the PSP
and the probable strike-slip motion, its western boundary
was fairly complex. There was a minor subduction zone
within the Philippines on the basis of the distribution of
isotopic ages and volcanic activity (Hall, 2002). The
Caroline Plate rotated clockwise continuously as did the
PSP. With the ongoing subduction, the oceanic crust of
the proto-SCS north of Borneo was almost consumed
completely (Luan and Zhang, 2009). The spreading of
the SPVB east of the PSP ceased in the earliest Middle
Miocene, about 17-15Ma (Briais et al., 1993; Okino
et al., 1998, 1999; Sdrolias et al., 2004; Yin, 2010).
The Ayu Trough at the southern edge of the PSP was ini-
tiated to spread slowly (Hall, 2002). At about 16Ma, ow-
ing to the joint effect of the Australian Plate moving
northward to collide with the southeastern Asian Conti-
nental Margin (Li et al., 2012) and the blocking of the
Dangerous Block subducting beneath Borneo (Luan and
Zhang, 2009; Hui et al., 2016a), the spreading of the
SCS ceased and began to be subducted into the
Philippines. Then the MT appeared (Li et al., 2013). At
the same time, the Nankai Trough, the Ryukyu Trench
and the Luzon Trench developed, but their subduction
rates might have been very slow, as deduced from the
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Figure 7. Revised plate reconstructions of Southeast Asia and the Pacific Plate in the Cenozoic (revised from Hall, 1996, 1997, 2002). IAP = India-Australia
Plate; AS =Andaman Sea; Ayu T =Ayu Trough; DS =Dangerous Block; see Figure 1 for other abbreviations. Pacific Plate is shown in turquoise. Areas filled
with green are mainly arc, ophiolitic and accreted material formed at plate margins. Areas filled in cyan and pale mauve are submarine arcs, and oceanic plateau.
Pale yellow represents submarine parts of the Eurasian continental margins. Dark yellow represents deeper areas of the South China Sea. The red region rep-

resents Australia.
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rotation rates of the Philippines at this stage (Honza and
Fujioka, 2004).

4.4.6. Early Pliocene (6Ma) (Fig. 7F)
The PSP moved towards the East Asian Continental Margin
in a WNW direction, the PSP subducted westward into the
Philippines, finally producing the Philippine Trench in the
latest Miocene or the earliest Pliocene, at 6 or 4Ma (Seno
et al., 1993; Hall et al., 1995b; Honza and Fujioka, 2004).
The Mariana Arc began to split in the Early Pliocene,
forming the west and east Mariana Arc and the Mariana
Trough in the later phase of this stage (Honza and Tamaki,
1985; Taylor, 1992), at approximately 3.5Ma (Yamazaki
et al., 1993). The oceanic crust developed in the southern
OT at 2Ma (Liu et al., 2016). The current plate tectonic con-
figuration is then basically formed.

5. CONCLUSIONS

Based on the high-resolution tectonomorphology, gravity
and magnetic anomalies, patterns of magnetic lineation,
combined with regional geological setting, and the inheri-
tance of tectonic activity, this paper selects the SCS, OT,
WPB and SPVB as key basins to re-examine the distribution
of transform faults. Furthermore, from the insight provided
by the study of the strikes of transform faults, this paper
reanalyzes the spreading manner of the marginal seas, im-
proves the previous plate reconstruction model and proposes
three models on the formation of the NNE-trending trans-
form faults in back-arc basins.

(1) The model of inheriting the orientation of the strike-slip
faults at the rifting continental margin from those in the
adjacent region. The real strikes of transform faults
should be NNE-trending rather than the traditionally-
known NW-trending. The NNE-trending transform
faults were actually the NNE-trending right-lateral
strike-slip faults widely distributed in the continental
shelf of the SCS, also being a natural extension of the
NNE-trending right-lateral strike-slip faults in the
SCB. The geodynamics of the OT spreading resembled
that in the SCS. Therefore, the transform faults of the
OT should also be NNE-trending. The transform faults
are not perpendicular to the spreading axis, which dis-
play an oblique spreading.

(2) The model of the IBM Trench retreat to the NE and
NNE. The NE- and NNE-trending retreat of the IBM
Trench produced the NE- and NNE-directed horizontal
tensile stress, which resulted in the KPR splitting,
rifting, and then controlling the spreading process of
the SPVB and the NE- and NNE-trending transform
faults. The transform faults were not perpendicular to
the spreading axis, also presenting an oblique spreading.

(3) The model of the later overall rotation of the PSP. The
later spreading of the WPB formed the NW- and
NNW-trending transform faults and an orthogonal
spreading axis. Since 25Ma, the WPB has been clock-
wise rotated by about 40° along with the overall rotation
of the PSP. The near-N–S-trending transform faults
during the early spreading of the WPB were rotated to
become the present-day NE-trending ones, and the
NW- and NNW-trending transform faults during the late
spreading of the WPB were rotated to become the
present-day near-N–S- or NNE-trending ones. Trans-
form faults in the WPB were almost perpendicular to
the spreading axis, similar to the normal ocean ridge
spreading behaviour.

(4) Cenozoic transform fault in marginal seas is related to
the subduction geodynamics of the Pacific Plate rather.
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