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We present an updated evaluation of SE Asian geodynamics that includes the interactions of the South China Sea
(SCS) marginal basin with surrounding plates since the end of SCS spreading 20.5-18 Ma. Newly available Ar>°/
Ar*0 ages of SCS oceanic crust drilled at IODP U1431 near the SCS East basin extinct spreading center are older
than 18 Ma. Conversely, the oldest ages of the Luzon arc and forearc at Taiwan’s Lanyu island, Coastal range and
Lichi mélange are 17-18 Ma, suggesting that onset of the Manila subduction zone may have begun a few m.y.
earlier. Before ~20.5 Ma, the northern part of the Manila transcurrent fault (MTF), considered as the western
boundary of the Ryukyu subduction zone, was a left-lateral lithospheric-scale shear zone. From ~20.5-18 Ma to
~7 Ma, this portion of MTF was connected to the Manila trench. Since ~7 Ma, the MTF extended into the Taiwan
Longitudinal valley and continued southwards to north Luzon island as near-vertical, left-lateral shear zone.
Today, south of ~24°N, the MTF protrudes down to 30 km depths and terminates above the deeper Manila slab.
Since ~7 Ma, the whole MTF shifted 400 km westward with respect to Eurasia and rotated ~23° clockwise to
become oriented ~NS north of 16°N latitude. We identify a tear fault in the Eurasian (EU) plate north of the
Ryukyu trench that is located south of the Myako and Yonaguni islands. Since ~10 Ma, the tear continuously
progressed westward within EU crust, with the Philippine Sea plate progressively subducting northwestward
between the two lips of the tear fault. A RFF (ridge-fault-fault) triple junction was active in the EU crust before
20.5 Ma, from 10 to 7 Ma, and since 2 Ma. This triple junction was always located on the MTF with one branch of
the MTF on each side of the triple junction, and the third branch being the spreading center.

1. Introduction subduction (Sibuet et al., 2021; Mohn et al., 2022). Variations in the

subduction zone characteristics, such as the direction of convergence,

In the literature, marginal seas are extensional basins generated in a
convergent plate setting (Mohn et al., 2022) and include backarc basins
(e.g. Karig, 1971). They are the most complex tensional systems formed
on the earth’s surface. The South China Sea (SCS) is such an extensional
basin, which formed and evolved since the earliest Tertiary behind a ~
NS-verging subduction zone, coupled with the simultaneous proto-SCS

the dip, or the subduction velocity (e.g Sibuet et al., 2016; van de
Lagemaat and van Hinsbergen, 2024), result in changes in the directions
in which the seafloor spreads and the occurrence of ridge jumps (Guan
et al., 2021).

To better understand this environment, new research fields were
developed during the last ten years: amongst them, new revolutionary
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plate kinematic reconstructions (e.g Wu et al., 2016; Wu and Suppe,
2018; Advokaat et al., 2018; van de Lagemaat and van Hinsbergen,
2024; Zhao et al., 2019) with testable paleolatitude evolution, mantle
structure and magmatic activity are made possible by the East Asian
plate tectonics, which has resulted in slabs unfolding and restoring on
the Earth’s surface since 52 Ma. In parallel, significant advancements
were made in determining the age of igneous rocks and the nature of the
crust that was penetrated during the ascent of magma. The isotopic
composition of rock samples and melt intrusions give now unprece-
dented constraints on the mantle source heterogeneity resulting from
the underlying presence of subducted sediments and oceanic or conti-
nental crust (e.g. Wu and Wu, 2019; Qian et al., 2022). The combined use
of these methods will allow us to propose new concepts for the formation
and evolution of SCS marginal sea or to validate already published
concepts.

At crustal and upper mantle scales, tomographic data obtained from
seismic refraction profiles with closely spaced ocean bottom seismom-
eters (OBSs) collected with coincident deep multi-channel seismic
(MCS) profiles, and industrial or IODP boreholes information bring solid
constraints concerning the age and nature of the high-velocity layer
(HVL) located at the base of the thinned continental crust, the nature of
upper mantle and the geographic extension and internal structure of the
continent-ocean transition zone (COT) (e.g. Deng et al., 2020; Ding et al.,
2020; Liu et al., 2022; Mohn et al., 2022; Mi et al., 2023).

In the SCS, the COT is located between the thinned continental crust
and the oceanic domain. The continent-ocean boundary (COB) is a
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different concept in comparison with the COT and generally corresponds
to the oceanward boundary of the COT. In the southern Ryukyu sub-
duction zone, the Eurasian (EU) COT cannot be defined on tomographic
images of unfolded slabs because Vp or dVp values display a gradient,
which only allows to approximately define a COB set up in the middle
part of this gradient (Liu et al., 2018).

Only publications using tomographic images, coincident seismic
refraction and MCS profiles, modern geochemistry methods or borehole
data can be considered as reliable for establishing SE Asia geodynamic
constraints. We will demonstrate that a) the oldest age of the Luzon arc
and forearc is 17-18 Ma; b) the age of the end of SCS seafloor spreading
is older than ~18 Ma rather than 15.5-16 Ma as commonly proposed; c)
the existence of a transcurrent shear zone called the Manila transcurrent
fault (MTF) constrains the understanding of the EU)/Philippine Sea
plate (PSP) motion since ~7 Ma; d) how the geometry and nature of the
northeastern SCS margin is accommodated in the Taiwan region during
the Luzon arc and forearc collision with the EU continent; e) we will
confirm that the Okinawa trough (OT) opening occurred simultaneously
with the eastward propagation of a tear fault (Lallemand et al., 2013);
and, f) using these constraints, we will present and discuss a series of five
plate kinematic reconstructions, spanning since ~20.5 to ~18 Ma.

Northliuzong

120°E

Philippine Sea
Plate (PSP)

=
3

AbNSoamw

Sbbuddh

130°E

Fig. 1. Bathymetric map of SE Asia with HB-PSP/EU shear plate boundaries at ~20.5- ~18 Ma, ~10, ~7 Ma and Present. For clarity, only the Present HB-PSP/EU

shear plate boundary (continuous red line) extends to the south.

The rectangles are locations of the main figures shown in the text. A, Amami island; EU, Eurasian plate; H, Hainan; HB, Huatung basin; I, Ishigaki island; K, Kume
island; L, Luzon island; M, Miyako island; Mi, Mindoro island; MOT, middle Okinawa trough; NOT, northern Okinawa trough; O, Okinawa island; P, Palawan; PSP,
Philippine Sea plate; RRF, Red River fault system; SOT, southern Okinawa trough; T, Taiwan island; To, Tokuno island. (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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2. Ages of SCS seafloor spreading and of the onset of Luzon arc
and forearc

2.1. Age of the end SCS seafloor spreading

The SCS is bounded to the north by the South China margin, to the
south by the Borneo and Palawan margins, to the east by the Manila
trench and to the west by the Red River fault system, which continues to
the south along the Vietnamese margin and the Sunda shelf (Fig. 1).
Concerning the South China Sea oceanic opening in the east and
southeast basins, two competing hypotheses exist (Fig. 2) (Briais et al.,
1993; Barckhausen et al., 2014). Briais et al. (1993) presented the
interpretation of a relatively dense set of marine magnetic profiles with a
synchronous cessation of seafloor spreading in the east and southwest
basins at ~15.5 Ma, just after chron C5c (16 Ma). Seafloor spreading was
asymmetric with two ridge jumps located north of the extinct spreading
center, at chrons C10 (30 Ma) and C7 (25 Ma) (Fig. 2A). Barckhausen
et al. (2014) acquired a series of well-located magnetic profiles and
suggest that seafloor spreading stopped at the same time in the east and
southwest basins, at chron Cé6al dated 20.5 Ma. They also identified a
ridge jump at chron C7 (Fig. 2B). The onset of seafloor spreading is
relatively agreed between models (chron 11 at 32 Ma and chron 12 at 31
Ma, respectively), but the end of SCS seafloor spreading varies between
15.5 Ma (Briais et al., 1993) and 20.5 Ma (Barckhausen et al., 2014).
This presents a significant difference in implied mean oceanic spreading
rates between the two models, with a mean oceanic spreading rate ~
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50% larger for Barckhausen et al. (2014) compared to Briais et al.
(1993).

Before Barckhausen et al. (2014), surface and deep tow magnetic
survey results appeared to confirm the Briais et al. (1993) interpretation;
for example, Li et al. (2014) and more recently Sun et al. (2019a)
identified the end of SCS seafloor spreading at chron C5br (~15.5 Ma).
Drilling close to the extinct spreading center at sites U1431 in the East
basin, U1433 and U1434 in the southwest basin (Fig. 2) shows that the
age of sediments at the contact with the underlying massive basaltic
series are 13 Ma at U1431 and 15 Ma at U1433 (Li et al., 2015a), in
accordance with Briais et al. (1993). Recently, Guan et al. (2021) used
an unpublished high resolution dense magnetic dataset (Fig. S1A) to
identify and date the magnetic lineations by considering that the onset
and the end of SCS seafloor spreading occurred at 30 Ma and 15.6 Ma
(chron 11n.1r to 5Br). The SCS East basin magnetic isochron pattern
(Fig. S1B) displays ~NS fracture zones and five ridge jumps, suggesting
that this geometry reflects the complex evolution of a marginal sea. The
same magnetic pattern (Fig. S1C), re-interpreted by Wu et al. (2023)
(Fig. S1D) in the northern part of the SCS, shows not only different lo-
cations for ridge jumps and fracture zones but different magnetic line-
ation dating. As this magnetic dataset is not publicly available, the
location and age of the SCS seafloor spreading cannot be re-evaluated in
this paper.

Site U1431 was drilled in the East basin, ~20 km north of the extinct
spreading ridge (Fig. 2). Between the lower volcanoclastic series Unit VII
and the upper massive lava flow series (Unit IX) lies the hemipelagic

Fig. 2. Magnetic lineations in the South China Sea (SCS).

A) From Briais et al. (1993) with inset presenting their evolution of seafloor spreading geometry in the East basin. B) SCS bathymetric map with magnetic profiles
shown as wiggles along ship tracks and magnetic anomaly interpretation (thin yellow lines) from Barckhausen et al. (2014). Thick yellow lines are abandoned
spreading ridges and numbers indicate magnetic chrons. White dot, ODP Site 1148; red dots, Leg 349 IODP Sites; ZFZ, Zhongnan fracture zone. Discussion and
detailed informations in Sibuet et al. (2016). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)



J.-C. Sibuet et al.

claystone Unit VIII (Fig. 3A). Based on foraminifers and nannofossils,
Unit VIII is ~13 Ma old (Li et al., 2015b). Inside the underlying massive
lava flows series, the claystone Unit X does not contain in situ calcareous
microfossils, but radiolarians, generally highly dissolved, corresponding
to radiolarian zone RN4 of early Miocene age (~16.7-17.5 Ma) (Li et al.,
2015a). If these ages are correct, basalts of Unit XI cored below Unit X
must be older than ~16.7-17.5 Ma, which tends to contradict the
younger ages of Briais et al. (1993). To clarify this point, we tried to find

Hole U1431E (Li et al., 2015b)
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Ar?/Ar* basalt analyses performed in the massive lava flows series
Units IX and XI. We have found two sources (Fig. 3A). Koppers (2014)
gives ages of ~15 Ma in Unit IX and ~ 17 Ma in Unit XI. Preliminary
unpublished ages slightly older than 18 Ma were recently found in Units
IX and XI (Huang X.L., personal communication, November 2023). It
suggests that the 18 Ma age at which seafloor spreading ceased in Unit
XI, and consequently in the East basin, are incompatible with the Briais
etal. (1993) hypothesis. To clarify this point, additional Ar>®/Ar*® basalt

Close-up Seismic Profile (Li et al., 2015b)
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Fig. 3. Age of end of seafloor spreading in the South China Sea.
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A) Hole U1431E lithostratigraphy of massive lava flow series (Units IX and XI) and overlying sediments (Unit VIII) (Li et al., 2015b). Ar%/Art? ages in black
(Koppers, 2014) and in red (Huang X.L., personal communication, 2013). In blue, ages of the hemipelagic layer of claystone (Unit X) based on radiolarians (Li et al.,
2015b). B) The oceanic domain located south of the continental oceanic transition (COT) on seismic profile NDS3 (Li et al., 2015b) is everywhere affected by post-
spreading magmatism, except in the deep depression where Site U1431 was drilled. C) Close-up of seismic profile NDS3 with location of Site U1431. A 150 to 200 m-
thick high-amplitude sedimentary layer located above the axial part of the depression was not drilled (green line). (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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analyses in the two massive lava flows series are underway (Huang X.L.,
personal communication, November 2023).

The NS NDS3 oriented seismic profile across the East basin (Li et al.,
2015b) shows that post-rift magmatism everywhere distorts the base-
ment geometry south of the Xianbei seamount and has a significant
impact on the oceanic crust (Fig. 3B). The only exception is located close
to the extinct spreading center where IODP Hole U1431 was drilled. It
appears that this is the only site near the extinct spreading center where
typical oceanic crust can be drilled in a small depression, or possibly in
an ~EW elongated sub-basin approximately orthogonal to the NDS3
profile, as the overlying sediments are not distorted by post-rift mag-
matism. Site U1431 is slightly offset from the deepest part of the
depression (close-up in Fig. 3C). At Site U1431, 13 Ma old pelagic sed-
iments were drilled above of the oceanic basement in Unit VIII (Li et al.,
2015b), while 150 to 200 m of pelagic sediments older than 13 Ma are
present in the deepest part of the depression (Fig. 3C). Using sedimen-
tation rates calculated in the lower pelagic sedimentary series, the oldest
basement age in the deepest part of the depression would be between 15
and 18 Ma; this age range is too wide to constrain the time that SCS
spreading ended. Therefore, to overcome this problem, detailed Ar%/
Ar*® measurements are still necessary within Units IX and XI, even if
arguments concerning the oldest age of the Luzon arc will bring addi-
tional arguments in favor of a > 18 Ma old oceanic crust at site U1431.

2.2. Oldest age of Luzon arc and forearc formation

On each side of the Longitudinal valley of Taiwan, the East Taiwan
ophiolite (ETO) (Fig. 4B and C) corresponds to the northern prolonga-
tion of the Luzon forearc (Fig. 4B) that deformed and uplifted during the

Tectonophysics 884 (2024) 230397

Luzon arc collision with the EU continent (Chen et al., 2017). It
comprised the Lichi mélange exposed along the western border of the
Coastal range (accreted Luzon arc) and the Yuli belt, a Miocene sub-
duction complex juxtaposed east of the exhumed EU continental margin
basement. At Site JW02 (Fig. 4C), a 17.79 +/— 0.40 Ma gabbro was
found (Lo et al., 2020) (Zircon -Pb Laser Ablation Analysis). Indepen-
dently, a plagiogranite and a gabbro block collected in the Lichi mélange
near Site JW02 (Fig. 4C) are 17.21 + 0.32 Ma and 17.34 + 0.35 Ma old
respectively (Huang et al., 2018) (SIMS on zircon grains). In a more
recent study in the same area of the Lichi mélange, Yu et al. (2022)
found that ~17.3 Ma old adakitic dikes (¢Nd of 7.4-7.9 and 206py, /204p,
of 18.27-18.42) were simultaneously crystallized with normal and
enriched 17.8-14.1 Ma old mid-oceanic ridge N- and E-MORB basalts
(eNd of 8.8-13.3 and 2°Pb/2**Pb of 17.71-18.22). Yu et al. (2022)
conclude that the middle Miocene ophiolitic blocks of the East Taiwan
ophiolite are on-land Luzon forearc basement blocks. Therefore, the
oldest age of formation of the Luzon forearc samples in the Lichi
mélange is 17-18 Ma. However, note that both in the Lichi mélange and
in the Yuli belt (Fig. 4C), at Site JWO1 and Site WL02 (Fig. 4C) respec-
tively, Lo et al. (2020) also published 2°6Pb/238U ages of 14.67 +/—
0.19 Ma in a chert and 14.98 +/— 0.22 Ma in a meta-gabbro. The
meaning is not clear, as Lo et al. (2020) interpret these results as linked
to relicts of subducted SCS oceanic crust with intermingled siliceous
rocks.

The age of the oldest Luzon arc volcanism obtained in Lanyu island
(Fig. 4A) comes from a study of sedimentary fragments interbedded in
volcanic rocks with calcareous nanoplanktons belonging to the NN3
zone (17-18 Ma, Chi and Suppe, 1985). Consequently, both the Luzon
arc and forearc started to form approximately at the same time, 17-18
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Fig. 4. Determination of the oldest ages of the Luzon arc and forearc.
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A) On Huang et al. (2018) synthetic map, the oldest age of Luzon arc is 18-20 Ma on Lanyu island (Chi and Suppe, 1985). B) and C) On Lo et al. (2020) geological
maps, the east Taiwan ophiolite (ETO) is composed of the Lichi mélange (in green) and the Yuli belt (in blue or purple). The oldest ages found on a gabbro at sampling
Site JWO02 in the Lichi mélange (red star in C) are ~17,79 +/— 0,40 Ma. The same ages are also found by Yu et al. (2022) and Huang et al. (2018) on samples
collected in the vicinity of Site JWO02. All datations suggest that the oldest age of the Luzon forearc and arc in the ETO is ~18 Ma. The Manila subduction zone must
have reached a minimum depth of 80 km before the intra-oceanic Luzon arc could outcrop at the sea-bottom, suggesting the Manila subduction initiation might have
started ~20.5 Ma ago. (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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Ma ago. As the Manila slab must have reached a minimum depth of 80
km before the 17-18 Ma intra-oceanic Luzon arc could outcrop at the
sea-bottom, the Manila subduction zone initiation might have started a
few m.y. before, perhaps at ~20.5 Ma, the end of SCS seafloor spreading
for Barckhausen et al. (2014).

At Site U1431, the age of the oceanic crust is slightly older than ~18
Ma, which suggests that either the end of SCS seafloor spreading is ~18
Ma or maybe ~20.5 Ma as suggested by the Barckhausen et al. (2014)
magnetic modeling. If the end of SCS seafloor spreading occurred at
~20.5 Ma, the Manila subduction zone initiation would have also
occurred at the same time, ~20.5 Ma ago. On the contrary, if the end of
SCS seafloor spreading occurred at ~18 Ma, the Manila subduction zone
would have been simultaneously active with SCS seafloor spreading
between ~20.5 and ~ 18 Ma (i.e. spreading ridge subduction). However,

Tectonophysics 884 (2024) 230397

it seems difficult to open the SCS in a ~ NS direction simultaneously
with the southward subduction of the Proto-SCS, while the PHP/EU
motion occurs in the N-NW direction (Sibuet et al., 2021). A prominent
present-day example is the subduction of the south Chile active
spreading ridge (Sisson et al., 2003; Boutonnet et al., 2010), which oc-
curs in the simple geodynamic context of a Ridge-Fracture-Fracture
(RFF) triple junction. Due to this uncertainty, we suggest that the end
of SCS seafloor spreading occurred between ~20.5 and ~ 18 Ma,
without choosing a specific option.

3. The Manila transcurrent fault (MTF): A major plate boundary
controlling the SE Asia geodynamic evolution

Today, the MTF is an active left-lateral shear fault, which extends
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Fig. 5. Bathymetric map of study area (Barckhausen et al., 2014) with major tectonic features.

Wide-angle seismic refraction profiles (yellow dots) and associated MCS lines (thin continuous black lines) plus a few MCS lines discussed in the text. The NE-SW
oriented failed rift (black and white diamonds) is from McIntosh et al. (2014). The continent-ocean transition zone (COT) refined in this study is the continuous black
line with its width given by the adjacent purple line. The intra-continental velocity difference boundary (VDB, green and white dashed line) is the boundary between
two types of thinned continental crusts with minor velocity differences (see text for further explanations). Black lines with triangles are the Manila trench extended by
the Deformation front (DF) in the north, the Philippine trench and the East Luzon trough (ELT). The red continuous line is the left-lateral Manila transcurrent fault
(MTF) extended to the south by the Philippine fault zone (PFZ, red dashed line) and to the north up to the Tatun volcano (red dashed line). The area between COB Old
(white dashed line) and COB New (yellow dashed line) gives the whole amount of extension during the Okinawa trough (OT) opening (southern light green area)
transferred in the OT basin (northern light green area). Red stars, volcanoes; CR, Central ridge; HP, Hengchun peninsula; HR, Hengchun ridge; HuR, Huatung ridge;
LV, Longitudinal valley; NLT, north Luzon trough. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)



J.-C. Sibuet et al.

from the Philippine fault zone (PFZ) to the north of Taiwan (Sibuet et al.,
2021) (Figs. 1 and 5). In detail, from south to north, the MTF follows a)
the Philippine fault zone (PFZ); b) a segment between north Luzon is-
land and the Hengchun peninsula; c) the continental slope of the portion
of margin located east of Hengchun peninsula; d) the Longitudinal val-
ley; e) a NS trend from the northern part of the Longitudinal valley to the
Tatun volcano, continuing a few kilometers north of the Taiwan coast.
The MTF is shown as a throughgoing fault in Fig. 5, which is suitable for
the regional tectonic analysis here, but at smaller scales the MTF is likely
expressed in the upper crust as a series of linked, left-lateral shear zone
segments.

3.1. The Philippine fault zone is the southern prolongation of the MTF

The PFZ consists of a series of pseudo-parallel left-lateral shear faults
active since the middle to late Miocene, oriented ~NS in north Luzon
island and ~ N320° southward 16°N latitude (Barrier et al., 1991;
Aurelio et al., 2014) (Figs. 1 and 5). North of 16°N, the PFZ (dashed red
line in Fig. 5) and the MTF approximately follow the 121°E meridian.
For Aurelio (2000), the PFZ first appeared ~10 Ma ago south of 16°N
latitude and then in the north of Luzon island ~4 Ma ago. These ages are
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poorly constrained and suggest that the MTF was perhaps recently active
(since ~7 Ma, the age of Luzon arc and forearc collision with EU?).
Though imprecise, left-lateral slip rates are between 25 mm/yr (Barrier
et al.,, 1991) and 35 mm/yr (Aurelio et al.,, 1997) along the PFZ. A
correlation between the PFZ and the Longitudinal valley is suggested by
comparable left-lateral slip rates of 30 mm/yr along the Longitudinal
valley (Yu and Kuo, 2001). However, concurrent intraplate motions
have been observed along the Gagua ridge in the PSP plate since ~10 Ma
(Huang et al., 2001; Eakin et al., 2015; Sibuet et al., 2021) and in Taiwan
(e.g. Lee et al., 1997; Conand et al., 2020) since ~7 Ma (Lin et al., 2003).
These observations imply that the MTF-PFZ left-lateral shear fault is a
moving feature with respect to EU, both in space and time.

Today, the Philippine mobile belt extends between the Manila sub-
duction zone and the East Luzon trough-Philippine subduction zones
(Fig. 5). Its northern prolongation includes the Luzon arc and forearc.
The western boundary follows the Longitudinal valley and then the
eastern limit of the Manila and Negros accretionary prisms (e.g Aurelio
et al., 2014). Its eastern boundary follows the eastern boundary of the
Coastal range and Luzon island arc (dashed black line in Fig. 5). In north
Luzon island, the basement rocks consist of ophiolites, continental
blocks and intruded Cretaceous to Quaternary magmatic arcs (e.g. Polvé

Fig. 6. Manila transcurrent fault (MTF) identification on swath bathymetric data between Taiwan and northern Luzon island.

A) Swath bathymetric data (Barckhausen et al., 2014) interpreted in Fig. 5 shows here where the MTF is located south of the Longitudinal valley, along the con-
tinental slope east of the Hengchun peninsula, and then, west of the Southern Longitudinal trough and the North Luzon trough (Fig. 4A). To the south, the MTF is
connected to the Philippine fault zone (PFZ) located in the northern Luzon island (Sibuet et al., 2021). B) Swath bathymetric data processed by Nayak et al. (2021).
Canyons are shown by thin white lines. C) Swath bathymetric data processed in Sibuet et al. (2021) and including recent data collected around Taiwan. Red circles in
A, B and C exemplify the area where the MTF continuity is questionable, south of the Hengchun peninsula. In B, most of the minor canyon trends stop along an NS
elongated depression with highs and lows, suggesting a continuity along the MTF trend. D) Location of the MTF (red continuous line) with respect to surrounding
features. CoR, Coastal range; COT, Continent-ocean transition zone; GR, Gagua ridge; HB, Huatung basin; HeR, Hengchun ridge; HP, Hengchun peninsula; HuR,
Huatung ridge; La, Lanyu Island; LA, Luzon arc; Lu, Lutao Island; LV, Longitudinal valley; MT, Manila trench; NLT, north Luzon trough; OOST; out-of-sequence thrust;
SLT, southern Longitudinal trough. (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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et al., 2007). The Philippine mobile belt boundaries were changing
location in space and through time since ~20.5 - ~18 Ma and earlier

(Wu et al., 2016; Lallemand, 2016).

Tectonophysics 884 (2024) 230397

3.2. The MTF between the Philippine fault zone and the Longitudinal
valley

The MTF (Fig. 5) can be followed on the swath bathymetric map of
Fig. 6A, from the north Luzon coast, where Armada et al. (2013)
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Fig. 7. The Manila transcurrent fault (MTF) is a major upper crustal feature active since ~7 Ma (modified from Liu et al., 2022).

A) to D) Earthquakes from the International Seismological Centre (ISC) database with a magnitude >4 for 20-km thick slices from 0 to 80 km. E) to G) Vertical cross-
sections showing the same earthquakes within a bandwidth of 30 km along each side of the profiles. No vertical exaggeration. The thick colored lines on top of the
cross-sections represent the Eurasia thinned continental crust and mantle in yellow and the oceanic crust and mantle in blue. The approximative dip of the Manila
slab (thin light blue lines) is based on the same distribution of EQs. H) Location of profiles E, F and G (red dashed lines). I) Location of the present-day continent-
ocean boundary (COB, continuous black line), which abuts the MTF. DF, Deformation front; LV, Longitudinal valley; MT, Manila trench; PFZ, Philippine fault zone.
(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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established the MTF follows the eastern border of a NS oriented feature,
to the area of the red circle. In the red circle of Fig. 6C, the MTF con-
tinuity seems to be broken by three short topographic segments oriented
~NO050° (Sibuet et al., 2021). In fact, the prominence of these topo-
graphic features is exaggerated by the DEM illumination (i.e. lighting
angle) coming from NW on Fig. 6C. On Fig. 6B (Nayak et al., 2021), the
illumination angle is from the NE and the morphology of these features
are more realistic. Canyons shown by very thin white lines seem to be all
coming from the Hengchun ridge and not from the Huatung ridge
located further east (Fig. 6C and D). They all seem to reach a NS feature,
which looks like a NS oriented canyon with some obstacles along its
downslope trend. Thus, both in Nayak et al. (2021) (Fig. 6B) and in
Huang et al. (2018) (Fig. 4A), the MTF corresponds to a continuous
feature extending further south (Fig. 5).

Seismic events of magnitude >4 are plotted in 20-km thick slices
down to 80 km (Fig. 7). Slices 0-20 km and 20-40 km (Fig. 7A and B)
show that most of the seismic events are located between the MTF and
the Luzon arc, from south of the Longitudinal valley to 19.2°N, where
the MTF changes trend to become NS. However, several crustal and
upper mantle patches are present between the MTF and the Manila
trench that are not linked to the MTF. Slices 40-60 km and 60-80 km
(Fig. 7C and D) show that upper mantle seismic events are located be-
tween the MTF and the Luzon arc, and between south of the Longitu-
dinal valley to the coast of northern Luzon island. Seismic patches
located west of the MTF are disconnected from the MTF. On slices
deeper than 80 km, there are only a few seismic events located east of
the MTF (Liu et al., 2022). Sibuet et al. (2021) wrongly interpreted the
MTF as a vertical lithospheric feature down at least to ~70 km. The MTF
does not extend deeper than ~30 km, which is the isoline depth of the
Manila slab at the vertical below the MTF (Fig. 10A and Ustaszewski
et al.,, 2012). In fact, the seismicity shows the progressive eastward
deepening of the Manila slab east of the MTF. Fig. 7A to G show the
location of the MTF with respect to the geometry of the Manila slab.

Shot at mid-distance between refraction profiles T1 and T2 (Fig. 8),

Depth (km)
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the wide-angle refraction profile OBS2015-2 OBS2016-1 with OBS
spacing of 15 km and the coincident MCS profile imaging the Moho are
of high quality (Liu et al., 2022). The thinned continental crust, with a ~
3 km thick HVL at its base, is subducting below the accretionary wedge
(Hengchun ridge). However, as the tomography of the three refraction
profiles does not extend to depths >20 km, it is difficult to correctly
establish the topography of the slab and its relationship with the MTF. A
main input of the refraction data is the identification of an intra-
continental velocity difference boundary (VDB) located at mid-
distance between the Manila trench and the MTF (Fig. 8) with slightly
different velocity-depth profiles in the thinned continental crust on each
side of it (Liu et al., 2022). The “undefined body”, a 5.0 to 5.5 km/s body
of thinned continental crust located above another portion of thinned
continental crust (Fig. 8C), is what makes up the thinned continental
crust between the VDB and the MTF (Liu et al., 2022). There is a velocity
discontinuity near the base of the undefined body (Fig. 8C), which we
assume is caused by the Manila slab following the base of the undefined
body.

Based on the interpretation of refraction line OBS2015-2_0BS2016-1
(Fig. 8C), the interpretation of refraction profiles T1 and T2 (Eakin et al.,
2014) was updated (Liu et al., 2022), the locations of the MTF and VDB
were identified as well as the slightly different velocity structure of the
thinned continental crust on each side of the VDB. The “undefined body”
was pinpointed on T1 (Fig. 8D) while only suggested on T2 (Fig. 8B)
because Eakin et al. (2014) refraction tomography does not reach
enough depth. Thus, in Fig. 8, the roof of the Manila slab follows the
base of the undefined body and the VDB line is located where the Manila
slab begins to include further east some thinned continental crust. In
plan, the VDB line established on profile OBS2015-2_0BS2016-1 and
inferred on profiles T1 and T2 merges the MTF at the latitude of the
Hengchun Peninsula (Figs. 5 and 8A). Thus, the interpretation of the
three refraction profiles suggests that the Manila slab cuts the accre-
tionary wedge and then the thinned continental crust (below the un-
defined body) east of the VDB. East of the MTF, the Manila slab is the
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Fig. 8. The three refraction profiles (located in A) are aligned along the NS oriented MTF.

West of the MTF, the crust is thinned continental crust while east of the MTF, the subducted Manila crust is mainly oceanic. Wide-angle seismic profiles T2,
OBS2015-2_0BS2016-1 and T1 displayed with a 2.5 vertical exaggeration. B) Profile T2 (Eakin et al., 2014) updated from Liu et al. (2022). C) Profile
0BS2015-2_0BS2016-1 updated from Liu et al. (2022). D) Profile T1 (Eakin et al., 2014) updated from Liu et al. (2022). The Manila slab, dipping 55° along profiles
T2 and OBS2015-2_0BS2016-1 and 50° along profile T1, is extracted from Fig. 7 but its location at depth is poorly defined. COB, continent-ocean boundary; COT,
continent-ocean transition zone; FB, forearc block; HR, Hengchun ridge; M, Moho; MT, Manila trench; MTF, Manila transcurrent fault; NLA, north Luzon arc; NLT,
north Luzon trough; SCS, South China Sea; VDB, intra-continental velocity difference boundary.
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allochthonous oceanic PSP plate, which is moving in the northward
direction. East of the MTF, the Manila slab is given for information only
as it not constrained by refraction data (Fig. 8).

3.3. The MTF near the Longitudinal valley

Insights on the deformation pattern and stress regime are given by
earthquake focal mechanisms. The moment tensor catalog AutoBATS,
managed by the Data Management Center of the Institute of Earth Sci-
ences, Academia Sinica (Institute of Earth Sciences, Taiwan, 1996),
provides the moment tensor solutions for intermediate and large (M >
3.5) earthquakes occurring in the Taiwan region between March 1996
and December 2023. The moment tensor solutions are determined by
waveform inversion based on a fully automated parameter-scanning
algorithm (Jian et al., 2018), and provide a reliable and stable focal
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mechanism solution. Earthquake source parameters of class A (ie., a
misfit of the waveform fitting <0.3 and a non-double couple component
<10%) are used to delineate the depth and surface trace of the MTF, and
the geometry of the Longitudinal valley fault (LVF, blue line with tri-
angles) and Luzon arc thrust (green line with triangles) (Fig. 9). Earth-
quake source parameters of class B (i.e., a misfit of the waveform fitting
0.3-0.5 and non-double couple component <10%) are shown in Fig. S2.

~22 class A pure left-lateral strike-slip events and left-lateral strike-
slip events with a thrust component located west of the Longitudinal
valley (light red beach balls) are selected in boxes B to F (Fig. 9A). They
span from 22.35°N to 23.85°N. Amongst them, 7 are pure left-lateral
strike-slip events observed from 22.35°N to 23.45°N, including events
marked 1, 2 and 3 (Table 1). They are located along the left-lateral
strike-slip Yuli fault (the specific name of the MTF in this area) (red
line in Fig. 9A). All these earthquakes focal mechanism ‘beach balls’ are
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Fig. 9. Focal mechanisms and main geological features in East Taiwan and adjacent offshore area.

The red line is the Manila transcurrent fault (MTF). The blue line with triangles pointing to the east is the Longitudinal valley subduction fault (LVF). The green line
with triangles pointing to the east is a shallow <30 km thrust fault with a shear component (Lewis et al., 2015; Chen et al., 2019). A) Distribution of focal mechanisms
compiled from the archived AutoBATS moment tensor catalog during the March 1996-December 2023 period (Institute of Earth Sciences, Taiwan, 1996). The
deepest seismic events are on top of the shallowest ones. Class A focal mechanisms are plotted in a lower hemisphere projection with different sizes and colours
depending on each event’s magnitude and hypocentral depth. Light red beach balls are AutoBATS events selected along the Yuli shear fault, which corresponds to the
location of the MTF west of the Longitudinal valley. Earthquake source parameters of events 1, 2 and 3 located in boxes D and E appear in Table 1. B) Vertical profiles
AA’ to CC’ located in Fig. 9A show the hypocentral distribution and focal mechanisms inside black boxes in Fig. 9A and plotted in the back-hemisphere projection.
Red and blue marks above the X-axis are the location of the MTF and LVF in each black box of Fig. 9A. (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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Table 1

Tectonophysics 884 (2024) 230397

Earthquake source parameters from the AutoBATS catalog and location of the Manila transcurrent fault (MTF) called the Yuli left-lateral shear fault located in the Yuli

belt, west of the Longitudinal valley basin.

Event No. Time(year/month/day/h/min/s) Longitude (°E) Latitude (°N) Depth(km) Mw Strike (°) Dip (°) Rake (°)
1 (Class B) 2022/09/18/06/44/15.25 121.1958 23.1370 25 7.00 210.5 56.3 40.4
2 (Class B) 2022/09/17/13/41/19.11 121.1608 23.0840 25 6.53 201.4 61.5 15.0
3 (Class C) 2006/04/01/10/02/19.54 121.0806 22.8835 23 6.15 177.0 72.4 9.6

at the vertical of Yuli fault marked by the red rectangle on the X-axis, at
depths between 15 and 25 km (profiles BB’ to FF’ in Fig. 9B).

~20 class B events, including 9 pure left-lateral strike-slip events,
were found from 22.30°N to 23.90°N, at depths between 15 and 32 km
on Fig. S2. Thus, the moment tensor solutions globally show that the
vertical left-lateral shear Yuli fault is a crustal feature down to a
maximum depth of 32 km from 22.30°N to 23.90°N.

Earthquake focal mechanisms (Fig. 9 and Fig. S2) shows that east of
the Longitudinal valley basin, the LVF system (blue line with triangles)
and the Luzon arc thrust system (green line with triangles) are oblique
thrusts with a left-lateral component of slip. Based on MCS data (Kuo-
Chen et al., 2023), the eastward dipping LVF system outcrops east of the
Longitudinal valley plain and does not affect the alluvions of the Lon-
gitudinal valley. GPS data (Yu and Kuo, 1999) and left-lateral strike-slip
faulting suggest that the LVF is a PSP intra-plate deformation feature.
The west Luzon arc thrust system, which is in the southern prolongation
of the LVF system, with a slightly different orientation, presents the
same characteristics. Thus, these two features can be considered as PSP

116° 118°

intra-plate deformation with respect to the complex kinematic context of
a major vertical shear fault (the MTF) observed further south between
the two subduction zones of opposite vergence (Manila trench and East
Luzon trough-Philippine trench).

When was the MTF active? Since ~7 Ma, the intra-oceanic Luzon
forearc arc and then the Luzon arc, which belong to the PSP, started to
collide with the EU continent (Lin et al., 2003; Mesalles et al., 2014;
Huang et al., 2018) and glide along the Yuli left-lateral shear fault. ~20
km size blocks of Luzon arc and forearc clockwise rotated 30° (Barrier
et al., 1991; Lee et al., 1991), and became parallel to the present-day
orientation of the Longitudinal valley. Sedimentary basin sequences
formed simultaneously were intermingled within the Coastal range
rotated volcanic blocks (Huang et al., 2018). Thus, since ~7 Ma, rotated
blocks of the Luzon arc were starting to glide along the MTF at a velocity
of ~40 km/Ma, encompassing an orthogonal shortening of ~10 km/Ma
(Sibuet et al., 2021). Since ~7 Ma, the intra-plate deformation was
observed both in the EU and PSP plates. The westward PSP/EU
compressive component was absorbed along the shear thrust faults (also
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Fig. 10. Relationship between the Manila transcurrent fault (MTF)-Philippine fault zone (PFZ) with respect to Ryukyu and Manila slab geometries.

A) North of 19.3°N, the MTF follows the ~30 km colour contour depth of the Manila slab and then merge the Longitudinal valley (LV). North of the LV, the Ryukyu
slab depth isolines abuts against the northern portion of MTF (dashed red line). South of 19.3°N, the MTF and the PFZ (dashed red line) do not show any relationship
with the Manila slab depth isolines. B) 1990-2020 earthquakes extracted from the catalog of relocated events using a 3D Vp model tomography (Wu et al., 2007,
2008, 2009b) with magnitude >3.0 and a hypocenter depth > 40 km. To draw the depth isoline map of Fig. 10A with a 20 km interval, each depth isoline of the
Ryukyu slab was determinded by selecting earthquakes in a bandwidth of 2 km on each side of the depth isoline (see north Taiwan earthquakes depth slices in
Fig. S4) and by computing the corresponding fitting isoline. The same process was used to determine the Manila slab isolines, for depths comprised between 20 and
120 km. COT, continent-ocean transition zone; DF, Deformation front; GR, Gagua ridge; HB, Huatung basin. (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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along the left-lateral shear Yuli fault) in Taiwan and along their offshore
prolongations in the EU plate, and in the PSP plate, along the LVF sys-
tem, the Luzon arc thrust, and the Gagua ridge (Lewis et al., 2015; Liu
et al., 2022). Since ~7 Ma, the oblique convergence of the PSP plate
(pushed by the Pacific plate) with respect to the EU plate makes an angle
of 23° with the NS orientation of the Manila, ELT and Philippine
trenches, explaining why numerous intraplate deformations exist in the
EU plate as in the PSP plate.

3.4. The MTF north of the Longitudinal valley

1990-2020 earthquakes were extracted from a catalog of relocated
events using a 3D Vp model tomography (Wu et al., 2007, 2008, 2009b)
with magnitude >3.0 and a hypocenter depth > 40 km (Fig. 10B). North
of 24°N, an abrupt vertical boundary limits the area with deep earth-
quakes (Fig. 10B). This vertical lithospheric boundary (dashed red line)
is in the northern prolongation of the Yuli left-lateral shear fault as
already shown by (Ustaszewski et al., 2012) (Fig. $3). It extends beneath
the Tatun volcano and disappears a few kilometers north of the Taiwan
coastline. The progressive deepening of the Ryukyu slab from depths of
40 km to 250 km is shown by the distribution of earthquakes in six
consecutive depth slices (Fig. S4e to j). The depth isoline map of Fig. 10A
was established with the procedure described in Fig. 10 legend. The
Ryukyu slab depth isolines abut against the northern portion of the MTF.
With depth increasing, the PSP Ryukyu slab edge is in contact with the
upper continental crust, the lower continental crust, and the upper
mantle of the EU plate. Since 20.5 - ~18 Ma until its collision with EU at
~7 Ma, the upper part of Luzon arc in contact with the Ryukyu trench
was either subducting below the Ryukyu trench or partly beheaded
during its subduction process (Sibuet and Hsu, 2004; Sibuet et al., 2004),
contributing to the overall increase in the volume of the continental
crust as do the oceanic plateaus for example. Thus, from ~20.5 - ~18 Ma
to ~7 Ma, the Luzon arc (beheaded or not) was constantly adjacent to
the MTF and its oldest part is now located in the deepest part of the
Ryukyu slab, in contact with the MTF. Since ~7 Ma and the onset of
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Taiwan uplift, the portion of Luzon arc belonging to the Coastal range,
moved northwards simultaneously with the PSP, and subducted along
the MTF. As the PSP is moving N307° with respect to the stable EU (e.g.
Yu and Kuo, 1999), at a velocity of 82 mm/yr since ~7 Ma, a
compressional deformation might possibly exist along the brittle parts of
the adjacent EU plate. For depths <15 km (Fig. S4a and b), numerous
earthquakes are observed east of the MTF, in particular under the Tatun
volcano, showing that this tiny part of EU upper crust located above the
Ryukyu slab is seismogenic and corresponds to the Tatun volcanic
activity.

A series of seven NS profiles is presented between 121°E and 124.5°E
(Fig. 11B). The width of each stripe is 50 km. From the 1990-2020
seismicity distribution based on Wu et al. (2007, 2008, 2009b) with
magnitude >3.0, the slab dip for depths larger than >70 km is ~70° and
~ 55° west and east of 123°E, respectively. Fig. 10A shows that the slab
depth isolines change trend from approximately EW to NO055° at
~123°N, explaining the resulting eastward decrease of slab dip.

The focal mechanism solutions (beach balls) are derived from the
autoBATS catalog (1996-2023) (Institute of Earth Sciences, Taiwan,
1996), with only the best focal mechanism solutions (classes A and B).
Theoretically, shallow Ryukyu slab earthquakes are expected to exhibit
downdip extension due to the negative buoyancy of the plate. Subse-
quently, as the plate subducts and encounters resistance, downdip-
compression earthquakes are anticipated. However, both downdip-
extension and downdip-compression earthquakes are observed at
different depths (Fig. 11B), without any reliable rule, except that
downdip-compression only exists along BB’ and GG’ profiles. The
complexity of the stress field in the Ryukyu slab cannot be explained
solely by theory. However, intermediate-depth earthquakes in the
northern Ryukyu arc show consistently downdip-extension to a depth of
200 km (Kao et al., 1998; Kao and Chen, 1991). As the resulting PSP/EU
present-day motion occurs along the ~NS MTF with compressional
deformation of the adjacent PSP and EU plates, it suggests that the
downdip-extension observed in northern Ryukyu arc might be polluted
by downdip-compression earthquakes in the southern Ryukyu
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Fig. 11. Focal mechanism solutions show both downdip-extension and -compression in the southern Ryukyu slab.
The focal mechanism solutions (beach balls) are derived from the autoBATS catalog (1996-2023), with only the better focal mechanism solutions (classes A and B).
The seismicity distribution (1990-2020) is based on Wu et al. (2007, 2008, 2009b) with magnitude >3.0.

12



J.-C. Sibuet et al.

subduction zone.
4. Structure of the northeastern South China Sea margin

Exhumed mantle does not exist on the northeastern SCS margin
(Larsen et al., 2018; Sun et al., 2019b; Ding et al., 2020; Nirrengarten
et al., 2020; Wang et al., 2022; Zhang et al., 2021; Liu et al., 2022)
except one possible instance of exhumed mantle that was suggested in
the southern part of Profile OBS2016-2 (Wan et al., 2019) but ques-
tioned by the presence of oceanic crust along the easternmost portion of
MCS Profile MGL0905-17 (McIntosh et al., 2014; Sibuet et al., 2021)
(Fig. 5). Other serpentinized bodies defined by gravity modeling below
the north Luzon trough forearc basin and below the Coastal range (Doo
et al., 2016) do not exist as they are identified within the allochthonous
terranes located east of the MTF (Liu et al., 2022). The only place in the
northeastern SCS where such an exhumed mantle might exist would be
below the post-rift sediments of the failed rift located near the Manila
trench at 21.5°N (Fig. 5) (McIntosh et al., 2014; Chen et al., 2023). Thus,
the northeastern SCS margin does not seem to belong to the magma-poor
margin rubric characterized by exhumed mantle at their COTs. Simi-
larly, the absence of seaward dipping reflectors (SDR) sequences shows
that the northeastern SCS margin does not belong to the magma-rich
margin rubric. Recently, Pérez-Gussinyé et al. (2023) introduced the
rubric “intermediate margins” to characterize the nature of conjugate
margins of the SCS, the Woodlark basin, the Gulf of California, or the
Red Sea. Below we will discuss the belonging of the SCS to the “inter-
mediate margins” rubric.

The reconstructed northeastern SCS and NW Palawan margins in a
pre-breakup position (Nirrengarten et al., 2020), based on Franke et al.
(2011) and Larsen et al. (2018) conjugate profiles, shows a wide-rifted
zone. The thinned to hyper-thinned basins (e.g. Liwan and Bayun ba-
sins) on the northeastern SCS margin, separated by basement highs over
a width of ~400 km, faces a conjugate ~200 km-wide NW Palawan
continental margin fragment (e.g. Lai et al., 2021). In fact, the NE Pal-
awan margin belongs to a narrow sliver of continental crust detached
from south China and drifted away from the northeastern SCS margin.
This ~100 km-wide sliver, which includes part of Palawan and part of
Mindoro (Lai et al., 2021; Ding et al., 2023; Fu et al., 2024), rifted away
South China as a consequence of continuous proto-SCS subduction (e.g.
Wu et al., 2016). Thus, the SCS East basin does not belong to the “in-
termediate margins” rubric of Pérez-Gussinyé et al. (2023) as the
Woodlark basin, the Gulf of California, or the Red Sea but to another
rubric called the “marginal basins” rubric.

The main characteristic of continental margins of a marginal basin is
its complexity. The following information concerns the IODP drilling
area, between 116°E and 117°E, where a major effort to understand its
structure and geodynamic evolution has been made and will only be
briefly recalled in this paragraph. In this area, the COT decreases in
width from 28 km in the west to 15 km with an abrupt flip in detachment
polarity implying a transfer zone to explain the segmentation of the
margin (e.g. Larsen et al., 2018; Zhang et al., 2021; Zhao et al., 2023).
Such segmentation might result from inherited pre-rift crustal and/or
lithospheric weaknesses and is accommodated by the interplay of tec-
tonic and magmatic processes (Zhang et al., 2021). The magma intruded
in the COT as dikes and sills, or extruded as volcanoes suggesting
magmatic additions, might have been emplaced before, during and/or
after rifting (Larsen et al., 2018; Sun et al., 2019b; Nirrengarten et al.,
2020; Zhang et al., 2021; Wang et al., 2022). South of the oceanward
limit of the COT, fresh pillow basalts and MORBs were collected at IODP
drilled sites U1500, U1503 and possibly U1502 (Sun et al., 2019b; Zhang
et al., 2021). This oceanward limit of the COT (quoted in Fig. 5 as a 20-
km wide zone in light purple) coincides with a main free-air gravity
gradient (Taylor, 2017; Liu et al., 2018; Zhang et al., 2021) and is
located at the southern boundary of ridge A.

Between 115°E and 118°E, seismic data document a 15 to 25 km
wide COT (light purple stripe in Fig. 5), with a similar width than in the
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IODP Expeditions area (Ding et al., 2020). A short-period magmatic
event seems to occur during the latest stage of continental rifting (34-30
Ma), triggering crustal breakup and onset of steady-state seafloor
spreading (Ding et al., 2020; Zhang et al., 2021). Variable along-strike
syn-breakup magmatic activity and a prominent variability in struc-
tural style and intensity leads to the specific structure and topography of
the COT, suggesting a balancing mechanism between the volume of
magmatic additions and faulting styles (Zhang et al., 2021).

Further east, between 119° and 120°E, the NE-SW oriented volcanic
ridge D (Fig. 5) is located within the COT. This ridge is in the same
structural position with respect to the oceanic domain than the EW
oriented ridge A located landside of oceanic crust in the IODP area (Sun
et al.,, 2019b). They might have a common syn and/or post-rift
geological history.

Between 120° and 121°E, the COT seems to be ~N80° oriented
(black dashed line with light purple stripe in Fig. 5) and to abut against
the MTF (Liu et al., 2022). As this portion of COT is partly located below
the thick Manila accretionary wedge (Hengchun ridge), its trend is
poorly controlled. North of it, the northeastern SCS thinned continental
crust is described in section 3.2, with slightly different velocity-depth
profiles in the thinned continental crust on each side of the VDB
(Figs. 5 and 8).

5. When and how did Okinawa trough open?

As for the end of SCS seafloor spreading, the onset of OT opening was
largely debated: 8 Ma (Lallemand et al., 1997, 2001), 10 Ma (Miki,
1995; Shinjo, 1999; Shinjo et al., 1999) or 12 Ma (Sibuet et al., 1995).
The timing of the first phase of OT opening (Table 2) was finally
established from the volcanic and sedimentary rocks collected on the
Ryukyu island volcanic arc. Ishigaki and Yonaguni islands (Figs. 5 and
12) rotated 25° clockwise from ~10 Ma to ~7 Ma (Miki, 1995) while
Myako and northern Ryukyu arc islands drifted away without clockwise
rotation (as the pole of rotation was ~90° away) during the same period
(Miki, 1995; Sibuet et al., 1995; Shinjo, 1999; Shinjo et al., 1999). After
a period of quiescence without OT opening between ~7 and ~ 2 Ma
(Miki, 1995; Shinjo et al., 1999; Sibuet et al., 1995; Sibuet et al., 2021), a
second phase of OT opening began 1-2 Ma ago and is still active today
(Miki, 1995; Sibuet et al., 1995; Shinjo et al., 1999; Huang et al., 2018)
(Table 2). The propagation of a tear fault in direction of the future
northern Taiwan started ~18 Ma ago (Lallemand et al., 1997, 2001;
Sibuet et al., 2021), between ~20.5 and ~ 18 Ma in this paper. The
boundary between the oceanic and continental domains was defined on
the Wu et al. (2016) MITPO8 tomography (COB Old in Figs. 5 and 12A).
From the onset of the tear between ~20.5 - ~ 18 Ma and ~ 10 Ma, the
tear fault follows the location of the COB Old trajectory, simultaneously
with the northwestward subduction of the PSP plate and HB in between
the two lips of the tear fault. Since the onset of OT opening, ~10 Ma ago,
the tear fault trajectory propagated westward and was located south of
the Ryukyu forearc.

The present-day COB is located at the rear of the Yaeyama ridge
along the COB New feature (Figs. 5 and 12B) (Sibuet et al., 2021). The
distance between COB Old and COB New lines is 100 km +£40 km in the
east and null at their intersection (Sibuet et al., 2021). Independently,
Sibuet et al. (2021) also show that along the NS refraction profile P1 shot

Table 2
Timing of Okinawa trough backarc basin opening.

Before ~20.5-18 Ma No extension at the location of the future OT backarc

basin

~20.5-18 Ma- ~10Ma  No extension at the location of the future OT backarc

basin

~10 Ma - ~7 Ma First phase of OT backarc basin extension
~7 Ma - ~2 Ma No extension in the OT backarc basin
~2Ma - 0 Ma Second phase of OT backarc basin extension
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Fig. 12. South China Sea (SCS) oceanic domain with unfolded Manila slab and opening of the Okinawa trough (OT).

A) The unfolded Manila slab is colored by its intra-slab tomographic velocities dVp (Wu et al., 2016) and is attached to the SCS along the Manila trench. The NS grey
shadow mask (<100 km width) corresponds to probable artifacts and was not interpreted. Seafloor spreading flowlines in black are from Sibuet et al. (2016). The
northern COB rotated with respect to Eurasia (EU) (in orange) follows the observed southern COB (green line). The mid-distance rotated northern COB (in white)
closely follows the extinct spreading ridge located in the Present SCS. The NNW oriented dashed red line (located east of the yellow area) is the suggested eastern
limit of the oceanic SCS domain before becoming the location of the Manila trench initiation (Sibuet et al., 2021). Areas A, B, C, D, E, E’ and F are discussed in the
text. Yellow and red dots are drilling sites of the International Ocean Drilling Program; DF, Deformation front; TTZ, Taiwan transfer zone; ZFZ, Zhongnan fracture
zone. B) Bathymetric map (Hsu et al., 2013) showing the location of the COB before the OT opening (COB Old, red dashed line) and today (COB New, yellow dashed
line) (Sibuet et al., 2021). The COB New is located at the rear of the Yaeyama ridge (YR). The area between COB Old and COB New gives the amount of extension
during the whole OT opening (Fig. 5) transferred in the OT basin between the black dashed lines. A, Amami island; ENB, east Nanao basin; H, Hualien city; HB,
Huatung basin; I, Ishigaki island; K, Kume island; M, Miyako island; NB, Nanao basin; O, Okinawa island; T, Tokuno island; Ta, Taitung city; Y, Yonaguni island. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

across the OT at 124.5°E longitude (Fig. 12B), the OT extension is 100
km +20 km. Therefore, the two proposed methods, even not very ac-
curate, give an idea of the amount of OT extension west of 125.5°E
(southern light green area in Fig. 5). The corresponding whole amount of
extension has been transferred in the OT and extended in the northeast
with a constant amount of extension as discussed above (northern light
green area).

During SCS seafloor spreading (31-32 Ma to ~20.5 - ~18 Ma), the
PSP and HB were subducting northwards beneath EU along the Ryukyu
trench (Sibuet et al., 2021). We have suggested above that the western
boundary of the Ryukyu subduction zone was a left-lateral lithospheric
shear zone trending parallel to the HB-PSP/EU plate motion (N307°)
along the eastern boundary of the southern light green area (Fig. 5),
which was also the eastern limit of the oceanic SCS (dashed red line in
Fig. 12A) (Sibuet et al., 2021) called the Manila trench ancestor. The
young oceanic SCS started to subduct along this left-lateral shear
boundary. However, we are not sure it is a spontaneous subduction
initiation as observed in Hjort, Tiburon or Barracuda subduction zones
(e.g. Arcay et al., 2020).

6. Discussion of kinematic reconstructions

As was previously discussed, the primary factors controlling the ki-
nematic reconstructions are:

a) The onset of the Manila subduction zone occurred during the ~20.5 -
~18 Ma period, a few m.y. before the ~18 Ma oldest age of the intra-
oceanic Luzon arc and forearc. The end of the SCS seafloor spreading
is already older than 18 Ma and may be as old as ~20.5 Ma
(Barckhausen et al., 2014). The Manila trench has always migrated in
both time and space. Since ~20.5 - ~18 Ma, the Manila trench
shifted ~400-km westward, from 125.5°N to 121.5°N and its
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orientation changed from N337° to ~north-south today. Since the
onset of Luzon arc and forearc collision with EU at ~7 Ma, the intra-
plate deformation was observed both in the EU and PSP plates. In the
EU plate, the westward PSP/EU compressive component was
absorbed along the shear thrust faults in Taiwan and along their
offshore prolongations, but also along the left-lateral shear Yuli fault
and in the PSP plate, along the LVF system, the Luzon arc system, and
the Gagua ridge. The date of the major revolution in the geodynamic
evolution of SE Asia is consequently ~7 Ma. Amongst the conse-
quences, the Coastal range abut and remain against the EU conti-
nental lithosphere below northern Taiwan. However, it would
remain difficult to decipher which thrust fault is an intraplate or a
major feature which controls plate motions.

Since ~10 Ma, the triangular tip of the OT opening moved with the
westward propagation of the tear fault, without OT opening during
the phase of OT quiescence from ~7 to ~2 Ma.

b

-

Five kinematic reconstructions at critical tectonic periods (Fig. 13)
synthesize the main steps of the SE Asia geodynamic evolution since the
onset of SCS subduction: 1) from ~20.5 to ~18 Ma: end of SCS seafloor
spreading, beginning of westward opening of the tear fault along the
COB Old feature; ~20.5 Ma: onset of Manila subduction zone; ~18 Ma:
start of Luzon arc and forearc formation. 2) ~10 Ma: start of OT opening.
3) ~7 Ma: forearc and Luzon arc collision, end of first OT opening phase.
The MTF started to become active within the portion of thinned conti-
nental crust located above the Manila slab. 4) ~2 Ma: beginning of the
second OT opening phase.

All plate motions are with respect to Eurasia (South China) (Fig. 13).
The plate motions that have occurred since the previous reconstruction
are visible on each kinematic reconstruction. Plate boundaries are rep-
resented by continuous red lines that indicate the type of motion (shear
along the MTF and/or the Manila trench), and extension along the SCS
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Continuous red lines are active features from one panel to the preceding one. A major kinematic change occurred ~7 Ma ago when the Luzon forearc and arc collided
the EU continent with simultaneous EU and PSP intraplate deformations. F) Legend of main features. AP, Manila accretionary prism; COB, continent-ocean boundary;
COT, continent-ocean transition zone; DF, Deformation front; ELT, East Luzon trough; EU, Eurasia; GR, Gagua ridge; HB, Huatung basin; Islands (M, Myako; I,
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spreading axis and OT ridge axes); the northern part of the MTF is
represented by a dashed red line when its surface expression became
hidden below the EU crust of northern Taiwan. Active trenches are
shown by continuous red lines with triangles. Multiple plate systems are
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identified (Fig. 14). For each three-plate systems, a RFF (ridge-fault-
fault) triple junction is involved, R being the SCS ridge axis before ~20.5
- ~18 Ma or the OT axis between ~10 and ~ 7 Ma, and since ~2 Ma, and
F being the MTF or the Manila trench with its left-lateral shear
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component (Fig. 13A, C and E). For two-plate systems, the Ryukyu
trench and the Manila trench, with its left-lateral shear component,
demarcate the boundary between the EU and PSP plates (Fig. 13B and
D).

6.1. ~20.5 - ~18 Ma: End of SCS opening and onset of a tear fault

Fig. 13A shows the maximum extent of the SCS oceanic domain at
the end of seafloor spreading, ~20.5 - ~18 Ma ago. With respect to the
SCS oceanic domain, the northern and southern COT are in green and
red, and green and orange respectively. The subducted SCS oceanic
domain (light blue) is slightly larger than the present-day SCS domain.
To the north, the COB Old (dashed red line) is located between the
western limit of the Ryukyu subduction zone and the future location of
Taiwan.

Before ~20.5 - ~18 Ma, during SCS seafloor spreading, the SCS
spreading center was active (red continuous line in Fig. 13A). The PSP
with or without a portion of HB (dark blue with crosses) was subducting
below the Ryukyu trench in the N337° direction. The left-lateral shear
fault (Manila trench ancestor), which was fixed with respect to EU
before ~20.5 - ~18 Ma, was bounding the western end of the Ryukyu
subduction zone (Fig. 13A). The absence of tectonic constraints has led
to the arbitrary drawing of the Manila trench ancestor as a straight line
>1000 km long, which is a likely oversimplification based on arcuate
and complex present-day trench geometries. Thus, before ~20.5 - ~18
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Ma, a triple junction existed at the contact between the SCS spreading
ridge and the Manila trench ancestor. Three plates separated by active
plate boundaries (continuous red lines) are identified: the PSP to the
east, the northern EU plate to the north and the southern EU plate to the
south (Fig. 13A). The southern EU plate includes the southern part of the
SCS oceanic basin, the domain located south of the light orange COT, the
thinned continental crusts of Palawan, and domains E and C further east
(Fig. 13A). Before ~20.5 - ~18 Ma, the SCS spreading ridge axis was
moving southward with respect to EU, in the N157° direction (direction
opposite to N337°) as shown by the SCS opening trajectories (Figs. 12A,
13A and 14) (Sibuet et al., 2021).

6.2. ~10 Ma: SCS subduction and Luzon arc formation

About ~20.5-18 Ma ago, the first revolution (i.e. regional plate or-
ganization) took place. The three-plates system active before ~20.5 -
~18 Ma evolved into a two-plates system active since ~20.5 - ~18 Ma
and separated by the Manila trench which started to develop along the
trend of the former Manila trench ancestor. The PSP, including the
possible HB prolongation of the present-day northern HB (dark blue
domain with crosses called PSP with HB or not in Fig. 13B), is now
subducting in the N307° direction, below the Ryukyu trench. The
emergence of Luzon arc and forearc outcrop on the sea-bottom started
~18 Ma ago. The EU plate (reunion of the former northern and southern
EU plates) is now the area located outside the Manila trench-Ryukyu
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trench system. Between ~20.5 - ~18 Ma and ~ 10 Ma, the active
Ryukyu trench extremity was moving westward along the COB Old tear
fault, with the PSP progressing northwestward between the two lips of
the tear (Figs. 13B and 14). The northward prolongation of the Manila
trench (dashed red line) moved in longitude from the Myako to Ishigaki
islands, and the Manila accretionary prism grew ahead the Manila
trench. However, the sedimentation in the accretionary prism was
probably weak, as the sediments from EU were caught by the Ryukyu
trench bathymetric depression and the sediments deposited on the
recently formed SCS oceanic crust were relatively thin. Thus, the first
revolution started between ~18 Ma and ~ 20.5 Ma with the change in
the PSP/EU plate motion from N337° to N307° and a change from a
three- to two-plate system.

6.3. ~7 Ma: Onset of first phase of Okinawa trough opening and collision
of Luzon arc with Eurasia

The second revolution, linked to a significant tectonic and structural
shift, happened ~7 Ma ago at the time the first phase of OT opening was
coming to a finish and the Luzon forearc and arc collided with the EU
near the site of the future Taiwan (Fig. 13C).

From ~10 Ma to ~7 Ma, the tear continued to open and to propagate
westward until reaching the EU continent or close to it; the western
boundary of the Ryukyu subduction zone was moving simultaneously
with the tip of the tear (Fig. 13C). The first phase of OT opening also
occurred from ~10 Ma to ~7 Ma while the PSP (with HB or not)
continued to subduct below the Ryukyu trench in the N307° direction.
During this period, the Ryukyu accretionary prism (Yaeyama ridge)
continued to form and to propagate in the westward direction; the
Okinawa-Japan plate defined by Sibuet et al. (2004a, b) between the
Ryukyu trench and the OT axis was growing in the NS direction,
simultaneously with the southward displacement of the Ryukyu forearc
and trench with respect to the EU plate. The East Luzon trough and the
Philippine trench started to form ~8 Ma ago from north to south (Ozawa
etal., 2004) (Figs. 1, 5 and 13C). Note the simultaneous local decrease of
convergence between the islands of Palawan and Mindoro with respect
to the Luzon island volcanic arc (e.g. Lai et al., 2021).

Therefore, from ~10 Ma to ~7 Ma, three plates separated by active
plate boundaries (continuous red lines) were identified (Figs. 13C and
14): the PSP to the east, the EU plate, and the Okinawa-Japan plate. The
RFF triple junction was located at the intersection of the Manila trench
(with its left-lateral strike-slip component) with the OT axis, and pro-
gressively moved westward simultaneously with the Manila trench,
from the longitude of Ishigaki island to close to Taiwan.

6.4. ~2 Ma: Onset of second phase of Okinawa trough opening

~2 Ma ago, the second phase of Okinawa trough opening started
(Table 2). The EU plate continued to subduct below the PSP and only a
small portion of non-subducted EU plate (SCS oceanic domain)
remained west of the Manila accretionary prism.

Since ~7 Ma, the MTF continued to be active from north of Taiwan
(dashed red line), along the Longitudinal valley and further south along
the eastern boundary of the Manila accretionary prism (continuous red
line), and then along the Philippine fault zone (dashed red line in the
Philippine Mobile belt) (Figs. 13D and 14). The grey area in Fig. 13D
represents the extent of the Philippine Mobile belt. Since ~7 Ma, the PFZ
probably changed trend several times and the Luzon arc and forearc
collided with the EU margin. Taiwan terranes uplifted and shortening
along Taiwan thrust faults parallel to the Longitudinal valley continued.

6.5. Present-time: Ongoing second phase of Okinawa trough opening and
MTF still active

Since ~2 Ma, the second phase of OT opening occurred and is still
active today; the Okinawa-Japan plate was growing in the NS direction,
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simultaneously with the southward displacement of the Ryukyu forearc
and trench. As during the first phase of OT opening, we identify a three-
plate system with the PSP to the east, the EU plate to the west and the
Okinawa-Japan plate. The triple junction is in northern Taiwan, at the
point where the OT axis and the MTF converge. North of north Luzon
island, the MTF becomes roughly NS oriented (Figs. 13E and 5). Thus,
since ~7 Ma, the MTF rotated ~23° clockwise, which roughly corre-
sponds to the estimation of Wu et al. (2016).

6.6. Future SE Asia plate kinematic evolution

Since ~20.5 - ~18 Ma, the MTF has been continuously active and
moving westward with respect to the stable EU (South China). However,
since ~7 Ma, the amplitude of this motion has decreased near Taiwan,
and this has been compensated by a ~ 23° clockwise rotation of the MTF
around a pole of rotation that is approximately located north of Taiwan.
Therefore, the portion of MTF located north of the Longitudinal valley
(dashed red line) only moved a few tens of kilometers westward. Since
~2 Ma, with respect to the stable EU, the OT tip was only propagating a
few tens of kilometers westward inside Taiwan. Furthermore, the RFF
triple junction is unstable (McKenzie and Morgan, 1969), suggesting
that the further evolution of the SE Asia kinematic frame is possible.

Geodynamic numerical modeling shows that face-to-face double
subduction systems, as evidenced in SE Asia by the old Ryukyu sub-
duction zone and the ~8 Ma young East Luzon trough-Philippine trench
(Ozawa et al., 2004), are dynamically unstable (Zhang et al., 2024). The
waxing younger subduction (East Luzon trough and Philippine sub-
duction zone) may gradually absorb the PSP/EU plate convergence
previously entirely absorbed by the Ryukyu subduction zone. In such a
scenario, the East Luzon and Philippine trenches may join the Ryukyu
trench through the Luzon-Okinawa fracture zone (Fig. 15) to favor a new
stable system (Zhang et al., 2024). The consequence would be a major
simplification of the SE Asia geodynamic framework with the presence
of a curved subduction zone and a potential associated backarc basin,
except along the Luzon-Okinawa fracture zone where an intra-oceanic
volcanic arc and forearc might appear as did the Luzon arc and fore-
arc since ~18 Ma. The Ryukyu subduction zone would be bounded by a
feature parallel to the PSP/EU motion and like the MTF segment formed
before ~20.5 Ma (dashed red line). Both the present-day Manila sub-
duction zone and MTF (including the Philippine fault zone) would
become inactive but the complexity of most existing features, such as the
present-day SCS and the Philippine mobile belt, would be preserved
(Fig. 15).

7. Conclusions
The main conclusions of this study are as follows:

1) Within a compressive framework dominated by the continually
active Sunda subduction zone, the SCS is one of the oceanic basins
classified as “marginal basins.” Our ability to identify active plate
boundaries and subducted East Asian plates allows us to propose new
SE Asia plate kinematic reconstructions.

2) Within the East basin, the end of SCS seafloor spreading varies from

15.5 Ma (Briais et al., 1993) to 20.5 Ma (Barckhausen et al., 2014).

Drilling at IODP hole U1431, near the East basin extinct spreading

center, revealed sediments and undeformed oceanic crust with Ar®°/

Ar*® ages marginally older than 18 Ma. These ages refute the

15.5-16 Ma estimate of Briais et al. (1993) for the end of SCS seafloor

spreading, which might be older than 18 Ma, somewhere in the

~20.5 - ~18 Ma range.

The oldest ages of the Luzon arc and forearc obtained in the Lanyu

island, Coastal range and Lichi mélange are 17-18 Ma. This indicates

that the onset of the Manila subduction zone occurred a few m.y.

earlier, perhaps ~20.5 Ma ago, which would account for the age of

the first known Luzon arc intrusions.
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Fig. 15. Present-day (A) and future (B) kinematic reconstructions with motions occurring between a reconstruction and the preceding one.

Continuous red lines are active features. Legend of figures as in Fig. 13F. The proposed future kinematic reconstruction is based on numerical modeling, which shows
that the process of waxing and waning of subduction zones controls the plate motion reorganization (Zhang et al., 2024). Note the previous major kinematic change
occurred at ~7 Ma, when the Luzon forearc and arc collided the EU continent with simultaneous EU and PSP intraplate deformations. AP, Manila accretionary prism;
COB, continent-ocean boundary; COT, continent-ocean transition zone; DF, Deformation front; ELT, East Luzon trough; EU, Eurasia; GR, Gagua ridge; HB, Huatung
basin; Islands (M, Myako; I, Ishigaki, Ir, Iriomote; Y, Yonaguni); LA, Luzon arc; LOFZ, Luzon-Okinawa fracture zone; MTF, Manila transcurrent fault; NL, North Luzon
island; OJ, Okinawa-Japan; OT, Okinawa trough; PFZ, Philippine fault zone; PSP, Philippine Sea plate; PT, Philippine trench; RT Ryukyu trench; TJ, Triple junction;
TTZ, Taiwan transfer zone; YR, Yaeyama ridge; ZFZ, Zhongnan fracture zone. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)

4) Given that the timing of the SCS opening’s end is uncertain, ranging
from 20.5 to 18 Ma, it is possible that the SCS seafloor spreading took
place during the Manila subduction zone’s active phase. Before
~20.5 - ~18 Ma, during the SCS seafloor spreading, the MTF (dashed
red line) was a left-lateral shear fault lithospheric segment, which
started from the western extremity of the Ryukyu trench to the north.
From then until today, that portion of the MTF extending northward
from the western end of the Ryukyu trench has always remained
active, with the PSP plate subducting in parallel to the PSP/EU
vector. From ~20.5 - ~18 Ma to ~7 Ma, the portion of permanent
MTF located north of the Ryukyu trench was connected to Manila
trench. Since ~7 Ma, the permanent MTF was connected to the
longitudinal valley and became a left-lateral crustal shear fault only
active above the Manila slab. Further south, the MTF was connected
to the Philippine fault zone. Therefore, since before ~20.5 Ma, the
MTF moved 400 km westward with respect to EU and since ~7 Ma,
rotated ~23° clockwise to become now ~NS oriented north of 16°N.

5) A tear fault was identified in the EU plate north of the Ryukyu trench
and south of Myako to Yonaguni islands and was progressively
tearing westwards until Taiwan. It was active from ~20.5 - ~18 Ma
to ~10 Ma with the PSP subducting northwestward between the two
lips of the tear. Since ~10 Ma, the tear continued to progress west-
ward but during each of the two OT opening phases, from ~10 to ~7
Ma and since ~2 Ma, a triple junction was active at the intersection
of the OT tip with the MTF. In other words, the tearing point was
always on the MTF, which was on the western boundary of the
Ryukyu subduction zone. Thus, when active, the triple junction was
located on the MTF, with one branch on each side of the triple
junction, the third branch being the SCS spreading center before
~20.5-18 Ma and the OT axis from ~10 to ~7 Ma and since ~2 Ma.

6) In the future, the OT tip and the portion of MTF north of the longi-
tudinal valley would not travel forever westward due to the insta-
bility of the RFF triple junction. The younger East Luzon trough-
Philippine subduction zone might join the present-day Ryukyu sub-
duction zone possibly along the Luzon-Okinawa fracture zone. With
this new stable system, both the Manila subduction zone and the MTF
(including the PFZ) would become inactive, but most of the present-
day SCS features and the Philippine mobile belt would be kept.
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