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ABSTRACT: The past size and location of the hypothesized proto-South China Sea vanished ocean ba-
sin has important plate-tectonic implications for Southeast Asia since the Mesozoic. Here we present
new details on proto-South China Sea paleogeography using mapped and unfolded slabs from tomogra-
phy. Mapped slabs included: the Eurasia-South China Sea slab subducting at the Manila trench; the
northern Philippine Sea Plate slab subducting at the Ryukyu trench; and, a swath of detached, sub-
horizontal, slab-like tomographic anomalies directly under the South China Sea at 450 to 700 km depths
that we show is subducted ‘northern proto-South China Sea’ lithosphere. Slab unfolding revealed that
the South China Sea lay directly above the ‘northern Proto-South China Sea’ with both extending 400 to
500 km to the east of the present Manila trench prior to subduction. Qur slab-based plate reconstruction
indicated the proto-South China Sea was consumed by double-sided subduction, as follows: (1) The
‘northern proto-South China Sea’ subducted in the Oligo-Miocene under the Dangerous Grounds and
southward expanding South China Sea by in-place ‘self subduction’ similar to the western Mediterra-
nean basins; (2) limited southward subduction of the proto-South China Sea under Borneo occurred
pre-Oligocene, represented by the 800-900 km deep ‘southern proto-South China Sea’ slab.

KEY WORDS: seismic tomography, plate tectonics, South China Sea, proto-South China Sea, sub-

ducted slabs, Borneo, Oligocene—Miocene.

0 INTRODUCTION

The present tectonic setting near South and East China is
characterized by subduction of the South China Sea and Phil-
ippine Sea marginal seas, which have been trapped by rapid
westward Pacific Plate convergence towards Eurasia (Fig. 1a).
Global plate reconstructions indicate convergent plate tectonics
has been prevalent in East Asia since at least the Mesozoic
(e.g., Seton et al., 2012). The predicted lithospheric subduction
within these plate models is consistent with seismic tomo-
graphic images that show extensive slab-like, fast velocity
anomalies within the East Asian mantle down to the core-
mantle boundary (Fig. 1a) (Hall and Spakman, 2015; Legendre
et al., 2015; Zhao, 2015; Koulakov, 2011; Li and van der Hilst,
2010; Fukao et al., 1992). A recent analysis of subducted slabs
from seismic tomography indicated the upper 1 300 km of the
East Asian mantle contains 7.16x10” km?® of subducted litho-
sphere (Wu et al., 2016). This implies that an immense area
about one-seventh of the total Earth surface area has subducted
under East Asia since ~52 Ma (Wu et al., 2016).

Despite general agreement on a long-lived history of sub-
duction at East Asia, tectonic interpretations of East Asia

*Corresponding author: jwud0@central.uh.edu
© The Author 2017. This article is published with open access
at Springerlink.com

Manuscript received April 21, 2017.
Manuscript accepted July 15, 2017.

mantle images have been non-unique and controversial, par-
ticularly for slab-like, tomographic anomalies that do not ex-
hibit Benioff zone seismicity. One such example is the swath
of sub-horizontal, slab-like anomalies directly under the pre-
sent South China Sea at 450 to 700 km depths that we call the
‘proto-South China Sea north slabs’ (Fig. 1a), which will be
the topic of this study. It has been proposed that a proto-South
China Sea ocean basin existed south of the Eurasia-South
China continental margin prior to the present South China Sea
(e.g., Taylor and Hayes, 1983; Holloway, 1982). However, the
whereabouts of the subducted proto-South China Sea litho-
sphere is controversial (Wu et al., 2016; Hall and Spakman,
2015; Zahirovic et al., 2014; Hall, 2002; Rangin et al., 1999).
Furthermore, it has been questioned whether a proto-South
China Sea even existed at all (Replumaz and Tapponier, 2003).

The goals of this study are to: (1) deduce proto-South
China Sea Plate tectonics by mapping and unfolding slabs from
tomography and placing them into a plate reconstruction con-
text (cf., Wu et al., 2016); (2) briefly discuss the plausibility of
our slab-based proto-South China Sea Plate tectonic recon-
struction relative to previous studies; and, (3) comment on how
slab unfolding can provide a relatively independent test of
seismic tomographic image quality that can complement cur-
rent seismic-based resolution tests.

1 DATA AND METHODS
1.1 Tomographic Model
The subducted slabs in this study were mapped from
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Figure 1. (a) East-west tomographic cross-section of the East Asian mantle under the Eurasian-South China Sea margin, the Philippine Sea and the western

Pacific from MITPO8 seismic tomography (Li et al., 2008). Cross-section location is shown in (e). Benioff zone seismicity is shown by red spheres in Fig. la.

The East Asian mantle shows numerous fast P-wave velocity, slab-like tomographic anomalies at known and predicted past subduction zones that is consistent

with a long-lived history of convergent plate tectonics at East Asia. (b) to (d) MITPOS8 checkerboard resolution tests indicate adequate tomographic resolution

under East Asia. (e) Colored dots showing the seismic stations used in MITP0O8 tomography-EHB catalog (Engdahl et al., 1998) in gold; other stations in red.

The MITPO08 tomography was augmented by the Chinese seismographic network within East Asia (red dots within China in Fig. le).

MITPO8 P-wave global tomography (Fig. 1) (Li et al., 2008),
which has been widely used to study East Asian mantle structure
for plate tectonic analyses (Wu et al., 2016; Zahirovic et al., 2016;
Lu et al., 2013). The MITP08 model contains records from the
global seismic catalog (Engdahl and Villasefior, 2002; Engdahl et
al., 1998) and is augmented by the Chinese Seismographic Net-
work (red dots within China in Fig. 1¢). The MITP08 model has a
maximum 100 km resolution but as with other tomographic mod-
els, the resolution is spatially-variable and not easily quantified.
Qualitative checkerboard tests indicate sufficient resolution
within the East Asian mantle at relevant depths (Figs. 1b to 1d).
Visually, the MITPO8 model generally shows slab-like fast P-
wave perturbation (dVp) anomalies that correspond to Benioff

seismicities under known subduction zones (Fig. 1a).

1.2 Slab Mapping

Slabs were mapped from tomography using GOCAD
software following a 3D slab mapping workflow described by
Wu et al. (2016). Our mapped slabs generally had spatially
continuous d”p anomalies that were 0.2% to 1% faster than the
surrounding mantle and exhibited steep velocity gradients at
the slab edges. The slab models used in this study included the
Eurasia-South China Sea slab and the northern Philippine Sea
‘Ryukyu’ slabs from Wu et al. (2016). The proto-South China
Sea slab models in this study were slightly revised from Wu et
al. (2016) based on a new, finer-scale tomographic mapping.
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1.3 Slab Unfolding

Wau et al. (2016) described a new plate reconstruction work-
flow that involved three slab unfolding methods, including (Fig.
2): (1) ‘flexural unfolding’ for relatively undeformed upper man-
tle slabs; (2) ‘cross-sectional area slab unfolding’ for highly de-
formed lower mantle slabs; and (3) ‘radial unfolding’ for sub-
horizontal lower mantle slabs. In ‘flexural unfolding’ a mid-slab
triangulated surface is unfolded in three-dimensions to a spherical
Earth surface, minimizing area and shape distortions (Figs. 2a,
2b). GOCAD software was used to perform the 3D flexural un-
folding. In this paper we will demonstrate previous flexural un-
folding results for the Eurasia-South China Sea slab and northern
Philippine Sea slabs within the upper mantle. In ‘cross-sectional
area slab unfolding” (Figs. 2c, 2d) a cross-sectional slab area is
measured from a tomographic transect and unfolded to the Earth
surface using area conservation. Slabs were unfolded to a pre-
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subduction oceanic lithosphere thickness of 80 to 100 km depend-
ing on its predicted lithospheric age. Slab sub-areas are evaluated
over a series of depth intervals (Fig. 2d), which allows a density
correction to be applied at each depth to account for density-depth
changes within the mantle following the PREM model
(Dziewonski and Anderson, 1981). A suite of possible slab
boundaries are considered by calculating cross-sectional slab
areas from the range of dVp velocity perturbation contours that
can be ‘closed’ around the fast slab anomaly (Wu et al., 2016).
This method was applied to reconstruct the western Pacific slabs
by Wu et al. (2016), including the subducted Pacific slabs at
central Marianas shown in Fig. la. In ‘radial slab unfolding’,
sunken lower mantle flat slabs are assumed to have distorted by
radial convergent downward flow (Fig. 2e). We reverse this proc-
ess to unfold a mapped mid-slab surface to 660 km depth (Fig. 2f).
The radially unfolded slab is then directly projected from 660
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Figure 2. Slab unfolding methods used in this study (modified from Wu et al., 2016). (a) Geometry of a relatively undeformed upper mantle slab. (b) In flexural
unfolding, the pre-subduction geometry of the mapped slab in (a) is estimated from a three-dimensional unfolding to a spherical Earth surface, minimizing area
and shape distortions. (c) Geometry of a deformed lower mantle slab. (d) In cross-sectional area unfolding, the slab is unfolded back to the Earth surface in 2D
using area conservation and an assumed initial oceanic lithosphere thickness of 80 to 100 km depending on the predicted slab lithospheric age. Slab sub-areas
are divided by depth to enable a density-depth correction to be applied following the PREM Earth model (Dziewonski and Anderson, 1981). (¢) A sunken lower
mantle flat slab. (f) In radial unfolding, slab sinking and distortion by downward convergent radial flow is reversed by radially unfolding the flat slab back to

slab

the uppermost lower mantle at 660 km depth, followed by a projection to the earth surface from 660 km depth.




km depth to a spherical model Earth surface for a plate recon-
struction (Fig. 2f). Radial slab unfolding was only applied in this
study as a minor correction to the proto-South China Sea slabs,
which were at maximum 900 km depths within the uppermost
lower mantle.

1.4 Plate Reconstruction Framework

The tectonic viability of the mapped and unfolded slabs was
evaluated by adding our unfolded slabs into the framework of a
global plate reconstruction using GPlates software (Boyden et al.,
2011) following the Wu et al. (2016) workflow. We selected the
global plate reconstruction of Seton et al. (2012) with minor
modifications, as documented by Wu et al. (2016). The Seton et
al. (2012) plate model framework used a rigid block approach that
is appropriate for the regional-scale insights in this study but at
smaller scales will display obvious gaps or overlaps at known
non-rigidly deforming areas of Sundaland. As such, we will allow
for some flexibility in our slab-based plate reconstruction to ac-
count for Borneo oroclinal bending (Hutchison, 2010) and uncor-
rected stretching of continental crust at the South China Sea mar-
gins, including the Dangerous Grounds (Bai et al., 2015). The
global model also included a number of choices that are relevant
for this study, and these are briefly reviewed below.

1.4.1 South China Sea spreading kinematics

Our selected plate model incorporated South China Sea
spreading kinematics from Briais et al. (1993). However, other
South China Sea spreading models have also been debated (cf.,
Sibuet et al., 2016; Li et al., 2014). Our tests showed the choice of
an alternative South China Sea spreading model (i.e., Barck-
hausen et al., 2014) would slightly (within 5 Ma) alter our pre-
dicted subduction timings for the proto-South China Sea north
slabs, but these models still robustly produced a double-sided
proto-South China Sea subduction, which was a key conclusion
of our plate models. The absolute positioning of the South China
Sea was determined from the moving hotspot mantle reference
used by Seton et al. (2012). A slight eastward shift within uncer-
tainties (i.e., a constant ~200 km offset between 52 and 23 Ma,
followed by a smooth interpolation between the 23 to 0 Ma posi-
tions) was added by Wu et al. (2016) to optimize the fit of the
eastern Eurasia-South China Sea slab and proto-South China Sea
north slab edges. We tested other alternative Eurasia-South China
absolute positions (e.g., Zahirovic et al., 2014; Hall, 2002) and
other mantle references (Torsvik et al., 2008). We found these
parameters did not materially change our plate modeling results
because of the large size of our restored proto-South China Sea
slabs (in excess of 2 000 by 1 500 km) relative to the 200 to 300
km difference between alternative Eurasia absolute positions.

1.4.2 Borneo motions

The past motions and absolute positioning of Borneo have
been widely debated (cf., Pubellier and Morley, 2014) and are
important parameters for this study because they directly influ-
ence the subduction timing of the proto-South China Sea south
slabs. We chose to maintain Borneo at a near-equatorial paleolati-
tude and applied 50° counter-clockwise rotations based on pa-
leomagnetism (Fuller et al., 1999), similar to many other studies
(e.g., Hall, 2002). We chose to conclude rapid Borneo counter-
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clockwise rotations earlier than most studies at ~35 Ma based on
new paleomagnetic samples from Cullen et al. (2012). Our choice
meant that the proto-South China Sea south slabs were subducted
under NW Borneo prior to 35 Ma in our models, which we will
later argue is consistent with their 750 to 900 km mantle depths
relative to other regional slabs (Wu et al., 2016). Many Borneo
plate models have also proposed that Borneo counter-clockwise
rotations occurred later between 30 and 10 Ma (i.e., Zahirovic et
al., 2014; Hall, 2012), after Fuller et al. (1999). Use of the alterna-
tive Borneo motions in our plate models produced a correspond-
ing 30 to 10 Ma southward subduction of the ‘proto-South China
Sea south slabs’ under NW Borneo but maintained an overall
double-sided proto-South China Sea subduction zone configura-
tion. This indicated that our overall modeled double-sided proto-
South China Sea subduction configuration was robust within the
range of plate model choices, whereas the proto-South China Sea
south slab subduction timings are sensitive to the input Borneo
plate model. Therefore, we will include a discussion of alternative
subduction time estimates for the proto-South China Sea south
slabs within our plate model results.

1.5 Spatial and Temporal Positioning of Unfolded Slabs
within the Global Plate Model

We reconstructed the spatial and temporal positioning of
unfolded slabs within the global plate model by first determin-
ing whether a mapped slab was still ‘attached’ to a parent plate
or wholly ‘detached’. We considered the Eurasia-South China
Sea slab and northern Philippine Sea slabs to be attached slabs.
These slabs were input and moved with their associated ‘par-
ent’ plate within the plate reconstruction. Seafloor spreading
within these attached slabs was modeled by arbitrarily extend-
ing their GPlates polygons according to our unfolded slab
lengths. Our proto-South China Sea slabs were not attached to
any known subduction zone (e.g., Fig. 1a) and thus were con-
sidered detached slabs. These slabs were restored with minimal
correction by simply positioning the radially unfolded slab
above the centroid of the folded surface and kept static within
the mantle reference to yield the most straightforward recon-
struction. Other details of the slab reconstruction method are
documented in Wu et al. (2016).

2 RESULTS
2.1 3D Slab Mapping from Tomography
2.1.1 South China Sea and proto-South China Sea slabs
The Eurasian-South China Sea margin has subducted east-
wards under the Philippine Sea Plate at the Manila trench. The
‘Eurasia-South China Sea slab’ displays Benioff zone seismicity
down to a maximum ~300 km depths (Fig. 3a). In plan view the
Benioff seismicity occurs within a relatively narrow ~300 km E-
W zone east of the Manila trench (Fig. 3a). The 280 km depth
horizontal tomographic slice shows a discrete and narrow N-S
fast slab anomaly to the east of the Manila trench that is sub-
parallel to the trench and follows the Benioff seismicity (Figs. 3a,
3b). Our 3D mapping of the Eurasia-South China Sea mid-slab
from MITPOS8 showed a slab anomaly that is sub-vertical at depth
and extends to a maximum depth of 450 km (Figs. 1a, 3c, 4) (Wu
etal., 2016).
The tomographic transects in both Figs. la and 4a across
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Figure 3. Eurasia-South China Sea (SCS) slab. (a) Map of Benioff zone seismicities within 50 km of the mid-slab surface; (b) Eurasia-SCS slab anomaly from

a 280 km horizontal tomographic section; and (c¢) depth contours from the Eurasian-SCS mid-slab model of Wu et al. (2016).

the SE Manila trench and South China Sea show a clear
Eurasia-South China Sea slab anomaly that is nearly vertical at
a depth of ~400 km. Our unfolding of the Eurasia-South China
Sea slab (see black dashed lines in Fig. 4a) indicates the South
China Sea previously extended ~400 to 500 km east of the
present Manila trench (Figs. 4a, 5a). This would imply the
South China Sea once extended eastwards to the longitude of
the Yaeyama Islands, Japan, prior to subduction (Fig. Sa).

The tomographic sections also show deeper, detached,
sub-horizontal fast slab anomalies within the mantle transition
zone and lower mantle at 450 to 700 km depths that we call the
‘proto-South China Sea north’ slabs (Fig. 4a). These slabs have
been previously identified from other tomography but there has
been little agreement on their origin (e.g., Zahirovic et al.,
2016; Hall and Spakman, 2015; Huang et al., 2015; Obayashi
et al., 2013; Rangin et al., 1999). Our mapping of the proto-
South China Sea north slabs from MITP08 tomography (up-
dated from Wu et al., 2016) revealed their extent was largely
under the present South China Sea and the westernmost Philip-
pine Sea (Fig. 5b). We note the lack of fast tomogrpahic slab
anomalies south of Borneo in the upper 660 km (Fig. 4a),
where most published studies have predicted relatively recent
proto-South China Sea subduction in the Miocene (e.g.,
Hutchison et al., 2000). Our slab unfolding revealed both the
unfolded Eurasia-South China Sea slab and the ‘proto-South
China Sea north slabs’ had eastern limits that were 400-500
km east of the present Manila trench and were oriented north-
south (compare dashed purple lines in Fig. 5a). We will later
show in Section 2.2.2 that the similar unfolded eastern edges is
a key observation from this study because it enables a shared
South China Sea/proto-South China Sea Plate boundary trans-
form when placed within a plate tectonic reconstruction.

We also updated our previous Wu et al. (2016) mapping of
the ‘proto-South China Sea south slabs’, which are a swath of
sub-horizontal slabs at 750 to 900 km depths under NW Borneo
and the SW South China Sea (Figs. 4b, 5b). It is important to
note that the proto-South China Sea south slabs are relatively
deeper (750 to 900 km) than the ‘proto-South China Sea north
slabs’ at 450 to 700 km depths (Figs. 4, 5). Assuming constant
slab sinking, this apparently suggests the deeper proto-South
China Sea south slabs were subducted prior to the shallower
north slabs. Our preferred plate reconstruction shown later is
consistent with this inferred subduction sequence.

2.1.2 Northern Philippine Sea slab

The Philippine Sea has subducted northwards under Eurasia
at the Ryukyu trench. The ‘Ryukyu slab’ subducted along the
Ryukyu trench shows clear Benioff seismicity and a trench-
parallel fast tomographic anomaly between 100 to 280 km depths
(Figs. 6a, 6b). The Nankai trough segment of the northern Philip-
pine Sea slab (i.e., Shikoku slab) exhibits Benioff zone seismicity
above 200 km depths but is not well-imaged (Figs. 6a, 6b),
probably due to a lack of thermal anomaly from a young litho-
spheric age during subduction (Wu et al., 2016). At 400 km
depths the Ryukyu slab tomographic anomaly dramatically wid-
ens to the north (Fig. 6¢) due to flattening above deeper stagnant
Pacific slabs, as shown by Wu et al. (2016).

Our 3D mapped northern Philippine Sea mid-slab model
shows an arcuate, flat-bottomed shape (Fig. 6d). The northwest-
ern limit of the Ryukyu slab extends north from Taiwan to East
China near Shanghai at ~400 km depths (Fig. 6¢). Unfolding of
the Philippine Sea Plate slabs including detached Shikoku slab
remnants under Japan revealed the northern Philippine Sea Plate
was ~700 to 1 000 km longer prior to subduction (Fig. 6e) (Wu
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Mapped extent of the proto-South China Sea slabs in purple. The ‘proto-
South China Sea north slabs’ are below the present South China Sea at
~450 to 700 km depths. The ‘proto-South China Sea south slabs’ are below
the southern South China Sea and northern Borneo at 750 to 900 km depths
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eastern edge of the proto-South China Sea north slabs (purple dashed line)
and the unfolded Eurasian-South China Sea slab. When reconstructed
within a plate model (see Fig. 7, ESM2 ProtoSCS plate
model movie.mov), the restored eastern edges fit together as a shared

South China Sea/proto-South China Sea N-S plate boundary transform.

et al., 2016). The western edge of the unfolded northern Phil-
ippine Sea Plate shows a prominent N-S western edge that
extends ~1 000 km north of Taiwan (Fig. 6¢).

2.2 Plate-Tectonic Reconstruction Using Unfolded Slab Con-
straints
2.2.1 Pre-Oligocene period

Input of the unfolded slabs into a global plate reconstruction

revealed a general fit of our restored proto-South China Sea slabs
between South China and northern Borneo at 50 Ma (see ESM2
ProtoSCS plate model movie.mov) within uncertainties as
outlined in Section 1.4. Reconstruction of the slabs within the
plate model framework forward from 50 Ma revealed a double-
sided subduction of the proto-South China Sea, as described be-
low (Figs. 7, 8, ESM2 ProtoSCS_plate model movie.mov). Af-
ter 50 Ma, counter-clockwise rotation of Borneo produced a
southward subduction of the ‘proto South China Sea south slabs’
under NW Borneo (see ESM2 ProtoSCS_plate  model movie.
mov). Southward proto-South China Sea subduction concluded
by the Mid- to Late Eocene based on our modeled 50° counter-
clockwise Borneo rotation timings (see Section 1.4). The end of
our modeled southward subduction coincides with the ‘Sarawak
orogeny’, an important period of uplift and denudation that af-
fected NW Borneo along Sarawak, central Sabah and southern
Palawan that occurred in the Mid-Eocene ~45 Ma (Hutchison,
1996), or Eocene to Early Oligocene (Cullen, 2010). Other stud-
ies have also linked the Sarawak orogeny to the final phase of
deformation of a remnant basin (Hall, 2012) or final southward
consumption of the proto-South China Sea (Pubellier and Morley,
2014). Our slab constraints can not rule out a younger ~30 to 10
Ma subduction of the southern proto-South China Sea under Bor-
neo if a younger Borneo counterclockwise rotation model is im-
plemented (i.e., Zahirovic et al., 2014; Hall, 2002) (see Section
1.4). However, we prefer our Earlier Eocene subduction time for
the proto-South China Sea south slabs because their present 750
to 900 km depths are consistent with other East Asia slabs that
were subducted in the Oligocene to Eocene (Wu et al., 2016).

2.2.2 Oligocene to present

South China Sea seafloor spreading after ~34 Ma initiated
a second phase of proto-South China Sea subduction that was
characterized by northward subduction of the ‘proto-South
China Sea north slabs’ under the Dangerous Grounds and north
Palawan (Figs. 5a, 7a, 8a) (Wu et al.,, 2016). An important
aspect of our model is the shared easternmost South China
Sea/proto-South China Sea Plate boundary transform (Figs. 7a,
7b). This feature was enabled by the remarkably coincident
positions of the unfolded Eurasia-South China Sea and proto-
South China Sea north slab eastern edges (Figs. 5b, 7). Our
modeled northward subduction implied a maximum ~4.2 cm/yr
long-term average subduction rate (i.e., 800 km subduction
between 34 to 15 Ma), which fits within global plate tectonic
speed limits (Zahirovic et al., 2015) and is about half the pre-
sent Pacific-Eurasia convergence rate near Japan. Seafloor
spreading within the proto-South China Sea (e.g., Zahirovic et
al., 2014) would increase the average subduction rate but was
not modeled due to lack of constraints. Our modeled northward
subduction of the ‘proto-South China Sea north slabs’ loosely
fits a back arc-style subduction model. However, we prefer to
call it a ‘self-subduction’ that is reminiscent of western Medi-
terranean tectonics since the Oligocene, in which the former
Tethys Ocean was subducted and replaced by the present west-
ern Mediterranean Sea by subduction rollback without signifi-
cant regional plate convergence (e.g., Faccenna et al., 2014;
Spakman and Wortel, 2004).

In contrast to conventional proto-South China Sea Plate
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graphic slab anomalies and seismicity (red spheres) at: (a) 100 km (b) 280 km, and (c) 400 km depths. (d) Northern Philippine Sea mid-slab model based on (a)
to (c). The Ryukyu slab has a N-S western edge that terminates northward in the mantle under eastern China near Shanghai. (e) Philippine Sea Plate DEM and
unfolded slabs showing the restored pre-subducted size of the Philippine Sea from slab unfolding. The unfolded northern Philippine Sea slab length is 700 to
1 000 km long and has a prominent N-S western edge north of Taiwan.
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Figure 7. East Asia slab-based plate reconstruction showing northward subduction of the proto-South China Sea north slabs beneath the South China Sea after
30 Ma (updated from Wu et al., 2016). The plate reconstruction was generated by adding our unfolded slab constraints into the global plate model of Seton et al.
(2012). Small reconstruction gaps (in grey) and overlaps north of Borneo can be attributed to rigid plate model limitations (see Section 1.4). Other unfolded
slabs from Wu et al. (2016) fill other reconstruction gaps east of Borneo and the proto-South China Sea (not shown here). (a) By 30 Ma the northern Proto-
South China Sea represented by the north slabs began to subduct northwards under the Dangerous Grounds due to South China Sea opening. The southern
South China Sea was an active margin. Northern Borneo may have been an active margin with slow subduction but the majority of the southern proto-South
China Sea had subducted under northern Borneo prior to the Oligocene (see ESM2 ProtoSCS_plate model movie.mov). (b) By 20 Ma most of the northern
proto-South China Sea had subducted northwards under the South China Sea. The northwestern Philippine Sea plate began to override the newly-formed South
China Sea from the east along the Manila trench. (c) At 15 Ma the northern proto-South China Sea was completely subducted and South China Sea spreading
terminated. A volcanic arc at the southern South China Sea margin collided with the NW Borneo margin and was underthrusted beneath Borneo. (d) At present,
the proto-South China Sea north slabs (outlined by dashed yellow line) are represented by tomographic anomalies at ~450 to 700 km depths under the South
China Sea and westernmost Philippine Sea Plate. The yellow dot in (d) shows a buried, elongate, higher velocity body at offshore NW Borneo (Franke et al.,

2008) that could be fragments of a southern South China Sea accretionary complex or island arc.

reconstructions, our model predicts the southern Dangerous
Grounds margin was an active margin at the leading edge of a
subduction zone by 30 Ma (Figs. 7a, 8a), and probably earlier
based on Dangerous Grounds-South China continental breakup
in the Latest Eocene (Barckhausen et al., 2014; Briais et al.,
1993). An important aspect of our model is the implied mantle
wedge under the South China Sea during seafloor spreading
(Figs. 8a, 8b and 8c), which suggests that South China Sea open-

ing was accompanied by a more vigorous asthenospheric circula-
tion than previously recognized. Our placement of the southern
Dangerous Grounds near a proto-South China Sea subduction
zone provides a new explanation for observed Late Eocene com-
pression within the Dangerous Grounds strata (Yan and Liu,
2004; Zhou et al., 1995) and Middle Eocene to Early Oligocene
uplift and erosion at offshore northern and central Palawan
(Schliiter et al., 1996). As noted by Cullen (2010), the
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compressional events noted above have been puzzling to ex-
plain using conventional proto-South China Sea Plate models,
which have placed the Dangerous Grounds within a passive
margin during Eocene to Early Oligocene, far from any active
margin (e.g., Hall, 2012, 2002).

By 20 Ma, most or all of the northern proto-South China
Sea was subducted northward under the South China Sea (Figs.
7b, 8b). Stretched continental crust at the Dangerous Grounds
leading edge had arrived or nearly arrived at NW Borneo, lead-
ing to a collision (Figs. 7b, 8b). Our predicted collision timing
and configuration fits with previous models of the ‘Sabah
orogeny’ at NW Borneo, a period characterized by prominent
uplift and multiple unconformities (Hutchison et al., 2000;
Holloway, 1982). Along the easternmost South China Sea
Plate boundary, the western Philippine Sea approached from
the east and began to override the South China Sea/proto-South
China Sea (Fig. 7b). Subduction of the South China Sea under
the Philippine Sea eastern edge after 20 Ma produced the Lu-
zon arc (Figs. 7b to 7d).

Our plate model apparently requires the existence of a
volcanic arc along the southern Dangerous Grounds leading
edge (Figs. 7c, 8c). Our postulated ‘southern South China Sea
arc’ would have collided with NW Borneo between 20 and 15
Ma (Figs. 7c, 8c). Although no remnant southern South China
Sea arc has been identified along the NW Borneo margin to
date, there is evidence that the Dangerous Grounds rifted con-
tinental crust continues far inland, under onshore NW Borneo
(Cullen, 2010). Thus, we suggest our predicted arc was under-
thrust far beneath North Borneo (Fig. 8c). There is geophysical
evidence for elongate, roughly margin-parallel, high-velocity
(Vp ~3.45 km/s) and high density bodies under the offshore
NW Borneo margin—the so-called ‘Major Thrust Sheet’ (see
yellow dot in Fig. 7d for location) (Franke et al., 2008; Hinz et
al., 1989). These enigmatic features were most recently inter-
preted to be a carbonate layer or overthrusted Borneo-derived
sediments mixed with proto-South China Sea crustal fragments
(Franke et al., 2008). Our model suggests these features could
also be fragments of our predicted southern South China Sea
arc or its associated accretionary complex.

Our modeled double-sided subduction of the proto-South
China Sea (e.g., Fig. 8) strongly contrasts with previous pub-
lished models, which typically recognize only the southwards
proto-South China Sea subduction under Borneo (Pubellier and
Morley, 2014; Zahirovic et al., 2014; Hall, 2002; Taylor and
Hayes, 1983). Below we discuss our new slab-based proto-
South China Sea Plate tectonic model relative to previous stud-
ies and summarize our main hypotheses. We will also com-
ment on how slab unfolding can provide a plate tectonic test
for subducted slabs imaged by seismic tomography.

3 DISCUSSION
3.1 Comparison to Previous Proto-South China Sea Tec-
tonic Studies

Proto-South China Sea Plate tectonic reconstructions have
important implications for the Mesozoic—Cenozoic tectonic
history of SE Asia and Southeast China but continue to be
controversial and uncertain (Sun et al., 2016; von Hagke et al.,
2016; Wu et al., 2016; Zahirovic et al., 2016; Hall and

Spakman, 2015; Pubellier and Morley, 2014; Cullen, 2010).
The deep slab anomalies under the South China Sea that we
call the ‘proto-South China Sea north slabs’ have been identi-
fied by previous tomographic studies (Fan et al., 2017; Hall
and Spakman, 2015; Huang et al., 2015; Rangin et al., 1999)
but have not been directly linked to proto-South China Sea
plate tectonics. One exception is Rangin et al. (1999), who
identified the southern portion of these slabs as the proto-South
China Sea but did not map their full extent (see discussion
below). The double-sided proto-South China Sea subduction
proposed here (Figs. 7, 8) provides an explanation for the im-
aged slabs under the South China Sea (i.e., proto-South China
Sea north slabs) that is consistent with vertical slab sinking,
which is arguably the most straightforward tectonic interpreta-
tion (e.g., Domeier et al., 2016). The current mantle depths of
the proto-South China Sea north slabs fits with other regional
slabs that subducted during the Late Oligocene to Miocene
(Wu et al., 2016). The proto-South China Sea slabs also show a
good spatial fit within a regional East Asia Plate tectonic re-
construction back to 52 Ma (Wu et al., 2016). Therefore, at the
very least, we argue the slab-based proto-South China Sea
Plate tectonic model proposed here is an important challenge to
conventional models that show only one-sided, southward
proto-South China Sea subduction under NW Borneo (e.g.,
Hall, 2002; Taylor and Hayes, 1983).

Previous tomographic studies have proposed that our
mapped ‘proto-South China Sea north slabs’ are unrelated to
the proto-South China Sea but are instead older subducted
slabs from the Cretaceous that stagnated in the mantle transi-
tion zone (Hall and Spakman, 2015). This interpretation con-
tradicts global slab studies that indicate a maximum slab stag-
nation period within the transition zone of 60 Ma (Goes et al.,
2017). It would also require an anomalously slow slab sinking
rate relative to other East Asia slabs at similar mantle depths
(Wu et al., 2016). Some studies have interpreted that the
‘proto-South China Sea north slabs’ are of proto-South China
Sea origin, but suggested the slabs subducted southwards under
NW Borneo during the Miocene and then migrated laterally
~1 000 km within the mantle (Zahirovic et al., 2014). This
interpretation would require long distance (~1 000 km) lateral
slab migration within the upper mantle and transition zone
during the Neogene (Zahirovic et al., 2014). We argue the
proto-South China Sea reconstruction shown here (Figs. 7, 8)
is more straightforward as it does not require significant lateral
slab advection. Furthermore, our reconstruction is consistent
with many other tomographic studies that have identified near-
vertical slab sinking (e.g., Sigloch and Mihalynuk, 2013; van
der Meer et al., 2009).

Rangin et al. (1999) mapped the southern portion of our
‘proto-South China Sea north slabs’ and similarly identified
our southern slab limit under Palawan (Fig. 5b). However,
their tomographic transects did not span the entire South China
Sea (Rangin et al., 1999) and did not show the full proto-South
China Sea slab extent (Fig. 5b). Rangin et al. (1999) concluded
that the slabs were of proto-South China Sea origin. However,
their reconstruction relied on strong clockwise Borneo rota-
tions in the Neogene to produce southward proto-South China
Sea subduction under Borneo and the Sulu Sea (Rangin et al.,
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1999). Paleomagnetic studies have not supported strong Neo-
gene clockwise Borneo rotations but instead indicate overall
counter-clockwise Borneo rotations in the Cenozoic (Cullen et
al., 2012; Fuller et al., 1999), which was employed in the plate
reconstructions shown here. Whatever the case, neither Borneo
rotation direction can sufficiently consume the northern and
easternmost extent of the ‘proto-South China Sea north slabs’
recognized in this study (Fig. 5b). In contrast, our proposed
double-sided subduction model easily consumes the northern
proto-South China Sea by a sweeping northward subduction
under the opening South China Sea (Figs. 7, 8).

‘SE Asia extrusion’-styled plate tectonic reconstructions
have proposed that north-south South China Sea opening was
exclusively accommodated by outboard subduction along south-
ern Sundaland margin (i.e., southern Indonesia), far to the south
of Borneo; a ‘proto-South China Sea’ did not exist (Replumaz
and Tapponier, 2003). Because the extrusion model does not
allow for Cenozoic subduction within the present South China
Sea region, this model is apparently incompatible with our
mapped slabs under the South China Sea and northern Borneo
(Figs. 4, 5b) unless our mapped slabs are interpreted as older
Mesozoic slab fragments, similar to Hall and Spakman (2015).
However, this scenario requires unconventional slab sinking
dynamics, as discussed above.

Cullen (2010) proposed a ‘hybrid’ proto-South China Sea
model that involved limited southward proto-South China Sea
subduction and some extrusion. The hybrid model accommo-
dated some geological observations including a more wide-
spread Sarawak orogeny and Paleogene compression within
the Dangerous Grounds and north-central Palawan (Cullen,
2010). However, the hybrid model did not fully resolve the
‘space problems’ created by north-south South China Sea
opening and required the Sabah orogeny to be a secondary
phase of NW Borneo orogenic uplift (Cullen, 2010). Our dou-
ble-sided proto-South China Sea subduction model agrees with
Cullen (2010) that far less southward proto-South China Sea
subduction has occurred than indicated by many published
models (e.g., Hall, 2012). By implementing northward subduc-
tion of the ‘proto-South China Sea north slabs’, our model is
able to accommodate the space required for South China Sea
opening while preserving the traditional view of that the ‘Sa-
bah orogeny’ was produced by collision of the Dangerous
Grounds with Borneo during the Mid-Miocene (Hutchison et
al., 2000; Holloway, 1982).

3.1.1 Summary: A slab-based proto-South China Sea Plate
tectonic model
In this study, we have outlined a new, testable proto-

South China Sea Plate tectonic model based on slab constraints.

Our hypotheses are as follows.

(1) The proto-South China Sea existed between the South
China-Eurasian continental margin and Borneo in the Early to
Mid-Cenozoic. The proto-South China Sea eastern limit was
~500 km east of the present Manila trench. The proto-South
China Sea was consumed by double-sided subduction to the
north and south between the Eocene and Mid-Miocene.

(2) The southern proto-South China Sea slabs subducted
southwards under Borneo as Borneo rotated counterclockwise
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during the Eocene to Early Oligocene and possibly later. The
‘Sarawak orogeny’ at NW Borneo occurred near the end of the
southward proto-South China Sea subduction.

(3) The northern proto-South China Sea slabs were sub-
ducted northwards (or ‘in-place’ within a mantle reference
frame) under the Dangerous Grounds and north Palawan dur-
ing South China Sea extension and seafloor spreading during
the Earliest Oligocene ~34 Ma to Mid-Miocene 20 to 15 Ma.
Northward proto-South China Sea subduction occurred in a
‘self-subduction’ fashion that is reminiscent of western Medi-
terranean tectonics since the Oligocene. The southern Danger-
ous Grounds leading edge was an active margin and collided
with Borneo at 20 or 15 Ma. This collision initiated the Sabah
orogeny at NW Borneo. An active volcanic arc existed along
the southern Dangerous Grounds during South China Sea
opening. We suggest this arc may have been underthrust be-
neath NW Borneo during collision of the Dangerous Grounds
and Borneo at ~20 to 15 Ma.

3.2 A Plate Tectonic Test for Tomographic Image Quality

The tectonic interpretation of fast tomographic anomalies
within the mantle is often non-unique, particularly if slab seis-
micity is absent. For example, it is often controversial whether
fast tomographic anomalies are a slab, a tomographic artifact,
or some other thermo-chemical feature. Helpful insights are
often provided by tomographic resolution tests that involve
inversion and attempted recovery of a known, synthetic seis-
mic velocity model (e.g., synthetic slab test or checkerboard
tests) (Figs. 1b to 1d) (cf., Rawlinson et al., 2014). These stan-
dard resolution tests have limitations, however, and the tomo-
graphic inversion itself has inherent parameter and resolution
uncertainties that are not well-quantified and highly dependent
on source and receiver locations (e.g., Fig. 1e) (Rawlinson et
al., 2014). These uncertainties can often result in wide-ranging
tectonic interpretations in regions such as the South China Sea.
Our slab workflow is an independent plate tectonic test for
tomographic imaging that can complement seismological
methods.

3.2.1 Challenges for plate tectonic tests

Our ‘plate tectonic test’ for slab imaging is most applica-
ble to areas that have well-constrained plate reconstruction
boundary conditions, optimally, through a ‘global plate tec-
tonic circuit’ (e.g., Seton et al., 2012). When global plate cir-
cuit constraints are less certain, as in East Asia, absolute plate
positioning and regional seafloor spreading constraints (e.g.,
the South China Sea) are often sufficient if used together. In
tectonically complex regions, slab interpretation uniqueness
can be more fully tested because unfolded slabs must fit within
multiple tectonic events in time and space, such as the initial
subduction of the proto-South China Sea followed by a later
subduction of the South China Sea along the Manila trench
(Fig. 7). The plate tectonic test shown here will also yield bet-
ter results when slab anomalies are sufficiently large relative to
the tomographic resolution uncertainty, which is the case for
the proto-South China Sea slabs in this study that exceed 1 000
km N-S by 1 500 km E-W (Fig. 5b).

Our plate tectonic test is dependent on slab unfolding,
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which is the attempt to structurally restore a mapped slab back
to the Earth surface to estimate its pre-subduction geometry
(Fig. 2). Previous studies have applied slab unfolding to inves-
tigate subduction zones within the Mediterranean, the Tethyan
realm, the SW Pacific and East Asia (Wu et al., 2016; Bezada
et al., 2013; Lister et al., 2012; Hafkenscheid et al., 2006). Wu
et al. (2016) further developed a method to integrate mapped
and unfolded slab constraints within a quantitative plate recon-
struction, which was applied to reconstruct East Asia since 52
Ma from 28 unfolded East Asia slabs (Wu et al., 2016).

A potential concern for slab mapping and unfolding is
whether subducted slabs are distorted beyond recognition or
even vanish within the mantle over time due to thermal erosion
(i.e., loss of its thermal anomaly over time due to heating
within the mantle). The study of Wu et al. (2016) indicated
sufficient slab anomalies could be recovered within the upper
1 300 km of the East Asian mantle to account for East Asia
subduction since 52 Ma. Other published studies suggest slab
anomalies can be sufficiently recovered even down to the core-
mantle boundary at 2 980 km depths (van der Meer et al., 2017,
2009), which is also consistent with predictions from many
geodynamic models (e.g., Tan et al., 2002).

4 CONCLUSIONS

Mapping and unfolding of slabs from SE Asia mantle to-
mographic images supports the following conclusions on South
China Sea and proto-South China Sea Plate tectonics.

(a) Seismic tomography shows two swaths of sub-
horizontal, slab-like tomographic anomalies under the present
South China Sea and North Borneo (Figs. 4, 5) that we infer to
be subducted lithospheric remnants of the hypothesized proto-
South China Sea. The ‘proto-South China Sea north slabs’
were mapped at 450 to 700 km depths under the present South
China Sea and westernmost Philippine Sea Plate. The ‘proto-
South China Sea south slabs’ underlie the southern South
China Sea and northern Borneo at 750 to 900 km depths.

(b) Slab mapping and unfolding indicate the Eurasia-
South China Sea once extended 400 to 500 km east of the pre-
sent Manila trench (Figs. 4a, 5a).

(c) Both the unfolded ‘proto-South China Sea north slabs’
and unfolded Eurasia-South China Sea show similar eastern
edges that trend N-S and terminate ~500 km east of the present
Manila trench (Fig. 5a). When reconstructed within a plate
model (Fig. 7, ESM2 ProtoSCS plate  model movie.mov), the
restored eastern edges fit together as a shared South China
Sea/proto-South China Sea N-S plate boundary transform.

(d) The proto-South China Sea existed in the Early to
Mid-Cenozoic between North Borneo and South China. The
proto-South China Sea was consumed by double-sided subduc-
tion between the Eocene and Mid-Miocene ~15 Ma, as follows:
(1) Counter-clockwise Borneo rotation initiated southward
subduction of the proto-South China Sea under Borneo during
the Mid- to Late Eocene, or later. The southward subducted
proto-South China Sea lithosphere is represented today by the
‘proto-South China Sea south slabs’. The Sarawak orogeny
marked the end of the southward proto-South China Sea sub-
duction. (2) South China Sea extension and seafloor spreading
after ~34 Ma initiated northward subduction of the proto-South

China Sea under the Dangerous Grounds and North Palawan.
The northward subducted proto-South China Sea is represented
today by the ‘proto-South China Sea north slabs’ under the
South China Sea between 450 to 700 km depths. Our model
predicts the formation of a mantle wedge under the South
China Sea during seafloor spreading that suggests South China
Sea opening was accompanied by a more vigorous astheno-
spheric circulation than previously recognized.

Northward subduction of the proto-South China Sea ter-
minated when the Dangerous Grounds leading edge collided
with NW Borneo at 20 to 15 Ma (i.e., Sabah orogeny). Our
model predicts the existence of a southern South China Sea
volcanic arc at the Dangerous Grounds leading edge. The rem-
nant arc has not been identified but we suggest the arc was
underthrusted under northern Borneo during collision.

(e) Slab unfolding offers an alternative ‘plate tectonic test’
for tomographic images of subduction zones that can comple-
ment seismic-based resolution tests. Our plate tectonic test of
South China Sea tomography indicates the ‘proto-South China
Sea north slabs’ anomalies are tectonically viable as the proto-
South China Sea and are not tomographic artifacts or older
stagnant slabs.
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