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Subduction of young seafloors straddling mid-ocean ridges (MOR) is an inevitable consequence of plate 
tectonics. Surprisingly, this process correlates globally with prolonged back-arc extension when the MOR 
is largely trench-parallel. We investigate the underlying mechanism by analyzing the East China Sea Basin 
(ECSB) whose Cenozoic tectonic history consists of three syn-rift stages with the rift center progressively 
migrating oceanward. Global geodynamic models satisfying the past subduction history and present-day 
mantle structures successfully reproduce the lithospheric stress states of the evolving ECSB. We show 
that segmented removal of the Mesozoic Izanagi slab due to subduction of the young seafloor initiated 
Paleocene rifting within the western ECSB. Detachment of the former slab facilitated a strong landward 
mantle wind driven by the large pressure gradient across the slab. The resulting mantle traction pushed 
the thickened upper plate landward while entraining the young seafloors behind to slowly subduct, a 
process causing long-lasting Eocene extension of the central ECSB. The waning mantle wind after 30 Ma 
reduced basal traction and upper plate extension. A final phase of ECSB extension since the late Miocene 
formed the Okinawa Trough, when the subducting plate became old enough to trigger slab retreat. 
A similar dynamic scenario is also predicted in other circum-Pacific margins. We conclude that this 
enduring back-arc extension during MOR subduction represents an important mechanism for continental 
evolution during the closure of major ocean basins.

© 2022 Elsevier B.V. All rights reserved.
1. Introduction

Closure of major ocean basins on Earth consumed the underly-
ing seafloors that inevitably led to subduction of mid-ocean ridges 
(MOR) below continents (Müller et al., 2016, 2019). A global anal-
ysis of continental deformation since Pangea separation repeat-
edly witnesses prolonged back-arc extension during the history of 
trench-parallel MOR subduction. These tectonic events occurred se-
quentially in South Asia (155-120 Ma), east Australia-north Antarc-
tica (85-45 Ma), East Asia (65-23 Ma) and western U.S. (since 40 
Ma), corresponding to the arrival and subsequent subduction of a 
MOR during the demise of the Tethys, Phoenix, Izanagi and Faral-
lon oceanic plates, respectively (Müller et al., 2016, 2019) (Fig. 1). 
Although back-arc extension could be potentially attributed to 
a range of interacting causes, its intriguing correlation with the 
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trench-parallel MOR subduction suggests a previously unknown 
mechanism. This observation is puzzling because, according to the 
traditional wisdom, buoyant young seafloors resist subduction and 
should cause compression in the upper plate. Here we show that 
both the observed back-arc formation and associated MOR subduc-
tion reflects the long-lasting dynamic effect of mantle convergence 
during the terminal closure of a major oceanic plate.

The East China Sea Basin (ECSB, Fig. 2a) represents an ideal 
location for quantitatively understanding this surface-mantle in-
teraction. First, the ECSB experienced strong Cenozoic tectonic de-
formation that is well preserved in the stratigraphy, in response 
to the Izanagi-Pacific MOR subduction (Fig. 2b). Second, the rela-
tively mild amount of crustal extension (∼150 km) within ECSB 
allows data-oriented geodynamic models (Peng et al., 2021a) to 
independently reproduce the underlying mantle processes without 
incorporating the basin extension as a boundary condition a-prior, 
thus avoiding potential circularity for inferring the surface-mantle 
relationship. Finally, a recent release of seismic data delineates 
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Fig. 1. Correlation of upper-plate extension with trench-parallel MOR subduction. a-d) Major extension events (duration marked in white and plate motion with arrows) 
corresponding to the subduction of four major MOR systems (Müller et al., 2016) that marked the closure of Tethys, Phoenix, Izanagi and Farallon oceanic basins since the 
Jurassic. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)
the ECSB kinematic history with unprecedented details, providing 
high-quality constraints on the underlying dynamics.

2. Methods

2.1. ECSB tectonic history

To investigate the tectonic configuration of the ECSB, we de-
picted the fault geometry and stratigraphic horizon based on the 
integration of the seismic data and well-logging data. Nine hori-
zons (including T10, T12, T16, T20, T30, T40, T80, T100, Tg) and 
main controlling fault systems within the basin were recognized. 
To clarify the activity routines of the major faults in different pe-
riods, we calculated the dip-slip faulting rates of the NE-trending 
major faults following a reliable method (Huang et al., 2014). To 
reveal the tectono-sedimentary records, we produced structural 
maps for the syn-deposition fault distribution and isopach maps of 
the residual stratigraphic thickness, with the aid of the GeoFrame 
system provided by the Schlumberger company. To help further 
understand the coupled mantle-surface evolution as this study fo-
cuses on, we also collected the magmatic records during four dif-
ferent geological periods based on previous studies (Fig. 2a).
2

2.2. Global subduction models with data-assimilation

We reproduced past subduction since 200 Ma using a global-
scale geodynamic simulation with data assimilation (Hu et al., 
2018; Peng et al., 2021a). The initial thermal structure of oceanic 
plates (Fig. S1a) is derived from a modified plate model (Liu and 
Stegman, 2011). The evolving seafloor age that determines oceanic 
plate’s thermal profile is based on a recent plate reconstruction 
(Müller et al., 2016). The continental plates have an initial steady-
state geotherm (Fig. S1a), whose structure subsequently evolves 
in response to underlying mantle dynamics. The surface assimi-
lates plate motions from the same plate reconstruction (Müller et 
al., 2016), whose assumption of rigid plate interiors with evolving 
plate boundary geometry helps avoid circular argument in predict-
ing back-arc deformation. We assimilate data constraints only near 
the surface and away from convergent plate boundaries, such that 
slab morphology and associated mantle dynamics could evolve 
freely around subduction zones and inside the mantle.

The model considers realistic Earth structures, including crustal/
mantle density due to both thermal and compositional effects, 
low-viscosity oceanic crusts near subduction zones, as well as var-
ious mineral phase transformations, all helping with the forma-
tion of more naturally looking asymmetric subduction and surface 
topography, relative to similar studies of this kind (Peng et al., 
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Fig. 2. Tectonic setting of the East China Sea basin (ECSB) and nearby subduction history. a) Distribution of sub-basins, volcanism, and their different formation ages. WS – 
West subbasins. ES – East subbasins. NOT – Northern Okinawa Trough. SCS – South China Sea. The red stars with numbers indicate well locations: 1 - SMT-1, 2 – FZ13-2, 
3 – FY-1, 4 – HJ-1, 5 – TWT-1, 6 – PH-2, 7 – PH-3, 8 – PX-1, 9 – GS-1, 10 – TO-KA-1. b) Cenozoic history of seafloor age, plate motion (cyan arrows) and mantle flow (blue 
arrows, at 200 km depth) around ECSB including those during the Paleocene MOR subduction. IZG – Izanagi. PAC – Pacific. PHS – Philippine Sea.
2021b). This setup also helps the model to become dynamically 
compatible with the input surface kinematics soon after the initial 
condition.

We considered 13 different model compositions with a total 
number of about 1.8 billion chemical tracers. The continental litho-
sphere consists of a two-layer crust and three-layer mantle litho-
sphere. The average density of continental crust is about 2.8 g/cm3

with the lower crust being weaker than the upper crust, to mini-
mize the effect of imposed surface kinematics on lithospheric de-
formation at depth. The mantle lithosphere has a compositionally 
buoyant upper layer, a neutrally buoyant middle layer, and a dense 
lower layer, all relative to the ambient mantle (Hu et al., 2018). 
The oceanic plate has a surface layer, a basaltic crustal layer, and 
an underlying lithospheric mantle. The top layer is neutrally buoy-
ant in composition and mainly mimics the viscosity effect of a 
weak and lubricating plate interface near the trenches upon sub-
duction. Further below, we define a crustal layer whose density 
mimics that of the oceanic crust. When the chemically buoyant 
oceanic crust subducted to 120 km or deeper, its composition and 
density change following the basalt-to-eclogite phase transforma-
tion.

The viscosity structure is a function of temperature, composi-
tion, and depth. We adopt a four-layer background viscosity pro-
file, where the values at 0–44 km, 44–410 km, 410–660 km, and 
660–2,867 km are 1020 Pa·s, 1020 Pa·s, 1021 Pa·s, and 3 × 1022

Pa·s, respectively (Fig. S1b). We also considered a viscosity in-
crease at ∼1,000 km depth from 3 × 1022 Pa·s to 5 × 1022 Pa·s 
according to some recent studies (Marquardt and Miyagi, 2015; 
Rudolph et al., 2015). Lateral viscosity variations come from both 
temperature and composition. Relevant to the evolution of slabs is 
a weak layer at the top of the oceanic plate, where a compositional 
multiplier is applied so that this layer has a minimum viscosity 
3

of 1019 Pa·s near the trenches. Effectively, the models achieved 
up to four orders of lateral viscosity variation across the subduc-
tion zone. This is important for properly simulating the asymmet-
ric subducting slabs, horizontal mantle flow and pressure, where 
the effective mantle and slab viscosities are inferred from match-
ing present-day tomography and past geological records (Liu and 
Stegman, 2011, 2012; Hu et al., 2018; Peng et al., 2021a; Liu et al., 
2021a).

The model results have been evaluated against independent 
data constraints in multiple recent studies. For example, the repro-
duced Cretaceous flat subduction below East Asia that is supported 
by the observed tectonic deformation and lithospheric structure 
in the region (Liu et al., 2021a; Peng et al., 2021a). The model 
predicted present-day mantle structure and slab geometry also 
closely match seismic tomography, with a key feature being the 
stagnant slabs below East Asia (Peng et al., 2021b). These studies 
provide additional independent supports on the modeled Cenozoic 
(between Cretaceous and present day) evolution of slabs and litho-
sphere relevant to this study (Figs. 4, 5).

2.3. Calculation of lithospheric stress

We use the depth-averaged model stress down to 90 km to rep-
resent the lithospheric stress state, following our recent work in 
quantifying North American crustal stress (Cao and Liu, 2021). In 
practice, we first integrate the horizontal components of the full 
3D stress tensor over depth. Then, we obtain the depth-averaged 
horizontal full stress tensor to calculate the maximum compres-
sion orientations (SHmax), which are shown as black bars in Fig. 5. 
The relative magnitudes of the three principal stresses within the 
lithosphere are represented through the Aϕ parameter (Simpson, 
1997; Cao and Liu, 2021). In practice, a value of Aϕ smaller than 1 
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represents extension, that larger than 3 represents compression, 
and that in between represents transform.

3. Results and discussion

3.1. Tectonic history of the ECSB

The ECSB developed on the basement of the South China block 
(Fig. 2a) and represents an important component of the many 
marginal sea basins along East Asia (Suo et al., 2020) (Fig. 1c). The 
west Pacific margin experienced a complex tectonic history since 
the onset of Mesozoic subduction of the Izanagi Plate (Müller et al., 
2016). Due to the sparsity of direct data constraints, the subduc-
tion history beneath the ECSB remains contentious (Müller et al., 
2016; Wu et al., 2022). By compiling available well data (Fig. 2a, 
Table S1) and magma compositions (Yang et al., 2012; Zhao et al., 
2016; Suo et al., 2019; Qi et al., 2021; Si et al., 2021), we show 
that there are widespread extrusive and intrusive magmas in the 
ECSB with ages ranging from the Early Cretaceous to the present 
(Table S1, Fig. 2a). The extrusive rocks mainly consist of andesite 
and intrusive rocks are mainly granite, whose major and trace el-
ement analyses all indicate an origin of island arc or continental 
arc since the Mesozoic (Yang et al., 2012; Zhao et al., 2016; Suo 
et al., 2019; Qi et al., 2021; Si et al., 2021). These results sug-
gest that the ECSB region has experienced continuous subduction 
since the Cretaceous, as the recent plate reconstructions (Müller 
et al., 2016, 2019) properly describe. Consequently, the ECSB is a 
Meso-Cenozoic back-arc basin consisting of West subbasins, East 
subbasins and the Okinawa Trough, bounded by from west to east 
the Minzhe residue high, the Central uplift zone and the Ryukyu 
Islands (Lee et al., 2006; Zhu et al., 2019) (Fig. 2a). These subbasins 
further include multiple depressions distributed along the north-
south direction that were separated by dominantly NEE-striking 
fault zones. Although previous studies have revealed the episodic 
jumps of extension centers within ECSB based on then-available 
seismic data (Liang and Wang, 2019; Zhu et al., 2019), the proto-
type basin in different stages remains obscure and a more quanti-
tative analysis of the faulting and subsidence history is needed.

To map the detailed Cenozoic kinematic history of the ECSB, 
we utilize recently available high-resolution marine seismic and 
borehole data (see Method and Figs. 3 & S2 for more detailed infor-
mation). These multi-channel seismic lines traverse the ECSB along 
the SW-NE orientation, with over sixty wells to calibrate horizon 
interpretation. We produced structural maps for the syn-deposition 
fault distribution and isopach maps of the residual stratigraphic 
thickness, with the aid of the GeoFrame system provided by the 
Schlumberger company. Overall, the age of syn-rift strata varies in 
space, outlining an eastward younging trend from the West sub-
basins to the Okinawa Trough.

The West subbasins are characterized by several independent 
grabens with an asymmetric pattern, where Paleocene-dominant 
strata are bounded by unconformity horizons Tg (72 Ma; see Fig. 
S2 for time scale) at the base and T80 (56 Ma) on top of the 
syn-rift deposition (Fig. 3a; Fig. S2). The East subbasins host thick 
Eocene strata (E2o+w and E2p) where the syn-rift sequence was 
bounded by horizon T20 (23 Ma) at the top and horizon T80 (56 
Ma) at the base. The main rifting structures were developed un-
der T30 (∼32 Ma), marking the stage of strongest extension. The 
simultaneous occurrence of many minor faults within the strata 
further indicates enhanced rifting during this period. The presence 
of intensive flexural deformation within the subsequent Oligocene 
and Miocene strata (between horizons T30 and T12) reveals the
imprint of post-23 Ma transpressional deformation over the region 
(Fig. 3a-c).

The Okinawa Trough formed as a NE-NNE orientated graben 
with basement metamorphic rocks overlain by Late Neogene and 
4

Quaternary syn-rift strata. Two distinctive features are observed: 
a) Rifting initiated in the northern Trough at ∼15 Ma and jumped 
to the middle and southern segment of the Trough after 3 Ma 
(Fig. 2a). b) Numerous nearly vertical normal faults developed in 
the southern part with the formation of sliding terrace structure 
(Fig. 3a-c), demonstrating intensive shearing deformation alongside 
rapid EW extension, consistent with the southward propagating 
deformation within the easternmost ECSB (Fig. 2a).

The spatial-temporal migration of ECSB deformation is further 
reflected in the evolution of depocenters. Paleocene sediments 
predominantly deposited within West subbasins in the Qiantang, 
Oujiang and Minjiang sags, with the maximum thickness exceed-
ing 2600 m; a minor amount occurred in the isolated Changjiang 
Depression on the north (Figs. 2a, 3c). Eocene deposition concen-
trated mostly within the East subbasins (>4000 m in thickness), 
with a lesser amount further west (Fig. 3c). Intensive syn-rifting 
deposition restarted during the late Miocene, but mostly in the 
Okinawa Trough (Liu et al., 2016; Wei et al., 2021), where the lack 
of sediments in the south Trough is likely due to both inadequate 
data coverage and the recent (post-3 Ma) onset of subsidence. 
A similar migration pattern is observed in the vertical intensity of 
main controlling faults (Fig. 3d). The peak dip-slip faulting rates in 
West subbasins (No. 1 and No. 2 fault zone) reached the pinnacle 
during the Paleocene when the maximum rate temporally exceeds 
400 m/Myr. The main controlling faults of East subbasins (No. 3 
and No. 4 fault zone) experienced intensive faulting during the 
Eocene with the maximum rate around 300 m/Ma. Further east, 
intensive normal faulting in the Okinawa Trough initiated in the 
latest Miocene and lasted till the Quaternary. A detailed tectono-
sedimentary evolution history of the ECSB is further illustrated in 
the balanced cross-section analysis (Fig. 4).

3.2. Subduction dynamics and lithospheric deformation below ECSB

To reproduce the past subduction and lithospheric deformation 
beneath East Asia, we performed four-dimensional geodynamic 
models that satisfy the past plate motion, seafloor age and plate 
geometry (Hu et al., 2018) (see Method for more details). We uti-
lized a recent plate reconstruction (Müller et al., 2016) that does 
not incorporate deformable continental margins, such that the re-
sulting mantle dynamics is not forced by the known basin kine-
matics. These subduction models have been shown to match the 
present mantle structures (Peng et al., 2021a) and Mesozoic tec-
tonic constraints (Liu et al., 2021a; Peng et al., 2021b) within East 
Asia. A comparison of the best-fit model with three seismic to-
mography images along two E-W cross sections in North China 
and South China (Fig. S3) reveals that both the position and ge-
ometry of reproduced slabs well match those observed throughout 
the mantle.

Here we further analyze the simulated subduction history be-
low the ECSB. Of direct relevance to the Cenozoic ECSB evolution 
is the formation of the East Asian stagnant slabs. In a recent study 
(Peng et al., 2021a), we showed that the stagnant slabs beneath 
South China consist of the subducted Philippine Sea (PHS) slab on 
the west and Pacific (PAC) slab to the east (Fig. S3a). In a map 
view, the modeled stagnant slab below South China (Fig. 5a) also 
resembles that observed (Fig. S4). Here we further illustrate this 
slab feature along a trench-normal profile through the central ECSB 
(Fig. 5). The modeled slab geometry (Fig. 5b) displays a good match 
with that from the three tomography images (Fig. 5c-e). The time 
evolution of these slabs more intuitively demonstrates that the 
western stagnant piece represents the PHS slab subducted since 
50 Ma (Fig. S5), a conclusion that differs from most other studies. 
This finding corroborates the above inference based on magmatic 
records that the ECSB has been in the back-arc location since the 
Mesozoic.
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Fig. 3. Cenozoic rifting history of the ECSB. a-b) Typical seismic cross sections across the northern and southern parts of the ECSB, with horizon and formation names listed 
in Fig. S2. c) Isopach maps showing the residual stratigraphic thickness of the ECSB. d) Dip-slip faulting rates of syn-depositional faults in different stages. The red columns 
indicate faulting rates in West subbasins, blue for East subbasins, and green for Okinawa Trough.
Following the ECSB extension history, we examine the model 
evolution and lithospheric stress since 70 Ma (Figs. 6, 7). To make 
sure that the imposed surface kinematics in the sequential data-
assimilation simulation is dynamically compatible with the simu-
lated mantle processes, we recalculated all geodynamic properties 
at each time snapshot by setting the surface to freely slip while 
keeping the buoyancy and viscosity structures of the model un-
changed. The resulting subduction and mantle velocities for all 
times (Fig. S6) are nearly identical to those in the reference cases 
(Fig. 6). We further compared the key forces of the two models: 
dynamic topography that drives flow, and output mantle stresses 
(Fig. S7). Both lithospheric pressure and stress differ, as reflect 
5

their different surface boundary conditions: the case with imposed 
plate kinematics diminishes intraplate deformation and stresses, 
while the case with a free-slip surface has clear internal defor-
mation, especially within continents. Importantly, below the litho-
sphere, the convective mantle has all three quantities (mantle flow, 
dynamic pressure, and mantle and slab stresses) that are nearly 
identical, suggesting that the mantle dynamics is indeed compat-
ible with the observed surface kinematics. The presented litho-
spheric stress results (averaged within the upper 90 km depth; 
Fig. 7) are based on these fully dynamic calculations.

Prior to the onset (∼70 Ma) of ECSB extension, the grad-
ual buildup of pressure gradient across the slab hinge (Fig. S8a) 
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Fig. 4. Three episodic rifting history of the ECSB revealed by the balanced cross-section analyses. The West subbasins initiated the rifting during 72-56 Ma. The rifting center 
migrated to the East subbasins rifted during 56-23 Ma, and the Okinawa trough suffered intensive rifting from 15 Ma until present.

Fig. 5. Modeled vs. observed PHS slab beneath South China. (a) Map view of the simulated present day mantle thermal structure at 590 km. Cyan dashed lines mark locations 
of cross sections in Figure S3. (b) Cross-sectional view of the modeled PHS slab (green dashed line) along the profile shown as the magenta curved dashed line in a. The 
initial subduction age of each segment of the PHS-IZG slabs is annotated in red. IZG – Izanagi. PAC - Pacific. PHS – Philippine Sea. (c-e) Mantle structure along the same cross 
section in three different P-wave tomography images, MIT_P08 (Li et al., 2008), UU_P07 (Amaru, 2007), and GAP_P4 (Obayashi et al., 2013).
6
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Fig. 6. Evolution of subduction and mantle flow along 30◦N since 70 Ma. The background color represents temperature anomaly relative to the ambient mantle. Thin green 
arrows denote mantle flow. Bold green arrows at the surface indicate the deformation style of the continental margin.
formed a broad flat slab beneath South China by the Late Cre-
taceous (Peng et al., 2021b) (Fig. 6a), corresponding to the ob-
served widespread basin inversion, orogenic uplift and lithospheric 
thinning above the flat slab (Liu et al., 2021a). During the lat-
est Cretaceous to earliest Cenozoic, the rapidly decreasing age of 
the Izanagi seafloor (Fig. 2b) caused the slab to thin and weaken 
(Fig. 6a) that ultimately led to a fragmentation in the tail of the 
flat slab (Fig. 6b). The continuous landward translation of the older 
slab that thickened the continental root where this slab eventu-
ally steeped and foundered (Fig. 6c) and the delamination-style 
removal of the younger slab created an asthenospheric pathway 
between them (Fig. 6b-c) that allowed upwelling to occur, consis-
tent with the observed Paleocene volcanism within the West sub-
basins of the ECSB (Fig. 2a). Examination of the ECSB lithospheric 
stress (maximum compression diction and the Aϕ parameter, refer 
to Method for description) reveals a distinct transition from promi-
nent compression at 80 Ma (Fig. S9a) to transtension at 70 Ma and 
then to prominent extension at 60 Ma (Fig. 7a-b). This stress state 
transition is due to the segmented removal of the former flat slab 
that gradually relaxed previous upper-plate compression (Fig. 6a-
c). The thickened lithospheric root landward of the back-arc region 
blocked the lateral mantle flow, as can be seen from the abrupt de-
crease of flow velocity toward the root. This resulted in a landward 
viscous push (via both pressure drag and viscous drag) exerted on 
the South China block, which further enhanced extension in the 
back-arc on the ocean side, a process that maintained through-
7

out the early Cenozoic (Fig. 7b-d). Spatially, the predicted pattern 
of Paleocene ECSB extension also correlates strongly with the ob-
served rifting within the West subbasins (Figs. 2a, 3c).

Segmented removal of the former Izanagi slab with the ap-
proach of the MOR during the Paleocene (Fig. 6b-c) exposed the 
depressurized mantle wedge to the over-pressurized oceanic man-
tle on the east (Fig. S8a-c), exciting a strong landward mantle flow 
that lasts till the present day, and we defined this flow feature as 
a mantle wind (Peng et al., 2021a) (Figs. 2b, 6, S8d-h). Analyses 
of plate motion, slab evolution, and lithosphere stress, as detailed 
below, suggest that this strong landward mantle wind has largely 
controlled the Cenozoic geodynamics of the East Asian margin.

An important question raised at the beginning of this work is: 
what caused the many young seafloors including MORs to subduct 
during the closure of major oceans (e.g., Fig. 1)? We find that 
the landward mantle wind formed after the fragmentation of the 
former slab is a key driver. This is shown as the continuous trench-
ward motion, albeit at reduced rates, of the young Izanagi, Pacific 
and Philippine Sea plates after 60 Ma, both observed (Figs. 2b, 6) 
and predicted (Fig. S6). This could also be seen from the stress 
states within the outer rise region of the oceanic plates: the con-
tinuous Izanagi slab pull generated extension within the incoming 
oceanic plates prior to 60 Ma (Figs. 7a-b, S9a), while this switched 
to strong compression after the slab removal (Figs. 6c-e, S9b), in-
dicating the resistance of young seafloors to subduction that was 
forced by the underlying mantle entrainment. The slow growth of 
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Fig. 7. Calculated lithospheric stress states during major Cenozoic basin formation events. Black bars represent the horizontal maximum compression orientation and the 
background color represents the Aϕ parameter. Magenta outlines mark the extent of ECSB subsidence, where that over 70-10 Ma is based on the sedimentation history in 
Fig. 3c, and that at 0 Ma is based on topography in Fig. 2a. The present-day coastlines are rotated backward for location purposes.
a drip-shaped cold material below the Pacific trench (Fig. 6d) and 
its eventual delamination (Fig. 6e) further reflects the nature of 
this forced subduction.

Besides forcing the Izanagi-Pacific MOR system and the young 
Philippine Sea plate to subduct, the strong mantle wind also 
pushed the overriding continental lithosphere on the west land-
ward (e.g., Fig. 6c-d). This is further illustrated as compressional 
stress west of the ECSB (Fig. 7b-d). Consequently, a broad back-arc 
region in between them experienced long-lasting stretching due 
to the tendency of the South China block to move away from the 
trench where subduction was temporarily choked. The computed 
Eocene-Oligocene ECSB extension (Fig. 7c-d) closely matches that 
of observed basin kinematics (Figs. 2a, 3c), where the rifting re-
gion, indicated by both the maximum compression orientation and 
the spatial distribution of Aϕ , is strictly trench-parallel and east 
of the Paleocene basins. The associated shallow mantle upwelling 
below this region (e.g., Fig. 6d) further explains the abundant vol-
canism within the East subbasins (Fig. 2a).

According to the adopted plate reconstruction, the Philippine 
Sea plate occupied the trench east of the ECSB after 50 Ma 
(Fig. 2b), and the Pacific plate subducted beneath the Philippine 
Sea plate further east. Our calculations suggest that the Philip-
pine Sea plate subduction had likely been passive until the late 
Miocene. For example, the stress within the outer rise region had 
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been compressional during 40-10 Ma (Fig. 7c-e), and the land-
ward mantle flow had been leading the motion of the Philippine 
Sea slab (Figs. 5d-f, S6). During this period, the westward mantle 
wind gradually descent to the base of the upper mantle, follow-
ing the sinking Izanagi slab that produced the low pressure below 
the continent (Peng et al., 2021a) (thus the origin of the mantle 
wind). Consequently, the basal traction on the thick South China 
lithosphere diminished over time, and the mantle flow was con-
sumed by forcing the young seafloors to subduct, as is expressed 
as the diminishing ECSB extension since 40 Ma (Fig. 7c-d). Upper 
plate extension terminated by ∼23 Ma (Fig. 2a), consistent with 
the westward mantle wind blocked by the Philippine Sea slab at 
20 Ma (Fig. 6e) and the deepened lateral pressure gradient (Fig. 
S8e-f) mainly to drive slab advance (Fig. 6e).

As the mantle wind descent further toward the present day, 
its effect on forcing Philippine Sea subduction eventually dimin-
ished (Figs. 6f, S8). Consequently, the increasing age, thus negative 
buoyancy, of the Philippine Sea slab (Fig. 2b) started to control its 
own subduction and the slab started to roll back (Fig. 6e-f). This 
transition reinitiated ECSB extension in the late Miocene, starting 
at the northern Okinawa Trough (Fig. 7e) where the seafloor is 
older (Fig. 2b) and subsequently along the entire Trough toward 
the present (Fig. 7f), both closely mimicking observation (Figs. 2a, 
4c-d).
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3.3. Implications on mechanisms of back-arc evolution and MOR 
subduction

The fundamental dynamics of the Cenozoic rifting history 
of the ECSB is the long-lasting converging mantle (Peng et al., 
2021a) (Figs. S6, S8) whose surface expression was modulated 
and partitioned by the subduction of young seafloors around the 
Izanagi-Pacific MOR: 1) prior to the arrival of the MOR, the well-
established mantle convergence due to the lateral pressure gradi-
ent (Fig. S8a) below the continental margin formed a flat Izanagi 
slab (Peng et al., 2021b); 2) subduction of the young Izanagi 
seafloor during latest Cretaceous to earliest Cenozoic caused the 
flat slab to be stretched apart by the pressure gradient, where 
the resulting differential basal shear initiated Cenozoic extension 
along the margin; 3) the fragmented detachment of the slab ex-
cited a fast landward mantle wind driven by the lateral pressure 
gradient (Fig. S8b-e), where the resulting basal traction, combined 
with retarded subduction along the trench, caused the upper plate 
to extend widely; 4) the enduring basal traction also forced the 
young seafloors to subduct (Fig. 6d-e), a process that became self-
sustaining only when the incoming oceanic plate grew old enough 
during the late Cenozoic (Fig. 6f).

Our predicted slab detachment prior to MOR subduction is due 
to the competition between slab buoyancy and weakening (Gur-
nis et al., 2004). The strong landward mantle flow during slab 
break off is commonly observed in both generic models (Bur-
kett and Billen, 2009; Shen and Leng, 2021) and those simulating 
the circum-Pacific subduction history (Peng et al., 2021a; Liu and 
Stegman, 2012; Zhou et al., 2018a, 2018b). However, the transition 
of upper-plate compression to extension during slab detachment 
in our calculation contrasts with models assuming an initially nor-
mal slab dip that generates dominant extension (e.g., Burkett and 
Billen, 2009). This is related to the flat Izanagi slab prior to MOR 
subduction supported by East Asian geology and lithospheric evo-
lution (Peng et al., 2021b; Liu et al., 2021a), and the subsequent 
landward mantle flow that was blocked further inland by its thick 
root (Fig. 6), similar to that occurred in the western U.S. since 
the mid-Miocene (Zhou et al., 2018a, 2018b). Here we consider 
the stress instead of strain of the upper plate because the former 
better reflects the buoyancy effect of the underlying convective 
mantle that is effectively achievable by reproducing the subduc-
tion history through data-assimilation modes (Peng et al., 2021a, 
2021b), while the latter further requires an accurate representation 
of the highly non-linear rheology of the continental lithosphere 
(Liu and Hasterok, 2016; Liu et al., 2021b; Chen et al., 2020., Gerya 
et al., 2021) that is difficult to achieve in reality, especially for 
global-scale models.

There are multiple alternative proposed mechanisms for back-
arc extension, including landward movement of the overriding 
plate (Lallemand et al., 2005), initial subduction causing trench 
retreat (Faccenna et al., 2017), and toroidal flow around slab 
edges (Schellart et al., 2007). Recent plate reconstructions sug-
gest that during the major tectonic events associated with MOR-
subduction, the overriding plates were either moving toward the 
trench (Fig. 1a, d) or largely stationary (Fig. 1b, c). In addition, all 
these extension events occurred long (>50 Myr) after subduction 
initiated and were mostly above the interior of wide slabs (Müller 
et al., 2016) (Fig. 1). Therefore, we conclude that these previous hy-
potheses cannot explain the observed back-arc deformation associ-
ated with the Tethyan and Panthalassan MOR subduction (Fig. 1).

On the other hand, the strong similarity of the tectonic setting 
(MOR subduction) and duration (∼40 Myr) of ECSB to those in 
Fig. 1 suggests that these tectonic events were likely governed by 
the same geodynamic mechanism. Without repeating all the anal-
yses done for ECSB, we present some snapshots of the calculated 
lithospheric stress for these locations based on the same geody-
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namic simulation. Due to the early age of the two Mesozoic events 
(Fig. 1a-b), we only adopted the model results during the Creta-
ceous time, to avoid potential effect of the uncertain model initial 
condition. For the two Cenozoic events (Fig. 1c-d), we present the 
results both before and after the onset of extension. We can clearly 
see that the computed lithospheric stress evolution closely resem-
bles the observed tectonic history for all four locations (Fig. 8). This 
confirmed relationship of back-arc extension with young seafloor 
subduction further supports our proposed mechanism of differen-
tial basal traction associated with lateral mantle flow during frag-
mented slab removal (Fig. 6). We realize the larger uncertainties in 
the earlier events, so more emphasis should be laid on the younger 
ones. For example, our new mechanism well explains the coeval 
onset of Cenozoic Basin & Range extension within the western U.S. 
(McQuarrie and Wernicke, 2005), reestablishment of the Cascadia 
arc (Dickinson, 2006; Liu et al., 2021b), and resumed high-angle 
Farallon subduction at ∼40 Ma (Liu and Stegman, 2011) corre-
sponding to a major gap in the mantle seismic image (Schmandt 
and Lin, 2014).

4. Conclusions

By dynamically linking the subduction history of young seafloors 
with the evolving stress state of continental convergent margins, 
we identified a new mechanism for the widespread formation of 
back-arc basins. We show that the landward mantle wind after the 
detachment of a former flat slab caused the continental margin to 
extend when this flow encounters and pushes the thick continen-
tal roots behind the basin, a long-lasting process controlled by the 
sinking of the former slab.

In addition, this study also provides important new insights on 
the driving mechanism of young seafloor subduction during the 
closure of major oceans. The enduring westward mantle wind be-
low East Asia that had promoted continuous subduction of the 
Paleocene MOR and associated young seafloors echoes the recent 
proposals for the need of basal traction to explain the late Ceno-
zoic Pacific motion (Stotz et al., 2018) and formation of the East 
Asian stagnant slabs (Peng et al., 2021a). Similarly, an eastward 
mantle flow has been recently proposed to explain the migratory 
Yellowstone volcanism (Zhou et al., 2018a) and the peculiar seis-
mic anisotropy pattern within the western U.S. (Zhou et al., 2018b). 
Collectively, the strong landward basal traction due to mantle flow 
originated from slab detachment could act as a key force for the 
subduction of young seafloors. This could manifest as either con-
tinued MOR subduction along the same trench or ridge captured 
by the neighboring plate. In both cases, the young seafloors would 
be eventually subducted, paving the way toward the ultimate clo-
sure of the paleo ocean.
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used to make figures can be downloaded at www.soest .hawaii .edu /
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Fig. 8. Computed lithospheric stress during the four observed tectonic events associated with subduction of major MORs (Fig. 1). These locations include a) South Asia, b) 
east Australia-north Antarctica, c, d) East Asia, and e, f) western United States.
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