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The South China Sea (SCS) is a hydrocarbon-rich major marginal sea in the western Pacific Ocean. One
of the proposed driving mechanisms for its formation is the slab-pull of a Mesozoic ocean basin known
as the Proto-South China Sea (PSCS), which subducted beneath northern Borneo between the Eocene and
the early Miocene. However, the present-day depth extent of the slabs and even the existence of the
PSCS remain highly debated. By stacking P-to-S conversions from the 410 km and 660 km discontinuities
bordering the mantle transition zone (MTZ), we demonstrate significant MTZ thickening beneath the
southern margin of the SCS, which, when combined with previously-revealed high-velocity anomalies in
the MTZ, provides evidence for the existence of the PSCS. Chemically and rheologically heterogeneous
materials segregated from the slab segments may have generated layered structures as evidenced by the
discontinuities observed at the depths of ~350 km and ~730 km. Dehydration melting from the slab
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segments may be a viable mechanism for the extensive post-spreading magmatism in the southern SCS.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Subduction is one of the first-order tectonic processes on Earth
and consists of a lithospheric plate descending into the deep man-
tle. It plays an essential role in the dynamics of global mantle
convection and the recycling of geochemical heterogeneities (Goes
et al., 2017). The cold subducting slabs are commonly imaged as
high-velocity anomalies (HVAs) from seismic tomographic inver-
sions, which suggest that the geometry and sinking rate of the
subducting slabs vary considerably, ranging from stagnation in the
mantle transition zone (MTZ) to direct penetration into the lower
mantle (e.g., Fukao et al., 2001; Hall and Spakman, 2015; Goes et
al,, 2017; Lu et al.,, 2019). Materials escaped from the subducted
oceanic lithosphere may work as a major source for generating
chemical and mineral phase heterogeneities in the mantle (Deuss
et al.,, 2006; Chen et al., 2017; Hao et al., 2019). Extensive geosci-
entific studies have been conducted beneath the currently active
subduction zones, while observational evidence for the tecton-
ics and heterogeneities brought by post-subducted slab segments,
which have detached from the surface plates, is relatively scarce
(Fukao et al., 2001; Goes et al., 2017).
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An oceanic basin named the Proto-South China Sea (PSCS) was
proposed to have existed between South China and Borneo in the
latest Cretaceous (e.g., Lee and Lawver, 1994; Hall, 2012; Hall and
Breitfeld, 2017) and was subsequently eliminated by the south-
ward subduction beneath northern Borneo (Sabah) during the pe-
riod between the Eocene (33 Ma) and early Miocene (15 Ma, e.g.,
Taylor and Hayes, 1983; Briais et al, 1993). The slab-pull force
associated with the southward subduction was considered as the
ultimate driver that broke the South China continental margin and
led to the opening of the modern South China Sea (SCS), which
is one of the largest marginal seas of the western Pacific Ocean.
Thus, Borneo and its adjacent areas are an ideal location to inves-
tigate thermal and chemical heterogeneities in the mantle possibly
associated with the sinking of the post-subducted slab segments
(Fig. 1).

The PSCS subduction was proposed primarily on the basis of
surface geological observations and magmatic studies (e.g., Taylor
and Hayes, 1983; Hutchison, 1996; Morley, 2002; Hall and Bre-
itfeld, 2017) and is further supported by tomographic images of
various slab-like HVAs in the mantle (Tang and Zheng, 2013; Hall
and Spakman, 2015; Huang et al., 2015; Zenonos et al., 2019). In
addition, a review of strike-slip faults, rift basins and metamorphic
core complexes in SE Asia calls for the necessity of including the
PSCS subduction for explaining the geological evolution of north-
ern Borneo (Morley, 2002). However, there is little agreement on
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Fig. 1. Tectonic setting and data used in this study. (a) Topographic map showing the distribution of broadband seismic stations (purple triangles). Red triangles represent
Cenozoic volcanoes. Orange colored areas display the distribution of the post-spreading basalts (Hui et al., 2016). Solid and dashed lines indicate trench and fault, respectively.
LL: Lupar Line; TL: Tinjar Line; WBL: West Baram Line. (b) Number of receiver functions (RFs) for each bin with a radius of 1 degree. Red dashed lines display the locations
of cross-sections shown in Fig. 6. Yellow arrow shows the absolute plate motion with a speed of 23 mm/yr based on the NNR-MORVEL56 model (Argus et al., 2011). Insert
map depicts the location of the study area highlighted by the blue rectangle. Red and black lines denote plate boundaries and trench, respectively. PSP: Philippine Sea Plate.
(For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

the current location of the post-subducted PSCS slab segments
among previous regional and global seismic tomography models,
ranging from residing in the MTZ (e.g., Rangin et al., 1999; Huang
et al,, 2015; Zenonos et al., 2019) to have dropped into the lower
mantle (e.g., Hall and Spakman, 2015). Such discrepancies are
mostly due to the sizable (at least 100-200 km) vertical smearing
effects and the intrinsic limit of the tomography methods. An al-
ternative collision-driven extrusion model has also been proposed,
which advocates that the extrusion of the Indochina Block was
mainly responsible for the SCS spreading as a consequence of India
indentation into Asia without the involvement of the PSCS (Tap-
ponnier et al.,, 1982; Replumaz and Tapponnier, 2003). Therefore,
the present-day existence and depth extent of the PSCS slab are
still a subject of continuing debate, which can be possibly clarified
by exploring the MTZ structure.

The MTZ is defined as the portion of the mantle sandwiched
between the 410 km (d410) and 660 km (d660) discontinuities,
which are revealed to possess positive and negative Clapeyron
slopes, respectively, correspondingly leading to thinned MTZ in
warm and thickened MTZ in cold regions (Ringwood, 1975; Bina
and Helffrich, 1994). The addition of water has a similar effect
as decreased temperature (Litasov et al., 2005). In addition, the
existence of materials segregated from the subducted slabs can
generate additional phase discontinuities above (in the depth range
of 250-350 km) or below (about 700-750 km) the MTZ (Zheng et
al., 2007; Chen et al., 2017; Hao et al., 2019), which have been
proposed to be attributed to phase transitions from coesite to

stishovite and from ilmenite to perovskite, respectively (e.g., Sim-
mons and Gurrola, 2000; Williams and Revenaugh, 2005). Thus,
exploring the detailed structure of the multiple discontinuities as-
sociated with the MTZ can help decipher both thermal and chem-
ical heterogeneities in the deep mantle.

Previous MTZ studies beneath Borneo and its adjacent areas are
quite limited and controversial. A thinned MTZ is found beneath
northern Borneo based on P-to-S converted waves recorded by a
single station (Saita et al., 2002), while an analysis of SS precur-
sors by employing a depth migration algorithm determines an MTZ
that is thickened by at least 20 km in the same region (Dokht et
al,, 2018). A method of ScS reverberation migration was recently
developed and applied to study the MTZ structure in eastern Asia
and the western Pacific region, and reveals a thickened MTZ be-
neath Borneo with a limited spatial resolution due to the large
Fresnel zone of the ScS phases (Haugland et al., 2020).

Here, we have conducted a systematic receiver function (RF)
study of the MTZ beneath Borneo and the southern SCS based
on a non-plane wave common-conversion-point stacking method
(Gao and Liu, 2014a) by employing all the available broadband data
(Fig. 1). Relative to SS and ScS based methods, the RF technique
can help reveal compositional heterogeneities at smaller scale. Our
observations present direct and robust evidence for the existence
of the PSCS slab and reveal additional discontinuities besides the
d410 and d660, which are further determined to be associated
with the post-subducted slab segments when combined with min-
eral experimental and tomographic results. The observations pro-



Y. Yu, Z. Xu, S.S. Gao et al.

vide the convincing evidence on the role that the southward PSCS
subduction played on the formation and spreading of the SCS.

2. Data and methods
2.1. Data selection and receiver function

Broadband seismic data used in this study were recorded by
a total of 6 stations from two sources, including (1) 5 stations
with data publicly accessed through the Incorporated Research In-
stitutions for Seismology (IRIS) Data Management Center (DMC),
among which 4 permanent stations are situated at the Borneo is-
land with a continuous recording period of 15 years from 2005
to 2020, which offers strong data support for systematically ex-
ploring the MTZ structure in detail; (2) station ZBZ deployed by
National Marine Environmental Forecasting Center, China with op-
eration time starting from August, 2019, which provides precious
new data to greatly enhance coverage and resolution of our dataset
for the SCS area. An empirical formula was employed to determine
the cut-off magnitude of Mc with the purpose of balancing the
quantity and quality of the requested data, which is defined as
Mc = 5.2 + (De — 30)/(180 — 30) — He/700, where De and He
indicate the epicentral distance in degree (ranging from 30° to
100°) and the event depth in kilometer, respectively (Liu and Gao,
2010). All the original seismograms of the selected events were
windowed 20 s before and 260 s after the first P wave arrival pre-
dicted from the IASP91 Earth model (Kennett and Engdahl, 1991)
and were subsequently bandpass filtered by applying a four-pole,
two-pass Bessel filter in the frequency band of 0.02-0.2 Hz. We
adopted a series of exponential weighting functions with a win-
dow width of 60 s centered at the strong PP arrivals to minimize
its degenerating effects on the resulting RFs (Gao and Liu, 2014a).
The filtered and preprocessed seismograms with a signal-to-noise
ratio (SNR) above 4 on the vertical component were converted into
radial RFs by deconvolving the vertical from the radial components
in the frequency domain with a Gaussian factor of 5.0 and a water-
level parameter of 0.03 (Ammon, 1991). The SNR of the vertical
component was calculated by the division between the maximum
absolute amplitude within 8 s before and 12 s after the theoretical
arrival time of the first P wave and the mean absolute amplitude in
the time range of 10-20 s before the onset of the predicted arrival.
Another SNR-based procedure (Gao and Liu, 2014a) was utilized
to select the high-quality RFs, which were then visually checked
to reject those without a clear first P wave arrival or with ab-
normally large arrivals in the P wave coda. In addition, we have
also employed a reverberation-removal technique to reduce possi-
ble effects from the shallow sedimentary layer (Yu et al., 2015). As
a result, there was a total of 5802 RFs (Fig. 1) obtained from 2857
events (Fig. S1) used in this study.

2.2. Moveout correction and stacking

The procedure for moveout correction and stacking of P-to-
S converted phase (Pds) arrivals is similar to the traditional
common-conversion-point (CCP) method (Dueker and Sheehan,
1997) but was developed under the nonplane wave assumption
(Gao and Liu, 2014a). Such an assumption considers the slight
difference in ray parameters between the direct P-wave and the
Pds, and then improves the accuracy of the predicted Pds travel
time, leading to more reliably determined discontinuity depths and
sharper arrivals. We computed the locations of the ray piercing
points at approximately the middle of the MTZ (535 km) based
on the IASP91 Earth model. The study area is evenly divided into
overlapping circular bins with a radius of 1°, which is compara-
ble to the radius of the first Fresnel zone of the Pds at the MTZ
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depth range, and the distance between the center of nearby bins is
also 1°. The time series RFs with their ray piercing point locations
falling into a given bin were then moveout corrected and stacked
for the depth range of 300-800 km with a vertical interval of 1 km
to generate a depth trace by

1 N
S =D Aiti) (1)
i=1

where S (d) is the stacking amplitude at a discontinuity depth of d
obtained from a total of N RFs in the bin, and A; (t;) is the ampli-
tude of the ith RF at the nonplane wave Pds moveout time (¢;) for
the candidate depth d. The way of grouping the RFs at the middle
of the MTZ aims to minimize possible bias on the resulting MTZ
thickness associated with the lateral upper mantle velocity het-
erogeneities (Gao and Liu, 2014b). To ensure reliability and spatial
coverage, a bin was dropped if N is less than 6. The number of
RFs inside each bin ranges from 6 to 1103 with an average of 198
(Fig. 1). The optimal discontinuity depths were initially determined
by searching for the maximum stacking amplitude in the depth
range of 320-370 km for d350 (350 km discontinuity), 380-440 km
for d410, 630-690 km for d660 and 700-760 km for d730 (730 km
discontinuity), respectively. We manually checked all the resulting
peaks, adjusted some of the searching ranges by considering the
spatial consistency and rejected those with weak or ambiguous ar-
rivals. All the final depth traces are plotted based on the increasing
depths of the d350, d410, d660 and d730 (Fig. 2), and along each
latitudinal cross section with prominent peaks around the depths
of the d350, d410, d660 and d730 (Figs. S2-S4). In addition, RFs
from each of the stations were individually migrated and stacked
to offer a general glance on the data quality by following the same
procedures above (Fig. S5). We estimated the mean and standard
deviation of the discontinuity depths (Fig. S6) by applying a boot-
strap resampling approach (Efron and Tibshirani, 1986) with 50
iterations for each bin, considering a balance between required ac-
curacy, computation times and the number of RFs for each bin. To
validate and further confirm the reliability of the observed peaks,
we have conducted vespagram analysis using RFs from the en-
tire dataset and three individual subareas of Nansha, Sabah and
Sarawak (Fig. 3). The stacked depth series and RF stacking results
firstly show that P-to-S conversions from the d410 and d660 are
clearly identified and reliably constrained. And most of the stacked
positive energy around the depths of 350 km and 730 km generally
follow the predicted Pds arrivals of the d350 and d730, indica-
tive of real signals (Fig. 3). On a small portion of the depth series,
multiple arrivals in the possible depth ranges of the MTZ disconti-
nuities are observed. The picked arrival for a given discontinuity is
determined by considering three factors, including 1) the depth is
comparable with that in the neighboring bins; 2) the sense of de-
parture (i.e., uplift or depression) from the globally averaged value
is consistent with most of the seismic tomography results in the
upper mantle and MTZ; and 3) the arrival on the vespagram is
close to the theoretical arrival (Fig. 3). As demonstrated below, the
main conclusions of the study remain virtually the same even if all
the bins with multiple arrivals were excluded.

2.3. Velocity correction of mantle discontinuity depths

The resulting discontinuity depths are apparent instead of true
depths due to the employment of 1-D IASP91 Earth model for
moveout correction and time-depth conversion. In order to de-
termine the true depths for each discontinuity, we need well-
determined both Vp and Vs velocity models with sufficient lateral
and vertical resolutions for the layers above the discontinuities by
following a formula below (Gao and Liu, 2014a):
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Fig. 2. Display of all the stacking RF traces. (a) Binned RFs are sequentially presented according to the increasing depth of the 410 km discontinuity (d410). (b-d) Same as (a)
but for the 350 km (d350), 660 km (d660) and 730 km (d730) discontinuities, respectively.
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where Dy and Dt are the resulting apparent and velocity-
corrected true discontinuity depths, respectively, (Vpg, 6Vp) and
(Vso, 8Vs) correspond to the mean velocity in the standard Earth
model and absolute velocity anomalies in the layer for P- and S-
wave. We have employed a recent global (Lu et al., 2019) and one
regional (Zenonos et al., 2019) tomography models (including both
Vp and Vs anomalies) to conduct velocity corrections of the result-
ing discontinuity depths based on equation (2).

3. Results and discussion

3.1. Post-subducted slab segments of the Proto-South China Sea in the
MTZ

There is a total of 86 bins with identifiable either d410 or d660
phases, among which 85 bins present well-determined d410 ar-
rivals, 72 bins have reliable d660 peaks, and 71 bins possess both
(Fig. 2). The observed apparent depths of the d410 and d660 are
spatially heterogeneous and vary from 371 km to 447 km with an
average of 411+17 km and from 644 km to 701 km with a mean
value of 671+11 km, respectively (Fig. 4 and Table S1). Significant
variations of the resulting MTZ thickness are also revealed to range
from 220 km to 322 km with a mean of 260416 km, which is gen-
erally consistent with results from analysis of SS precursor (Dokht
et al.,, 2018) and ScS reverberations (Haugland et al., 2020). Most of
the large MTZ thickness measurements are situated at Sabah and

its surrounding areas, and have a mean value of 270417 km calcu-
lated from a total of 33 bins (Fig. 4), which is significantly greater
than the theoretical value of 250 km from the IASP91 Earth model.
The cross-correlation coefficient (XCC) of 0.32 between the appar-
ent depths of the d410 and d660 (Fig. 4) is substantially lower
than the value of 0.84 for the contiguous United States (Gao and
Liu, 2014b). In addition to the d410 and d660, spatially coherent
arrivals around the depths of 350 km (d350) and 730 km (d730)
are also observed (Figs. 5 and 6).

To the first order, prominent MTZ thickening is mostly revealed
beneath Sabah and the southern margin of the SCS (the Nansha
Block area) based on the resulting apparent and velocity-corrected
observations (Fig. 4), and its distribution is reasonably consistent
with that of the HVAs around the MTZ depths (Fig. 6) imaged by
seismic tomography (Rangin et al., 1999; Huang et al., 2015; Lu
et al., 2019). These measurements of thickened MTZ provide direct
and independent evidence for the existence of slab segments (com-
monly characterized as cold features) in the MTZ beneath northern
Borneo and the Nansha Block.

Because it has been estimated that the period of a slab stagna-
tion in the MTZ is unlikely to exceed 60 Ma (Goes et al., 2017),
the revealed slab segments are not likely originated from older
subductions in the Cretaceous (older than 66 Ma). Thus, the slab
segments are more likely related to a recently terminated sub-
duction in the Cenozoic. Various models of plate reconstruction
(Lee and Lawver, 1994; Hall, 2012; Wu and Suppe, 2018) reveal
a Mesozoic PSCS existing between the Nansha Block and north-
ern Borneo (Fig. 5), which was subsequently eliminated by the
southward subduction beneath Borneo between the Oligocene and
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Fig. 3. Vespagram analysis for three subareas of Nansha (a, b, c), Sabah (d, e, f) and Sarawak (g, h, i), and the entire dataset (j, k, I). (a, d, g, j) Resulting depth series by
stacking RFs from each corresponding area. (b, e, h, k) Stacked and normalized RFs in slowness bins. Hachured lines delineate the arrivals of the P-to-S converted phases at
the d350, d410, d520, d660 and d730. (c, f, i, 1) RF stacking results by referring to a slowness of 6.5 s per degree. The stars and ellipses mark the predicted and observed

arrivals, respectively.

Middle Miocene (Taylor and Hayes, 1983; Briais et al., 1993). The of the PSCS and its cessation put northern Borneo in an accre-
involvement of the PSCS can better explain the Cenozoic geolog- tionary setting (Rangin et al., 1990; Morley, 2002; Cullen, 2014)
ical history of Borneo than most other models (Hutchison, 1996; and its crust is recently determined to possess an abnormal thick-
Hall and Breitfeld, 2017). The continuously southward subduction ness of 39.1 km which is about 15 km thicker than that of Sarawak
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regional (Zenonos et al., 2019) tomography models, respectively.

(Gao et al., 2020). Analysis of Rayleigh wave dispersion curves and is further confirmed by a recent body-wave tomography in-
reveals a SE dipping HVA beneath northern Borneo, which is in- version (Zenonos et al., 2019). New shear wave splitting measure-
terpreted as a segment of the PSCS slab (Tang and Zheng, 2013) ments also favor the existence of a detached slab beneath Sabah
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correspond to the velocity-corrected measurements from a global (Lu et al., 2019) and one regional (Zenonos et al., 2019) tomography models.

where the dominantly absolute plate motion driven mantle flow is
significantly modified and deflected (Song et al., 2021). Thus, our
observations, when combined with other geophysical and geologi-
cal evidence, confirm the existence of the PSCS subduction beneath
Borneo. They also indicate that a significant portion of the post-
subducted slab segments currently situate in the MTZ, having not
fully sunk into the lower mantle (Fig. 7).

The oceanic plate is extensively hydrated, and its stored wa-
ter can be released by dehydration from the PSCS slab segments
in and around the MTZ, which would contribute to water-induced
MTZ thickening in addition to that induced by the cold temper-
ature (Litasov et al., 2005). Experimental (Inoue et al., 1998) and
observational (Deuss and Woodhouse, 2001; Van der Meijde et al.,
2003; Yu et al., 2020) studies indicate that an increased water con-
tent in the MTZ would reduce the stacking amplitude of the d410
and make the 520 km discontinuity (d520, usually representing the
phase transition from wadsleyite to ringwoodite) easier to be de-
tected and split, which are all revealed in the resulting RF traces
(Figs. 6 and S2-S4). The sinking of the post-subducted PSCS slab
could have promoted the development of mantle upwelling along
its edge (Fig. 7), which can explain the observed slight MTZ thin-
ning near Sarawak (Fig. 4). Similar mechanisms are also revealed
beneath the adjacent Indochina Peninsula (Yu et al., 2017). Part of
the dehydrated water or segregated slab materials may have been
carried to the surface by the mantle upwelling, giving rise to the
adakite-dacite type intrusion and volcanic activities observed be-
neath Sarawak (Khan et al., 2017; Breitfeld et al., 2019; Gao et al.,
2020).

3.2. Contribution of slab dehydration to post-spreading volcanism of
the southern SCS

The d350 is observed at 26 bins mostly located in the Nan-
sha Block where a thickened MTZ is observed (Figs. 5 and 6, Table

S2). This discontinuity possesses a stacking amplitude that is com-
parable to that of the d410, and has an apparent depth ranging
from 332 km to 364 km and a mean depth of 350+£10 km. Inter-
mittent seismic discontinuity at 250-350 km is usually named the
X-discontinuity (Revenaugh and Jordan, 1991). Experimental stud-
ies indicate that mineral phase transition from coesite to stishovite
offers a plausible explanation for this discontinuity (Williams and
Revenaugh, 2005; Chen et al., 2017). Eclogitic or hydrated materi-
als segregated from the residue of ancient subduction can provide
geochemical heterogeneities for the development of the seismically
observable X-discontinuity (Williams and Revenaugh, 2005). The
topography of the d350 has a generally SE-dipping shallow angle
based on the velocity-corrected results (Fig. 5). This observation,
together with the spatial correspondence between the area with
observable d350 and thickened MTZ, suggests that the d350 can be
attributed to the post-subducted slab segments of the PSCS, simi-
lar to those observed at the Tonga subduction (Zheng et al., 2007).
This is consistent with the observation that the vertical distribu-
tion of the d350 closely follows the geometry of the remnant slab.

Since the cessation of the SCS spreading, widespread magmatic
activities (e.g., Hui et al., 2016; Song et al., 2017) have occurred in
the continental slope regions and the central SCS basin including
its southern margin (Figs. 1 and 5). Sills, dykes, and plutonic mate-
rials with an age of middle Miocene to Pleistocene are observed in
the Nansha Block (Schliiter et al., 1996; Song et al., 2017). Analysis
of multi-channel seismic and gravity data reveals volcanic intru-
sion into the crust around the Taiping island (Chang et al., 2017),
which is further supported by the recently observed high Vp/Vs
ratio from RF investigation (Gao et al., 2020). However, the mech-
anism of post-spreading volcanism remains enigmatic and several
models have been proposed including mantle upwelling from the
Hainan mantle plume (Xu et al., 2012; Chang et al., 2017) and ex-
tension triggered by the subsidence of the cooling SCS lithosphere
(Song et al,, 2017). The revealed d350 beneath the Nansha Block
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Fig. 6. Vertical display of RF traces and velocity anomalies. The upper panels present cross sections of the elevations and the lower ones show the resulting stacking RF
traces and P-wave tomography (Huang et al., 2015) along the four profiles shown in Fig. 1b. Circles and white triangles indicate well-determined peaks of the d410-d660
and d350-d730, respectively. Red and blue circles denote measurements with their MTZ thickness at least 5 km less and larger than 250 km, respectively. NB: Nansha Block;

SCS: South China Sea.

may indicate that melting from the subducted slab segments is
a viable source for the post-spreading magmatism. Shallow vol-
canism can be instigated by fluid-assisted decompression melt-
ing from convective dehydration of the subducted slab segments
(Fig. 7b), which has been proposed to explain intraplate volcanism
based on numerical modeling analysis (Long et al., 2019). The wa-
ter content in the slab is globally modeled to have dehydrated by
66% when reaching 240 km depth (van Keken et al., 2011). The
Nansha Block (Fig. 1) is determined to move southeastwards (by
116 degrees counting clockwise from north) at a speed of about 23
mm/yr based on the NNR-MORVEL56 model (Argus et al., 2011),
which can explain the observation that the subducted slab seg-
ments are currently situated beneath the Nansha Block (Fig. 5).
Assuming a constant plate motion velocity since the termination
of the Proto-SCS subduction at about 15 Ma, the Nansha Block
would have moved 345 km toward the southeast, which agrees
well with the current position of the revealed slab segments. The
shallow asthenosphere under the Nansha Block is characterized as

having low-velocity (Tang and Zheng, 2013) and high-temperature
(Dong et al., 2019) anomalies, which can be possibly attributed
to the deep ongoing dehydration melting from the revealed slab
segments (Fig. 7). The sinking rate of the post-subducted slab seg-
ments is estimated to be about 2 c¢cm/yr, which is comparable to
the average value of 1-3 cm/yr for the Tethyan subducted slabs
(e.g., Van der Voo et al.,, 1999; Zahirovic et al., 2012).

3.3. Penetration of slab materials into the lower mantle

The d730 just below the MTZ is systematically observed from a
total of 40 bins and its apparent depth is determined to range from
698 km to 751 km with an average of 728+15 km. Significant de-
pressions of the d730 are mostly situated around the Sabah area
(Fig. 5). Such a discontinuity is possibly induced by compositional
heterogeneities associated with the revealed slab segments. Mul-
tiple seismic discontinuities below the MTZ have been extensively
detected beneath areas where cold thermal anomalies associated
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Fig. 7. Schematic cartoon for tectonic evolution of the Proto-South China Sea (PSCS). APM: Absolute Plate Motion. The cyan drops denote dehydrated water. Red arrows
indicate dehydration melting or mantle upwelling associated with the sinking of the PSCS slab. Yellow dots in (c) represent segregated materials from the post-subducted
slab. Shadowed slabs are plotted in a smaller scale and display the dropping processes. The green area represents accretionary prism.

with subducted or foundered lithospheric segments exist (e.g.,
Simmons and Gurrola, 2000; Ai et al., 2003; Deuss et al., 2006; Tibi
et al,, 2006; Yu et al., 2020) and are ascribed to a phase transition
from ilmenite to perovskite under a pyrolite mantle composition
(Ai et al., 2003; Deuss et al., 2006; Tibi et al., 2006). In addition,
the decomposition of pyrope into bridgmanite and corundum un-
der a lower temperature environment is recently reported to be a
plausible cause for the discontinuity at about 700-750 km based
on mineralogical experiments (Hao et al.,, 2019). The robust d730
combined with the imaged HVAs and observed MTZ thickening di-
rectly above it offer clues that the post-subducted slab segments of
the PSCS may have partly penetrated the MTZ into the lower man-
tle and generated compositional heterogeneities at the uppermost
lower mantle (Fig. 5).

The sinking PSCS slab would fold, thicken, and eventually travel
through the MTZ into the lower mantle driven by the Rayleigh-
Tayler type gravitational instability (Goes et al., 2017). The rela-
tively young age of the Mesozoic PSCS during its southward sub-
duction makes the subducted slab easier to sink into the lower
mantle (Goes et al., 2017; Agrusta et al., 2017). Due to the in-
creased viscosity, the uppermost lower mantle may trap part of
the sinking post-subducted slab segments and promote the de-
velopment of a slab reservoir at the base of the MTZ (Fukao et
al., 2001), which has been widely observed for the ancient slab
remnants of the Farallon plate under North America (Sigloch and
Mihalynuk, 2013) and the Tethys plate beneath the Tibetan Plateau
(Fukao et al.,, 2001). Crustal materials segregated from the pene-
trated slab are neutrally buoyant and would bring rheological and
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compositional heterogeneities, contributing to the formation of the
d730 (Deuss et al., 2006; Hao et al., 2019). One circular area is
highlighted at southern Sabah (Fig. 4) where the d660 is too weak
to be observed while the signal of the d730 is quite strong (Fig. 5).
Such a feature may be attributed to the slab penetration, which
would possibly decrease the velocity contrast across the d660. The
distributions of the observed d350, d730 and MTZ thickening to-
gether generally depict the lateral extent of the subducted PSCS
to the west and are mostly located east of the Tinjar-West Baram
Line, which represents a dextral transform fault and is believed to
be the western boundary of the PSCS (Morley, 2002; Cullen, 2014;
Hall and Breitfeld, 2017). A similar geometry of the PSCS is also
revealed from a slab-based plate reconstruction (Wu and Suppe,
2018).

4. Conclusions

In this study, we have employed the receiver function analysis
of all the available seismic broadband data to systematically ex-
plore the MTZ structure beneath Borneo and the southern South
China Sea (SCS). Significant MTZ thickening with an average of
270417 km is revealed at Sabah (northern Borneo) and the south-
ern SCS, and provides so far the most convincing evidence on the
existence of slab segments in the MTZ, which is further determined
to be possibly originated from the post-subducted Proto-SCS. Ad-
ditional mantle discontinuities above and below the MTZ at the
depths of 350 km (d350) and 730 km (d730) are observed at areas
of MTZ thickening and can be attributed to the involvement of het-
erogeneous materials segregated from the post-subducted Proto-
SCS slab segments. Dehydration melting from the sinking slab seg-
ments may offer a viable source and contribute to the widespread
post-spreading magmatism of the southern SCS. Our observations
indicate that the post-subducted slab segments play a significant
role in developing layered mantle heterogeneities, and therefore
have broad implications for better understanding the evolution of
other ancient slabs such as the Farallon and Tethys plates and the
roles that they play in modulating crustal and mantle dynamic
processes.
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