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Deep hot mantle upwelling is widely revealed around the Qiongdongnan Basin on the northwestern
South China Sea margin. However, when and how it influenced the hyper-extended basin is unclear.
To resolve these issues, a detailed analysis of the Cenozoic time-varying residual subsidence derived
by subtracting the predicted subsidence from the backstripped subsidence was performed along a new
seismic reflection line in the western Qiongdongnan Basin. For the first time, a method is proposed to cal-
culate the time-varying strain rates constrained by the faults growth rates, on basis of which, the pre-
dicted basement subsidence is obtained with a basin- and lithosphere-scale coupled finite extension
model, and the backstripped subsidence is accurately recovered with a modified technique of backstrip-
ping to eliminate the effects of later episodes of rifting on earlier sediment thickness. Results show no
residual subsidence in 45–28.4 Ma. But after 28.4 Ma, negative residual subsidence occurred, reached
and remained ca. �1000 m during 23–11.6 Ma, and reduced dramatically after 11.6 Ma. In the syn-rift
period (45–23 Ma), the residual subsidence is ca. �1000 m, however in the post-rift period (23–0 Ma),
it is positive of ca. 300 to 1300 m increasing southeastwards. These results suggest that the syn-rift sub-
sidence deficit commenced at 28.4 Ma, while the post-rift excess subsidence occurred after 11.6 Ma.
Combined with previous studies, it is inferred that the opposite residual subsidence in the syn- and
post-rift periods with similar large wavelengths (>102 km) and km-scale amplitudes are the results of
transient dynamic topography induced by deep mantle upwelling beneath the central QDNB, which
started to influence the basin at ca. 28.4 Ma, continued into the Middle Miocene, and decayed at ca.
11.6 Ma. The initial mantle upwelling with significant dynamic uplift had precipitated considerable con-
tinental extension and faulting in the Late Oligocene (28.4–23 Ma). After ca. 11.6 Ma, strong mantle
upwelling probably occurred beneath the Leizhou–Hainan area to form vast basaltic lava flow.

� 2021 China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

The classic stretching models have provided quantitative
frameworks for predicting lithospheric isostatic subsidence of
rifted basins or margins (Mckenzie, 1978; Jarvis and McKenzie,
1980). However, the backstripped subsidence is usually signifi-
cantly larger or smaller than the predicted subsidence, such as in
the NW European passive margin (Praeg et al., 2005), the North
Sea and Faeroe-Shetland basins (Nadin et al., 1997), the Songliao
Basin (Li and Liu, 2015), and the south and northeast Australian
margins (Müller et al., 2000; Brown et al., 2001). One reason is that,
in addition to the lithospheric isostatic subsidence, the rifted
basins or margins also recorded the dynamic topography induced
by the deep mantle viscous flow possibly due to ocean spreading
(Praeg et al., 2005), slab subduction (Müller et al., 2000; Brown
et al., 2001; Li and Liu, 2015) or mantle plume (Nadin et al.,
1997). Thus, the time-varying residual subsidence, derived by sub-
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tracting the predicted subsidence from the backstripped subsi-
dence, can provide new insights into the variation of the dynamic
topography and the deep mantle processes (Wheeler and White,
2000).

However, some issues still exist in the current methods to cal-
culate the true backstripped and predicted subsidence of rifted
basins (Jarvis and McKenzie, 1980; Sclater and Christie, 1980;
Zhao et al., 2013). Sediment deposited in earlier periods were usu-
ally stretched and thinned by later episodes of rifting, but the pro-
cess is not considered in the routine method of backstripping
(Sclater and Christie, 1980; Zhao et al., 2013), leading to significant
underestimation of the recovered syn-rift sediment thickness and
tectonic subsidence. The predicted subsidence by the lithospheric
finite extension model is, however, highly dependent on the
time-varying strain rates (Jarvis and McKenzie, 1980), but the cur-
rent methods cannot give accurate, subsidence-independent strain
rates that also comply with the multiple rifting background, such
as that inversed from the backstripped subsidence (White, 1994;
Xie et al., 2006), measured from faults heaves (Davis and Kusznir,
2004; Reston, 2009) and the average strain rates derived by divid-
ing the total strain (whole crustal extension factor) by the duration
of the syn-rift period (Shi et al., 2017; Zhao et al., 2018a).

As faults are highly sensitive to regional stress, the fault growth
rates are one best indicator of the multiple episodes of rifting.
Thus, we attempt to use fault growth rates as weight to allocate
the total strain (whole crustal extension factor) to derive the
time-varying strain rates, based on which, we forward predict
the basement subsidence. Then we also propose a modified tech-
nique of backstripping by incorporating the time-varying strain
rates into the routine method (Sclater and Christie, 1980; Zhao
et al., 2013) to eliminate the effects of later episodes of rifting.
Thus, the residual subsidence can be obtained accurately by sub-
tracting the predicted subsidence from the backstripped subsi-
dence. Here, these methods are applied to the rifted
Qiongdongnan Basin (QDNB) on the northwestern South China
Sea margin, where active mantle upwelling occurred in the late
Cenozoic indicated by the extensive eruption of the OIB-type vol-
canism (Hoang and Flower, 1998; Yan and Shi, 2008; Xu et al.,
2012; Wang et al., 2013), the high mantle temperature (Hoang
and Flower, 1998; Wang and Huang, 2012; Wang et al., 2012;
Huang et al., 2015; Wei and Chen, 2016; Yang et al., 2019) and
the broad low seismic velocity in the upper mantle (Huang and
Zhao, 2006; Montelli et al., 2006; Zhao, 2007; Lei et al., 2009; Xia
et al., 2016), but when and how the deep mantle upwelling influ-
enced the QDNB is unclear. Moreover, the syn-rift subsidence def-
icit (Shi et al., 2017; Zhao et al., 2018a) and the post-rift
accelerated subsidence (Xie et al., 2006; Zhao et al., 2013, 2018b)
of the QDNB have been revealed, but the exact time of the subsi-
dence deficit is unknown, and the mechanism of the subsidence
anomaly is still debated (Xie et al., 2006; Zhao et al., 2013,
2018a, 2018b; Shi et al., 2017). Here, these issues are attempted
to be resolved by using the new methods with a newly released
seismic reflection line.
2. Geological settings

The South China Sea is one of the largest Cenozoic marginal
basins in the western Pacific region. It was formed in a complex
tectonic setting interacted by the Eurasian, Pacific and Indian-
Australian plates, and is semi-circled by several large active sub-
duction belts, including Indo-Australian subduction-collision in
the south and west and the Philippine-Pacific slabs in the east
(Cullen et al., 2010). The initial rifting in the South China Sea prob-
ably started in the latest Cretaceous to early Paleocene when a
Mesozoic convergent margin changed to extension (Su et al.,
2

1989; Clift and Lin, 2001; Franke et al., 2014). After multi-stage
rifting (Ru and Pigott, 1986; Clift et al., 2001; Lei et al., 2019,
2020), the continent first broke up and the eastern South China
Sea basin opened in the Early Oligocene (Briais et al., 1993; Li
et al., 2014; Sun et al., 2018). Then the seafloor spreading jumped
southwards and propagated to the SW South China Sea basin in the
Late Oligocene–Early Miocene (Briais et al., 1993; Li et al., 2014;
Ding et al., 2018). Several prolific petroleum basins were developed
on the northern South China Sea margin, such as the NE-trending
Pearl River Mouth Basin and the QDNB (Fig. 1a). The QDNB is
located in the northwestern South China Sea margin (Fig. 1), and
pretty close to the Hainan Island with a water depth of ca. 100 to
2800 m (Fig. 1b). Regionally, the Basin is surrounded by the off-
shore Red River fault and the NW-elongated Yinggehai–Song Hong
basin to the west, by the Shenhu Uplift and the Pearl River Mouth
Basin to the northeast, by Hainan Island to the north and by Xisha
block to the south (Fig. 1a). Further southwards, it is the Phu Khanh
Basin and the SW South China Sea basin (Fig. 1a). In the late Ceno-
zoic, voluminous and extensive OIB-type basalts have erupted
around the QDNB in the Leizhou–Hainan area, the Indochina
peninsula and the South China Sea basin, suggesting strong mantle
dynamics beneath the Hainan Island (Wang et al., 2013).

The continental crust in the QDNB has been hyperextended
(Zhang et al., 2008; Qiu et al., 2013; Zhao et al., 2015a; Lei and
Ren, 2016) with three structural units formed from NW to SE
(Fig. 1b), the northern depression, the central depression, and the
southern uplift. The central depression comprises of the LDS, LSS,
SNS, BDS, and CCS (Fig. 1b). The western QDNB mainly comprises
asymmetric half grabens and fault blocks, in contrast, the eastern
QDNB consists of symmetric grabens (Zhao et al., 2015a). Rifting
and faulting in the QDNB started at ca. 45 Ma, was strongly active
in the Late Oligocene (Clift and Sun, 2006; Zhao et al., 2018b), and
ceased at ca. 23 Ma (Zhao et al., 2018b). During the syn-rift period,
faults formed and trended in NE-SW, E-W and NW-SE orientations
(Fig. 1b). Seismic interpretations indicate that the activities of
these faults were generally ceased at ca. 23 Ma (Fig. 2). In the
post-rift period, the basin underwent a regional slow subsidence
in the Early-Middle Miocene and a rapid subsidence since the Late
Miocene (Xie et al., 2006; Zhao et al., 2013, 2018b). It was lacus-
trine deposition occurring in the Eocene, marine-continent transi-
tional environment in the Oligocene, littoral to neritic environment
in the Early and Middle Miocene, and a deep marine since the Late
Miocene (Xie et al., 2008; Su et al., 2011; Zhao et al., 2018b).
3. Data and methods

3.1. Seismic reflection data

A new composite deep seismic reflection line 1 in the western
QDNB is studied (Fig. 1b), which is located ca. 45 km to the east
of the seismic line 2 used by Zhao et al. (2018a). The seismic line
has a total length of 217 km, extending across the northern depres-
sion, the central depression and the southern uplift (Fig. 1b). The
composite seismic profile was acquired by the China National Off-
shore Oil Corporation (CNOOC) in 2006 and 2011 through 648
channels, 8.1 km-long streamer, and were recorded in SEG-D for-
mat at 2 ms sampling intervals and 12 s trace length. Along the
high resolution seismic profile, the sedimentary sequences, the
reflective basement, and the deep Moho are well imaged (Fig. 2).
For the sedimentary layer, 16 sequence boundaries (S100
(45 Ma), S80 (33.9 Ma), S72 (31.5 Ma), S71 (29.9 Ma), S70
(28.4 Ma), S62 (25.5 Ma), S61 (23.8 Ma), S60 (23 Ma), S52
(18.3 Ma), S50 (16 Ma), S41 (13.4 Ma), S40 (11.6 Ma), S31
(8.2 Ma), S30 (5.5 Ma), S29 (4.2 Ma), and seabed (0 Ma)) are inter-
preted and provided by the CNOOC with their ages determined on



Fig. 1. (a) Tectonic units of the South China Sea region with bathymetric contours of 200 and 3000 m, modified from Zhao et al. (2018a). The South China Sea has three sub-
basins, the E sub-basin, the NW sub-basin and the SW sub-basin with the overlapped magnetic isochrones (dashed yellow lines) (Briais et al., 1993). The white triangles are
subduction or collision zones, the red point is Hainan hotspot, and the dashed red rectangle outlines the Qiongdongnan Basin. QDNB, Qiongdongnan Basin; PRMB, Pearl River
Mouth Basin; SCS, South China Sea. (b) Structural unit of the QDNB (see location in Fig. 1a) with a SE-tilted seafloor shown by bathymetric contours (unit in meters), modified
from Zhao et al. (2018a). The extensional faults are basin-widely distributed (red lines) and a volcanic body extruded between the Baodao and Changchang Sub-basins. The
composite seismic reflection line 1 in black line is located in the western QDNB, ca. 45 km to the east of the seismic line 2 used by Zhao et al. (2018a). The heat flow data
measured from the drill sites are in red points, and those measured from the seafloor heat flow probe stations are in green points (Wang et al., 2014). YNS, Yacheng Nan Sub-
basin; YBS, Yacheng Bei Sub-basin; SXS, Songtao Xi Sub-basin; SDS, Songtao Dong Sub-basin; LDS, Ledong Sub-basin; LSS, Liushui Sub-basin; SNS, Songtao Nan Sub-basin;
BDS, Baodao Sub-basin; CCS, Changchang Sub-basin; BJS, Beijiao Sub-basin.

Fig. 2. (a) The composite deep seismic reflection profile acquired by the CNOOC in 2006 and 2011 (see location in Fig. 1b). (b) The depth profile with stratigraphic and
structural interpretation. The faults are numbered. The red line is the marked unconformity at the end of the syn-rift period (23 Ma). The thick, gray line is the Moho. The
purple line is the measured heat flow progressively rising from 55 to 87 W/m2 toward the SE end (Wang et al., 2014; Shi et al., 2015). The black triangles are the calculated
heat flow using the finite extension model based on the average strain rates while the orange triangle is that based on the faults growth rates weighted strain rates. P1-P9 are
selected points for detailed subsidence analysis.
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basis of biostratigraphic analysis (Zhao et al., 2018b), nine of which
are shown in Fig. 2. The Moho discontinuities are clearly featured
by the reflections of medium continuity, low frequency and large
amplitude at the TWT of ca. 8–10 s (Fig. 2a).
3.2. Gravity modeling

The crustal thickness along line 1 is determined by both the
seismic reflection Moho and gravity modelling (Fig. 3). The sedi-
mentary basement and the crust-mantle boundary (Moho) are
clearly imaged from the reflection seismic profile 1 (Fig. 2). The
3

thickness of the remnant crust between the top basement and
the Moho reflection (Fig. 2), is first roughly determined by multi-
plying the TWT with an average continental crust P-wave velocity
of 6.5 km/s (Christensen and Mooney, 1995). Results show that the
crust thickness is ca. 6 to 26.5 km with the thinnest part in the LSS
(Fig. 2b). Gravity modeling is also performed to reassess the crust
structures (Fig. 3). The free-air gravity anomalies along line 1 is
ca. �50 to 20 mGal (Sandwell et al., 2014) (Fig. 3d). It is ca. �20–
0 mGal in the YBS, increases progressively to ca. 20 mGal in the
LSS, then reduces significantly to a broad negative range of ca.
�50 and �30 mGal for most of the southern uplift (Fig. 3d). The



Fig. 3. (a) The faults growth rates weighted strain rates (FG) derived by utilizing the
faults growth rates as weight to allocate the total strain (whole crust extension
factor), and the average strain rates (AG) by assuming uniform faults growth rates
during the syn-rift period. (b) The extension factors calculated by integrating the
faults growth rates weighted strain rates with time (FB) and the average strain rates
with time (AB). (c) The seismically interpreted, the gravity inversed and their
average crustal thickness. The black dots are crustal thickness from Zhang et al.
(2008). (d) The observed and modeled free-air gravity anomaly. The observed
gravity is from 1 arc-minute resolution new global marine gravity V27.1 (Sandwell
et al., 2014), with the overall value of ca. �50to 20 mGal. (e) The gravity model
using the bulk crust density of 2.65 g/cm3. (f) The gravity model using the bulk crust
density of 2.75 g/cm3.
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occurrence of the large positive anomaly in the LSS and the dra-
matic reduction southwards may be the so-called ‘edge-effect’
related to the shelf break (Watts and Stewart, 1998) (Fig. 3d).
The initial model for gravity modeling contains the layers of the
sea-water, the syn- and post-rift sediment, which are interpreted
from the reflection seismic profile (Fig. 2b), converted from time
to depth (Fig. 2b) using the Vertical Seismic Profile (VSP) data
(Zhao et al., 2015b, 2018b), and remain fixed during all the follow-
ing adjustment (Fig. 3e and 3f). In reference to previous gravity
models (Qiu et al., 2013), their densities are set to 1.03, 2.45 and
2.52 g/cm3, respectively. The density for the sub-sedimentary crust
is given 2.65 and 2.75 g/cm3, respectively, in two separate models
(Fig. 3e and 3f). Thus, through repeatedly modifying the thickness
of the crust layer, the modeled and observed gravity anomalies are
finally well fitted. Then the modeled crustal structures are shown
in Fig. 3e and 3f, respectively. Except the LSS along line 1, the grav-
ity modeled Moho depth and crust thickness using the bulk crust
density of 2.75 g/cm3 are apparently larger than the seismically
4

interpreted (Fig. 3f), while that using the bulk crust density of
2.65 g/cm3 are very close to the seismically interpreted (Fig. 3e).
Beneath the LSS, the gravity inversed Moho depth and crustal
thickness is, however, smaller than seismically interpreted
(Fig. 3c, 3e and 3f), which might be caused by the improper setup
of the sediment density in the basin. The sediment in the LSS is ca.
12 km thick and the density should increases with burial depth as
porosity reduces under compaction. Thus the lower sediment layer
must be much heavier than assumed. Compared with previous
gravity derived crustal thickness (Zhang et al., 2008), our result
show ca. 1–3 km thicker or thinner in the LSS and southern uplift,
however, the overall trend is identical (Fig. 3c). The whole crustal
extension factors (bwc) along line 1 (Fig. 3b) is derived as the ratio
of the initial crustal thickness of 32 km (Nissen and Hayes, 1995;
Nissen et al., 1995) to the present average crustal thickness of
the seismically interpreted and the gravity modelled (Fig. 3c).

3.3. The faults growth rates weighted strain rates

Faults are highly sensitive to regional stress, and the multiple
rifting history in the QDNB is well manifested by the faults growth
rates with the strong fault activity in the late Oligocene indicating
an episode of fast crustal stretching (Zhao et al., 2018b). Along line
1, we have interpret 22 pieces of faults (Fig. 2) and calculated the
faults growth rates as the thickness differences between the equiv-
alent strata in the hanging wall and footwall divided by the corre-
sponding time span (Table 1). Using the average fault growth rates
of these faults (Table 1) as weight to allocate the total strain (whole
crustal extension factor), we obtain the faults growth rates
weighted strain rates (Fig. 3a) with Eq. (1), which is modified from
the relationship among the extension factor, strain rate and time
(Jarvis and McKenzie, 1980; White, 1994). We also calculate the
average strain rates (Fig. 3a) by assuming uniform faults growth
rates during the syn-rift period in Eq. (1). Then the extension fac-
tors at each time (Fig. 3b) can be derived by integrating the strain
rates with time using Eq. (2).

Gi ¼ lnbwc=
Xn
i¼1

f i � Dti
 !

� f i ð1Þ

bi ¼ exp
Xn
i¼1

GiðtÞ � Dti
 !

ð2Þ

where, bwc is the whole crustal extension factors, n is the number of
strata, Dti is the time span of stratum i, f i is the faults growth rate of
stratum i, Gi is the faults growth rates weighted strain rates of stra-
tum i, bi is the extension factor at the end time of stratum i.

3.4. The modified technique of backstripping

The basement tectonic subsidence recorded by strata in sedi-
mentary basins is usually derived through backstripping by
decompacting the buried sediment, removing the load effect, and
correcting the base level under local isostasy (Sclater and
Christie, 1980; Zhao et al., 2013). In rifted basins, the strata formed
in earlier rifting periods are usually stretched and thinned many
times by later episodes of rifting, however, these processes have
not been coupled in the routine backstripping method, which
yields significant underestimation of the recovered syn-rift sedi-
ment thickness and tectonic subsidence (Eq. (3)) (Zhao et al.,
2013). Thus, it is necessary and essentially important to modify
the routine method of backstripping by taking the multiple exten-
sion into account. Here, we give a modified Eq. (4) to resolve this
issue by incorporating the time-varying extension factors
(Fig. 3b) into the routine method (Sclater and Christie, 1980;



Table 1
The faults growth rates (m/Ma) along line 1.

45–33.9 Ma 33.9–28.4 Ma 28.4–25.5 Ma 25.5–23 Ma 23–0 Ma

F1 120.8 283.5 236.2 232.0 –
F4 9.8 16.2 58.0 29.6 –
F5 70.7 82.4 57.7 46.2 –
F6 125.9 85.5 201.2 26.7 –
F7 43.1 62.0 271.5 – –
F8 35.9 83.6 88.7 – –
F9 122.1 99.5 205.4 – –
F10 178.3 339.8 370.4 200.5 –
F14 – 121.7 109.9 181.0 –
F15 – 60.4 26.4 55.1 –
F16 – – – 78.3 –
F17 – – – 54.9 –
F18 – 43.6 67.6 317.6 –
F19 31.5 55.5 – 231.5 –
F20 22.2 29.2 – 140.6 –
Average 71.1 90.0 145.7 123.8 0
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Zhao et al., 2013). The modified technique of backstripping not
only can decompact the deep buried sequence, but also can recover
its original thickness by eliminating the effects of later episodes of
rifting, which is thus applied to calculate the sediment thickness
(Fig. 4) and the 1D unloaded tectonic subsidence (Fig. 5) along line
1.

EBSi ¼ STi � qm � qs

qm
þ PWDi � qm � qw

qm
� DBLi ð3Þ

EBSi ¼ bwc

bi
� STi � qm � qs

qm
þ PWDi � qm � qw

qm
� DBLi ð4Þ
Fig. 4. The recovered sediment thickness with the routine method of backstripping
(Backstrip_Routine), and the modified technique of backstripping based on the
average strain rates (Backstrip_AG) and the faults growth rates weighted strain
rates (Backstrip_FG). Huge differences appear in the syn-rift periods (45–23 Ma) in
the LSS where the Eocene and early Oligocene sediment is preserved (Fig. 2) and
large multiple extension occurred (Fig. 3a and 3b).

Fig. 5. The unloaded tectonic subsidence calculated through backstripping and
forward modelling. Three methods are used in obtaining the backstripped subsi-
dence: the routine method of backstripping (Backstrip_Routine), the modified
technique of backstripping based on the average strain rates (Backstrip_AG) and the
fault growth rates weighted strain rates (Backstrip_FG). The forward modelled
subsidence is derived on basis of the average strain rates (Forward_AG) and the
faults growth rates weighted strain rates (Forward_FG). The blue vertical bars are
the uncertainties in water depth.

5

where qw, qs, and qm are the average density of water (1030 kg/m3),
sediment and mantle (3184 kg/m3), respectively. bwc is the whole
crustal extension factor, and bi is the extension factor at time i.
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EBSi, STi, PWDi and DBLi is the unloaded tectonic subsidence,
decompacted sediment thickness, paleo-water depth and the varia-
tion of the base level at time i.

In the QDNB, the hyper-extended crust (Figs. 2 and 3) and the
high heat flow (85–105 mW/m2) (Wang et al., 2014; Shi et al.,
2017) suggest that the lithosphere is sufficiently weak and it is rea-
sonable to assume local isostasy in conducting backstripping (Clift
et al., 2002; Wang et al., 2014; Shi et al., 2017). The parameters
used in the backstripping, such as the lithology of each sequence,
the local exponentially porosity-depth relations, the paleo-water
depth and the base levels, were thoroughly and carefully analyzed
and determined in our previous studies (Zhao et al., 2015b, 2018b).
Since the paleo-water depth has a large effect on the calculated
subsidence, its uncertainty is shown in Fig. 5. As the syn-rift sedi-
mentary environment in the Late Eocene to Oligocene is dominated
by lacustrine, marsh, coastal plain, and littoral facies (Zhao et al.,
2018b), the uncertainty in the paleo-water depth is less than
100 m (Fig. 5). In the post-rift periods, it is littoral to neritic envi-
ronment in the Early-Middle Miocene and a shelf-slope, bathyal-
abyssal environment since the Late Miocene (Xie et al., 2008; Su
et al., 2011; Zhao et al., 2018b), the largest uncertainty is ca. 200,
200 and 750 m at 16, 11.6 and 5.5 Ma, respectively (Fig. 5), which
are less than the amount of the tectonic subsidence and do not sig-
nificantly affect the subsidence analysis (Fig. 5).

3.5. Forward modeling

In rifted basins or margins, the lithospheric isostatic tectonic
subsidence is mainly contributed by lithospheric thinning and
thermal cooling (Mckenzie, 1978; Jarvis and McKenzie, 1980),
which can be predicted using a 1D uniform finite extension model
(Jarvis and McKenzie, 1980; White, 1994). Considering the huge
sediment thickness along line 1 in the QDNB (ca. 12 km, Fig. 4),
and its effect of sediment thermal blanketing and radioactive heat
generation on the basement subsidence and heat flow, we decide
to utilize a 1D basin- and lithosphere-scale coupled finite exten-
sion model (Eqs. (5)–(7)) to predict the unloaded tectonic subsi-
dence and the heat flow on basis of the time-varying strain rates
(Fig. 3a). As previous studies (Rüpke et al., 2008; Theissen and
Rupke, 2010), the model here allows for multiple finite stretching
given the strain rate history (White, 1994), and can simultaneously
resolves the basin-scale processes (deposition, compaction,
stretching, and heat transfer) and the lithosphere-scale processes
(stretching, heat transfer, and local isostatic response).

q � cp � @T
@t

þ GðtÞða� zÞ @T
@z

� �
¼ @

@z
ðk @T

@z
Þ þ Hv ð5Þ

S tð Þ ¼ Að1� 1=bÞ � BQ tð Þ ð6Þ

q ¼ �k
@T
@z

ð7Þ

where, q,cp,T ,t,G,a,z,k,Hv , S tð Þand q are the density, specific heat,
temperature, time, strain rate, lithosphere thickness, depth, thermal
conductivity, radiogenic heat generation, unloaded tectonic subsi-
dence and heat flow, respectively. The density is obtained using a
linear relation q ¼ q0ð1� aTÞ, where q0 is the material density at
0 ℃ and a is the thermal expansion coefficient. A ¼ tcðqm � qcÞ=qa,
B ¼ a � qm=qa, QðtÞ ¼ R a

0 Tðz; tÞ � Tðz;/Þ½ �dz, where tc is crustal thick-
ness, qc , qm the crust and mantle density at 0℃, respectively, qa the
asthenosphere density at 1333 ℃, Tðz; tÞ is the temperature of the
lithosphere as a function of depth and time, Tðz;/Þ is the equilib-
rium temperature structure of the lithosphere.

In the coupled model here, we set four layers of sediment, upper
crust, lower crust, and mantle lithosphere (Table 2). When conduct
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the finite extensions using the time-varying strain rates (Fig. 3a),
heat transfer occurs through advection and conduction to derive
the time-varying temperature structure of the lithosphere by solv-
ing the 1D unsteady thermal diffusion Eq. (5). Then the unloaded
tectonic subsidence can be calculated using Eq. (6) (Fig. 5), and
the surface heat flow can be obtained through Eq. (7) (Fig. 2). For
every time step, new sediment package is deposited and old sedi-
ments are compacted, the lithology and the compaction parame-
ters are the same as that in the 1D backstripping. The feedback
of the porosity on the sediment thermal conductivity is also con-
sidered (Theissen and Rupke, 2010). The top boundary tempera-
ture is fixed at 0 ℃ and the bottom boundary temperature at the
base of lithosphere is 1333℃. The initial temperature is set to
increase linearly from top to bottom. The largest thermal litho-
sphere thickness of ca. 110 km suggested by the thermal regime
(Tang et al., 2014) is used as the initial lithospheric thickness here
(Table 2). Meanwhile, we also tried thicker (120 km) and thinner
(100 km) lithospheric thickness, which gives a little shallower or
deeper basement, respectively. Other parameter values used here
in reference to previous studies are listed in Table 2.
3.6. Calculation of the time-varying residual subsidence

Along line 1, the time-varying residual tectonic subsidence
(Fig. 6) is derived by subtracting the predicted subsidence from
the backstripped subsidence (Fig. 5), both of which are calculated
based on the faults growth rates weighted strain rates. The residual
subsidence provides us new insights into the variation of the
dynamic topography and the deep mantle processes.
4. Results

4.1. The basin and crustal structure

The basin structure along line 1 resembles the previous result
given in Zhao et al. (2018a). It is characterized by the lower faulted
sub-basins and the upper sag sub-basin (Fig. 2), separated by a
remarkable breakup unconformity (23 Ma), onto which most of
the extensional faults are terminated (Fig. 2). In the YBS and LSS,
faults have large offsets, penetrate deep into the basement (faults
1, 6 and 10) and thin the crust considerably (Fig. 2). The YBS is a
large half graben controlled by the SE-dipping boundary fault 1
with a series of small antithetic faults formed in the hanging wall
(Fig. 2). The LSS, bounded by large faults 6 and 10, is a ca. 50 km
wide graben (Fig. 2). Within these half-grabens or grabens, thick
Eocene-Oligocene syn-rift sediment was deposited and the lowest
Eocene sediment was widely preserved (Fig. 2). In the southern
uplift, the SE-dipping faults, however, have small offsets (faults
11–22), slightly thin the basement and yield distributed, small-
scale half grabens, where only thin wedge-shaped sediment was
deposited (Fig. 2). In the post-rift period, sediment was progres-
sively overlying and onlapping the syn-rift sequences (Fig. 2). Par-
ticularly, the Pliocene sediment has occupied most of the post-rift
basin space, and pushed the sedimentary shelf-break southeast-
ward layer by layer (Fig. 2). The overall sediment thickness is ca.
6–12 km in the YBS and LSS, and only ca. 1.5–4 km in the southern
uplift (Fig. 2). The largest sediment thickness is ca. 12 km occurring
in the LSS, where the sub-sedimentary crust has been hyper-
extended to ca. 5–6 km (Figs. 2 and 3c) with the crust extension
factors of ca. 6 (Fig. 3b). Away from the LSS, the crust is less
thinned, which is ca. 15 km thick in the YBS and ca. 15–21 km thick
in the southern uplift (Figs. 2 and 3c). Correspondingly, the crust
extension factor is ca. 2 in the YBS, and ca. 1.5–2 in the southern
uplift (Fig. 3b). Unlike the crustal structure, the heat flow rises pro-
gressively from 55 to 87 W/m2 toward the SE end (Fig. 2).



Table 2
Thermophysical parameters used in the modeling.

Sediment layer Upper crust Lower crust Lithospheric mantle

Initial thickness (km) 0 15 17 78
Density at 0 ℃ (kg/m3) 2600 2700 2850 3330
Thermal expansion coefficient (℃-1) 0 2.4e-5 2.4e-5 3.28e-5
Specific heat (J.kg�1.℃-1) 1050 1471 1392 1218
Heat generation (W.m�3) 1.0e-6 1.8e-6 0.5e-6 0
Thermal conductivity (W.m�1.℃-1) 1.3 2 2 3

Note: Parameters include the density and thermal expansion coefficient (McKenzie, 1978), the initial thickness (Tang et al., 2014), and the specific heat, heat generation and
thermal conductivity (Theissen and Rupke, 2010; Shi et al., 2015, 2017).

Fig. 6. The time-varying residual unloaded tectonic subsidence derived by
subtracting the predicted subsidence from the backstripped subsidence, both of
which, are calculated on basis of the faults growth rates weighted strain rates in
Fig. 5.

Fig. 7. The backstripped (Backstrip_FG), forward modelled (Forward_FG) and
residual unloaded tectonic subsidence (Residual_FG) calculated based on the faults
growth rates weighted strain rates for the syn-rift periods (a) and the post-rift
period (b).
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4.2. The time-varying strain rates

Reliable strain rate is a requisite in rifted basins to understand
the multiple episodes of rifting and to accurately calculate the tec-
tonic subsidence through backstripping and forward modelling.
Here, we interpret 22 pieces of faults along line 1 (Fig. 2), calculate
the fault growth rates (Table1), and use them as weight to derive
the time-varying strain rates and extension factors (Fig. 3a and
3b). The calculated average faults growth rates along line 1 are
71.1, 90, 145.7, 123.8 and 0 m/Ma in 45–33.9, 33.9–28.4, 28.4–
25.5, 25.5–23 and 23–0 Ma, respectively (Table 1). The strongest
fault activity in the Late Oligocene (28.4–23 Ma) and minor faults
in the post-rift period (23–0 Ma) are consistent with previous stud-
ies (Zhao et al., 2018b). The Cenozoic time-varying strain rates
along line 1 are between 0 and 4.5e-15 s�1 with the largest value
in the Late Oligocene of 1e-15 to 3e-15, 3.5e-15 to 4e-15 and 2e-
15 to 3e-15 s�1 in the YBS, LSS and southern uplift, respectively
(Fig. 3a). By comparison with the strain rate inversed from the
syn-rift tectonic subsidence (Xie et al., 2006), the calculated strain
rate here is almost two times larger (Fig. 3a). We also calculate the
average strain rate of the syn-rift period as previous studies (Shi
et al., 2017; Zhao et al., 2018a), and it is 0.5e-15 to 1e-15, 2.5e-
15 to 3e-15 and 1e-15 s�1 in the YBS, LSS and southern uplift,
respectively (Fig. 3a). By integrating the strain rates with time,
the calculated extension factor in the LSS is more than 2, 3, 4.5,
and 6 at 33.9, 28.4, 25.5 and 0 Ma, respectively (Fig. 3b).

4.3. The backstripped sediment thickness and subsidence

The recovered sediment thickness using the routine method
and the modified technique of backstripping are present in Fig. 4.
Huge differences occur in the syn-rift periods (45–23 Ma, Fig. 4a-
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c), especially in the LSS where the Eocene and early Oligocene sed-
iment is well preserved (Fig. 2) and also large multiple extensions
occurred (Fig. 3a and 3b). The decompacted sediment thickness in
the LSS with the routine method of backstripping is only ca. 2 km
for the duration of 45–33.9 Ma (Fig. 4a), however, it reaches ca. 4
and 6 km, respectively, after both decompaction and sediment
thinning correction based on the average and faults growth rates
weighted strain rates using the modified technique of backstrip-
ping (Fig. 4a). The recovered sediment thickness in the LSS with
the above three methods is, respectively, ca. 4, 6 and 8 km for
45–28.4 Ma (Fig. 4b), ca. 5, 7 and 7 km for 45–25.5 Ma (Fig. 4c),
and ca. 6, 6 and 6 km for 45–23 Ma (Fig. 4d). The recovered huge
sediment thickness in the LSS in the earlier rifting stages using
the modified technique of backstripping is consistent with the
large extension factors of 2–4.5 (Fig. 3b) and similar to the cur-
rently active rift, such as lake Tanganyika, the western branch of
the east African rift system, where the vertical displacement
exceeds 7 km and the sediment accumulation is more than 6 km
(Morley, 1988). The gradually reduced sediment thickness for
45–25.5 Ma and 45–23 Ma, recovered based on the faults growth
rates weighted strain rates using the modified technique of back-
stripping (Fig. 4c and 4d), is mainly because the previous sediment
column was significantly stretched and thinned (Fig. 3a and 3b),
but without enough sediment deposited (Fig. 2). After the end of
rifting (23 Ma), no significant difference existed in the recovered
sediment thickness among the three methods of backstripping
(Fig. 4e-h).

The calculated unloaded tectonic subsidence with the three
methods of backstripping (Fig. 5) have similar features as the
recovered sediment thickness (Fig. 4). Using the modified tech-
nique of backstripping with the faults growth rates weighted strain
rates, the present total subsidence (45–0 Ma) is ca. 1600, 2500 and
1800 m in the YBS, LSS and southern uplift, respectively (Fig. 5h).
The amount of the syn-rift subsidence (45–23 Ma) is ca. 1000,
1500 and 400 m in the YBS, LSS and southern uplift, respectively
(Fig. 7a), and that of the post-rift (23–0 Ma) increases from 500
to 1500 m in the YBS and LSS, and remains 1000–1500 m in the
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southern uplift (Fig. 7b). In detail, five subsidence stages are iden-
tified (Fig. 8): (1) high subsidence in the Late Eocene-Early Oligo-
cene with the tectonic subsidence of ca. 1000, 2000 and 300 m in
the YBS, LSS and southern uplift, respectively (45–28.4 Ma,
Fig. 8a); (2) significant uplift in the Late Oligocene of ca. �500 m
in the LSS and ca. 0 m in the YBS and southern uplift (28.4–
23 Ma, Fig. 8b); (3) slow subsidence of ca. 300 m in the Early
and Middle Miocene (23–11.6 Ma, Fig. 8c); (4) accelerated subsi-
dence of ca. 1200 m mainly occurring in the southern uplift in
the Late Miocene (11.6–5.5 Ma, Fig. 8d); and 5) slow subsidence
of ca. 300 m focusing in the LSS since the Pliocene (5.5–0 Ma,
Fig. 8e). These features are also shown in the 9 selected points
(Fig. 9).

4.4. The predicted subsidence and heat flow

The predicted unloaded tectonic subsidence by the basin- and
lithosphere-scale coupled finite extension model is highly depen-
dent on the strain rate (Fig. 5). In the first rifting episodes of 45–
28.4 Ma, the faults growth rates weighted strain rates are smaller
than the average strain rates (Fig. 3a), thus the predicted subsi-
dence with the weighted strain rates are smaller accordingly
(Fig. 5a, 5b and 9). In the following periods, their gaps are narrow-
ing (Fig. 5c-h and 9). With weighted strain rates, the predicted total
subsidence is 1200–1900, 3000 and 1500 m in the YBS, LSS and
southern uplift, respectively (Fig. 5h). For the rifting periods (45–
23 Ma), the predicted subsidence is ca. 1000–1700, 2500 and
1300 m in the YBS, LSS and southern uplift, respectively (Fig. 7a).
For the post-rift thermal cooling periods (23–0 Ma), it is ca. 200,
500 and 200 m in the YBS, LSS and southern uplift, respectively
(Fig. 7b).

The calculated heat flow with the average strain rate and the
weighted strain rates are pretty similar to each other (Fig. 2b), indi-
cating the calculated heat flow is mainly influenced by the total
strain (Fig. 3a and 3b). The measured heat flow rises progressively
from 55 to 87 W/m2 toward the SE (Wang et al., 2014; Shi et al.,
2015), which equates with the predicted heat flow in the YBS,
Fig. 8. The backstripped (Backstrip_FG), forward modelled (Forward_FG) and
residual unloaded tectonic subsidence (Residual_FG) calculated based on the faults
growth rates weighted strain rates for five stages, (a) 45–28.4 Ma, (b) 28.4–23 Ma,
(c) 23–11.6 Ma, (d) 11.6–5.5 Ma, (e) 5.5–0 Ma.
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but much larger in the southern uplift (Fig. 2). By testing the ther-
mal parameters including the thermal conductivity and heat gen-
eration, it is found that only anomalously higher parameter
values can fit it. Previous study argued that the observed high heat
flow can be only matched by adding the recent magmatism injec-
tion (less than 5 Ma) (Shi et al., 2017). Furthermore, our tests also
give that the thermal parameters have small influence on the pre-
dicted subsidence.
4.5. The time-varying residual subsidence

The time-varying residual subsidence in Fig. 6 is derived by sub-
tracting the predicted subsidence from the backstripped subsi-
dence, both of which are calculated based on the faults growth
rates weighted strain rates (Fig. 5). Generally, nearly zero residual
subsidence exists in 45–28.4 Ma (Fig. 6a). But after ca. 28.4 Ma, ca.
�1000 m residual subsidence formed until 11.6 Ma (Fig. 6b), which
is apparently in the LSS and southern uplift (Fig. 6b). After 11.6 Ma,
the backstripped subsidence increased considerably in the south-
ern uplift (Fig. 5), and the present total residual subsidence is ca.
300 m in the southern uplift, but ca. �250 to �500 m in the YBS
and LSS (Fig. 6c). These features are also shown in the 9 selected
points (Fig. 9).

In the syn-rift periods (45–23 Ma), the residual subsidence is ca.
�1000 m, however, in the post-rift (23–0 Ma), it is positive of ca.
300 to 1300 m increasing from the NW to SE (Fig. 7). Both the
syn- and post-rift residual subsidence have large wavelengths of
more than 102 km (Fig. 7). In detail, 5 stages of residual subsidence
are identified: (1) almost zero residual subsidence in the Late
Eocene to the Early Oligocene (45–28.4 Ma, Fig. 8a); (2) huge neg-
ative residual subsidence of ca. �500 to �1200 m in the Late Oligo-
cene (28.4–23 Ma, Fig. 8b); (3) small positive residual subsidence
of ca. 0–300 m in the early Miocene (23–11.6 Ma, Fig. 8c); (4) huge
positive residual subsidence of ca. 300–1200 m in the Middle Mio-
cene mainly occurring in the southern uplift (11.6–5.5 Ma, Fig. 8d);
and (5) small residual subsidence of ca. 0–300 m since the Pliocene
(5.5–0 Ma, Fig. 8e).
5. Discussions

5.1. The syn-rift subsidence pattern and the onset timing of the syn-rift
subsidence deficit

The basement subsidence or uplift recorded by the strata pre-
served in sedimentary basins consists of two components: (1)
the loaded subsidence generated by the filled water and sediment,
and (2) the tectonic subsidence or uplift produced from the litho-
sphere or the underlying mantle. The amount of the tectonic sub-
sidence or uplift is usually isolated by the method of backstripping
(Sclater and Christie, 1980; Zhao et al., 2013). With the routine
backstripping method, the features of the post-rift tectonic subsi-
dence (23–0 Ma) in the QDNB have been well revealed previously
(Clift and Sun, 2006; Xie et al., 2006; Zhao et al., 2013, 2018a,
2018b; Shi et al., 2017) that the basin first experienced a pretty
slow subsidence in the Early and Middle Miocene (23–11.6 Ma),
then followed by an accelerated subsidence since the Late Miocene
(11.6–0 Ma) (Xie et al., 2006; Zhao et al., 2013). Detailed studies
further found that the post-rift accelerated subsidence mainly
occurred in the Late Miocene (11.6–5.5 Ma) and is much higher
in the SE than the NW of the basin (Zhao et al., 2018b). But for
the syn-rift period (45–23 Ma), some studies argued that the sub-
sidence was high (Zhao et al., 2013, 2018b), while others suggested
that it is huge deficient (Shi et al., 2017; Zhao et al., 2018a). With
the modified technique of backstripping, we can not only give
the similar subsidence features of the post-rift period (Fig. 8) as



Fig. 9. Detailed subsidence analysis of the 9 selected points along line 1 (see locations in Fig. 2) for 16 sequence boundaries (45, 33.9, 31.5, 29.9, 28.4, 25.5, 23.8, 23, 18.3, 16,
13.4, 11.6, 8.2, 5.5, 4.2, and 0 Ma). The faults growth rates weighted strain rates are used to calculate the backstripped subsidence (Backstrip_FG), the forward modelled
subsidence (Predict_FG), and the residual subsidence (Residual_FG). By comparison, the average strain rates are used to calculate the backstripped subsidence (Backstrip_AG),
the forward modelled subsidence (Predict_AG), and the residual subsidence (Residual_AG). Meanwhile, the backstripped subsidence using the routine method of
backstripping (Backstrip_Routine) is also present. The vertical bars are the uncertainties in water depth.
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previous studies, but can clearly show two stages of tectonic sub-
sidence/uplift in the syn-rift period: the high subsidence in the Late
Eocene-Early Oligocene (45–28.4 Ma, Fig. 8a), and the significant
uplift in the Late Oligocene (28.4–23 Ma, Fig. 8b).

The backstripped tectonic subsidence probably consists of both
the lithospheric isostatic subsidence and the mantle viscous flow
induced transient dynamic topography. For rifted basins, the iso-
static subsidence is mainly contributed by the lithospheric thin-
ning and thermal cooling (Mckenzie, 1978; Jarvis and McKenzie,
1980; Kusznir and Ziegler, 1992). In the QDNB, much work was
carried out to compare the backstripped tectonic subsidence with
the predicted subsidence by the lithospheric stretching models to
explore the timing, amount and mechanism of the residual subsi-
dence between them (Xie et al., 2006; Zhao et al., 2013, 2018a;
Shi et al., 2017). In forward predicting the basement subsidence,
three methods were usually used to obtain the strain rates (or
extension factors): (1) Calculate the extension factors from faults
heaves and predict the subsidence on basis of the flexural can-
tilever model, which showed that the predicted post-rift subsi-
dence is much less than backstripped (Clift et al., 2002; Davis
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and Kusznir, 2004) and the faults derived extension factor is also
smaller than the whole crust (Davis and Kusznir, 2004). It has been
proved that the extension factor derived this way could be signif-
icantly underestimated due to the unresolved subseismic faulting
(Walsh et al., 1991), and the unrecognized polyphase and top base-
ment faulting (Reston, 2009). (2) Inverse strain rates from the syn-
rift tectonic subsidence and predicted the post-rift subsidence with
a finite extension model. It also showed that the predicted post-rift
subsidence is less than the backstripped subsidence and the resid-
ual subsidence is ca. 300 to 1400 m increasing from the NW shelf
to the SE deep water after ca. 11.6 Ma (Xie et al., 2006; Zhao et al.,
2013, 2018b). Obviously, the strain rates calculated this way are
subsidence dependent. However, detailed subsidence analysis
(Shi et al., 2017; Zhao et al., 2018a) suggested that the syn-rift sub-
sidence was significantly insufficient compared with the crustal
thinning, and the extension factors estimated from the syn-rift sub-
sidence is considerably less than the whole crust (Zhao et al.,
2013). (3) Calculate the average strain rates by dividing the total
strain (whole crustal extension factor) by the duration of the syn-
rift period, and predict the subsidence based on a finite extension
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model (Shi et al., 2017; Zhao et al., 2018a), which gave that the pre-
dicted subsidence is less than backstripped in the post-rift, but
higher in the syn-rift (Shi et al., 2017; Zhao et al., 2018a). The strain
rates are subsidence independent and can be used to predict both
the syn- and post-rift subsidence, however, the average strain rate
is not in accordance with the multiple rifting background in the
South China margin (Ru and Pigott, 1986; Clift et al., 2001). Overall,
problems still exist in the current methods to obtain the time-
varying strain rates and to forward predict the syn- and post-rift
basement subsidence accurately. Thus the exact time, amount
and mechanism of the residual subsidence from the syn- to post-
rift periods are still unclear to us. Here, for the first time, the faults
growth rates weighted strain rates are proposed (Fig. 3a), which
are subsidence independent, and also consistent with the multiple
rifting background. Thus the subsidence predicted based on the
weighted strain rates here can be more reasonable than ever
(Fig. 5). By subtracting the predicted subsidence from the back-
stripped on basis of the modified technique of backstripping
(Fig. 5), the residual subsidence is obtained (Fig. 6), the amount
of which is ca. �1000 m in the syn-rift period (45–23 Ma,
Fig. 7a), but positive of ca. 300 to 1300 m increasing from the
NW to SE in the post-rift period (23–0 Ma, Fig. 7b). Furthermore,
the wavelengths of the opposite syn- and post-rift residual subsi-
dence are both larger than 102 km (Fig. 7). Detailed analysis further
show that the syn-rift subsidence was deficient (negative residual
subsidence) and the subsidence deficit initiated at ca. 28.4 Ma
(Figs. 6, 8 and 9). The post-rift subsidence is anomalous high (pos-
itive residual subsidence), and the excess subsidence started to
form at ca. 11.6 Ma mainly in the southern uplift (Figs. 6, 8 and 9).

5.2. The time-varying dynamic topography due to deep mantle
upwelling

The time-varying residual subsidence with its exact timing,
amplitude and wavelength (Figs. 6–9) provides an unprecedented
opportunity to explore its mechanism. The post-rift excess subsi-
dence has been widely studied in the South China Sea region,
which was found to occur at ca. 11.6 Ma in the Yinggehai Basin
and QDNB (Xie et al., 2006; Zhao et al., 2013, 2018b; Shi et al.,
2017), at ca. 21–23 Ma in the Pearl River Mouth Basin (Clift
et al., 2015), and at ca. 17 Ma in the Reed Bank area (Ding et al.,
2015). Various mechanisms were also proposed, including that
within the lithosphere and that from the underlying deep mantle.
The lithospheric mechanisms involve the depth-dependent litho-
spheric stretching (Davis and Kusznir, 2004; Lei et al., 2013), the
post-rift crust thinning (Zhao et al., 2013), the lower crust flow
(Clift et al., 2015), and the magmatic intrusion (Xie et al., 2006;
Shi et al., 2017). The underlying deep mantle mechanisms involve
the small-scale mantle convection due to ocean spreading (Ding
et al., 2015; Zhao et al., 2018b), the mantle flow driven by subduc-
tion (Xie et al., 2006), and the influx of warmer asthenosphere and
a small-scale thermal upwelling (Shi et al., 2017). Combined with
previous studies, we conclude that the lithospheric mechanisms
cannot be the main cause of the time-varying residual subsidence
in the QDNB (Figs. 6–9). Specifically, the post-rift accelerated sub-
sidence started at ca. 11.6 Ma, not immediately following the end
of syn-rift period (23 Ma, Figs. 6, 8 and 9), implying the impossibil-
ity of the depth-dependent lithospheric stretching (Davis and
Kusznir, 2004; Lei et al., 2013). The spatially non-coincidence of
the post-rift huge sediment in the LSS and the accelerated subsi-
dence in the southern uplift (Figs. 4 and 5) (Zhao et al., 2015b,
2018b), suggests that the basin-widely sediment-induced lower
crustal flow was unlikely to occur (Clift et al., 2015). The dramatic
reduction in the faults numbers and activities in the post-rift per-
iod (Fig. 2 and Table 1) (Zhao et al., 2018b) also precludes the post-
rift crustal stretching (Zhao et al., 2013). Inspired by the similar
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large wavelengths and km-scale amplitudes of the syn-rift defi-
cient subsidence (negative residual subsidence) and the post-rift
excess subsidence (positive residual subsidence) (Fig. 7), it is
inferred that the syn-rift subsidence deficit and the post-rift excess
subsidence are probably genetically linked and caused by a tran-
sient dynamic topography induced by deep mantle upwelling,
which buffered the syn-rift subsidence and transferred it to the
post-rift period.

Strong mantle upwelling in the South China Sea region has been
widely argued by the geochemical analysis and the geophysical
investigations (Montelli et al., 2006; Wang et al., 2013; Xia et al.,
2016; Yan et al., 2018). Geochemical studies demonstrated that,
in the late Cenozoic, extensive and voluminous OIB-type intraplate
volcanism outcropped in the Southeast Asia around the QDNB (Xu
et al., 2012; Wang et al., 2013), including the continental flood
basalts in the Leizhou–Hainan area (age of ca. 13–0 Ma with a peak
age from late Pliocene to middle Pleistocene) (Wang et al., 2012;
Xu et al., 2012), in the nearby Indochina peninsula (age of ca.
17–0 Ma) (Hoang and Flower, 1998), and the seamount basalts in
the East South China Sea basin (age of ca. 7.9–3.8 Ma) (Yan and
Shi, 2008) and the Northwest South China Sea basin (ca.
23.8 Ma) (Li et al., 2015). Geochemical analyses on these basalts
suggest a high mantle potential temperature of ca. 1440–1660℃,
ca. 100–300℃ warmer than at the onset of rifting (Hoang and
Flower, 1998; Wang et al., 2012; Yang et al., 2019). Geophysical
study also found the present mantle transition zone beneath the
Leizhou–Hainan area is ca. 20–50 km thinner than global average
value, indicating the mantle potential temperature is ca. 180–
380℃ higher than normal (Wang and Huang, 2012; Huang et al.,
2015; Wei and Chen, 2016). These extensive OIB-type volcanism
and high mantle potential temperature was usually thought to be
linked with a hot plume originated from the lower mantle (Wang
et al., 2013; Yan et al., 2018). Geophysical investigations also
revealed a SE dipping low-velocity zone beneath the Leizhou–Hai-
nan area, to the north of QDNB (Huang and Zhao, 2006; Lei et al.,
2009; Xia et al., 2016), which was shown to extend from the upper
mantle (Lei et al., 2009), the mid-mantle (Montelli et al., 2006) to
the lower mantle (Zhao, 2007; Xia et al., 2016), and was termed
as the Hainan plume (Montelli et al., 2006; Zhao, 2007; Lei et al.,
2009; Xia et al., 2016). Further study showed that the lower
mantle-rooted Hainan plume is rising at a rate of more than
1 cm/yr (Wang et al., 2013), and was suggested to link with the
sinking and pushing of the circular active subducted slabs by geo-
dynamical modelling (Zhang and Li, 2018). However, the diffuse
igneous provinces (Hoang and Flower, 1998) and the broad upper
mantle low seismic velocity (Xia et al., 2016) in the South China
Sea region are inconsistent with a classical fixed narrow thermal
plume that originated from the core-mantle boundary (Campbell
and Davies, 2006), which were thus alternatively explained by
broad mantle upwelling in the form of subduction-induced mantle
return flows at greater depths (Lin et al., 2019). No matter whether
a mantle plume in a classic sense exist, the deep mantle upwelling
seems rigorous in the South China Sea region. However, when and
how the deep mantle upwelling influences the QDNB is unknown.

Constrained by the time-varying residual subsidence in the
QDNB, the onset timing of the negative residual subsidence (Figs. 6,
8 and 9) gives exactly that the deep hot mantle upwelling started
to influence the basin at ca. 28.4 Ma, which continued into the
middle Miocene and decayed at ca. 11.6 Ma (Figs. 6, 8 and 9).
The starting time is consistent with the rapid uplift of the Hainan
Island in the Late Oligocene (Shi et al., 2011), the significant uplift
of the south China margin at ca. 28.5 Ma (Li et al., 2005) and the
modelled dynamic uplift in the study area (Xie et al., 2006). Fur-
thermore, the ca. 23.8 Ma OIB-type volcanism outcropped in the
NW South China Sea basin (Li et al., 2015) is probably the earliest
eruption after ca. 5 Ma the initial mantle upwelling (Campbell,



Zhong-Xian Zhao Geoscience Frontiers 12 (2021) 101246
2005). However, the exactly locations of the deep mantle upwel-
ling in the South China Sea region still cannot be well defined on
basis of one seismic line. Here we only give a simple diagram to
explain the time-varying residual subsidence in the QDNB linked
to the deep mantle upwelling (Fig. 10) according to the results
(Figs. 6, 8 and 9) and previous geophysical investigation (Xia
et al., 2016). Under the active semi-circular subduction, the deep
hot mantle is thought to upwell beneath the central QDNB
at ~ 28.4 Ma (Fig. 10a). Then most of the hot mantle materials were
attracted to flow southward to the stretched continent in the
QDNB, the Phu Khanh Basin and the locations for future breakup
of the SW South China Sea basin, yielding extensive secondary
edge-driven mantle flows due to the inhomogeneous crust thick-
ness, but little magmatic eruption in the Hainan Island and the
QDNB (Fig. 10a). The mantle flow, secondary edge-driven flow
and high mantle temperature beneath the QDNB together provided
a transient dynamic uplift to buffer the subsidence and form the
huge syn-rift subsidence deficit in the Late Oligocene (28.4–
23 Ma) (Figs. 8 and 9). The initial surface uplift was also likely to
precipitate considerable continental extension, in consistence with
the strong fault activities in the Late Oligocene (Table 1 and Fig. 3)
(Hill, 1991) and the development of detachment faults in the cen-
tral QDNB (Lei et al., 2020). Subsequently, the hot mantle materials
continued to flow southward through the QDNB to the spreading
ridge of the SW South China Sea basin (ca. 23–16 Ma) (Briais
et al., 1993; Li et al., 2014), and the ongoing rifting Phu Khanh
Basin until ca. 12–10.5 Ma (Savva et al., 2013), thus the QDNB still
shows a persistently low subsidence or minor uplift in 23–11.6 Ma
(Figs. 8 and 9), leading to shallow-water platform carbonates
widely developed and exposed (Ma et al., 2011; Franke et al.,
2014). The strong interaction of the southwards flow mantle with
the stretched continental margin and the spreading ridge (Fig. 10a)
has been recorded by the mid-ocean ridge basalt in the SW South
China Sea basin (Zhang et al., 2018). Since the Late Miocene, as the
margin stopped rifting and seafloor spreading, the deep hot mantle
upwelling beneath the QDNB begun to decay and return its posi-
tion back directly below the central QDNB (Fig. 10b). Thus in the
QDNB, the loss of the dynamic support and the thermal cooling
of the deep hot mantle finally formed an episode of rapid subsi-
dence in 11.6–0 Ma, especially apparently in the southern uplift
(Fig s. 8, 9 and 10b). Moreover, after ca. 11.6 Ma, strong mantle
upwelling probably occurred beneath the present Leizhou–Hainan
area to form ca. 7000 km2 basaltic lava flow (age of ca. 13–0 Ma
with a peak age from the late Pliocene to middle Pleistocene)
(Wang et al., 2012; Xu et al., 2012) (Fig. 10b).
Fig. 10. Simple schematic diagrams to explain the time-varying residual subsidence in t
Deep hot mantle material upwelling beneath the central QDNB started at ca. 28.4 Ma,
spreading ridge. The mantle flow, the secondary edge-driven flow and the high mantle
buffer the subsidence to form a huge syn-rift subsidence deficit during 28.4–23 Ma and a
11.6–0 Ma, as the margin stopped rifting and seafloor spreading, the deep hot mantle upw
the central QDNB. Thus in the QDNB, the loss of the dynamic support and the thermal c
period (11.6–0 Ma), especially apparently in the southern uplift. Moreover, after ca. 11.6 M
area to form the extensive basaltic lava flow.

11
6. Conclusions

In the hyper-extended Qiongdongnan Basin, a detailed analysis
was conducted on the time-varying residual subsidence derived by
subtracting the predicted subsidence from the backstripped subsi-
dence along a new seismic line. For the first time, a method to cal-
culate the time-varying strain rates is proposed by utilizing the
faults growth rates as weight to allocate the total strain (whole
crust extension factor). A forward prediction is done on the subsi-
dence with a basin- and lithosphere-scale coupled finite extension
model, and a modified technique of backstripping is given to obtain
the backstripped subsidence by invoking the strain rates to elimi-
nate the effects of later episodes of rifting on earlier sediment
thickness. The residual subsidence in the syn-rift period (45–
23 Ma) is negative of ca. �1000 m initiating at 28.4 Ma, but posi-
tive of ca. 300 to 1300 m increasing southeastwards and starting
at 11.6 Ma in the post-rift period (23–0 Ma), inferring that the
syn-rift subsidence is deficient and commenced at 28.4 Ma, but
the post-rift subsidence is anomalously excess and appeared after
11.6 Ma mainly in the southern uplift. Their wavelengths are both
larger than 102 km, indicating a deep origin. Combined with previ-
ous studies, it is inferred that the opposite residual subsidence dur-
ing the syn- and post-rift periods with similar large wavelengths
and km-scale amplitudes are the results of transient dynamic
topography induced by deep mantle upwelling beneath the central
QDNB, which started to influence the basin at ca. 28.4 Ma, contin-
ued into the Middle Miocene, and decayed at ca. 11.6 Ma. After ca.
11.6 Ma, strong mantle upwelling probably occurred beneath the
Leizhou–Hainan area to form vast basaltic lava flow.
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