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Abstract: This study combines surface heat flow, multi-channel seismic reflection profiles, and
ocean-bottom seismometer (OBS) profiles to determine the thermo-rheological structure of the
Qiongdongnan Basin (QDNB) and Pearl River Mouth Basin (PRMB), with the aim of researching
the west–east variation of the passive continental margin rifting. Based on the initial lithospheric
rheological model of a jelly sandwich-1 (JS-1) regime, the current architecture of the continental
margin is identified to be the result of a non-uniform extension. Due to the decoupled crust–mantle
relationship caused by the weak lower crust, the non-uniform extension led to the rupture of the
mantle lithosphere before the crust. The central Xisha Trough falls into the JS-2 regime with only one
brittle load layer, which is close to the rigid oceanic lithosphere of the Northwest Sub-basin (NSB).
The high-velocity layers (HVLs) and detachment faults beneath the Xisha Trough are considered to
be the result of the cooling of a thinned lower crust with mantle underplating during the middle
stage of continental margin rifting. A seaward-increasing trend of lithospheric rheological strength is
exhibited across the PRMB, from the crème brûlée-1 (CB-1) regime at the continental shelf to the JS-2
regime at the NSB. Unlike the HVLs of the Xisha Trough, the lower crustal HVLs beneath the eastern
PRMB formed during the late stage of continental margin rifting due to the mantle lateral flow. The
absence of HVLs beneath the western PRMB may indicate that the mantle lateral flow demonstrates
a limited impact.

Keywords: northwestern South China Sea; continental margin rifting; thermo-rheological structure;
high-velocity layer

1. Introduction

The South China Sea (SCS) is the largest continental marginal sea of the western
Pacific region, and its marginal basins are characterized by the related spatial variation
of thinned lithosphere, which is jointly controlled by the Indo-Australian, Eurasian, and
Pacific plates [1–4] (Figure 1). The marginal basins located in the continent–ocean transition
zone (COTZ) of the SCS are often considered to be the products of multistage oceanic
spreading, and they preserve a great deal of information about lithospheric thinning, mag-
matic activity, detachment faults, HVLs, and ocean crust production [5–7]. Two typical
end-member continental extension models have been proposed by previous scholars to
distribute the characteristics occurring in the COTZ: the magma-poor margins model,
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characterized by very limited magmatism, seaward-dipping detachment faults, and serpen-
tine peridotite, and the volcanic margins model, featuring seaward-dipping reflectors and
HVLs observed at the base of lower crust [8–10]. However, the northwestern SCS exhibits
characteristics different from those assumed by these two continental extension models,
and its tectonic setting may be more complex due to the spatial variation in the lithospheric
structure [11–15].

The northwestern SCS exhibits obvious west–east variation in the basin-controlling
fault systems, especially in the QDNB and PRMB, as induced by the westwards opening of
the SCS [3,4,16]. Bounded by the NE-trending accommodation zone, the two basins can be
divided into two parts: the non-detachment extensional fault systems in the western part
and the deep detachment fault systems in the eastern part [7,17] (Figure 1). According to the
deep reflection seismic profiles, a heavily thinned crust (<10 km) and high crustal extension
factor (>2.5) are also typically observed in the Xishan Trough, the Liwan Sag, and the Baiyun
Sag, which are usually regarded as failed rifting basins and are located in the eastern QDNB
and eastern PRMB [12,16,18–20]. The Xisha Trough is even named the hyper-extended rift
systems ahead of the ocean crust production by some scholars [21]. Notably, compared
with the typical features of deep detachment fault systems in magma-poor margins, lower
crustal HVLs with P-velocities > 7.0 km/s, which are usually observed beneath the volcanic
margins, have also been widely identified beneath the eastern PRMB [14,22,23] (Figure 1).
Moreover, recent studies based on multichannel seismic reflection indicate the presence
of a 4–6-km-thick lower crustal HVL beneath the central part of the Xisha Trough [24,25].
Oddly, deep reflection seismic profiles also indicate that lower crustal HVLs are not present
in the western PRMB, which differentiates the Xisha Trough and eastern PRMB with respect
to their HVLs [5,26]. However, the other features of magma-poor or volcanic margins are
not recognized in the northwestern SCS, such as the makeable features of seaward-dipping
reflectors and serpentine peridotite [15,27]. Given this fact, it is a very hasty decision to
define the northwestern SCS as magma-poor or simply a volcanic margin. Research on the
west–east variation of the lithospheric extension along the northwestern SCS could also
contribute the additional information to help understand the passive continental margin
rifting process.

An increasing numbers of studies indicate that the lithospheric structures play a
crucial role in controlling the process of passive margin rifting, especially according to
initial continental rheological models [28–30]. The coupled and decoupled relationships
between crust and mantle are often taken as the typical initial rheological models for the
numerical modeling of passive margin rifting [15,31]. Notably, the decoupled crust–mantle
model, which considers a ductile lower crust in the non-uniform extension process, presents
the significant delays of breakup in the brittle upper crust and is usually featured by lower
crustal HVLs and mantle underplating [15,31]. The amount of ductile behavior is the key
factor in determining the lithospheric thinning process and the configuration of passive
margins [16,32]. Therefore, it should be an effective method to explore the non-uniform
extension occurring at the northwestern SCS by constructing rheological structures. In this
paper, we establish the details of crustal-scale structure models from the comprehensive
interpretation of multi-channel seismic reflection profiles, deep seismic reflection profiles,
and surface heats flow from deep well drilling [25,33–35], which were used to model the
thermo-rheological structures and evaluate the process of continental margin rifting in the
northwestern SCS.
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Figure 1. Tectonic map of the northwestern SCS, including the QDNB and eastern PRMB. The green
solid lines (L1, L2, and L3) denote the locations of multi-channel seismic reflection profiles, which
were used to examine the thermo-rheological structures [14,25,26]. The thermo-rheological structure
along profile L1 has been constructed in the previous research [36]. The brown lines indicate the
ocean bottom seismometer profiles of OBS1993, OBS1996, and OBS2006, which are from Qiu et al. [37],
Yan et al. [18], and Ding et al. [12]. Yellow dotted lines and red dotted lines represent the distribution
range of COTZ and HVLs in the lower crust, respectively [22,23]. Yellow stars of P1-P14 show the
locations of calculated typical lithospheric rheological structures. BY, Baiyun Sag; BJ, Beijiao Sag;
BD, Baodao Sag; CC, Changchang Sag; CS, Chaoshan Sag; EP, Enping Sag; HS, Heshan Sag; LW,
Liwan Sag; LD, Ledong Sag; LS, Lingshui Sag; KP, Kaiping Sag; SD, Songdong Sag; SN, Songnan Sag;
SHD, Shunde Sag; SX, Songxi Sag; XJ, Xijiang Sag; YB, Yabei Sag; YL, Yongle Sag; ZS, Zhusan Sag;
YN, Yanan Sag; COTZ, Continent–ocean transition zone; HVL, High velocity layer; RRF, Red River
Fault; PRMB, Pear River Mouth Basin; QDNB, Qiongdongnan Basin; YGHB, Yinggehai Basin; TCNB,
Taixinan Basin; LLB, Lile Basin; ZJNB, Zhongjiannan Basin.

2. Geological Setting

As the typical passive margin of the SCS that is at least 400 km-wide, the northwest-
ern margin, which is believed to be rich in oil and gas, is situated at the intersection of
two tectonic boundaries: the subduction zone of the Manila Trench to the east and the
strike-slip fault zone of Red River fault to the west [38–42] (Figure 1). Due to the stretching
stress introduced by the slab pull of the paleo-SCS and the rollback of the paleo-Pacific
plate, the regional stress field in the SCS changed from compression to extension, and the
northwestern margin basins began to rift at the Late Cretaceous [4,22,41–45]. Although
disagreements have always occurred, most scholars suggest that the seafloor spreading of
the SCS occurred from ~32 to 15.5 Ma, including at least one ridge jump at approximately
23 Ma [42,46–48]. Owing to the westward seafloor spreading of SCS, the NW-trending
accommodation faults in the QDNB and PRMB were activated, which divided these basins
into categories: nearly WE-trending detachment faults to the east and NE-trending normal
faults to the west [7,49]. In response to the ridge jump and the end of the seafloor spread-
ing, the PRMB and QDNB successively entered the post-rift stage at 32 Ma and 23 Ma,
respectively, and exhibited an eastward spatial temporal migration [4,41,42]. The tectonic
activities of the western QDNB and PRMB are strongly weakened at 32–30 Ma, but the
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detachment faults of Baiyun Sag, Liwan Sag, and Xisha Trough located in the eastern PRMB
and QDNB are still active until 23 Ma and 16 Ma [50–52]. Characterized by detachment
faults developing at the crust–mantle boundary, the Xisha Tough, Baiyun Sag, and Liwan
Sag in the northwestern SCS are usually regarded as typical failed rifting basins, with a
hyperextended continental crust of <10 km [21,26,53,54]. However, only the Baiyun Sag
and Liwan Sag are recognized as the scope of COTZ along the northwestern SCS [22,23]
(Figure 1). Therefore, the west–east variation of the basin fault systems is an important
indication of the margin rifting process along the northwestern SCS, revealing the spatial
and temporal correlations with the seafloor spreading.

The lithospheric structures of the northwestern SCS have been studied in detail via
multichannel seismic reflection profiles, deep seismic reflection profiles, gravity inversion,
seismic tomography, and surface heat flow [5,12,14,18,25,26,55,56]. Numerous deep seismic
reflection profiles revealed a decreasing trend in the crustal thickness southeastward from
>26 km at the continental shelf to <10 km at the NSB, with 4–6-km Moho upheaval at the
Xisha Trough, Baiyun Sag, and Liwan Sag [12,16,57,58]. In addition, widespread lower
crustal 0.8–6-km-thick HVLs of >7.0 km/s can be identified beneath the northeastern SCS,
including at the Baiyun Sag and Liwan Sag [18,22,59]. Unlike the HVLs observed beneath
the Baiyun Sag and Liwan Sag, the entire portion of the lower crust beneath the central part
of the Xisha Trough exhibits these high-velocity anomalies [24,25]. The lower crustal HVL
beneath the central part of the Xisha Trough is recognized by the P-wave stack velocity
calculated from multichannel seismic profiles, with much uncertainty [24,54]. HVLs are
usually regarded as the effect of partial melting caused by an upwelling asthenosphere,
as indicated by the mafic composition and high density of 2.92–2.97 g/cm3 [14,26,60].
However, the rheology of the HVLs has been identified as a weak ductile layer beneath
the PRMB [61], but as a strong, brittle lower crustal layer beneath the Xisha Trough [62].
In addition, the extensive magmatism has been widely distributed in the most areas since
5.5 Ma, which still contributes about 10–25 mW/m2 to the present surface heat flow [63].
For the deeper mantle structures, the seismic tomography indicates a gigantic NW-trending
low-velocity mantle zone along the Red River Fault, extending into the SCS, which may
have driven continental lithospheric rifting and mantle exhumation [31,55,64]. A similar
continuous low-velocity zone from the asthenosphere of Yangtze craton has also been
observed beneath the northwestern SCS [55,65,66]. However, compared to the typical
magma-robust type basins in the northeastern SCS, the Xisha Tough is usually identified
as the magma-intermediate type basin due to the plate-interior rifting of northwestern
SCS [46]. Therefore, thermo-rheological structures were constructed to provide better
constraints for the non-uniform rifting process in northwestern SCS.

3. Data and Methods
3.1. Data

This dissertation is designed for constructing the lithospheric structures across the
northwestern SCS. Data for inverting the lithospheric thermal-rheological structures are
composed of the surface heat flow, multi-channel seismic reflection profiles, deep seismic
reflection profiles, and density of gravity anomaly inversion.

A wealth of surface heat flow data in the northwestern SCS were obtained by previous
studies through long-term observation of surface heat flow probes and analysis of oil-gas
drilling data [33,34,57,67,68]. Based on 154 data values measured in the research area, a
regional surface heat flow distribution map was constructed using interpolation at the grid
accuracy of 0.5◦ × 0.5◦ (Figure 2). Bounded by the tectonic transition zone in the central
PRMB, the surface heat flow in the research region was segmented into two anomalous
areas. More precisely, the western anomaly area incorporates the QDNB and the western
PRMB with the characteristic of linear distribution, whereas the eastern anomaly area
consists of the eastern PRMB. The QDNB and western PRMB region exhibits uniform
linear SW-trending surface heat flow anomalies, including a higher surface heat flow
anomaly (70–110 mW/m2) in the southern part and a lower surface heat flow anomaly
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(50–60 mW/m2) in the northern part (Figure 2). Moreover, it is worth noting that an
analogous narrow linear low surface heat flow anomaly (<70 mW/m2) is also found along
the southern edge of the QDNB and is extended to the western PRMB. On the contrary, the
surface heat flow of the eastern PRMB exhibits a gently seaward-increasing trend from a
low surface heat flow (~70 mW/m2) at the continental shelf, to a high surface heat flow
(~90 mW/m2) at the NSB. In addition to that, a low surface heat flow of <70 mW/m2

and a high surface heat flow (>90 mW/m2) can also be observed at the Xisha Uplift and
Zhongsha Islands, respectively.
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Figure 2. The distribution of surface heat flow in the northwestern SCS, the heat flow date is from
Mi et al. [67], Zhang and Wang [33], Li et al. [68], Wang et al. [69], and Shi et al. [34]. The green
solid lines (L1, L2, and L3) denote the locations of multi-channel seismic reflection profiles, which
were used to examine the thermo-rheological structures [14,25,26]. Yellow stars of P1–P14 show the
locations of calculated typical lithospheric rheological structures.

A variety of geophysical data such as multi-channel seismic profile and deep seis-
mic profile in the research area are essential foundations for constructing the lithospheric
structure model and determining the composition of various layers of the lithosphere.
For the lithospheric structure model, the lithospheric structure, velocity, and compo-
sition across the QDNB and PRMB were constrained by the various seismic reflection
profiles [12,14,18,25,26] (L1, L2 and L3 in Figures 1–4 and S1). Particularly, the OBS pro-
files of OBS1993, OBS1996, and OBS2006 were used to effectively identify the HVLs and
constrain the lower crustal thickness, which has often been poorly characterized in multi-
channel seismic reflection profiles [12,18,37] (Figure 1). Based on the constraints on standard
velocity–density relationships for the initial crustal structure model, the density models
were inversed along profiles L1, L2, and L3 using high-precision free-air gravity anoma-
lies [14,24–26] (Figures 3, 4 and S1). A number of minor modifications were also made
to the density models published by other scholars so that these profiles could be studied
together, which exhibited a minor disturbance on the inversion of the thermo-rheological
structures. Significant density anomalies of 2.92–2.97 g/cm3, related to lower crustal HVLs
of >7.0 km/s, were observed beneath Baiyun Sag and Liwan Sag along profile L3 (Figure 4).
The high density anomalies of 2.95 g/cm3 are also exhibited in the entire heavily thinned
lower crust beneath the central Xisha Trough, which is probably related to the underplat-
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ing of magma during margin rifting [69]. Notably, HVLs were not observed beneath the
western PRMB along profile L2 (Figure 3). The results of inverting the thermo-rheological
structure along profile L1 have been shown in a previous study [66] (Figures 7 and S2).
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3.2. Thermal Model

The lithospheric thermal structure refers primarily to the temperature distribution,
which determines the heat obtained by the lithospheric structure from the mantle, the
radiogenic heating, and heat conduction in the lithosphere as well as heat loss from the
earth surface [70,71]. In this paper, the multi-channel seismic reflection profile and OBS
profiles were first comprehensively explained. On this basis, the lithosphere was then
chopped up into sedimentary formation layer, upper crustal layer, lower crustal layer, and
upper mantle layer for invention of the lithospheric thermal structure as an initial model.

Heat transfer inside the lithosphere is principally in conformity with the law of heat
conduction. Since parameters such as surface heat flow, thermal conductivity, and the heat
production are given, lithospheric temperature and distribution of heat flow can be attained
through solving the steady-state heat conduction equation. Then, the thermal structure
of lithosphere can be determined. Moreover, according to the study conducted by Zhang
et al. [72], under the 2D steady-state conditions, the temperature distribution inside the
crust complies with the following governing formula:

∂

∂x

(
K

∂T
∂x

)
+

∂

∂z

(
K

∂T
∂z

)
+ A = 0 (1)

where z is the depth (km), K is the thermal conductivity (W/mK), A is the heat production
(µW/m3), and T is the temperature (K). Further:

T(x, z0) = T0(x)
∂T
∂x (x0, z) = ∂T

∂x (x1, z) = 0
−K(x, zm)

∂T
∂x (x, zm) = Qm(x)

(2)

where T0 is the average seabed temperature, being approximately 275.15 K, z0 is the seabed
depth, zm is the depth of the model bottom, which is set to 50 km as required, x0 is the
x-coordinate of the left boundary, x1 is the x-coordinate of the right boundary, Q0 is the
surface heat flow (mW/m2), and Qm is the heat flow value at the depth zm (mW/m2).
Note that both the left and right boundaries are insulation conditions. If zm is equivalent
to the Moho depth, Qm can be regarded as the heat flow from mantle. On this basis,
the heat flow (Qc) from the crust can be calculated via Qc = Q0 − Qm. According to the
2D steady-state heat conduction equation mentioned previously, COMSOL Multiphysics
5.5 software was adopted to simulate two-dimensional finite elements. Constant trial
calculations were performed on the bottom heat flow boundary Qm, so as to minimize the
fitting error between the simulated and the observation surface heat flow Q0. Based on
this, the deep temperature field distribution characteristics were obtained. Concretely, the
root-mean-square errors of the surface heat flow values calculated by profile L1, L2, and L3
in simulation as well as the measured heat flow values were 3.18, 2.72, and 2.17, respectively,
indicating that the calculation results are highly reliable (Figures 5a, 6a and S2a).

Significantly, basic thermophysical parameters such as heat production A and thermal
conductivity K are in conformity with a variety of laws and affect the thermo-structure
characteristics of lithosphere in the simulation of thermal structures of various layers [73].
In addition, regarding the huge sedimentary layers in the QDNB and PRMB, the thermal pa-
rameters K and A of the sediment layer can be obtained directly from the test on the drilling
sample in the laboratory, since they have been vastly studied by other scholars [74,75]. For
the deeper lithospheric thermal structure, the thermophysical parameters of A and K featur-
ing remarkable inhomogeneity should be further deduced. By referring to the calculation
methods of Shi et al. [62] and Tang et al. [35], thermal conductivity K, in general, adopts
a temperature-dependent model with the relationship shown in Table 1 [62]. Conversely,
the calculation of the heat production A is comparatively complicated. Normally, the heat
production A of the upper crust takes advantage of the exponential model [76], namely:

A(z) = A0e(−z/D) (3)
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where D is the characteristic thickness of the radioactive element enrichment (in km), in
general, taking the upper crustal thickness [77]. However, considering the poor applicability
of the exponential model, D is applied only for determining the heat generation rate within
the top 10 km of the upper crust in the actual application. Hence, the layer is known as the
UTK layer. Further, most of the heat production A of the lower crust and upper mantle are
constants, which have been inferred from the established empirical relationship between
heat production A and P-wave velocity in the laboratory as well as adopted by numerous
researchers [35]. Related formulas have been shown in Table 1.
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the simulation of profile L3.
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Table 1. Lithospheric thermophysical parameters used in calculations of temperature distribution.

Layers Thermal Conductivity
K (W/mK)

Heat Production
A (µW/m3) References

Sediments
N-Q 2.01 2.08 Tang et al. [35]

E 2.20 2.35 Hu et al. [61]

Upper crust
UTK

K = (0.33 + 0.33 × 10−3T)−1 A = A0exp(−z/D) Shi et al. [62]other
parts lnA = 12.6–2.17Vp

Lower crust K = (0.41 + 0.29 × 10−3T)−1 lnA = 12.6–2.17Vp Ma et al. [70]

Upper mantle K = (0.21 + 0.50 × 10−3T)−1

−0.52 + 2.3 × 10−3T
0.003 Cai et al. [75]

3.3. Rheological Structure

The lithosphere is characterized by rheological stratification. Specifically, the brittle
deformation dominated in upper crust mainly releases strains by means of fracture, whereas
the plastic deformation dominated in the lower crust mainly releases strain energy via
plastic flow releases upon the increments in temperature and depth. Traditionally, the
research on the lithospheric rheological structure suggests that two rheological mechanisms,
including sliding friction and creep, can be observed in the lithosphere [78–80]. The
rheological mechanism of sliding frictional obeys the Byerlee law [81]. Furthermore, the
rheological strength of the lithosphere is independent of temperature and determined by
the fault nature in the research area. Hence, the rheological strength of frictional sliding
can be calculated by:

σbrittle = σ1 − σ3 = αρgz(1− λ) (4)

Here, ρ is the average rock density, which is usually from the density structure inverted
by gravity anomalies (kg/m3); σ1 and σ3 are the maximum and minimum principal stresses,
respectively; g is the acceleration of gravity (m/s2); λ is the pore fluid factor (the ratio
of pore fluid pressure to overburden pressure); and α is the fault type parameter, which
is usually taken as 0.75, 1.2, and 3 for normal fault, strike-slip fault, and reverse fault,
respectively. The parameter α is taken as 0.75 in this study, as the normal faults are
dominant in the northwestern SCS. According to previous research experience, pore fluid
factor λ and acceleration of gravity g and are 0.37 and 9.81, respectively [82].

As the temperature is on the rise, ductile deformation is dominated in the deep
crust. It is characterized by the creep strength complying with the exponential creep law
of rocks [83]:

σcreep = σ1 − σ3 =
( ε

C

) 1
n exp(

E
nRT

) (5)

where T is the temperature; ε is the strain rate that should be determined by referring to
the measured data; R is the gas constant, which is usually taken as 8.13447 J mol−1 K−1;
and n, C, and E are laboratory parameters, which are not concerned with stress and
temperature [82].

The computational formula proposed by Williams et al. [84] is adopted for obtaining
the total lithospheric strength:

s =
∫ l

0
min

(
σbrittle, σcreep

)
dz (6)

where s is the total lithospheric strength with the thickness of l and unit width.
Generally speaking, the strain rate ε ranges from 10−17 to 10−12. Based on the GPS

research data of previous studies in the northwestern SCS, the strain rate ε is taken as
10−16 [56,85]. In this study, the rheological parameters of rocks were determined cautiously
considering the impact of HVLs on the lower crustal strength. As per the observations
from large amounts of previous geophysical prospecting studies, the lower crust of the
QDNB shows the characteristics of intermediate composition, whereas the lower crust of
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the PRMB has the features of mafic composition [62,63]. Due to the limited research on
the exact material composition of HVLs, great uncertainty exists regarding the material
properties used for the construction of rheology models. The material composition of lower
crustal HVLs might be between intermediate granulite and mafic granulite. To carefully
qualify the impact of HVLs on lower crustal strength, both intermediate granulite and mafic
granulite were used here to define the rheological properties of the lower crust beneath the
eastern PRMB along profile L3. Parameters for the inversion of the lithospheric rheological
structure are presented in Table 2.

Table 2. Material properties used for construction of initial lithospheric rheology models.

Layers Lithology
Pre-Exponential

Constant
A (MPa-n/s)

Powerlaw
Exponent

n

Powerlaw
Activation

Energy
E (KJ/mol)

References

Sediments Wet quartz 3.20 × 10−6 2.3 154 Hu et al. [61]

Upper crust Wet quartz 3.20 × 10−6 2.3 154 Shi et al. [63]

Lower crust

Intermediate
granulite

(L1, L2 and L3)
1.30 × 10−3 2.4 219 Zhou et al. [77]

Mafic granulite (L3) 1.24 × 104 4.2 445 Wang [82]

Upper mantle Aheim dunite 3.98 × 10−2 4.5 498 Zang [86]

4. Results
4.1. Temperature Distribution

According to the 2D steady-state heat conduction equation from Zhang et al. [72], the
lithospheric temperature distribution was calculated along profiles L1–L3
(Figures 5, 6 and S2). The lithospheric temperature distribution along profile L1 has been
given in our previous research results [36] (Supplementary Figure S2). The surface heat flow
could be divided into two parts of crustal heat flow (Qc) and mantle heat flow (Qm). The
ratio between crustal heat flow and mantle heat flow (Qc/Qm) is given in Figures 5a and 6a
to evaluate the contribution of heat flow from the crust and mantle, respectively.

Along profile L2, the lithospheric temperature distribution is significantly influenced
by the surface heat flow (Figure 5). Similar to the changing trend of surface heat flow, the
temperature distribution beneath the western PRMB, NSB, and Zhongdian Islands exhibits
prominent lateral changes, with a sharp temperature gradient occurring at the southern
part of Heshan Sag. Consistent with the maximum surface heat flow of ~100 mW/m2,
the Moho temperature beneath the Shunde Sag in the southern PRMB exceeds 800 ◦C.
In contrast, the Moho temperature beneath the southern part of the Heshan Sag is only
~400 ◦C, with a minimum surface heat flow of ~70 mW/m2. It is also noted that the oceanic
lithosphere of NSB exhibits a slightly lower temperature anomaly than the continental
lithosphere of the western PRMB but with a rather low Moho temperature of 200–400 ◦C
due to the thin oceanic crust of approximately 10 km. The Zhongdian Islands exhibit
similar characteristics with the Shunde Sag regarding lithospheric temperature distribution,
with a slightly lower Moho temperature of approximately 500 ◦C. In addition, the value
of Qc/Qm exhibited a changing trend obviously opposite that of surface heat flow, with
all values being below 1 (0.10–0.70; Figure 5a). Significantly, the temperature distribution
along profile L2 is almost entirely controlled by the mantle heat flow. The lower values
of 0.10–0.30 in the NSB contrast with the higher values of 0.30–0.70 in the western PRMB.
Similar to the maximum Qc/Qm of 0.6 present in the central Xisha Trough along profile L1,
a maximum value of 0.7 was also observed at the southern part of Heshan Sag along profile
L2 (Figure 5a). In addition, the lower surface heat flow at Heshan Sag and Xisha Trough
appears to be a continuous or uniform anomaly, as is clearly shown in Figure 2. These
features may indicate a genetic connection between the Heshan Sag and Xisha Trough.
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Unlike the obvious lower temperature anomaly observed in the central part of profiles
L1 and L2, the temperature distribution along profile L3 exhibits a lateral change from
the eastern PRMB to NSB, with a gentle gradient of temperature (Figure 6). The oceanic
lithosphere of NSB also exhibits a higher temperature anomaly than the continental litho-
sphere of the eastern PRMB, with a temperature of ~1000 ◦C at 40 km depth. According
to the differences in measured crustal thickness between the eastern PRMB and NSB, the
Moho temperature beneath the Baiyun Sag is ~600 ◦C, whereas it is only ~400 ◦C beneath
the NSB. A gentle lateral change in the Qc/Qm value is also exhibited from higher values
ranging from 0.50–0.70 in the continental lithosphere of the eastern PRMB to lower values
ranging from 0.10–0.30 in the oceanic lithosphere of NSB, indicating that additional heat is
received from the deep mantle (Figure 6a). These seaward variations in temperature are
also observed by other studies conducted in the PRMB [61].

4.2. Rheological Structure

The estimated lithospheric rheological structures along profiles L1, L2, and L3 are
shown in Figures 7–9, respectively. The lithospheric rheological structure of profile L1 has
been constructed in a previous study, and its features have been discussed in detail [36].
In simple terms, profile L1 is characterized by a very strong lithosphere with brittle defor-
mation occurring throughout nearly the whole crust of the Xisha Trough, with a typical
lower crustal HVL layer (P2 and P3 Figure 7). The Xisha Uplift and Shenhu Uplift show
the characteristics of ductile deformation in the lower crust and upper mantle, with limited
brittle deformation in the upper crust (P1 and P4 in Figure 7). In particular, the Xisha
Trough exhibits similar characteristics to a cold and rigid oceanic lithosphere.

Similar lateral changing trends in rheological strength are also presented along profile
L2, with a stiff lithosphere in its central part, including the southern part of the Heshan Sag
and the NSB (Figure 8). The NSB exhibits the typical rigidity and coldness of the oceanic
lithosphere, with only one brittle layer and peak strength exceeding 500 MPa at the depth
of 25 km (P8 in Figure 8). Unlike the rigid oceanic lithosphere, the Shunde Sag in the
eastern PRMB exhibits a relatively weak continental lithosphere, with ductile deformation
distributed in the whole lower crust and upper mantle (P5 in Figure 8). Transitional
rheological structure characteristics are present at the Heshan Sag and Zhongsha Islands,
which can be divided into four load-bearing layers with a weak, ductile lower crustal layer
sandwiched between two hard, brittle layers constituted by the upper crust and upper
mantle (P6 and P9 in Figure 8). In particular, the southern part of the Heshan Sag begins
to exhibit characteristics similar to the rigid oceanic lithosphere, which may indicate a
heavily thinned continental crust between the normal continent crust and ocean crust (P7
in Figure 8).

An entirely different pattern of lateral changing trend in rheological structures is
presented along profile L3 (Figure 9). Considering the widespread lower crustal HVLs, the
lower crust of the eastern PRMB is usually taken to be closer to the rheology of mafic gran-
ulite, which exhibits a higher strength [63] (Table 2). As a comparative study, the results on
intermediate and mafic granulite taken in the lower crust are presented together in Figure 9,
indicated by red dotted lines and red solid lines, respectively. The small crustal strength
range is constrained by these two assumptions regarding the lower crustal composition.
The lithospheric rheological strength gradually increases from the continental lithosphere
of the eastern PRMB to the oceanic lithosphere of NSB. Considering the uncertainty of
the exact lower crustal composition influenced by the HVLs, the results of a lower crustal
ductile layer beneath the eastern PRMB and a lower crustal brittle layer beneath the NSB
are acceptable to investigate this. Combined with the constructed rheological structure
along profiles L1 and L2, the existence of HVLs should increase the lower crustal strength,
which differs slightly from the results obtained by Hu et al. [61].
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Figure 7. (a) The values of Qc/Qm and surface heat flow are represented by the blue points and red 

points,  respectively.  (b) The  constructed  lithospheric  rheological  structure of profile L1.  (c) The 

thermo‐rheological models estimated at the typical locations of P1−P4. Green and red lines denote 

the geothermal curve and yield stress envelope (YSE), respectively. The classical rheological models 

Figure 7. (a) The values of Qc/Qm and surface heat flow are represented by the blue points and
red points, respectively. (b) The constructed lithospheric rheological structure of profile L1. (c) The
thermo-rheological models estimated at the typical locations of P1–P4. Green and red lines denote the
geothermal curve and yield stress envelope (YSE), respectively. The classical rheological models of
JS-1, JS-2, and CB-1 were recognized along profile L1 by the light blue, dark blue, and pink rectangles,
respectively. JS-1, jelly sandwich regime with weak lower crust; JS-2, jelly sandwich regime with
relatively strong lower crust; CB-1, crème brûlée regime with weak lower crust. Qc, crustal heat flow;
Qm, mantle heat flow; UC, upper crust; LC, lower crust; M, upper mantle.
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Figure 8. (a) The values of Qc/Qm and surface heat flow are represented by the blue points and
red points, respectively. (b) The constructed lithospheric rheological structure of profile L2. (c) The
thermo-rheological models estimated at the typical locations of P5–P9. Green and red lines denote the
geothermal curve and yield stress envelope (YSE), respectively. The classical rheological models of
JS-1, JS-2, and CB-1 were recognized along profile L1 by the light blue, dark blue, and pink rectangles,
respectively. JS-1, jelly sandwich regime with weak lower crust; JS-2, jelly sandwich regime with
relatively strong lower crust; CB-1, crème brûlée regime with weak lower crust. Qc, crustal heat flow;
Qm, mantle heat flow; UC, upper crust; LC, lower crust; M, upper mantle.
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5.1. Differences in Thermo‐Rheological Structure between QDNB and PRMB 

The  construction  of  the  thermo‐rheological  structure  is  a  practical  and  effective 

means to evaluate the lithospheric deformation model and geodynamic processes [36,79]. 
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strong, possibly brittle upper crust and upper mantle layers separated by a weak, possibly 

ductile lower crust layer [17,36,87]. The other is the crème brûlée regime (CB), which is 

Figure 9. (a) The values of Qc/Qm and surface heat flow are represented by the blue points and
red points, respectively. (b) The constructed lithospheric rheological structure of profile L3. (c) The
thermo-rheological models estimated at the typical locations of P10–P14. Green lines denote the
geothermal curve. Red dotted lines and red solid lines indicate the yield stress envelope (YSE) of
intermediate granulite and mafic granulite taken in lower crust model, respectively. The classical
rheological models of JS-1, JS-2, and CB-1 were recognized along profile L1 by the light blue, dark
blue, and pink rectangles, respectively. JS-1, jelly sandwich regime with weak lower crust; JS-2, jelly
sandwich regime with relatively strong lower crust; CB-1, crème brûlée regime with weak lower
crust. Qc, crustal heat flow; Qm, mantle heat flow; UC, upper crust; LC, lower crust; M, upper mantle.

5. Discussion
5.1. Differences in Thermo-Rheological Structure between QDNB and PRMB

The construction of the thermo-rheological structure is a practical and effective means
to evaluate the lithospheric deformation model and geodynamic processes [36,79]. The
characteristics of lithospheric structures are usually described by two end-member rhe-
ological regimes. One is the jelly sandwich regime (JS), which consists of a relatively
strong, possibly brittle upper crust and upper mantle layers separated by a weak, possibly
ductile lower crust layer [17,36,87]. The other is the crème brûlée regime (CB), which is
characterized by the relatively strong crust and significantly weaker upper mantle, caused
by the weakening by high temperature and water [17,78]. The CB and JS regimes can both
be further divided into two sub-groups: CB-1 and JS-1, characterized by a weak lower
crust, and CB-2 and JS-2, characterized by a stiff lower crust [36,79,80]. The JS-2 regime is
characterized by only one load-bearing layer, which is also usually used to describe the
rigid oceanic lithosphere, which is also called the Christmas tree regime [59,88].

Based on the calculated thermo-rheological structures along profiles L1, L2, and L3,
CB-1, JB-1, and JB-2 rheological regimes were identified in this study (Figure 7, Figure 8,
and Figure 9, respectively). Except for the impact of the surface heat flow, the rheological
regimes appeared to be influenced mostly by the thickness of the crust, otherwise called
the degree of continental crustal thinning [85] (Figure 10). Most locations with a lightly
thinned continental crust of >20 km fall into the CB-1 regime, demonstrating a relatively
weak lower crust and upper mantle and marked by a maximum Moho temperature of
600–800 ◦C (P1, P5 and P10 in Figures 7–10). In addition to most sections of the continental
shelf, the southern part of the QDNB is recognized as a CB-1 regime with a lightly thinned
continental crust (P4 in Figures 7 and 10). In contrast, a JS-2 regime is usually identified in
areas with a heavily thinned continental crust or oceanic crust of <15 km and with only
one stiff layer for the entire crust and topmost upper mantle (P3, P7, P8, P13, and P14 in
Figures 7–10). These locations are characterized as exhibiting a cold and rigid crust, with
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a minimum Moho temperature of only 200–400 ◦C. The Xisha Tough, Baiyun Sag, and
Liwan Sag are usually regarded as failed rift basins with a heavily thinned crust of <10 km,
though the JS-2 regime is only observed in the Xisha Trough, which may indicate different
passive continental margin rifting stages. The southern part of the Heshan Sag also shows
the similar strongly thinned crust with the Xisha Trough, and is marked by JS-2 regime.
However, it is hard to recognize its tectonic setting, due to its location very closer to oceanic
crust (P7 in Figure 10). Considering the thinnest crust of the central Baiyun Sag is not
included in profile L3, further research is required to determine the rheological structures
across the Baiyun Sag in more detail. According to the comparable crustal extension factors
of the Baiyun Sag with the Xisha Trough [16], the central Baiyun Sag is predicted to fall into
the JS-2 regime (M2 in Figure 10).
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Figure 10. (a) Estimated distribution of crustal thickness [89] and rheological models. The classical
rheological models of CB-1, JS-1, and JS-2 were recognized by the pink, light blue, and dark blue
rectangles, respectively. The locations of M1 and M2 are the typical locations for comparative research
in the paper. (b) The non-uniform extension model modified from Huismans and Beaumont [31].

In addition, a typical JS-1 regime includes characteristics reflecting the transition from
a warm and weak continental crust to a cold and strong oceanic crust, with a weaker
lower crust and a stronger uppermost mantle (P2, P6, P11, and P12 in Figures 7–10). At
the COTZ, there appears to be an obvious change in rheological structure from a CB-1
regime to a JB-2 regime (Yellow lines in Figure 10). However, the lithospheric rheological
structure of the Xisha Trough is closer to an oceanic lithosphere, which is very unlikely
to be the westward extending part of the COTZ in the PRMB. For the west–east change,
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the temperature distribution of profile L2 is closer to that of profile L1, but its rheological
regimes are closer to those of profile L3.

5.2. Variation of Rifting Stage in the Northwestern SCS

Thermomechanical numerical experiments processed in previous researches highlight
thermo-rheological structures as critical parameters controlling in the rifting process of
the passive margin [30,32,36,46,90]. Varying initial amounts of ductile crust also result in
different widths and shapes [32]. Considering an initial continental lithosphere model with
little thermal disturbance and tectonic reworking, the location of M1 at the northern QDNB
margin with a slightly thinner crust > 25 km, a lower surface heat flow of 50–60 mW/m2,
and a lower whole crustal extension factor of 1.0–1.20 is estimated as being closer to
the initial continental crust with little rifting [16,25,74]. The rheological structure at M1
falls into the category of a JS-1 regime with a lower crustal viscous layer, as has been
previously reported [36] (M1 in Figure 10). This initial rheological model of a JS-1 regime
is also supported by research performed by Gao et al. [26] and Zhang et al. [16]. Due to
the decoupled crust–mantle relationship caused by the weak lower crust, the continental
margin lithosphere rifting follows a non-uniform extension model, resulting in the breakup
of the upper crust after that of the mantle lithosphere [31].

In the early stage of rifting, the upwelled hot asthenosphere caused early stretching
occurs in a wide region, with low-grade necking of the continental crust, with the mantle
lithosphere beginning to break up before the crust. The locations of P1, P5, and P10 at
the continental shelf remained the same at this stage, representing a CB-1 regime with a
relatively weak lower crust and upper mantle. Notably, the location of P10 at the margin of
the Baiyun Sag remained the same in this stage, with only a slightly thinner crust.

In the middle stage, considering the decoupled relationship between the brittle upper
crust and ductile lower crust, most of the continental crustal extension occurs in the lower
crust, which is heavily thinned and modified by the mantle underplating (Figure 10). If
the continental crustal rifting stops at this stage, the lower crustal rheology will become a
brittle deformation with detachment faults developing in the lower crust due to the cooling
in the post-rift stage. As a typical failed rifting basin, the Xisha Trough is currently in
this stage and falls into a JS-2 regime with an only 4–6-km-thick lower crust, featured by
high-velocity anomalies (P3 in Figure 10). The extreme crustal thinning in the Xisha Trough
ahead of a propagating ocean is also recognized by Lei and Ren [21]. In particular, the
southern part of Heshan Sag also falls into the category of a JS-2 regime, and it may also be
in this stage and exhibit features similar to those of the Xisha Trough (P7 in Figure 10).

In the late stage, with the breakup of the brittle upper crust, the hot asthenosphere
cools to form the new oceanic crust, which falls into the category of a JS-2 regime with
only one brittle load layer (P8, P13, and P14 in Figures 8–10). In this stage, the mantle
lateral flow will facilitate the mantle underplating at the bottom of the lower crust, which
typically results in lower crustal HVLs [31] (Figure 10). The HVLs are widely distributed
beneath the eastern PRMB. According to previous research, a variety of causes may induce
mantle lateral flow, such as the crustal Red River Fault related to the mantle low-velocity
zone [36,55], the similar low-velocity zone originating from the Yangtze craton [66], the
destructive tectonic movement of Cathaysian continental marginal orogenic belt [91], and
the mantle upwelling due to the Pacific Plate subduction [3]. However, the absence of HVLs
discovered along profile L2 may suggest the low level of mantle lateral flow in this area.

In conclusion, the east–west variation of the thermo-rheological structure along the
northwestern margin of the SCS indicates different stages of continental margin extension.
The lower crustal HVLs beneath the Xisha Trough and the eastern PRMB formed in the
early stage and last stage continental margin rifting, respectively. The absence of HVLs in
the western PRMB may indicate the limited impact of mantle lateral flow.
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6. Conclusions

(1) The east–west variation of thermo-rheological structures has been presented along
the northwestern SCS. The PRMB exhibits a seaward-increasing trend in lithospheric
rheological strength, from the CB-1 regime at the continental shelf to the JS-2 regime
at the NSB. The central Xisha Trough falls is a JS-2 regime caused by the cooling of the
heavily thinned lower crust in the middle continental margin rifting stage.

(2) The lower crustal HVLs beneath the eastern PRMB increase the lower crustal strength,
which forms at the late stage of continental rifting due to the mantle lateral flow,
facilitated by the tectonic activities of the surrounding blocks.

(3) The absence of HVLs in the western PRMB may indicate the limited impact of mantle
lateral flow. This area exhibits a characteristically transitional thermo-rheological
structure from the Xisha Trough to the eastern PRMB.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jmse11020443/s1, Figure S1: (a) The variation of surface heat
flow digitized from the heat flow map of Figure 2 along profile L1. (b) Crustal structure from the
multi-channel seismic reflection profile L1 [25]. (c) 2D density structure of lithosphere along profile
L1 [25]. N–Q, late Oligocene–Holocene; E, Paleocene–early Oligocene. See Figure 1 for locations;
Figure S2: (a) The heat flow from observation and inversion along profile L1 are represented by red
and blue points, respectively. The ratio between crustal heat flow and mantle heat flow is indicated
by yellow points. Qc, crustal heat flow; Qm, mantle heat flow. (b) Thermal structure calculated from
the simulation of profile L1.
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